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Abstract

There is growing interest in the valorisation of agricultural and food processing residues for
their functional bioactive compounds, due to high availability, low cost and alignment with a
circular economy model. The harvesting and processing of hop cones for the brewing industry
generates co-products which contain phenolic compounds of potential value to the cosmetic,
food and beverage sectors due to their antioxidant properties. This study aimed to evaluate
these co-products as a source of natural phenolics by producing extracts with high antioxidant
activity using scalable, green extraction and purification techniques. Purified hop phenolic
fractions were benchmarked against commercially available phenolic antioxidants produced

from non-hop sources.

In experiments reported in Chapter 3 the focus was on optimising the extraction of phenolics
from hop processing residue (cv. Herkules) using aqueous ethanolic solutions. A response
surface methodology was adopted to evaluate the effects of; ethanol % of extraction solvent
(30-90%), and solid: liquid ratio (100-150 mg/ml). Ethanol % was highly significant (P<0.0001)
for the extraction of total phenolic content (TPC), proanthocyanidin content (PAC),
xanthohumol, total alpha acids and Ferric Reducing Antioxidant Power (FRAP), whilst solid:
liquid ratio did not significantly (P>0.05) impact on any of those response variables. A range
of commercial enzymes (cellulases, pectinases and proteases) and incubation conditions
were evaluated to see if they could increase the release of bound phenolics, however no
treatments resulted in significantly greater extraction (p>0.05). It was concluded that optimal
extraction conditions for the simultaneous extraction of TPC, PAC and xanthohumol were 50%

ethanol (v/v) at 100mg/ml with no hydrolytic enzymes.

These extraction conditions were then applied to a range of hop co-products and non-hop
materials (Chapter 4) to characterise their phenolic composition and antioxidant activity. Hop
co-product extracts generally had higher phenolics content and antioxidant activities
compared to non-hop materials. Phenolic structural elucidation and quantitation using LC-
ESI-qTOF-MS/MS showed that prevalent hop co-product phenolic fractions include flavanols,
B-type procyanidins, flavonol glycosides, prenylflavonols and chlorogenic acids. The phenolic
profile of co-products depended on the co-product stream and hop variety, with
prenylflavonols being abundant in CO; extract residues, catechins and procyanidins in T45

pelleting residues, and flavonol glycosides and chlorogenic acids in hop leaves. Notably,

12



Herkules CO, extract residue was found to be a rich source of prenylflavonoids, in particular
xanthohumol (9.1 mg/g DM), a prenylflavonoid with potent hydroxyl and peroxyl scavenging
activities and anti-cancer properties. Herkules CO; extract residue is also the most available
material to industry and was therefore selected for subsequent attempts to generate purified,

more concentrated hop phenolic extracts.

In Chapter 5 the use of different adsorption resins (PVPP and PAD950) and ultrafiltration
membranes (UFX10, FS40, GR51) were investigated for the purification of phenolics from
Herkules CO; extract residue. The phenolic purity and antioxidant activity of purified extracts
from CO,R-HERK strongly depended on the purification technique used. The highest purity
extract was produced via adsorption with PAD950 resin, and was mainly composed of
catechins, B-type procyanidins and flavonol 3-O-glycosides. Ultrafiltration was much less
effective across a range of membrane cut-off sizes evaluated (10-100 kDa) indicating that
PAD950 SPE offers greater phenolic specificity as compared to molecular weight size exclusion
techniques. Langmuir isotherm modelling demonstrated high adsorption capacities of PVPP
for hop phenolics (in particular xanthohumol), for both EO and E50 feed solutions. However,
recovery rates using ethanol, ethyl acetate and ammoniacal ethanol of varying strengths were

generally ineffective for phenolic recovery using a fixed bed column setup.

Later work (Chapter 6, 7) comprehensively evaluated hop leaves as a source of phenolic
antioxidants by sourcing three commercially significant varieties grown in Yakima, sampled at
different developmental stages and crop years. The phenolic profile of hop leaves exhibited
considerable structural diversity and differed significantly from that of respective cones.
Kaempferol and quercetin 3-O-glycosides as well as chlorogenic acids were the most
abundant sub-groups, with phenolic acids, procyanidins, prenylflavonoids and bitter resins
also present. Multi-variate analysis indicated that the phenolic profile of hop leaves was
primarily variety-dependent and driven largely by the composition of flavonol glycosides,
with crop year and developmental stage showing smaller and less consistent effects.
Compared to South African hop leaf extracts, Yakima hop leaf extracts exhibited significantly
lower total phenolic contents but higher flavonol glycoside levels, highlighting the variability

in phenolic content among hop leaf sources.

In Chapter 8 the antioxidant activities of hop leaf extracts were evaluated and correlated with
phenolic compound concentrations in the samples. Pearson’s correlation analysis revealed
significant positive correlations for B-type procyanidins and catechins (P<0.05), whilst
kaempferol 3-O-glycosides generally had negative correlations. Antioxidant analysis of pure
chemical standards generally confirmed these findings and highlighted that leaf flavonol
glycosides had significantly lower antioxidant activity compared to their respective aglycones,

with kaempferol 3-O-glycosides exhibiting negligible DPPH and FRAP activity. Since
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kaempferol 3-O-glycosides were generally the most abundant phenolics in hop leaf extracts,
enzyme assisted hydrolysis was evaluated to improve the antioxidant properties of hop leaf
extracts. Snailase treatment of leaf extracts achieved high hydrolysis rates (>99%) and
significant increases in antioxidant activity depending on glycoside composition and
antioxidant mechanism assayed. Cascade leaf extract exhibited the greatest increases in
antioxidant activity (FRAP 4.5%*) likely due to the high kaempferol 3-O-rutinoside content
(400.56 mg/g). These findings highlight the potential for hydrolytic treatment of hop leaf

extracts to generate natural antioxidants.
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Chapter 1-Introduction

1.1-Background

A circular economy aims to redefine traditional production and consumption systems using
closed-loop cycles that minimise waste and upcycle waste materials into products of value to
different sectors. The ability to repurpose waste aligns with increasing sustainability demands
and the drive to reduce CO, emissions. The agricultural, food and beverage industries
generate large volumes of processing waste, termed co-products, which includes the peels,
skins, pomaces, and leaves of commonly processed fruits and vegetables (Mir-Cerda et al.,
2023). These residues have previously been restricted for use as animal feed or fertiliser,
however recently more valuable applications are emerging primarily due to their rich

phytochemical content, particularly phenolic compounds (Ratu et al., 2023).

Recently phenolics have gained attention for their functional properties such as anti-oxidant,
anti-microbial, and anti-carcinogenic which could provide value to diverse industries such as
the nutraceutical (Shahidi et al., 2019), pharmaceutical (Osorio et al., 2021), food (Ratu et al.,
2023) and beverage (Routray and Orsat, 2019) sectors. As a result, attention in the last decade
has focused on the recovery of phenolic compounds from co-products using sustainable non-
toxic technologies that align with safety regulations. A recent report titled ‘Polyphenols
Market Analysis’ predicted an 8.72% compound annual growth rate from 2023 to 2028 which
is attributed to increasingly health-conscious consumers and a growing demand for functional
foods and nutraceuticals (Mordor Intelligence, n.d.). Along with their generally recognised as
safe status, this is expected to further broaden the scope for applications of phenolics in

different sectors.

The harvesting, processing, and use of hop cones in the brewing process generates ‘co-

products’ including leaves, shoots, processing residues and brewing residues. These are
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produced in substantial quantities, but are mostly used as fertiliser due to their high nitrogen
content (up to 40 g/kg in hop leaves) (Afonso et al., 2023). However, research has highlighted
that hop co-products are a rich source of bioactive phenolic compounds and have therefore
been evaluated for a large range of functional properties including, vascular-protective
(Luzak et al., 2016), estrogenic (Chadwick et al., 2004), antimicrobial (Bartmanska et al., 2018)
and anti-inflammatory (Caban et al., 2020). Most of these functional properties of hop
phenolics are generally attributable to their ability to act as potent antioxidants through
different mechanisms such as scavenging reactive oxygen species (ROS) and metal chelation.
Thus, there is promise in the use of hop co-products as a source of natural phenolics for the

development of high antioxidant extracts which could provide value to diverse industries.

1.2-Literature Review

1.2.1-Hops

1.2.1.1-General

Hop cones are the inflorescences of the species Humulus Lupulus L., and are one of the four
main ingridients of beer along with malt, yeast and water. Humulus Lupulus belongs to the
Cannabaceae family, which also includes hemp, and is classified within the Urticales order.
Figure 1.1 outlines the structure of hop cones which consist of a strig, bracts and lupulin
glands. Hops play an important role in imparting the characteristic bitterness and aroma to
beer which stems from resin and oil compounds respectively. These compounds and their
use in brewing represent the main source of economic value derived from the hop plant,
which drives its cultivation around the world with 62,802 ha (2022) devoted to hops
worldwide (Barth-Haas-Group, 2023). Hops are predominantly cultivated in Germany and the
USA which together account for around 60% of the hop area under cultivation but they are

also grown in other countries around the world such as the UK, Slovenia, New Zealand and
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Australia (Almaguer et al., 2014).

Strig
Lupulin

Bracts

Figure 1.1: The structure of hop cones (Almaguer et al., 2014).

1.2.1.2-Hop composition and their use in beer

Hop cones contains various primary metabolites which are essential for growth including
carbohydrates, sugars, lipids, amino acids and proteins (Schonberger and Kostelecky, 2011).
The chemical composition of a typical fresh hop cone at 10% moisture is outlined in Table
1.1. Proteins, carbohydrates, and polyphenols are predominantly located in the bracts of the
hop cone, whilst bitter resins and aromatic oils are located in the lupulin glands and

accumulate over the course of cone maturation (Kavalier et al., 2011).
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Table 1.1: General chemical composition of dry hop cones (Almaguer et al., 2014).

Constituent Amount (%)
Total resins 15-30
Essential oil 0.2-3.5
Proteins 15
Monosaccharides 2
Polyphenols (tannins) 4-10
Pectins 2
Amino acids 0.1
Waxes and steroids traces—25
Ash 8
Moisture 10
Cellulose 43

Hops are a particularly rich source of secondary metabolites which are broadly classified into
resins, oils and phenolics, a breakdown of which is presented in Figure 1.1. Bitter resins and
aromatic essential oils are essential for beer production contributing to bitterness, flavour

and aroma, as well as enhancing foam retention and microbial stability (Schénberger and

Alpha Acids (2-20%)
Soft Resins (including
unspecified) (10-30%)

Beta Aclds (3 10%)

Hard Resins (including Prenylflavonoids e.g.
unspecified) (2-3%) Xanthohumol 0.2-1.2%)
Mono / Sequiterpenes

(80%)

Sulphur Compounds [ Thiols (<1%)
Carboxylic acid esters
(15%)

Mono / Sesquiterpene
oxides (1-2%)
Aldeydes and Ketones
(1%)

Kostelecky, 2011).

=

Bracts and Bracteoles Polyphenols (3-10%) <

Figure 1.1: Classification of hop secondary metabolites (Biendl et al., 2015).
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Hops have a particularly high bitter resin content, which can reach up to 30% in hop cones.
Resins, the most abundant secondary metabolites in hops, are divided into hard and soft
resins based on their solubility, with hard resins soluble in methanol but not hexane, whilst
soft resins are soluble in hexane. The soft resin fraction predominantly consists of humulones
(a-acids) and lupulones (B-acids) which are di- and tri-prenylated derivatives of
phloroglucinol. These compounds consist of homologs which can be identified by their
alkanoyl side chain such as humulone, co-humulone and ad-humulone (a-acids) with other
structural variations ad-pre-, pre- and post-homologs present at lower levels (Almaguer et
al., 2014). During wort boiling a-acids isomerise into cis- and trans-stereoisomers which
increases their solubility and bitterness intensity (Ting and Ryder, 2017). Although lupulones
exhibit poor solubility in beer, their oxidative degradation products such as
hydroxytricyclolupulones, hulupones and hulupinic acid, can contribute to bitterness via
additive and synergetic effects (Algazzali and Shellhammer, 2016).

The essential oil fraction contributes to the aroma of beer and comprises over 440 volatile
compounds. Dried hop cones typically contain 0.2-3.5% essential oil which is predominantly
comprised of hydrocarbons such as monoterpenes (e.g. myrcene, limonene), sesquiterpenes
(e.g. caryophyllene, humulene) and their oxygenated derivatives, as seen in Figure 1.1
(Schonberger and Kostelecky, 2011). The influence of these compounds on the aroma
characteristics of beer depends largely on their volatility, sensory thresholds and point of
addition in the brewing process.

Given the importance of phenolics on the antioxidant properties of hop co-products, plant
phenolic and their occurrence in hop cones are discussed in more detail in the following

section.

1.2.2-Plant phenolics

Plant phenolics are a structurally diverse group of secondary metabolites that share a

common structure of an aromatic ring with at least one hydroxyl groups. They are widely
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distributed across different plant species and contribute to many important properties in
foods and beverages such as astringency and colour (Adebooye et al., 2018). Phenolics are
synthesized in plants through the shikimate and phenylpropanoid pathways partly as a
defence response to abiotic and biotic stresses e.g. UV radiation and pathogens which can

promote the accumulation of these compounds throughout the hop plant (Kunej et al., 2020).

1.2.2.1-Hop Phenolics

Plants typically have higher phenolic contents in leaves possibly as a defence against UV
radiation, however in hops they are predominantly found in the surrounding bracts of hop
cones (Kurumatani et al., 2005), with their presence in lower concentrations throughout
other parts of the plant such as leaves, shoots and seeds (Abram et al., 2015, Alonso-Esteban

et al., 2019).

Hop polyphenols comprise approximately 4-10% of the total weight of hop cones (at 10%
moisture) (Biendl et al., 2015). These compounds are structurally diverse and over 100
different compounds have been identified in hops which can be classified by their structure
into four main groups; flavonols, flavan-3-ols, phenolic carboxylic acids and ‘others’ as seen

in Figure 1.2 (Schénberger and Kostelecky, 2011).

Hop Polyphenols

Flavonols Flavan-3-ols Phenolic acids

Aglycones

(Quercetin) Catechins,

Glycosides proanthocyanidins,
(quercetin 3-O- tannins

glucoside)

Prenylflavanoids,
-Hydroxycinnamic multifidol

-Hydroxybenzoic glucosides,
resvertrol

Figure 1.2: The different groups of hop polyphenols and their constituents (Biendl et al.,
2015).
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1.2.2.1.1-Flavanoids and proanthocyanidins

The most abundant phenolics in hop cones are B-type proanthocyanidins and
prenylflavonoids with multifidol glucosides, flavonol glycosides and chlorogenic acids present
at lower concentrations depending on variety and origin (Kavalier et al., 2011). Flavonols and
flavan-3-ols are classified as flavonoids as they are derived from flavone. Flavonols are
distinguished by a ketone group at the C4 position on the C-ring and in hops are
predominantly glycosidically bound to mono-, di- and tri-glycosides (Dusek et al., 2021).
Flavan-3-ols such as catechin and epicatechin occur in free form but are also monomers for
higher polymeric structures such as oligomeric proanthocyanidins (up to 8 units) and tannins
(20 units or more) (Keskin et al., 2019).

Proanthocyanidins are prevalent across different plant species and can range from 0.5-5% in
hop cones depending on cultivar and the method used for analysis (Stevens et al., 2002).
Hops are predominantly composed of B-type proanthocyanidins which are present at much
higher levels that A-type proanthocyanidins. Procyanidins, composed of catechin and
epicatechin are present at the highest levels in hops, however prodelphinidins composed of
gallocatechins are also present at low concentrations (Li and Deinzer, 2009). These
condensed tannins derive their name from the formation of anthocyanidins upon acid
depolymerization (Li and Deinzer, 2006). Proanthocyanidins have received much attention
for their health and antioxidant properties which are thought to be greater than that of their
respective hop flavanols which when oxidised can form prooxidant quinones (Bors et al.,
2000). Antioxidant activity may be related to chain length, for example higher molecular
weight proanthocyanidins seem to be more effective against liposome oxidation (Lotito et

al., 2000).

Prenylflavonoids are a sub-group of flavonoids and are characterised by the presence of one

or more prenyl functional groups which increase their hydrophobicity. Xanthohumol is the
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principle prenylflavonoid of hop cones comprising up to 1.7% in dried cones (Stevens et al.,
1997). Other prenylflavonoids such as 8-prenylnaringenin (8-PN), 6-prenylnaringenin (6-PN),
isoxanthohumol and desmethylxanthohumol are present at lower levels. Hop estrogenic
activity is mainly attributed to 8-PN, which is considered to be one of the most potent
phytoestrogens (Possemiers et al., 2006). New structurally related prenylflavonoids often
referred to as xanthohumols continue to be identified in hops (Stevens et al., 2000, Forino et
al., 2016). Generally polyphenols are concentrated in the bract of the hop cone, however the
prenylflavonoids are disproportionally found in the lupulin glands which contain the enzymes
responsible for catalysing prenylation (Roberts and Wilson, 2006). The chemical structures

of the most abundant flavonoid groups found in hops are presented in Figure 1.3.

OH

OH

OH
O
“OH HO OH
OH
Proanthocyanidins Prenylflavanols Flavonol glycosides
Procyanidin B3 Xanthohumol Quercetin 3-O-rutinsodie

Figure 1.3: Chemical structures of the abundant flavonoids found in hop cones.

1.2.2.1.2-Chlorogenic acids

Chlorogenic acids are formed between quinic acid and different hydroxycinnamic acids, the
most common being caffeic, ferulic and p-coumaric. This produces compounds such as
caffeoylquinic, dicaffeoylquinic, feruloylquinic and coumaroylquinic acid, depending on the

type and number of phenolic acid units (Lu et al., 2020). These are found in a variety of plant
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species and foods however are most prominent in coffee where they contribute to astringent
and bitter properties (dos Santos Scholz et al., 2018). Chlorogenic acids, in particular
caffeoylquinic acids have been identified in hop cones and are generally present at higher
levels than phenolic acids, but at lower levels compared to B-type proanthocyanidns and
prenylflavonoids (Schmidt and Biendl, 2023b). Activity guided studies have associated
chlorogenic acids in hops with anti-inflammatory (Nicacio et al., 2022) and Alzheimer's

combating properties (Palmioli et al., 2022). Figure 1.4 highlights the different chemical

OH

(@)

HO," OH HOO X OH
(0]
e} « ‘ OO
Ho N oH 0" YoH  Ho L A
OH on O
HO HO 0 o
OH
OH

Caffeic acid 3-Chlorogenic acid 4,5-Dicaffeoylquinic acid

structures of caffeic, 3-chlorogenic and 4,5-dicaffeoylquinic acid.

Figure 1.4: Chemical structure of caffeic, mono- and di-caffeoylquinic acid.

1.2.2.1.3-Multifidols

Multifidols are phloroglucinol derivatives with anti-inflammatory properties first identified in
hop cones by Bohr et al. (2005). As is the case with flavonols, these are predominantly
present in glycosidically bound forms and have been reported in hop cones at concentrations
up to 311.4 mg/100g depending on the variety and cultivation location (Schmidt and Biendl,
2023b).

Table 1.2 presents a summary of literature relating to the impact of different factors on hop

phenolic composition.

Table 1.2: Literature summary on the impact of botanical origin, geographical origin, growing
techniques, harvest maturity and processing on the phenolic composition of hop cones.
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Factor

Hop cones analysed

Conclusions

Reference

Botanical
Origin

Czech hop cones (7
varieties)

-Saaz had the highest polyphenol
content (in particular catechin).
-Strong varietal impact observed.

(Jelinek et
al., 2010)

Hop cones (13
varieties)

-Minor differences in
proanthocyanidin composition
observed between varieties.

(Liand
Deinzer,
2006)

Hop cones (9
varieties)

Variety significantly impacted
stilbene content, including
resveratrol and piceid isomers.

(Jerkovic et
al., 2005)

Czech Hop cones (5
varieties)

Flavonol glycosides profile can be
used to identify varieties across
multiple crop years.

(Dusek et al.,
2021)

Polyphenols / Czech
varieties

Proanthocyanidin composition
depended on geographical origin.

(OlSovska et
al., 2013)

Geographical

German and
American hop cones

Low molecular weight phenolic
content differed according to

(Forster et

Fact l., 2002
actors (11 varieties) growing location. al )
-Earlier harvested samples .
Do . (Inui et al.,
Hop cones exhibited increased anti-
. . . . 2017)
adipocyte differentiation activity.
. Prenylflavonoids and bitter resins (De
J:::‘:istt Englls\fl\afrl;i)i:g)nes (5 increased at different rates from  Keukeleire et
¥ the start of cone development. al., 2003)
-Proanthocyanidins decreased .
. . (Kavalier et
Hop cones over maturity however this was
. al., 2011)
variety dependent.
Toopellets ot 12 months with Sasr the (MikySka an
P Krofta, 2012)
most stable.
Processing/ ‘H|gh—pressurfe pr‘ocessm'g.(HPP) (Mikyska et
Hop cones increased antiradical activity and
Storage . al., 2015)
phenolic content.
Hop kiIr.1ing slightly‘reduce‘d. DPPH (Krofta et al.,
Hop cones radical scavenging activity

approximately 5%).
(app y 5%)

2008)

1.2.3-Hop Co-products

Hop co-products can be categorised into three main streams based on their origin: cone

harvesting, processing, or brewing (Figure 1.5). During harvesting, cones are separated from

leaves and stems resulting in agricultural co-products located at the farm. Cones are then

kilned, milled, and often processed into bittering and aroma extracts for brewing, with the

resulting vegetative material termed processing residues. When cones or pellets are used
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directly in the brewing process such as in kettle and dry hopping, the non-extractable spent
material is termed brewing residue. Therefore, processing and brewing residues primarily
consist of cone derived materials, whilst the harvesting and separation of hop cones produces
co-products made up of hop leaf, stem and shoot biomass (Figure 1.5) which contain different

biologically active molecules (Astray et al., 2020, Jacquin et al., 2022, Maietti et al., 2017).

Hop Leaves Spent CO, Residue Spent Dry Hops

2.6kg / plant cv. Herkules =

I l I

H L5t H
— op- —’“&—’ op_ —  — Brewing —
Harvesting Processing

Baled Hops

CSU Hop Products
Y l l Beer
AR
cv. Saaz
Mature Hop Plant .
Hop Shoots Spent T45 Residue Spent Kettle Hops

Figure 1.5: Hop co-product streams from the harvesting, processing, and brewing of hops.

1.2.3.1-Hop Processing Co-Products

Extraction and separation of hop bittering and aroma components from hop cones into
extracts provides improved consistency, stability, utilisation and handling for brewers (Knez
Hrncic et al., 2019). Only approximately 20% of a hop cone’s constituents have brewing value,
and for this reason much is processed into lupulin enriched pellets or extracts. The most
common methods for hop processing are CO, extraction (chemical extraction) and T45
pelleting (mechanical separation), the steps of which are outlined in Figure 1.6. The

composition and properties of the residue material are mainly determined by processing
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method and conditions employed as well as the variety and location of cultivation of the

initial hop material (Bartmanska et al., 2018).

Lupulin enriched T45 pellets Supercritical CO: Extraction

A
‘: ‘2\‘ . o ® ‘;‘Q . ° .
Milling / Drying —_— ..... Moisture Milling / Pelleting \% e ..... Moisture
0@ 0. ®
1 0@ PN

e

Very high selectivity T90 liellets
for resins and oils

Cryogenic mechanical
lupulin separation at

. . 200-250 b
-30°C using ‘sieves’ ar

40-60 °C

CO2 ey

(3

1-CO:2 Hop Extract 2-CO: extract residue

1-T45 Pellet 2-T45 Residue
(lupulin enriched) Material

Figure 1.6: Outline of the processing steps fof T45 pelleting and CO; extraction of hops.

Supercritical COz is a highly apolar solvent and therefore has high selectivity for the bitter
acids that are extracted for brewing usage. It is however a poor solvent for phenolics and thus
CO,R materials in theory contain higher concentrations of polyphenols (including
prenylflavonoids and proanthocyanidins) compared to the respective cones, assuming no
phenolic degradation takes place during processing (Jaskula-Goiris et al., 2014).
Prenylflavonoids such as xanthohumol can be extracted with CO, extraction, but only at much
higher pressures (>1000 bar) than those used for conventional resin and oil extraction (200-

250 bar) (Schmidt et al., 2005).

For T45 pellet (T45P) production cones are cooled to -30 °C, crushed with a hammer mill (2-
8 mm), homogenised, and ‘sieved’ to separate the lupulin glands from bract and other
vegetative material. Bitter resins, aroma compounds and prenylflavonoids are predominantly
found in the lupulin glands and are therefore found in higher concentrations in the T45P

(Roberts, 2016). Whereas other polyphenols predominantly located in the bracts should
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theoretically be concentrated in the residue (T45R) (Biendl et al., 2015, Schénberger, 2006).
The two main types of pellets are T90 (non-enriched) and T45 (lupulin enriched) however
there is trend towards further enrichment e.g., cryo-hops where practically only the lupulin
glands remain (Hughes and Simpson, 1993). The current literature on the phenolic
composition of hop processing residues and their evaluated application is summarised in

Table 1.3.
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Table 1.3: Literature reports on phenolic content of hop processing co-product extracts.

Material Variety Eval}xat(:zd Phenolic content (mg/g DM) Source Reference
Application
TPC-218
Procyanidin B3-9.0
| : Catechin-17.5
ﬂa\r/];z:oc;ltljr;lgity Coumaric acid-0.40 Joh. Barth & Sohn (Jaskula-
COzR Saaz and stability of Ferulic acid-0.20 (NUrn-berg, Goiris et
pilsner beers. Quercetin 3-O-rutinoside -4.6 Germany). al., 2014).
Kaempferol-3-O-glucoside-2.6
8-PN-0.40
Xanthohumol-7.3
-Desmethylxathohumol-0.97
-8-PN-0.17
Alleviation of 50 °C, 290 bary).
symptoms of -6-PN-0.47 ( pre;;ared by ! (Karabin
COzR Vital -Xanthohumol-9.20 etal.,
menopausal Flaveko Trade,
disorders. -Isoxanthohumol-0.29 Czech Republic. 2021).
Alpha acids-10.04
Beta acids-n.d
TPC-18.8
Xanthohumol-5.33
FIavFJurlng Quercehn»3—(.3—glu.c05|de—0.66 Botanix Ltd. B
Magnu potential of hop Coumaric acid-0.04 (Goiris et
COz2R . L (Paddock Wood,
m polyphenols in Ferulic acid-0.062 England) al., 2014).
beer. Catechin-1.06 ’
Procyanidin B3-0.47
Prodelphinidin B3-0.08
Chlorogenic acids-76.7
azlgc;::a‘;'lzaelae:d Catechin-27.4 Fertilizer Research (Luzak et
COzR - anticoagulant Epicatechin-40.8 Institute Pulawy al,, 2016).
activity. PAC-233.1 (Pulawy, Poland). ’
Flavonol glycosides-244.4
:;:Srz::fﬁ;ant::i TPC-239.4 Fertilizer Research (Boncler
COzR - umbilical vein TFC-117.6 Institute Putawy etal,
) PAC-93.1 (Poland). 2014).
endothelial cells.
Vital CO2R-TPC-50.0
Catechin-1.41
" Epicatecin-0.81 .
) Improving haze L Bohemia Hop Co. ,
Vital / Ferulic acid-0.02 (Jelinek et
COR/T4SR Saaz and flavour Saaz T45R-TPC-95.0 Ltd (Czech al,, 2014).
stability of beer. Catechin-3.31 Republic).
Epicatechin-52.3
Ferulic acid-0.03
TPC-87.0
Alpha acids-5.0
Beta acids-15.0
. Total 0il0.9 HMELARSTVI, (Karabin
Acceleration of Resulting hop extract: .y
T45R Saaz lautering Catechin-3027 mg/L cooperative Zatec etal,
: (Czech Republic). 2018).

Epicatechin-405 mg/L
Quercetin-4.6 mg/L

Quercetin 3-0-glucoside-191 mg/L
Quercetin 3-O-rutinoside-53 mg/L

CO2R-Hop residue after CO; extraction. T45R-Hop residue after T45 pelleting.
TPC-Total phenolic content. TFC-Total flavonol content. PAC-Proanthocyanidin content.

Saaz is a landrace aroma variety with notoriously low and variable a-acid contents and as a
result is often processed into T45P’s to concentrate and standardise resin and oil contents
(Nesvadba et al., 2021). Saaz has also consistently been shown to have the highest level of
phenolic compounds, in particular B-type proanthocyanidins, compared to other varieties

(Gadon et al., 2019a). Herkules is currently the leading European bittering variety due to its
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high a-acid production, good vyields and favourable agronomic characteristics, and is
therefore the variety of choice for CO, extraction (Forster and Gahr, 2019). Considering this,
Saaz T45R and Herkules CO,R are an abundant, potentially rich sources of phenolic
compounds with potential for valorisation. CO;R and T45R have been evaluated in the
literature as a source of phenolics, however, there is a lack of quantitative data on non-
prenylated hop polyphenols (flavonol glycosides, procyanidins) which is important in
assessing the feasibility of their valorisation as a source of phenolic antioxidants. It is also
unclear whether these compounds degrade during the processing of hop cones, or if they

remain intact potentially leading to higher concentrations in processing residues.

1.2.3.2-Hop Agricultural Co-products

Leaves are generally the primary components of plant agri-food by-products and contain
phenolics including flavonol glycosides, chlorogenic acids and procyanidins (Andrade et al.,
2022). Hop harvesting co-products are produced in significant quantities (~2.6 kg/plant) but
are yet to be fully exploited (Abram et al., 2015). Leaves represent around 25% dry weight
(DW) (Figure 1.7) of the plant with stems and cones representing somewhat higher
proportions at 30.5% DW and 44.5% DW respectively depending on variety (Sarraf et al.,

2012).

29



Hop Leaves

155.8g DW / plant

e
Ip,
Baled Hops
‘1\4'“ > % 341g DW /
plant

Mature Hop Hop Stems

Plant 211.8g DW / plant

Figure 1.7: Hop materials generated from the harvesting of hop cones. Mass balance
calculated from yield analysis by Sarraf and averaged over five varieties (Sarraf et al., 2012).

Various glandular trichomes have been found on the lower leaf epidermis (Mishra et al.,
2020), which differ morphologically from cone trichomes and contain low levels of bitter
acids, prenylflavonoids and terpenes (Nagel et al., 2008). The epicuticular wax layer of hop
leaves also seem to contain esters, hydrocarbons aldehydes with primary alcohols making up
the largest component at 54% (Gllz et al., 1993). The presence of bitter resins and
prenylflavonoids has been confirmed on day of harvest in hop leaves of commercial cultivars

but at very low concentrations (below 0.02%) (De Keukeleire et al., 2003).

Abram et al. (2015) reported that the hop leaf phenolic content is 3-30 fold lower than their
respective cones, whereas Keskin et al. (2019) reported similar concentrations for leaves and
cones (7.12mg GAE/g to 6.86mg GAE/g respectively). Flavonol glycosides, procyanidins and
chlorogenic acids have been tentatively identified in the leaves of commercial cultivars using
LC-MS/MS (Morcol et al., 2021). Similarly, glycosides of quercetin and kaempferol were
reported as the most abundant phenolics in hop shoots (Maietti et al., 2017). A literature
summary on the main factors impacting hop leaf phenolic composition is presented in Table

1.4. Table 1.4 also highlights the variation in extraction conditions employed in the different
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studies thereby making comparisons challenging. The influence of extraction conditions on

the phenolic composition of extracts is discussed in Chapter 3.
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Table 1.4: Literature summary on factors impacting hop leaf phenolic composition and antioxidant activity.

Analysis

Extraction Conditions

Conclusions Reference
Botanical Origin
TPC, DPPH (ICsp), 33 3—3E:a?;)(l) (;?)4xvfg?; (uSI(t):a.lsonic -Significant hop leaf varietal differences. (Iglesias et al.,
TFC. ’ & bath Ifor 3h -Victoria-(23.6 mg GAE/g) > Spalt > Cascade. 2021).

TPC, TFC, DPPH,
ABTS, Chlorophyll,
TC (carotenoids).

-Ethanol (96): Water (4).
- Ultrasound assisted (USA), 1 g
powder/15 ml, 25 °C.

-Hop leaf variety, drying treatment as well as interaction were all significant to different degrees.
-Oven dried leaves had lower TPC, but higher carotenoids compared to freeze dried leaves.
-Chinook (39 mg GAE/g) > Columbus > Cascade.

(Macchioni et
al., 2022).

-Significant hop leaf varietal differences.

TPC, PACf -Nugget leaves highest a-acids (0.9 mg/g DM), Brewers Gold highest xanthohumol (0.14 mg/g DM) and (Sarraf et al.,
Prenylflavonoids, a - . . .
/ B-acids Galena highest PAC (11 mg/g DM) / TPC (31.8 mg/g DM). Nugget cones slightly higher TPC (46 mg/g DM) 2012).
) PA (17 mg/g DM) but substantially higher a-acids (108 mg/g DM).
-H. neomexicanus leaf phytochemical composition significantly different to European commercial
Targeted / cultivars with higher a/B-acids, prenylflavonoids and flavonol glycosides (although lower phenolic acids)
untargeted (UPLC- -Methanol (80): Water (20) with g » preny . .g y. g P ’ (Morcol et al.,
L Presence of caffeoylquinic acids.
QTof-MS), gland sonication. . L . . . 2021).
- H. neomexicanus significantly higher glandular trichome densities.
counts. S . . -
-No significant differences in flavanols and proanthocyanidins.
-Significant differences between English varieties for desmethylxanthohumol, xanthohumol, a/B-acid
HPLC-DAD. Methanol with 0.01% formic acid. content of hop leaves on day of harvest. (De Keukeleire

-Admiral and Target highest concentrations of xanthohumol, a/B-acids whilst still very low. Challenger,
WGV and Golding very low for all compounds.

et al.,, 2003).

TPC, DPPH, TFC
and HPLC-UV.

-Methanol (75): Water (25).

-Leaf TPC ranged from 31.4-63.59 mg rutin equivalent/g DM whilst cones ranged from 71.72-78.18 mg
rutin equivalent/g DM depending on variety.
-Leaf xanthohumol concentration ranged from 0.014-0.08 mg/g DM whilst cones ranged from 1.12-2.14
mg/g DM.

(Stanius et al.,
2022).

TPC, DPPH, ABTS,
FRAP and UHPLC-
MS / MS.

-Ethanol (80): Water (20).

-Leaf TPC varied from 3.92-8.00 mg GAE/g DM depending on variety and extraction method.
-Coumaroylquinic acids, flavonol glycosides, flavanols, prenylflavonoids and bitter acids identified in
Cascade leaves.

(Chiancone et
al., 2023).

Harvest Maturity and Environmental Factors

TPC, TFC, DPPH,
BCLM (B-caroten

-Methanol.
-50 mg/ml.

-Slovak hop leaves exhibited varietal differences for DPPH reduction which increased during vegetative
period from May 5t to July 7th reaching highest activity at harvest (Sep 9th).

(PSenakova et
al., 2010).
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linoleate model
system).

-Methanol, ethanol, ethyl and isopropyl

TPC, DPPH, FRAP.

alcohol at three concentrations.

-Extraction time at 15, 30 and 60 min.

-Young leaves (upper) at the beginning of vegetation showed high antioxidant activity. N
L L . . L . . (Muzykiewicz
-Antioxidant activity differed depending on plant material harvesting time possibly a result of climate
L . et al, 2019).
conditions of different years.

-Ultrasound-assisted extraction; 40kHz.

TPC, TFC.

-Methanol (95): Water (5).
-Rotary Evaporator.

-Climate impacted leaf polyphenol composition.
-Mainly depended on vegetal period with leaf TPC decreasing from end of June to September. Similar
effect for TFC.
-Crop year and variety also significant (Bor (14.34 mg GAE/g > Sladek > premiant).
-Antibacterial activity more related to bacterial strain than hop variety.

(Urgeova and
Polivka, 2009).

-Methanol (80): Water (20).

-Environmental stress e.g., drought impacted dihydromyricetin in hop leaves which was not found in
(Morcol et al.,

UPLC-QTof-MS. -Sonicated (30 min) cones. Environmental stress less significant than cultivar. 2020)
-10 mg/ml. -Progressive to severity of drought with TPC generally higher in plants not watered. )

-Anatomical -Methanol. -Quantities of elements in hop leaves influenced by the timing and plan of fertiliser treatment. (Rodolfi et al.,
analysis (SEM). -Stirred for 3 h. -It also increased a/B-acids and total oil concentrations in cones. 2021).

-Leaf TPC increased from mid-July to beginning of Aug and then decreases for all cultivars and conditions.
Consistent amongst cultivars and stress factors.

Tpii’na{fl;ig:;z:d - -Xanthohumol content in leaves was variety specific (Taurus highest-0.09%) and decreased in July. (ngoe;)al.,
preny ’ -Highest content found in South African variety Southern Star (14.28 mg GAE/g DM). Lowest found in ’
Slovenian varieties Celeia, Aurora, however this isn’t reflected in cone polyphenol composition.
UHPLC-MS, -Young Cascade hop leaves (collected 6 weeks after potting) contained oxidised bitter acids and (Velot et al

cytotoxicity and
cell metabolism
assays.

Methanol (80): Water (20).

feruleoylquinic acids but not xanthohumol. 2022)
-Hop leaf extract encapsulated in rapeseed lecithin nanoliposomes exhibited anti-inflammatory activity. ’

TPC: Total phenol content.

TFC: Total flavonol content. PAC:

Proanthocyanidin content. GAE: Gallic acid equivalent. DM: Dry material. FRAP-Ferric reducing antioxidant power.
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1.2.3.3-A comparison of the characteristics of different hop co-products

Whilst spent hop from brewing has been well evaluated, it is only recently that efforts have
focused on hop harvesting and processing co-products to assess their composition, in vitro
activity and potential application (Sun et al., 2022). Hop co-products from these different
streams (Figure 1.6) have inherent advantages and disadvantages for use as a source of
natural phenolic for valorisation. Brewing co-products usually emerge from the kettle or
fermenter as a crude slurry ‘contaminated’ with yeast (spent dry hops) or protein (spent kettle
hops) and therefore require purification and stabilisation due to high water content (Bravi et
al., 2021, Olivares-Galvan et al., 2022). The high temperatures of wort boiling can also lead
to phenolic degradation (spent kettle hops), and the more water-soluble phenolic compounds
can also be lost through extraction into wort and beer, particularly during dry hopping due to
longer contact times and ethanol content which can increase phenolic extraction (Alfeo et al.,
2023, Cortese et al., 2020). However, spent hop from brewing has been evaluated for
antioxidant activity (Censi et al., 2021), as an eco-friendly repellents for insect pests (Bedini

et al., 2015) and as a source of prenylflavonoids (de Andrade Silva et al., 2023).

Hop leaves and stems generated from the harvesting and separation of cones also have a high
moisture content (approx. 80%) and require stabilisation to prevent degradation and
maintain bioactive properties. This could be performed using the cone kilning facilities
located at the hop farm however hop kilning is the single most significant GWP input in hop
production (28.19%) (Bristol, 2022). Macchioni et al. (2021) also demonstrated that kiln dried
hop leaves exhibited lower antioxidant activity compared to the respective freeze-dried
leaves. Hop processing co-products conversely have a low moisture content, small particle
size and are likely present at a processing facility making them highly suited as a starting

material for phenolic extraction (Mirowski et al., 2021).
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The generation of these co-products, and therefore their availability for phenolic extraction
varies for each stream. Spent kettle hop residue from brewing is being generated in lower
guantities due to the trend towards lower kettle hopping rates (Aron and Shellhammer,
2010). However, spent dry hop residue is becoming more abundant due to higher dry hop
additions stemming from the increasing popularity of high hop aroma in craft beer (Reid et
al., 2020). Processing co-products are becoming more abundant as more brewers opt for CO,
hop extracts and lupulin enriched pellets over whole cones and pellets (Sanz et al., 2019).
Traditionally, T90 and T45  pellets have  been the primary forms, with T45
pellets offering lupulin enrichment. However, recent trends, such as the development
of cryo-hops, aim for even higher lupulin enrichment, which further increases the abundance
of the resulting residue. The availability of hop leaves and stems depends on hop acreage but
also variety which impacts the proportions of cones, leaves and stems produced (Sarraf et al.,

2012).

1.2.4-Extraction of phenolics from plant materials

Solid-liquid extraction has been the standard technique for extracting phenolics from plant
materials with different factors altered for optimal extraction, which impacts the content and
composition of phenolics extracted. These include pH, duration, temperature, particle size,
solvent concentration and solvent-solid ratio of extraction (Chirinos et al., 2007, Pinelo et al.,
2007). Aqueous acetone (typically between 50-70% v/v) has shown to be the most effective
solvent for the extraction of different phenolic sub-groups from a range of plant materials,
such as proanthocyanidins from hops (Gadon et al., 2019a). However recently more
environmentally friendly, sustainable non-toxic solvents such as ethanol are preferred as they
are more suited to produce food grade extracts. Other ‘green’ solvents that have been
evaluated for the extraction of phenolics include propylene glycol (Myo and Khat-Udomkiri,
2022), glycerol (Huaman-Castilla et al., 2020) and deep eutectic solvents (DES) (Lakka et al.,

2019).
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The impact of extraction conditions on the phenolic composition of extracts as well as the
growing trends towards using ‘green’ techniques suitable for the food and beverages
industries, is discussed in more detail in Chapter 3. Techniques for the purification of

phenolics from crude extracts is discussed in Chapter 5.

1.2.5-Analytical methods for measuring phenolic content

Quantifying phenolic compounds in plant extracts, including hops, remains difficult due to
the large number of individual compounds present and their different chemical structures.
The most abundant phenolics in hop cones are prenylflavonoids, proanthocyanidins and
flavonols which vary in terms of molecular weight and polarity making it difficult to accurately
measure all phenolic groups with one method (Knez Hrndic et al., 2019). Currently, a range of
analytical techniques are employed for the quantitation of polyphenols in hop material,
ranging from non-specific semi-quantitative spectrophotometric assays to more complex

chromatographic techniques (Onder et al., 2013).

1.2.5.1-Spectrophotometric techniques

Spectrophotometric assays are commonly used to measure the phenolic content of extracts
as they are simple, cheap and quick. These methods provide a summative semi-quantitative
measurement of phenolics and often serve as a starting point for phenolic evaluation before
more specific analysis. Assays have been developed to measure either the total phenolic
content of an extract, including all phenolic compounds, or to target specific phenolic sub-
groups, such as total flavonoid content (Chlopicka et al., 2012) or proanthocyanidin content
using the acid-butanol assay (Gessner and Steiner, 2005). The phenolic standards used for
guantitation vary depending on the assay but are typically cheap, widely available, non-toxic
and provide an adequate working linear range. Many of these assays have been adapted to a
96-well plate format which allows for a higher throughput and lower reagent cost and waste

(Sdnchez-Rangel et al., 2013).
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The Folin-Ciocalteau assay developed by Singleton et al. (1999), is the most widely used
method for evaluating total phenolic content (TPC). It is based on the chemical reduction of
the Folin-Ciocalteau reagent at a basic pH. Gallic acid is the most widely used standard
however others such as caffeic acid have also been found to be suitable, depending on the
plant material being analysed (David et al., 2015). The Folin-Ciocalteu assay is often used
alongside other assays evaluating specific phenolic sub-groups such as total flavonol content.
This allows for analysis of the relative proportions of different groups in relation to total

phenolic content.

Despite its widespread use, the Folin-Ciocalteau assay lacks specificity as the reagents can
also react with non-phenolic compounds such as sugars and ascorbic acid (Khoddami et al.,
2013). To improve phenolic specificity, several modifications have been proposed to remove
interfering compounds such as using SPE purification prior to analysis or by treating samples
with hydrogen peroxide (Sanchez-Rangel et al., 2013). The accuracy of this assay can also be
influenced by differences in how phenolic compounds react with the reagent, making the
analysis highly dependent on the standard used as well as the phenolic composition of the
extract (Bastola et al., 2017). For example, Ruiz-Ruiz et al. (2020) highlighted that the TPC of
green tea was 1.2 times higher when expressed as epigallocatechin equivalents compared to
gallic acid equivalents. Despite these limitations, spectrophotometric methods remain widely
used for semi-quantifying a range of phenolic groups, including total phenolics,

proanthocyanidins, and flavonoids.

The analysis of proanthocyanidins presents challenges mainly due to the large differences of
molecular weight. Non-specific spectrophotometric methods used for proanthocyanidin
analysis include the DMAC assay (Payne et al., 2010), the vanillin assay (Deshpande and
Cheryan, 1985), and the acid butanol assay. However, challenges remain in finding suitable

standards for semi-quantitation. For example the acid butanol assay measures condensed
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tannins by oxidative cleavage of proanthocyanidins under acidic conditions, producing
anthocyanins that are measured spectrophotometrically at 550 nm (Gessner and Steiner,
2005). However the absorbance intensity of the anthocyanin varies depending on
proanthocyanidin degree of polymerisation and plant material (Li et al., 2010), which can limit
the accuracy of semi-quantitative analysis. Li et al. (2010) recommended to prepare standards
from the plant material of interest and used Amberlite XAD7HP adsorption resin to develop

a standard for the semi-quantitation of proanthocyanidins in apple extracts.

