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Abstract 

This work examines several different aspects of the extraction and subsequent purification of 

anthocyanins from blackcurrant whole fruit, modelled at the lab scale as the process is to be carried 

out commercially at Waitaki Bisosciences. Several different enzyme and macroporous resin products 

were tested, so to provide Waitaki Bisciences with a recommendation on which would be best for 

their process. Enzymatically-aided aqueous extractions of anthocyanins from mashed Ben Ard 

blackcurrants were carried out using five different commercially available enzyme products at 

constant conditions (45°C, two-hour maceration, 1.0 µL enzyme solution/ g blackcurrant, 1:1 water-

to-blackcurrant mass ratio). The findings from these experiments were that the three enzyme 

products containing a majority of pectinase enzyme produced the best anthocyanin yields in the 

aqueous extraction solvent; 1.75± 0.09, 1.62± 0.06 and 1.2± 0.3 mg anthocyanins/ g blackcurrant were 

extracted using the products Pectinex® Ultra SP-L, Viscozyme® L and Rapidase® Procolour respectively. 

Subsequently, these three enzymes were used for enzymatically-aided extraction trials at elevated 

temperatures of 50 and 55°C. The conclusion from this work was that all three enzymes provided 

anthocyanin yields within the same range of uncertainty at both temperatures and that both 

temperatures provided similar anthocyanin yields, with improved results observed compared to the 

experiments at 45°C. 

 

Static and dynamic purification experiments were performed to first, determine the static adsorption 

and desorption ratio of three different resins, SEPABEADS® SP-700 Diaion® HP20 AND Sunresin® LXA6. 

In static resin trials, the resin with the highest effective surface area and smallest mean pore size, SP-

700, was found to have the highest adsorption and desorption yields; 93± 5% and 89± 5% respectively. 

Dynamic purification experiments were performed with LXA6 on a 11 mL resin column. The resin 

column was loaded and desorbed at a flow rate of 1 BV/ hr. Retention of anthocyanins during this 

process was found to be 98± 4%. 

 

Lastly, calibration of the UV-Vis anthocyanin characterisation method, the ‘pH Differential Method’ 

was performed. Concentrations reported using the ‘pH Differential Method’ could be made 

concordant with those reported by high performance liquid chromatography (HPLC) if a calibration 

factor of 
1

(0.67±0.03)
 was added to the standard ‘pH Differential Method’ equation. 

  



 

ii 
 

Acknowledgements 

First and foremost, I would like to thank my supervisor, Dr Alfred Herritsch, for his support throughout 

this project. The guidance, wisdom and time you imparted (in the setting of your office or South New 

Brighton beach) were invaluable in helping me complete this work. I would also like to thank my co-

supervisor Dr Carlo Carere, for the insightful feedback he provided.  

 

To Gary Monk and Amber Xu of Waitaki Biosciences, thank you for the resources and expertise you 

provided throughout this project. In addition, thanks to the staff in the Chemical and Process 

Engineering Department, notably, Rayleen Fredericks, Michael Sandridge and Frank Weerts. I learnt 

so much under your patient tutorship in the laboratory.  

 

Thank you also to Callaghan Innovation and Waitaki Biosciences, for the funding they contributed 

towards this project. 

 

Finally, thank you to my family for their constant support throughout my entire time at the University 

of Canterbury.  



