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Abstract 

Determination of hop alpha acids grown in the South Island of New Zealand. 

by 

Bin Wu 

In this study, ultra-performance liquid chromatography was used to quantify the content of alpha 

acids in hops grown in Nelson, Canterbury and Southland.  

This method used a binary solvent system consisting of (1) 100% methanol (A) and (2) 85% of 

solvent A and 15% of solvent B. B is 0.17% v/v formic acid and water. Analysis was performed 

isocratically at a flowrate of 0.2 mL/min. Separation was achieved on the column of Acquity UPLC® 

BEH C18, 50 x 2.1 mm, with a particle size of 1.7μm, and with a Acquity UPLC® BEH C18 1.7μm, 

VanGuard™ pre-column 5 x 2.1 mm. The compounds of interest eluted within 4 mins. 

The results of this experimental study show that the content of alpha acids in hops is not only 

related to the growth environment but also related to the variety. 

Keywords: UPLC; hops; alpha acids; beta acids 
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Chapter 1 Introduction 

Hops are an important brewing material in the world, in the past few decades, their types and 

related products have increased rapidly (Blanco et al., 2006). The production of harvested hops in the 

world (2010-2019) has reached about 0.87 million tons in the past ten years while New Zealand's hop 

production is only about 3,419 tons in the past decade (FAOSTAT, 2021). 

Hops are a basic raw material for brewing beer, which has a huge impact on the flavor of beer (Van,  

Goiris,  De, Aerts,  & De, 2012). Alpha acids, essential oils and phenols are what give beer its 

characteristic flavor attributes, among which alpha acids and essential oils impart bitterness and 

aroma to beer, and hop polyphenols are beneficial to the fullness of beer (Van et al., 2012). 

1.1 Hops 

Hop (Humulus Lupulus L.) is a long-day dicotyledonous plant belonging to the Cannabaceae family, 

and it is mainly divided into two types: wild hops, which are used for ornamental or feed and  

commercial hops, which have important economic value (Karel, Marie, Roman, & Lucie, 2020). 

Moreover, commercial hops can be divided into three types: bittering hops, aroma hops and dual 

purpose hops (Hop Research Centre, 2019).  The whole plant of hops is composed of underground 

rhizomes, annual climbing bines, and conical green flowers when harvested (Dodds, 2017). Hops are 

dioecious, but in the brewing industry, people usually only need unfertilized female plants (Dodds, 

2017). Because only in the unfertilized female flowers, the resin content is the highest (Dodds, 2017). 

1.1.1 Growth environment 

The yield and quality of hops are closely related to the environment and climate in which it grows. 

Judging whether an area is suitable for hops growth is mainly (but not limited to) determined by the 

following factors.  

Latitude 

The primary commercial hops originated in the temperate northern hemisphere and the latitude of 

35° to 55° South or North of the equator is considered the most suitable for its growth (Dodds, 2017). 

Because latitude is a decisive factor in determining the duration of seasonal light. In New Zealand, 

the majority of hops are grown in the Nelson region, coupled with little wind, sufficiently cold 

winters, and a latitude of 41.2°S with an average annual sunshine time of more than 2,350 hours 

(Dodds, 2017). 
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Terrain 

Most hops in the world are grown on flat or moderately undulating terrain. The main reason is that 

the terrain is suitable for management and drainage. For example, in Nelson (NZ), Tasmania, hops 

are grown on alluvial plains sheltered by valleys. 

 

Material removed due to copyright compliance 

 

 

 

Figure 1.1.1 Hop garden in the Nelson area of New Zealand. (Source: Hop Research Centre, 2019) 

 

 

Soil 

Hops can grow successfully on most types of soils, but deep, light, water-rich but non-waterlogging 

soils are best (Dodds, 2017). As for the nutrients in the soil, they can be adjusted artificially (Dodds, 

2017). The most important point is that the pH of the soil is the key for the growth of hops, and the 

optimal pH range is considered to be H 6-6.5 (Dodds, 2017). 

Water 

Hops are a plant with a very developed root system, but their feeder root system mainly grows in the 

upper layer (Hop Research Centre, 2019). Keeping the root system moist is critical to hops, especially 

during the growth period of the plant (Hop Research Centre, 2019). If the rainfall is insufficient, an 

artificial water supply system is needed for water supply (Hop Research Centre, 2019). 

Shelter of Wind 

Hops are sensitive to strong winds. During the growth stage, the wind might damage the leaves and 

stems. During the flowering stage, the wind could affect the quality of the cone flowers (Dodds, 

2017). Therefore, proper wind protection is a necessary measurement, and the use of terrain is a 

good choice, just like many hops are planted in river valleys, or shelter forests or protective nets can 

be planted to reduce the impact of wind (Dodds, 2017). 
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Main metrological factors affecting the growth of hops from Nelson, Lincoln, and 

Southland 

Table 1.1.1 Comparison of main climate characteristics between Nelson and Christchurch in 2019. 

 Nelson Lincoln Southland 

Latitude 41°16'N 43°53'N 45°47'N 

Annual average sunshine time (hours) 2606  2368  1930  

Average annual temperature (℃) 13.7 12.3 10.6  

Average annual rainfall (mm) 1013  525  750  

Weather information sources:  New Zealand Climate Summary (NIWA, 2019). 

1.1.2 The flower cone of hops 

The flower cone of hops with lupulin glands (Figure 1.1.2) is the plant part that contains the vital 

substances for the brewing industry, such as aromatic substances which in large part give beers their 

aroma (usually 0.5%-3%, w/w), tannins (4%, w/w) and resins (usually 15%-30%, w/w) (Cynthia, 

Christina, Martina, Elke, & Thomas, 2014; Karel et al., 2020). The variances in the content of these 

compounds are caused by different varieties and different growth conditions (William, 2017). The 

content of hard resin which is insoluble in hexane accounts for 3-5% by weight of dry hops (William, 

2017). The yellow soft resin that is often mistaken as pollen, is composed of α-acids, β-acids, and 

essential oils (Dodds, 2017; William, 2017). The different degrees of important flavor that people 

expect and enjoy during beer consumption mainly come from the bitterness of beer (Karel et al., 

2020). Brewers usually add hops during the boiling of the wort to impart bitterness and aroma to the 

beer (Karel et al., 2020). During the boiling process, the alpha acids in hops are converted into iso-α- 

acids which are the main compounds that cause the bitter taste of beer (Karel et al., 2020). Iso-α acid 

is a very bitter substance, which is a very important component of beer, and its bitterness is 

equivalent to quinine (Keukeleire, 2000). But the real bitterness perceived by consumers is actually 

affected by the residual sugar in beer, so this bitterness is considered as “a pleasant bitterness” 

(Keukeleire, 2000). In addition, it also could stabilize beer foam and inhibit the growth of Gram-

positive bacteria (Keukeleire, 2000). 
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Figure 1.1.2 Cutaway view of cone flower 

Alpha Acids 

Alpha acids, are soft resins found in hops which are the main precursor of iso-α-acids that are the 

major bittering principles in beer in the brewing industry and consist of diglutaryl phloroglucinol 

derivatives with variable acyl side chains (Bart, Luc, & Dirk, 2015; Ryan, Zachary, Mark, & Monica, 

2019). The primary compounds are humulone, cohumulone, and adhumulone with a small part of 

prehumulone and posthumulone also being found in hops (William, 2017) (Figure 1.1.3). In addition, 

the acyl ring-type contraction of α-acids can produce two series of iso-α-acids due to heating: trans-

iso-α-acid and cis-iso-α-acid (Figure 1.1.3) (Barbara, Koen, Gert, Guido, & Luc, 2007). Therefore, six 

main iso-α-acids were obtained from the corresponding three main α-acids (Barbara et al., 2007). 