1.2.5.2-Chromatographic techniques

To analyse the phenolic composition of complex mixtures, chromatographic techniques are
most widely used, typically coupled with UV or MS detection. Chromatographic techniques
coupled with UV/Vis and MS/MS for the ‘tentative’ identification and quantitation phenolics

are discussed in more detail in Chapter 2.

In hops, proanthocyanidins are present as dimers and trimers but they have also been
reported up to 100 KDa in Saaz cones (Gadon et al., 2019a). Low molecular weight
proanthocyanidins can be easily separate and detected using reverse-phase liquid
chromatography and (-) MS, however high molecular weight (HMW) proanthocyanidins (>20
DOP) suffer from decreasing ionisation (Anke et al., 2008). A variety of different approaches
have been taken to analyse HMW PAC’s such as thiolysis combined with LC-MS/MS as well as
analytical ultracentrifugation (Taylor et al., 2003, Gadon et al., 2019b, Yanagida et al., 2003).
However the availability of reference standards for proanthocyanidins is poor which limits

identification and accurate quantitation of these compounds (Kelm et al., 2005).

1.2.6-Phenolic antioxidant activity

The functional properties of hop phenolics are primarily related to their antioxidant capacity.
Antioxidant activity refers to a molecule’s ability to slow or inhibit oxidation, either by

scavenging reactive oxygen species (ROS) or suppressing their formation. Antioxidants that
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prevent or slow the initial formation of free radicals are sometimes termed ‘preventive’
(Proestos and Komaitis, 2009). This includes different mechanisms such as chelating metal
ions which could otherwise catalyse the formation of hydroxyl radicals, or promoting the
synthesis of inhibitory enzymes (Kumar and Pandey, 2013, Keskin et al., 2019). Radical
scavengers neutralise ROS directly by either electron transfer (ET) or hydrogen atom transfer

(HAT) mechanisms, and most antioxidant assays are categorised on this basis.

The antioxidant activity of phenolic compounds is closely tied to its structure. Phenolics act
as strong antioxidants due to their hydroxyl groups which enable them to donate hydrogen
atoms or electrons (Vuolo et al.,, 2019). Other structural features can further influence
antioxidant properties. Glycosylation can decrease antioxidant activity (Xie et al., 2022),
whilst polymerisation of flavanols to proanthocyanidins has shown to increase activity (up to
10 mean degrees of polymerisation) (Zhou et al., 2014). The influence of structure on the

radical scavenging activities of phenolics is discussed in more detail in Chapters 5 and 7.

Proestos and Komaitis (2009) evaluated the antioxidant properties of ethanolic hop cone
extracts and found comparable antioxidant activity to butylated hydroxytoluene and ascorbic
acid which are routinely used by the food and beverage industries. Similarly, Wang et al.
(2014) evaluated the antioxidant activity of an SP850 purified hop cone extract composed of
proanthocyanidins, flavonol glycosides and chlorogenic acids which was found to have higher

activity compared to a purified tea extract.

1.2.6.1-Methods for evaluating the antioxidant capacity of phenolic extracts

Radical scavenging activity assays are generally classified based on their reaction mechanism
into electron transfer (ET) and hydrogen atom transfer (HAT). The most widely used electron
transfer techniques are the ferric reducing antioxidant power (FRAP), ABTS and DPPH due to
their convenient nature and wide applicability. For most of these assays the same principle

is involved where a synthetic-coloured radical is produced, and the ability of a biological
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sample to scavenge the radical or reduce redox-active compound is monitored by
spectrophotometry. There is a lack of consensus on the validity of these methods possibly a
result of problems associated with using one-dimensional methods to evaluate
multifunctional foods and various improvements have been suggested (Frankel and Meyer,
2000). Due to the nature of the different antioxidant assays, they will generate different
values depending on the assay and therefore are often performed in tandem (Floegel et al.,
2011). For example, ET and HAT assays FRAP and ORAC respectively were deemed suitable
for evaluating brewing raw materials on antioxidant activity of resulting beers
(Wannenmacher et al., 2019).

HAT-based assays typically involve peroxyl radicals as oxidants which play a role in lipid
oxidation in food and biological systems. The ORAC method has emerged as the HAT-based
method of choice to quantify the peroxyl radical scavenging capacity of a sample. The ORAC
assay, initially developed by Ou et al. (2001) measures the area under a decay curve of a
fluorescent probe, which is typically expressed as Trolox equivalents. B-phycoerythrin was
previously used as the fluorescent probe, however fluorescein has since become standard as

it doesn’t react with antioxidant extracts, and has better photostability (Ou et al., 2001).

The hydroxyl radical antioxidant capacity (HORAC) assays measures hydroxyl radical
scavenging activity also via measuring the area under a decay curve of a fluorescent probe
(Ou et al., 2002). Transition metals such as copper sulphate (Van Hoyweghen et al., 2010) and
cobalt chloride (Harada et al., 2011) react with hydrogen peroxide forming hydroxyl oxidants
via the Fenton reaction. Whereas most antioxidant assays use Trolox as a standard, the
HORAC assay uses gallic acid as Trolox interacts poorly with the assay when cobalt chloride is
used as the metal source. Xanthohumol extracts such as XanthoFlav'™ exhibit a peroxyl radical
capacity 5-10* that of Trolox, however a hydroxyl radical scavenging capacity equivalent to
60 Trolox which was 20-30* that of an oligomeric proanthocyanidin extract and quercetin

(Van Hoyweghen et al., 2010). The ORAC and HORAC assays can also be used to evaluate
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lipophilic phenolic compounds and extracts using aqueous acetone and beta cyclodextrin as

a solubility enhancer (Huang et al., 2002a).

1.2.7-Added value applications for plant phenolics

1.2.7.1-Beer flavour stability

Oxidation is a key factor in beer ageing, primarily driven by ROS generated through various
pathways such as the Fenton and Haber-weiss reactions (Andersen and Skibsted, 1998).
These processes lead to the formation of undesirable compounds such as Strecker aldehydes
and lipid oxidation aldehydes like trans-2-nonenal which negatively impact the sensory
qualities of the beer (Mertens et al.,, 2022). Phenolics from plant sources have been
investigated for their ability to neutralise ROS and chelate metal ions and therefore improve
the ‘freshness’ and flavour stability of beer (Mertens et al., 2021). As such plant phenolic
extracts have been developed and are commercially available to improve beer stability. An
example is Brewtan B, a plant derived gallotannin extract. This is especially important for light
lagers or beers produced with reduced hop products e.g. tetra-iso-alpha-acids which contain

no polyphenols (Jaskula-Goiris et al., 2014).

In light of this, phenolics from hop co-products have also been assessed to improve beer
stability. Jaskula-Goiris et al. (2014) found that an extract from Saaz-CO3R, primarily
composed of flavonol glycosides, prenylflavonoids and procyanidins enhanced the mouthfeel
and flavour stability of beer. Similarly, Jelinek et al. (2014) investigated the addition of
phenolics from T45R which increased the antioxidant capacity of the final beers. A possible
drawback of using hop processing residue is a high nitrate content which can lead to negative
health effects via the formation of carcinogenic nitrosamines (Bamforth, 2008). Forster et al.
(1995) found nitrate levels in beer increased with use of bracteole fraction; however follow

up work by Jaskula-Goiris et al. (2014) found no difference in nitrate levels of spent hop
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treated beer compared to T90P treated beer which were well within the maximum levels

permitted in drinking water (50 mg/L) (Schuddeboom, 1993).

1.2.7.2-Beer colloidal stability

Generally, beer is intended to be served without visible haze which can be caused by
insoluble particles. Fining agents, like isinglass are commonly used in brewing to remove
these particles by aggregating them to larger particles which then settle out rapidly. Isinglass
finings are composed of purified collagen extracted from the swim bladders of tropical fish
and are the most widely used for cask ales to produce a compact sediment of both chill hazes
and yeast cells (Freeman et al., 2003). However due to its origin isinglass is not suitable for
vegetarians or kosher certification which limits its use, when considering trends suggesting a
quarter of UK people will be vegetarian by 2025 (BpycHuubiHa, 2020).

As a result of these concerns, alternative natural sources have been explored to rival
conventional fining agents such as isinglass and gelatin (Ham, 2023). Proanthocyanidins
extracted from Saaz CO,R have been evaluated for their fining potential in beer and have
shown comparable activity to isinglass performance (Linforth et al., 2015). They produce a
compact sediment from yeast flocculation important to avoid beer losses and seem to be
effective in reducing hazes at both ale (12°C) and lager (4°C) temperatures. A natural hop
fining agent with demonstrated functionality may have commercial value, especially in the
UK where cask beer is popular (Linforth et al., 2015). Other benefits include reduced costs of
downstream separation methods e.g., filtration, centrifugation. As a natural product
occurring in beer, hop tannin use is also not constrained by legislative barriers such as the

‘Reinheitsgebot’.
1.2.7.3-Pharmaceuticals and nutraceuticals

The lower incidence of diseases in East Asian populations, compared to western countries,
has been partially attributed to diets rich in phenolic-containing foods such as soybeans

(Fraga et al., 2019). Similarly the reduced rate of coronary heart disease among wine drinkers
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has been linked to the intake of phenolics (Renaud and de Lorgeril, 1992). A growing body of
research has highlighted the potential health benefits of hop polyphenols (Zanoli and Zavatti,

2008, Stevens and Page, 2004).

Proanthocyanidins exhibit a range of biological activity and benefits to human health, e.g.
cardiovascular and neurodegenerative disease prevention, which seem to be related to their
free radical scavenging activity and antioxidant properties (Bagchi et al., 2000, Packer et al.,
1999). Proanthocyanidins, especially B2, have been shown to inhibit nitric oxide synthase
(NOS), which may be explained by their protein binding activity (Kobuchi et al., 1999, Stevens
et al., 2002). Dental studies have shown that high molecular weight polyphenols from hop
bracts found in high concentrations in T45R also exhibit cavity-prevention activity and dental-
plague regrowth inhibition (Kurumatani et al., 2005, Shinada et al., 2007). They inhibit
cellular adherence of Strerptococcus sobrinus and glucosyltransferase action at
concentrations much lower than alternative e.g., green tea leaves (Xi et al.,, 2009). This
suggests spent hop bract material could have value in the health and dentistry fields,
however the chemical structure of the active compound hasn’t been fully clarified (Tagashira
et al.,, 1997). There is also evidence that polyphenols rich spent hops possess anti-
inflammatory properties via decreasing the expression of inflammatory cytokines (Caban et
al., 2020).

1.2.7.4-Cosmetics

The growing interest in natural ingredients for cosmetic formulations has led to increased
exploration of phenolic compounds from agri-food residues. Grape derived by-products have
received most attention, resulting in numerous patents for their use (Nunes et al., 2017). This
is largely due to their anti-inflammatory and antioxidant activity which can protect the skin
from disease and premature ageing (Ratz-tyko et al., 2015). More recently phenolics from
hop co-products have shown similar promise in the area (Alves et al., 2021, Paredes-Ramos

et al., 2022, Pereira et al., 2022). Censi et al. (2021) adopted antioxidant and phenolic assays
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as well as cytotoxicity and mitochondrial analysis of human keratinocytes identifying spent
hops and yeast as the most effective brewing by-products for skincare applications Several
patents have been filed for the use of hop phenolics in cosmetic.

EP1854446B1-2006 explored aqueous ethanolic extracts (10% v/v) from hop leaves and stem
tissue for their antiallergic properties. This activity is attributed to kaempferol glycosides such
as 3-0-glucoside, 3-O-rutinoside and 3-O-malonyl glucoside which inhibit histamine release.
Another patent, CZ283179B6-1995 focused on obtaining proteins and tannins from hop CO,
extract residue via ultrafiltration for prophylactic cosmetics. Additionally, hop CO; extract
residue has also shown anti-bacterial properties against P.acnes, a bacteria associated with
acne vulgaris (Weber et al., 2019, Yamaguchi et al., 2009). Hop phenolics could offer a safer,
natural alternative to conventional treatments like benzoyl peroxide, which can generate

free radicals in skin leading to irritation and premature ageing (Kennedy et al., 1995).

1.3-Overview of thesis content

Hop co-products from the cultivation and processing of hop cones are produced in substantial
guantities and are a rich source of phenolic compounds that could be similarly exploited for
their antioxidant properties. The objective of this thesis is to evaluate hop co-products as
source materials for phenolic valorisation. It is aimed to characterise and compare hop co-
products from different streams to identify those most suited for exploitation. It is further
aimed to investigate different extraction and purification strategies suited to the food and
beverage industries for the generation of extracts with high phenolic purity and antioxidant

activity and to support the development of commercial hop phenolic extracts.
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Chapter 2-General Materials and Methods

2.1-Materials

2.1.1-Chemicals

Ammonium iron sulfate dodecahydrate, butanol, orthophosphoric acid, Folin-Ciocalteu
phenol reagent, iron (lll) chloride hexahydrate, methanol (LC grade), ethanol, hydrochloric
acid, trolox, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2'-Azobis (2-amidinopropane)
dihydrochloride (AAPH), sodium phosphate buffer solution (pH 7.4, 0.2 M), fluorescein
sodium salt, anhydrous sodium acetate, and 2,4,6-tri(2-pyridyl)-1,3,5-triazine (TPTZ) were
obtained from Sigma Aldrich (St. Louis, USA). Formic acid (LC-MS grade) was obtained from
Fisher Scientific (Loughborough, UK). Type 1 LC-MS grade water was produced using a Lab
Pro PuraQ water purification system (Scientific Laboratory Supplies, Nottingham, UK).
Authentic phenolic standards for chromatographic and spectrophotometric quantitative
analysis were sourced as detailed in section 2.2.6.2. International calibration extract (ICE-3)

was sourced from Labor Veritas (Zlrich, Switzerland).

2.1.2-Plant materials

Hop and non-hop materials analysed in this study were sourced according to Table 2.1. The
hop co-products included processing residues and hop leaves for commercially significant
varieties, whilst hop pellets were included to assess the impact of processing mechanism on
the phenolic content of the residue. All hop co-products were sourced from commercial
suppliers, reflecting industry-scale co-products rather than laboratory-prepared samples.
Non-hop materials (10-15, Table 2.1) were sourced to serve as benchmarks against which to

compare the phenolic content of hop co-products.
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Table 2.1: Characteristics and sourcing of hop co-products and other plant materials
evaluated in this study.

Material Variety Grovtnng Acronym Moisture (%) Supplier Notes
Region
1 Hop €O» Hallertau Germany COaR-HB 9.05+0.05 HVG -
Residue Blanc
Hop CO
2 op} 2 Herkules Germany CO2R-HERK 9.18+0.23 Hopsteiner -
Residue
3 Hop T45 Tradition Germany T4SR-TRAD 8.56 £0.14 Barth Haas -
Residue
. Czech .
4 Hop T45 residue Saaz . T45R-SAAZ-CR 8.56+0.11 Hopsteiner -
Republic
5 Hop T45 residue Saaz Hallertau TA5R-SAAZ-HT 7.04+0.42 Hopsteiner -
6 Hop T45 pellet Saaz Hallertau TA5P-SAAZ-HT 8.98 +0.25 Hopsteiner -
7 Hop T90 pellet Saaz - T90P-SAAZ 8.22+0.22 Hopsteiner -
s Hop Leaf Southern South Africa LEAE-SA 11.54 +0.35 SAB Hop )
Aroma (George) Farms
9 Hop Leaf Southern South Africa LEAE-SP 059 +0.06 SAB Hop )
Passion (George) Farms
Cornish .
1o  Seabuckthorn NA NA SBT-POM 6.67+0.37 Seaberry  Dredat 5060
Pomace Cfor 24 h.
Company
Ground
11 Cinnamon (C. NA NA CIN 6.75+0.15 K2B LTD -
cassia)
12 TickTockTea NA NA TEA 7.95+0.04 Tesco -
(Rooibos)
13 Cranberry NA NA CB-1 2.51+0.52 K2B LTD Freeze dried.
HEALTH .
- +
14 Cranberry NA NA CB-2 2.27+£0.92 FOODS Freeze dried.
HEALTH .
¥
15 Blackcurrant NA NA BC 3.15+0.15 FOODS Freeze dried.

Moisture analysis represents averages * standard deviation of triplicate measurements analysed according to
2.2.2.

Supplier headquarters: HVG-Wolnzach, Germany. Hopsteiner-Mainburg, Germany. Barth Haas-Nuremberg,
Germany. SAB Hop Farms-George, South Africa. Cornish Seaberry Company-Cornwall, UK. K2B LTD-Sleaford, UK.
Tesco-Welwyn Garden City, UK. HEALTH FOODS-Abergele, UK.

To further investigate hop leaves as a source of phenolics, hop leaves and their respective
cones were sourced from Hopsteiner. These samples were collected from a commercial farm
in the Yakima Valley, Washington and included leaf material collected over two crop years and
three developmental stages for the varieties Calypso, Cascade and Contessa. Additional

details on these samples are provided in Chapters 6.

2.2-Methods
2.2.1-Extraction of phenolics from plant materials

Plant material (>100 g) was homogenised and milled with a De’longhi Blade KG49 grinder

(Treviso, Italy) at speed 12 for 25 s until a fine consistency was achieved. For extraction, 10 g
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milled plant material was mixed with 100 ml of 50% aqueous ethanol (v/v) (E50) and agitated
using a Stuart Roller Shaker (Cole-Palmer, Staffordshire, UK) at 60 rpm for 15 min. The extract
was then filtered through Whatman grade 1 filter paper (Maidstone, UK) using vacuum
filtration. The filtered solution was then transferred to a 50 ml Falcon tube ensuring minimal
headspace was present before being chilled overnight at 4 °C. The extract was then
centrifuged for 10 min at 4000 rpm using a Thermo Scientific Heraeus Megafuge 16
Centrifuge (Waltham, USA), with the supernatant stored at -80 °C for subsequent analysis.

Extractions were performed in triplicate for each material unless otherwise stated.

These extraction conditions were selected based on phenolic extraction optimisation
experiments using CO,R-HERK which is presented in Chapter 3. These conditions were used

for all extractions in Chapters 4-7.

2.2.2-Moisture content of hop materials

The moisture content of plant materials was determined using an Ohaus MB120 Moisture
Analyser (Parsippany, USA) where material (1-5 g) was dried to a constant weight at 105 °C.
The moisture content of materials was used to standardise phenolic concentrations to dry

material (DM).

2.2.3-Dry Material Yield

Dry material yield was determined using a Thermo Scientific Savant SpeedVac SPD300
centrifugal evaporator. A 200 ul aliquot of extract was dried at 45 °C for two hours at 1.4 Torr.
The resulting dry material, which comprised all non-volatile components under these

conditions, was expressed as mg dry material extracted/g dry matter (DM).

2.2.4-Spectrophotometric assays for semi-quantitation of phenolics

The Folin-Ciocalteu assay is a commonly used colorimetric assay to semi-quantify phenolic

contents whilst the acid butanol assay measures condensed tannins by oxidative cleavage of
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proanthocyanidins under acidic conditions yielding anthocyanins which are measured

spectrophotometrically (Gessner and Steiner, 2005).

2.2.4.1-Folin-Ciocalteu assay for the determination of total phenolic content (TPC)

The total phenolic content (TPC) of extracts was determined using a method modified from
Singleton et al. (1999). Folin-Ciocalteu phenol reagent was diluted 1: 10 with deionised water.
For analysis 1500 ul dilute Folin-Ciocalteu reagent was added to a microcuvette containing
150 ul sample, standard or blank solution. These were then stored in the dark for 2 h before
UV/Vis absorbance was measured at 750 nm using a Thermo Scientific Genesys 140 Vis
spectrophotometer against a reverse osmosis (RO) water negative control. Caffeic acid was
used to produce a six-point standard curve (0.01-0.5 mg/ml E50), and results were expressed
as mg caffeic acid equivalent (CAE) per g of dry material (mg CAE/g DM). For TPC semi-
guantitation, caffeic acid was selected as reported previously by David et al. (2015) to
determine the phenolic content of tea. To convert data to mg/g DM, the following formula

was used:

(mg CAE/ml x dilution factor x liquid: solid ratio of extraction)

DM =
me/g (100 — moisture content of plant material) /100

Liquid: solid ratio (10) based on extractions at 100 mg plant material/ml E50.

2.2.4.2-Acid Butanol Assay for the determination of proanthocyanidin content (PAC)

The proanthocyanidin content (PAC) of extracts was determined using a method modified
from Gadon et al. (2019a). An acid butanol solution was prepared from 5 ml HCI (37%) with
95 ml n-butanol. 2% ferric ammonium sulfate solution was prepared by dissolving 1 g of ferric
ammonium sulfate in 50 ml of 2 M HCI. 3 ml of acid butanol solution was added to a 10 ml
pyrex screw-capped glass tube with 25 pul sample solution and 100 pl iron reagent. Tubes were
vortexed and heated at 90 °C for 30 min using a Thermo Scientific multi-block heater before
being cooled for 30 min. UV/Vis absorbance was measured at 550 nm using a Thermo

Scientific Genesys 140 Vis spectrophotometer against an acid butanol solution negative
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control. Procyanidin B3 (P-B3) was used to produce a six-point standard curve (1-6 mg/ml),
and results were expressed as mg P-B3 equivalent per g of DM (mg PB3E/g DM). For PAC semi-
guantitation, a B-type procyanidin was used as these are the main proanthocyanidins found

in hops (Li and Deinzer, 2009).

2.2.5-Antioxidant Assays

In this study, antioxidant assays were used to comprehensively evaluate different
mechanisms of radical scavenging activity. The ORAC assay evaluates peroxyl radical
scavenging via hydrogen atom transfer (HAT) whilst the FRAP and DPPH assays evaluate single
electron transfer (ET) (Moharram and Youssef, 2014). These techniques were selected for this
study as they are well established, high-throughput techniques relevant to the food and

beverage industries (Wannenmacher et al., 2019).

2.2.5.1-Ferric Reducing Antioxidant Power (FRAP)

FRAP antioxidant activity was determined using a method modified from Xiao et al. (2020).
An acetic acid buffer solution was prepared by dissolving 455.30 mg of anhydrous sodium
acetate with ultrapure (UP) water. The FRAP working solution was prepared by mixing 5 ml
2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ) solution (3.12 mg/ml in 40 mM HCI), 5 ml ferric chloride
hexahydrate solution (5.42 mg/ml in UP water) and 50 ml acetic acid buffer (pH 3.6). In a 96-
well plate, 180 pl of working FRAP solution was added using a multi-channel pipette to each
well containing 20 pl of sample, standard or negative control solution. The plate was shaken
for 30 s (double orbital) and incubated at 25 °C for 30 min using a FLUOstar Omega microplate
reader (Ortenberg, Germany). Absorbance was measured at 593 nm against a negative
control. Trolox was used to produce an 8-point standard curve (0.01-0.18 mg/ml) and results
expressed as mg trolox equivalent per g of dry material (mg TE/g DM). The linearity of the
FRAP assay for trolox and leaf extracts was evaluated to ensure accurate TE values could be

obtained from analysis of one concentration. Excellent linearity was obtained for Trolox and
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hop leaf extract up to an absorbance of 1.75 at 593nm (Appendix 2-Figures 1 and 2). The
FLUOstar plate reader was operated using Voyager software (v2.05) and data was acquired

using MARS software (v5.10).

The FRAP assay originally developed by Benzie and Strain (1996) assumes that redox reactions
are rapid and typically reach completion by around 5 mins. Whilst this may be adequate for
fast reacting phenols, certain compounds such as quercetin and caffeic acid have been shown
to react more slowly and require longer reaction times for detection (Pulido et al., 2000).
Additionally, studies have demonstrated that aqueous ethanol (60% v/v) extracts of hop
cones required longer reaction times in the FRAP assay compared to ethanol extracts
(Proestos and Komaitis, 2009). To accommodate these slower-reacting phenolics, a 30 min
reaction time was chosen, as suggested by Proestos and Komaitis (2009). Absorbance
changes at 593 nm for hop leaf extracts and Trolox standard solution measured at 5 min

intervals over 30 mins are presented in Appendix 2-Figure 3.

2.2.5.2-DPPH Radical Scavenging Activity (RSA)

DPPH radical scavenging activity (RSA %) was determined using a method modified from
Sharma and Bhat (2009). DPPH (40 mg) was dissolved in 100 ml of ethanol to prepare a 400
pg/ml solution, which was protected from light using aluminium foil and sonicated for 2 h.
Dilution adjustments of DPPH solution were made with ethanol to achieve an absorbance of
1 £0.005 at 517 nm for the negative control. Extracts were diluted with E50 to a volume of 3
ml for 6 concentrations and mixed with 1 ml DPPH solution. Solutions were vortexed (10 s)
and left to stand for 30 min in a dark cupboard. UV/Vis absorbance was measured at 517 nm

against an E50 negative control and RSA % was calculated using the formula:

(Abs control — Abs sample)
Abs control

RSA (%) = 100 — x 100
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RSA % (y) was plotted against sample concentration (x) and linear regression was used to
calculate the concentration of extract required for a 50% reduction of DPPH (IC50). Extract
concentrations analysed were selected to ensure that 50% RSA was within the analysed
range. Trolox was analysed at 6 concentrations (4.18 pug/ml-8.36 pug/ml) to calculate an IC50
which was used to generate Trolox equivalents which were expressed as mg Trolox equivalent
per g of dry material (mg TE/g DM). The concentrations of extracts analysed for RSA % used
to calculate Trolox equivalent IC50’s are presented in Appendix 4-Figure 1, Appendix 5-Figure

2, Appendix 7-Figures 1 and 2.

2.2.5.3-Oxygen Radical Absorbance Capacity (ORAC)

The ORAC assay measures a samples peroxyl radical scavenging by quantifying the inhibition
of fluorescence decay which corresponds to the area under curve (AUC). ORAC antioxidant
activity was determined using a method modified from Huang et al. (2002b). A 0.2 M sodium
phosphate buffer solution (PBS) (pH 7.4) was diluted with ultrapure (UP) water to 75 mM.
Fluorescein stock solution was prepared by dissolving fluorescein sodium salt in PBS (0.2 M)
at 1.97 mg/ml and stored at -20 °C. Fluorescein and AAPH working solutions were prepared
daily in PBS (0.2 M) at 48 nM and 403 mM respectively and stored at 4 °C. Trolox standard
solution was prepared in PBS (75 mM) for hydrophilic assays and in 50% aqueous acetone
(v/v) for lipophilic assays at 0.5 mg/ml with 7 concentrations analysed to generate a standard

curve (0.005-0.05 mg/ml).

For analysis, extracts were diluted in PBS (75 mM) or 50% aqueous acetone (v/v) (for lipophilic
assays) and 20 ul sample, standard and negative control solutions were transferred to a black
opaque 96 well plate (Corning Costar). 160 ul working fluorescein solution was transferred to
each well using a multi-channel pipette and the plate was then shaken for 30 s (double orbital)
and incubated at 37 °C for 20 min using a FLUOstar Omega microplate reader. Fluorescence

measurements (Ex. 485 nm, Em. 520 nm) were taken every 30 s to monitor the fluorescence
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stability. 20 ul AAPH solution was then injected using onboard injectors followed by a 10 s
shake (double orbital). Fluorescence was measured every 60 s (Ex. 485 nm, Em. 520 nm) until
the reaction was complete (<90 min) which was determined when the fluorescence reached
the level of the negative control. ORAC Trolox equivalent antioxidant activity values were
calculated using linear regression by calculating the net area under fluorescence decay curve
(NAUC) relative to the Trolox standard and expressed as mg Trolox equivalent per g of dry
material (mg TE/g DM). The FLUOstar plate reader was operated using Voyager software
(v2.05) and data was acquired using MARS software (v5.10). Fluorescence decay curves for
Trolox analysed at concentrations between 0.005-0.05 mg/ml are presented in Figure 2.1
whilst the corresponding linear standard curve is presented in Appendix 2-Figure 4. Figure 2.1

outlines how the NAUC corresponds to an increase in Trolox concentration.

Trolox / Negative control

200000
180000
160000
140000
120000
100000

Fluorescence in RFU

80000
60000
40000
20000

ﬁnin 8 min 16 min 24 min 32 min 40 min 48 min 56 min
Time in minutes

Figure 2.1: Fluorescence decay curves for Trolox analysed at concentrations of 0, 0.005,
0.0125, 0.01875, 0.025, 0.03125, 0.0375 and 0.05 mg/ml in PBS.

2.2.6-Chromatographic analysis of phenolics and hop resin components

2.2.6.1-Analysis of xanthohumol and bitter acids in hop extracts using HPLC-UV-DAD

The quantitation of xanthohumol, a and B-acids in hop extracts was performed using HPLC-
UV-DAD following a method adapted from the European Brewing Convention (EBC) 7.15
standard (EBC, 2018). Analysis was carried out using a Waters (Milford, USA) 2695 separations

module coupled with a Waters 2996 photodiode array detector, with data acquired using
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Empower software. A reversed-phase column (Gemini C18 4.6 x 250mm, 5 um; Phenomenex,
Torrance, CA, USA) was used for separation with the column oven maintained at 30 + 2 °C.
Extracts were syringe filtered at 0.45 um with an injection volume of 11 pl. A gradient elution
was performed using a two-solvent system comprising mobile phase A (75% methanol, 24%
water and 1% orthophosphoric acid v/v), and B (methanol). Flow rate was 0.7 ml/min
throughout. A linear gradient from 100% A to 45: 55 (A: B) was run over 40 min, followed by

a return to 100% A over 1 min which was held for 4 min to re-equilibrate the column.

UV/Vis spectra were recorded in the range of 240-400 nm with quantification calculated from
peak areas at the optimal wavelengths specified in Table 2.2. The wavelength chosen for each
analyte was selected based on optimal peak resolution and signal intensity. 6-point standard
curves were prepared using ICE-3 (0.0049-4.86 mg/ml) for a and B-acids, and xanthohumol
(0.0022-0.87 mg/ml) dissolved in methanol. The analytical run order was randomised, and
each extract analysed in triplicate unless otherwise stated. A representative chromatogram is

provided in Figure 2.2.

Table 2.2: Chromatographic details used for HPLC-DAD quantitation of xanthohumol and
bitter resins in hop extracts.

Analyte Retention Time (min) Optimal Wavelength (nm)
Xanthohumol 12.39 370
Alpha 1 (Cohumulone) 24.22 270
Alpha 2 (Ad/Humulone) 27.81 270
Beta 1 (Colupulone) 34.59 340
Beta 2 (Ad/Lupulone) 38.40 340
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Figure 2.2: LC-DAD chromatogram of a hop leaf extract from Cascade (harvest 2021) analysed
at 100mg/ml E50.

1-compounds not retained by reversed-phase column, 2/3-unidentified peaks, 4-xanthohumol, 5-
cohumulone, 6-ad/humulone, 7-colupulone, 8-ad/lupulone.

UV spectra of hop standards (xanthohumol-red, Ad/humulone-blue, Ad/lupulone-green) used for
compound identification is outlined in top right.

2.2.6.2-Phenolic identification and quantitation using LC-ESI-qgTOF-MS/MS

LC-ESI-qTOF-MS/MS was selected for the analysis of low molecular weight phenolics due to
the higher sensitivity of MS compared to DAD detection. MS also provides better resolution
through m/z filtering which is particularly important when investigating crude extracts where
co-elution of compounds occurs. For phenolic compound identification this method enables
accurate mass determination using a qTOF and allows for the acquisition of MS/MS spectra

to further confirm structural identities.

LC-ESI-qTOF-MS/MS analysis was performed using an Agilent HPLC 1260 Il system coupled
with a 6546 tandem quadrupole-Time of Flight mass spectrometer (Agilent Technologies,
Cheadle, UK). Separation was performed with a Kinetex Biphenyl column (1.7 um, 100 x
2.1mm; Phenomenex, Macclesfield, UK) at 40 + 0.8 °C. A gradient elution was performed
using a two-solvent system with mobile phase A (Type 1 water with 0.1% formic acid, v/v) and

B (methanol with 0.1% formic acid, v/v), using a flow rate of 0.3ml/min. The 17 min analytical
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gradient started at 5% B, was held for 2 min, raised to 19% over 6 min, then to 82.5% over
another 9 min. The column was washed at 95% B, returned to starting conditions and re-
equilibrated for a total run time of 25 min. (-) Electrospray ionisation (ESI) was performed
between 50-1700 m/z, with drying gas and sheath gas temperatures of 320 °C and 350 °C
respectively, and flow rates of 8 and 11 L/min, respectively. The nebulizer was set at 35 psi
whilst VCap and nozzle voltages were 3500 V and 1000 V respectively, with fragmenter,

skimmer and octopole RF voltages set at 110, 65 and 750 V respectively.

2.2.6.2.1-Phenolic compounds reference library

2.2.6.2.1.1-Standard compounds

To develop a phenolic reference library, 62 phenolic reference standards were analysed to
determine retention time (RT) and mass spectra. These standards were selected based on
availability and their reported abundance in hop cones (Schmidt and Biendl, 2023b), leaves
(Choi et al., 2018), and processing residues (Luzak et al., 2016). For preparation, 1-1.5 mg of
each standard was solubilised in 1-1.5 ml 50% aqueous ethanol (v/v) to produce 1 mg/ml
solutions. 100 ul aliquots were dried using a SpeedVac SPD300 centrifugal evaporator and
stored at the recommended temperature until analysis. For analysis 0.1 mg portions were re-
solubilised in E50 to 0.01 mg/ml and diluted with E50 to 0.001 mg/ml. Internal standard (IS)
candidates were selected if they were not present in the ‘representative’ extracts and had
similar abundance to the main phenolic targets at the same concentration. The reference

standards used in this study are presented in Table 2.3.
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Table 2.3: Phenolic reference standards used in the study.

No. Standard Purity (%) (r::;m) canc:? date Supplier
1 Luteolin 298 14.49 -
2 Kaempferol 3-O-galactoside 298 13.06 -
3 Quercetin 3-O-sophoroside 298 11.68 -
4 5-O-Feruloylquinic acid 298 9.06 -
5 8-Prenylnaringenin >98 16.90 -
6 6-Prenylnaringenin >95 17.47 -
7 Procyanidin B1 >98 6.81 -
8 Procyanidin B2 >98 9.77 -
9 Procyanidin B3 >98 7.15 -
10 Procyanidin A1 >99 11.61 - Cayman Chemical
1 Procyanidin A2 >95 12.25 v Company (Ann Arbor,
12 Procyanidin C1 >98 11.09 - USA).
13 Catechin 299 6.36 -
14 Epicatechin 290 9.56 -
15 3,4-Dicaffeoylquinic acid >98 12.51 v
16 4,5-Dicaffeoylquinic acid 298 13.24 -
17 Cinnamtannin B1 > 85 10.63 v
18 Hesperidin >90 14.18 v
19 Hesperetin >98 15.51 v
20 Quercetin 295 13.98 -
21 Taxifolin 295 11.81 -
22 Quercetin 3-O-glucoside 298 12.58 -
23 Quercegtlizci-s(i)(;?alonyl > 85 12.93 i
24 Kaempferol 3-O-rutinoside 298 13.15 -
25 Neochlorogenic acid >98 4.77 -
26 Chlorogenic acid >95 8.22 -
27 4-Hydroxybenzoic acid 99 4.50 -
28 Vanillic acid 297 7.91 v
29 p-Coumaric acid 298 10.36 -
30 trans-3-Hydr9xycinnamic 99 11.34 )
acid
31 3-Methylcatechol 98 6.76 v SigT;u,?s??Jr;ZP;.(St.
32 4-Methylcatechol 295 7.01 v
33 4-Hydroxyphenylacetic acid >98 5.86 v
34 Benzoic acid 299.5 11.56 v
35 Sinapic acid >98 12.60 -
36 trans-Cinnamic acid 299 14.21 v
37 Caffeic acid >98 7.12 -
38 Phloroglucinol 99% 1.56 -
39 Naringenin 295 14.87 -
40 Phloridzin 99% 13.11 -
41 Resveratrol >99 12.90 v
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42 Ethyl gallate 296 10.00 v

43 Genistein >98 15.08 v
44 2,5-Dihydroxybenzoic acid >98 4.49 -
45 3-Methoxycatechol >98 6.76 -
46 Salicylic acid >99 4.87 -
47 Quercetin 3-O-rutinoside 299 12.44 -
48 Curcumin >97.5 17.35 -
49 Kaempferol 299 14.81 -
Ext th G
50  3-Hydroxyphenylacetic acid 99 6.76 v xtrasynthese (Genay,
France).
51 Syringic acid >98 12.60 -
52 Myricetin 98 12.98 v
53 Epicatechin gallate 95-99 11.81 v
54 Epigallocatechin gallate 95 10.31 -
55 Daidzein >98 14.29 v Acros Organics (Geel,
Belgium).
56 Vanillin 99 11.15 -
57 Gallic acid 97.5 1.48 -
MP Bi dicals (Sant
58 Ferulic acid 99.0 11.88 - lomedicals (Santa
Ana, California).
59 Protocatechuic acid 98 2.62 -
60 HWI G Rilzhei
Kaempferol 3-O-glucoside 98.5 12.58 - roup (Rilzheim,
Germany).
61 LKT Laboratories (St.
| thoh | >98 16.36 -
soxanthohumo Paul, USA).
62 PhytolLab
Xanthohumol >98 17.49 - (Vestenbergsgreuth,
Germany).

2.2.6.2.1.2-Structural elucidation using MS/MS in silico fragmentation.

Where reference standards were unavailable, four representative hop extracts were
analysed, and candidate peaks for MS/MS putative structural elucidation were chosen based
on peak height (>10,000), m/z, and retention time relative to known compounds. The
representative extracts were E50 extracts of materials presented in section 2.3: CO;R-HERK,
CONE-Calypso and LEAF-SA and a blend of equal portions of extracts from leaves and cones
sourced from Yakima. Total ion chromatograms (TIC’s) for CO,R-HERK, CONE-Calypso, LEAF-

SA and the blend of leaf and cone extracts are presented in Figure 2.3.
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Figure 2.3: Total ion chromatograms for representative extracts; LEAF-SA, CO,R-HERK, CONE-
CAL and a blend of the Yakima leaf and cone extracts.
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For the acquisition of spectra, auto MS-MS analysis ranging 50-1040 m/z was performed with
MS1 and MS2 scan rates of 5 and 6 spectra/s respectively and collision energies were set at
10, 20 and 40 V. Spectra were exported to Sirius GUI software where Sirius and CSI:FingerID
were used to produce match scores to different compounds based on fragmentation patterns.
Peaks were annotated based on CSI match scores, SIRIUS scores and literature sources of key

hop polyphenols.

In silico fragmentation annotation has been shown to be correct for more than 90% of
phenolic compounds and is less time consuming and more systematic than manual
interpretation of mass spectra (Mallmann et al., 2023, Fernandez-Ochoa et al., 2022, Diihrkop
et al., 2021). SIRIUS 4 software is an in silico tool for molecular formula annotation based on
high-resolution isotope pattern analysis (Dihrkop et al., 2019, Djoumbou Feunang et al.,
2016). Sirius 4 is integrated with CSI:FingerID which predicts molecular structure from MS/MS
fragmentation tree and spectrum (Shen et al., 2014, Dihrkop et al., 2015). These are used to
rank candidate structures based on fingerprint similarity using Bayesian network scoring
(Ludwig et al., 2018). Generally, for structural annotation position 1 was used, however if
similarly high scores were found for isomers of a compound, structure was annotated based
on compound class. Features with a CSI score of < -150 or with conflicting SIRIUS and CSI
scores were discarded. Sirius and CSI finger scores for structural annotation of features and
structure rank used (position) are provided in Table 2.4. Features identified in the blend of
hop leaf and cone extracts from Yakima, USA are only reported on in Chapters 6 and 7, as the
MS/MS analysis of this extract took place after the conclusion of Chapter 4-6. MS2
fragmentation patterns and corresponding CSI:FingerID/position scores for kaempferol 3-O-

(6"-malonyl-glucoside) (feature 29) are provided in Figure 2.4.

59



Table 2.4: Annotation of features from negative ion LC-MS/MS and reported Sirius and CSI finger scores.

RT m/z & A Abundant Fragment Fll'agments SIRIUS Score, I.dentlty . Extract
Feature . Compound Class Structural Annotation proportional to voltage L confirmed with . cpr
(min) Formula lons (MS2) CSI & Position identified
(MS2) standard
Chlorogenic acids
353.09, S S Neochlorogenic
1 5.24 €16 H18 09 Caffeoylquinic acid Caffeoylquinic acid isomer (CQA A) 191.05,135.05, 179.03 135.04 100, -3.87, 1 acid LEAF
353.09, o N 85.03, 209.03, 191.06,
2 7.98 €16 H18 09 Caffeoylquinic acid Caffeoylquinic acid isomer (CQA B) 179.03, 173.05, 135.04 85.03, 135.04 98.6,-21,1 - LEAF
337.09, Coumaroylquinic . Yakima
3 6.93 €16 H18 08 acid Coumaroylquinic acid isomer (COQA A) 163.04, 119.05, 191.06 119.05 100, -6, 1 - blend
337.09, Coumaroylquinic L 173.05, 119.05, 93.03, Yakima
4 9.50 €16 H18 08 acid Coumaroylquinic acid isomer (COQA B) 163.04 93.03, 119.05 100, -17,1 blend
337.09, Coumaroylquinic o 173.05, 163.04, 119.05,
5 10.08 €16 H18 08 acid Coumaroylquinic acid isomer (COQA G) 93.03 93.03, 119.05, 59.01 97.8,-22,1 - LEAF
6 10.75 337.09, Coumaroylquinic ¢ - royiquinic acid isomer (COQA D) 191.06, 93.03 93.03, 191.05 99.3,-7.8, 1 . LEAF
‘ C16 H18 08 acid via oI i 2l
337.09, Coumaroylquinic . Yakima
7 11.56 €16 H18 08 acid Coumaroylquinic acid isomer (COQA E) 191.06, 93.03, 85.03 85.03, 93.03 100, -6, 1 - blend
367.10, o o 173.05, 193.05, 134.04, Yakima
8 10.96 €17 H20 09 Feruloylquinic acid Feruloylquinic acid isomer (FQA D) 93.03 134.04, 93.03 98.7,-10.7,1 - blend
367.10 79.42,-60.08
9 11.22 ! Feruloylquinic acid Feruloylquinic acid isomer (FQA B) 173.05, 134.04, 93.03 77.04, 134.04, 93.03 ! ! - LEAF
C17 H20 09 1
367.10, o o 173.05,193.05, 134.04,  134.04, 93.03, 117.03,
10 11.70 €17 H20 09 Feruloylquinic acid Feruloylquinic acid isomer (FQA G) 93.03 154.99 95,-13.5,1 - LEAF
Catechins and proanthocyanidins
11 3.17 305.07, Gallo Catechin Gallo Catechin isomer (GC B) 125.02 125.02, 196.92 100,-2.41,1 - LEAF
: C15 H14 07 : e I PTem
12 6.671 305.07, Gallo Catechin Gallo Catechin isomer (GC A) 125.02 125.02 99.98, -97.67 - LEAF
’ C15 H14 07 ’ ’ o )
577.14, . . . 125.02, 289.07, 425.09,
13 9.20 €30 H26 012 B-type procyanidin Procyanidin B dimer 1 (PBD 1) 407.08 125.02 100, -2.75, 1 - CONE
577.13, . . . 125.02, 289.07, 161.02,
14 10.93 €30 H26 012 B-type procyanidin Procyanidin B dimer 2 (PBD 2) 407.08 125.02 100, -2.55, 1 CONE

Flavonol glycosides
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15 10.86 czgo:;)s(,)m Kaz;c;:)fsei;oel di Kaempferol 3;:)7|’(—;c:_igl(|gj)coside (K-3,7- 447.09, iiz(())z, 285.04, 283.03, 285.04 97.6,-13, 1 ) Ys:;i:;a
6 o S AU Geweolmesil SEEOSE e 605w
17 1139 C3; Z..lé(z,o{)z L Q;E{Tjjg;” Quercetin tri glycoside (Q-TG) 300'20731'.3(2);'03' 300.03,301.03,271.02 4> 1'32'87' . CONE
18 11.75 c3; 154(2)0620 Q;E{Tjjg;” Qr‘:g;ii:iz;o('l:/‘:::g"hsiﬁ:))' 300.03, 300.04, 301.03 300.03, 301.03 93.8,-18, 1 ; Ys:g:;a
o e S GS oo PEUBNN ODmne Ron
20 12.08 (:276?-'9:'!.(1)1:,)16 ngjlir;:coest:;edl Quercetin 3—O—N’\T§g;esper|d051de (Q- 300.03, 3;(())%)(())3;, 271.02, 300.03, 301,03, 271.02 98.88, 9.8, 1 ) LEAF
21 12.30 C3; ﬁ(z)% 1 Ka;r;f:;r;;t” Clitorin 284.03, 285.03 284.03, 285.04 98,-12, 1 - Y;';i:;a
2 12.56 c275 133‘(1)5(’) 5 KaZSCTseiLOeI di Kaempferol di glycoside (K-DG) 284'(2);’;‘20835"(2)32508; 99, 284.03, 384.99 100, -39.70, 1 ; Y;';i:;a
23 12.72 sz?_fz‘gg(’) " Q“egrlzit;:klom Quercetin 3-O-glucoside (Q-GLUC) 300'(2):”5‘30031"(2)2’3.20731'02’ 300'2:'5.3(?31"(2)?3.20731‘02’ 99.95,-27, 1 v COR
24 12.98 c275 133‘(1)5(’) 5 KaZSCTseiLOeI di Kaempferol S'O'lzzgr;e”e"dosme (K- 285.04, 284.03 285.04,284.03,286.04  90.4,-25,2 ; Y;';i:;a
n m O G GmesoR e womoden eBBENS waa: o e
27 1330, 45 ?_IE'Z‘;S(’) " Kazsc’g;?! di Kaempferol 3-O-rutinoside (K-RUT) 285.04, 2285[;'.%? 286.04, 2221'23 22296'.%2 228555‘.%‘;’ 98.55, -8.29, 1 v LEAF
28 13.43 cszz‘gg(’) " Kae";nfce;;;?m" Kaempferol mono glycoside 284.03, 225855'.%3:1’ 227.03, 255.03, 227.03, 100, -2.49, 1 kge;l'j’:i:;: Y;';i:;a
Other
30 0.87 c71?_|11‘25(; . cyclitol L-Quinate 85'21’1_5091'?;';’07 1'03' 59.01, 57.03, 87.01 100, -20, 1 ; LEAF
31 0.98 c157|5.|£g . Butenolide Ascorbate 87.01, 15173032 69.03, 57.03,59.01 100, -41.31, 1 ; LEAF
32 4.98 c175:;30(1)’4 Phenolic acid 2,6-dihydroxybenzoic acid 109'02’2‘190;'2?01019'03’ 62.98, 65.00 97,-7.9,1 ; Y;';i:;a
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3-(2-O-Beta-D-Glucopyranosyl-4- CO:R
33 9.93 357.12, Phenolic glycoside Methoxyphenyl)Propanoic Acid 195.07,59.01, 196.07, 59.01, 136.05 91.3,-40, 1
C16 H22 09 . . 136.05
(Phenolic glycoside-A)
1-Butyrylphl lucinol-Beta-D- CO2R
34 13.13 357.11, Phloroglucinol GIu:oyryr:)noC;irgs (uPcrlmr:r)o Iica':nol 195.07, 196.07, 151.08, 151.08, 152.08 99.88, - ’
: C16 H22 09 glycoside Py - g 219.07, 237.11 i 72.786, 1
glycoside-C)
263.12, ) . o 99.24,-15.28, CONE
35 15.66 C15 H20 04 Vinylogous acid Hulupinic acid 194.05, 126.00, 51.00 126.00, 123.00, 67.02 1
369.13, . Molport-039-338-285 (Prenylflavanone  119.05, 193.09, 164.98, COzR
36 16.75 €21 H22 06 Prenylflavonoid B) 163.00, 124.02, 130.97 119.05, 164.98, 163.00 90.8,-51,1
339.12, ) 119.05, 219.07, 133.06, 99.96, -80.90, CO:R
37 16.75 €20 H20 05 Prenylflavonoid Desmethylxanthohumol 65.00 119.05, 133.06, 65.00 4
369.13 . 5,3',4'-Trihydroxy-7-Methoxy-8-C- COR
38 17.01 g P Ifl d - 135.04, 233.08, 119.05 135.04, 119.05 93,-46,1
C21 H22 06 renytiavonot Prenylflavanone (Prenylflavanone A) ! ! ! L
407.19, : ) 96.20, -53.29, CO:R
39 18.62 €25 H28 09 Prenylflavonoid Diprenylflavonone A 317.18, 119.05, 153.00 119.05, 152.05, 1

Abundant fragment ions are from 10, 20 and 40 eV and are listed in descending order of abundance. Precursor ions omitted.
Fragments proportional to voltage included fragments where abundance increased across 10-40 eV.