 

iii 
 

Table of Contents 

Abstract .................................................................................................................................................... i 

Acknowledgements ................................................................................................................................. ii 

Table of Contents ................................................................................................................................... iii 

Glossary ................................................................................................................................................... v 

Nomenclature ........................................................................................................................................ vi 

1 Introduction .................................................................................................................................... 1 

2 Literature Review ............................................................................................................................ 6 

 Blackcurrants in New Zealand ................................................................................................. 6 

 Anthocyanin Molecular Structure ........................................................................................... 9 

 The Known Health Benefits of Anthocyanins ....................................................................... 13 

 Anti-Cancer Activity .............................................................................................................. 13 

 Anti-Inflammatory and Neuroprotective Activity ................................................................. 14 

 Evaluation of Anthocyanin Extraction and Purification Processes ....................................... 15 

 Comparison of the ‘Direct Ethanol Extraction Method’ and the Proposed ‘Enzyme 

Extraction and Resin Purification Process’ .................................................................................... 16 

 Extraction Processes ..................................................................................................... 17 

 Use of Resin Column Purification .................................................................................. 22 

 Analysis of Eluent .................................................................................................................. 26 

3 Statistical Analysis ......................................................................................................................... 34 

4 Pre-experimental Design............................................................................................................... 35 

 Scientific Equipment and Materials Used ............................................................................. 35 

 Anthocyanin HPLC Characterisation Method ....................................................................... 35 

 Calibration Curve Development Method ...................................................................... 37 

 UV-Vis pH Differential Method ..................................................................................... 40 

 Resin Preparation .................................................................................................................. 41 

 Centrifugation Schedule........................................................................................................ 41 

5 Enzymatic Extraction Experiments ................................................................................................ 41 

 Methodology ......................................................................................................................... 43 

 Methodology for the Comparison of Different Blackcurrant-Hydrolysing Enzymes .... 43 

 Methodology for Enzymatic Extraction at Varying Temperatures ............................... 44 

 Results and Discussion .......................................................................................................... 44 

6 Purification Experiments ............................................................................................................... 53 

 Methodology ......................................................................................................................... 56 

 Static Adsorption Experiments ..................................................................................... 56 



 

iv 
 

 Dynamic Purification Experiments ................................................................................ 59 

 Results ................................................................................................................................... 63 

7 HPLC-UV-Vis Spectrophotometry Calibration ............................................................................... 69 

 Methodology ......................................................................................................................... 72 

 Shimadzu UV-1800 Calibration and Trialling of Amended pH Differential Methods ... 72 

 Anthocyanin Composition of the Various Juices ........................................................... 75 

 Method for UV-Vis-HPLC Calibration ............................................................................ 75 

 Method for Timed Concentration Experiment ............................................................. 76 

 Results and Discussion .......................................................................................................... 77 

8 Conclusions ................................................................................................................................... 93 

References ............................................................................................................................................ 96 

Appendices .......................................................................................................................................... 107 

 

  



 

v 
 

Glossary 

Term Explanation 

Maceration Used, in this thesis, as in intended in the biological context. ‘Maceration’ 

refers to the chemical breaking down of a feedstock.  

UV Abbreviation for Ultra-Violet. 

UV-Vis Abbreviation for Ultra-Violet visible. Used in reference to wavelengths of 

light in the visible part of the Ultra-Violet light spectrum. 

Pectinase An umbrella term for the group of enzymes that break down pectin 

complexes. 

Cellulase An umbrella term for the group of enzymes that break down cellulose 

complexes. 

Hemicellulase An umbrella term for the group of enzymes that break down hemicellulose 

complexes. 

Spectrophotometric 

method 

A method to measure the absorbance of a sample at a known wavelength 

of light. Often used to determine the concentration of a specified 

component in the sample. 

Aglycone The compound remaining after the glycosyl group is removed from a 

molecule. The aglycone of an anthocyanin is an anthocyanidin 

Bed Volume (BV) A unit of measurement. 1 BV is literally the volume of the column bed being 

referred to. 

Eluate In this thesis, the term ‘eluate’ refers to the solution exiting a resin column. 

Most often used when referring to a solution used in desorption exiting a 

column. 

Breakthrough 

volume 

The volume required to saturate a column to a specific point. In this thesis, 

the saturation point used in 10%, i.e the volume of solution loaded onto a 

resin column required to occupy 10% of the columns adsorbing sites with 

the targeted component.  

Macroporous resin A class of resins, with pores sizes between 20 and 100 nm. 