The water solubility of these compounds is stronger than that of alpha acids, and they are the 

substances that really give the beer a unique bitter flavor (William, 2017). Brewers usually formulate 

the final bitterness formula of beer based on the alpha-acids content (weight percentage) in hops 

(usually 2%-18%) and the expected utilization rate during the brewing process (usually less than 30%) 

(Brynildson, 2020). Finally, the iso-α-acid ranges normally from 10-100 mg/L in beer (Barbara et al., 

2007). 
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Figure 1.1.3 Chemical structures of the hop α‐acids. 

Beta Acids 

Beta acids (Figure 1.1.4) are also one of the main constituents that make up the soft resin in hops 

(Cynthia et al., 2014). Usually, they account for 3-10% of the weight of dry hops (Boulton,  Boulton, & 

Boulton, 2013). Its molecular structure is similar to that of alpha acids, and they are mainly 

composed of three substances: colupulone, lupulone and adlupulone (Cynthia et al., 2014). Beta 

acids are insoluble in water (Cynthia et al., 2014). Its bitterness and antiseptic ability of beta acids are 

weaker than alpha acids, and will not undergo isomerization during the brewing process (Cynthia et 

al., 2014). But beta acids could be oxidized into hulupones which are bitter during the beer storage 

and might impart an unpleasant bitter taste to beer (Buffalo Beer Biochemist, 2015). 

 

Figure 1.1.4 Chemical structures of the hop β‐acids. 

1.2 Biochemical and chemical methods of analysis for bitter acids in hops 

Hops can be added to the brewing process in various forms (Steenackers, Cooman, & Vos, 2015). In 

the process of wort boiling, it is continuously converted into iso-alpha acids (Steenacker et al., 2015). 

heat 

β-acid 
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They greatly promote the stability of the foam and inhibit the growth of Gram-positive bacteria 

(Steenacker et al., 2015). The isomerization process will occur automatically at a temperature of 70 

to 120 degrees celsius and the presence of alkali or polyvalent cations will promote this conversion 

(Steenacker et al., 2015). Alpha acids are hard to dissolve in water and do not have any bitter flavor 

(Gregory et al. 2017). Hops are added in the malt boiling process in the brewing process, causing the 

alpha acids contained to undergo thermal isomerization, then forming water-soluble, bitter-tasting 

iso-alpha acids (Gregory et al. 2017).  

The determination of the alpha acids in hop samples has a great significance for brewers to 

determine the formula of beer with different flavors. There have been many validated methods in 

the past, such as high-performance liquid chromatography and ultra-high-performance liquid 

chromatography.  

The Liquid Chromatography (LC) was first developed in the early 20th century and is defined by the 

International Union of Pure and Applied Chemistry (IUPAC) as a method of physically separating 

components in a mixture by assigning components between two phases (Shalliker & Kayillo, 2013). 

HPLC and UPLC are the commonly used separation techniques, both of which follow the basic 

principles of liquid chromatography, but the former appeared about 40 years earlier than the latter 

one when Waters® created the first UPLC™ systems in 2004 (Kamal & Sharad, 2018). 

HPLC is formerly referred to as high-pressure liquid chromatography, which is one of the most 

dominant and widely used technologies used in analytical laboratories for the last 30 years (Shalliker 

& Kayillo, 2013). 

Ultra-Performance Liquid Chromatography (UPLC), a modern technique, is an advanced version of 

HPLC which delivers new levels of resolution, speed and sensitivity based on the principle of use of 

stationary phase consisting of small particles less than 2μm (Taleuzzaman, Ali, Gilani, Imam, & 

Hafeez, 2015). 

Because the particle size of the column is inversely proportional to the column efficiency (Shalliker & 

Kayillo, 2013), UPLC achieves significantly improved analysis results by reducing the particle size and 

increasing the flow rate. 

Table 1.2.1 compares two standard C18 typical analytical columns, the UPLC operates typically at 2 

times pressure, lower flow rate, and injection volume. 
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Table 1.2.1 The differences between UPLC and HPLC 

Characteristics HPLC UPLC 

Particle Size 3 to 5 µm Sub 2 µm 

Maximum Pressure 6, 000 psi 15,000psi 

Analytical Column Alltima    C18 Acquity    UPLC BEH C18 

Column Dimensions 150 X 3.2 mm 150 X 2.1 mm 

Flow Rate < 3 ml/min < 1 ml/min 

Injection volume 10–20 μL 1–5 μL 

1.2.1 Extraction of bitter acids from hops 

Extract of bitter acids from hops for analysis using HPLC type could be summarized into two 

categories: solid phase extraction and solvent extraction. 

Solid-Phase Extraction Method (SPE) 

SPE is a technique that can separate analytes from a liquid matrix (Lehotay & Schenck, 2000). The 

most widely used SPE chromatographic column is silica or C18 derivatized with non-polar 

octadecylsilyl group, which can adsorb non-polar organic compounds onto the column (Lehotay & 

Schenck, 2000). These compounds are then eluted from the column with a small amount of solvent 

(Lehotay & Schenck, 2000). 

The method can be divided into 4 steps: 

1. Adjustment-adjust the adsorbent to produce an environment suitable for analyte adsorption.  

2. Adsorption-sample application can be carried out under positive or negative pressure.  

3.  Washing-washing the adsorbent with a special washing solution. 

4.  Elution-The elution solution should not be too fast.  

The analyte can either be adsorbed on the SPE packing material or directly flow through while 

retaining the interfering substances. So, there are two potential separation procedures (Figure 1.2.1). 
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Figure 1.2.1 General process of SPE. (Macherey-Nagel Company, 2021) 

Solvent Extraction 

Bitter acids in hops are very soluble in all organic solvents except water and a very large range of 

solvents have been used to produce commercial quantities of hop extracts, such as ethanol, 

methanol, etc. Analytically there are two well established methods.  

ASBC Method 

Add 10.0 g of ground hops into the test tube, add 20 ml of MeOH and shake for half an hour. Add 

40ml of 0.1 M HCl and continue shaking for 10 minutes. After standing for 10 minutes, pipette 5 ml 

supernatant to a 50 ml volumetric flask and dilute to the mark with methanol. After filtration, it can 

be analyzed by HPLC. (ASBC MoA. 8th edition, 1992) 

EBC 7.7 Method 

Accurately weigh 10 g ground sample and transfer it to a 250ml volumetric flask. At 20°C, add 20ml 

methanol, 100 ml diethyl ether and 40ml 0.1 M HCl. After shaking for 40 minutes, let it stand for 10 

minutes. Pipette 5ml of the supernatant to a 50 ml volumetric flask and dilute to the mark with 

methanol.  The solution was filtered using a 0.45 µm microfilter and injected into the HPLC system 

(European Brewery Convention, 2012). 

Supercritical Fluid Extraction (SFE) 

Supercritical carbon dioxide is a non-polar solvent that is selective to non-polar substances and can 

almost completely exclude polar components (Formato, Gallo, Ianniello, Montesano, & Naviglio, 

2013). Compared with traditional organic solvent extraction methods, it has the advantages of no 

solvent residue and less environmental pollution (Formato et al., 2013). 
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However, supercritical carbon dioxide also has its limitations mainly because of its weak solvation 

ability and insufficient interaction with the matrix (Ramandi, Najafi, Raofie, & Ghasemi, 2011). 