LEAF-Southern. Aroma hop leaf extract. CO2R-CO: extract residue (cv. Herkules). CONE-Hop cone (cv. Calypso). Yakima blend-Blend of Yakima cultivated hop leaf and cone extracts.
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Kaempferol 3-(6'""'-malonylglucoside)
MS2 A ~ B

Spectra

Relative intensity

1 93.01%
CSI:FingerID Score: -21.168

|
bk \l Lo | 1
m/z
Figure 2.4: MS2 fragmentation patterns for kaempferol 3-O-(6"-malonyl-glucoside) (feature
29) at collision energies 10, 20 and 40 V presented in overlay mode (A). Corresponding
CSl:FingerlID and rank position for corresponding MS2 (B).

MS/MS fragments were consistent between phenolic subgroups and to published literature.
For example, Hu et al. (2024) proposed MS2 fragmentation pathways for quercetin 3-O-
rutinoside which are outlined in Figure 2.5. The fragment at m/z 301.03 was characteristic of
quercetin glycosides (Table 2.4) representing the aglycone quercetin produced by voltage
induced cleavage of the glycosidic bond. Hu et al. (2024) proposed that the fragments m/z
255.03 and m/z 271.03 were attributed to loss of CO, and CO respectively which were

characteristic of quercetin glycosides (Table 2.4).

21070126

Figure 2.5: Proposed quercetin 3-O-rutinoside MS2 and fragmentation pathways (Hu et al.,
2024).
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Authentic reference standards were sourced to confirm the structure of features 1, 19, 23,
25, 27 and 28 due to their high abundance in the representative extracts and good SIRIUS and
CSI match scores. These were confirmed by comparing RT and mass spectra. Abundance for
features 3, 21, 29 and 37 was also very high in at least one of the representative extracts,

however standards were not available at the time of analysis.

Poor SIRIUS and CSIFingerID match scores were obtained for a high abundance peak
particularly prominent in CO;R-HERK extract at retention time-11.7 min which can be
observed in Figure 2.3 (CO,R-HERK extract TIC). This peak had an m/z of 357.12 consistent
with that of co-multifidol glucoside, a phloroglucinol derivative found in high levels in
Herkules hop cones (Schmidt and Biendl, 2023b). The EIC at m/z of 357.12 from CO,R-HERK
is presented in Figure 2.6. Feature 34 (Table 2.4) had the same m/z (357.12) and was
annotated as a phloroglucinol glycoside based on high SIRIUS and CSI:FingerID match scores

(Table 2.4).

x108 |Cpd 4: C16 H22 09; 11.379: -ESI EIC(357.1191, 403.1246, 417.1402) Scan Frag=110.0V CO2R-HERK-1-2.d Smooth

| Feature 34-Phloroglucinol glycoside

02 il /

o — R S— A

i 2 3 4 5 & 71 & S 1 1T 12 13 14 15 16 17 18 19 20 21 22 23
Counts vs. Acquisition Time (min)

Figure 2.6: Extracted ion chromatogram at m/z 357.12 from CO,R-HERK extract.

79 phenolic and resin compounds were identified in the representative extracts using
authentic reference standards (40) and in silico fragmentation patterns (39). Identified
compounds were classified based on their structure into the following sub-groups: flavonols
and glycosides (20), chlorogenic acids (15), catechins and procyanidins (15), prenylflavonoids

(8), phenolic acids and others (21).
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Flavonols were made up of the aglycones quercetin and kaempferol and their malonated
mono, di and tri glycoside derivatives. Standards were used to identify quercetin (Q),
kaempferol (K), quercetin 3-O-glucoside (Q-GLUC), quercetin 3-O-rutinoside (Q-RUT),
quercetin  3-0-(6"-malonyl-glucoside) (Q-MG), Quercetin 3-O-sophoroside (Q-SOP)
kaempferol 3-O-glucoside (K-GLUC), kaempferol 3-O-galactoside (K-GALAC) and kaempferol
3-O-rutinoside (K-RUT). CSl finger position 1 for feature 19 was K-RUT however this was ruled
out with an authentic standard and therefore CSI finger position 2 was used and annotated
as kaempferol 3-O-neohesperidoside. Feature 18 was annotated as clitorin (CSI finger
position 1), a kaempferol triglycoside found at high concentrations in C. papaya leaf extracts
(Mohd Abd Razak et al., 2021). However high scores were also found for robinin (CSI finger
position 2), which has been reported in Brazilian hop leaves (da Silva et al., 2021). Kaempferol
3-0-(6""-malonyl-glucoside) (feature 29) was particularly abundant in the leaf representative

extracts, and has previously been identified in wild hop leaves by McCallum et al. (2019).

Chlorogenic acids were made up of coumaroylquinic acids, feruloylquinic acids and
caffeoylquinic acids. Standards were used to identify chlorogenic acid (5-CQA),
neochlorogenic acid (3-CQA), 5-O-feruloylquinic acid (5-FQA) and 4,5-dicaffeoylquinic acid
(4,5-DCQA). 5 coumaroylquinic acids were identified (features 3-7) and annotated as
coumaroylquinic acid isomers (COQA A, B, G, E and D) as high SIRIUS and CSI scores were
obtained for a variety of isomers. This was also the case for feruloylquinic acids (features 8-
10) and caffeoylquinic acids (features 1, 2) which were annotated as feruloylquinic acid (FQA
B, G, D) and caffeoylquinic acid (CQA B) isomers. Phenolic acid standards identified caffeic,
coumaric, ferulic, protocatechuic, 4-hydroxybenzoic, hydroxycinnamic acid and 2,5

dihydroxybenzoic acid.

For proanthocyanidins and flavanols, standards were used to identify catechin, epicatechin,

dimer procyanidins B1 (P-B1), B2 (P-B2), B3 (P-B3) and a trimer procyanidin C1 (P-C1). CSI
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finger position 1 for feature 11 and 12 was P-B1 which was ruled out with a standard and
therefore they were annotated as B type dimer 1 and 2 (PBD-1, PBD-2). For prenylflavonols,
standards were used to identify xanthohumol, isoxanthohumol and 6-PN. Feature 28 position
1 and 2 was 6-PN and 8-PN respectively however these were ruled out with standards, and it
was annotated as desmethylxanthohumol (position 4) based on abundance relative to
xanthohumol. Two prenylflavonoids with the same molecular weight as xanthohumol B were
annotated as prenylflavanone A and B, whilst a diprenylflavonol was annotated as
diprenylflavonone A. 8-PN was confirmed with a standard but was not reported on in this
study due to co-elution. A representative extracted ion chromatogram (EIC) of the key target

compounds in overlay mode is presented in Figure 2.7.

x106 |Cpd &: Iso / Xanthohumol Gamma - MS1 - SEPT23 - LEAF; C21 H22 05; 18.139: -ESI EIC(353.1334, 398.1449, 413.1606) Scan Frag=110.0V 53--leaf1in2-IS_op00025.d Smooth

6751 Flavonol glycosides

6.25
(3

25 Chlorogenic acids

4 and procyanidins Il Prenylflavonoids

254 A

i p) 3 4 [ [3 7 g $ 1 1 12 13 14 15 1 17 18 19 2 21 2 23
Counts vs. Acquisition Time (min)

Figure 2.7: Extracted ion chromatogram (EIC) of Yakima leaf and cone representative extract
with the main phenolic targets presented in overlay mode.

2.3-Statistical Analysis
Analytical replicates were performed in triplicate and presented as the mean * standard

deviation (SD) of extraction replicates unless otherwise stated. One way ANOVA with Tukey’s

66



HSD post-hoc analysis, t-test analysis, principal component analysis (PCA) and agglomerative
hierarchical cluster analysis (AHC) were performed using XLSTAT 3.0. Graphs were produced
using Graphpad Prism 10.1.1 and Microsoft Excel (v6.2.14). Heat maps with rows and columns
ordered according to AHC (Euclidean distance metric) were produced with Morpheus

software (https://software.broadinstitute.org/morpheus).
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Chapter 3-Extraction optimisation of phenolics from hop co-
products

3.1-Introduction

Over the past few decades, extraction and isolation technology has seen significant
advancements, particularly in the recovery of valuable compounds from plant materials.
These developments have led to improved extraction efficiency of various groups of
compounds including phenolics and essential oils for use in the food, beverage and cosmetic
industries (Helmja et al., 2007). Extract composition is largely determined by the choice of
solvent and extraction process, and much research has focused on optimizing extraction
conditions to target specific compounds (Sanz et al., 2019). Recently this has been applied to
optimising extraction of phenolics from agri-food residues using sustainable, ‘green’
technologies due to their wide availability, natural origins, and antioxidant properties. Among
the most widely investigated agri-food residues are pomaces of grapes (Nayak et al., 2018),

olives (Alu’datt et al., 2010), and other commonly processed fruits and vegetables.

Hop phenolics derived from agricultural and processing residues have received interest due
to their high concentrations and potent antioxidant properties (Proestos and Komaitis, 2009).
The most abundant phenolic compounds in hop co-products include prenylflavonoids,
proanthocyanidins and flavonol glycosides, although composition depends on variety and
type of residue (Jelinek et al., 2014). These compounds have different chemical properties
such as polarity and are distributed unevenly between the lupulin glands and the vegetative
tissues of hop cones (Stevens et al., 1997). As a result, selection and optimisation of extraction

methods is important to maximise extraction of all phenolic components.

The most widely investigated factors for optimising phenolic extraction are pH, extraction
solvent, solid: liquid ratio, time and temperature of extraction (Weremfo et al., 2023).

Agueous acetone was the most widely adopted extraction solvent and is generally considered
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to be most effective for phenolic extraction from plants, in particular proanthocyanidins (Zam
et al.,, 2012). However, residues of these can be damaging to human health, and costly
purification steps are required for their removal. Recently ‘green solvents’ such as ethanol
and CO; are widely favoured and are undergoing much development and modification due to
their safer use and high solvent power (Marriott, 2010). CO, is an effective solvent for hop
resins and oils, however it is generally more expensive and less effective for phenolics,
depending on the pressure applied (Sanz et al., 2019). Aqueous ethanol is a more suitable
solvent for the extraction of hop phenolics, with an ethanol: water ratio around 50: 50 found
to be optimal for hop cones (Kowalczyk et al., 2013). However, the optimal ethanol proportion
varies depending on the plant material, phenolic composition and other extraction conditions

used (Lapornik et al., 2005).

Whilst evaluation of appropriate solvent is important for maximising the extraction of free
phenolics, insoluble phenolics can also be present, bound to macromolecules such
carbohydrates and cell wall components (Dominguez-Rodriguez et al., 2021). The most
common ‘green’ methods for the release of bound phenolics include pulsed electric field,
microwave, ultrasound and enzyme-assisted treatments (Wang et al., 2020). Enzyme assisted
extraction has emerged as a preferred treatment due to its mild operating conditions, lower
equipment costs and higher selectivity through the tailoring of enzymes used to the plant
material (Gligor et al., 2019). Various carbohydrate-hydrolysing enzymes including cellulases,
pectinases and xylanses have been studied and shown to improve phenolic extraction from
agri-food residues such as grape pomace (de Camargo et al., 2016). These enzymes facilitate
phenolic release through cell wall hydrolysis which reduces particle size and liberates bound

or intracellular phenolics (Figure 3.1).
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1-Cell wall hydrolysing
enzyme

2-Cell Rupture and release of
bound phenolics

Figure 3.1: Outline of enzyme assisted extraction of phenolics via cell wall breakdown and
cell rupture.

This study aimed to optimise the extraction of phenolics from Herkules CO, extract residue
(CO2R-HERK) by evaluating the effects of ethanol concentration (30-90%), solid: liquid ratio
(100-150 mg/ml) and enzyme assisted extraction. The primary objective was to identify the
most effective yet economically viable extraction conditions which could then be applied to
a broad range of hop co-products for the characterisation of their phenolic composition and

antioxidant properties.

3.2-Materials and Methods

3.2.1-Materials

Hop CO, extraction residue from cv. Herkules (CO,R-HERK) was sourced according to 2.1.2.
Commercial enzyme preparation evaluated for phenolic extraction were sourced as detailed

in Table 3.1, with optimal conditions based on supplier recommendations.
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Table 3.1: Overview of commercial enzyme preparations evaluated for phenolic extraction
and their optimal conditions for pH and temperature. Incubation temperature and pH relate
to those adopted in this study for each enzyme.

Optimal Incubation

. Commercial Dominant Optimal Incubation
Supplier . temperature temperature
preparation enzyme groups o pH o pH
(°Q) (°Q)
Enzyme Fis- Ce.IIuIases, 60-90 3.6 60 45
NF hemicellulases
DSM Enzyme Fis-S  and B-glucanases 60-90 3-6 60 4.5
(Heerlen, Enzyme Max
Netherlands) ND Proteases 40-60 68 60 45
DP Max-A 45-65 2-5 60 4.5
DP Pur-P1 Phospholipase 50-70 3.5-4.5 60 4.5
s
(Bagsveerd, Viscozyme P . ! 30-65 4.5-6 40 4.5
hemicellulases,
Denmark)
and xylanases
IFF (New .
ooy e etk
USA) &
C-MAX Pectinases - - 40 4.5
Lallemand Pectinases,
(Wismar, EX-V hemicellulases - - 40 4.5
Germany) and cellulases
Aromazyme B-glucosidases 15-65 3.5-6.5 40 4.5

3.2.2-Chemicals

Hydrochloric acid (37%) was sourced from Sigma Aldrich. All other chemicals and reference

standards were sourced according to 2.1.1.

3.3-Methods
3.3.1-Extraction of hop phenolics

Hop material (2100 g) was homogenised and milled with a De’longhi Blade KG49 grinder at
speed 12 for 25 s at room temperature until ‘fine’. Milled hop material (2 g) was extracted
with 20 ml extraction solvent using a Stuart Roller Shaker at 60 rpm for 15 min. The resulting
extracts were centrifuged using a Thermo Scientific Heraeus Megafuge 16 Centrifuge for 10

min at 4000 rpm, and subsequently syringe filtered at 0.45 um prior to analysis.

3.3.2-Enzyme assisted extraction

Between 1-2 g milled hop material was mixed with 9,900-19,800 puL RO water/1 M HCI

solution and 100 pL enzyme solution, followed by vortexing for 10 s. Samples were incubated
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using a Stuart Roller Shaker at 60 rpm in an incubation chamber for 90-420 min at 30-60 °C
based on enzyme supplier recommendations. After incubation, samples were cooled to room
temperature for 15 min before the addition of 10,000 uL ethanol followed by extraction at
room temperature using a Stuart Roller Shaker at 60 rpm. Samples were then centrifuged for
10 min at 4000 rpm and subsequently syringe filtered at 0.45 um prior to analysis. Enzyme

assisted extractions were performed in duplicate.

3.3.3-Experimental design

A central composite design (CCD) was applied to evaluate the effects of ethanol concentration
(30-90%) and solid: liquid ratio (100-150 mg/ml) on response variables: total phenol content
(TPC), proanthocyanidin content (PAC), xanthohumol content, alpha acid content and ferric
reducing antioxidant power (FRAP). Design-Expert 12 software (Stat-Ease Inc., Minneapolis,
USA) was used to generate the design points for samples 1-13 whilst samples 14-17 were
added to further explore a specific range of ethanol concentration (42.5-50%). The 17-point

experimental design is presented in Table 3.2.

Table 3.2: Experimental runs of CCD to evaluate the effects of ethanol concentration (A) and
solid: liquid ratio (B) on phenolic extraction.

Run A-Ethanol concentration (%) B-Solid: liquid ratio (mg/ml)
1 81.2132 107.3223
2 60 125
3 30 125
4 60 125
5 38.7868 142.6777
6 60 150
7 60 125
8 60 125
9 81.2132 142.6777
10 60 125
11 38.7868 107.3223
12 60 100
13 90 125

14* 50 100

15* 42.5 100

16* 45 100

17* 47.5 100

Design points added to further explore the ethanol concentration range of 42.5-50% are denoted with an asterisk

(*).
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3.3.4-Analysis of phenolic content and antioxidant activity

The analysis of phenolic content and antioxidant activity was performed using methodology
outlined in 2.2. In brief, extracts were analysed for TPC, PAC and FRAP in triplicate and
expressed as caffeic acid (mg CAE/g DM), procyanidin B3 (mg PB3E/g DM) and Trolox
equivalents (mg TE/g DM) respectively. Extracts were also analysed for xanthohumol and total

alpha acid content in duplicate using LC-DAD using methodology outlined in 2.2.6.1.

3.3-Results and Discussion

3.3.1-Response Surface modelling

To evaluate ethanol % of aqueous extraction solution and solid: liquid ratio, a response
surface central composite design (CCD) was used. CCD response surface designs have been
extensively used for optimising phenolic extraction as they can be used to investigate
interactions between factors at multiple levels from a minimal number of extractions (Liyana-
Pathirana and Shahidi, 2005). CO,R-HERK was selected for phenolic extraction optimisation
due to its wide availability with Herkules being the choice to undergo CO; extraction. Values
for TPC, PAC, xanthohumol content, alpha acid content and FRAP activity for each extraction
are provided in Appendix 3, Table 1. Extraction 14-17 were not part of the original design but
were added to further investigate xanthohumol extraction within the ethanol concentration
range of 42.5-50% after identifying this as the optimal range for TPC, PAC and FRAP extraction.
Figure 3.2 presents the response surface contour plots whilst ANOVA p-values and fit statistics

for the phenolic variables are presented in Table 3.3.

73



Total Phenol Content (mg CAE/g DM)

90

920

£
>
£
k3
g
c
8
s
v
=
3
&
30 375 45 525 60 675 75 825
A: Ethanol Concentration (% (v/v))
150 Xanthohumol Content (mg/g DM)
1375
£
>
£
8
£ 125
g
g
S
h]
3
&
1125
100 S
T I I I 1
30 375 45 525 60 675 75 82.5
A: Ethanol Concentration (% (v/v))
150 FRAP (mg TE/g DM)
137.5 |
£
>
£
$
g 12
é -9
5
v
=
3
&
1125 |
100 _|
30 375 45 525 60 675 75 825 90

A: Ethanol Concentration (% (v/v))

DM)

B: Solid Concentration (mg/ml)

B: Solid Concentration (mg/ml)

150 Proanthocyanidin Content (mg PB3E/g DM)

1375

125

1125

100

30 375 45 525 60 675

A: Ethanol Concentration (% (v/v))

75 825 90

150 Total Alpha Acids (mg/g DM)
1375

125

1125

100

30 375 45 525 60 675 75 825 90
A: Ethanol Concentration (% (v/v))

KEY:

TPC: 34729 | 78486

PAC: 27953 | 321842

Xanthohumol:

0.169073 [ 8.45612

Alpha acids: 1.46353 [ 545521

FRAP: 678193 [ 346878

Figure 3.2: Response surface contour plots of total phenol content (TPC), proanthocyanidin
content (PAC), xanthohumol content, alpha acid content and FRAP activity as a function of
ethanol % and solid: liquid ratio. Values for contour levels are provided in the key in the

bottom right corner.
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Table 3.3: Statistical analysis of total phenol content (TPC), proanthocyanidin content (PAC),
xanthohumol content, alpha acid content and FRAP activity as a function of ethanol
concentration, solid: liquid ratio and their interactions.

Source TPC (mg PAC (mg Xanthohumol Total alpha acids  FRAP (mg
CAE/g DM) PB3E/g DM) (mg/g DM) (mg/g DM) TE/g DM)
Model <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
A-Ethanol
concentration <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
(%)
B'S°'::;i;'q"'d 0.3195 0.1623 0.3428 0.1162 0.424
AB 0.557 0.6026 0.6092 0.1603 0.5647
A2 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
B2 0.332 0.4601 0.25 0.2668 0.366
Lack of fit 0.3659 0.0706 0.9979 0.1125 0.1408
Fit Statistics
Std. Dev. 2.88 1.41 0.7027 0.1239 1.99
Mean 66.94 234 4.86 4.44 26.44
CV. % 4.3 6.03 14.45 2.79 7.52
R? 0.9468 0.9852 0.9372 0.9907 0.9536
Adjusted R? 0.9226 0.976 0.9086 0.9864 0.9326
Predicted R? 0.7914 0.9147 0.8932 0.9605 0.84
Adeq Precision 21.593 33.1046 17.3281 51.156 22.537

Significant p-values (<0.05) in bold.

TPC: Total phenol content. PAC: Proanthocyanidin content.CAE: caffeic acid equivalents. PB3E: procyanidin B3
equivalents. Total alpha acids: Sum of cohumulone and ad/humulone.

The model and the factor A-Ethanol concentration (%) were highly significant (p < 0.0001)
across all assays, indicating a strong influence on phenolic extraction. In contrast, B-Solid:
Liquid ratio was not significant for any of the assays, suggesting it had little or no impact
within the analysed range. The quadratic fit for A-Ethanol concentration was highly significant
for all assays indicating a non-linear effect which can be seen in Figure 3.2 where an optimal

point is reached before becoming less effective.

3.3.1.1-Solid: liquid ratio

The solid: liquid ratio affects both the efficiency and yield of phenolic extraction. Higher ratios
can limit extraction efficiency due to reduced solvent penetration and the saturation of
phenolic compounds in the solvent (Casazza et al., 2011). Lower ratios generally exhibit better
extraction efficiency but are more costly as more solvent is required, which also increases

processing and purification costs. In this study solid: liquid ratios in the range of 100-150
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mg/ml were evaluated with the aim to maximise phenolic yields whilst minimising extraction
costs. Preliminary analysis indicated that ratios above 150 mg/ml significantly decreased the
extract fluidity, whilst ratios below 100 mg/ml were not considered economically viable.
Although the solid: liquid ratio was not significant for any assay, the extraction efficiency of
TPC and PAC declined at ratios above 100 mg/ml (Figure 3.2). Given that proanthocyanidins
are reported as the major phenolics in hop cones, a ratio of 100 mg/ml was selected for
subsequent trials (Li and Deinzer, 2009). It’s important to note that in this experiment 100
mg/ml represented an extreme value (lower boundary) which are less accurately modelled
by CCD which represents a limitation of this study. However additional samples (runs 14-17)

analysed at 100 mg/ml provide more detail for the ethanol concentration range of 42.5-50%.

3.3.1.2-Ethanol concentration

Agueous ethanol was selected as the solvent mixture in this study for its lower toxicity
compared to conventional extraction solvents, high volatility and well documented
effectiveness in hop phenolic extraction (Kowalczyk et al., 2013). In this study we evaluated
ethanol concentrations ranging from 30-90% based on preliminary analysis that identified
this as the most effective range (data not shown). Phenolic extraction yield is largely
dependent on the solvent’s polarity, which affects both the composition and concentration
of extracted phenolics (Paunovi¢ et al., 2015). Pure organic solvents without water typically
exhibit poor phenolic extraction, however the addition of water to ethanol increases
extraction of phenolics across a range of plant material such as green tea (Xi et al., 2009) and
buckwheat (Inglett et al., 2010). It has also been demonstrated by Libran Cuervas-Mons et al.
(2013) that very high ethanol concentrations can lead to lower phenolic extraction through
cell dehydration thereby limiting phenolic diffusion to the extracting solvent. However, water
alone performs poorly for low-polarity phenolic extraction, therefore alcohols which modify

polarity are needed.
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The optimal ethanol concentration varied depending on the assay, as shown in Figure 3.2.
TPC, PAC and FRAP exhibited similar optimal ethanol concentrations of 48.6%, 41.8% and
47.4% respectively, whilst xanthohumol and total alpha acids optimal concentrations were
higher at 76.3% and 64.9% respectively. Optimal ethanol concentrations for phenolic and
proanthocyanidin extraction of around 40-50% for have been found for a range of plant
materials including grape seed meal (Shi et al., 2003), apple pomace (Wang et al., 2018b) and
spent coffee ground (Solomakou et al., 2022). The more stable extraction of TPC across the
30-90% ethanol range can be attributed to the range of hop phenolics with different

polarities.

Xanthohumol and bitter resins are less polar than other phenolic groups such as
proanthocyanidins, and therefore require a higher ethanol proportion for optimal extraction.
The drop off in extraction at ethanol concentrations >76.3% for xanthohumol and >64.9% for
alpha acids was unexpected as these compounds have exhibited good solubility in organic
solvents (de Andrade Silva et al., 2023). This may be due to overfitting of the model or
insufficient data points in this concentration range. However, this was not investigated further

as extraction of TPC and PAC in this range (65-90% ethanol) was low.

Figure 3.2 shows that the optimal ethanol concentration for TPC, PAC and FRAP activity
extraction was within the range of 40-50%. However additional analysis was needed to better
understand xanthohumol extraction within this range. Therefore, additional samples were
analysed for xanthohumol and total alpha acids at a solid: liquid ratio of 100 mg/ml, for
ethanol concentrations 42.5, 45, and 47.5%. As seen in Figure 3.3, xanthohumol and total
alpha acid content increased significantly between 42.5-50% with smaller increases between
50-60%. TPC and FRAP also generally increased between 42.5-50% ethanol but decreased

between 50-60%. This suggests that 50% ethanol represents a good balance for the extraction
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of TPC, PAC, xanthohumol and total alpha acids and it was therefore selected as the optimal

concentration to be applied for subsequent extractions.
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Figure 3.3: Total phenol content (CAE), FRAP activity (TE), xanthohumol and alpha acid
content for samples extracted at 100 mg/ml across an ethanol concentration range of 42.5-
60%.

Total Alpha Acids-Sum of cohumulone and ad/humulone. CAE-Caffeic acid equivalent. TE-Trolox equivalent.

3.3.2-Enzyme assisted extraction

Screening trials were conducted to evaluate a range of commercial enzyme preparations
suited to phenolic release from plant material using incubation conditions based on supplier
recommendations (Table 3.1). The enzymes evaluated included cellulases, hemicellulases,
pectinases, proteases as well as combinations of these enzymes, which have shown to
enhance phenolic yield from different plant materials (Nadar et al., 2018). To counter the
possible buffering action of hop extracts, a second order polynomial was used to model the
pH of the aqueous hop extract as a function of 1 M HCI % (v/v), which is provided in Appendix

3, Figure 1.
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Ethanol is a known inhibitor of enzymes (Bezerra and Dias, 2005), therefore a two-step
extraction method was developed, involving an initial agueous enzyme incubation step
followed by a 50% aqueous ethanol (v/v) phenolic extraction step as outlined in Appendix 3,
Figure 2. Manasa et al. (2013) adopted similar conditions for the evaluation of viscozyme
assisted extraction of phenolics in ginger (Z. officinale Roscoe). Initial evaluations adopted an
enzyme incubation solid: liquid ratio of 200 mg/ml so that a final ratio of 100mg/ml was
achieved (after ethanol addition) to be consistent with the previous trial evaluating optimal
solid: liquid ratio. All enzymes were evaluated at the supplier recommended dose of 1% DM
as well as a lower dose of 0.1 % DM. The TPC of EX-V, C-MAX, aromazyme, and Laminex 4G

treated and control extracts are presented in Figure 3.4.
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Figure 3.4: Total phenol content (TPC) of enzyme assisted (0.1%, 1%) and control extracts
from CO,R-HERK with enzyme incubations at 200 mg/ml.

EX-V-Pectinases, hemicellulases and cellulases. C-MAX-Pectinases. Aromazyme-B-glucosidases. Laminex 4G-
xylanases and B-glucanases. Pectinases (blend)-5 mg/ml EX-V, 5 mg/ml C-MAX. Cocktail (blend)-2.5 mg/ml EX-V,
2.5 mg/ml-C-MAX, 2.5 mg/ml. IC-Incubation control. Standard extraction-No incubation.

79



For all enzyme treated samples, the higher enzyme concentration (1%) resulted in higher TPC
compared to the lower concentration (0.1%). However, no significant differences were
observed between enzyme treated and control samples. It was hypothesised this might have
been due to the high solid: liquid ratio (200 mg/ml) during incubation limiting contact
between the enzyme and the plant material. To address this, the second trial evaluating
viscozyme and DSM enzyme preparations used an initial solid: liquid ratios of 100mg/ml for
a final ratio of 50mg/ml post-ethanol addition. The TPC’s of enzyme treated extracts from this

trial are presented in Figure 3.5.
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Figure 3.5: Total phenol content (TPC) of enzyme assisted (0.1%, 1%) and control extracts
from CO,R-HERK with enzyme incubations at 100 mg/ml.

FIS-NF/FIS-S-Cellulases, hemicellulases and B-glucanases. DP-MAX/MAX-ND-Proteases. DP-PUR-Phospholipase.
Viscozyme-B-glucanases, pectinases, hemicellulases, and xylanases. IC-Incubation control. Standard extraction-
No incubation.
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Similar to Figure 3.4, higher enzyme concentrations resulted in higher TPC’s, however no
extracts were significantly higher than the standard extraction control. All extracts incubated
at 60 °C had significantly lower TPC compared to the control, indicating degradation of
phenolics at this temperature. Thermal degradation of phenolics from winery waste has been
reported at extraction temperatures >60 °C (Lafka et al., 2007). This indicates that enzyme
preparations with high optimal temperatures are not suited for the extraction of phenolics
from hop co-products. Compared to their incubation controls, enzymes predominantly made
up of cellulases such as FIS-NF, FIS-S and Viscozyme were most effective, although differences

were small and not significant.

Viscozyme has shown to be particularly effective for enhancing phenolic extraction from
various agri-food residues such as unripe apples (Zheng et al., 2009) and the outer leaves of
cauliflower (Huynh et al., 2014). The reasons for the much lower enhancement of viscozyme
on phenolic extraction in this study is not clear but could be due to shorter incubation times
not providing enough time for cell wall degradation necessary to facilitate the release of
phenolic compounds. Islam et al. (2023) and Huynh et al. (2014) reported that viscozyme
incubation periods >90 min were required for significant increases in phenolic extraction from
Cauliflower outer leaves and banana peel extracts. However, it could also be due to a very
low content of bound phenolics in CO;R-HERK, or low enzyme effectiveness at high solid:
liquid ratios. For example, a high solid: liquid ratio may limit enzyme activity through reduced
enzyme diffusion in the matrix due to high viscosity. However as high solid: liquid ratios are
important for the commercial viability of extractions through reduced solvent costs, lower

solid: liquid ratios were not investigated in this study.

Overall, enzyme assisted extraction was ineffective across a wide range of commercial
enzyme preparations and incubation conditions. Whilst some treatments showed increases

in phenolic content relative to the incubation control, these increases were too low to offset
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phenolic degradation from incubation, especially at higher temperatures (60 °C). The TPC for
the Viscozyme treated extract (1% DM) was higher than the standard extraction, however the
increase was modest (<5%) making it unlikely to justify the additional cost of the enzyme
preparation and incubation conditions. As a result, 50% aqueous ethanol at 100 mg/ml with

no enzyme addition was chosen as the extraction condition for subsequent trials.
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Chapter 4-Characterisation of hop co-product phenolic
composition and antioxidant activity

4.1-Introduction

In Chapter 3 extraction conditions were optimized to maximize the extraction of phenolics
(TPC, PAC, and xanthohumol content) and antioxidant activity (FRAP) extraction from CO3R-
HERK. These extraction conditions were 50% aqueous ethanol (v/v) as the solvent, a solid-to-
liquid ratio of 100 mg plant material/ml, without hydrolytic enzyme treatment. The objective
of this chapter was to apply these conditions to a range of different hop co-products including
T45R, CO2R and hop leaves to characterise their phenolic composition and antioxidant
activity. The overall aim of this study was to identify the hop co-product best suited for
purification trials based on phenolic content antioxidant activity, which is detailed in Chapter

5.

4.2-Materials

All materials evaluated in this study were sourced according to section 2.1.2. This included
hop leaves and processing residues, hop products and non-hop comparison materials.
Processing residues included those from hop cone CO; extraction (CO2R) and T45 pelleting

(T45R).

4.3-Methods
4.3.1-Extraction of phenolics from plant materials

Hop materials were extracted using 50% aqueous ethanol (v/v) (E50) using methodology

outlined in 2.2.1. Extractions were performed in triplicate per material.

4.3.2-Determination of phenolic content using spectrophotometric assays

Phenolic content of extracts was performed using total phenol content (TPC) and

proanthocyanidin content (PAC) assays following methodology outlined in 2.2.4 with results
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expressed as caffeic acid (CAE) and procyanidin B3 (PB3E) equivalents respectively. Extracts

were analysed in triplicate at 4 mg/ml and 100 mg/ml respectively for TPC and PAC.

4.3.3-Antioxidant analysis of extracts

The antioxidant activity of extracts was analysed using the DPPH, FRAP and ORAC assays and

the resulting data was expressed as Trolox equivalents (mg TE/g DM) as detailed in 2.2.5.

For DPPH radical scavenging activity (RSA) extracts were analysed at six different
concentrations between 10-350 pg/ml which were used to calculate IC50 values. The RSA of
extracts analysed at different concentrations is provided in Appendix 4, Figure 1. RSA of CB-1
and CB-2 extracts exhibited poor linearity above 30%, therefore 1C20 values were calculated.
For FRAP analysis, extracts were diluted in E50 and analysed at 2 mg/ml in triplicate. For ORAC
analysis extracts were diluted in phosphate buffer solution pH 7.4 (PBS) and analysed at 0.05

mg/ml in triplicate.

4.3.4-Chromatographic analysis of extracts

4.3.4.1- Analysis of xanthohumol and bitter acids (HPLC-UV-DAD)

HPLC-DAD was used for the quantitation of xanthohumol, a and B-acids in extracts of hop
processing residues and pellets and a and B-acids in leaves following methodology outlined
in 2.2.6.1. Extracts were analysed at 100 mg/ml in triplicate in randomised order and data

was expressed as w/w DM.

4.3.4.2- Screening and quantitative analysis of phenolics (LC-ESI-gTOF-MS/MS)

For phenolic screening and quantitation LC-ESI-gTOF-MS/MS was used. 4-methyl catechol
was used as an internal standard (IS) at a final concentration of 2.5 pug/ml. Extracts were
syringe filtered at 0.22 um, diluted with E50 and analysed at 9.09 mg/ml. Standards were
dissolved in E50, diluted across 4 orders of magnitude to 16 concentrations (concentrations

ranges provided in Appendix 4, Table 1) and analysed in triplicate at the beginning, middle
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and end of the run. Hop extracts were analysed in duplicate per extraction (six replicates per
condition). For phenolic screening, peak areas for each compound were normalised to IS and
DM thereafter. Fine quantitation for selected polyphenols was performed using standard
curves outlined in Appendix 4, Table 1 and expressed as w/w DM. Relative quantitation for

phenolic screening was performed by normalising peak areas to IS and DM thereafter.

4.4-Results and Discussion

This study analysed Hallertau Saaz T45R and T45P from the same hop lot and processing
batch to determine phenolic transfer during pelleting. Additionally, T45R-SAAZ-CR and T45R-
TRAD were analysed to investigate the variability of the phenolic content and antioxidant
activity of T45R across different varieties and growing regions. The hop CO;R samples
analysed included two commercially significant varieties, Herkules and Hallertau Blanc, whilst
the hop leaf samples consisted of South African varieties, Southern Aroma and Southern
Passion. To benchmark the phenolic content of hop co-products, comparison non-hop
materials renowned for their phenolic content were also analysed. Whilst comparisons can
be made to published literature, the phenolic contents of extracts depends on the extraction
condition used, therefore simultaneous evaluation of these materials is recommended
(Henrion et al., 2018). Seabuckthorn pomace, a co-product from the juicing of seabuckthorn
berries, is of interest due to its bioactive properties (Nour et al., 2021), whilst cranberries,
blackcurrants, cinnamon (Rao and Gan, 2014), and tea (Bramati et al., 2003) are renowned

for their proanthocyanidin and flavonol glycoside contents.

4.4.1-Phenolic content of hop co-products

Table 4.1 presents the phenolic and proanthocyanidin content of hop co-products, hop
products and comparison materials expressed as caffeic acid (CAE) and procyanidin B3

equivalents (PB3E).
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Table 4.1: Total phenol (TPC) and proanthocyanidin content (PAC) of hop and comparison
materials.

Sample TPC (mg CAE/g DM) PAC (mg PB3E/g DM) PAC %
CO.R-HB 105.21 £ 1.59 bc 41.46 £ 0.08 cd 39.40
CO.R-HERK 84.19 + 4.08 ef 27.27+1.05h 32.39
T45R-TRAD 86.33+3.22¢ 35.29+0.38fg 40.88
T45R-SAAZ-CR 98.55 + 0.88 cd 37.4 +1.47 ef 37.95
T45R-SAAZ-HT 90.38 £ 2.23 de 49.73+1.39a 55.02
T45P-SAAZ-HT 84.74 £ 1.7 ef 47.34+1.12ab 55.86
T90P-SAAZ 138.24+2.62a 43,97 £ 1.3 bc 31.80
LEAF-SA 106.99+0.48b 33.61+2.53¢ 3141
LEAF-SP 71.07+2.39¢ 19.09+1.05i 26.86
SBT-POM 91.59 +£5.84 de 1454+ 1] 15.87
Cinnamon 135.37+2.51a 39.7+1.19de 29.32
Tick Tock Tea 91.16 £ 0.56 de 16.37 £1.26ij 17.96
Cranberry-1 47.58+0.98 i 12.71£0.1 jk 26.70
Cranberry-2 77.49+£2.17 fg 13.42+£0.52] 17.32
Blackcurrant 56.06+3.62 h 9.49+19k 16.93

Data represent the mean + standard deviation of triplicate extractions (n=3). Letters represent ANOVA post-hoc
groupings.

CAE-caffeic acid equivalent, PB3E-procyanidin B3 equivalent, DM-dry material. PAC%-PAC/TPC *100.

The TPC of hop co-products was similar to those for hop products and was generally higher
than comparison materials other than CIN. There was little difference in TPC between co-
product types (averages: CO,R-91.9, T45R-94.4, LEAF-89.7mg CAE/g DM) with differences
mainly related to variety. The two hop leaf varieties had the lowest and highest TPC of all co-
products analysed even though leaves reportedly contain 3-30 times lower TPC compared to
their respective cone (Abram et al., 2015). Although respective S. Passion and S. Aroma cones
were not available for analysis, comparisons between the phenolic content of hop cones and
leaves are made in chapter 6, for three hop varieties grown in the Pacific Northwest of

America.

PAC positively correlated to TPC (R?0.65) but was generally higher in hop materials, which
also had a higher PAC proportion (PAC %) compared to non-hop materials. Differences in the

PAC of hop materials seemed to be related to variety, with Saaz hop materials being
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particularly high, especially those from the Hallertau region. Along with variety, the growing
environment can impact proanthocyanidin content of hop cones and consequently the
processing residue (Li and Deinzer, 2006). Although cranberries are renowned for their A-type
proanthocyanidins (Krueger et al., 2013), they, along with cranberry samples and

seabuckthorn pomace had the lowest PAC using the acid butanol technique.

T45R has been marketed to brewers as a polyphenol enriched pellet. However, there are
conflicting reports regarding the transfer of phenolics between the T45P and T45R. Whilst the
TPC of T45P-HT was significantly lower than for T45R-HT there was no significant difference
for PAC (Table 4.1). This suggests that proanthocyanidins transfer equally between the two
materials, whilst overall phenolic compounds are slightly enriched in the T45R-HT. Branowski
and Rolno-Spozywczego (2007) found that half of the polyphenol fraction passed into T45P
(using HPLC mass fraction) leaving a relatively rich T45R. Jelinek et al. (2014) found almost
double the TPCin Saaz T45R, possibly a result of a lower relative weight of the T45R. However
Kowalczyk et al. (2013) found most phenolics are transferred to the T45P for cultivars
Magnum and Marynka resulting in low T45R TPC. These conflicting reports may be related to
cone and processing variability such as temperature, with low temperatures (-30 °C)

necessary to maintain lupulin structure which prevents phenolic oxidative degradation.

4.4.2-Antioxidant activity of hop co-products

The antioxidant activities of hop and comparison extracts are presented in Table 4.2.
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Table 4.2: DPPH, FRAP and ORAC antioxidant activities of hop and comparison materials.

Sample FRAP (mg TE/g DM) DPPH IC50 (mg TE/g DM) ORAC (mg TE/g DM)
CO:R-HB 60.41+£0.77 c-e 59.31+6.29 bc 349.4 + 45.08 ab
CO2R-HERK 42.31+1.63h 39.82+3.41de 292.64 £ 10.39 b-e
T45R-TRAD 44.65 + 0.45 gh 46.71+1.29 cd 220.58 £ 14.51 fg

T45R-SAAZ-CR

56.02 +3.17 c-e

53.23+0.76 b-d

242.16 +6.9 d-g

T45R-SAAZ-HT

54.17 £ 0.55 d-f

48.44+091 cd

280.44 + 21.64 c-f

T45P-SAAZ-HT 62.35+1.54 bc 66.44+2.34b 362.48 £4.29a
T90P-SAAZ 67.65 £ 1.05 bc 64.39+1.71b 313.17 £ 25.92 a-c
LEAF-SA 60.63 £ 1.86 cd 64.53+2.50b 297.22 +29.08 b-d
LEAF-SP 46.78 £ 1.98 gh 45.52 £2.00 c-e 232.41+6.36 e-g
SBT-POM 53.88 + 0.63 ef 58.60 £ 4.61 bc 76.58 £19.41 h
Cinnamon 94.08 £ 6.66 a 141.53+16.40a 240.2 £ 33.02 d-g
Tick Tock Tea 49.11+1.12fg 41.86 £ 0.61 de 211.92+1341¢g
Cranberry-1 2491 +0.64i 1995+ 1.16f 108.31+£8.25h
Cranberry-2 2357+ 1.11i 20.63+0.79f 118.69+8.71h

Blackcurrant

43.66 + 0.89 gh

3145+ 1.54 ef

77.14 £10.05 h

Data represent the mean + standard deviation of triplicate extractions (n=3). Letters represent ANOVA post-hoc

groupings.