Loading volume The volume of solution pumped onto a resin column to adsorb. 
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Nomenclature 

Symbol Description Units 

β Desorption ratio % 

A0,1,2… Anthocyanin concentration mg/ mL 

V0,1,2… Solution volume mL 

A520nm or 700nm Absorbance with subscript denoting wavelength AU 

Cx Concentration, subscript denotes species mg/ mL 

DF Dilution factor mL/ mL 

E Molar extinction coefficient L /mol/ cm 

MWCF Molecular weight calibration factor - 

MW Molecular weight g/ mol 

Qe Adsorption capacity at equilibrium mg/ g dry resins 

KL Langmuir constant (affinity of species to the site) mg/ mL 

Ce Equilibrium concentration of anthocyanins in solution mg/ mL 

QM Maximum adsorption capacity mg/ g resin 

ꝺx,y,z… Uncertainty associated with subscripted variable - 

�̅� Sample mean - 

t* T-table value - 

S Standard deviation (sample) - 

n Number of sample - 

I Injection size µL 

CF Calibration Factor employed for HPLC measurement mAU. min/ µg 

m mass g 

De Desorption ratio - 
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1 Introduction 

In the scope of the international blackcurrant industry, New Zealand is a small player, contributing 

around 7000 tonnes/ year; approximately 1.3%, by weight, of the global market1. New Zealand’s 

blackcurrant farms are primarily located in the Canterbury and Tasman regions, responding well to 

the high average sunshine hours (2000-2500 hours2) found in these regions. Blackcurrants, like various 

other berry fruit, are considered a ‘super fruit’, due to their high concentrations of antioxidants and 

vitamin C. One particular antioxidant, a phenolic sub-group called ‘anthocyanins’ are found in uniquely 

high concentrations in New Zealand blackcurrants. Anthocyanin concentrations of New Zealand 

blackcurrants have been measured at concentrations of 720 mg/ 100 g blackcurrant whole-fruit 

compared to ~250-500 mg/ 100 g blackcurrant whole-fruit in European varieties3. This is thought to 

be a bio-protective response to the high intensity UV-radiation sunlight that occurs locally. Due to 

their oxidant-scavenging ability, several health benefits have been attributed to a diet including the 

molecular group. These benefits include a lowered cancer risk, a reduction in inflammation or risk of 

inflammatory diseases such as arthritis and reduced progression of neurological diseases such as 

Alzheimer’s and Parkinson’s. 

 

 With the international blackcurrant whole-fruit marketplace getting increasingly competitive, there 

is an opportunity for the further development and production of alternative blackcurrant commodities 

within New Zealand, more specifically, nutraceuticals. Due to their high concentrations of anthcyanins, 

paired with the molecular groups growing status as powerful antioxidants, Waitaki Biosciences (WBS) 

have identified the value in producing a nutraceutical supplement, containing high concentrations of 

anthocyanins, from New Zealand blackcurrants. WBS have previously used an ethanoic extraction 

process to remove anthocyanins from mashed blackcurrant biomass to produce a product called 

Cassipure™, a powdered nutraceutical containing 30% w/w anthocyanins. 

 

This old method (referred to henceforth as the ‘direct ethanoic extraction method’, or DEEM) was an 

ethanoic solid-liquid extraction of homogenised blackcurrant to produce a powdered CassiPure™ 

product of ~30% anthocyanin concentration (w/w). In large reaction vessels, six washes, the first five 

being principally ethanoic and the last aqueous, were permeated through mashed blackcurrant 

pomace. The six solvent washes dissolved phytochemicals in the blackcurrant biomass, including 

anthocyanins. Subsequently, the extraction liquid was filtered to remove undissolved components and 

some of the ethanol was evaporated and recycled using a falling film evaporator. The concentrated 
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liquid was then freeze dried, to remove the remaining water and ethanol. Lastly, the dried 

phytochemical mix, containing ~35% anthocyanins (w/w), was grinded, rendering the CassiPure™ 

product. 