Therefore, polar solvents are usually added to increase the solubility of the analyte and improve the 

extraction efficiency (Ramandi et al., 2011). 

1.2.2 Liquid Chromatography (LC) methods to determine α and β acids in Hops 

Once a fresh or dried hop sample has been extracted. As outlined above, it could be analyzed by a 

range of Liquid Chromatography methods. The ASBC (1992) and EBC (2012) methods provide an 

initial Standard Operating Procedures for extract and analysis by HPLC. Using a recommended 

column: C18 (250x4mm, 5 um ODS, RP18, Nucleosil-5) and a column, filled with RP18, e.g., Nucleodur 

5-100 C18 ec, 125 x 4 mm (Macherey- Nagel GmbH, Germany), respectively. 

However, these were recommendations made in 1974. Researchers have also determined other 

compounds of interest at the same time as bitter acids, since 1974. Research and other methods of 

HPLC and UPLC methods can be seen summarized in Table 1.2.2 A and B. 

Table 1.2.2 Liquid Chromatography methods to determine alpha and beta acids using UPLC (A). 

System Column Detector Mobile Phase Objective Analytes Reference 

UHPLC 

Brownlee™ SPP 

C18, 100 x 3.5 

mm, 2.7 µm 

270 nm 

Isocratic                                                            

8:2 methanol / 0.1% Trifluoroacetic 

acid (TFA) in water                                             

Injection Volume：4 µL                              

Run Time：5 minutes                                           

Flow Rate: 1 ml/min 

Hop 

pellets, 

Beer 

α-acids Pedjie, N. (2012) 

UPLC 

PerkinElmer 

Brownlee™ SPP 

C18 2.7 µm, 3.0 

x 100-mm 

270 nm 

Isocratic                                                                

A (MPA): 0.1% Phosphoric Acid 

(H3PO4) plus 0.2 mM Disodium 

EDTA 

B: (MPB): Acetonitrile (ACN)           

Injection Volume：4 µL                                      

Run Time：6 minutes                               

Flow Rate: 1 ml/min 

Hops and 

Beers 

α-acids 

and iso-α-

acids 

Zdzieblo, A, P., 

Reuter, W, M. 

(2015) 

UFLC 

HALO® 

 C18 (150 mm L. 

× 3.0 mm I.D., 

2.7 μm) 

330 nm 

Gradient                             

 A: Water/Methanol/Phosphoric 

acid (85 %)/Triethylamine 

B: Methanol                                                

Injection Volume：4 µL                                    

Run Time：10 minutes                                        

Flow Rate: 1.1 ml/min 

Hop 

α -Acids 

and β -

Acids 

Shimadzu 

Corppration. 

(2020) 
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Table 1.2.2 Liquid Chromatography methods to determine alpha and beta acids using HPLC (B). 

System Column Detector Mobile Phase Objective Analytes Reference 

HPLC 
ODS C18, 
250x4.0 
mm 

λ 314 

Isocratic 

Methanol|water|phosphoric 
acid                                  

Injection Volume：10 µL                             

Run Time：34 minutes 

Hop 
α & β 

acids (x 
4) 

ASBC MoA , 8th 
edition 1992 

HPLC 

Nucleosil 
100-5, C18 
AB, ET 
250/3 

PDA                       
λ 275                    
λ 290                    
λ 314 

Gradient                                                            
A: aceto nitrile methanol-tris 
buffer 

B: acetonitrile|citric acid 
buffer                                  

Injection Volume：20 µL                                    

Run Time：60 minutes                                        

Flow Rate：0.55 ml/min 

Hop 

Wort 

Beer 

6 isomers 
of iso-α-

acids 

α, β & 
iso-α-
acids 

Harms, D., & 
Nitzsche,  F. 
(2001).  

HPLC 

Nucleodur 
5-100 C18 
ec, 125 × 4 
mm 

270 nm            
314 nm 

Gradient 

A: methanol Eluent                                              
B: 750 mL methanol/240 mL 
water/10 mL ortho phosphoric 
acid                                                  
Flow Rate: 1 ml/min 

Hop 
Pellets 

 iso-α-
Acids, α- 

and  

β-Acids 

Biendl, M., 
Virant, M., & 
Varjú, P. (2004) 

HPLC 

4.6 X 150 
mm, (3.5 
µm, 80 Å) 
Agilent 
Zorbax 
Extend C-
18 set 
(Reverse 
Phase) 

326 nm (α-
acids) and 

270 nm 
(for iso-α-

acids) 

85% Methanol / 15% water, 
acidified with 0.1% v/v 
trifluoroacetic acid                           

Injection Volume：50 µL                                    
Flow Rate: 1.4 ml/min 

Hop 
α- and β-

Acids 
Laney College. 
(2008) 

HPLC 

Kinetex 
2.6u XB-
C18 100A 
column 50 
mm x 4.6 
mm 

326 nm 

Isocratic                                                                
80% methanol and 20% water 
acidified with formic acid to a 
pH ~2.5                                  

 Flow Rate: 1 ml/min 

Hop 
α- and β-

acids 
Sahlstrom, A., & 
Rostad, S. (2011) 

HPLC 

Phenomon
ex Luna 
C18, 5µ, 
150 x 4.6 
mm 

PDA 

λ 233 

Gradient                                                                 
A: methanol|0.17% formic 
acid in water 

B: water                                                         

Injection Volume：10 µL                                     

Run Time：30 minutes 

Fresh hop 
α & β 

acids (x 
4) 

Schindler, R., 
Sharrett, Z., 
Perri, M. J., & 
Lares, M. (2019) 
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1.3  Identification of bitter acids in hops by liquid chromatography 

1.3.1 International calibration extract standard (ICE) 

The ICE is a hop extract containing a specified concentration of α- and ß-acids. It is used as the 

international calibration extract hop standard of the European Brewery Convention (EBC) and the 

American Society of Brewing Chemists (ASBC). The content of cohumulone, humulong+adhumulone, 

colupulone, lupulone+adlupulone has been accurately determinated, so that can be used as a 

reference standard.  

1.3.2 No pure standards 

Both alpha acids and beta acids are derivatives of phloroglucinol (Taniguchi, Matsukura, Taniguchi, 

Koizumi, & Katayama, 2015). Alpha acids are mainly composed of 6 humulone analogs: humulone, 

cohumulone, adhumulone, posthumulone, prehumulone and adprehumulone (Karabín, Hudcová, 

Jelínek, & Dostálek, 2016). The first three congeners play a major role in the brewing process. Similar 

to alpha acids, beta acids are also composed of several analogues: lupulone, colupulone, adlupulone, 

prelupulone and postlupulone, and the first three congeners constitute the main components of beta 

acids (Karabín et al., 2016). Therefore, in fact, ICE is mainly composed of more than six compounds. 

There is no purified single compound of standards. 

1.3.3 Development history of ICE 

A joined subcommittee (EBC/ASBC Joint Hop Standard Subcommittee) was formed by the EBC and 

the ASBC, in 1994, to work toward the adoption of a single, consistent, international calibration 

extract hop standard for HPLC analysis of α- and β-acids in hops and hop products. The first 

"International Calibration Extract" was released (ICE-1) on July 1st, 1996. ICE-1 was replaced by ICE-2 

which was deoiled supercritical CO2 extract, on September 1st, 1998. In 2006 the Working Group of 

Hop Analysis (AHA) initiated the preparation of the replacement of the ICE-2. The composition of ICE-

3 was not exactly the same as ICE-2, but they were all deoiled supercritical carbon dioxide extracts. 