TE-Trolox equivalent, DM-dry material.

The antioxidant activity of extracts generally mirrored trends seen in TPC (Table 4.1) with hop
pellets (T45P-HT, T90P) and cinnamon extracts exhibiting the highest activities, and berry
samples the lowest. The FRAP and DPPH antioxidant activity of hop co-products was
comparable to non-hop materials, whereas ORAC activity was generally higher for hop co-
products. T45R-HT antioxidant activity was significantly lower than T45P-HT for all assays, in
contrast to phenolic content (Table 4.1). PCA was conducted on antioxidant activity and
phenolic content variables to investigate differences in antioxidant mechanism across
extracts. The PCA biplot for PC1 and PC2, presented in Figure 4.1 explains 91.84% of the
variation in the dataset (PC1-73.73%, PC2-18.11%). Correlation analysis between the

antioxidant and phenolic assays used in this study is presented in Table 4.3.
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Figure 4.1: PCA plot of materials based on their phenolic content and antioxidant activity.
Coloured according to material for hop leaves-dark green, hop processing residues-green,
hop pellets-yellow and comparison materials-blue.

Table 4.3: Pearson correlation coefficients for phenolic contents and antioxidant activity.

TPC (CAE) PAC(PB3E)  DPPH IC50 (TE) FRAP (TE) ORAC (TE)

TPC (CAE) - - - - -
PAC (PB3E) 0.65 - - - -
DPPH IC50 (TE) 0.77 0.53 - - -
FRAP (TE) 0.83 0.65 0.94 - -
ORAC (TE) 0.55 0.85 0.38 0.52 -

Correlations where P <0.05 in bold font.

The observations plot illustrates the grouping of hop materials, particularly processing
residues which score more positively along PC2 due to high PAC and ORAC activities which
correlate highly (0.85) (Table 4.3). Hop materials are mainly situated in the top right quadrant

whilst LEAF-SP, T45R-TRAD and CO,R-HERK are positioned in the top left quadrant due to their
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lower phenolic content and antioxidant activity. Comparison materials generally had negative
PC2 scores due to lower PAC and ORAC activity with CIN positioned in the bottom right
guadrant with the highest FRAP, DPPH and TPC values. This indicates hop extracts are more
potent peroxyl radical scavengers via hydrogen atom transfer (HAT) than reducers via single
electron transfer (SET) possibly due to a significantly higher proanthocyanidin content.

Significant high correlations were observed between FRAP, DPPH and TPC (Table 4.3).

4.4.3-Screening and quantitative analysis of phenolics and bitter resins

To identify the most abundant phenolics and resins in hop co-products, quantitation and
relative quantitation was performed using LC-MS and LC-DAD analysis. Phenolic variables
reported on in this study were those identified in the representative extracts; Cone-CAL,
CO2R-HERK and LEAF-SA, as outlined in Table 2.4. Semi-quantitation was performed where
an appropriate structurally similar standard was present. Epicatechin gallate, vanillin, 3,4-
dicaffeoylquinic acid, trans-3-hydroxycinnamic acid were < LOQ for all materials. Figure 4.2
presents the total concentrations of each phenolic sub-group for each sample whilst Figure
4.3 presents a normalised heat map of all phenolics and resins, with samples and phenolic
variables ordered according to AHC. Heat maps are an effective tool for visualising relative
differences and identifying groupings between different materials. However, they do not
provide information on absolute abundance, and should therefore be interpreted alongside

guantitative data for a more comprehensive understanding.
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Figure 4.2: Total phenolic content of those quantified using LC-MS and LC-DAD for samples
comprising flavonols and glycosides, flavanols and procyanidins, chlorogenic and phenolic
acids and prenylflavonoids. Quantitative data of the individual compounds included are
presented in Table 4.4.

Data represent the mean # standard deviation of triplicate extractions (n=3).
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Figure 4.3: Normalised heat map of phenolics and resins for hop and comparison materials.
Variables are ordered according to AHC analysis (Euclidean distance).
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The most notable difference in phenolic profile was between all hop and comparison
materials as shown by the cluster analysis in Figure 4.3. Total phenolics quantified were
significantly lower for comparison materials than in hop materials. This contrasts with the
TPC data using Folin-Ciocalteu’s reagent (Table 4.1) where SBT-POM, TEA and CIN were
comparable to hop materials. This difference could be due to the influence of phenolic
structure such as the Bors criteria and number of OH groups on the outcome of the Folin-
Ciocalteu assay (Platzer et al., 2021). For example, xanthohumol one of the most abundant
phenolics in hops interacts poorly with Folin-Ciocalteu’s reagent (Gorjanovic et al., 2013),
possibly leading to an underestimation of phenolic content in these materials. Additionally,
the standards used for phenolic identification and quantitation were sourced based on high
abundance in hops, and features for MS2 annotation were selected from hop extracts. This
limitation might result in underestimating the phenolic content of comparison materials.
Nevertheless, most of the phenolics reported in this study such as B-type procyanidins and
flavonol glycosides are ubiquitous across different plant materials. Total phenolics of those
qguantified were significantly lower than those determined by TPC which could indicate the
presence of high molecular weight phenolics such as oligomeric proanthocyanidins not

detected with the LC-MS method using an m/z range of 50-1700.

Comparison materials were more variable in phenolic composition and generally consisted of
flavanols, procyanidins and flavonol glycosides (Figure 4.2). Hop materials generally clustered
according to material type with some varietal differences also observed (Figure 4.3). CO;R
was distinguished by higher prenylflavonoid contents, T45R by flavanols and procyanidin
content and leaf samples by high levels of flavonol glycosides and chlorogenic acids (Figure
4.3). The greatest varietal differences were observed for CO;R and hop leaves, with T45R
samples being remarkably similar across variety and cultivation location. However, varieties

were not consistent between the different co-products analysed which limits varietal
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comparisons between co-product types. Table 4.4 and Figure 4.4 present the contents of

individual phenolic compounds and bitter acids respectively.
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Table 4.4: Concentration of individual phenolics in hop and comparison materials expressed as mg/100 g DM.

COR-HB CO2R-HERK T45R-TRAD T45R-CR T45R-HT T45P-HT T9IOP-SAAZ LEAF-SA LEAF-SP SBT-POM CIN TEA

Phenolic and chlorogenic acids
Gallic acid 0.28+0.04 0.1240.01 0.25+0.03 0.21£0.01 0.33+0.02 0.25+0.01 0.19 £ 0.00 0.10£0.01 0.08 £0.02 0.41+0.01 0.37+0.01 1.6840.08
Protocatechuic acid 0.65 £0.03 0.20£0.01 0.41+0.01 0.42£0.01 0.70 £0.01 0.49 £0.03 0.39£0.01 0.33+0.02 0.34+0.01 0.65 £ 0.01 3.63£0.05 9.04£0.14
4-Hydroxybenzoic acid 2.5740.03 1.1540.07 0.41£0.16 0.65 £ 0.06 0.67£0.01 1.1540.02 0.81£0.02 0.52+0.03 0.82 £0.00 0.41+0.01 0.75 £ 0.06 1.43£0.05
Benzoic acid <Loq <Loq <Loq <Loq <Loq <Loq <Loq <Loq <Loq <Loq 13.40£0.71 158 40.47
Vanillic acid <Loq <Loq <Loq <Loq <Loq <Loq <Loq <Loq <Loq <Loq <LoQ 13140.07
Coumaric acid 1.8240.05 2.02£0.07 1.01+0.04 0.840.08 1.1240.02 156 £0.05 1.2340.02 0.44+0.04 0.40 £0.05 0.48£0.02 0.29£0.03 2.22+0.04
Caffeic acid 1.1340.07 0.68+0.04 0.62+0.04 0.46 £0.05 0.50 £0.01 0.60 £ 0.06 0.60 £ 0.06 0.45£0.01 0.35£0.06 <Loq <LoQ 6.44£0.11
Ferulic acid 1.4940.01 1.3440.08 0.96 0.02 0.77 £0.05 0.94%0.01 0.88£0.02 0.83+0.02 0.53£0.06 0.52£0.05 0.31£0.00 0.44£0.01 8.38£0.07
Sinapic acid 0.49 £0.02 0.20£0.06 <Loq <Loq <Loq 0.2240.08 <Loq <Loq <Loq 0.28+0.04 <LoQ 1.88+0.11
Chlorogenic acid 7.640.08 5.04£0.46 4.09£0.19 2314035 0.81£0.07 0.12£0.08 0.95 £0.09 22.98+0.58 6314025 <Loq <LoQ <Loq
:\::ec;’;:;m"ge"ic acid 68.18+1.21 58.14£1.61 92.00 £ 6.37 65.12 +3.46 72.61+0.65 54.51+0.41 66.02+0.76 171.66 £7.04 88.80£0.55 <Loq <Loq 5.12£0.30
CQA B (CQAE) 11.91+0.27 11.25+0.55 20.01+0.59 13.17£0.52 11.91+0.13 7.560.13 1132034 83.66 +3.33 49.01£0.62 <Loq <LoQ 1.14£0.07
?ésf[;?::;y'q”i"ic acid 13.49+0.16 5414017 4924021 538+0.18 4.63+0.08 4.23+0.06 532+0.11 14.37£0.32 14.49£0.28 <L0Q <Loq <LoQ

4
Flavanols and procyanidins
Catechin 261.74+0.36  185.15£4.87  438.42:284 4109745115  419.62+176  419.86+4.65  366.44+2.94  232.44+9.07 46.16 £ 0.66 36.04 + 1.94 5.77£0.07 5.45£0.11
Epicatechin 47274031 9.43+0.32 19.81+0.65 19.68 +0.86 16.07 £0.14 19.66 £ 0.37 12.890.06 20.72+0.49 9.00£0.21 0.95 0.05 521£0.15 <Loq
Epigallocatechin gallate 0.83 £0.00 0.86 £ 0.00 0.53+0.02 0.84£0.05 0.550.02 0.51+0.04 0.52£0.01 0.46 £0.02 0.480.04 <Loq <Loq <Loq
Procyanidin A1 1.0240.06 0.65 £ 0.06 0.49 £0.02 0.52£0.05 0.36£0.02 0.29£0.05 0.49 £0.09 <Loq <Loq <Loq 0.59+0.16 <Loq
Procyanidin A2 <Loq <Loq <Loq <Loq <Loq <Loq <Loq <Loq <Loq <Loq 3.02£0.04 <Loq
Procyanidin B1 59.34 +4.92 26.55+1.23 50.97 +5.29 57.91+0.98 59.45 +2.26 56.85+0.28 52.08+2.53 37.30+2.24 13.19£0.25 <Loq 2.23£0.06 <Loq
Procyanidin B2 11.49£0.17 2.61£0.19 3.23+0.24 3.82£0.66 4.07+0.58 4.23£0.29 3.5540.05 6.1740.18 1.98+0.02 0.36 £ 0.00 20.27£0.96 0.74£0.03
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Procyanidin B3 90.04£0.78 32.33+1.00 85.69 +2.36 79.91+4.98 80.55+0.75 97.47 £0.97 83.08+1.11 46.04+1.18 11.52£0.12 13.67 £ 0.44 1.64+0.04 1.73£0.10
Procyanidin BD 1 (PB1E) 34.27+0.28 11.54£0.22 12.05  0.42 11.67 +0.40 12.36£0.15 31.81+0.98 17.98+0.63 15.48 £ 0.4 3.9440.16 2.03£0.07 2.64£0.25 <Loq
Procyanidin BD 2 (PB1E) 12.09£0.11 6.50 £ 0.08 11.46 £ 0.57 12.34+0.52 12.94 £ 0.65 13.67 £0.01 12.440.18 7.6140.33 2724030 <Loq 1.18+0.09 <Loq
Procyanidin C1 1113+ 1.86 3.15+1.01 5.2240.40 431£0.50 4.78+0.87 4.27£0.50 4.06+1.25 4.04£0.19 1.04£0.06 <Loq 21.59+0.74 <Loq
Flavonols and flavonol glycosides

Kaempferol 1.2640.09 1.0240.05 0.25+0.02 0.24£0.01 0.22£0.02 0.51+0.01 0.40£0.04 0.46 £0.04 0.69 £ 0.02 0.16 £0.02 <Loq 0.37£0.02
Quercetin 2.9140.20 1.66 £0.14 0.28+0.03 0.24£0.03 0.21£0.02 0.80 £0.02 0.49 £0.04 0.38+0.03 0.60 £0.10 1.20+0.11 <Loq 27.65 £ 1.09
Taxifolin 0.15+0.02 0.140.01 0.11£0.02 0.14 £ 0.00 0.10£0.01 0.49 £0.02 0.23£0.02 0.02£0.01 <Loq 0.07£0.01 0.240.03 0.46 £0.02
Q-RUT 29.50+0.24 15.06 £ 0.65 11.95+0.32 18.91+0.97 19.49+0.16 15.13+0.06 19.27£0.30 51.27+1.98 98.7943.29 5.25+0.03 <Loq 110.39 £ 1.95
Q-GLUC (RE) 105.82 £ 0.61 67.17 +3.07 48.55+1.39 53.09+2.17 47.98+0.15 40344026 57.63+0.39 76.67 +2.82 79.15 + 1.89 2.80£0.06 0.33+0.02 37.14£0.42
Q-NEO (RE) 11.780.23 12.64£0.30 424+0.18 0.52£0.12 0.31£0.07 0.670.02 0.33+0.08 15.80 £ 0.93 9.36+0.43 2.80+0.03 <Loq 0.46£0.14
Q-MG (RE) 66.49 + 1.29 13.73£0.58 43.69 £ 1.50 50.74£2.23 49.09 +0.42 40.59+0.16 53.15+0.32 83.94 + 3.04 62.75+0.86 <Loq <Loq 0.22£0.02
K-RUT (RE) 23.13+0.24 11.22£0.38 7.7840.21 14.62+0.73 13.54 £ 0.05 9.61+0.23 13.22£0.21 12146+6.67 202914581 1.54+0.13 0.67+0.12 0.39£0.05
K-GLUC (RE) 91.80+0.14 29.58+1.35 30.54+0.95 33.10+1.16 31.23+0.50 23.87+0.16 34.04+0.37 123.15+420  107.83£2.50 0.24+0.04 0.40£0.12 0.52£0.04
Prenylflavonoids

Xanthohumol 377.54+13.89  909.67+25.65  21.76+2.14 4431+1.14 39524156  51573+11.01  177.47£28.02 4.70£0.10 12.70£0.29 - - .

6-PN 2.7240.03 1.4240.09 0.18£0.01 0.38£0.01 0.24 £0.00 1.44+0.00 1.0340.01 0.03 £0.00 0.10 £ 0.00 - - .
Isoxanthohumol 10.11+0.12 16.01£0.95 0.41+0.01 1.06 £0.06 0.87 £0.01 10.42£0.12 435+0.04 0.28+0.03 1.1340.04 - - .
([;(e;:;ethy'xa"th"h"mm 36.15+1.75 30.99 +2.08 2404023 4.67+0.29 3.56£0.15 57.61+2.42 32.93+0.87 0.17 £0.03 0.38+0.04 - - .
Other

Hesperetin <Loq <Loq <Loq <Loq <Loq <Loq <Loq <Loq <Loq <Loq <Loq 0.17 £0.02
Naringenin 0.27£0.02 0.27£0.03 0.04£0.01 0.03£0.01 0.040.03 0.190.01 0.14 £ 0.00 <Loq <Loq <Loq 0.02 £0.00 0.41£0.01

Data represent the mean * standard deviation of triplicate extractions (n=3).

RE: rutin equivalent, CQAE: chlorogenic acid equivalent, 3,4-DCQAE: 3,4-Dicaffeoylquinic acid equivalent, PB1E; procyanidin B1 equivalent, XNE: xanthohumol equivalent.
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4.4.3.1-Bitter Resins and Prenylflavonoids

Xanthohumol, a- and B-acids are unique to hops and are the most abundant secondary
metabolites in hop cones (up to 300 mg/g DM) (Patzak et al., 2015). The concentrations of
bitter resins and prenylflavonoids across different hop materials are presented in Figure 4.4
and Table 4.4 respectively. The abundance of these compounds appeared to be primarily
driven by processing mechanism. Prenylflavonoid concentrations followed the order: CO,R >
T45P and T90P > T45R > |leaves. Bitter acids were more variable but generally showed a trend

of: T90P and T45P > CO;R and T45R > leaves.
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Figure 4.4: Contents of a- and B-acids in hop co-product, product and leaf extracts.

Data represent the mean + standard deviation of triplicate extractions (n=3).
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Xanthohumol was the principle prenylflavonoid for all hop materials with
desmethylxanthohumol, 6-PN and isoxanthohumol found in lower concentrations (Table 4.4).
CO3R had the highest xanthohumol concentrations at 377.5 and 909.7 mg/100 g DM for CO,R-
HB and CO;R-HERK respectively. These were higher than the content of their cones as
reported by Hopsteiner (2024) varietal data sheets. This confirms literature reports that the
concentration of xanthohumol in CO,R depends largely on variety but is generally present at
a higher concentration than in respective cones (Moens et al., 2020). 6-PN, isoxanthohumol,
diprenylflavonone A and prenylflavonone A were also found at higher levels in CO;R
compared to other hop materials, whilst desmethylxanthohumol was present at highest

levels in TA5P-SAAZ-HT (Table 4.4, Figure 4.4).

T45R materials contained lower levels prenylflavonoids but comparable a-acid levels relative
to CO;R. Herkules and Hallertau blanc hop cones have significantly higher a-acid
concentrations compared to Saaz and Tradition as reported by Hopsteiner (2024). This
indicates that CO, extraction is more effective than T45 pelleting for resin extraction. T45R-
SAAZ-HT had significantly lower levels of prenylflavonoid and bitter resins compared to T45P-
SAAZ-HT which is in line with Jelinek et al. (2014), who reported a total xanthohumol and
bitter resin content of <0.5% w/w in T45R-Saaz. Interestingly the transfer of B-acids to T45P-
SAAZ-HT was lower than that of a-acids and prenylflavonoids (Figure 4.4). The reason for this
is unclear but could be attributed to higher susceptibility of B-acids in T45P-SAAZ-HT to
degradation, as evidenced by the elevated levels of hulupinic acid (an oxidation product of B-
acids) in T45P-SAAZ-HT (Figure 4.3) (Burton et al., 1964). As expected, hop leaves contained
lower levels of resins and prenylflavonoids. Hop leaf bitter acid and prenylflavonoid content

is further explored in Chapter 6.

98



4.4.3.2-Flavanols and Procyanidins

Flavanols and procyanidins in hop materials were primarily composed of catechins and B-type
procyanidins. Catechin was the most abundant, followed by PB3, PB1 and epicatechin, with
A-type procyanidins present at much lower levels (Table 4.4). In contrast, CIN had a higher
proportion of A-type procyanidins, PB2, and PC1, whilst SBT-POM showed a higher proportion
of gallocatechins (Figure 4.3). The ratios between catechin and other flavanols and
procyanidins were significantly higher than those reported in the literature. For example
catechin: epicatechin ratios in Saaz hop materials ranged from 20.9-28.4 whilst Chenot et al.

(2023) reported a ratio of around 3.8-3.9 for Saaz cones.

Flavanols and procyanidins were quantitatively the main components in all T45R and Saaz
materials, whilst in hop leaves and CO3R their levels varied depending on variety (Figure 4.3,
Table 4.4). Analysis by Schmidt and Biendl (2023a) reported that Tradition and Saaz varieties
contained higher levels of flavanols and procyanidins compared to Herkules and Hallertau
Blanc, suggesting that variety may have a greater influence than processing method on
flavanol and procyanidin content in residues. The contents of flavanols and procyanidins in
TA5R-HT was similar to that of T45P-HT which is consistent with the PAC for these materials
outlined in Table 4.1. Overall these findings align with literature reports highlighting Saaz as

a particularly rich source of proanthocyanidins (Linforth et al., 2015).

4.4.3.3-Flavonols and their glycosides

Flavonols are the amongst the most widespread phenolic compounds in plants and are found
either as aglycones or glycosidically bound. In hops the main aglycones are quercetin,
kaempferol and myricetin with a diverse range of flavonol glycosides formed through various
sugars bound at different positions on the phenolic structure (Dusek et al., 2021). The
dominant hop flavonol glycosides identified in hop co-products in this study were quercetin

and kaempferol 3-O-glucosides and 3-O-rutinosides with no 7-O- or 4-O-glycosides identified
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(Figure 4.3, Table 4.4). Schmidt and Biendl (2023b) similarly identified quercetin and
kaempferol 3-O-glucosides and 3-O-rutinosides as the major glycosides of hop cones.
Although malonylated glycosides have been tentatively identified in hops (Santagostini et al.,

2020), this study confirms their identity with a standard.

All flavonol glycosides were semi-quantified as rutin equivalents (RE) as performed by Stanius
et al. (2022). The total flavonol glycoside content of hop materials ranged from 132.00-562.09
mg RE/100 g DM, which was significantly higher than the total aglycones. Higher levels of
flavonol glycosylation and malonylation has been reported for a variety of plant materials
including hop cones (Shimoda et al., 2007) and shoots (Maietti et al., 2017), however there is
limited literature on their prevalence in hop leaves. Their prevalence is likely due to
glycosylation enhancing solubility, distribution and metabolism by facilitating transport

through membranes (Samec et al., 2021).

Hop leaves had the highest total flavonol glycoside contents of all materials, in particular
kaempferol 3-O-rutinoside. The proportion of kaempferol glycosides relative to total
glycosides was also higher in hop leaves (50.9-54.4%) compared to other hop materials (9.3-
35.1%). Flavonol glycosides profiles were similar across hop processing residues and pellets
whereas non-hop comparison material profiles were significantly different from those of
hops. CIN and SBT-POM total glycosides was low at 24.20 and 160.93 mg RE/g DM respectively
whilst TEA had similar total flavonol glycoside levels to hop materials and was predominantly
composed of quercetin 3-O-glucoside and 3-O-rutinoside. Additionally, TEA also had the
highest level of aglycones compared to other materials, primarily composed of quercetin

(Table 4.4).

Flavonol glycosides were generally present at higher levels in T45R-HT compared to T45P-HT
(Table 5.4). This is in line with work by Goiris et al. (2014) who found that T45P of Hersbrucker

Spat had a rutin content of 102 mg/100 g DM compared to respective T90 pellet at 117
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mg/100 g indicating glycosides are predominantly transferred to the T45R. Interestingly the
aglycones, taxifolin and naringenin, were found in significantly higher levels in the T45P and
in amounts corresponding to the degree of lupulin enrichment during processing (T45P >
T90P > T45R) (Table 4.4). This could indicate that aglycone flavonols are predominantly

located in lupulin whilst glycosides are in the bracts of hop cones.

4.4.3.4-Phenolic and Chlorogenic acids

Phenolic acids, categorized as either benzoic or cinnamic acids based on their precursors, are
low molecular weight flavonoid precursors (Natella et al., 1999). Among these, chlorogenic
acids, esters of quinic acid and hydroxycinnamic acids like caffeic, ferulic, and p-coumaric acid,

are prominent (Lu et al., 2020).

Total phenolic acids concentrations were found to be low in all hop materials (2.51-8.44
mg/100 g DM) with caffeic, ferulic, coumaric and protocatechuic acid being the most
abundant. Comparison materials generally exhibited higher but more variable phenolic acid
contents (2.55-33.95 mg/100 g DM) (Figure 4.3, Table 4.4). Conversely, hop materials showed
a higher abundance of all isomers of feruloylquinic, coumaroylquinic, caffeoylquinic and
dicaffeoylquinic acids (Figure 4.3). Total chlorogenic acids for those quantified ranged from
66.6-292.7 mg/100 g DM in hop materials with comparison materials < 10 mg/ 100 g DM.
Hop leaves had higher abundance of all chlorogenic acids followed by CO,R followed by T45R
and hop pellets. Neochlorogenic acid (3-O) was the most abundant caffeoylquinic acid in all
hop materials which is in agreement with Luzak et al. (2016) who found similar ratios of

chlorogenic acids in spent hops with neochlorogenic as the most abundant.

4.4.3.5-Phenolic enrichment

It has previously been shown that chlorogenic acids and flavonol glycosides were
disproportionately transferred to T45R-SAAZ-HT whilst CO,R was a richer source of

prenylflavonoids. However, as varieties were not consistent between materials sourced for
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this study it is challenging to distinguish between effect of variety and processing mechanism.
Schmidt and Biendl (2023a) reported quantitative data for phenolics in German Hallertau
Blanc, Herkules, Tradition and Czech Saaz hop cones from the same crop year and country of
cultivation as those analysed in this study which can be used to assess degree of enrichment.
Ratios between values reported in cones and concentrations reported in this study processing
residues (Table 4.4) were calculated and normalised for each compound and presented as a
heat map (Figure 4.5). Fold differences for flavonol glycosides and procyanidins were
generally higher for CO;R as compared to T45R. This suggests that, although T45R had a
higher overall concentration of procyanidins, this is likely due to the initial concentration in
the cones rather than differences in the processing mechanism and that CO,R is likely a richer
source of phenolics depending on variety. For example, Saaz is known to be a rich source of
procyanidins whilst Herkules contains lower levels. This is an important distinction if the most
prevalent residue available on the market changes in the future from CO,R-HERK and T45-

SAAZ to different varieties.
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Figure 4.5: Normalised fold differences in phenolic content between hop cones (as reported

by Schmidt and Biendl (2023b) and processing residues (CO2R and T45R) for the same variety;,
region of cultivation and crop year (Table 4.4).
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4.4.4-Multivariate Analysis

Multivariate analysis is particularly useful for identifying trends and patterns in complex
datasets and is routinely used to classify materials based on their phenolic profile (Zielinski
et al.,, 2014). Techniques such as PCA reduce data dimensionality which can aid data
visualisation, however it can also lead to the loss of minor components that may still be
guantitatively significant (Granato et al., 2018). Therefore, it remains important to evaluate
the contributions of the individual phenolic variables to the principal components and

consider their absolute abundance and bioactive properties.

To investigate trends in phenolic differences between hop materials, PCA and HCA analysis
was conducted. Non-hop materials and phenolic variables with IS normalised abundance <
0.05 in the highest sample were omitted from analysis. PCA produced six principal
components with eigenvalues > 1 explaining 98.18% of variation. These components were
analysed using Wards hierarchical clustering method (Euclidean distance) to measure
dissimilarity based on phenolic variables. The resulting dendrogram showing clustering of

samples into groups is presented in Figure 4.6.
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Figure 4.6: Dendrogram of cluster analysis of hop materials based on phenolic profile and
antioxidant activity. Samples coloured according to material; Leaves-blue, CO,R-green, T45R-
light red, T45P and T90P-dark red.

Three clusters were identified based on Hartigan index truncation, which separated samples
by material type. Cluster 1 (C1, green) contained CO;R, Cluster 2 (C2, red) included T45R, T45P
and T90P, whilst Cluster 3 (C3, blue) contained hop leaves. C3 was the most distinct cluster
with C2 and C1 more similar, likely due to both containing cone-derived hop materials. C1 and
C3 were more homogenous than C2 which sub-clustered by material with T45R grouped
separately from T45P and T90P. The PCA biplot for PC1 and PC2 (Figure 4.7) explains 62.67%
of the total variation in the data set (PC1-37.2%, PC2-25.48%). The observations plot

highlights groupings based on material type with tighter groupings observed for leaf and T45R

104



compared to COzR. Leaves were distinguished from other materials along PC1 with higher
scores whist CO2R were distinguished from T45R along PC2 with higher scores. T45R was also
distinguished from T45P and to a lesser extent T90P with higher PC1 scores although all within

the same cluster (C2).

Observations (axes F1 and F2: 62.67 %)
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Figure 4.7: PCA plot of materials based on phenolic content and antioxidant activity. Samples
coloured according to material; Leaves-blue, CO,R-green, T45R-light red, T45/T90P-dark red.

To investigate which phenolics and antioxidant mechanisms drive sample groupings,
correlations between phenolic variables and principal components were investigated

(Appendix 4, Table 3). PC1 showed strong positive correlations to chlorogenic acids
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(caffeoylquinic acid B, 0.90; neochlorogenic acid, 0.80; feruloylquinic acid D, 0.83),
kaempferol glycosides (K-RUT, 0.83) and gallo-catechins (gallo-catechin A, 0.91) and showed
negative correlations to prenylflavonoids (desmethylxanthohumol, -0.80; 6-PN, -0.74),
procyanidins (procyanidin B3, -0.73) and phenolic acids (coumaric acid, -0.84). PC2 was
positively correlated to quercetin glycosides (Q-GLUC, 0.91; Q-NEO, 0.81) aglycones
(kaempferol, 0.94) and negatively correlated to beta acids (Ad/Lupulone, -0.77), catechin (-
0.61) and phloroglucinol-glycoside C (-0.76). PC3 (data not shown) was positively correlated
to Q-MG (0.79), DPPH (0.73) and FRAP (0.73) antioxidant activity and negatively correlated to
Q-TG (-0.73). It therefore seems that the phenolics driving co-product differences are
prenylflavonoids for CO;R, beta-acids, flavanols and procyanidins for T45R and kaempferol

glycosides, gallo-catechins and chlorogenic acids for hop leaves.

4.4.5-Correlation between phenolic composition and antioxidant activity

To investigate the contribution of phenolic and resin variables to extract antioxidant activity,
correlation analysis was conducted across all hop materials. Correlations are visualised as a
heat map (Figure 4.8) with columns and rows ordered according to HCA. Three primary
clusters were identified: Cluster 1 (C1) with low correlations to all assays, Cluster 2 (C2) with
high correlations to all assays and Cluster 3 (C3) with high correlations to ORAC but lower
correlations to other assays. Flavanols and procyanidins had the strongest correlations to
antioxidant activity (predominantly C2) whilst flavonol glycosides and chlorogenic acids had
the weakest correlations (predominantly C1). Quercetin 3-O-malonyl glycosides were
exceptions with both located within C2. Quercetin 3-O-malonyl glucoside has been shown to
be a more potent antioxidant compared to its respective mono-glycosides, although not to
qguercetin (Nowak et al., 2014, Panat et al., 2015). Proanthocyanidins, especially those with a
high molecular weight explored as beer flavour (Mikyska et al., 2022) and colloidal stability
agents and to improve lautering speed (Karabin et al., 2018). This indicates that T45R could

have promise for the development of antioxidant and brewing stabilisation aids.
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Correlation significance levels are denoted as follows: * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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Prenylflavonoids were predominantly found within C3 with high correlations to ORAC values
(significant correlations (P<0.05) for desmethylxathohumol and 6-PN) which indicates higher
peroxyl radical scavenging activity. Prenylflavonoids and bitter resins have been shown to
exhibit poor ET based antioxidant activity such as is evaluated using DPPH and FRAP assays
(zhang et al., 2014). However, they are potent hydroxyl and peroxyl radical scavengers (Van
Hoyweghen et al., 2010). Xanthohumol and other hop prenylflavonoids have also received
much interest in the pharmaceutical and nutraceutical industries due to their anti-cancer,
anti-inflammatory, metal chelating and hypoglycaemic effects suggesting disease prevention

applications (Abiko et al., 2022, Liu et al., 2015).

As a result of the properties of prenylflavonoids, research has focused on optimising the
extraction and purification of xanthohumol from hop material which has resulted in
numerous patents which is summarised in a recent review by de Andrade Silva et al. (2023).
Biendl (2012) trialled PVPP as an adsorption resin for the purification of xanthohumol from
ethanolic hop extracts. He demonstrated selective desorption with ethyl acetate was effective
and achieved a prenylflavonoid purity of >90 %. PVPP also exhibits high affinity for other
major hop polyphenols such as catechins (Magalhaes et al., 2010), hence future trials could
evaluate PVPP as an adsorption resin for the purification and fractionation of phenolics from

hop co-products.

CO;R-HERK generally had comparable but lower phenolic contents and antioxidant activity
compared to the other hop co-products. However, the high concentration of xanthohumol
indicates it could have value as a starting material for the development of prenylflavonoid
rich extracts. Considering the high availability of CO,R-HERK (as it is the choice variety for CO,
extraction), it seems to be the most suited hop co-product (of those analysed in this study)

for the development of purified hop phenolic extracts.
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Chapter 5-Evaluation of purification techniques for phenolic
compounds from hop co-products

5.1-Introduction

Crude phenolic extracts from plant materials often contain undesirable compounds, including
pigments, proteins, carbohydrates, terpenes, and fats. These impurities can reduce the
bioactive properties of extracts and impart negative sensory characteristics. For commercial
applications, it is important to remove these impurities whilst concentrating desirable
phenolic compounds. A variety of purification techniques have been evaluated for this
purpose, the most common of which are adsorption and ultrafiltration which are outlined in

Figure 5.1 (Kelly et al., 2019).

Phenollc eluate Effluent

A B
SPE purification : Ultrafiltration
Crude Extract X
l | Size exclusion membrane
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| A
' ® @] { "o ®
1 1
' Crude .A. o e o *
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: ! .
Adsorbed {U B | .’
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: : l l
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Figure 5.1: Outline of the steps for purification of phenolic extracts via adsorption (A) and
ultrafiltration (B).

SPE-Solid phase extraction.

Adsorption purification involves the removal of phenolic compounds from crude extracts
onto the surface of an adsorbent material, followed by their elution. Studies focused on

phenolic purification from agri-food residues have increasingly adopted non-toxic elution
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solvents and assessed the regenerability of both adsorbents and solvents which is critical in
determining the efficiency and feasibility for the development of commercial extracts
(Campone et al.,, 2020). To produce high-purity phenolic extracts, adsorbents must be
evaluated for maximum adsorption capacity as well as their affinity and selectivity towards
the phenolics in the crude extract (Yangui et al., 2017). Further optimisation is typically
conducted by investigating the impacts of pH and of different elution solvents to maximise

phenolic purity and process efficiency (Ge et al., 2020).

Pressure-driven membrane filtration methods, including microfiltration, ultrafiltration and
nanofiltration, are well established technologies in the food and beverage industries for
separating compounds predominantly on their molecular weight. These techniques differ by
pore size with nanofiltration membranes retaining molecules with molecular weights
between 200-1000 Da, ultrafiltration between 1000-100,000 Da whilst microfiltration
typically separates between 0.1-10 um (Conidi et al., 2018). They have also been evaluated
for the sequential purification of phenolics from crude extracts, for example to extract
proanthocyanidins from winery by-products (Santamaria et al., 2002). Researchers have
demonstrated high antioxidant activity of the separated retentate fraction such as those from

pomegranate juice separated via ultrafiltration (Conidi et al., 2017).

Chapter 4 reported the characterisation of various hop co-products based on their phenolic
contents and antioxidant activities. Among these, CO,R-HERK was identified as the most
promising candidate for purification trials due to its wide availability and high concentrations
of prenylflavonols. In this study the objective was to evaluate adsorption and ultrafiltration
purification methods for CO,R-HERK phenolics using ‘green’ solvents and techniques. The
overall aim was to compare phenolic purity and antioxidant activity of the resulting hop

fractions to commercial extracts from different plant sources. PAD950 and PVPP were chosen
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as adsorbents whilst three ultrafiltration membranes with different molecular weight cut-offs

were evaluated.

5.2-Materials

5.2.1-Chemicals

PVPP (~110 um particle size) was obtained from Sigma Aldrich. Waters solid phase extraction
(SPE) 3 ml cartridges and frits were obtained from Agilent (Santa Clara, USA). All other

chemicals and reference standards used in this study were sourced according to 2.1.1.

5.2.2-Materials
CO,R-HERK was sourced according to 2.1.2. Hop purified phenolic fractions from CO,R-HERK
were obtained from Extractis (Dury, France). An outline of the processes by which these

fractions were generated is provided in section 5.3.3. For benchmarking the phenolic content

of hop fractions, comparison extracts were sourced as detailed in Table 5.1.

Table 5.1: Commercial plant phenolic extracts sourced for analysis in this study.

Producer

Commercial Preparation

Plant source and composition

Givaudan-Naturex Brand
(Vernier, Switzerland).

Onyxen A34

M. glabra L. (acerola cherry) juice powder produced
by spray drying. 34% ascorbic acid.

Green tea extract 38%
polyphenols WS

Extract obtained from C. sinensis L. Kuntze (Green tea
leaves) (38% polyphenol content).

Overseal Carantho_OF1021

D. carota L. (wild carrot) anthocyanin (2.8 %) powder
with maltodextrin carrier.

Elderberry fruit powder

S. nigra L. (elderberry) juice powder. 4 %
anthocyanidins.

Hibiscus flowers LE WS

Liquid extract obtained from H. sabdariffa L.
(hibiscus) flowers. 20 % total acids.

Vegebrite Black Carrot LWS

D. carota L. juice concentrate.

StabilEnhance ESR D 4

R. officinalis L. (rosemary) leaf extract. 4-4.5%
rosmarinic acid.

V. vinifera L. (grape) seed extract. (299% oligomeric

Vitisol s
proanthocyanidin content).
Berkem (Blanquefort, France). - - -
Pineol P. Pinaster L. (pine) bark extract.
V. vinifera L. (grape) seed extract. (280% oligomeric
Grape OPC .
proanthocyanidin content).
Seabuckthorn extract (250% proanthocyanidin
CyanthOx 50

Puredia (Irvine, California).

content).

Omegia powder

Seabuckthorn extract (vitamins and omega-3-6-7-9).

Kalsec (Kalamazoo, USA). Herbalox Rosemary extract.
The Malt Miller (Swindon, UK).  Brewtan B Gallotannin extract.
Labor Veritas (Ziirich, . .

ICE-3 Hop bitter resin extract.

Switzerland).
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5.3-Methods

5.3.1-Preperation of non-purified hop phenolic extract

A non-purified CO,R-HERK hop phenolic extract was prepared to evaluate degree of
purification of purified fractions. In brief, 100 g milled CO,R-HERK was extracted with 1 L 50%
aqueous ethanol (v/v) (E50) using a Stuart Roller Shaker at 60 rpm for 15 min. The extract
was then filtered through Whatman grade 1 filter paper using vacuum filtration, chilled
overnight at 4 °C and centrifuged for 10 min at 4000 rpm after which the non-dissolvable
material was discarded. Ethanol was removed using a Heidolph HeiVap rotary evaporator
(Schwabach, Germany) at 25 °C for 1 h, and the resulting aqueous solution was freeze-dried

for 72 h.

5.3.2-PVPP SPE Purification

5.3.2.1-Preperation of PVPP SPE columns

PVPP SPE columns were prepared using a method modified from Diaz et al. (2022). 200 mg

PVPP was packed into 3 ml cartridges and contained within frits for a bed height of 8 mm.

5.3.2.2-Adsorption of hop phenolics onto PVPP

PVPP adsorption trials were carried out with CO;R-HERK extract before and after ethanol
removal. 100 g milled CO,R-HERK was extracted with 1 L E50 and the filtered solution was
chilled overnight at 4 °C and centrifuged for 10 min at 4000 rpm. Half of the recovered volume
underwent ethanol removal and was centrifuged for 10 min to produce EO and E50 extracts
which were then acidified to pH 4 with 1 M HCI as performed by Magalhdes et al. (2010).
PVPP cartridges were loaded onto a Waters 20 position cartridge manifold, equilibrated with
ethanol (5 ml) and conditioned with deionised water (5 ml). Successive cycles of hop extract
were then loaded and passed through a PVPP column at 20°C at a flow rate of 1 drop/s in
increments of 2.5 ml for a total of 12.5 ml/200 mg PVPP syringe (5 cycles). Syringes were

treated and evaluated in triplicate for each solution.
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EO and E50 starting solution and post adsorption solutions were diluted 1in 2 and 1 in 3 with
water and E50 respectively, and analysed for total phenol content (TPC), proanthocyanidin
content (PAC) and xanthohumol using methodology outlined in 2.2.4 and 2.2.6.1. Results
from the TPC and PAC assays were expressed as caffeic acid equivalents (CAE) and procyanidin

B3 equivalents (PB3E) respectively. Theoretical adsorption was calculated using the formula:
100 - ((mg in post adsorption solution / mg in starting solution) * 100)

An overview of the processing steps for PVPP adsorption trials is presented in Figure 5.2.

Crude extract (EO, E50)

SPE manifold i

sREedd

& |
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200mg PVPP yring

Lai cartridges (=)
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.

Adsorption capacity
through isotherm
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Figure 5.2: Schematic representation of the processing steps for PVPP adsorption of
phenolics from CO,R-HERK crude extracts.

TPC-Total phenol content. PAC-Proanthocyanidin content. E50-50% aqueous ethanol (v/v) extract. EO-Extract after
ethanol removal.

5.3.2.3-Desorption of hop phenolics from PVPP

For desorption trials 100 g CO,R-HERK was extracted with 1 L E50 and acidified using HCl to
pH 4 as outlined in section 5.3.2.2. Hop extract (12.5 ml) was loaded and passed through
PVPP columns at 20°C at a flow rate of 1 drop/s. The column was then washed with deionised

water (5 ml) and purged with air using a vacuum pump until dry. For desorption, five solutions
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were trialled: ethyl acetate, ethanol, 0.1 M ammoniacal ethanol and a stepwise desorption

with increasing concentrations of ammonia and ethanol which is detailed in Table 5.2.

Table 5.2: Solutions used for stepwise desorption.

mi Ethanol (%) Water (%) Ammonia (M)
1 2.5 50 50 0
2 2.5 100 0 0
3 2.5 100 0 0.1
4 2.5 100 0 1
5 2.5 100 0 2

Desorption solution was loaded and passed through PVPP columns at 20°C at a flow rate of 1
drop/s in increments of 2.5 ml for a total of 7.5 ml/200 mg PVPP syringe for all solutions other
than stepwise desorption (12.5 ml/200 mg PVPP syringe). Acetic acid was used to neutralise
ammoniacal ethanolic solutions. 200 pl of eluted solution was dried down using a centrifugal
evaporator at 45 °C for 2 h (preset: 3). Dry extracts were then re-solubilised with E50 and
analysed for xanthohumol content and TPC expressed as CAE using methodology outlined in
2.2.4 and 2.2.6.1 respectively. An overview of the processing steps for PVPP desorption trials

is presented in Figure 5.3.
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Figure 5.3: Schematic representation of the processing steps for PVPP desorption of phenolics
from CO,R-HERK crude extracts.

TPC-Total phenol content. PAC-Proanthocyanidin content.

5.3.3-Extractis trials

Further purification trials of phenolics from CO,R-HERK were conducted by Extractis and the

resulting fractions were analysed at the University of Nottingham.

5.3.3.1-Extractis-SPE Purification

For extraction, 4 kg CO,R-HERK was mixed with 40 L E50 for 1 h at 20°C and then filtered using
felt with a porosity of approximately 25 um. Ethanol was removed using a Rotavapor R220
Blichi rotary evaporator (Schwabach, Germany) between 30-40 °C for approximately 36 h.
The solution was then stored at 4 °C overnight, producing a sedimented precipitate. This
precipitate was isolated via centrifugation and washed by redispersing in RO water and

centrifuging twice. This fraction was then freeze-dried and stored for analysis at 4 °C.
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The aqueous solution was purified using 300 g Purolite PAD950 resin in a column with a 300
ml bed volume (BV). A 3 L solution (10 BV) was loaded onto the column at 4BV/h, which was
then washed with 900 ml RO water (3 BV) at 4 BV/h. Desorption was then performed with 1.5
L E50 at 4 BV/h. Ethanol was then removed from the eluates using rotary evaporation before

being freeze-dried and stored for analysis at 4 °C.

5.3.3.2-Extractis-Ultrafiltration

Ultrafiltration trials were conducted on CO,R-HERK aqueous extract post ethanol removal,
the production of which is outlined in the previous section. Three membranes were
evaluated: FS40, GR51 and UFX10, sourced from Alfa Laval (Lund, Switzerland). Each
membrane underwent the same processing conditions generating a permeate and retentate
for each membrane. Ultrafiltration was performed using a Labcell (Farnborough, UK) filtration
unit with a membrane surface area of 28 cm? at 7 bar. An initial mass of 500 g was loaded
onto the unit and the filtration process was carried out for 6 h under constant conditions with
an average flow rate of 24 L/h/m?2. The resulting solutions were then freeze-dried and stored

at 4 °C for analysis.

Figure 5.4 presents an overview of the processing steps performed by Extractis, as well as the
phenolic fractions generated from the ultrafiltration and SPE purification of CO,R-HERK

phenolics.
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Figure 5.4: Schematic representation of the processing steps performed by Extractis, as well
as the phenolic fractions generated from the ultrafiltration and SPE purification of CO,R-HERK
extract.