Although users found that after replacing ICE-2 with ICE-3, the result dropped by about 5%, it was 

acceptable. ICE-3 was officially used on September 1, 2010. ICE-4 replaced ICE-3 and was valid from 

August 1st, 2018. Although its composition was a little different from ICE-3, the method used was the 

same, and the error of the test result was also within the normal range of the experiment error. 

(Table 1.3.1) 
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Table 1.3.1 International Calibration Extract (ICE) versions. 

 Released date cohumulone N+adhumulone colupulone N+adlupulone α-acids β-acids 

ICE 1* 01/07/1996 / / / / / / 

ICE 2 01/09/1998 14.45% 34.94% 12.92% 12.02% 49.39% 24.94% 

ICE 3 01/09/2010 13.88% 30.76% 13.44% 10.84% 44.64% 24.28% 

ICE 4 01/08/2018 10.98% 31.60% 13.02% 13.52% 42.58% 26.54% 

Source: Labor Veritas (2021). “*” No data for ICE 1. 

1.3.4 ICE 4 

 

 

 

 

Material removed due to copyright compliance 

 

 

 

 

 

 

Figure 1.3.1 HPLC-Chromatogram of ICE-4. Labor Veritas, (2018). 

 

ICE 4 is the current standard and what we used in this study. Figure 1.3.1 shows the ICE-4 quantity 

control chromatogram supplied by Labor Veritas. After dilution with HPLC grade 100% methanol 

standards were prepared and flushed with CO2 or N2, close gas-tight, and store in a freezer at -20 °C. 

Approximate dilutions were made accordingly refer to section 2.4.1. 

1.3.5 LC-MS of Alpha Acids and Beta Acids 

Farag et al. (2011) have found the UV spectrum and corresponding mass spectrum for the peaks of α 

and β-acids quite similar. Several compounds have been identified as below: 
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Table 1.3.2 UV max of α and β-acids 

Compound UV max Compound UV max 

cohumulone 285, 323 colupulone 280, 333 

humulone 285, 323 lupulone 280, 335 

adhumulone 285, 323 adlupulone 280, 335 

 

 

 

 

 

 

 

  

Material removed due to copyright compliance 

 

 

 

 

Figure 1.3.2 Comparison of MS and UV spectra.  (Farag, Porzel, Schmidt, & Wessjohann, 2012) 

LC-MS uses liquid chromatography as the separation system and mass spectrometry as the detection 

system. After the components of alpha and beta acids are separated by liquid chromatography, they 

enter the mass spectrometer with the mobile phase and are ionized in the ion source to produce ions 

with a certain charge and different mass numbers. The mass spectrometer detects each ion 

according to the different movement behavior of different ions in the electromagnetic field and 

displays it on the chromatogram according to the mass-to-charge ratio of each ion.  

The six major bitter acids can generate protonated or deprotonated molecular ions, so it is easy to 

distinguish these compounds on the LC-MS chromatogram based on molecular weight and 

chromatographic retention rules (Zhang, Liang, Xiao, Xu, 2004). 
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From the table and figure above, we can know that the maximum absorption peaks of alpha acids 

and beta acids in the UV spectrum are 285, 323nm, and 280, 333/335nm, respectively.  

The elution order from liquid chromatography is cohumulone, humulone+adhumulone, colupulone, 

lupulone+adlupulone. 
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Chapter 2 Methods 

2.1 Samples 

Fresh hop cones were collected from the Lincon University hop garden, 2019-20 season. They have 

been dried, packed in plastic bags and stored in a refrigerator at minus 20 degrees Celsius. The other 

two samples were already packaged pellets from Nelson and Southland. 

2.2 Moisture content 

The moisture content of the samples was determined using an automatic moisture analyzer (MB90, 

OHAUS Europe GmbH, Switzerland). 1.000 g of hop sample were weighed into an aluminum pan that 

was then placed into the equipment fitted with a thermogravimetric balance. The sample was dried 

at 105 °C and the results are reported as percent moisture content on a wet weight basis. 

2.3 Extraction methods 

15 ml extraction solution (diethyl ether: methanol = 5:1) and 1g of each dried hop sample (was 

accurate weight) were added into a 50mL test tube, shaking for 20mins. Then 0.1 M HCl (5mL) was 

added, and vortex and shaking for another 10 mins. Quantitatively transfer all the solution in the test 

tube into a 50 mL volumetric flask and made up to volume with methanol. All the solution in the 

volumetric flask was transferred to a 50ml centrifuge tube and centrifuged at 4696 rpm for 10 

minutes. All samples were filtered through a 0.22 µm nylon filter prior to testing. 

The grades of reagents used were as follows: methanol (Merck LiChrosolv®, hypergrade), HCl (AR 

grade), diethyl ether (for HPLC,  ≥99.9%), water (Fischer Chemical, UHPLC gradient grade). 
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Figure 1.3.1 The extraction process of pelleted hops for alpha and beta acids. 

2.4 Chromatographic conditions 

The extracted samples of hops were analyzed on a Acquity I Class plus UPLC® system (Waters 

Corporation, Milford, MA, USA), with a binary solvent management system, FTN-1 solvent manager 

and PDA eλ detector. The solvent manager has a 50 µL sample loop and 100 µL syringe. 
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The analytical column used was a Acquity UPLC® BEH C18, 50 x 2.1 mm, with a particle size of 1.7μm, 

with a Acquity UPLC® BEH C18 1.7μm, VanGuard™ pre-column 5 x 2.1 mm. 

Analysis was performed isocratically at a flowrate of 0.2 mL/min using 85% of solvent A and 15% of 

solvent B. Mobile phase A consists of 100% methanol (Merck LiChrosolv®, hypergrade) and B is 0.17% 

v/v formic acid (HPLC grade, zxxx) and water (Fischer Chemical, UHPLC gradient grade), adjusted to 

pH 2.6 with formic acid, as required. The column temperature and pre-heater were set at 40°C. Two 

µL of samples and standards were injected with a total injection cycle run time of 7 minutes, this 

includes a 1-minute rinse of 100% A and 2 minutes of equilibration at the initial isocratic conditions. 

All analyte peaks of interest elute in under 4 minutes. 

Detection of the peaks was carried out using the PDA-eλ detector with the following settings. 

Wavelength band resolution was set at 1.2nm, a sampling rate of 20 points per second and a 

spectrum was scanned from 200 to 400nm. A single wavelength channel at 233nm was extracted for 

each sample or standard for quantification. Verification of the peaks was done by comparison of 

sample of retention times to the hop International Calibration Extract ICE-4 (Labor Veritas AG, Zürich, 

Germany). The α and β-acid content of the ICE-4 hop calibration standard can be seen in Table 2.4.1. 

Table 2.4.1 The composition of International Calibration Extract (ICE-4) * 

Cohumulone                                 10.98 % Colupulone                                 13.02 % 

Cohumulone+adhumulone         31.60 % Colupulone+adlupulone           13.52 % 

Total α-acids                                  42.58 % Total β-acids                               26.54 % 

* Labor Veritas AG, Zürich, Germany. ICE-4 valid from 1st August 2018.  

 

Chromatographic raw data were processed using Acquity I Class plus UPLC® system (Waters 

Corporation, Milford, MA, USA). And statistical analysis was performed using Excel (Microsoft® Excel, 

USA) and Minitab 2019 (Minitab® Statistical Software, Sydney NSW). 

2.5 Standard Calibration 

2.5.1 ICE-4 standard curve 

A standard solution was prepared by dissolving 1.000 g of the standard extract International 

Calibration Extract 4 in 100% HPLC grade methanol, after which the volume was made up to 100 mL.  

From this stock solution, approximate volumes were used to make a 6-point standard curve ranging 

from 0.5-5.0mg/ml of ICE4 standard in 10ml volumetric flasks, made up to volume with methanol. 
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These six solutions formed the standards for UPLC analysis. All the standard solutions were filtered 

through a 0.22 μm nylon syringe filter before injection. 

2.5.2 Limit of Detection (LOD) and Limit of Quantitation (LOQ) 

LOD and LOQ were calculated based on the calibration curve using the formulas: 

S
LOD 3.3

=  and 
S

LOQ 10
=  

where “σ” represents the calculated standard deviation of the response and, 

“S” is the slope of the calibration curve  

The calibration set was based on a series of standard dilutions. The individual analyte concentrations 

methods of calculation are shown in appendix A.2 

2.5.3  Intra- and Inter-day Precision 

Intra- and inter-day precision data were calculated from the repeat analysis of standard ICE4 

solutions of hop bitter acid compounds: cohumulone, humulone+ adhumulone, colupulone, 

colupulone+ adcolupulone.  

 For intra-day precision, hop standards S4, S5, S6, S7 (2.5 mg/ml, 5 mg/ml, 1.3mg/ml, 2.0mg/ml) were 

injected 6 times in a single day. For inter-day precision, two sets of solutions of different 

concentrations were injected in duplicate over 4 and 9 days. Standards S4, S5, S6, S7 were all 

analyzed on day 0, day 4, after storage at 4℃ and in the dark. S4 and S5 were analyzed. S6 and S7 

were kept in the dark and at 4℃ until day 9 then analyzed.  
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Chapter 3 Results and Discussion 

3.1 Moisture analysis results 

All samples were measured in triplicate. The results can be seen in table 3.1.1 

Table 3.1.1 Moisture content of sampled dried hops  

Samples Lincoln (%MC) Nelson (%MC)  

Cascade 8.70 ± 0.63 8.72 ± 0.35 

Motueka 6.72 ± 0.71 7.80 ± 0.26 

Nelson Sauvin 11.97 ± 0.75 9.38 ± 0.47 

Rakau 13.88 ± 5.42 8.54 ± 0.29 

Riwaka 8.80 ± 3.96 10.67 ± 0.66 

 

This is the moisture content of the hop after drying immediately after harvest, and ready for storage, 

prior to use by brewers. In Table 3.1.1 it can be seen the overall average %MC for all hops is 9.52 

±2.11. From the data in the table above, we could find that there was still about 10% moisture in the 

dried hop for the dried hops analyzed. This amount of moisture needs to be taken into account to 

accurately calculate the content of alpha acids or other compounds in hops. In a brewing calculation, 

brewers use dried hop pellets with the optimum moisture of dry hops is 8 to 10% by weight (Adolf, 

Petr, Ivo, & Karel, 2017).  

3.2 Analysis of ICE-4 standard  

3.2.1 Chromatogram of α-Acids and β-Acids 

A typical ICE-4 standard chromatogram can be seen in Figure 3.2.1, with the cohumulone peak at 

1.837, the humulone/adhumulone peak at 2.111, the colupulone peak at 2.773, and the 

lupulone/adlupulone peak at 3.318 minutes. 

. 
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time (minutes) 

Figure 2.2.1 Chromatogram of a ICE-4 standard solution of α-acids and β-acids. 

This composes well to the ICE-4 quantity controlled chromatogram Figure 3.2.1. Of note is the 

reduction in analysis time from approximately 20 minutes for the quantity control chromatogram to 

under 4 minutes, using our methods. 
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Figure 3.2.2 Chromatogram of an extracted hop cones (Lincoln). 

Figure 3.2.2 shows an example chromatogram of the Rakau hop cone flower. The time of sample 

solution peaks has retention times that were very close to the ICE4 standard and are clearly baseline 

separated. 

3.2.2 UV Spectra 

Figure 3.2.3 shows the spectra of a hop sample from 200 to 400nm, obtained using the  PDA-eλ 

detector on the UPLC,  for the 4 integrated humulone and colupone peaks. The difference in 

spectrum shape between the α-acids (humulones) and β-acids (lupulones) is easily observed. Figure 

3.2.3 A and C are the humulones and the D and E curves are lupulones. 
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Figure 3.2.3 UV spectra of α and β-acids 

In Figure 3.2.3, A and C are similar in shape, and the D and E are similar in shape. Combined with Table 

1.3.2 and Figure 1.3.2, this confirms that these four peaks are cohumulone, humulone+adhumulone, 

and cohumulone, lupulone+adlupulone, respectively. However, the second peak between the two 

humulone peaks, labeled “peak 2” from the spectra (Figure 3.2.3, B) is clearly different compared to 

the humulone and lupulone peaks, and there is no relevant literature or reports so far.  

A 

B 

C 

D 

E 
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3.2.3 ICE-4 standard curve 

Figure 3.2.4 shows the calibration plots of cohumulone, humulone/adhumulone, colupulone, and 

lupulone/adlupulone. Each graph shows a positive linear relation with R-square of between 0.9954-

0.9998. 

  

  

Figure 3.2.4 Calibration curves for all α and β-acids in ICE-4. 

 

3.2.4 The limit of detection (LOD) and limit of quantitation (LOQ) 

Table 3.2.1 shows the LOD and LOQ of the standard ICE4 using the uplc system. The over mean LOD 

across all compounds is 0.0052 ± 0.0031 (SD) mg/ml and 0.0157 f ± 0.0095 (SD) mg/ml LOQ. A 

detailed example calculation can be seen in Appendix A.1. 
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Table 3.2.1 LOD and LOQ of all α and β-acids 

Analyte LOD (mg/ml) LOQ (mg/ml) 

Cohumulone 0.0079 0.0238 

Humulone + adhumulone 0.0079 0.0241 

Colupulone 0.0025 0.0075 

Lupulone + adlupulone 0.0025 0.0075 

 

In the research of Kac and Vovk (2007), the LOD and LOQ of α-acids determined in hops by HPLC 

were 0.0197 mg/ml and 0.066 mg/ml, respectively. Kac and Vovk (2007) used an HPLC system Agilent 

1100 series (Waldbronn, Germany) coupled to a CoulArray Model 5600 (Chelmsford, MA, USA) 

electrochemical detector equipped with an analytical cell Model 6210.  A C18 reversed-phase column 

(Phenomenex Gemini, 150 mm × 4.6 mm, 5 μm) that was connected to the Hypersil C18 precolumn, 

running at 1.0 ml/min. The mobile phase consisted of methanol: 50 mM potassium phosphate: 

ortho-phosphoric acid = 80:20:0.25 (v/v/v). 

It could be seen that the UPLC system is approximately 2.2 times more sensitive for LOD and LOQ. In 

addition to this by comparing the runtimes of the Kac and Vovk (2007) method to the UPLC method 

developed is only one-ninth of theirs. 