FS40-Polypropylene fluoropolymer membrane with a molecular weight cut-off (MWCO) of 100 KDa. GR51-
Polypropylene fluoropolymer membrane with a MWCO of 50 KDa. UFX-Polypropylene fluoropolymer membrane
with a MWCO of 10 KDa.
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5.3.4-Spectrophotometric determination of phenolic content

The phenolic content of extracts was measured using the TPC and PAC assays with results
expressed as caffeic acid equivalents (CAE) and procyanidin B3 equivalents (PB3E)
respectively, using methodology outlined in 2.2.4. Extracts were analysed in triplicate at 0.5

mg/ml and 5 mg/ml respectively for TPC and PAC assays.

5.3.5-Antioxidant activity of extracts

The antioxidant activity of extracts was analysed using the DPPH, FRAP and ORAC assays and
resulting data was expressed as Trolox equivalents as detailed in 2.2.5. For DPPH radical
scavenging activity % (RSA) extracts were solubilised in E50 and analysed at multiple
concentrations in triplicate between 1-120 pg/ml to calculate IC50 values. The DPPH RSA of
each extract analysed at different concentrations is provided in Appendix 5, Figure 2. For FRAP
analysis, extracts were solubilised in E50 and analysed at four concentrations in triplicate to
determine the working linear range (see Appendix 5, Figure 3). Trolox equivalents were
calculated based on analysis at 0.1mg/ml E50 for all materials except for xanthohumol and
ProXantho which were calculated at 0.2 mg/ml E50 due to lower activity. For ORAC analysis,
extracts were solubilised in PBS (pH 7.4) or aqueous acetone 50% (v/v) depending on the
hydrophilicity of the extract and analysed at multiple concentrations in triplicate to determine
the working linear range (see Appendix 5, Figure 4). ORAC Trolox equivalents were calculated

based on analysis at 0.0025 mg/ml for all materials.

5.3.6-Chromatographic analysis of extracts

For the quantitation of xanthohumol, a and B-acids in hop fractions, HPLC-DAD was used
following methodology outlined in 2.2.6.1. Extracts were solubilised in E50 and analysed in

triplicate at 0.5 mg/ml.

For phenolic screening and quantitation, LC-ESI-gTOF-MS/MS was used following the

methodology outlined in 2.2.6.2. Extracts were solubilised in E50, syringe filtered at 0.22 um
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and analysed at 0.5 mg/ml in triplicate. 4-methyl catechol was used as the internal standard
(1S) at a final concentration of 2.5 pg/ml. For quantitation, standards were solubilised in E50,
diluted across 4 orders of magnitude (see Appendix 4, Table 1) and analysed in triplicate at
the beginning, middle and end of the run. Quantitative analysis was performed as outlined in
4.3.2 using standard curves detailed in Appendix 4, Table 1. Semi-quantitation was performed
using standard curves from structurally similar standards where available. For phenolic

screening, peak areas were normalised to IS.

5.4-Results and Discussion

5.4.1-Hop phenolic purification

Research reported in this chapter aimed to evaluate purification techniques for the isolation
of these compounds to produce an extract with maximal antioxidant activity. As such three
phenolic purification techniques were evaluated: PVPP SPE, Purolite PAD950 SPE and
ultrafiltration. For comparison, a non-purified freeze-dried extract was generated to evaluate

degree of purification achieved by each method.

5.4.2-PVPP SPE Phenolic Purification

Polyninylpolypyrrolidone (PVPP) is an inert and insoluble cross-linked polymer commonly
used in the beverage industry to clarify and stabilise beer and wine by removing polyphenols
(Laborde et al., 2006). Recently there has been growing interest in its application for purifying
phenolics from crude extracts due to its high phenolic specificity and good regenerability
(Diaz et al., 2022). As such, phenolic fractions generated using PVPP from various plant
sources have been evaluated for a range of bioactive properties, including chemopreventive
(Gerhauser et al.,, 2002), neuroprotective (Rocha et al.,, 2020) and antioxidant activity
(Ferreira et al., 2018). As such, a recent review on recycling phenolics from brewery by-
products highlights PVPP as a promising material for hop phenolic purification (Silva et al.,

2023). PVPP adsorbs polyphenols through hydrogen bonding with selectivity increasing with
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number of aromatic rings, hydroxylation and oligomerisation, however at higher

concentration removes all polyphenols (McMurrough et al., 1995).

5.4.2.1-Adsorption

PVPP adsorption trials were carried out with CO;R-HERK extract before and after ethanol
removal (E50 and EO). Biendl (2012) highlighted that ethanolic solutions can be treated with
PVPP (unlike non-polar adsorption resins) which presents the possibility of purifying
hydrophobic prenylflavonoids and hydrophilic phenolics in the same step without the need
for ethanol removal. However other studies have reported higher binding affinities in water
compared to aqueous methanol (Loomis and Battaile, 1966, Andersen and Sowers, 1968).
Therefore, in this study both E50 and EO crude extracts were evaluated for phenolic
adsorption onto PVPP. Experiments were conducted at 20 °C as this has shown to provide
higher adsorption capacities for catechins onto PVPP than at higher temperatures (40, 60 °C)
(Dong et al., 2011). Extracts were acidified to pH 4 with HCl as performed by Magalhdes et al.
(2010), which is sufficiently low enough to suppress ionization of phenolic hydroxyl groups.
Crude extracts were passed through a PVPP column, and pre- and post-adsorption solutions
were analysed for TPC, PAC and xanthohumol content to calculate theoretical adsorption. EO
extract was not evaluated for xanthohumol adsorption onto PVPP as it was only present at
trace level in the starting solution (data not shown). Appendix 5, Figure 1 presents LC-DAD
chromatogrames illustrating the difference in xanthohumol content in the E50 extract before
and after PVPP treatment. Figure 5.5 presents theoretical adsorption of phenolics for both
extracts evaluated. Since TPC, PAC and xanthohumol contents were present at different
concentrations within each solution, calculating adsorption per ml extract provides a more
accurate measurement of adsorption affinity compared to calculating based on the weight of

phenolic added.
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Adsorption affinity was in order of xanthohumol > PAC > TPC for E50 extract, whilst TPC and
PAC were very similar for EQ extract. This is in line with the results of Magalhaes et al. (2010)
who investigated PVPP for the isolation of hop phenolics and found the highest adsorption
capacity and recovery vyields for prenylflavonoids such as xanthohumol. The comparatively
lower adsorption of TPC compared to xanthohumol for the E50 extract may be due to bitter
resins not adsorbing onto PVPP but interacting with Folin reagent or lower affinity of
glycosidically bound phenolics such as flavonol and phloroglucinol glycosides. Phloroglucinol
and flavonol glycosides were identified in CO,R-HERK in Chapter 4 and have shown to have
lower affinity to PVPP than their respective aglycones (Magalhdes et al., 2010). Similarly,
Laborde et al. (2006) highlighted that adsorption affinity between PVPP and aglycones in wine
was 4-5 times higher than for the respective 3-O-glucosides, which is likely explained by the

sugar moiety reducing the interaction forces.
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Figure 5.5: Theoretical adsorption of total phenol content, proanthocyanidin content and
xanthohumol onto PVPP calculated for E50 (A) and EO (B) crude extracts of CO,R-HERK.

CAE-Caffeic acid equivalents. PB3E-Procyanidin B3 equivalents. E50-50% aqueous ethanol (v/v) extract. E0-Extract
after ethanol removal.
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5.4.2.2-PVPP phenolic adsorption Isotherms

For adsorption, components of the crude extract are adsorbed onto PVPP until dynamic
equilibrium is reached. Adsorption isotherms are used to characterise the equilibrium, with
the Langmuir and Freundlich adsorption the most commonly adopted models for phenolic
adsorption (Kalam et al., 2021). The Langmuir isotherm assume a homogenous surface with
a finite number of sites whilst the Freundlich isotherm assumes a heterogenous surface and
allows for multi-layer adsorption. In this study, the Langmuir isotherm was applied as it has
shown by Qian et al. (2023) and Folch-Cano et al. (2013) to have a better fit for adsorption of
phenolics from crude extracts onto PVPP. For this, mg added/g PVPP was plotted against mg
adsorbed/g PVPP for TPC, PAC and xanthohumol, and the Langmuir model was applied (Figure
5.6) using the equation:

& — KLCe
dm 1+ KLCe

ge: amount of adsorbate adsorbed per unit mass of adsorbent
Om: Maximum adsorption capacity
Ki: langmuir constant

C.: equilibrium concentration of the adsorbate
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Figure 5.6: Langmuir adsorption isotherms of proanthocyanidin content (PAC), total phenol
content (TPC) and xanthohumol onto PVPP for EO (A-B) and E50 (C-E) CO,R-HERK crude

extract.

Qm: maximum adsorption capacity (mg/g PVPP). E50-50% aqueous ethanol (v/v) extract. EO-Extract after ethanol

removal.
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The R? values generated from Langmuir isotherm models were high (>0.98) for all assays for
both solutions indicating that adsorption behaviour was consistent with monolayer
adsorption. Maximum adsorption capacity (Qm) is characterised by a saturation point
(plateau) where no further adsorption can take place as all sites are occupied. Qm values
were in the order of xanthohumol > TPC > PAC for E50 solution, and TPC > PAC for EO solution.
PAC Qm was slightly higher for E50 solution whereas TPC was higher for EO solution. As
mentioned in 5.4.2.1, the lower TPC Qm for E50 compared to EQ may be due to the impact of
bitter resins which do not adsorb onto PVPP but do interact with Folin reagent (Dadic and
Lavallee, 1983). TPC Qm was lower than reported by Dong et al. (2011) who reported a total
catechins Qm of 671.77 mg/g PVPP. However, the Qm’s reported in this study for phenolic

adsorption onto PVPP are generally higher than those reported for other adsorption resins.

The use of crude extracts in adsorption analysis represents both an advantage and a limitation
of this study. Adsorbent performance observed with single-compound model solutions has
shown to not accurately represent that of crude extracts due to interactions between
phenolics during adsorption in multi-compound mixtures (Kammerer et al., 2010). Therefore,
in this study crude extracts were evaluated instead of model solutions to better reflect
conditions relevant for industrial applications. However, the extracts evaluated (E50, EQ)
differed in ethanol content as well as phenolic content which makes it challenging to isolate
the effect of ethanol % on phenolic adsorption and to compare the PVPP affinities of different
phenolics. When comparing PVPP adsorption of phenolics between both extracts (EO, E50),
E50 was more promising due to the high Qm of xanthohumol, a major phenolic compound of

CO;R-HERK. Therefore, E50 extract was chosen for subsequent desorption trials.

5.4.2.3-Desorption

A potential challenge of using PVPP for polyphenol purification is the need for efficient

desorption of phenolics with a high recovery rate using ‘green’ solvents. Most trials on
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desorption from PVPP have adopted toxic solvents such as 70% aqueous acetone (v/v)
(Magalhdes et al., 2010), or methanol (Lindemann et al., 2020), which are effective for hop
phenolics but unsuitable for developing food-grade extracts. Gerhauser et al. (2002) used
sodium hydroxide (pH 13.5) for desorption of phenolics from PVPP used to treat beer, with
the solution subsequently neutralised to pH 3.5 with HCI. According to a Heineken patent on
regenerating PVPP after beverage stabilisation (Noordman et al., 2016), an aqueous
regeneration liquid with a pH of at least 10.0 (using sodium hydroxide) at temperatures
between 40-80 °C can regenerate PVPP over 20 times. However environmental impact and
degree of phenolic oxidation using this method isn’t known, as recovery of phenolics was not

the aim of the patent.

Ferreira et al. (2018) investigated recovery of phenolics from PVPP from wine fining using
‘green’ solvents. Desorption used an ammoniacal solution of ethanol (0.1 M) subsequently
neutralised with acetic acid, which achieved recovery rates of 80-90%. Ammonia is suited for
recovery due to high alkalinity and volatility, conditions which are necessary for phenolic
desorption and drying down extracts respectively. Similarly, Biendl (2012) investigated
phenolic desorption from PVPP and found that ethyl acetate was effective for selective
desorption of xanthohumol, which is the principle phenolic compound for CO,R-HERK as
highlighted in Chapter 4. Considering these findings, this study aimed to evaluate ethyl
acetate, ethanol and ammoniacal ethanol (0.1 M-2 M) for the desorption of phenolics
adsorbed onto PVPP. CO,R-HERK E50 extract was loaded onto syringes containing PVPP, and
theoretical adsorption/g PVPP of TPC and xanthohumol was calculated for each syringe as
outlined in 5.3.2.2. No xanthohumol was detected in any post-adsorption solutions as shown
in chromatograms presented in Appendix 5, Figure 1. PVPP cartridges were washed with UP
water, and desorbing solution was passed through the PVPP cartridges in successive cycles of
2.5 ml. Resulting fractions were dried using a centrifugal evaporator, resolubilised in E50 and

analysed for TPC and xanthohumol. The amounts of TPC and xanthohumol desorbed from
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200 mg PVPP for the different treatments is presented in Figure 5.7, and the recovery yields

are presented in Table 5.3.
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Figure 5.7: Amount of xanthohumol (A) and total phenol content (B) desorbed from 200 mg
treated PVPP from the different treatments.

CAE-Caffeic acid equivalents. Stepwise desorption-Increasing proportion of ethanol and/or ammonia.
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Table 5.3: Recovery yields (%) of xanthohumol and TPC desorbed by the different treatments.

Desorbing volume (ml) Xanthohumol TPC (CAE)
2.5 34.03+2.74 6.27 £0.23
Ethyl acetate 5 34.76 £2.49 6.73+0.11
7.5 34.85 £ 2.50 6.77 £0.13
2.5 6.51+0.49 4.05+0.19
Ethanol 5 24.97 £0.82 5.86+0.12
7.5 40.06 £ 2.04 7.43 £0.05
2.5 4.14+1.61 3.82+0.36
Ammonia ethanol (0.1 M) 5 17.74+£1.73 5.43 £ 0.37
7.5 31.75+1.36 7.01+£0.42
2.5 6.10+2.36 6.54 +0.70
5 27.88 £0.18 8.67 £ 0.86
Stepwise desorption 7.5 43.69+£0.78 10.34 £ 0.98
10 59.25+0.26 14.07+£1.14
125 70.47 £ 0.61 17.76 £1.83

CAE-Caffeic acid equivalents. Stepwise desorption-Increasing proportion of ethanol and ammonia.

Recovery rates for xanthohumol were higher than TPC which was particularly low (<20%) for
all treatments. Ethyl acetate was most effective for xanthohumol desorption for the first 2.5
ml however the second and third cycles recovered very little. This may indicate a channelling
effect in part due to its low viscosity which may limit PVPP contact, even with a controlled
flow rate of 1 drop/s. TPC recovery was greater for higher ammonia solutions (1, 2 M),
however there was no difference between ethanol and 0.1 M ammonia ethanol. Recovery
rates of TPC were much lower than those reported by Ferreira et al. (2018), Mendes et al.
(2018) and Rocha et al. (2020) who achieved recovery rates of 80-90% for wine phenolics
using 0.1 M ammonia ethanol. They were also lower than those reported by Jankowiak et al.
(2015) and Xu et al. (2005) for isoflavones using only ethanol for desorption. This seems
unlikely to be related to differences in affinity to PVPP between wine and hop phenolics, as
in each case catechins and B-type procyanidins make up a large portion of the phenolic

fraction of both materials (Garrido and Borges, 2013).

A key difference between this study and others that report high phenolic recovery yields using

PVPP is the method. Whilst this study used fixed-bed PVPP SPE columns, other studies used
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‘free’ PVPP agitated in solution. PVPP columns provide several advantages, such as a higher
concentration gradient, reduced saturation effects, and improved scalability. However, the
fixed column setup reduces contact time between PVPP and desorbing solution which may
limit phenolic desorption, depending on phenolic affinity to PVPP. For example, Ferreira et al.
(2018) and Magalhdes et al. (2010) achieved high phenolic recovery by agitating ‘free’ PVPP
for 15 min during desorption, with Magalhdes et al. (2010) incorporating sonication as well.
Scoma et al. (2012) evaluated Amberlite XAD16 as a solid phase and found that only 58%
phenolic recovery was achieved in 15 min, with 90 min necessary for complete desorption.
This suggests that hop phenolics, especially those which interact strongly with Folin reagent,
may require longer contact times for optimal phenolic recovery. Future research should
explore longer contact times using ‘free’ PVPP or a recirculating fixed-bed column setup to
improve phenolic recovery during desorption which has been shown to be effective by

Frascari et al. (2016) for olive mill phenolic purification.

5.4.3-Extractis-Ultrafiltration and SPE phenolic purification

To evaluate SPE and ultrafiltration as hop phenolic purification techniques, trials were
conducted at Extractis generating freeze-dried fractions which were analysed at the
University of Nottingham. For SPE trials, 2 fractions were generated, a hydrophobic
precipitate isolated via centrifugation after ethanol removal, and a hydrophilic phenolic
fraction generated by desorption of loaded Purolite PAD950 resin with E50 (Figure 5.4).
Chapter 4 highlighted the high concentrations of hydrophobic prenylflavonoids and bitter
resins in CO;R-HERK and therefore this precipitate fraction was of interest and evaluated.
Purolite PAD950 is a polymethacrylic commercial adsorbent resin that is used for phenolic
purification due to its high adsorption capacity, desorption efficiency, low cost and suitability
for large scale production (Yang et al., 2016, Fl6rez-Fernandez et al., 2019). PAD950 has been
shown to be effective for the recovery of phenolics from a range of materials such as olive

tree leaves (Mir-Cerda et al., 2024) and lemon peel (Lorca et al., 2023). E50 was chosen for
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desorption as it has been shown to have the highest desorption efficiency for PAD950 for the

recovery of phenolics in olive oil wastewater (Cifuentes-Cabezas et al., 2022).

For ultrafiltration 3 polypropylene fluoropolymer membranes were evaluated: FS40, GR51
and UFX. The membranes evaluated had different molecular weight cut-offs (MWCO) of 100
KDa, 50 KDa and 10 KDa for FS-40, GR-51 and UFX respectively. These membranes have
primarily been evaluated for their efficacy in removing impurities from juices such as
suspended solids and HMW tannins from pomegranate (Hidalgo et al., 2024) and sugarcane
(Saha et al., 2006) juice. In this study each membrane generated a permeate (PUF) which
passed through the membrane, and a retentate (RUF) which did not. Freeze dried samples
were analysed for TPC and PAC and compared to respective non-purified freeze-dried extract
to assess degree of purification. The TPC and PAC of the resulting fractions is presented in

Figure 5.8.
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Figure 5.8: Total phenol and proanthocyanidin contents of hop fractions produced from SPE
purification, precipitation, ultrafiltration and without purification.

Data represent the mean + standard deviation of triplicate analytical measurements (n=3).

CAE-Caffeic acid equivalents. PB3E-Procyanidin B3 equivalents. ProAntho-PAD950 purified phenolic extract from
CO,R-HERK. ProXantho-Precipitate fraction isolated after ethanol removal. Non-purified-Freeze dried extract after
ethanol removal. RUF-Ultrafiltration retentate. PUF-Ultrafiltration permeate. FS40-Polypropylene fluoropolymer
membrane with a molecular weight cut-off (MWCO) of 100 KDa. GR51-Polypropylene fluoropolymer membrane
with a MWCO of 50 KDa. UFX-Polypropylene fluoropolymer membrane with a MWCO of 10 KDa.

ProAntho had the highest TPC and PAC of all fractions with degrees of purification of 4.95 and
11.40 respectively. ProXantho contained no proanthocyanidins but had a higher TPC
compared to ultrafiltration and non-purified fractions. This indicates that PAD950 SPE was the
most effective phenolic purification technique evaluated, especially for proanthocyanidins.
The proportion of PAC to TPC for ProAntho was 61.18% which is generally in line with the PAC

ratio of 77% reported by Wang et al. (2014) for SP850 purified hop cone extract. However, it
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was higher than the PAC ratio of CO,R-HERK crude extract detailed in Chapter 4, most likely

due to the removal of hydrophobic phenolics during ethanol removal.

The retentate fractions produced from ultrafiltration had a higher TPC and PAC compared to
respective permeate fractions. This indicates that phenolics were concentrated via the
passing of non-phenolic lower molecular weight compounds through the filter into the
permeate. GR51 (50 KDa) was the most effective membrane for enriching phenolics in the
retentate, especially for proanthocyanidin purification. This suggests that CO,R-HERK
proanthocyanidins are predominantly in the size range 50-100 KDa. The lower PAC of RUF-
FS40 and correspondingly higher PUF-FS40 suggests proanthocyanidins between 50-100 KDa
are lost through passing into the PUF-FS40. For all membranes evaluated, degree of
purification of the retentate was low, ranging from 1.06-1.37 for TPC and 1.05-2.06 for PAC.
Zagklis and Paraskeva (2015) also found that ultrafiltration exhibited a lower efficiency in
phenolic purification compared to adsorption. This was attributed to poor separation of
carbohydrates which have a similar molecular weight range to that of phenolic compounds.
This suggests a lower selectivity of phenolic separation based on molecular weight compared
to the adsorbent resins with higher specificity for phenolics through hydrophobic interactions
and hydrogen bonding (Pérez-Larran et al., 2018). Phenolic targets for purification in CO,R-
HERK differ in molecular weight, ranging from 290.26 Da (catechin) to possibly approaching
100 kDa for polymeric proanthocyanidins such as those reported in Saaz hop cones (Gadon
et al., 2019a). Similarly, crude plant extracts contain significant impurities, such as high
molecular weight solutes, which may limit the selectivity of ultrafiltration for phenolics
(Cassano et al., 2018). It therefore seems that PAD950 is a more effective, albeit more
expensive, method for CO,R-HERK phenolic purification compared to ultrafiltration due to its

higher selectivity.

132



To compare hop fraction phenolic content with commercially available products, plant and
phenolic extracts were sourced as detailed in Table 5.1. These extracts were analysed for TPC
and PAC which is presented in Figure 5.9. Commercial extracts were categorised according to
their advertised contents into proanthocyanidin extracts, phenolic extracts, and plant
extracts. The purification techniques for proanthocyanidin and phenolic extracts are generally
not disclosed by manufacturers, however for those that are, they typically involve solvent
extraction followed by adsorption. For example CyanthOx 50 is produced using hot water
extraction of sea buckthorn followed by AB-8 macro-porous adsorption, desorption with E30

and spray drying (Zhu et al., 2021).
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Figure 5.9: Total phenol content (TPC) and proanthocyanidin content (PAC) of commercial
extracts and standard compounds. The sourcing of the commercial extracts sourcing and
their advertised composition is detailed in Table 5.1.

Data represent the mean + standard deviation of triplicate analytical measurements.

CAE-Caffeic acid equivalents. PB3E-Procyanidin B3 equivalents.
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As expected, TPC was highest for phenolic and proanthocyanidin extracts in comparison to
plant extracts. Among all the extracts analysed, Berkhem extracts (Grape OPC, Vitisol and
Pineol) contained the highest PAC and TPC (along with Brewtan B). These commercial extracts
are derived from bark and grape seed/skin which are a rich source of B-type oligomeric
proanthocyanidins (Weber et al., 2007). Grape OPC and Vitisol have been extensively studied
as natural food stabilising agents due to their high proanthocyanidin content (Ferrando et al.,
2011, Roézek et al., 2010). The ProAntho fraction from CO,R-HERK had a higher PAC (Figure
5.8) than all analysed commercial extracts (Figure 5.9), whilst its TPC was comparable to
Pineol but lower than that for Grape OPC, Vitisol and Brewtan B. This indicates that ProAntho
is arich source of phenolics, and that PAC constitute a greater proportion of TPCin this sample
compared to the commercial extracts. The TPC of ProXantho was higher than all plant extracts
but generally lower than for phenolic and proanthocyanidin extracts. Xanthohumol was the
principle hydrophobic phenolic quantified in CO,R-HERK as outlined in Chapter 4.
Xanthohumol exhibited poor interaction with the Folin-Ciocalteu reagent compared to
procyanidin B3 and caffeic acid as highlighted in Figure 5.9. Therefore, chromatographic

techniques are required for a better understanding of the phenolic content of ProXantho.

5.4.4-Screening and quantitative analysis of phenolics and resins

To investigate differences in phenolic and resin composition of the purified extracts,
guantitation and relative quantitation analysis was performed using LC-MS and LC-DAD.
ProAntho and ProXantho were chosen for further characterisation as their phenolic content
was higher than ultrafiltration purified fractions (Figure 5.8). Among the commercial extracts
Grape OPC, Pineol, Vitisol and CyanthOx 50 were chosen due to their higher PAC levels,
making them suitable benchmarks for ProAntho. Figure 5.10 presents the relative
guantitation of all identified phenolics and resins (outlined in 2.2.6.1) as a normalised heat
map with samples and variables ordered according to AHC analysis. Table 5.4 presents the

concentrations of phenolic and resin components quantified or semi-quantified using LC-MS
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and LC-DAD. Compounds < LOQ for all materials were hesperidin, benzoic acid, trans-3-

hydroxycinnamic acid, sinapic acid and procyanidin A2.
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CyanthOx

Grape OPC Vitisol Pineol 50 ProAntho ProXantho
Phenolic and chlorogenic acids
Gallic acid 83.62 +£0.95 95.90 +2.10 10;3.:,25 * 7.18+0.79 <LoQ <LoQ
Protocatechuic acid 2.38£0.05 3.91+0.13 5.94+0.24 0.85+0.04 0.15+0.01 <LoQ
4-Hydroxybenzoic acid 0.54+0.19 0.67 +0.06 1.37 £0.05 0.66 + 0.07 1.04 +0.05 <LoQ
Caffeic acid 0.66 +0.14 0.40+£0.09 3.58+0.44 <LoQ 1.83+0.07 <LoQ
Vanillic acid 0.35+0.12 <LoQ <LoQ <LoQ <LoQ <LoQ
Coumaric acid 1.20+0.05 1.37 £0.04 0.89 +0.05 0.39+0.02 5.39+0.22 0.17+0.04
Ferulic acid <LoQ <LoQ <LoQ <LoQ 2.96 £0.23 <LoQ
Chlorogenic acid <LoQ <LoQ <LoQ <LoQ 1.43 +£0.02 <LoQ
NeOChl(ocrgieEr;ic acid <LoQ <LoQ <LoQ <LoQ 1.49 +0.05 0.15+0.01
CQA B (CQAE) <LoQ <LoQ <LoQ <LoQ 1.74 +0.08 <LoQ
45‘0“{;2?;22::‘;(: acid <LoQ <LoQ <LoQ <LoQ 17.46 £ 0.18 0.78 £ 0.05
Flavanols and procyanidins
Catechin > 650.00 > 650.00 > 650.00 39.60+1.83 Sslgsfét 0.76+0.18
Epicatechin 605.05 £5.71 640.70 £9.02 Zlf'ssg * <LoQ 30.75+1.38 <LoQ
Epicatechin gallate 311.32+4.19 132.63+1.62 4443 +1.75 <LoQ <LoQ <LoQ
Epigallocatechin gallate 2.70+0.21 1.59+0.18 1.07 £ 0.04 <LoQ <10Q <Lo0Q
Gallo-catechin A (EGCGE) 1.96 £0.29 2.17+0.41 1.07 £0.17 15.05+0.93 3.17 £0.08 <LoQ
Gallo-catechin B (EGCGE) 2.15+0.05 2.29+£0.02 1.64 £0.06 11.84+0.41 11.98+0.24 <LoQ
Procyanidin Al 0.81+0.23 <LoQ <LoQ <LoQ 2.12 £0.06 <LoQ
Procyanidin B1 51158+2.81  363.13:6.93 18;'5156 * 3.3840.30 10;_?: * <10Q
Procyanidin B2 101.05 £ 5.08 92.80+0.16 22.73+1.74 0.29+0.04 3.02+0.16 <LoQ
Procyanidin B3 58.39+1.27 105.20 +3.40 70:.'68;1 * 17.59 +0.67 10i':: * 0.11+0.00
PBD 1 (PB1E) 14.41+0.81 26.16 +1.14 7.52+0.82 10.09 £ 0.15 37.33+0.80 <LoQ
PBD 2 (PB1E) 47.78 £1.76 34.90+2.71 20.85+0.27 <LoQ 21.07£0.38 <LoQ
Procyanidin C1 74.14 £2.94 90.73+2.13 19.23 +0.53 0.89+0.28 10.51+4.37 0.47 £ 0.06
Flavonols
Kaempferol 0.61+0.14 0.16 £ 0.02 0.19+0.02 0.16 +0.03 0.27 £0.02 1.16 + 0.09
Quercetin 1.97 £0.47 <LoQ <LoQ <LoQ <LoQ <LoQ
Taxifolin 0.56 +0.01 0.30+0.03 <LoQ 0.12+£0.02 0.19+0.02 <LoQ
Naringenin 0.38+0.03 0.10+0.01 <LoQ <LoQ 0.06 £ 0.01 0.34+0.02
Flavonol glycosides
Q-TG (RE) <LoQ <LoQ <LoQ <LoQ 10.99+0.13 <LoQ
Q-NEO (RE) <LoQ <LoQ <LoQ 4.29+0.10 51.19+2.79 0.36+0.04
Q-RUT <LoQ <LoQ <LoQ 0.85+0.28 64.88+1.10 <LoQ
Q-GLUC (RE) 1.68+0.17 1.45+0.17 0.64 +£0.08 1.19+0.14 24;)'1892 * 43.19+2.31
Q-MG (RE) <LoQ <LoQ <LoQ <LoQ 30.76 £ 1.16 0.37+0.04
Q-SOP (RE) <LoQ <LoQ <LoQ 1.13+0.09 16.00 + 0.16 0.20+0.02
K-RUT (RE) <LoQ <LoQ <LoQ 2.26£0.22 47.97 £0.48 <LoQ
K-GLUC (RE) 0.62+0.24 0.36+0.03 0.56 +0.45 0.62+0.13 1lf§f * 2.80+0.11
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Q-MG B (RE) <LoQ <LoQ <LoQ <LoQ 3.59+0.25 <LoQ

Prenylflavonoids and resins

2482.70 +
- - - - +
Xanthohumol 7.09 £0.15 124.41
Isoxanthohumol - - - - 4.08+0.13 29.47 £0.92

Desmethylxanthohumol . ) ) ) 1.0940.03 55544445

(XNE)
6-PN - - - - 0.10 +0.00 2.60 £ 0.09
604.09 +
Cohumulone - - - - 68.65 + 0.00 12.38
1127.64
- - - - +
Ad/Humulone 46.04 +0.00 12.42
Colupulone - - - - <LoQ 68.28 + 6.20
Ad/Lupulone - - - - <L0Q 61.60 +5.38
Totals
. . . 118.13 +
Phenolic/chlorogenic acids 88.75+15 102.25+2.24 220 9.09 £0.92 33.49+0.91 2.45+0.21
. >2331.34 + >2092.30 >1812.41+ 919.92 +
+ +
Flavanols/procyanidins 25.01 9731 10.87 98.73+3.27 3244 1.34+£0.24
Flavonols 3.52+0.65 0.56 +0.06 0.19+0.02 0.28 £ 0.05 0.52+0.05 15+0.11
. 586.15 +
Flavonol glycosides 2304041 1.81+0.20 1.20£0.52 10.36 £ 0.96 10.87 46.92+2.52
. 2570.31+
- - - - +
Prenylflavonoids 12.36+0.31 129,87
Bitter resins i i i i 114.69 + 1861.61 +
0.00 36.38
Total >2425.91 + >2196.92 + >1931.93 + 118.46 1667.13 4490.01 +
27.57 29.81 22.61 5.20 44.58 169.89

Table 5.4: Phenolic and resin compound concentrations in hop and comparison materials
expressed as mg/10 g.

Data represent the mean + standard deviation of triplicate analytical measurements (n=3).
EGCGE: epigallocatechin gallate equivalent, RE: rutin equivalent, CQAE: chlorogenic acid equivalent, 3,4-DCQAE:
3,4-Dicaffeoylquinic acid equivalent, PB1E; procyanidin B1 equivalent, XNE: xanthohumol equivalent.

ProAntho was predominantly made up of non-galloylated catechins, B-type procyanidins and
flavonol 3-O-glycosides, with hydroxycinnamic and chlorogenic acids present at lower
concentrations (Figure 5.10, Table 5.4). This is in agreement with Luzak et al. (2016) who
found that these groups are the most abundant hydrophilic phenolics in purified extracts
from hop CO,R. ProXantho was made up of prenylflavonoids and bitter resins with
xanthohumol the most abundant compound. Phenolic composition of hop fractions generally
reflected that of the CO,R-HERK crude extract detailed in Chapter 4, but with compounds
separated based on hydrophobicity with the precipitation of prenylflavonoids and bitter

resins during ethanol removal.

138



LC-MS total lon Chromatograms (TICs) of ProAntho and ProXantho are shown in in Figure
5.11. One of the most abundant peaks in the ProAntho extract appears at retention time (RT)
11.70, with an m/z of 357.12. This peak, previously identified as particularly abundant in the
CO,R-HERK representative extract, was tentatively suggested to be co-multifidol glucoside, a
phloroglucinol derivative commonly found at high levels in Herkules hop cones (Schmidt and
Biendl, 2023b). Although this peak was not reported on in the present study due to low match
scores from SIRIUS and CSIFingerID, its transfer to the ProAntho fraction through PAD950
adsorption provides further evidence of a phenolic structure. Due to its high abundance,
future work should adopt structural determination techniques such as nuclear magnetic

resonance to confirm this as reference standards are not currently commercially available.
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Figure 5.11: LC-MS total ion chromatograms (TIC's) of ProAntho (blue) and ProXantho
(yellow) extracts presented in overlay mode.

In the HCA (Figure 5.10), Grape OPC, Vitisol and Pineol were most similar to one another in
phenolic composition, with the highest levels of B-type procyanidins and catechins among all
the materials analysed. The catechin abundance for Grape OPC, Vitisol and Pineol exceeded
the highest concentration of the standard curve, which was 600 mg/10 g for these extracts.
ProAntho contained lower concentrations of B-type procyanidin dimer and trimers compared
to Grape OPC, Pineol and Vitisol, but a higher PAC as determined by the acid butanol assay
(Figures 5.8 and 5.9). This indicates that hop proanthocyanidins have a higher degree of

polymerisation compared to those in grape and bark extracts, which cannot be detected with
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the employed LC-MS method (m/z range 50-1700 kDa). CyanthOx 50 had particularly low
concentrations for all compounds other than gallo-catechin A and B (MS2), which is
unexpected given its previous identification as a source of catechins and B-type procyanidins
(zhu et al., 2021) and PAC of 188.33 mg PB3E/g (Figure 5.9). This discrepancy may be due to
CyanthOx 50 containing different procyanidins not analysed in this study. Comparison
extracts were not included in structural annotation analysis outlined in 2.2.6.2 which

represents a limitation of this study.

To evaluate relative transfer rates between phenolics and resins from the crude E50 extract
(detailed in Chapter 4) to the purified hop fractions, ratios were calculated using the formula:
Purified fraction IS normalised abundance / Crude extract IS normalised abundance. These
ratios are presented in Figure 5.12 as a heat map, with variables ordered according to AHC

analysis. Variables with IS normalised abundance < 0.1 were omitted from the analysis.
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Figure 5.12: Relative transfer rates between phenolics and resins from crude E50 extract to
purified hop fractions. Ratios calculated using formula: Purified IS normalised abundance /
Crude E50 extract IS normalised abundance.

REF: Compounds identified with reference standards, MS2: Compounds identified with mass
fragmentation patterns.
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B type procyanidins, catechins and flavonol 3-O-glycosides exhibited the highest transfer
rates from the crude E50 extract to ProAntho, whilst malonylated quercetin 3-O-glycosides
had the lowest transfer rates among all glycosides. This could be related to the malonyl group
adding additional polarity to the compounds making them more hydrophilic and reducing
their interaction with the hydrophobic PAD950 resin, thereby leading to lower retention and
transfer rates. All chlorogenic acids, apart from 4,5-dicaffeoylquinic acid, exhibited poor
transfer rates to both fractions. Macroporous resins have been shown to vary in their affinity
for chlorogenic acids depending on their chemical nature and polarity (Jiang et al., 2020). This
suggests that PAD950 resin is not suitable for phenolic purification for materials where
chlorogenic acids and malonyl glycosides are present at high levels, such as S. Passion and S.
Aroma hop leaves, as highlighted in Chapter 4. Further research on purifying chlorogenic
acids from hop co-products should evaluate different resins as well as adsorption and

desorption conditions to optimise their transfer to the purified phenolic fraction.

5.4.5-Antioxidant Activity of hop fractions and commercial extracts

ProAntho, Proxantho and selected comparison extracts and phenolic standards were
analysed for antioxidant activity using the DPPH, FRAP and ORAC assays. Representative
standards were included from the dominant phenolic sub-groups in the extracts including
prenylflavonols (xanthohumol), procyanidins (procyanidin B3), quercetin glycosides
(quercetin 3-O-glucoside) and kaempferol glycosides (kaempferol 3-O-glucoside). Antioxidant

activity was expressed as Trolox equivalents (mg TE/g), and data are presented in Figure 5.13.
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Figure 5.13: DPPH, FRAP and ORAC antioxidant activity of hop fractions, commercial phenolic
extracts and standard compounds. Antioxidant activity expressed as Trolox equivalents (mg
TE/g).

Data represent the mean + standard deviation of triplicate analytical measurements (n=3).

ProAntho exhibited higher antioxidant activity across all assays compared to ProXantho. In
comparison to CO,R-HERK antioxidant activity (detailed in Chapter 4), ProAntho exhibited
fold increases in DPPH, FRAP and ORAC activities of 22.3, 19.1 and 11.1 respectively, whereas
ProXantho fold increases were lower, at 4.2, 7.0 and 5.22 respectively. Of all extracts analysed,
ProXantho had the lowest FRAP and DPPH activity relative to ORAC activity. This is likely
related to the high content of prenylflavonoids in particular xanthohumol, which exhibits
negligible ET based antioxidant activity (Santos and Silva, 2020), as shown by analysis of the
pure compound (Figure 5.13). ProAntho antioxidant activities were generally comparable to

those of Green Tea 38 and Cyanth Ox 50, but lower relative to Vitisol, Pineol and Grape OPC.
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The lower antioxidant activity of ProAntho compared to the Berkhem grape and bark
proanthocyanidin extracts may be attributed to differences in phenolic selectivity during the
purification process, and/or differences in phenolic composition. Selectivity differences could
influence phenolic purity whilst differences in phenolic composition may affect antioxidant
properties, which are known to vary depending on phenolic structure (Vuolo et al., 2019), as
highlighted by the pure compound data in Figure 5.13. ProAntho was predominantly made
up of high molecular weight B-type proanthocyanidins as well as quercetin and kaempferol
3-0O-glycosides whilst Berkehem extracts were made up of catechins and oligomeric
proanthocyanidins. There are differing reports on the impact of degree of polymerisation on
the antioxidant properties of proanthocyanidins, however generally oligomeric PACs in
particular dimers and trimers have been shown to be more effective antioxidants compared
to polymeric PACs (Plumb et al., 1998, Arimboor and Arumughan, 2012, Navarro et al., 2017).
Zhu et al. (2019) found that polymeric PAC’s from L. gmelinii bark had around 50% lower DPPH
radical scavenging activity compared to oligomeric PAC’s and that depolymerisation by
catalytic hydrogenolysis was effective for improving the antioxidant activity of polymeric

PAC’s.

Similarly, flavonol 3-O-glycosides have been shown to have lower antioxidant activities
compared to B-type procyanidins and their respective aglycones, depending on the flavonol
and position of glycosylation (Vuolo et al., 2019). This can be observed in Figure 5.13 where
qguercetin and kaempferol 3-O-glycoside, the most abundant flavonol glycosides in ProAntho
exhibited lower activity than procyanidin B3 for all antioxidant assays. It was discussed in
5.4.4 that co-multifidol glucoside may be a major phenolic component of ProAntho. Spreng
and Hofmann (2018) identified co-multifidol glucoside as a major antioxidant in beer via an
activity guided approach. However, ORAC analysis of the standard by Spreng and Hofmann
(2018) revealed lower antioxidant activity on a molar basis (TE-2.16) compared to flavonol

glycosides such as quercetin-3-O-glucoside (TE-3.94).
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Aside from differences in phenolic composition, selectivity of the purification techniques
could also play a role in antioxidant properties of the resulting extracts. Cifuentes-Cabezas et
al. (2022) evaluated PAD950 resin for phenolic purification and found higher levels of
adsorbed sugars (19.28%) compared to other resins such as MN200 and MN202. This
indicates that PAD950 may be less suited to phenolic purification due to lower specificity, with
sugars from the crude aqueous hop extract competing for resin sites, thereby resulting in a
lower antioxidant activity in the extract. This aligns with the lower TPC of ProAntho compared

to Berkhem extracts (Figures 5.8 and 5.9).

The total phenolic and bitter resin content of ProXantho was 44.84% (Table 5.4) however it is
unclear what makes up the remaining 55.16%. Grudniewska and Pastyrczyk (2023)
investigated the isolation of xanthohumol via precipitation from deep eutectic solvent
extracts from CO;R-Magnum and found along with xanthohumol, precipitates had a high
protein content (40-84%). This suggests that the remaining 55.16% of ProXantho may also be
made up of protein thereby reducing phenolic purity and antioxidant activity. The purification
technique used to produce the Berkhem extracts is not stated, however the lower antioxidant
activity of hop fractions compared to these extracts seems in part related to the presence of
impurities due to the lower selectivity of PAD950 and precipitation compared to other SPE

resins for phenolics.
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Chapter 6-Valorisation of hop leaves for their bioactive
compounds: Identification and quantification of phenolics
across different varieties, crop years and stages of development.

6.1-Introduction

Chapter 5 focused primarily on phenolics from CO; extract residue cv. Herkules (CO,R-HERK)
due to its high prenylflavonoid content and high material availability to industry, as Herkules
is currently the variety of choice for CO, extraction. However, in Chapter 4 it was highlighted
that hop leaf extracts exhibited comparable phenolic contents and antioxidant activities to
hop processing residues and were a richer source of flavonol 3-O-glycosides and chlorogenic
acids. Whilst hop cones have been well characterised for their phenolic content (Schmidt and
Biendl, 2023b), hop leaves have received less attention. The current literature on the phenolic
content and antioxidant activity of leaf extracts is discussed in section 1.4 which highlights
that quantitative data on the most abundant phenolics in hop leaves is currently limited. This
is important in determining appropriate extraction and purification processes as well as

informing what the highest value application should be.

In Chapter 4, flavonol glycosides in South African hop leaf extracts were semi-quantified using
rutin equivalents, however authentic compound standards are required for accurate
guantitative analysis. Additionally, only two South African leaf varieties were evaluated,
sourced from a region with significantly lower acreage (408 ha, 2023 crop) compared to major
hop growing regions such as Washington, USA (15,723 ha, 2023 crop) (Barth-Haas-Group,
2023). In this study the objective was to assess the phenolic composition of hop leaves for
three commercially significant hop varieties grown in the Yakima valley of Washington over
two harvest years at different stages of development post-flowering. The overall aims were
to evaluate the feasibility of hop leaf valorization for phenolic content and to gain new

insights into their biochemistry.
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6.2-Materials
6.2.1-Chemicals

Formic acid (LC-MS grade) was obtained from Fisher Scientific (Loughborough, UK). All other

chemicals and reference standards were obtained according to Chapter 2.

6.2.2-Hop materials

Hop leaf material was obtained for three varieties (Calypso-CAL, Cascade-CAS and Contessa-
CON), across three stages of development (Flower-FL, Middle-MID and Harvest-HV) for two
crop years (2021 and 2022). Young (Y) and old (O) leaves for Calypso were collected based on
size for both crop years. Respective cones (CONE) were collected for all varieties for crop year
2021. Hop leaf and cone samples were collected from a single commercial irrigated hop field
on ‘Roza Ranch’ located at latitude: 46.29164, longitude: -119.78733 within the Washington
Yakima Valley. All varieties were rootstock planted in 2020 and cultivated using organic
practices as specified by the Washington State Department of Agriculture (WSDA) organic

program accredited by the United States Department of Agriculture (USDA).

Leaf collection

Each leaf sample consisted of 10 kg of wet leaves collected by hand within the field by
removing leaves from petioles. Any leaves with significant visual damage from biotic or
abiotic stress were excluded from sampling. Leaves from stages FL, MID, HV and O were
collected from side arms branching from nodes 1.2 to 1.5 m above the ground. Stage O leaf
samples were comprised of recalcitrant leaves at least two weeks past full expansion
collected from petiole positions closer to the main bine on side arms. Stage Y leaf samples
were collected by stripping all leaves from fresh shoots newly emerged from the crown and
cut off at ground level. Stage FL, MID and HV leaves were comprised of older, recalcitrant
leaves and new, fully expanded leaves. A visualisation of the different developmental stages

of hop leaves sourced for this study is presented in Figure 6.1. Mesh nylon bags were used to
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collect leaves within the field. All leaf samples were collected post chemical pruning. Stage FL
leaf samples were collected at time of bloom emergence for each variety which varied
depending on biotic and abiotic factors. Stage Y and O leaf samples were collected whilst
bloom was still present. Stage MID leaf collection corresponded to late bloom and early cone
development. Stage HV collection was performed two days prior to harvest of cones. Dates

of sample collection for leaves and cones are provided in Appendix 6, Figure 1.