3.2.5 Repeatability of peak area and retention time of α-acids and β-acids. 

The following table shows the relative standard deviation of retention time and peak area based on 

six successful injections of a standard solution in one day.  

The retention times for all compounds had a mean value of 0.41±0.09 (SD) overall. Raw data and 

calculation are shown in appendix A.3. 

Table 3.2.2 Repeatability of peak area and retention time of α-acids and β-acids. 

Compounds Peak Area (%RSD) Retention Time (%RSD) 

Cohumulone 0.20 0.29 

Humulone+adhumulone 0.20 0.40 

Lupulone 0.16 0.44 

Lupulone+adlupulone 0.13 0.50 
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 As shown in Table 3.2.2, the intra-day precision RSD (%) was excellent, with all peaks less than 

0.50 %RSD. Excellent repeatability was obtained for both retention time and peak area values. As we 

know, the smaller the RSD (%) value, the higher the accuracy of the data. A literature Shimadzu 

Corporation, (2014) reported the similar RSD (%) value with ours by using the Prominence UFLCXR 

ultra-fast, high-resolution LC system with a  column of HALO® C18 (150 mm L. × 3.0 mm I.D., 2.7 μm), 

running at 1.1 ml/min.  

3.2.6  Inter-day precision 

Inter-day precision data were calculated from the repeat analysis of 4 standard ICE-4 

solutions on different days of hop bitter acid compounds: cohumulone, colupulone, 

humulone + adhumulone, humulone + adlupulone.  

Table 3.2.3 show the list the quality control data of the analytical method. The RSD% of the 

method for the precision of inter-day analyses ranged from was 0.04-4.99%. In a study 

conducted by Vanhoenacker et al. (2004), the (%) RSD of the analysis method for hop bitter 

acids was 4.5%. Similar to the results in the literature, the method performed in this study 

has excellent reproducibility. 

Table 3.2.3 Inter-day precision of α-Acids and β-Acids. 

Compounds 

Peak Area (%RSD) 

Four days apart Nine days apart 

S4* S5* S6* S7* 

cohumulone 3.12% 0.66% 1.36% 0.37% 

colupulone 0.71% 0.21% 4.28% 4.99% 

humulone + adhumulone 1.63% 2.17% 0.49% 4.31% 

lupulone + adlupulone 0.52% 0.04% 0.24% 4.99% 

* means the concentrations of the four solutions of S4, 5, 6, 7 were ICE-4 solutions with 4 different 

concentrations, respectively: 2.532 mg/ml, 5.064 mg/ml, 0.6583mg/ml, 1.1028 mg/ml. 
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3.3 Bitter acid Content of Hops 

3.3.1 Bitter acid composition for biochemists 

The concentration of each individual α- and β-acids (table 3.3.1) was calculated with the appropriate 

standard curves given in figure 3.2.4, a detail example calculation can be seen in Appendix A.1 The 

results calculated are corrected for %DM, as indicated in table 3.3.1. 

Table 3.3.1. shows that there were some similarities and differences in hops of the same variety in 

the three different regions. The content concentration of α- acids in Motueka and NZ-Cascade grown 

in Nelson were higher than the hop grown in Lincoln obviously. There was no big difference in Rakau 

and Nelson Sauvin grown in the two regions about α- acids. The α-acids of Riwaka grown in Lincoln 

was little higher than it grown in Nelson. At last, the content concentration of α- acids in Nelson 

Sauvin grown in Nelson was the highest value among these five samples.
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Table 3.3.1 Bitter acid composition of hops grown in Nelson and Lincoln. 

 Hop Variety 

Bitter acid 

concentration 

(mg/g DW)1 

 

NZ-Cascade 

 

Motueka 

 

Rakau 

 

Riwaka 

 

Nelson Sauvin 

 Nelson2 Lincoln3 Nelson2 Lincoln3 Nelson2 Lincoln3 Nelson2 Lincoln3 Nelson2 Lincoln3 

cohumulone 31.35 13.57±1.93* 20.36 13.65±3.07* 24.81 23.40±3.02* 17.34 17.68±1.74* 20.85 24.83±1.17* 

humulone + 

adhumulone 

60.47 26.00±4.91* 52.80 26.97±11.05* 72.73 69.01±8.69* 27.14 36.86±3.03* 72.06 76.53±4.50* 

colupulone 28.27 13.71±2.12* 25.05 18.10±3.26* 18.37 17.26±2.17* 23.38 19.69±1.72* 18.92 22.08±0.90* 

lupulone + 

adlupulone 

21.86 11.39±1.62* 28.43 14.34±3.23* 16.70 14.93±1.94* 1.22 17.90±1.19* 23.01 24.39±1.00* 

Total α-acid 92.91 39.57±6.84* 73.16 40.62±14.12* 97.54 92.41±11.71* 44.48 54.53±4.77* 92.91 101.36±5.67* 

Total β-acid 50.13 25.10±3.74* 53.48 32.44±6.49* 35.07 32.19±4.11* 24.59 37.59±2.91* 41.93 46.47±1.90* 

1 corrected for moisture content as given in Table 3.1.1. 3 = mean of three replicates. 2 = one sample, * = SD
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3.3.2 Bitter acid composition for brewers 

Generally, the brewing industry rarely uses completely dried hops. The moisture content of hops on 

the market is about 10%, and 8-10% moisture is the best (Adolf et al., 2017). Excessive drying will 

cause the cone to crack and damage, which will lead to the loss of lupulin. 

This being the case, the data reported in table 3.3.2. The bitter acids content is recalculated using a 

theoretical dried hop or hop pellet at 10% moisture content, to better reflect the results as they 

would apply to the brewing industry (Table 3.3.2). 

Table 3.3.2 α- and β-acid concentrations and content percentage for hops samples at 10 % 

moisture content. 

Region Hop Variety α-acid 

 (mg/g) 

β-acid 

 (mg/g) 

α-acid  

content (%) 

β-acid 

content (%) 

 

Lincoln 

NZ-Cascade3 35.61±6.14* 22.59±3.36* 3.56±0.61* 2.26±0.34* 

Motueka1 36.55±12.61* 29.19±5.77* 3.66±1.26* 2.92±0.58* 

Rakau1 83.17±10.51* 28.97±3.7* 8.32±1.05* 2.90±0.37* 

Riwaka1 49.08±4.06* 33.83±2.60* 4.91±0.41* 3.38±0.26* 

Nelson Sauvin1 91.22±5.07* 41.82±1.71* 9.12±0.51* 4.18±0.17* 

 

Nelson 

NZ-Cascade2 82.71 45.11 8.27 4.51 

Motueka2 65.84 48.13 6.58 4.81 

Rakau2 87.79 31.56 8.78 3.16 

Riwaka2 40.03 22.14 4.00 2.21 

Nelson Sauvin2 83.62 37.74 8.36 3.77 

 

 

Southland 

(Pellets) 

Coalgate2 81.90 53.93 8.19 5.39 

Fuggles2 56.28 53.25 5.63 5.32 

GB2 97.65 52.19 9.76 5.22 

HA2 115.59 56.84 11.56 5.68 

New cascade2 92.89 47.09 9.29 4.71 

Old cascade2 103.52 52.99 10.35 5.30 

RK2 109.00 55.52 10.90 5.55 

1 = mean of three replicates. 2 = one sample, * = SD 
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We can also find that the alpha content in pellets is generally higher than that in cone flowers. This 

might because pellets are compressed and packed in vacuum or inert gas after milling. There are 

mainly two types of pelletized hops: regular (T90) and enriched pellets (T45). Both of them have a 

higher alpha acids content than cone flower, especially for enriched pellets, nearly half of the vegetable 

material is removed. O’Rourke (2003) also found that using pellets could increase the utilization of 

alpha acids by 2-3% (O’Rourke, 2003). 

Compared with commercial hops 

Table 3.3.3 α-acids content percentage and proportion of cohumulone in alpha acids of 

commercial hops. 

Hop Variety α-acid content (%) Cohumulone/α-acids 

Cascade (USA) 4-7 0.33-0.40 

Cascade (NZ) 6-8 0.21-0.24 

Motueka 6-8 0.28-0.30 

Rakau 10-11 0.23-0.25 

Riwaka 4.5-6.5 0.29-0.36 

Nelson Sauvin 10-13 0.23-0.25 

Fuggles 2.4-6.1 0.25-0.29 

Source: NZhops Ltd, 2021. Crosbt Hops, 2021. Home Brew West, 2021. 

 

By comparing the alpha acid content of commercial hops, all the hop samples from Nelson and 

Canterbury & southland did not achieve the level for sale. Literature by Hao et al. (2020) mentioned 

that alpha and beta acids would rapidly degrade during storage under the influence of factors such as 

oxygen, temperature and variety. This could be the reason why our samples do not meet the 

specifications of % alpha acids of normally sold products.  

The proportion of cohumulone in alpha acids 

According to the definition of cohumulone by The Oxford Companion to Beer (2013), it is one of the 

main substances that make up alpha acids. As the precursor of iso-alpha acids, it is only slightly 

different from the other five analogs in molecular structure. In different hop varieties, the proportion 

of cohumulone and humulone in the total alpha acids is about 20%-50%, while the proportion of 

adhumulone is relatively constant, about 10%-15%. Brewers generally believe that iso-cohumulone is 
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more bitter than other iso-alpha acids. So, they prefer to associate low cohumulone with a finer 

quality of bitterness. 

Table 3.3.4 proportion of cohumulone in alpha acids of hops in Lincoln, Nelson and Southland 

Sample Cohumulone/α-acids 

 Lincoln1 Nelson2 Southland2 

NZ-Cascade 0.34±0.01* 0.34 N.D 

Motueka 0.35±0.06* 0.28 N.D 

Rakau 0.25±0.01* 0.25 N.D 

Riwaka 0.32±0.01* 0.39 N.D 

Nelson Sauvin 0.25±0.01* 0.22 N.D 

Old Cascade N.D N.D 0.34  

New Cascade N.D N.D 0.35  

GB N.D N.D 0.33  

Coalgate N.D N.D 0.28  

RK N.D N.D 0.30  

HA N.D N.D 0.32  

Fuggles N.D N.D 0.18 

1 = mean of three replicates. 2 = one sample, * = SD. N.D = No data. Source: Crosby Hops, 2021. 

Home Brew West, 2021. 

 

The data in the above two tables show that all the proportion of cohumulone in alpha acids of hop 

NZ-Cascade grown in the three regions are higher than commercial hops, which means this variety 

can impart more bitter flavor into the beer.  In contrast, that proportion of hop Fuggles is quite low, 

only 0.18, while other hops grown in Nelson and Lincoln contain a considerable proportion of 

commercial hops. 
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Chapter 4                                                                                           

Conclusion 

Good linearity and repeatability were achieved for the quantitative analysis of individual hop by UPLC. 

Compared with the traditional ASBC and EBC methods, the UPLC is more efficient in the use of reagents 

and time, and in addition, the alpha acids and beta acids were eluted in under 4 minutes. This method 

would greatly reduce the cost of scientific research and testing of hops and hop products in the hop 

and beer industry.  

New Zealand exports 90% of the total domestic hops, generating around $17 million per annum whilst 

supplying just 1% of the world hops market (Plant and Food Research, 2021).  Therefore, in addition 

to Nelson, looking for suitable hop planting areas and expanding production can further improve 

economic efficiency. The results of this experiment showed that although the climates of Lincoln, 

Nelson, and Southland are quite different, especially in terms of sunshine hours and rainfall, there 

were two varieties of hops that may be suitable for growing in the Canterbury region: Nelson Sauvin, 

and Riwaka.  

All of the bitter acid profiles of the hops grown in Southland were comparable to the expected ranges 

for these varieties. 

The bitter acid profiles for most of the hops grown at Lincoln were also in range as to be expected, but 

consideration has to given, in that the Lincoln Hop garden samples were at year zero. 

. 
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Appendix A 

A.1 Raw data for calculation of LOD and LOQ 

  Cohumulone 
humulone+ad

humulone 
Colupulone 

lupulone+adlup

ulone 

alpha 

acids  

beta 

acids  

  
peak 

area 

concent

ration 

peak 

area 

concent

ration 

peak 

area 

concent

ration 

peak 

area 

concent

ration 
mg/ml mg/ml 

NEL

SON     

Nelson 

Sauvin 

733894

4 

0.37856

1294 

2052

5769 

1.30866

0563 

56790

65 

0.34360

5675 

659597

0 

0.41782

7817 

1.6872

21857 

0.7614

33492 

Rakau 
889903

8 

0.45544

8076 

2092

5110 

1.33484

7212 

55732

34 

0.33710

409 

486709

6 

0.30656

837 

1.7902

95288 

0.6436

7246 

Cascade 
114955

69 

0.58341

4027 

1767

5251 

1.12173

8825 

86232

21 

0.52447

5936 

640362

0 

0.40544

9382 

1.7051

52852 

0.9299

25317 

Mutuek

a 

732306

5 

0.37777

8723 

1550

6666 

0.97953

4609 

76494

49 

0.46465

3564 

829930

0 

0.52744

3412 

1.3573

13332 

0.9920

96976 

Riwaka 
596227

2 

0.31071

4178 

7984

431 

0.48626

6634 

69041

12 

0.41886

4788 
442323 

0.02181

7836 

0.7969

80812 

0.4406

82625 

            

  
alpha 

acids  

beta 

acids  

%DC 

of 

samp

le 

Sample 

weight 

Correc

ted 

sampl

e 

weight

（g） 

% of 

alpha 

acids 

% of 

beta 

acids 

alpha 

acids 

beta 

acids 
 

  
mg/50

ml 

mg/50

ml 
（g） mg/g mg/g  

NEL

SON    

Nelson 

Sauvin 

84.361

09287 

38.0716

7459 
90.62 1.002 

0.9080

124 

0.09290

7424 

0.0419

28584 

92.9074

2381 

41.928

58444 
 

Rakau 
89.514

76439 

32.1836

2301 
91.46 1.0034 

0.9177

0964 

0.09754

1489 

0.0350

69505 

97.5414

886 

35.069

50522 
 

Cascade 
85.257

64258 

46.4962

6586 
91.28 1.0162 

0.9275

8736 

0.09191

3329 

0.0501

26024 

91.9133

2941 

50.126

02356 
 

Mutuek

a 

67.865

66659 

49.6048

4878 
92.2 1.0061 

0.9276

242 

0.07316

0733 

0.0534

75156 

73.1607

3318 

53.475

15598 
 

Riwaka 
39.849

04061 

22.0341

3124 
89.33 1.0029 

0.8958

9057 

0.04447

9808 

0.0245

94668 

44.4798

0807 

24.594

66812 
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A.2 Detail of the LOD and LOQ calculation 