Flower (FL) Middle (MID) Harvest (HV) Young (Y) Old (0)

Figure 6.1: Overview of the developmental stages of hop leaves analysed in this study.

Initial wet leaf dry matter ranged from 30-40%. The nylon bags were placed inside an electric
mini hop kiln and dried at 63 °C to a target dry matter of range of 85-92.5%. Total kilning time
ranged from 210-300 min. Post kilning all samples were transferred to laminate foil bags
which were then flushed with nitrogen and sealed. After packaging samples were stored at 5

°C until shipment for analysis.

Climate data
Temperature and UV radiation data for 2021 and 2022 were obtained from Washington State

University (WSU) AgWeatherNet weather station located at Lat: 46.2950332 Long: -
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119.7298231. This is 5 km east of the hop farm located in the same southeast end of the
Yakima valley and should provide climate data representative of the hop farm conditions.
Average 7-day temperature and solar radiation data from the WSU weather station is

presented and described in Appendix 6, Figure 1.

6.3-Methods
6.3.1-Extraction of phenolics from hop materials

Hop materials were extracted using 50% aqueous ethanol (v/v) (E50) using methodology

outlined in 2.2.1. Extractions were performed in triplicate per material.

6.3.2-Determination of phenolic content using spectrophotometric assays

Total phenolic content (TPC) and proanthocyanidin content (PAC) of extracts was determined
using methodology outlined in 2.3. For TPC analysis hop extracts were diluted E50 analyzed
at 10mg/ml in triplicate and expressed as caffeic acid equivalents (CAE). For proanthocyanidin
content extracts were analyzed at 100 mg/ml in triplicate and expressed as procyanidin B3

equivalents (PB3E).

6.3.3- Analysis of xanthohumol and bitter acids (HPLC-UV-DAD)
HPLC-DAD was used for the quantitation of xanthohumol, a and B-acids in cones and a and
B-acids in leaves using methodology outlined in 2.4. Extracts were analysed at 100 mg/ml in

triplicate in a randomised order and expressed as w/w DM.

6.3.4-Screening and quantitative analysis of phenolics (LC-ESI-gTOF-MS/MS)

Phenolic screening and quantitative analysis were performed using LC-ESI-gTOF-MS/MS
following methodology outlined in 2.4. Internal standard (IS) solution was made up of all 18
candidate compounds (outlined in Table 2.3) at 25 pug/ml 1% (v/v) formic acid E50. Hop
extracts were syringe filtered at 0.22 pum, diluted with E50 and analysed at 9.09 mg/ml with

IS candidates at a final concentration of 2.5 pg/ml. External standards were dissolved in E50,
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diluted across 4 orders of magnitude to 16 concentrations (concentrations ranges provided
in Appendix 6, Table 1) and analysed in quadruplicate. Hop extracts were analysed in
duplicate per extraction (six replicates per condition) and injected (1 pl) in a randomised
order. AQC sample comprising equal parts of each extract was analysed after every 12 sample

injections to check system performance.

Fine quantitation for selected polyphenols was performed using standard curves outlined in
Appendix 6, Table 1 and results were expressed as w/w DM. For sample solutions where
kaempferol 3-O-rutinoside and quercetin 3-O-glucoside concentrations were between 24 and
104 pg/ml, a quadratic polynomial calibration was fitted as shown in Appendix 6, Figure 2.
For quantitation, peak areas for each compound were normalised to an optimum internal
standard, which was chosen based on structural similarity to target compound and the ability
to reduce standard deviation of target compounds in both QC injections and each standard
curve. Relative quantitation for phenolic screening was performed by normalising peak areas

to hesperidin and DM thereafter.

6.4-Results and Discussion

6.4.1-Moisture content of leaf materials

The moisture contents of hop leaves varied considerably for the 2021 crop year samples
(5.76-23.06%) but was more stable for 2022 (7.99-10.96%). Drying is an essential pre-
treatment for phenolic extraction, as it facilitates cell wall breakage and the formation of
cavities, thereby enabling cellular components to be extracted (Drosou et al., 2015). To assess
the impact of moisture content on the phenolic content of hop leaves, correlation analysis
was performed between TPC and moisture content for all leaf samples which is presented in

Figure 6.2.
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Figure 6.2: Pearson’s correlation analysis between Total Phenol Content (TPC) and moisture
content of hop leaf samples for both crop years.

TPC data represents the mean of triplicate extractions (n=3).

CAE: Caffeic acid equivalents.

A statistically significant inverse correlation was observed between the moisture content and
TPC of hop leaves (P <0.0001). This relationship was most pronounced when the moisture
content exceeded 15% (Figure 6.2). Therefore, samples with moisture levels above 15% were
removed from further analysis to limit the confounding effects of moisture on the factors
under evaluation in this study. Macchioni et al. (2021) highlighted that extracts of oven-dried
hop leaves (such as those evaluated in this study) had lower antioxidant activity compared to
their respective freeze-dried leaf extracts, indicating that phenolics are degraded during oven
drying. Freeze drying generally results in lower variability in the moisture content of leaves
compared to oven drying where differences in heat distribution can lead to uneven moisture
removal (Abascal et al., 2005). This indicates freeze-dried hop leaves could be more suited for
evaluating the impact of variety, stage of development, crop year and environmental factors
on hop leaf phenolic composition. However, freeze-drying is generally not considered

economically viable for agri-food residues for development of commercial phenolic extracts
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(Berenguer et al., 2022), therefore oven-drying was selected in this study. The commercial

viability of drying hop leaves for phenolic extraction is discussed further in 6.4.6.

6.4.2-Total phenolic and proanthocyanidin contents of hop leaves and cones

Figure 6.3 presents the TPC and PAC of hop leaf and cone extracts. The TPC and PAC of all leaf
samples were substantially lower than those of their respective cones. This is in agreement
with most prior research comparing hop leaves and cones; for example, it has been reported
that leaves had a lower PAC and a 3-30 fold lower TPC (Abram et al., 2015). TPC analysis
indicates cones had a higher phenolic concentration, however this result could also be due to
greater reduction activity of cone phenolics in the assay (Platzer et al., 2021). Interestingly, all
Yakima grown leaf samples analysed in this study had significantly lower TPC compared to
the South African leaf extracts evaluated in Chapter 4. It is not clear if this is attributable to
variety, cultivation location or other factors however it highlights the variability of the

phenolic content of hop leaves.

Accumulation patterns over stage of leaf development were very similar for TPC and PAC
across all samples. However, accumulation patterns differed depending on variety and were
not consistent between crop years. TPC and PAC were more variable between stage of leaf
development in 2021, whereas levels were more consistent across different growth stages for
all varieties in 2022. In the one direct comparison made between young and old leaves
sampled on the same day (Calypso 2022), young leaves contained significantly higher
amounts of TPC and PAC than old leaves (P<0.05). Previous studies have shown significant
differences in the phenolic content of leaves over maturation, and young leaves have been
found to be a richer source compared to old leaves in other plants such as green tea, possibly

due to higher metabolic activity (Lin et al., 1996).
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Figure 6.3: Total Phenolic Content (TPC) and Proanthocyanidin Content (PAC) of hop leaf and
cone extracts.

Data represent the mean * standard deviation of triplicate extractions (n=3). Letters represent ANOVA post-hoc
groupings (P < 0.05).

CAL-Calypso. CAS-Cascade. CON-Contessa. FL-Flower stage, MID-Middle stage, HV-Harvest stage. 21-2021 crop
year. 22-2022 crop year. CONE-Hop cones. CAE: caffeic acid equivalents. PB3E: procyanidin B3 equivalents.
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6.4.3-Qualitative and quantitative analysis of phenolics

Structural annotation using MS/MS in silico fragmentation was carried out on the QC extract
as outlined in 2.2.6.2.1.2. Analysis identified additional kaempferol and quercetin 3-O-
glycosides and chlorogenic acids to those identified in the other three representative extracts,
with all features reported on in this study. The MS/MS fragmentation, SIRIUS and CSI scores
of these features are presented in Table 2.4. General structures for the different phenolic
classes are presented in Figure 2.3 and 2.4. The structures of the most abundant flavonol

glycosides identified in this study are presented in Figure 6.4.

OH

OH O
Compound R: Rz
Kaempferol 3-O-rutinoside H rutinose
Kaempferol 3-O-(6""-O-malonylglucoside) H 6’’-0O-malonylglucose
Kaempferol 3-O-glucoside H glucose
Kaempferol 3-O-galactoside H galactose
Clitorin H rhamnose-rutinose
Quercetin 3-O-rutinoside OH rutinose
Quercetin 3-0-(6"-O-malonylglucoside) OH 6”’-0O-malonylglucose
Quercetin 3-O-glucoside OH glucose
Manghaslin OH rhamnose-rutinose

Figure 6.4: Structures of the most abundant flavonol glycosides identified in the hop leaf
extracts (Karabin et al., 2015).

Figure 6.5 presents relative quantitation for all phenolics identified as a normalised heat map
with samples and phenolic variables ordered according to AHC analysis. The key phenolics
were quantified to assess valorisation potential of hop leaves and to compare with published
literature on other agri-food co-products being assessed for phenolic content. Standards for

guantitation were chosen based on preliminary analysis of the most abundant phenolics in
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the QC sample, literature sources (da Silva et al., 2021, Morcol et al., 2021) and commercial
availability. Abundance of kaempferol 3-O-(6"-O-malonylglucoside) (K-MG), clitorin,
desmethylxanthohumol and coumaroylquinic acid A (COQA A) identified with MS2 was very
high in the QC sample, however standards were not available at the time of analysis for
guantitation. Quantitative data are presented in Tables 6.1-6.4 for flavonols and their
glycosides, chlorogenic and phenolic acids, flavanols and procyanidins as well as
prenylflavonols and bitter resins respectively. To our knowledge this is the first time the
dominant phenolics have been quantified in hop leaves. Although hop cone phenolic profiles
have been well characterised, in this study they serve as a useful reference material for leaf

assessment.

The most significant difference in phenolic profile of materials analysed was between hop
leaves and cones as shown by the cluster analysis in Figure 6.5. Cone phenolic abundance
generally followed the order: prenylflavonoids > flavanols and procyanidins > flavonol
glycosides > chlorogenic acids > phenolic acids, whilst leaves followed the order: flavonol

glycosides, chlorogenic acids > flavanols and procyanidins > prenylflavonoids > phenolic acids.
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Kaempferol 3-O-neohesperidoside (MS2)
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Figure 6.5: Normalised heat map of phenolic variables for hop leaves and cones with samples
and variables ordered according to AHC analysis (Euclidean distance).

CAL-Calypso. CAS-Cascade. CON-Contessa. FL-Flower stage, MID-Middle stage, HV-Harvest stage. 21-2021 crop

year. 22-2022 crop year. CONE-Hop cone.
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Flavonol glycosides

The dominant flavonol glycosides in hop leaves and cones were mono, di and tri glycosylated
forms of quercetin and kaempferol. These were all 3-O-glycosides which are generally more
common than 7', 3’ and 4’ glycosides in hops (Dusek et al., 2021) and other plant species
(Belitz et al., 2008). Flavonol glycosides were quantitatively the main phenolic components
of hop leaf samples for all stages of development, crop years and varieties and were found at
substantially higher levels (184.8-843.4 mg/100 g DM) than in the respective cones (107.9-
170.3 mg DM/100 g DM). They were also generally found at higher levels compared to the
South African leaf extracts evaluated in Chapter 4, which semi-quantified flavonol glycosides
as rutin equivalents. This was in contrast to the lower TPC of leaf extracts from Yakima

compared to those from South Africa.

Generally, Calypso and Cascade leaves contained greater amounts of quantified glycosides
than Contessa leaves (Table 6.1, Figure 6.5). In contrast, the aglycones quercetin and
kaempferol were present at higher concentrations in hop cones compared to leaves.
However, concentrations were still significantly lower than for their respective glycosides
(Table 6.1). Flavonol glycosides are generally found in higher levels than their respective
aglycones in plant materials including hop cones and shoots, however there is limited
literature on their prevalence in hop leaf material (Maietti et al., 2017). Structurally diverse
glycosylated and malonylated flavonols are prevalent in the leaves of many different plant
species (Sugiyama et al., 2013).

It is apparent from Figure 6.5 that variety had a strong impact on the accumulation of flavonol
glycosides. For example, Calypso leaves had the highest levels of all quercetin glycosides, K-
GALAC and K-NEO but lower levels of kaempferol di- and tri- glycosides. Young Calypso leaves
from both crop years generally contained the highest levels of glycosides. Contessa and

Cascade glycoside profiles were more similar to one another. In Cascade leaves kaempferol
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di- and tri- glycosides predominated. K-RUT was the main polyphenol in Cascade leaves with

concentrations ranging from 247.7-744.2 mg/100 g DM. Contessa leaf flavonol glycosides

profile was characterised by higher levels of K-MG, K-GLUC and K-3,7-DIGLUC, with lower

levels of K-RUT, clitorin and K-3-R-7,4-DIGALAC (Table 6.1, Figure 6.5).

Table 6.1: Flavonol and flavonol glycosides contents in hop leaves (LF) and cones (CONE)
(mg/100 g DM).

Q Q-GLUC Q-M GLUC Q-RUT K K-GLUC K-GALAC K-RUT
LF-CAL-Y-21 157£005¢  112.60%2.13¢ 228'45: 127 14°‘°6b* 213 032:003c  2021£029g  833:026cd 50.03+1.45]
LF-CAL-Y-22 124049 cd 151‘29; 359 2322721304 169‘8? 370 034:003c  26.05:064ef 10‘553 . 062 56.241.60]
137.64 £ 2.90 )
LF-CAL-0-22  0.97+0.08 de b 17428+3.63b  12488+376c  027:002cd  3098+125d  9.63%048ac  54.18+170j
LF-CAL-FL-21 022:006fg  76.69:082e  147.94%2.17c 100‘26; 15 o32s003c 18‘76; 047 7.19£0.90d 49.13+0.64]
10.50+0.48 :
LF-CAL-HV-21  022£0.06fg  99.98+147d  110.93+302f  8732%#217f  0.18+0.03def  26.81+0.48ef h 40.74£0.70 jk
LF-CAL-FL-22 040+002fg  7299:089e  13686:696d  7258+157g  019:00lde  17.07+015hi  513:043e  40.71:0.80jk
LF-CAL-MID-22  0.69+0.02 ef 108‘87; 27 1385? T 29 oa615236e  020001de  2640:064ef  9.01:103bd  4328+0.68 ]k
LF-CAL-HV-22  0.63:0.04eg 135‘2? 59 12437:3.10e 95‘422 320 o17:002def  3251£130d  1147:091a  4270% 175k
CONE-CAL-21 894+061a  44.83:168f 3260£073]  1439:059m  092%0.05a 7.54+033k 343:032f 5100161
LF-CAS-FL-21  0.17:0.00fg 472011k 1612+076k  53.24+034h <10Qh 25.04£0.35 f <loQg 744‘24: 1718
LF-CAS-HV-21  0.19+005fg  49.02+¢144f  5661+126h  69.05+2.05g <10Qh 2015£0.74g  496%033e  336.81+7.06d
LF-CAS-FL-22 013+0.03¢g 0.48+0.01k 333017 1423+021m  007:00lgh  5.36+0.091 <loQg 247.65+394e
; 18.54+0.24
LF-CAS-MID-22  0.09+0.03g 234010k 642:0.46k 2679039k <10Qh o <loQg 437.76 +8.14 b
LF-CAS-HV-22  0.14:004fg 191007k 53740071 21674014k 0.08:0.01fh  1634+021i <loQg 364.13£3.92¢
CONE-CAS-21  245:0.10b  28.27:017g 34424085 28.07£0.68]  0.85£0.02ab 1714+ 0.65 hi <loQg 4732+ 157 jk
LF-CON-FL-21  021%0.04fg  19.50£0.68hi  70.02+104g  3467+0.50i  0.15+002eg  5L56+1.44a <loQg 22862502
LF-CON-MID- 5420,

o 009:005g  13.170.10] 27.3540.83] 18 5‘}; 019 <10Qh 49.23:0.78b <loQg 150.15£2.36 h
LF-CON-FL-22  015%0.04fg 481011k 3385£092)  15.80£0.39m <10Qh 13.64+035] <loQg 116.71+3.94i
"F"COZNZ'M'D" 024:004fg 13643045  4626+0741  2698+125jk <10Qh 42.10£0.79 ¢ <loQg 191.865.17¢
LF-CON-HV-22  0.15:0.03fg  2065+0.22h  5452:039hi  28.62:047j  010%00leh  48.82+030b <loQg 186.68+2.20¢

' 18.91+0.49
CONE-CON-21  117+004ce  4381%107h  48.12:123hi i 081:012b  27.32:035e <loQg 32.13+0.44k

Data represent the mean + standard deviation of triplicate extractions (n=3). Letters represent ANOVA post-hoc
groupings (P < 0.05).

CAL-Calypso. CAS-Cascade. CON-Contessa. FL-Flower stage, MID-Middle stage, HV-Harvest stage. 21-2021 crop
year. 22-2022 crop year.

Chlorgenic and phenolic acids

Chlorogenic acids were also generally more prevalent in hop leaves than cones and were

present in significantly greater quantities than phenolic acids for all materials evaluated
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(Table 6.2, Figure 6.5). Total chlorogenic acids quantified ranged from 11.8-135.7 mg/100 g
DM in leaves and 26.8-55.2 mg/100 g DM in cones whilst phenolic acids for those quantified
ranged from 0.95-3.35 mg/100 g DM in leaves and 2.63-2.80 mg/100 g DM in cones (Table
6.2). Chlorogenic acids have previously been identified in hop leaves by Morcol et al. (2021)
and in South African hop leaves in Chapter 4. However, this is the first time they have been
qguantified and confirmed to be major phenolic components second only to the flavonol

glycosides.

Table 6.2: Chlorogenic and phenolic acids contents in hop leaves (LF) and cones (CONE)
(mg/100 g DM).

Protocatechuic Coumaric L Chlorogenic Neochlorogenic 5-0-Feruloylquinic 4,5-Dicaffeoylquinic
. . Ferulic acid . . . .
acid acid acid acid acid acid
LF-CAL-Y-21 0.49 +0.05 f 1.99+0.03a 0.87+0.04a 11.48 +0.56 gh 46.34+1.39¢ 9.14+050¢g 1.52+0.04 hi
LF-CAL-Y-22 0.48+0.01f 1.62+0.09b 0.80+0.01 ab 13.43+0.51 ef 52.12+1.45b 11.51+0.04f 1.75+0.06 f-h
0.71+0.04 b-
LF-CAL-0-22 0.40 £ 0.03 f-h 0.53+0.05 fg e 16.58+0.80 b 35.74+1.15d 10.67 +0.40 f 2.33+0.05c-e
0.66 +0.06 c- o n
LF-CAL-FL-21 0.24+0.02h 0.85+0.02e e 9.48£0.181j 27.28 +1.45 ef 8.50+0.13¢g 1.47 £0.03 hi
0.59+£0.03 e- .
LF-CAL-HV-21 0.27 £ 0.04 gh 047+0.03¢g e 14.28 + 0.42 de 17.64+0.68] 7.33+0.16h 2.06+0.18 e-g
0.66 £0.01 c- n
LF-CAL-FL-22 0.65+0.02e 0.54+0.03 f e 12.11+0.40fg 30.07+0.74 e 14.90+0.77d 1.39+0.04 hi
LF-CAZLZ-MID- 0.37 £0.04 f-h 0.30£0.00i 0.49 +0.01 gh 10.59 +0.27 hi 23.87+0.51g-i 8.55+0.24¢g 2.04£0.02e-g
LF-CAL-HV-22 0.31+0.03 gh 0.34 +0.05 hi 0.47 +0.08 gh 10.53 +0.25 hi 21.50+0.35i 6.53 +0.14 hi 254+0.12c
0.78 £0.08 a- . n
CONE-CAL-21 0.42+0.04 fg 1.61+0.02b c 6.11+0.39m 13.52+0.90 k 5.61+0.10i 1.51+0.40 hi
LF-CAS-FL-21 0.31+0.07 gh 0.14 +0.02 ki 0.49 +0.03 gh 16.36 + 0.09 bc 51.74+0.70 b 15.22+0.36d 2.11+0.01d-f
LF-CAS-HV-21 0.33+0.03 f-h 0.40+0.03 h 0.39+0.03h 37.72+0.12a 71.19+243a 25.06+0.43a 1.71+0.06 gh
LF-CAS-FL-22 2.03+0.10a 0.09+0.011 0.37+0.03h 6.88 +0.08 Im 15.43 +0.24 jk 13.17+0.27 e 0.54+0.02j
LF-CAZSZ-MID' 1.19+0.07c 0.10+0.011 0.41+0.04h 7.49 % 0.36 k-m 15.59 + 0.57 jk 11.11+0.10f 1.69 +0.02 hi
LF-CAS-HV-22 1.28+0.09 ¢ 0.23+£0.02j 0.51+0.04 f-h 7.23+£0.23Im 25.94+0.59 fg 11.22+0.25f 1.45+0.05 hi
CONE-CAS-21 0.99+0.05d 0.93+0.03d 0.81+0.02 ab 15.59 £ 1.20 b-d 16.45 + 0.67 jk 842+039¢g 1.71+0.11gh
. 0.75£0.05 a-
LF-CON-FL-21 0.34+0.02 f-h 0.19+0.01 jk d 15.06 +0.82 cd 37.17+1.17d 18.30+0.10c 4.20+0.13a
LF-COle-MID- 0.72+0.03 e 0.47 £0.04 m 0.86+0.08a >10Qn 7.52+0.101 >10Qj 4.27+0.08a
LF-CON-FL-22 1.58+0.10 b 0.09+0.02 | 0.42+0.04h 7.92+0.10kl 18.06 £ 0.06 j 20.23+0.64b 1.22+0.03i
LF'COZNZ'M'D' 0.74+0.02 e 0.19 +0.04 jk 0.59 ::.03 & 8.87+0.13 jk 23.27+0.76 g-i 14.67+0.26d 3.59+0.06 b
LF-ng-HV— 0.98+0.07d 0.21+£0.01j 0.45+0.03h 8.01+0.21 kl 22.76 £0.67 hi 15.37+£0.28d 4.05+0.09a
C0N§-1CON- 0.93+0.05d 1.07+0.05c¢ 0.64 +0.03 d-f 14.61+0.36 de 25.45+0.57 f-h 12.66+0.15e 2.46+0.22 cd

Data represent the mean + standard deviation of triplicate extractions (n=3). Letters represent ANOVA post-hoc
groupings (P < 0.05).

CAL-Calypso. CAS-Cascade. CON-Contessa. FL-Flower stage, MID-Middle stage, HV-Harvest stage. 21-2021 crop
year. 22-2022 crop year.
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Neochlorogenic acid (3-CQA) was present at highest concentrations in all materials generally
followed by chlorogenic acid (5-CQA), 5-O-feruloylquinic acid and 4,5-dicaffeoylquinic acid.
Although chlorogenic acid ratios differ depending on the plant tissue and species, 5-CQA is
generally the main constituent followed by 3-CQA and 4-CQA, with dicaffeoylquinic acids
typically present at lower concentrations (Clifford, 1999).

In terms of varietal differences, Calypso leaves were generally characterised by higher levels
of coumaroylquinic acids, 2,6-dihydroxybenzoic acid and lower levels of feruloylquinic and
protocatechuic acid. Specifically, CAL-Y leaves exhibited particularly high hydroxycinnamic
acids, quinate and ascorbate (Figure 6.5). Contessa leaves were generally distinguished by a
higher ratio of dicaffeoylquinic to caffeoylquinic acids. Cascade leaves generally had lower
coumaroylquinic, caffeoylquinic and dicaffeoylquinic acids, however clustered differently
according to crop year due to significantly higher caffeoylquinic and feruloylquinic acid
abundance in 2021 compared to 2022. This trend was not observed in other varieties. Cones
were distinguished by higher 4-hydroxybenzoic acid levels and generally lower chlorogenic
acid levels (Figure 6.5).

Flavanols and procyanidins

Procyanidins and their respective flavanol monomers have been reported as major
components of hop cone polyphenols depending on variety (Li and Deinzer, 2006) and
geographical origin (OlSovska et al., 2013). Whilst B-type dimers have been identified in hop
leaves (Morcol et al., 2021), procyanidins are quantified for the first time in this study. All
cone extracts contained significantly higher amounts of all flavanols (except gallo catechin)
and procyanidins compared to all leaf extracts (Table 6.3, Figure 6.5), which is consistent with
the results for total PAC shown in Figure 6.3. Total flavanols and procyanidins ranged between
136.2-214.0 mg/100 g DM and 0.64-55.7 mg/100 g DM for cones and leaves respectively
(Table 6.3). These amounts are significantly lower than the acid-butanol test

proanthocyanidin contents reported in Figure 6.3, which suggests that like hop cones, hop
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leaves are predominantly made up of higher molecular weight proanthocyanidins. A mean
degree of polymerisation of 7.8 was found for Willamette cones (Taylor et al., 2003) whilst
residue from supercritical CO, extraction of Saaz T90 pellets contained proanthocyanidins at
molecular weights up to 100 kDa (Gadon et al., 2019a).

Table 6.3: Flavanols and procyanidins in hop leaves (LF) and cones (CONE) (mg/100 g DM).

Catechin Epicatechin Procyanidin B1 Procyanidin B2 Procyanidin B3 ~ Procyanidin C1
LF-CAL-Y-21 10.66 + 0.48 ef 0.49 £ 0.03 ef 1.00 + 0.05 e-g 0.19+0.02¢e 2.05+0.23 de <lLoQe
LF-CAL-Y-22 42.60+0.89 ¢ 2.20+0.06 ¢ 3.55+0.07d 0.48+0.07 e 6.59+0.06 ¢ <LoQe
LF-CAL-0-22 10.17 £0.38 f 0.72+0.08 e 3.26+0.15d 0.46+0.06 e 2.96 £ 0.05 de <lLoQe
LF-CAL-FL-21 7.06+0.23¢g 0.32+0.02 ef 0.31+0.06 g 0.21+0.03 <L0Qe <L0Qe
LF-CAL-HV-21 3.10+0.11i-k 0.24 £ 0.03 ef 0.71+0.10fg 0.25+0.01e <L0Qe <L0Qe
LF-CAL-FL-22 3.46 £ 0.34 h-j 0.20+0.04ef  0.95%0.06 e-g 0.21+0.04 1.10 £ 0.16 de <lLoQe
LF-CAL-MID-22 5.88+0.22 gh 0.35+0.00 ef 2.29+0.06 d-f 0.32+0.07 1.84 +0.11 de <lLoQe
LF-CAL-HV-22 4.39%0.20 hi 0.20+0.01 ef 2.47 £0.08 de 0.30+0.03 1.37+0.12 de <lLoQe
CONE-CAL-21 77.40+3.23b 7.73+0.34b 23.74+1.29b 2.31+0.15¢ 39.58+4.26 b 3.08+0.19¢
LF-CAS-FL-21 4.36 +0.19 hi 1.54+0.12d 1.43 £ 0.07 efg 0.44+0.02¢e 1.33+0.04 de <lLoQe
LF-CAS-HV-21 4.34 +0.16 hi 0.70+0.07 e 0.63+0.13fg 0.16+0.01 0.37 £ 0.06 de <lLoQe
LF-CAS-FL-22 1.24 +0.08 jk 0.16 +0.01f 0.60+0.02 fg 0.19+0.02 0.37+£0.07 de <loQe
LF-CAS-MID-22 1.02 £ 0.07 jk 0.15+0.05f 1.04+0.11e-g 0.25+0.07 0.39+0.11de <lLoQe
LF-CAS-HV-22 1.29 +0.04 jk 0.23+0.02ef 0.84+0.02e-g 0.23+0.02e 0.25+0.04 e <lLoQe
CONE-CAS-21 41.69+1.27c 19.52+0.59a 22.03+1.29b 7.00+0.36a 38.61+1.87b 7.13+0.02a
LF-CON-FL-21 15.84 £ 0.07 d 1.77 £ 0.08 cd 5.85+0.27 ¢ 1.08+0.14d 7.36+0.35¢ 0.54+0.11 de
LF-CON-MID-21 0.64 +0.04 k <LoqQf <L0Qg <L0Qe <LOQe <L0Qe
LF-CON-FL-22 5.95+0.35 gh 0.38+0.03 ef 3.640.10+d 0.63+0.06 e 3.91+0.54 cd 0.50+0.14d
LF-CON-MID-22 12.98+0.20 e 0.71+0.02e 7.28+0.42c¢ 1.06 £0.00 d 6.93+0.33 ¢ 0.71+0.14d
LF-CON-HV-22 8.30+0.18 fg 0.44 £ 0.07 ef 3.91+0.10d 0.52+0.06 e 2.30+£0.13 de <lLoQe
CONE-CON-21 103.68+1.09 a 7.55+0.29b 37.89+1.69a 3.94+0.18b 56.09+2.41a 4.87+0.08b

Data represent the mean + standard deviation of triplicate extractions (n=3). Letters represent ANOVA post-hoc
groupings (P < 0.05).

CAL-Calypso. CAS-Cascade. CON-Contessa. FL-Flower stage, MID-Middle stage, HV-Harvest stage. 21-2021 crop
year. 22-2022 crop year.

The main flavanols and proanthocyanidins for all cone and leaf extracts were catechin,
epicatechin and B-type procyanidins B1 and B3 with B2 and C1 present at lower
concentrations whilst A1/A2 were < LOD for all materials (Table 6.3). Although A-type PACs

have been detected in the leaves of some species such as Rubiaceae coffee (Cangeloni et al.,
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2022), generally B-type PACs are more abundant. Catechin was the most abundant compound
in this class for both leaves and cones. Cascade cones and leaves across stage of development
and crop year had lower catechin: epicatechin ratios (2.1-7.9) compared to Contessa (>8.9)
and Calypso (10.1-22.1). Total flavanols, in parallel with findings for chlorogenic acids, were
significantly lower for Cascade in 2022 compared to 2021; however, this trend was not

observed for other varieties.

Prenylflavanoids and a- / 8-acids

As expected prenylflavonoid and bitter acid levels were significantly higher in hop cones
(3.37-10.6 g total/100g DM) than in leaves (< 300 mg total/100g DM) (Table 6.4, Figure 6.5)
as both are predominantly synthesised in the lupulin glands of hop cones which contain
enzymes responsible for prenylation (Dostalek et al., 2017). Bitter resins and prenylflavonoids
are the most abundant secondary metabolites in hop cones (up to 300 mg/g DM) (Almaguer
et al., 2014). As for hop cones, xanthohumol was the principal prenylflavonoid in hop leaves
with iso-xanthoumol and 6-PN found in lower concentrations. In contrast to hop cones, leaf
B-acids were present in greater amounts than a-acids in all samples other than CAL-HV-21
(Table 6.4). Four types of glandular trichomes have been identified on the abaxial side of hop
leaves and tendrils which differ morphologically from cone trichomes (Giilz et al., 1993). Hop
leaf trichome density has been positively correlated to abundance of prenylflavonoids, bitter
resins and co-multifidol glucoside, the aglycone of which is a precursor of bitter acid
biosynthesis (Morcol et al., 2021). It is thus suggested that the prenylflavonoids and bitter
resins identified in this study may be present in leaf glandular trichomes whilst the more
ubiquitous sub-groups such as phenolic acids, flavonol glycosides and proanthocyanidins are
present predominantly in non-glandular epidermal layers of green leaf tissue (Winkel-Shirley,

2002).
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Table 6.4: Prenylflavonoids and bitter resin contents of hop leaves (LF) and cones (CONE)

(mg/100 g DM).

Isoxanthohumol 6-PN Xanthohumol Cohumulone Ad/Humulone Colupulone Ad/Lupulone
+ + -
LF-CAL-Y-21 0.20+0.01f 067 ; 0.03 960 _;'30 € <LoQc <LoQc 9.21+3.26 ef 31.66 + 7.48 ef
0.61+0.02
LF-CAL-Y-22 0.55+0.00b b 18.32+0.26 a <LoQc <LoQc 20.12+1.02¢ 58.41+2.73c¢
0.34+0.02
LF-CAL-0-22 0.57+0.04 ab e 12.89+0.55¢ <LoQc <LoQc 19.19+0.92 cd 4494 +0.21d
+
LF-CAL-FL-21 0.25+0.02 ef O.SOe_f0.0l 6.16+0.11i <LoQc <LoQc 4.42+1.48fg 1591+3.90g
0.41+0.02 .
LF-CAL-HV-21 0.30+0.01de d 6.70+0.16 hi 11.91+2.21b 27.48+4.19b 13.44 £ 2.06 de 23.80+2.94fg
+ + -
LF-CAL-FL-22 0.25+0.01 ef 0.26f_g0.02 11.80+0.18d <LoQc <LoQc 15.32 _21'33 ¢ 34.86+2.84e
LF-CAL-MID- 0.29+0.01
22 0.56 +0.05 ab of 10.16 £0.13 e <LoQc <LoQc 11.62+1.14e 28.04 +2.34 ef
0.30+0.01
LF-CAL-HV-22 0.47+£0.03 c of 9.00+0.16 fg <LoQc <LoQc 11.62+0.14 e 28.17 +0.89 ef
4079.99 +
CONE-CAL-21 9.50+0.38 7.47 £0.39 505.57 +£2.12 39.62 5130.28 +59.19 523.38+£14.49 297.77 £0.10
0.18 £0.01
LF-CAS-FL-21 0.24 +0.01 ef h 7.40+0.22h <LoQc <LoQc 19.69 +1.00 cd 32.85+0.68 ef
0.52+0.02
LF-CAS-HV-21 0.41+0.02¢c c 15.03+0.66 b 37.17+093a 52.57+4.89a 78.78 +4.44 a 83.92+2.47a
+ +
LF-CAS-FL-22 0.33+0.03d 0.22g_h0.01 7.16 £0.42 hi <LoQc <LoQc 44.89+2.95b 60-49b; 335
LF-CAS-MID- 65.94 + 0.47
22 0.46+0.01c 0.29+0.02 f 8.65+0.26¢g <LoQc <LoQc 47.07+0.95b be
LF-CAS-HV-22 0.62+0.02a 0.29+0.01f 9.89 +0.09 ef <LoQc <LoQc 49.77 £5.38b 69.68+6.75b
+ +
CONE-CAS-21 3.90+0.12 6.05+0.09 244.56 £9.19 1191.18 + 2869.08 + 720.75 +£42.39 761.21 + 26.60
82.51 179.35
LF-CON-FL-21 <L0oQg <LoQj 0.49+0.04 k <LoQc <LoQc <LOoQg <LoQh
LF-CON-MID-
21 <L0oQg 0.06+0.03i 1.30+£0.16 jk <LoQc <LoQc <LOoQg <LoQh
LF-CON-FL-22 <L0oQg <LoQj 1.03 £0.09 jk <LoQc <LoQc <LOoQg <LoQh
- - - +
LF COZNZMID 0.01+0.01g 0'0250'01 1.40 £ 0.04 jk <LoQc <LoQc <LOoQg <LoQh
LF-CON-HV- 0.03+0.01
22 0.02+0.01g i 1.71+£0.06j <LoQc <LoQc 1.51+0.00g 2.40+0.00 h
CONZ-ICON- 5.79+0.13 3.09 +0.06 195.36+7.84 457.46 £17.62 969.01 + 36.54 841.86 +35.51 896.05 + 34.38

Data represent the mean + standard deviation of triplicate extractions (n=3). Letters represent ANOVA post-hoc
groupings (P < 0.05) (cone data omitted).

CAL-Calypso. CAS-Cascade. CON-Contessa. FL-Flower stage, MID-Middle stage, HV-Harvest stage. 21-2021 crop
year. 22-2022 crop year.

Leaf total resin and prenylflavonoid levels for both crop years followed the same order of
abundance: Cascade > Calypso > Contessa, although proportions of these compounds
differed. Contessa leaves were particularly low in resins and prenylflavanoids whilst Cascade
and Calypso were more similar but could generally be distinguished by their bitter acid:
prenylflavonoid ratios which were higher for Cascade (6.7-15.6) compared to Calypso (3.0-
10.3). For Contessa and Cascade leaves, prenylflavonoids and bitter resins accumulated

progressively over the course of development for both crop years, whereas the trends
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observed for Calypso were more variable. a-acids were only present at concentrations above
the LOQ in two leaf samples at harvest. a-acids may thus be synthesised later than B-acids in
leaves whereas accumulation patterns of a- and B-acids for cones have been shown to be

similar (Kavalier et al., 2011).

7.4.A-Multivariate analysis of hop leaf phenolic data

Variety, developmental stage, crop year, leaf age and climate conditions such as heat and UV
exposure are factors which impact upon leaf phenolic content and therefore were a focus of
this study (Winkel-Shirley, 2002). To investigate impacts of these factors on hop leaf phenolic
profile, data were subjected to principal component analysis (PCA), hierarchical cluster
analysis (HCA) and correlation analysis. Cone data and phenolic variables with IS normalised
abundance < 0.1 in the highest sample were omitted from these analyses. PCA generated
seven principal components with eigenvalues > 1 explaining 94.8% of variation which were
analysed using Wards hierarchical clustering method (Euclidean distance) to measure
dissimilarity based on phenolic variables. The dendrogram showing clustering of samples into

groups is presented in Figure 6.6.

Two clusters were formed based on Hartigan index truncation which separated samples by
variety with Calypso samples in C1 (blue) and Contessa and Cascade samples in C2 (red). C1
was more homogenous than C2 which sub-clustered according to variety with Contessa and
Cascade grouped separately. CAL-Y samples in C1 were most dissimilar (especially CAL-Y-22),
whilst 2021 samples were most dissimilar in the C2 Cascade subcluster with 2022 Cascade
samples much less variable. Contessa samples subclustered seemingly independently of the

factors evaluated in this study.
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Figure 6.6: Dendrogram of cluster analysis of hop leaves based on phenolic profile. Samples
coloured according to variety; Calypso-blue, Contessa-green, Cascade-orange.

The PCA biplot for PC1 and PC2 (Figure 6.7) explains 58.3% of the variability in the data set
(PC1-36.1%, PC2-22.2%). The observations plot shows groupings based on leaf variety with
some crop year, but not stage of development, patterns. Generally, leaf samples from 2022
group together more closely than for 2021 however only within and not between varieties.
This confirms, as was apparent from the heat map shown in Figure 6.5, that variety was the
most significant factor determining hop leaf polyphenol composition. Some leaf age and
variety specific crop year effects were also observed but there was no obvious clustering

according to stage of development.
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Figure 6.7: PCA observations plot of hop leaves based on phenolic profile. Coloured according
to variety for Calypso-blue, Cascade-orange and Contessa-green. Clustering according to
dendrogram in Figure 6.6.

To investigate which phenolics are driving sample groupings, correlations between phenolic
variables and principal components were investigated. PC1 was strongly positively correlated
to quercetin glycosides as well as K-GALAC, K-NEO, DMX and COQA A. PC1 was negatively
correlated to K-3-R-7,4-DIGALAC, K-RUT, K-3,7-DILGLUC and clitorin. PC2 was strongly
positively correlated with concentrations of K-MG, K-GLUC and procyanidins B1, B2 and B3

whilst negatively correlated to bitter acid and prenylflavonoid concentrations.

Overall, flavonol glycosides were the main compounds driving varietal differences with
Calypso distinguished along PC1 by higher levels of quercetin glycosides and lower levels of
kaempferol glycosides. Young leaf samples loaded most positively on PC1, due in particular

to their elevated concentrations of flavonol glycosides. Contessa was distinguished from
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Cascade along PC2 by its higher levels of malonylated and mono kaempferol glycosides and
procyanidins but lower levels of di- and tri-kaempferol glycosides, prenylflavonoids and bitter
acids. Glycoside profiles have been used for cultivar discrimination in cones (Dusek et al.,
2021) and to distinguish ssp. lupulus accessions from native ssp. lupuloides accessions in hop
leaves (McCallum et al.,, 2019). Analysis presented in this study indicates leaf glycoside
profiles could be used for cultivar discrimination whereas caffeoylquinic acids, although

guantitatively important, were less variety specific.

PC3 (data not shown) mainly separated the differences between the two harvest years for
Cascade leaves and was most positively correlated with abundance of clitorin, 3-CQA and 5-

CQA which were present in greater amounts in 2021.

6.4.5-Impacts of climatic variables

To investigate potential impacts of climate conditions on phenolic compound accumulation,
7-day averages for average temperature and solar radiation prior to leaf collection were
analysed using Pearson’s correlation analysis separately for each variety across the
developmental stages FL, MID and HV. A correlation matrix is provided in Appendix 6, Table
1. Heat and UV exposure are thought to be some of the main plant stress factors that impact
plant flavonoid synthesis (Winkel-Shirley, 2002). For solar radiation significant positive
correlations were found with concentrations of ascorbate, quinate, coumaroylquinic acid (A)
and Q-MG for Calypso and K-3-R-7,4-DIGALAC for Contessa. For temperature, significant
positive correlations were found for proanthocyanidin content for Cascade whilst significant
negative correlations were found for hulupinic acid, colupulone, feruloylquinic acid (G),
phloroglucinol glycoside-C for Cascade and protocatechuic acid for Contessa. Correlations
were not consistent within phenolic sub-groups or between varieties however bitter acids
and prenylflavonoids were generally negatively correlated to solar radiation and temperature

for all varieties.
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Drought stress has also been shown to have an effect on hop leaf and cone polyphenols (Ceh
et al., 2007), however as this farm was fully irrigated and total precipitation was consistently

low for both crop years this factor was not investigated.

6.4.6-Potential for valorisation of hop leaf phenolics

This study presents the first comprehensive quantitative analysis of phenolics in hop leaves
sampled across two harvest years for three different varieties and at different stages of leaf
development. Flavonol glycosides and chlorogenic acids are identified as the dominant
components. Phenolic concentrations are expressed on a dry matter basis and represent the
total extracted using a simple, low-cost extraction protocol that could readily be scaled up.
Extractions used a ‘green’, widely available solvent, with maceration and high solid: liquid

ratios for increased capacity and lower solvent and treatment costs.

Quantitatively, quercetin and kaempferol glycosides were by far the most abundant groups.
In particular K-RUT, Q-RUT, Q-MG and Q-GLUC concentrations exceeded or were comparable
to those reported in other notable plant sources of flavonol glycosides such as mulberry (Ju
et al., 2018) and Ginkgo leaves (Gray et al., 2006). Similarly, total chlorogenic acid levels in
hop leaves were found to be comparable to those reported in spent coffee grounds (Al-Dhabi
et al.,, 2017), and other agri-food materials that have been evaluated as a source of
chlorogenic acids (Frosi et al., 2021). Attempts to valorise hop leaves as sources of phenolics
must consider the bioactive properties of these compounds and the most effective
purification technique. Numerous studies have highlighted the antioxidant properties of
chlorogenic acids (TosSovic et al., 2017) and flavonol glycosides (Leong et al., 2008), indicating
a potential use of hop leaf extracts in improving the shelf life and nutritional properties of
foods and beverages. Quercetin 3-O-glycosides from mulberry leaves have demonstrated
strong LDL antioxidant activity, potentially reducing atherosclerosis (Yang et al., 2018). O-

glycosylation can enhance bioavailability however it has been shown to decrease flavanol
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antioxidant activity depending on the number, position, and type of sugar moiety as well as
the aglycone (Heim et al., 2002). This highlights the importance of investigating whether
hydrolysis of hop leaf extracts would increase their antioxidant activity and therefore
commercial value. In extracts of other plant tissues enzymatic hydrolysis has been shown to
be more effective than acid hydrolysis for removal of the glycoside moiety to improve

antioxidant activity (Wang et al., 2011).

Variation in phenolic composition of leaf samples is also an important consideration for
industrial production of extracts. This study indicates that cultivar is the most significant
factor determining leaf phenolic composition, with crop year and climate being less
significant. Therefore, it seems cultivar is the most important factor to control for leaf
harvesting for consistent phenolic content and therefore bioactive properties. Comparisons
of the leaf extracts reported in this chapter with South African leaf extracts of different
varieties analysed in Chapter 6 further highlights the phenolic variability of hop leaves,

although it is unclear if this is attributable to variety.

Another important consideration is the efficacy, cost and carbon footprint of different drying
techniques. Hop leaves post-harvest have a high moisture content and require stabilisation
to prevent degradation and maintain bioactive properties. This could be performed using the
cone kilning facilities located at the hop farm, however kilning is the single most significant
contributor to the global warming potential of hop production (28.19%) (Bristol, 2022).
Recent research also demonstrated that kiln dried hop leaves exhibited lower antioxidant
activity compared to the respective freeze-dried leaves (Macchioni et al., 2021). All such
aspects must be considered and optimised before valorisation of hop leaf phenolics becomes
commercial reality. However, the present study indicates hop leaves are a promising agri-food
residue rich in flavonol 3-O-glycosides and chlorogenic acids which could be used for the

development of new value-added products for the food and beverage industries.
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Chapter 7-Hop leaf phenolics as a source of natural
antioxidants.

7.1-Introduction

The results presented in Chapters 4 and 6 highlighted that hop leaves are a particularly rich
source of quercetin and kaempferol 3-O-glycosides with composition mainly dependant on
variety. However, flavonol 3-O-glycosides exhibit weaker antioxidant properties compared to
their respective aglycones depending on the flavonol as well as the glycoside type, number,
and position on the phenolic structure (Xiao et al., 2021). This reduced antioxidant potential
may limit the value of hop leaf extracts as effective natural antioxidants in various
applications. For example, Chapter 5 highlighted that high value commercial phenolic
extracts; Grape OPC, Pineol and Vitisol exhibited higher antioxidant activity compared to that
of the pure compounds quercetin/kaempferol 3-O-glycoside. This necessitates the need to
evaluate hydrolytic treatment of flavonol 3-O-glycoside rich leaf extracts for improved
antioxidant properties to support the development of purified extracts with comparable

antioxidant activity to that of high value commercial extracts.

Different treatments have been evaluated to improve the bioactive properties of flavonols
through glycoside hydrolysis, including microbial fermentation (Konig et al., 2023), acid
hydrolysis, and subcritical water hydrolysis (Ravber et al., 2015). However, these are generally
too expensive, intensive (in terms of temperature and pH) or impractical for industrial use.
Recently enzymatic hydrolysis has emerged as the most effective and ‘green’ technique
(Wang et al., 2011). Specific enzymes have been shown to be effective for hydrolysis of
particular glycosides, for example, hesperidinase for rutin hydrolysis (de Araujo et al., 2013).
However, hop leaf extracts contain a structurally diverse range of flavonol glycosides which

means that a preparation containing a mixture of hydrolysing enzymes may be more suited.
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Snailase, an enzyme cocktail derived from the internal organs of Limax (air-breathing land
slugs) contains cellulases, pectinases and proteases. It has emerged as one of the most
promising enzyme preparations for the hydrolysis of flavonol glycosides in plant extracts
(Kornpointner et al., 2022), exhibiting high hydrolytic activity across a range of structurally
diverse phenolic glycosides, even at lower temperatures and with shorter incubation times.
Table 7.1 summarises the current research on snailase-assisted glycoside hydrolysis,
highlighting the reported optimal incubation conditions and its effect on the resulting

bioactivity.
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Table 7.1: Summary of previous studies on optimal incubation conditions for snailase
hydrolysis of glycosides and its impact on aglycone liberation and bioactivity.

Extract / Snailase conditions .
Conclusions Reference
Substrate evaluated
37°C -Icariin almost completely hydrolysed within 4 h snailase (Liu et al
Icariin 1-12 h incubation resulting in significantly improved oral 2017) v
pH 6.8 bioavailability. :
37°C -Snailase more effective than comparable enzymes and .
Leaf and flower ) . . (Kornpointner
25 min acid hydrolysis for crude leaf and flower extracts for a
extracts ; . etal., 2022).
pH 5.5 variety of flavonoid subgroups.
0-20%, 0-3 g/15 ml . -
. -Snailase can remove sugar moieties from kaempferol
snailase and quercetin glycosides, phloridzin and 3-
Apple pomace 1h q gl ,.p . (Miksovsky et
extract H5 hydroxyphloridzin. al., 2023)
57 o -These can be extracted with supercritical CO2 and small v '
-Shaken (180 rpm) amounts of polar cosolvents.
-Snailase was more effective than acid treatment for
N rutin hydrolysis and production of quercetin and (Wang et al.,
. 40°C . ;
Rutin 12-48 h quercetin 3-0-glucoside. 2011, Wang
-Meta ions all had depressant effects on conversion of etal., 2012).
rutin to quercetin.
-Snailase was more effective than comparable enzymes
Epimedin C 35-70 °C for production of rhamnosyl Icariside Il.
from E. 0-12 h -Optimal conditions were 4 h at 55 °C in sodium acetate (Chenetal.,
wushanense pH 4-7 buffer at pH 5.5. 2024).
extract 0-10 mg snailase/ml -Extract purification not necessary for snailase
treatment.
40-70 °C -Optimised conditions fully convert polydatin to
Polvdatin from 30-180 min resveratrol for medicinal purposes.
v . pH 4.5 (sodium acetate -Optimised conditions were determined to be 62 °C, 96 (Wangetal.,
P. cuspidatum ; . .
buffer) min reaction time and 6.6% enzyme load by response 2013).
extract .
0-10 mg snailase/ml surface methodology.
2-10% snailase load
Phenolic acid . . . . .
. o -Snailase is also effective for hydrolysis of phenolic acid .
glycosides from 37°C . . . (Lietal.,
. glycosides. Aglycones included protocatechuic, p-
G. biloba 36h . - o 2020).
hydroxybenzoic, vanillic and p-coumaric acid.
extract
Icariin pH 2-8 -Snailase hydrolysis of epimedium flavonoids resulted in (Liu et al.,
50-100 °C enhanced antitumour activity. 2019).
Esculentoside B 37°C
fromR. 2h -Optimal conditions; 48.28 °C, pH 6.4, enzyme load (Cui etal.,
phytolaccae H75 4.43%, and reaction time 2.73 h. 2016).
extract pH 7.
1: 8-1: 12 material: -Optimal conditions; 86.3 min, ma.terlal—llqmd ratio of 1:
Flavonol T . 10.1, number of extractions of 2.32. .
R liquid ratio . R . (Jiaetal.,
glycosides from . -Snailase hydrolysis of flavonol glycosides from Mulberry
i 1-3 extractions L . 2024).
M. nigra extract 60-120 min leaves could enhance the anti-inflammatory activity for

zebrafish inflammatory bowel disease.

In Chapter 6 hop leaf extracts were characterised for their phenolic content across three

varieties, three stages of development and over two crop years. In the present chapter the

objectives were: i) to characterise these hop leaf extracts and phenolic standards for their

antioxidant activities and ii) to evaluate snailase-assisted hydrolytic treatment of purified hop

leaf extracts and phenolic standards for improved antioxidant activity.
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7.2-Materials

7.2.1-Chemicals

Snailase was obtained from Abbexa (Cambridge, UK). Sep-Pak C18 (1 g) cartridges were
obtained from Waters. Acetic acid and anhydrous sodium acetate (reagent grade) were
obtained from Sigma Aldrich. All other chemicals and reference standards were sourced

according to 2.1.1.

7.2.2-Hop Materials and Extracts

Hop leaf and cone extracts analysed in this study for antioxidant activity were the same
extracts previously characterised for their phenolic content in Chapter 6. This included leaves
for three varieties (Calypso-CAL, Cascade-CAS and Contessa-CON), across three stages of
development (Flower-FL, Middle-MID and Harvest-HV) for two crop years (2021 and 2022).
Young (Y) and old (O) leaves for Calypso were collected based on size for both crop years, and

respective cones (CONE) were collected for all varieties for crop year 2021.

For snailase hydrolysis trials, leaf material from S. Aroma, S. Passion (2021 crop) and
Cascade (2021 crop year, flower stage of development)

was sourced as outlined in Chapter 2.1.2 and 6.2.2 respectively.

7.3-Methods

7.3.1- Hop leaf phenolic extraction and purification for snailase treatment

Three hop leaf samples (CAS-FL-21, S. Aroma-HV-21 and S. Passion-HV-21) were selected for
extraction and solid-phase extraction (SPE) purification for subsequent snailase hydrolysis. In
brief, 25 g milled hop material was extracted with 250 ml E50 and filtered using vacuum
filtration as described in section 2.1. Ethanol was removed using a Heidolph HeiVap rotary
evaporator (Schwabach, Germany) at 25 °C for 1 h, and the resulting solution was centrifuged

for 10 min at 4000 rpm and the non-dissolvable material was discarded.
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Hop extracts were purified using Sep-Pak C18 (1 g) Vac 6 cc solid-phase extraction cartridges
with a Waters SPE manifold. Cartridges were equilibrated with ethanol (5 ml) and conditioned
with deionised water (5 ml). Hop extract was then loaded (20 ml) onto the cartridge which
was subsequently washed with deionised water (5 ml) and dried for 2 min. Ethanol (5 ml) was
then used for desorption at a rate of 1 drop/s and the resulting solution underwent rotary
evaporation under vacuum at 25 °C for 30 min until ‘dry’. Dry material yield was calculated
based on flask weight difference, and the purified leaf extracts were stored at -80 °C prior to

enzyme treatment.

7.3.2-Snailase hydrolysis of hop leaf phenolic extracts and pure compounds

7.3.2.1 Sodium acetate buffer solution

0.025 M sodium acetate buffer solution (pH 5.5) was produced by mixing 482.6 mg sodium
acetate and 22.03 mg acetic acid with 250 ml UP water. pH was adjusted to 5.5 using 0.1 M

HCl and NaOH solutions.

7.3.2.2-Snailase Incubation

The purified leaf extracts and standards prepared for snailase treatment are outlined in Table

7.2.

Table 7.2: Purified leaf extracts and phenolic standards for snailase treatment.

Number Materials Purification Purity  g/mol

Standard Compounds

1 Quercetin 3-O-rutinoside (Q-RUT) >99 610.52
2 Quercetin 3-0O-sophoroside (Q-SOP) >98 626.50
3 Quercetin 3-0-(6"-malonylglucoside) (Q-MG) > 85 550.42
4 Quercetin 3-O-glucoside (Q-GLUC) - >98 464.10
5 Kaempferol 3-O-rutinoside (K-RUT) >98 594.52
6 Kaempferol 3-O-glucoside (K-GLUC) >98.5 448.38
7 Kaempferol 3-O-galactoside (K-GALAC) >98 448.38
Hop Leaf Extracts

8 Cascade (FL-21) Leaves C18 SPE

9 S. Passion (HV-20) Leaves C18 SPE - -

10 S. Aroma (HV-20) Leaves C18 SPE
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For preparation, standards (0.2 mg) were solubilised in 50 pl of ethanol and diluted with 1150
pl 0.025 M acetate buffer to a concentration of 0.17 mg/ml and ethanol content of 4.17%
(v/v). For the standards K-RUT and Q-MG only a portion of less than 0.2 mg was available.
These were solubilised and diluted with the same volume of ethanol and buffer solution. The
C18 purified leaf extracts were solubilised in E50 to 125 mg/ml and diluted with 0.025 M

acetate buffer to a concentration of 0.59 mg/ml and an ethanol content of 4.17% v/v.

Snailase was solubilised in 0.025 M acetate buffer for a working solution of 50 mg/ml. For
enzymatic treatment 40 pl snailase solution was added to 360 pl sample solution which was
then vortexed and incubated in a water bath at 37 °C for 90 min. After enzyme incubation,
400 pl ethanol was added to each sample (final concentration of 0.27 mg/ml) and the
resulting solutions were vortexed (10 s) and sonicated for 10 min for enzyme denaturation
and to solubilise the aglycone products of hydrolysis. Samples were then centrifuged at
12,000 rpm at room temperature for 10 min to remove the precipitate (as performed by Li et

al. (2020)), and stored at -80 °C prior to analysis of antioxidant activity and phenolic content.

7.3.3-Antioxidant Analysis of Extracts
The antioxidant activity of the extracts was evaluated using the DPPH, FRAP, and ORAC assays,
as described in Section 2.2.5. Antioxidant activity was expressed as Trolox equivalents for

each assay (mg TE/g).

For Ferric Reducing Antioxidant Power (FRAP) analysis crude hop leaf and cone extracts were
analysed at a concentration of 2 mg/ml E50. Snailase-treated and control purified leaf
extracts were analysed at 0.281 mg/ml E50, whilst snailase-treated and control phenolic

standards were analysed at 0.075 mg/ml E50.

For DPPH radical scavenging activity % (RSA) analysis crude hop leaf and cone extracts were
analysed at six different concentrations between 0.03-1.5 mg/ml E50 which were used to

calculate IC50 values. The RSA of leaf and cone extracts at six concentrations are provided in
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Appendix 7, Figures 1 and 2 respectively. Snailase-treated and control extracts were analysed
in duplicate at 0.0375 mg/ml, whilst phenolic standards were analysed in duplicate at 0.01

mg/ml.

To analyse the oxygen radical absorbance capacity (ORAC) analysis, crude hop leaf and cone
extracts were analysed at 0.1 mg/ml phosphate buffer solution (PBS) pH 7.4, whilst purified
leaf extracts were analysed at 0.008 mg/ml 50% aqueous acetone (v/v) (A50). Snailase-
treated and control extracts, along with phenolic standards, were analysed at 0.005 mg/ml
A50. Standards of flavonols and their glycosides were additionally analysed at concentrations
of 0.00375 mg/ml and 0.0025 mg/ml A50, with results averaged across all three
concentrations. The Trolox equivalents of for all three concentrations expressed on a weight

basis are provided in Appendix 7, Figure 3.

7.3.4- LC-ESI-qTOF-MS/MS

Phenolic analysis of snailase treated and control leaf extracts was performed using LC-ESI-
gTOF-MS/MS as outlined in 2.2.6.2. Extracts were syringe filtered at 0.22 um, diluted with
E50 and analysed at 50 pg/ml. IS solution comprised of 18 candidate phenolic compounds for
a final concentration of 2.5 pg of each candidate/ml E50 as detailed in Chapter 6. Hop extracts
were analysed in duplicate per treatment (four replicates per condition) and a QC sample
comprising equal parts of each extract was analysed after every 12 sample injections to check
system performance. Quantitative analysis was performed using standard curves outlined in
Appendix 6-Table 6, whilst relative quantitation was performed by normalising peak areas

against that of hesperidin.

7.4-Results and Discussion
7.4.1-Antioxidant Activities of hop leaf and cone samples

The FRAP, DPPH and ORAC antioxidant activities of hop leaf and cone extracts analysed for

their phenolic contents in Chapter 6, are presented in Figure 7.1.
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Figure 7.1: FRAP, DPPH (IC50) and ORAC antioxidant activities of hop leaf and cone extracts
expressed as Trolox equivalents (TE).

Data represent the mean + standard deviation of triplicate extractions (n=3). Letters represent ANOVA post-hoc

groupings (P < 0.05).

CAL-Calypso. CAS-Cascade. CON-Contessa. FL-Flower stage. MID-Middle stage. HV-Harvest stage. Y-Young leaves.
0-0ld leaves. 21-2021 crop year. 22-2022 crop year. CONE-Hop cone.
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The antioxidant activity of hop cone extracts was significantly higher than that of hop leaf
extracts for all antioxidant assays employed in this study. Cone extract antioxidant activity
ranged from 27.6-67.9 mg TE/g DM (DPPH), 34.1-40.2 mg TE/g DM (FRAP) and 231.56-295.58
mg TE/g DM (ORAC) whilst leaf extract activity ranged from 4.5-25.9 mg TE/g DM (DPPH), 5.7-
22.5 mg/g DM (FRAP) and 50.1-132.8 mg/g DM (ORAC) depending on variety, stage of
development and crop year. These findings are consistent with those reported by Stanius et
al. (2022) and Abram et al. (2015), who also observed higher DPPH RSA (%) in hop cone
extracts compared to their respective leaf extracts. However, Stanius et al. (2022) also found
that the QUENCHER DPPH antioxidant activity was more comparable between the materials.
The DPPH QUENCHER assay measures the solid parts of plant material, not just the extract,

which suggests that hop leaves may have a higher proportion of ‘bound’ antioxidants.

The antioxidant activity of leaf extracts varied depending on variety, stage of development
and crop year (Figure 7.1). Pearson’s correlation analysis was performed to evaluate the
relationships between the different antioxidant assays for hop leaf extracts and the scatter
plots are presented in Appendix 7, Figure 4. The results revealed significant positive
correlations between all assays (P<0.001), although particularly between the FRAP and DPPH
assays (P<0.0001, Pearson r = 0.9407). This is most likely due to their similar electron transfer
based mechanism (Kowalczyk et al., 2013). Many studies have shown a strong correlation
between phenolic content and antioxidant activity, however polyphenols differ in antioxidant

activity depending on their structure (Yordi et al., 2012).

Chapter 6 highlighted that mono-, di- and tri- glycosylated derivatives of quercetin and
kaempferol were the most abundant phenolics in hop leaves. These were 3-O-glycosides
which are generally more common than 7', 3’ and 4’ glycosides in hops (Dusek et al., 2021)
and other plant species (Belitz et al.,, 2008). Generally, glycosylation has been shown to

decrease flavanol antioxidant activity, although this depends on the number, position and
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type of sugar moiety (Heim et al., 2002). Whilst glycosylation has not been reported to

enhance antioxidant activity, it can enhance bioavailability (Hollman et al., 1999).

In this chapter antioxidant data was correlated with compositional data from Chapter 6 to
see how closely the extracts’ antioxidant activities could be predicted based upon their
composition. Pearson’s correlation analysis was performed to assess the relationship
between antioxidant activity of hop leaf extracts (Figure 7.1) and their phenolic composition,
as characterised in Chapter 6. Correlation analysis has been routinely used by researchers to
identify key antioxidants in plant extracts (Ali et al., 2021). Given the significant differences in
antioxidant activity and phenolic profile, hop cones were excluded from the analysis. Figure
7.2 presents a heat map illustrating the correlations between antioxidant assays and phenolic
compound abundance, with rows and columns ordered according to AHC. Phenolic variables
were grouped into 4 main clusters (C1-C4). Variables within C1 and C2 exhibited low
correlations across all antioxidant techniques, with those in C2 showing particularly low
correlations. In contrast, variables in C3 and C4 displayed high correlations, with those in C4
showing particularly high correlations. The phenolics variables generally grouped according
to their structure, likely due to impact of phenolic structure on antioxidant activity (Yordi et
al., 2012). Flavonol glycosides were grouped primarily by flavonol type, with quercetin
glycosides generally grouped into C4 due to high correlations with electron transfer (ET)
based antioxidant assays. In contrast the most abundant kaempferol glycosides in Cascade
and Contessa hop leaves such as K-RUT and K-MG, K-GLUC and Clitorin (Chapter 6) were
generally grouped into C1 and C2 corresponding to their lower correlations with all

antioxidant assays.

Chlorogenic acids primarily clustered according to their hydroxycinnamic acid. Feruloylquinic
acids grouped in C1 and C2 with low correlations to ET based techniques, whilst

coumaroylquinic and caffeoylquinic acids were generally grouped in C3 and C4. Flavanols and
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procyanidins were mostly grouped in C3 and C4 due to high correlations to all antioxidant
techniques, particularly catechin, epicatechin and proanthocyanidin content (PB3E). Bitter
resins were grouped in Cl1 and C2 whilst prenylflavonoids were more variable with
desmethylxanthohumol, xanthohumol and 6-PN grouped in C3 and C4 whilst isoxanthohumol

and prenylflavonone A were grouped into C1 and C2.
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Figure 7.2: Heat map depicting Pearson’s correlation coefficients (-1 — 1) between
antioxidant activity and phenolic variables with columns and rows ordered by AHC (Euclidean
distance).

Correlation significance levels are denoted as follows: * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.

181



This indicates that the most abundant phenolics in hop leaves, particularly the 3-O glycosides
of kaempferol may have lower antioxidant capacity than other hop leaf phenolics. The high
correlations between B-type procyanidins and antioxidant activity could also explain the
significantly higher antioxidant activity of cone extracts (Figure 7.1), as they are particularly
rich in these compounds, as outlined in Chapter 6. However, there are limitations to
correlating antioxidant properties to phenolic composition, particularly when phenolic
compounds with differing antioxidant properties also show high correlations to each other.
To further explore the causal relationship between compound concentration and antioxidant

activities, phenolic standards were evaluated individually for antioxidant activity.

7.4.2-Antioxidant Activities of Purified Phenolic Compounds

Phenolic standards for antioxidant analysis were selected based on their high concentrations
in hop extracts, significant correlations to antioxidant activity (Figure 7.2) and availability as
standards. Chlorogenic acids and flavonol glycosides were evaluated due to high
concentrations in leaf extracts, whilst respective flavonol aglycones were assessed to
determine the potential of using hydrolytic treatments to enhance the antioxidant activity of
hop leaf extracts. B-type procyanidins were evaluated due to significant high correlations to
antioxidant activity, whilst prenylflavonols were included for comparison as they are found in
high concentrations in hop cones. Authentic phenolic standards were analysed for their
DPPH, FRAP and ORAC activities as well as TPC. Trolox and caffeic acid equivalents on a weight
and molar basis are presented in Appendix 7, Table 1 and 2 respectively for all compounds
evaluated. Antioxidant differences were analysed using PCA, with the PCA plot presented in

Figure 7.3.
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Figure 7.3: PCA plot of phenolic compound standards based on DPPH, FRAP and ORAC
antioxidant activities as well as TPC. Antioxidant activity Trolox equivalents (mg TE/g
compound) used for this analysis are provided in Appendix 7, Table 1. Colour-coded:
kaempferol and its glycosides (blue), quercetin and its glycosides (brown), chlorogenic acids
(black), prenylflavonoids (yellow) and procyanidins (green).

The first two principal components (PC1 and PC2) explained 94.17% of the variability. PC1
accounting for 73.6% of variance, was strongly positively correlated with TPC (0.953) and ET
based antioxidant assays FRAP (0.933) and DPPH (0.937). PC2 accounting for 20.5% of
variance was strongly correlated to ORAC (0.837). Figure 7.3 shows the antioxidant activity of
phenolic standards generally grouped according to structural similarities, as observed in the
correlation analysis (Figure 7.2). Kaempferol glycosides and prenylflavonoids grouped along
PC1 due to very low ET antioxidant activity but separated along PC2 due to differences in

ORAC activity. The ORAC activity of prenylflavonoids was in the order of: 8-PN > 6-PN >
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xanthohumol > isoxanthohumol, which was consistent with findings by Van Hoyweghen et al.
(2010). Quercetin glycosides and chlorogenic acids grouped along PC2 due to lower ORAC
activity but separated along PC1 with Q-MG and neochlorogenic acid higher in ET based
antioxidant activity. This aligns with Figure 7.2 where correlations between quercetin
glycosides and ORAC activity were lower than those to ET based antioxidant assays.
Procyanidins grouped with quercetin due to high ET antioxidant activity, whilst kaempferol
was separated due to its lower ET activity but highest ORAC activity among all compounds.
Flavonol glycosides had less positive loadings on both PC1 and PC2 compared to their
respective aglycone. To investigate if glycoside hydrolysis could be an effective technique to
improve antioxidant activity of these compounds, they were compared on a molar basis to

their respective aglycones as is presented in Figure 7.4.
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Figure 7.4: Antioxidant activities and TPC of quercetin, kaempferol and their respective
glycosides presented on a molar basis.

Data represent the mean * standard deviation of triplicate analytical measurements. Letters represent ANOVA
post-hoc groupings (P < 0.05). TE-Trolox equivalent. CAE-Caffeic acid equivalents.
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The antioxidant activities of flavonol glycosides was found to be significantly lower than for
respective aglycone on a molar basis, except for the specific case of quercetin glycoside and
DPPH activity. Quercetin and its glycosides exhibited higher activity in ET based techniques
(DPPH, FRAP and TPC), whilst kaempferol exhibited higher ORAC activity. Q-MG was the most
potent quercetin glycoside according to all methods (other than DPPH) with Trolox and caffeic
acid molar equivalents of 5.15 (TPC) 1.83 (FRAP) 6.18 (ORAC) and 1.61 (DPPH). Spreng and
Hofmann (2018) also found that on a molar basis Q-MG exhibited greater ORAC and DPPH
activity than Q-GLUC and it was highlighted as a key antioxidant in beer. However they also
reported that K-MG had lower ORAC activity than K-GLUC on a molar basis, suggesting that
the effect of malonylation on antioxidant activity may depend on the specific flavonol (Spreng
and Hofmann, 2018). Differences in FRAP activity between aglycone and glycoside were
greater than differences for ORAC activity indicating that glycosylation negatively impacts the
ET antioxidant mechanism more so than the hydrogen atom transfer (HAT). However, this was
not the case for quercetin glycoside DPPH activity which exhibited no statistically significant
differences. This was unexpected as the DPPH assay has been shown to correlate highly with

the FRAP assay (Dudonne et al., 2009).

Notably, all kaempferol glycosides exhibited negligible ET activity whilst kaempferol activity
was significantly higher (FRAP-2.21 TE, FRAP-0.52, TPC-2.26 CAE). Negligible ET based
antioxidant activity has been found for various kaempferol glycosides in the literature
including kaempferol 3-O-(6""-malonyl-glucoside) (Katsube et al., 2009), which was highly
abundant in Contessa hop leaves. Wang et al. (2018a) and Braca et al. (2003) also reported
significantly lower antioxidant activity for kaempferol 3-O-glycosides, however found that 7-
O-glycosides exhibited similar DPPH reduction and ABTS activity, indicating that position as
well as flavonol may impact glycoside antioxidant activity. It is hypothesised this is due to
steric hindrance of 3-O-glycosylation forcing the B-ring not to be coplanar with the A- and C-

ring thereby weakening the molecules’ conjugation system (Xiao et al., 2021). Park et al.
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(2006) also found negligible DPPH activity for two kaempferol tri-glycosides but that an
enzyme combination of B-galactosidase and hesperidinase was effective for glycoside
hydrolysis which resulted in a kaempferol purity of 95% and significantly higher DPPH

reduction.

This indicates that plant materials rich in kaempferol 3-O-glycosides may be the most
promising candidates for hydrolytic treatment for improved antioxidant activity. Hop leaves
have been shown to be a rich source of flavonol glycosides but with glycoside structure
depending predominantly on variety. It is hypothesised that Cascade and Contessa hop leaves
rich in kaempferol 3-O-rutinoside, clitorin and Kaempferol 3-O-(6"-malonyl-glucoside) are
more suited to enzymatic glycoside cleavage for improved antioxidant activity compared to

Calypso leaves which are predominantly made up of quercetin 3-O-glycosides.

7.4.3 Snailase hydrolysis of hop leaf extracts and flavonol glycosides

7.4.3.1 Phenolic content

For enzyme hydrolysis trials, three leaf samples were evaluated; CAS-FL-21, S. Passion-HV-21
and S. Aroma-HV-21. These samples were selected for snailase treatment due to their high
but varied flavonol glycoside contents to evaluate affinity of snailase towards these different
structures. Leaf extracts were purified using C18 SPE, treated with snailase and analysed for
phenolic content using LC-qTOF-MS/MS. It has been demonstrated by authors such as
Kornpointner et al. (2022) and Chen et al. (2024) that purification is not essential for snailase
treatment, however purification was performed in this study to limit the possibility of hop
leaf extract components interacting negatively with snailase activity. Table 7.3 presents the
concentrations of flavonols and their glycosides in the snailase-treated and control hop leaf
extracts. Semi-quantitation was performed using standard curves from structurally similar

standards where available.
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Table 7.3: Flavonol glycoside hydrolysis rates (%) and concentrations in treated and control leaf extracts (mg/g).

Cascade S. Passion S. Aroma
Control Snailase Treated  Hydrolysis Control Snailase Treated  Hydrolysis Control Snailase Treated  Hydrolysis

Q-GLUC (REF) 1.42 £0.09 0.11 +0.04 92.54 13.61+0.35 0.13 +0.02 99.02 15.29 +0.50 0.15+0.11 99.06
K-GLUC (REF) 13.53+0.32 0.34+0.03 97.56 26.92 £0.72 0.27 £0.02 99.01 31.70+£0.87 0.40+0.04 98.74
Q-RUT (REF) 20.47 £0.10 <LoQ 100.00 14.39+0.40 <LoQ 100.00 10.14 +0.29 <LOQ 100.00
K-RUT (REF) 400.56 £ 6.25 <LoQ 100.00 69.14 +1.18 <LoQ 100.00 47.16 +0.80 <LOQ 100.00
Q-M GLUC (REF) 2.90+0.03 <LoQ 100.00 12.91+0.45 <LoQ 100.00 17.93+0.19 <LOQ 100.00
K-MG (MS2) (Q-MG equivalent) 92.02+0.77 <LoQ 100.00 79.68 £ 1.16 <LoQ 100.00 111.43+2.85 <LOQ 100.00
Q-NEO (MS2) (Q-RUT equivalent) 1.40+0.03 <LoQ 100.00 2.13+0.14 <LoQ 100.00 3.25+0.17 <LOQ 100.00
K-NEO (MS2) (K-RUT equivalent) 1.62 £0.10 <LoQ 100.00 <L0Q <LoQ - <L0Q <LoQ -
Q-SOP (REF) 1.53+0.07 <LoQ 100.00 0.57+0.10 <LoQ 100.00 0.36+0.03 <LOQ 100.00
Manghaslin (MS2) (Q-RUT equivalent) 4.39+0.14 <LoQ 100.00 2.17 £0.02 <LoQ 100.00 2.68+£0.10 <LOQ 100.00
Clitorin (MS2) (K-RUT equivalent) 55.08 £0.92 <LoQ 100.00 4.71+0.14 <LoQ 100.00 7.30+0.10 <LOQ 100.00
Total Kaempferol glycosides 562.82 £ 8.36 0.34+0.03 99.86 180.45 +3.20 0.27 £0.16 99.59 197.59 + 4.62 0.40+0.31 99.53
Total Quercetin Glycosides 32.10+0.46 0.11 +0.04 99.64 45.79+1.45 0.13 +0.02 99.71 49.66 +1.27 0.15+0.11 99.71
Total Glycosides 594.92 + 8.82 0.45+0.25 99.85 226.25 +4.66 0.40+0.18 99.61 247.25+5.89 0.55+0.41 99.56
Kaempferol 0.16 + 0.00 152.54 +2.70 0.25+0.03 66.73 £ 2.55 0.28 +0.04 77.55+3.62

Quercetin 0.12 +0.05 13.27 £+ 0.69 0.28 +0.05 23.46+1.49 0.30+0.12 27.11+191

Total Aglycones 0.28 +0.05 165.81 +3.39 0.53+0.08 90.19 +4.04 0.58+0.16 104.66 +5.52

Hydrolysis (%): Control flavonol glycoside extract concentration/sum of flavonol glycoside concentrations in treated and control extracts * 100.

REF-Phenolics identified with a reference standard.

MS2-Phenolics identified using MS/MS fragmentation patterns.
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7.4.3.1.1-Flavonols

The dominant glycosides for all control extracts were 3-O mono- and di- glycosides of
kaempferol and quercetin with tri- glycosides such as clitorin and manghaslin present at lower
levels. This is in accordance with analysis of their respective crude ethanolic extracts detailed
in Chapters 4 and 6. The profile of flavonol glycosides in Cascade control extract was
distinguishable from that of S. Aroma and S. Passion control extracts which were more similar
to one another. This is most likely attributed to the closer genetic relationship and shared
location of cultivation (South African) of S. Aroma and S. Passion both of which are recognised
factors influencing phenolic composition (Abram et al., 2015). Cascade control extract had a
much higher concentration of all flavonol di- and tri- glycosides in particular kaempferol 3-O-
rutinoside (400.56 mg/kg) compared to S. Aroma (47.16 mg/g) and S. Passion (69.14 mg/g).
S. Aroma and S. Passion exhibited higher concentrations of quercetin glycosides but these
were still substantially lower than kaempferol glycosides for all varieties. The aglycones
kaempferol and quercetin were detected in all control extracts but at very low concentrations

(> 0.6 mg total aglycones/g).

In snailase treated extracts, flavonol glycoside concentrations were very low for all varieties
(<0.5 mg/g) with only Q-GLUC and K-GLUC found in the range of quantitation. This
represented conversion rates of 92.5-99.1% for Q-GLUC, 97.6-99.0% for K-GLUC and
approximately 100% for all other glycosides. Chen et al. (2024) found similarly high snailase
hydrolysis rates for structurally similar flavonol glycosides using comparable incubation
conditions. The slightly lower theoretical hydrolysis rates for mono-glucosides could be a
result of lower snailase affinity for that substrate, but it seems more likely that these are
intermediate products of the hydrolysis of flavonol rutinosides, which were present at much
higher concentrations. Wang et al. (2011) demonstrated that the products of Q-RUT snailase
hydrolysis were quercetin and Q-GLUC indicating that Q-GLUC is an intermediate product of

Q-RUT hydrolysis to quercetin.
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Glycoside hydrolysis resulted in a significant increase in the concentrations of kaempferol and
quercetin for all extracts, particularly for Cascade which had the highest total aglycone
concentration. Kaempferol was the dominant aglycone for all varieties at 91.99 % (Cascade),
73.98 % (S. Passion) and 74.10 % (S. Aroma) of total aglycones. As expected, the
concentrations and ratios of aglycones in the snailase-treated extracts corresponded to those
of flavonol glycoside in the control extracts. Table 7.4 presents the predicted aglycone yield
on a molar basis for the hydrolysis of each flavonol glycoside, considering the concentrations

and hydrolysis (%) presented in Table 7.3.
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Table 7.4: Aglycone yields for snailase treated hop leaf extracts.

Predicted aglycone yield (mg/g)

Compound g/mol -
Cascade S. Passion S. Aroma
Q-GLUC (REF) 464.38 0.85 8.77 9.86
K-GLUC (REF) 448.38 8.42 17.01 19.98
Q-RUT (REF) 610.52 10.13 7.13 5.02
K-RUT (REF) 594.52 192.85 33.29 22.71
Q-M GLUC (REF) 550.42 1.59 7.09 9.85
K-M GLUC (MS2) 534.43 49.06 42.42 59.40
Q-NEO (MS2) 610.52 0.69 1.06 1.61
K-NEO (MS2) 594.52 0.78 0.00 0.00
Q-SOP (REF) 626.55 0.74 0.28 0.17
Manghaslin (MS2) 756.66 1.75 0.87 1.07
Clitorin (MS2) 740.66 21.28 1.82 2.82
Predicted Q concentration 15.76 25.19 27.58
Observed Q concentration 13.27 23.46 27.11
Qyield (%) 84.19 93.16 98.29
Predicted K concentration 272.39 94.54 104.90
Observed K concentration 152.54 66.73 77.55
K yield (%) 56.00 70.58 73.93
Predicted aglycone concentration 288.15 119.73 132.48
Observed aglycone concentration 165.81 90.19 104.66
Aglycone yield (%) 57.54 75.33 79.00

Predicted aglycone: (Control flavonol glycoside (FG) concentration — Treated FG concentration) / (FG MW /

aglycone MW).

Predicted Q concentration: Sum of all predicted quercetin glycoside aglycone yields.
Observed Q concentration: Quercetin concentration in the treated extracts.

Qyield: (Predicted Q concentration / Observed Q concentration) * 100.

Predicted K concentration: Sum of all predicted kaempferol glycoside aglycone yields.
Observed K concentration: Kaempferol concentration in treated extracts.

K yield: (Predicted K concentration / Observed K concentration) * 100.

Predicted aglycone concentration: Sum of predicted Q and K concentrations.

Observed aglycone concentration: Sum of observed Q and K concentrations.

Aglycone yield: (Predicted aglycone concentration / Observed aglycone concentration) * 100.

REF-Phenolics identified with a reference standard.

MS2-Phenolics identified using MS/MS fragmentation patterns.

190



Quercetin yields (84.2-98.3%) were consistently higher than kaempferol yields (56.00-
73.93%) across all varieties. The underlying cause of this is not clear but may involve aglycone
degradation during incubation, formation of undetected hydrolysis products or complexation
with the precipitate formed after the addition of ethanol. Wang et al. (2012) observed that
qguercetin concentrations decreased over incubation in snailase-treated rutin samples
whereas a comparison enzyme (cellulase-T2440) maintained more stable quercetin levels.
This effect may stem from the crude composition of snailase which contains glycoside
releasing cellulases, but also other enzymes that may degrade kaempferol more readily than
quercetin upon glycoside hydrolysis. It is suggested that future trials evaluate snailase
treatments at varying concentrations and incubation times to optimise the hydrolysis of
glycosides whilst limiting degradation of aglycones. However, it is worth noting no significant
differences were found between control and snailase treated extracts for catechin,

epicatechin or xanthohumol (Appendix 7, Table 3).

7.4.3.1.2 Phenolic acids

Phenolic acids were also found in significantly higher levels for snailase treated extracts
compared to controls. Figures 7.5 and 7.6 present the levels of quantified phenolic acids and
those measured by IS normalised abundance respectively. Coumaric, protocatechuic,
hydroxybenzoic and caffeic acids were all < LOD for control samples whilst gallic and quinic
acid were found in very low levels. Treated extracts had significantly higher levels of all
phenolic acids than respective control samples however these didn’t exceed 800 mg/kg for
each compound. Phenolic acids can be present in free form but also bound to sugars and
quinic acid to form high molecular weight hydrolysable tannins, and low molecular weight
chlorogenic acids and phenolic acid glycosides (Ribeiro, 2015). Li et al. (2020) previously
demonstrated that snailase can hydrolyse protocatechuic, p-hydroxybenzoic, vanillic and p-
coumaric acid glycosides releasing the free phenolic acid. Like flavonols, free phenolic acids

have been found to exhibit higher antioxidant activities than their respective glycosides. The
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higher levels of protocatechuic acid and gallic acid in snailase treated extracts compared to
control indicates the presence of glycosidically bound forms in the hop leaves evaluated in
this study. However, these are likely present at low levels as free phenolic acids

concentrations quantified in treated extracts were < 1.5 mg total/g.
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Figure 7.5: Concentrations of coumaric, ferulic and protocatechuic acid for snailase treated
and control leaf extracts.

Data represent the mean + standard deviation of duplicate treatments (n=2). Letters represent ANOVA post-hoc
groupings (p<0.05).

REF-Phenolics identified with a reference standard.
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Figure 7.6: Normalised abundance of quinic, caffeic, gallic, caffeoylquinic (BETA) and 4-
hydroxybenzoic acid for snailase treated and control leaf extracts.

Data represent the mean + standard deviation of duplicate treatments (n=2). Letters represent ANOVA post-hoc
groupings (p<0.05).

MS2-Phenolics identified using MS/MS fragmentation patterns. REF-Phenolics identified with a reference
standard.
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7.4.3.2-Antioxidant analysis of Snailase treated materials

Snailase treated and control extracts were evaluated for antioxidant activity using DPPH,
FRAP and ORAC assays to evaluate the impact of glycoside hydrolysis on ET and HAT
antioxidant activities. Incubation controls were included for leaf extracts to ensure that any
observed antioxidant differences were related to snailase treatment rather than incubation

conditions.

The antioxidant activities of snailase treated and control phenolic standards are presented in
Figure 7.7. Kaempferol glycosides had the lowest DPPH and FRAP control activity but
demonstrated the greatest increases on Snailase treatment for these assays. Quercetin
glycosides had higher DPPH and FRAP control activities but demonstrated more moderate
increases on treatment for FRAP and DPPH. This difference can be attributed to the greater
hindrance of 3-0 glycosylation on ET antioxidant properties of kaempferol over quercetin as

proposed in section 7.4.2.
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Figure 7.7: Antioxidant activity (FRAP, DPPH and ORAC) of snailase treated and control
kaempferol and quercetin glycoside phenolic standards. Data expressed as Trolox
equivalents (mg TE/g).

Data represent the mean + standard deviation of duplicate treatments (n=2).

T-test significance levels are denoted as follows: * P < 0.05, ** P < 0.01, *** P <0.001, **** P < 0.0001.
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The antioxidant activities of snailase-treated and control hop leaf extracts are presented in
Figure 7.8. The snailase-treated extracts generally exhibited significantly higher antioxidant
activity than control extracts, with variations depending on hop leaf variety and the
antioxidant assay. The increase in antioxidant activity upon snailase treatment followed the
order: Cascade > S. Passion > S. Aroma, with the most substantial differences observed in the
FRAP assay. No significant differences were found between incubation control and control
extracts, indicating that the incubation conditions adopted in this study did not impact

antioxidant activity.
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Figure 7.8: Antioxidant activity (FRAP, DPPH and ORAC) of snailase treated and control

Cascade, S. Passion and S. Aroma purified hop leaf extracts. Data expressed as Trolox
equivalents (mg TE/g).

Data represent the mean + standard deviation of duplicate treatments (n=2).

T-test significance levels are denoted as follows: * P < 0.05, ** P < 0.01, *** P <0.001, **** P < 0.0001.
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The antioxidant activities of treated and control leaf extracts strongly correlated with their
flavonol glycoside contents and their antioxidant activity relative to respective aglycones, as
detailed in Figure 7.4 and Tables 7.3 & 7.4. For the DPPH and FRAP assays, Cascade exhibited
the lowest control antioxidant activity, but also the largest fold increases upon snailase
treatment with 4.51-fold (FRAP) and 2.54-fold (DPPH) increases. S. Passion and S. Aroma had
higher control antioxidant activity but displayed smaller fold increases upon snailase
treatment at 1.7-fold and 1.44-fold (FRAP) respectively, with no significant differences
observed for DPPH. This is likely related to the higher content of kaempferol 3-O-glycosides
for Cascade, which exhibited negligible ET antioxidant activity (Appendix 7-Table 1) and the
higher content of quercetin 3-O-glycosides in S. Aroma and S. Passion, which exhibited higher

ET antioxidant activity but with smaller differences compared to quercetin.

For the ORAC assay, similar trends were observed, with the greatest activity increases upon
snailase treatment seen for Cascade (1.64-fold) and S. Passion (1.70-fold), whilst no
significant difference was observed for S. Aroma. Notably, Cascade exhibited the highest
ORAC activity among the three varieties, both in the control (2087.62 mg TE/g) and treated
(3429.59 mg TE/g) samples. The higher ORAC activity in treated Cascade between varieties
can be attributed to its high kaempferol content, which was the most potent antioxidant
analysed in the ORAC assay (Appendix 7, Table 1). The higher activity in control Cascade
compared to the other varieties is likely due to its higher kaempferol glycosides content which
were generally more potent antioxidants in the ORAC assay compared to quercetin glycosides

(Appendix 7, Table 1).

To illustrate groupings of standards and extracts based on antioxidant activity differences
between control and treated extracts, fold changes in activity (ranging from 1 to >5) are
presented as a heat map in Figure 7.9, with rows and columns ordered according to AHC.

Trolox equivalents were not calculated for snailase-treated K-RUT and Q-MG standards due
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to the unknown sample weight (<0.2 mg) however they were evaluated on a fold increase
basis. Cascade extract grouped more closely to kaempferol glycosides, which is attributed to
greater fold increases in FRAP and DPPH activities whereas S. Aroma and S. Passion group
more closely with quercetin glycosides, which is attributed to lower fold increases in these
assays. Figure 7.9 clearly highlights that flavonol type, specifically whether a glycoside is
guercetin or kaempferol based, had the greatest impact on antioxidant activity differences of

flavonol glycosides following hydrolytic treatment.

Antioxidant activity fold
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Figure 7.9: Fold differences in antioxidant activity between 1 and =5 between snailase
treated and control phenolic standards and purified hop leaf extracts. Rows and columns
ordered according to AHC analysis (Euclidean distance).

Kaempferol 3-O-galactoside

Kaempferol 3-O-rutinoside

T-test significance levels are denoted as follows: * P < 0.05, ** P < 0.01, *** P <0.001, **** P < 0.0001.
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7.4.3.3-Antioxidant activity comparison: Hop leaves vs commercial extracts

To benchmark the antioxidant activity of treated leaf extracts, comparisons were made with
commercial extracts and PAD950 SPE purified hop fractions analysed in Chapter 5.
Commercial extracts were predominantly derived from agri-food co-products including grape
pomace (Grape OPC, Vitisol), and pine bark (Pineol). The DPPH and FRAP antioxidant activities
of commercial extracts and purified hop fractions were higher for all comparison materials,
except ProXantho (hydrophobic precipitate comprising xanthohumol and alpha acids). These
extracts are predominantly made up of proanthocyanidins which exhibited comparable ET
activity to kaempferol as analysed in this study (Appendix 6, Table 1). The lower ET activity
observed in the treated leaf extracts can be attributed to the presence of hydrolysed sugars
resulting from the cleavage of flavonol glycosides. Notably, the hydrolysis of kaempferol 3-O-
rutinoside yields only 42.1% kaempferol with the remaining 57.9% comprised of glucose and
rhamnose. Monosaccharides exhibit negligible antioxidant capacity (Hu et al., 2016), thereby
limiting the antioxidant potential of the resulting extract. This suggests that to produce high
antioxidant activity extracts, leaf extracts should undergo snailase treatment prior to SPE
purification and that an adsorbent with poor monosaccharide affinity (such as C18) should

be used.