 
Concentrationmg 

mg/ml 
Compounds Peak Area 

1 0.005560272 cohumulone 53601 

2 0.022241088 cohumulone  288,785.00  

3 0.038921904 cohumulone  559,324.00  

4 0.05560272 cohumulone  888,933.00  

5 0.072283536 cohumulone  1,204,828.00  

6 0.11120544 cohumulone  1,964,736.00  

    

1 0.006593328 colupulone 105297 

2 0.026373312 colupulone  452,373.00  

3 0.046153296 colupulone  792,868.00  

4 0.06593328 colupulone  1,183,360.00  

5 0.085713264 colupulone  1,540,728.00  

6 0.13186656 colupulone  2,366,105.00  

    

1 0.01600224 humulone + adhumulone 205476 

2 0.06400896 humulone + adhumulone  981,275.00  

3 0.11201568 humulone + adhumulone  1,791,188.00  

4 0.1600224 humulone + adhumulone  2,724,004.00  

5 0.20802912 humulone + adhumulone  3,488,215.00  

6 0.3200448 humulone + adhumulone  5,454,232.00  

    

1 0.006846528 lupulone + adlupulone 105633 

2 0.027386112 lupulone + adlupulone  455,301.00  

3 0.047925696 lupulone + adlupulone  795,843.00  

4 0.06846528 lupulone + adlupulone  1,186,026.00  

5 0.089004864 lupulone + adlupulone  1,542,865.00  

6 0.13693056 lupulone + adlupulone  2,366,405.00  
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SUMMARY 
OUTPUT 

     Cohumulone 

       

Regression 
Statistics 

      

Multiple R 0.998410427      

R Square 0.996823381      

Adjusted R 
Square 

0.996029226      

Standard Error 43662.02124      

Observations 6      

ANOVA       

 df SS MS F Significance F  

Regression  1 2.39288E+12 2.39288E+12 1255.20024 3.78811E-06  

Residual  4 7625488396 1906372099    

Total 5 2.4005E+12     

       

 Coefficients 
Standard 
Error 

t Stat P-value Lower 95% Upper 95% 

Intercept -106601.5307 31806.99345 -3.351512329 0.028528735 -194911.902 -18291.15941 

X Variable 1 18311125.73 516842.8802 35.42880523 3.78811E-06 16876139.85 19746111.62 

       

RESIDUAL 
OUTPUT 

      

       

Observations Predicted Y Residuals 
Standard 
Residuals 

   

1 -4786.690975 58387.69097 1.495107674    

2 300657.8282 -11872.82816 -0.304022238    

3 606102.3473 -46778.34729 -1.197832366    

4 911546.8664 -22613.86643 -0.579063235    

5 1216991.386 -12163.38556 -0.311462413    

6 1929695.264 35040.73646 0.897272578    

       

SUMMARY 
OUTPUT 

     Colupulone 

       

Regression 
Statistics 

      

Multiple R 0.999888712      

R Square 0.999777437      

Adjusted R 
Square 

0.999721797      

Standard Error 13556.93576      

Observations 6      

       

ANOVA       

 df SS MS F Significance F  
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Regression  1 3.30243E+12 3.30243E+12 17968.46803 1.85767E-08  

Residual  4 735162029.1 183790507.3    

Total 5 3.30317E+12     

       

 Coefficients 
Standard 
Error 

t Stat P-value Lower 95% Upper 95% 

Intercept -22970.62094 9875.982713 -2.325907366 0.080612803 -50390.7448 4449.502924 

X Variable 1 18141079.27 135334.211 134.0465144 1.85767E-08 17765331.27 18516827.28 

       

RESIDUAL 
OUTPUT 

      

       

Observations Predicted Y Residuals 
Standard 
Residuals 

   

1 96639.46498 8657.535018 0.71398276    

2 455469.7227 -3096.722744 -0.255385239    

3 814299.9805 -21431.98051 -1.767485151    

4 1173130.238 10229.76173 0.843643543    

5 1531960.496 8767.503971 0.723051846    

6 2369231.097 -3126.097473 -0.257807759    

       

SUMMARY 
OUTPUT 

     
Humulone+a
dhumulone 

       

Regression 
Statistics 

      

Multiple R 0.999804301      

R Square 0.99960864      

Adjusted R 
Square 

0.999510801      

Standard Error 41740.01392      

Observations 6      

       

ANOVA       

 df SS MS F Significance F  

Regression  1 1.78E+13 1.78E+13 10216.78032 5.74434E-08  

Residual  4 6968915049 1742228762    

Total 5 1.78069E+13     

       

 Coefficients 
Standard 
Error 

t Stat P-value Lower 95% Upper 95% 

Intercept -104760.6751 30406.84585 -3.445298983 0.026166627 
-
189183.6134 

-20337.73677 

X Variable 1 17353200.15 171681.1242 101.0780902 5.74434E-08 16876536.94 17829863.37 

       

RESIDUAL 
OUTPUT 

      

       

Observations Predicted Y Residuals 
Standard 
Residuals 
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1 172929.3986 32546.60144 0.871782331    

2 1005999.619 -24724.61949 -0.662265351    

3 1839069.84 -47881.84043 -1.28254689    

4 2672140.061 51863.93863 1.389210034    

5 3505210.282 -16995.28231 -0.455229922    

6 5449040.798 5191.202166 0.139049797    

SUMMARY 
OUTPUT 

     
Lupulone+adl
upilone 

       

Regression 
Statistics 

      

Multiple R 0.999895038      

R Square 0.999790086      

Adjusted R 
Square 

0.999737608      

Standard Error 13160.88952      

Observations 6      

       

ANOVA       

 df SS MS F Significance F  

Regression  1 3.29989E+12 3.29989E+12 19051.46597 1.6525E-08  

Residual  4 692836051.7 173209012.9    

Total 5 3.30058E+12     

       

 Coefficients 
Standard 
Error 

t Stat P-value Lower 95% Upper 95% 

Intercept -20657.19134 9587.470181 -2.154602929 0.097477038 
-
47276.27599 

5961.89332 

X Variable 1 17463439.86 126521.8674 138.0270479 1.6525E-08 17112158.84 17814720.88 

       

RESIDUAL 
OUTPUT 

      

       

Observations Predicted Y Residuals 
Standard 
Residuals 

   

1 98906.73863 6726.261372 0.571404298    

2 457598.5285 -2297.52852 -0.195177915    

3 816290.3184 -20447.31841 -1.737025216    

4 1174982.108 11043.8917 0.938192382    

5 1533673.898 9191.101805 0.780795568    

6 2370621.408 -4216.407942 -0.358189117    
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A.3  Repeatability of peak area and retention time of α-acids and β-acids. 

WORKSHEET 1      

Descriptive Statistics: RT, Area      

Statistics      

      

Variable Compouds Mean SE Mean StDev %RSD 

RT cohumulone 0.71433 0.000843 0.00207 0.29 

  colupulone 1.1103 0.00201 0.00493 0.44 

  humulone+adhumulone 0.82667 0.00133 0.00327 0.40 

  lupulone+adlupulone 1.3558 0.00277 0.00679 0.50 

 Mean         0.41±0.09 

Area cohumulone 2326448 1912 4682 0.20 

  colupulone 1201068 774 1897 0.16 

  humulone+adhumulone 2363507 1908 4673 0.20 

  lupulone+adlupulone 1030874 556 1363 0.13 

Mean     0.17±0.03 

 

 

 

 