Snailase treated hop leaf extracts were shown to have higher ORAC values compared to
CyanthOx 50, Green Tea 38 and the hydrophobic hop residue extract but lower values than
Vitisol, Pineol and Grape OPC. Snailase treated Cascade extract was comparable to the hop
cone hydrophilic extract indicating that with hydrolytic treatment leaf phenolic extracts can

be enhanced to match the antioxidant capacity of cone-derived hop co-products.
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Chapter 8-Conclusions and Recommendations for Future Works

8.1-Conclusions

In this study, hop co-products from the harvesting and processing of hop cones were
comprehensively evaluated for their phenolic content and antioxidant activity. The primary
aim was to assess these co-products as a source of natural phenolics to produce extracts with
high antioxidant capacity and thus potential added value for applications across various
industry sectors. As such, green extraction techniques were adopted so that findings could
potentially be scaled-up to produce non-toxic food grade extracts safe for the cosmetic, food
and beverage sectors. Initially the extraction conditions were optimised using aqueous
ethanolic solutions, which were then applied to a range of hop co-products and non-hop plant
materials to compare the phenolic content and antioxidant activities of their extracts.
Different purification techniques were then evaluated for the phenolic extracts, guided by
maximising antioxidant activity and phenolic purity. The resulting fractions were
benchmarked against well-established commercial phenolic extracts from different plant
sources. Hydrolytic treatment was also evaluated to enhance the antioxidant capacity of hop

leaf extracts.
This study has reported the following significant findings:

Chapter 3 aimed to optimise the extraction of phenolics and antioxidant activity from CO,R-
HERK using ‘green’ solvents and techniques. Aqueous ethanol was chosen as the extraction
solvent due to its lower toxicity compared to conventional extraction solvents and
demonstrated effectiveness in phenolic extraction across a range of plant materials. Enzyme-
assisted extraction was also explored to assess the release of bound phenolics. A central
composite designh was employed to evaluate the effect of ethanol % of extraction solvent (30-
90%), and solid: liquid ratio (100-150 mg/ml). Ethanol concentration of aqueous extraction

solution was the most significant factor evaluated which influenced the extraction of
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phenolics and resins from commercial hop CO, extraction residue (cv. Herkules) (p<0.0001).
The optimal ethanol concentration for the extraction of total phenol content (TPC),
proanthocyanidin content (PAC) and FRAP antioxidant activity was between 40-50% v/v (aq),
whilst xanthohumol and alpha acids were best extracted at 65-75% v/v (aq). Ultimately, 50%
ethanol v/v (aq) was determined to be the most effective concentration for the simultaneous
extraction of TPC, PAC, xanthohumol, alpha acids and FRAP antioxidant activity. Solid: liquid
ratio of the extraction did not have a significant impact on the extraction as evaluated by any
of the assays, within the evaluated range of 100-150 mg/ml (p > 0.05). This indicates that
higher solid: liquid ratios could be selected that are more viable for commercial-scale

extraction due to lower solvent and processing costs.

A range of commercial enzyme preparations (comprising pectinases, cellulases and
proteases) were evaluated at 1% and 0.1% DM. Supplier recommended incubation
temperature and pH conditions were used with a 90 min aqueous enzyme incubation step
prior to a 50% (v/v) ethanolic extraction. Whilst some enzyme treated extracts had a higher
TPC compared to their incubation control, differences were small and not significant (P>0.05).
This may be due to low levels of bound phenolic compounds in CO;R-HERK, or the use of non-
optimal incubation conditions. Higher incubation temperatures (60 °C) significantly
decreased phenolic extraction (P<0.05), indicating that hop phenolics may degrade at
elevated temperatures, making high optimal temperature enzyme preparations unsuitable
for enhancing phenolic extraction from hop processing residues. Considering these findings,
the extraction conditions considered to most effective, and therefore selected for use in
subsequent trials were 50% ethanol concentration, a 100 mg/ml solid: liquid ratio and no

enzyme additions.

In Chapter 4 the phenolic profiles of extracts of a range of hop co-products and non-hop

materials were analysed and compared with one another. Hop materials analysed included
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hop pellets, leaves and processing residues from T45 pelleting and CO, extraction of different
varieties. Non-hop materials included those known for their high phenolic content, such as
seabuckthorn pomace, cinnamon, Rooibos tea and various berry samples. Hop co-product
extracts generally had higher phenolic contents, particularly proanthocyanidins, as well as
higher antioxidant activities compared to the non-hop materials. The most abundant
phenolic sub-groups identified in hop co-products were flavanols, B-type procyanidins,
flavonol glycosides, prenylflavonols and chlorogenic acids. The composition of co-products
was predominantly dependant on the co-product stream and variety. Prenylflavonols were
predominant in CO, extraction residues, catechins and procyanidins were the main
constituents in T45 pelleting residues whereas in hop leaves the quantitatively significant

fractions were flavonol glycosides and chlorogenic acids.

Comparisons with published literature indicated that CO; extraction leads to a greater degree
of phenolic enrichment in the residue compared to T45 pelleting, although this was not
initially clear due to inconsistent sourcing of varieties of the various co-products. It was
concluded that, in general hop CO; extraction residue is a more promising source of phenolic
compounds compared to T45 processing residues, however this of course also depends on
the phenolic composition of the initial cone. CO,R-HERK was highlighted as a particularly
promising material for the subsequent trial to purify and enrich extracts, due to the high
prenylflavonoid content (9.58 mg total prenylflavonoids/g DM). Xanthohumol, the principal
prenylflavonoid of CO,R-HERK extract, has received attention for its potent hydroxyl and
peroxyl radical scavenging activity (Van Hoyweghen et al., 2010), and anti-cancer properties
(Girisa et al., 2021). Considering the significance of these properties, and the high material
availability of CO,R-HERK, with Herkules being the currently preferred variety for CO,

extraction, it was selected for subsequent purification trials.
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Purification of phenolic extracts is an important step to remove non desirable components
whilst concentrating phenolic compounds to generate purified extracts with higher
antioxidant activities. Chapter 5 aimed to evaluate two SPE adsorbents (PVPP and PAD950),
and three ultrafiltration membranes (UFX10, FS40, GR51) for the purification of CO,R-HERK
extract and compare the phenolic purity and antioxidant activities of the resulting fractions.
PVPP and PAD950 were evaluated due to reported high affinities to prenylflavonols and
procyanidins respectively, whilst ultrafiltration was evaluated due to its lower cost. For
purification treatment ethanol was removed from CO,R-HERK resulting in a hydrophobic

precipitate.

The highest purity extract was produced by desorption of treated PAD950, a macroporous
resin that adsorbs phenolics through hydrophobic interactions and hydrogen bonding. This
fraction was mainly composed of catechins, B-type procyanidins and flavonol 3-O-glycosides.
Ultrafiltration produced a retentate and permeate for each membrane and was found to be
much less effective across a range of different membrane sizes evaluated between 10-100
kDa. It was thus concluded that purification of extracts using PAD950 SPE offers greater
phenolic specificity as compared to molecular weight size exclusion techniques. PVPP was
also investigated as a novel method for concentrating phenolics from hop extracts. Data were
reported in the form of Langmuir isotherm modelling, demonstrating high adsorption
capacities of PVPP for hop phenolics from both EO and E50 feed solutions. However, hurdles
remain to be overcome for the efficient desorption of phenolics from PVPP using ‘green’
solvents. Overall, it was highlighted that phenolics from CO,R-HERK can be purified using
‘green’ techniques to generate extracts with comparable antioxidant activities to those of
commercial extracts; solid phase extraction using a PAD950 phase offered the best

enrichment.
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Chapter 6-Hop leaves represent an under-utilised source of biomass with potential for
valorisation as a source of bioactive phenolic compounds. In Chapter 4 hop leaves were
shown to have the most distinct phenolic profile among the co-products evaluated, with
notably higher levels of flavonol glycosides and chlorogenic acids. This study aimed to
evaluate the phenolic composition of hop leaf and cone extracts for three commercially
significant varieties. Leaf materials was sourced from Yakima, the highest acreage growing
location, over two crop year and three stages of development.

LC-MS/MS in silico fragmentation identified a diverse range of phenolics in the hop leaf
extracts, the most abundant of which were quercetin and kaempferol 3-O mono, di- and tri-
glycosides and chlorogenic acids. Quantitative analysis highlighted that these were present
at concentrations similar to, or exceeding, those of other plant materials noted as rich sources
of phenolics such as Mulberry and Ginkgo leaves. Hop cone extracts contained lower levels
of these compounds but had significantly higher levels of B-type procyanidins, catechins,
prenylflavonoids and bitter resins.

Hop variety was shown to be a strong determinant of flavonol glycoside composition, with
quercetin glycosides prevalent in Calypso but kaempferol glycosides predominant in Cascade
and Contessa leaves. Even so, the distribution of glycosides was significantly different in each
case such that phenolic concentration data clustered first by variety and then sub-clustered
according to factors such as harvest year or stage of leaf development which had smaller and
less consistent effects across the study. Although the number of young leaf samples (n=2) in
the study was small their composition was substantially different to the mature leaves
sampled at each stage of development and driven by their elevated concentrations of flavonol
glycosides.

When compared to South African hop leaves analysed in Chapter 4, leaves from Yakima
generally had higher flavonol glycoside levels but significantly lower total phenolic contents.

It is unclear if this is attributed to variety or other factors but highlights the variability of hop
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leaves as a source of natural phenolics, an important consideration for the potential

commercial valorisation of hop leaf phenolics.

The higher phenolic contents of the South African hop leaves could be related to the hotter
climate and the lack of irrigation (drought stress) compared to those grown in Yakima.
Although this study found that correlations between climate variables and phenolic content
were generally not significant and inconsistent between varieties, UV radiation and heat have
been linked to the accumulation of different phenolic groups in leaves across a range of
species such as lettuce (Sytar et al.,, 2018) and grape (Berli et al., 2010). The generally
insignificant correlations reported in this study may be related to the confounding effect of
leaf stage of development and climate variables on phenolic composition, which were difficult

to separate based on the experimental design used.

Overall, this study highlights that hop leaves are a rich source of quercetin and kaempferol
glycosides, as well as chlorogenic acids. Whilst flavonol glycoside composition was primarily

driven by hop variety, chlorogenic acids showed less variety-specific variation.

Chapter 8 aimed to characterise the antioxidant activities of hop leaf and cone extracts and
to identify the contributions of specific phenolic compounds to these activities. Hop cone
extracts exhibited significantly higher antioxidant activities than all leaf extracts (p>0.05)
which varied according to variety, stage of development and crop year. Correlation analysis
between the antioxidant activities and phenolic composition of leaf extracts revealed
catechins and B-type procyanidins had the strongest positive correlations (p>0.05) whilst
kaempferol glycosides generally showed negative correlations. To investigate the causal
relationship between compound concentration and antioxidant activities, phenolic standards
were evaluated individually for antioxidant activities. Flavonol glycosides generally had

significantly lower antioxidant activity compared to their respective aglycones (P<0.05), with
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kaempferol 3-O-glycosides exhibiting negligible DPPH and FRAP activity. This was
hypothesised to be related to the steric hinderance of glycosylation which may particularly
affect the electron transfer-based antioxidant activity of kaempferol glycosides. Along with
quercetin and kaempferol, B-type procyanidins had the highest activities of the pure
compounds analysed, likely contributing to the significantly higher antioxidant activities of

hop cone extracts compared to leaves.

Given that quercetin and kaempferol glycosides were the most abundant phenolics in hop
leaf extracts (Chapter 6) and exhibited significantly lower antioxidant activities than their
respective aglycones, it was aimed to evaluate hydrolytic treatment as a technique to
enhance the antioxidant properties of hop leaf extracts. Snailase, an enzyme preparation
comprised of cellulases, pectinases and proteases, was selected for glycoside hydrolysis trials
as it has been shown to be more effective than comparable enzymes and acid hydrolysis
(Wang et al.,, 2011). Three hop leaf samples (Cascade-Flower, S. Aroma-Harvest and S.
Passion) with high but varied flavonol glycoside contents were purified using C18 SPE, treated
with snailase, and analysed for differences in antioxidant activities and phenolic composition.
Snailase treatment achieved high hydrolysis rates (>99%) and significant increases in
antioxidant activity depending on glycoside composition and antioxidant mechanism. The
Cascade leaf extract showed the greatest increases in antioxidant activities upon treatment,
in particular for the FRAP assay (4.5%*), likely due to its high kaempferol 3-O-rutinoside content
(400.56 mg/g). These finding highlight the importance of hydrolytic treatment for hop leaf

extracts for use as natural antioxidants depending on glycoside composition.

Overall, the work presented in the thesis has provided significant new information to support
the future exploitation of hop co-products as sources of valuable phenolics with desirable
antioxidant or other bioactive properties. Comprehensive identification and quantitative

analysis of phenolics using LC-MS/MS enabled different sources of co-products across the
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hop supply chain to be compared as source materials for phenolics valorisation. Extraction
and purification strategies are presented which generated products which were
demonstrably comparable to benchmark commercial phenolic extracts of plant materials in
terms of their antioxidant activities and/or concentrations of key components of interest. The
residue from commercial CO; extraction of hop pellets was shown to be most promising in
terms of generating the most concentrated extracts. Hop leaf materials contained a distinct
range of phenolic compounds relative to those present in the cones; the antioxidant activities
of leaf extracts were found to vary according to source, variety, stage of development and
treatment of leaf samples post-harvest. Antioxidant capacity of leaf extracts was significantly
lower than for hop cone processing residues and thus a range of enzymatic treatments were
investigated in attempts to enhance the extraction and antioxidant activity of leaf extracts.
Snailase was identified as a promising enzyme treatment to cleave the predominant flavonol
glycosides in leaf extracts and yield aglycones which have much greater antioxidant activities

than the parent glycosides.

8.2-Future Work

Recommendations for future research:

e Proanthocyanidin depolymerisation

In this study PAD950 SPE generated hop phenolic extracts had higher proanthocyanidin
contents, but lower antioxidant activities compared to commercially available extracts such
as Grape OPC, Vitisol and Pineol. The observed differences between total proanthocyanidin
content and the levels of B-type dimer and trimer procyanidins suggest that this fraction was
predominantly comprised of high molecular weight proanthocyanidins, indicating the need
to evaluate proanthocyanidin depolymerisation techniques. Effective green techniques such

as catalytic hydrogenolysis which comply with food safety standards have been shown to be
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effective and could be utilised to improve the antioxidant properties of hop

proanthocyanidins.

e Evaluate of phenolics extracts for specific application

This study used in vitro antioxidant techniques to assess direct radical scavenging
mechanisms relevant to various industries. However due to the complexities of oxidative
reactions, and the diverse matrices of possible products, future research should evaluate
extracts within specific product environments. This would provide a clearer understanding of
efficacy across real-world applications and may highlight areas for optimisation. For example,
phenolic extracts for beverage flavour stability are limited by their solubility in product. Many
of the abundant phenolics quantified in co-product extracts have poor water solubility such
as xanthohumol in CO,R-HERK, and kaempferol, the main product of leaf glycoside hydrolysis.
By evaluating these extracts in product it may indicate that encapsulation techniques are
required to improve availability in the beverage, or that alternative applications are more

promising.

e Economic feasibility of glycoside hydrolysis

This study highlighted that snailase glycoside hydrolysis was highly effective for improving the
antioxidant capacity of leaf extracts. However, aglycone yields were lower than anticipated
and the enzyme: substrate ratio evaluated is likely not economically feasible. Future work
should investigate optimising incubation conditions to improve aglycone yields and
demonstrate financial viability by evaluating lower enzyme: substrate ratios or by

immobilization to improve reusability and stability of the enzyme.

e The impact of climate change on hop leaf phenolic content

Although correlations between climate variables and the phenolic content of hop leaves were

generally insignificant in this study, it has been proposed that this may be due to limitations
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in the experimental design. As climate change leads to elevated heat and UV radiation
globally, future work should evaluate the effect of these changing climate conditions on the
phenolic content of hop leaves in major growing regions. The accumulation of various
phenolic compounds in response to elevated UV radiation, heat and drought stress suggests
that the valorising hop leaves for their phenolic content could become more economically

viable as the climate change progresses.
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Appendix 2-Figure 1: FRAP antioxidant analysis of Trolox analysed at different concentrations
between 0.01-0.18 mg/ml.
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Appendix 2-Figure 2: FRAP antioxidant analysis of a hop leaf extract analysed at different
concentrations between 1-10 mg/ml.

Hop leaf extract: Aqueous ethanolic (50% v/v) extract of Calypso hop leaf (2021 harvest, flower stage).
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Appendix 2-Figure 3: Absorbance at 593 nm measured at 5 min intervals over 30 mins for
hop leaf extracts (5 mg/ml) and Trolox (0.9 mg/ml).

CAL-Calypso. CAS-Cascade. CON-Contessa. FL-Flower stage, MID-Middle stage, HV-Harvest stage. 21-2021 crop
year. 22-2022 crop year.
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Appendix 2-Figure 4: ORAC standard curve for Trolox analysed at concentrations of 0, 0.005,
0.0125, 0.01875, 0.025, 0.03125, 0.0375 and 0.05 mg/ml in PBS.
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Appendix 3

Appendix 3-Table 1: Experimental runs of the two-factor central composite design and
response values to evaluate the effect of ethanol concentration (A) and solid: liquid ratio (B)
on the extraction of total phenolic content (TPC), proanthocyanidin content (PAC),
xanthohumol, total alpha acids and FRAP antioxidant activity.

Run Ethanol Solid: liquid TPC (mg PAC (mg Xanthohumol Total alpha acids FRAP (mg
concentratio ratio CAE/g DM) PB3E/g DM) (mg/g DM) (mg/g DM) TE/g DM)
n (%) (mg/ml)
1 81.2132 107.3223 55.33 9.86 6.83 4.57 13.59
2 60 125 67.24 24.86 6.11 5.42 26.32
3 30 125 63.58 26.44 0.17 1.46 25.53
4 60 125 66.05 26.09 5.90 5.29 28.29
5 38.7868 142.6777 69.64 30.61 2.59 3.07 29.92
6 60 150 67.59 25.78 6.11 5.28 32.37
7 60 125 71.51 26.14 5.89 5.32 27.34
8 60 125 71.38 26.71 6.18 5.29 29.51
9 81.2132 142.6777 55.82 9.42 7.27 4.41 13.67
10 60 125 70.37 26.94 8.46 5.46 29.03
11 38.7868 107.3223 73.54 32.18 1.38 3.43 34.69
12 60 100 71.00 27.85 5.76 5.20 28.76
13 90 125 34.73 2.80 6.86 3.68 6.78
14 50 100 78.49 31.93 4.42 4.66 31.81
15 42.5 100 74.96 - 2.18 3.97 30.78
16 45 100 72.92 - 2.84 4.37 30.29
17 47.5 100 73.92 - 3.74 4.55 30.83

Total alpha acids: Sum of cohumulone and ad/humulone.
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Appendix 3-Figure 1: Second order polynomial model fits used to calculate % of 1 M HCI of
total solution to counteract buffering potential CO,R-HERK extracts for enzyme assays.
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Appendix 3-Figure 2: Time and solvent ratios for enzyme incubation and ethanolic
extractions
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Appendix 4-Figure 1: DPPH RSA (%) for hop materials and comparison materials analysed

between 10-350 pg/ml.
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Appendix 4-Table 1: Standard curve concentrations ranges, R? slope and intercept values

used for quantitative analysis.

Compound Min (ug/ml) Max (ug/ml) R? Slope Intercept
Phenolic and chlorogenic acids
Gallic acid 0.0019 0.3788 0.9995 0.4967 -0.0007
Protocatechuic acid 0.0019 1.8939 1 0.9582 0.0016
3,4-Dihydroxybenzoic acid 0.0038 1.8939 0.9999 0.9693 -0.0004
4-Hydroxybenzoic acid 0.0019 0.7576 0.9994 0.3948 0.0015
Caffeic acid 0.0038 7.5758 0.9992 0.2132 0.0031
Coumaric acid 0.0076 0.7576 0.9997 0.753 0.0036
Ferulic acid 0.0019 1.8939 0.9988 0.394 -0.0019
3-Hydroxybenzoic acid 0.0076 0.7576 0.9997 0.4698 0.0016
Sinapic acid 0.0019 0.3788 0.9998 0.2138 0.0013
Trans-3-hydroxycinnamic acid 0.0019 0.1894 0.999 0.7969 0.0013
Vanillic acid 0.0379 1.8939 0.9967 0.0499 0.0022
Caffeic acid 0.0038 1.8939 0.9997 0.23 -0.0005
Chlorogenic acid 0.0027 26.515 0.9993 0.2761 0.0221
3,4-Dicaffeoylquinic acid 0.0038 3.7879 0.9993 0.4816 -0.0051
Prenylflavonoids
6-PN 0.0008 0.7576 0.9997 5.6531 0.0253
Isoxanthohumol 0.0007 2.6515 0.9997 1.2952 0.014
Xanthohumol 0.0015 3.0303 0.9998 2.5619 0.0216
Other
Phloroglucinol 0.0379 1.8939 0.9992 0.0299 0.0001
Vanillin 0.189 0.7576 0.9979 0.0848 0.0005
Naringenin 0.0008 0.0758 0.9948 1.1732 0.0034
Hesperetin 0.0038 0.1894 0.9996 1.0974 0.0047
Flavonols and glycosides
Kaempferol 0.0038 0.7576 0.9994 0.5794 0.0021
Quercetin 0.0038 3.7879 0.9962 0.4947 0.0024
Taxifolin 0.0004 0.0758 0.9992 0.5485 0.0009
Rutin 0.0027 26.515 0.9996 0.3671 -0.0068
Flavanols/procyanidins

Procyanidin A1 0.0038 0.3788 0.9978 0.2434 0.0018
Procyanidin A2 0.0019 0.3788 0.9998 0.2535 0.0015
Procyanidin B1 0.0066 26.515 0.9994 0.2952 0.0217
Procyanidin B2 0.0066 26.515 0.9998 0.3189 -0.0151
Procyanidin B3 0.0066 26.515 0.9996 0.2402 0.0125
Procyanidin C1 0.0076 3.7879 0.9992 0.2194 0.0038
Catechin 0.1326 26.515 0.9997 0.1235 0.0168
Epicatechin 0.0066 6.6288 0.9997 0.467 0.0128
Epigallocatechin gallate 0.0076 0.3788 0.9959 0.3368 -0.004
Epicatechin gallate 0.0076 7.5758 0.9996 0.223 0.0004
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Appendix 4-Table 2: Correlations between phenolic variables and principal components 1-
3.

PC1 PC2 PC3
Ascorbate (MS2) 0.104 0.170 0.221
Gallic acid (REF) -0.674 -0.222 0.407
Protocatechuic acid (REF) -0.432 -0.005 0.602
Gallo - Catechin B (MS2) 0.754 -0.176 0.229
4 Hydroxybenzoic acid (REF) -0.532 0.801 0.135
Neochlorogenic acid (REF) 0.800 0.119 0.427
salicylic acid (REF) 0.384 0.102 0.232
Gallo - Catechin A (MS2) 0.909 0.271 0.050
Catechin (REF) -0.555 -0.615 0.401
Procyanidin B1 (REF) -0.669 -0.272 0.628
Procyanidin B3 (REF) -0.729 -0.284 0.566
Caffeic acid (REF) -0.622 0.686 0.219
CQA BETA (MS2) 0.897 0.183 0.249
Chlorogenic acid (REF) 0.692 0.460 0.342
Procyanidin BD 1 (MS2) -0.693 0.386 0.469
5-O-Feruloylquinic acid (REF) 0.774 0.124 0.218
Epicatechin (REF) -0.357 0.599 0.638
Procyanidin B2 (REF) -0.279 0.687 0.661
COQA G (MS2) 0.697 0.116 0.338
Coumaric acid (REF) -0.839 0.378 -0.290
COQA D (MS2) 0.661 0.343 0.441
Procyanidin BD 2 (MS2) -0.740 -0.362 0.525
FQA D (MS2) 0.828 -0.063 0.204
Procyanidin C1 (REF) -0.520 0.525 0.573
Q-TG (MS2) -0.439 0.226 -0.730
FQA B (MS2) 0.604 0.496 0.403
Taxifolin (REF) -0.781 -0.226 0.000
Ferulic acid (REF) -0.700 0.545 -0.160
Quercetin 3-O-neohesperidoside (MS2) 0.492 0.812 -0.083
Sinapic acid (REF) -0.612 0.771 0.081
Quercetin 3-O-rutinoside (REF) 0.741 0.271 -0.070
Quercetin 3-0-glucoside (REF) 0.210 0.908 0.183
Quercetin 3-O-malonyl glucoside (REF) 0.513 0.185 0.791
Phloroglucinol - glycoside C (MS2) -0.623 -0.756 0.022
Kaempferol 3-O-rutinoside (REF) 0.828 0.223 -0.060
Kaempferol 3-O-glucoside (REF) 0.683 0.590 0.335
Quercetin malonyl glucoside B (MS2) -0.479 -0.557 0.541
4,5 Dicaffeoylquinic acid (REF) 0.602 0.678 0.283
Quercetin (REF) -0.427 0.898 -0.043
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Kaempferol (REF) -0.215 0.937 -0.237
Naringenin (REF) -0.743 0.562 -0.257
Hulupinic acid (MS2) -0.516 -0.273 0.022
Isoxanthohumol (REF) -0.612 0.527 -0.478
Desmethylxanthohumol (MS2) -0.800 0.228 -0.093
Prenylflavonone A (MS2) -0.583 0.734 -0.266
Curcumin (REF) -0.623 0.421 -0.360

6-PN (REF) -0.736 0.657 0.040
Diprenylflavonone A (MS2) -0.489 0.852 0.001
Total Phenol Content (CAE) -0.231 -0.076 0.541
Proanthocyanidin Content (PB3E) -0.681 -0.332 0.565
DPPH IC50 (TE) -0.218 -0.033 0.729

FRAP (TE) -0.320 -0.087 0.725

ORAC (TE) -0.615 0.383 0.286
Cohumulone (REF) -0.610 -0.378 -0.062
Ad/Humulone (REF) -0.607 -0.407 -0.008
Xanthohumol (REF) -0.551 0.430 -0.583
Colupulone (REF) -0.478 -0.673 0.172
Ad/Lupulone (REF) -0.439 -0.773 0.220
Phenolic acid glycoside A (MS2) -0.341 0.770 0.427
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Appendix 5
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Appendix 5-Figure 1: HPLC-DAD chromatograms of CO,R-HERK 50% aqueous extract (v/v) (A)
and post PVPP adsorption solution (B) at 370 nm.

240



100+ - Trolox
- Vitisol
- Grape OPC
- Ascorbic acid
-- Pineol
- ProAntho

RSA (%)
()]
o
1

o

Mg / ml

1007 - Cyanth Ox 50
- ProXantho

- Xanthohumol
- Green tea-38

50-

RSA (%)

;——-}/*/}/;

0 1 1 1 1 1
0 25 50 75 100 125

Mg / ml

Appendix 5-Figure 2: DPPH RSA (%) for purified hop extracts, commercial extracts and
phenolic standard compounds analysed at concentrations between 1.25-125 pg/ml.

241



2.0+

—— Grape OPC
© - Pineol
"g —- Vitisol
3 - ProAntho
2 1.54 - Ascorbic acid
g - Trolox
Q
c
g 1.0
™
(2]
n
®
Q
(3]
5 0.5- /
=
o
(7]
Q9
<
0.0 I 1
0.00 0.05 0.10
mg/ml
207 . GreenTea-38
- CyanthOx 50
- Xanthohumol
g - ProXantho
6 1.5+
o
s
E
g
£ 1.0-
[22]
2
®
[}
e
8
§ 0.54
Ke}
< /’/_‘
t— o
00 T | | 1
0.00 0.05 0.10 0.15 0.20
mg/ml

Appendix 5-Figure 3: FRAP absorbance at 593 nm - negative control of hop and commercial
phenolic extracts and standard compounds analysed at multiple concentrations between
0.02-0.2 mg/ml.
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Appendix 5-Figure 4: ORAC net area under curve (NAUC) of hop and commercial phenolic
extracts and standard compounds analysed at multiple concentrations between 0.0005-
0.010mg/ml.
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Appendix 6
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Appendix 6-Figure 1: Summary of 7-day average temperature and solar radiation data for
2021 (A) and 2022 (B). Lettering denotes the harvest dates for the leaf and cone samples for
both crop years.

2021 was much hotter than 2022 especially in June/early July, peaking in the first week of July
with a 7-day average temperature of 30.2 °C and highest 7-day average temperature of 38.95
°C compared to 23.33 °Cand 31.48 °C respectively for 2022. There were corresponding trends
for solar radiation where 2021 was consistently higher than 2022 between April and mid-July,
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in particular late May/early June with a total solar radiation of 27.26 MJ/mA for 2021 and
18.18 MJ/mA for 2022. 2021 Cascade and Contessa hop plants initiated flowering earlier than
in 2022 and therefore stage 1 leaves were collected earlier (A-02/07/21) than 2022 (H-
13/07/22). This is likely related to elevated temperature/solar variation which can induce
premature flowering as a stress response. Calypso is better suited to warmer climates and
therefore stage 1 leaves were collected later for 2021 (B-13/07/21) and 2022 (I-14/07/22).
These varieties have very similar photoperiod responses and typically flower together,
although 2021 was an exception. For 2021 a significant outbreak of two spotted spider mites
was observed possibly due to drought stress which also may have contributed to the early
flowering.

Stage 4 and 5 Calypso leaves were collected mid-July for 2021 (C-15/07/21) and late July for
2022 (K-29/07/22) whilst stage 2 leaves were collected early August for 2021 (D-02/08/21)
and 2022 (04/08/22). Stage 3 2021 leaves were collected on different days for Contessa (E-
27/08/21), Cascade (F-06/09/21) and Calypso (G-15/09/21) whilst 2022 stage 3 leaves were
all collected in late August (L-28/08/22).
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Appendix 6-Figure 2: Quadratic polynomial calibration fits for quantitative analysis of
kaempferol 3-O-rutinoside and quercetin 3-O-glucoside.
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Appendix 6-Table 1: External and internal standards used for quantitative analysis.

Standard Lowest Conc. (ug/ml) Highest Conc. (ug/ml) Internal Standard Slope Intercept R2
Protocatechuic acid 0.002 0.8 Hesperidin 0.651 0.0085 0.9997
Ferulic acid 0.004 2 Daidzein 0.3989 0.0022 0.999
Coumaric acid 0.002 0.2 Hesperidin 0.97 0.0042 0.999
Neochlorogenic acid 0.014 14 3,4-Dicaffeoylquinic acid 1.1994 -0.0346 0.9996
Chlorogenic acid 0.007 2.8 3,4-Dicaffeoylquinic acid 0.8582 0.012 0.9996
5-O-Feruloylquinic acid 0.014 2.8 Epigallo catechin 0.2482 0.0024 0.9995
4,5-Dicaffeoylquinic acid 0.002 0.04 3,4-Dicaffeoylquinic acid 2.6327 0.0039 0.9993
Catechin 0.007 14 Epigallo catechin 0.1855 0.014 0.995
Epicatechin 0.002 2 Epigallo catechin 0.3173 0.0107 0.9996
Procyanidin B1 0.008 8 Epigallo catechin 0.2113 0.0024 0.9996
Procyanidin B2 0.002 0.8 Epigallo catechin 0.1984 0.0012 0.9998
Procyanidin B3 0.002 8 Epigallo catechin 0.1585 0.008 0.9984
Procyanidin C1 0.002 0.8 Epigallo catechin 0.1346 0.0013 0.9991
Kaempferol 3-O-glucoside 0.024 4.8 Hesperidin 0.63 0.0202 0.9994
Kaempferol 3-O-rutinoside 0.026 26 Hesperidin 0.4054 -0.0237 0.9998
Kaempferol 3-O-galactoside 0.012 4.8 Hesperidin 0.4330 -0.0029 0.9996
Quercetin 3-O-malonyl glucoside 0.026 26 Hesperidin 0.1088 0.0096 0.9995
Quercetin 3-O-glucoside 0.026 26 Hesperidin 0.5527 0.0378 0.999
Quercetin 3-O-rutinoside 0.026 10.4 Hesperidin 0.6029 -0.0347 0.999
Kaempferol 0.002 0.04 Hesperidin 1.0398 0.0313 0.9992
Quercetin 0.002 0.04 Hesperidin 0.6197 0.0045 0.9982
Xanthohumol 0.002 4 Daidzein 0.6176 0.0084 0.996
6-PN 0.002 0.8 Daidzein 0.6014 0.0015 0.9998
Isoxanthohumol 0.002 0.8 Daidzein 0.5681 0.0025 0.9998
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Appendix 6-Table 2: Pearson correlation coefficients for hop leaf phenolic content in relation to
average temperature (Av. Temp) and solar radiation (Av. SR) for Calypso, Cascade and Contessa.

Calypso Cascade Contessa
Av. Temp Av. SR Av. Temp Av. SR Av. Temp Av. SR
Ascorbate (MS2) 0.24 0.88 -0.65 -0.79 -0.21 0.28
Quinate (MS2) 0.14 0.94 -0.19 -0.28 -0.37 -0.14
Gallo - Catechin (MS2) 0.58 -0.22 0.74 0.64 0.83 0.72
Catechin (REF) 0.84 0.55 -0.07 0.09 0.58 0.56
Epicatechin (REF) 0.85 0.25 0.42 0.41 0.76 0.68
Procyanidin B3 (REF) 0.46 0.00 0.71 0.67 0.52 0.70
Procyanidin B2 (REF) 0.45 -0.54 0.90 0.58 0.55 0.64
Procyanidin B1 (REF) 0.37 -0.31 0.89 0.42 0.31 0.49
Procyanidin B Dimer A
(Ms2) 0.20 0.13 0.71 0.80 0.51 0.85
Procyanidin B Dimer B
0.39 -0.06 0.48 0.40 0.47 0.62
(Ms2)
Procyanidin C1 (REF) 0.43 0.00 -0.43 -0.18 0.24 0.68
Neochlorogenic acid (REF) 0.29 0.97 -0.33 -0.21 0.58 0.64
Chlorogenic acid (REF) -0.77 -0.64 -0.59 -0.35 0.61 0.74
Chlorogenic acid B (MS2) 0.47 0.92 0.42 0.41 0.83 0.61
Coumaroylquinic acid A
0.27 0.94 -0.44 -0.53 0.33 0.12
(Ms2)
Coumaroylquinic acid E
-0.70 -0.14 -0.72 -0.46 0.70 0.61
(Ms2)
5-0-Feruloylquinic acid -0.17 0.63 -0.65 -0.28 -0.10 0.86
(REF)
Feruloylquinic acid G
-0.61 0.06 -0.93 -0.51 -0.82 0.26
(Ms2)
Feruloylquinic acid B
-0.03 0.58 0.82 0.77 0.80 0.52
(Ms2)
Feruloylquinic acid D
0.30 0.61 0.63 0.59 0.67 0.80
(Ms2)
Coumaroylquinic acid D
-0.71 0.04 -0.86 -0.55 0.00 0.30
(Ms2)
Coumaroylquinic acid G
0.07 0.54 -0.16 -0.16 0.77 -0.33
(Ms2)
Coumaroylquinic acid B
0.22 0.55 0.03 -0.10 0.76 -0.04
(Ms2)
Protocatechuic acid (REF) -0.19 0.43 -0.06 0.19 -0.92 0.10
Ferulic acid (REF) -0.32 0.58 0.56 -0.06 0.74 -0.20
Coumaric acid (REF) -0.05 0.60 -0.73 -0.69 0.22 -0.72
Phl lucinol gl ide-A
oroglucino’ glycoside 0.78 0.08 -0.19 -0.54 -0.20 -0.10
(Ms2)
Phl lucinol gl ide-C
oroglucino’ glycoside 0.47 -0.27 -0.89 -0.64 0.06 0.26
(Ms2)
45-Dicaffeoylquinic acid -0.02 -0.77 0.37 -0.19 0.62 -0.53
(REF)
Kaempferol 3-O-glucoside -0.01 -0.79 0.34 -0.17 0.64 -0.48
(REF)
Kaempferol 3-R-7,4-
DIGALAC (MS2) -0.32 0.55 0.85 0.60 0.13 0.95
Kaempferol 3,7- -0.76 -0.84 0.10 0.09 0.58 -0.61
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diglucoside (MS2)

Kaempferol 3-O-malonyl-

0.54 0.87 0.49 0.29 0.61 0.45
glucoside (MS2)
Kaempferol 3-0- 0.57 0.55 0.79 0.42 0.78 0.10
rutinoside (REF)
Kaempferol 3-0- -0.08 -0.85 -0.79 -0.52 -0.42 -0.46
galactoside (REF)
Kaempferol 3-O-
0.15 -0.30 -0.64 -0.42 0.27 -0.20
neohesperidoside (MS2)
Clitorin (MS2) 0.24 0.82 0.08 -0.01 0.57 0.65
Manghaslin (MS2) 0.59 0.82 -0.48 -0.31 0.62 0.59
Quercetin 3-malonyl 0.71 0.93 -0.64 -0.42 0.59 0.41
glucoside (REF)
Quercetin malonyl
0.29 -0.01 -0.78 -0.51 0.32 -0.15
glucoside B (MS2)
Quercetin 3-O-glucoside 0.08 -0.66 -0.75 -0.50 0.51 -0.29
(REF)
Quercetin 3-O-rutinoside 0.58 -0.10 -0.23 -0.18 0.69 0.17
(REF)
Quercetin 3-0-
0.00 -0.53 -0.76 -0.51 0.86 0.28
Neohesperidoside (MS2)
Xanthohumol (REF) 0.09 0.28 -0.80 -0.77 -0.65 -0.83
6-PN (REF) -0.46 -0.81 -0.86 -0.76 -0.10 -0.90
Isoxanthohumol (REF) 0.60 -0.33 -0.33 -0.83 -0.05 -0.61
Prenylflavanone A (MS2) 0.23 -0.13 -0.01 -0.17 -0.49 -0.01
Desmethylxanthohumol 0.29 0.40 -0.73 -0.51 -0.21 -0.16
(Ms2)
Hulupinic acid (MS2) 0.10 -0.49 -0.90 -0.87 0.14 -0.59
Cohumulone (REF) -0.63 -0.76 -0.79 -0.52 - -
Ad/Humulone (REF) -0.63 -0.76 -0.79 -0.52 - -
Colupulone (REF) -0.52 -0.40 -0.95 -0.77 -0.42 -0.46
Ad/Lupulone (REF) -0.23 -0.03 -0.89 -0.84 -0.42 -0.46
Total Phenol Content 0.48 -0.31 -0.26 -0.13 0.50 0.58
Proanthocyanidin Content 0.24 -0.39 0.98 0.66 0.16 0.58
Quercetin (REF) 0.50 -0.10 -0.26 -0.01 0.41 0.45

Correlations where p = <0.05 in bold.
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Appendix 7
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Appendix 7-Figure 1: DPPH RSA (%) for Calypso (top), Cascade (middle) and Contessa
(bottom) hop leaves for 2021 (left) and 2022 (right) analysed between 0.17-1.5 mg/ml.

CAL-Calypso. CAS-Cascade. CON-Contessa. FL-Flower stage. MID-Middle stage. HV-Harvest stage. Y-Young leaves.
0-0ld leaves. 21-2021 crop year. 22-2022 crop year.
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Appendix 7-Figure 2: DPPH RSA (%) for Calypso, Cascade and Contessa hop cone extracts
analysed between 33.33-200 pg/ml.
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Appendix 7-Figure 3: ORAC antioxidant activity of flavonol glycosides and their respective
aglycone analysed at 2.5, 3.75 and 2.5 pg/ml.

TE-Trolox equivalents.
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Appendix 7-Figure 4: Pearson’s correlation analysis between FRAP, DPPH and ORAC antioxidant activity of hop leaf extracts (cones omitted).
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Appendix 7-Table 1: Antioxidant (DPPH, FRAP and ORAC) and TPC analysis of reference phenolic compounds expressed on a weight basis as equivalents of

Trolox (TE) and caffeic acid (CAE).

mg DPPH TE/g

mg FRAP TE/g

mg ORAC TE/g

mg TPC CAE/g

Procyanidins

Procyanidin B2

1557.27 +23.23

1383.18 +14.88

7874.46 £ 173.19

3469.86 + 46.19

Procyanidin B3

1146.65 +61.94

1362.32 +15.21

7233.41 +208.26

3140.93 + 33.56

Procyanidin C1

1628.44 +15.49

1366.52 +9.03

7127.31+125.03

3372.07 +£53.89

Flavonols and flavonol glycosides

Kaempferol 511.57 + 82.59 1935.94 + 33.06 10467.14 + 426.60 1433.99 + 33.56
Kaempferol 3-O-glucoside <L0Q 14.72 +£1.83 5613.43 £ 161.30 <L0Q
Kaempferol 3-O-galactoside <LoQ 10.40 + 3.68 4446.98 + 75.00 <LoQ
Kaempferol 3-O-rutinoside <LoQ <LoQ 2925.20 + 265.58 <LoQ

Quercetin

1491.57 + 69.68

2848.85+9.18

7844.76 + 348.73

3349.85+13.33

Quercetin 3-O-glucoside

900.28 +7.74

668.48 + 28.37

3331.66 +58.61

1180.62 +7.69

Quercetin 3-O-malonyl glucoside

730.56 +92.91

833.25+4.65

3680.40 +91.49

1687.372 + 46.83

Quercetin 3-O-rutinoside

624.72 +103.23

567.49 +13.35

3187.31+242.25

993.93 +7.69

Quercetin 3-O-sophoroside

619.24 +12.90

546.53 +11.02

2473.57 +110.86

1038.38 +15.39

6-PN <L0Q <L0Q 6379.22 + 151.55 393.83 + 73.44

8-PN <L0Q 0.58+0.53 8677.72 £ 53.70 51.56 + 20.37
Xanthohumol <L0Q 73.29+6.46 5431.57 £ 156.49 371.61+ 7.69
Isoxanthohumol <LoQ 23.90+6.13 4257.36 + 0.00 69.34 + 13.33

Chlorogenic acids

Neochlorogenic acid

772.54 +12.90

908.00 + 19.98

3598.88 +169.01

2300.80 + 223.67

Chlorogenic acid

425.80 +18.32

695.75 + 5.65

3086.61 + 138.27

1874.06 + 20.37

5-O-Feruloylquinic acid

166.65+7.74

581.71+7.62

2057.19 +81.75

753.89 +7.69
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Appendix 7-Table 2: Antioxidant (DPPH, FRAP and ORAC) and TPC analysis of reference phenolic compounds expressed on a molar basis as
equivalents of Trolox (TE) and caffeic acid (CAE).

mM DPPH TE/g

mM FRAP TE/g

mM ORAC TE/M

mM TPC CAE/M

Procyanidins

Procyanidin B2

3597.64 £ 53.66

3196.96 + 34.39

18200.30 +400.30

11142.26 +148.33

Procyanidin B3

2649.03 +143.10

3148.75 £ 35.15

16718.62 + 481.35

10085.98 + 107.76

Procyanidin C1

5639.16 + 53.62

4732.16 +31.26

24681.33 +432.96

16223.44 + 259.29

Flavonols and flavonol glycosides

2278.273 £53.31

Kaempferol 585.00 + 94.44 2213.84 £ 37.80 11969.68 + 487.84
Kaempferol 3-O-glucoside <L0Q 26.37+3.28 7966.54 + 134.36 <10Q
Kaempferol 3-O-galactoside <L0Q 18.63 +6.59 10056.19 + 288.97 <10Q
Kaempferol 3-O-rutinoside <10Q <10Q 6948.03 + 630.81 <toa

Quercetin

1801.06 + 84.14

3439.98 +11.09

9472.51 +421.09

5619.70 +22.37

Quercetin 3-0-glucoside

1669.27 + 14.36

1240.23 +52.63

6181.20 +108.74

3041.31+19.83

Quercetin 3-0-malonyl glucoside

1606.48 +204.31

1832.27 +10.23

8093.06 +201.17

5155.02 +143.07

Quercetin 3-O-rutinoside

1523.78 +251.81

1394.36 +32.79

7774.35 +590.87

3368.20 +26.09

Quercetin 3-O-sophoroside

1550.01 +32.30

1367.95 + 27.58

6191.34 +277.48

3611.05 +53.54

744.13 +138.77

6-PN <10Q <10Q 8675.53 £ 206.11

8-PN <LoQ 0.79+0.72 11801.43 + 73.03 97.42+38.48
Xanthohumol <LoQ 103.76 £9.15 7690.34 + 221.57 730.99+15.14
Isoxanthohumol <10Q 33.83+8.68 6027.83 +0.00 136.40£26.23

Chlorogenic acids
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4524.84 +439.88

Neochlorogenic acid 1093.56 + 18.27 1285.32 +28.28 5094.36 + 239.24
Chlorogenic acid 602.73 + 259.39 984.86 + 8.00 4369.23 +195.72 3685.61+40.06
5-O-Feruloylquinic acid 245.24 +11.39 856.01 + 11.21 3027.26 +120.30 1541.32+15.74

Appendix 7-Table 3: Concentrations of xanthohumol, catechin and epicatechin in snailase treated and control extracts (mg/kg).

Cascade S. Passion S. Aroma
Control Snailase Control Snailase Control Snailase
Xanthohumol 1316.05+67.82 A 142290+ 103.63 A 379.80+30.94B 391.36+46.23B 274.83+42.98B 332.02+40.89B
Catechin 205.89 £ 16.33 B 232.06 £+47.53B 322.14+67.79B 360.39+30.75B 1916.12 +30.57 A 1893.20+124.33 A
Epicatechin 126.31+29.04 B 196.23 +55.12 B 248.41+41.11B 348.25+45.68 B 1433.09+33.35A 1427.77 £+ 103.12 A

Letters represent ANOVA post-hoc groupings (P<0.05).
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