 

WBS have identified an opportunity to change the processing methods used to produce CassiPure™ 

to render it more economically viable. An alternative process has been identified that reduces the use 

and subsequent loss of ethanol. In addition, it produces a product containing a higher concentration 

of anthocyanins which can be back-mixed with other supplementary compounds. By this method, WBS 

have more control over the contents and properties of the final product.  

 

The new process (referred to as the ‘enzymatic-aided extraction and resin purification process’ or 

EERPP) utilises a non-selective enzyme-aided aqueous extraction of anthocyanins from blackcurrant 

whole-fruit, followed by purification by a selective anthocyanin adsorption/ desorption stage. 

 

 The EERPP can be broken into two important steps. First, the whole-fruit is mixed and mashed in a 

constantly-stirred batch reactor with a water solvent at a ratio of 1-3:1 water: blackcurrant (the 

optimum ratio is yet to be determined). This ‘maceration’ occurs for 2-4 hours with a small 

concentration of a pectinase enzyme. The enzyme further facilitates anthocyanin extraction at an 

elevated temperature; of ~30- 60°C. After an incorporated filtration/ centrifugation step to separate 

the aqueous constituent (containing dissolved organic components including the desired 

anthocyanins) from the remaining solids is performed, the liquid is passed through large macroporous 

resin columns, the second step. The purpose of the resin columns is to induce selective purification of 

the anthocyanins from other dissolved organics extracted from the blackcurrant biomass. The slightly 

polar anthocyanins adsorb to the slightly polar resin matrix while other components pass through. A 

proportionally smaller volume of ethanol than that used in the DEEM is subsequently utilised to 

desorb the adsorbed anthocyanins from the macroporous resin matrix. The anthocyanin-dense 

extract is passed through a falling film evaporater and freeze dryer, similar to the old process to render 

a product of ~70-90% anthocyanins, which can be back-mixed with blended, freeze-dried blackcurrant 

whole-fruit to produce a CassiPure™ product of ~30% purity, similar to DEEM. 
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The aim of this work is to investigate the effect of key parameters in the proposed EERPP. For the 

enzyme-induced extraction of anthocyanins step, the effect of several different commercially available 

enzymes is to be tested to determine the resulting yield of anthocyanins they produce in the extraction 

solution. In addition, the effect of the temperature of the reaction mixture during maceration is to be 

examined. For the anthocyanin separation and purification step using macroporous resin, several 

different macroporous resins are to be tested to determine their ability to retain anthocyanins during 

the adsorption/ desorption process. By performing these experiments, a recommendation can be 

given to WBS about which commercial enzymes and macroporous resins could be used to achieve the 

best anthocyanin yield per mass of blackcurrants processed. In addition, WBS require an efficient 

method to determine the concentration of anthocyanins in solution throughout the process. A UV-Vis 

spectrophotometry method is to be compared to a well-established and accurate high performance 

liquid chromatography (HPLC) method to deduce if the cheaper UV-Vis method could provide accurate 

concentration measurements. The chapter structure of this thesis is as follows. 

 

Chapter 2 is a literature review, examining information gathered from other sources that is pertinent 

to this project. A concise history of the blackcurrant industry in New Zealand is first presented. 

Background information concerning anthocyanins, their structure, unique properties and health 

benefits is then discussed. This is followed by a more detailed comparison of the two processes used 

to produce CassiPure™ at WBS, both the old DEEM and the proposed EERPP. Information about 

general anthocyanin extraction and resin purification processes, including the findings of other works 

examining both enzymatic anthocyanin extraction and macroporous resin purification specifically are 

then considered. This provides a foundation of relevant knowledge from which, the experiments 

performed in this work were designed upon. Finally, the different anthocyanin concentration 

measurement methods that have been developed are discussed, including their benefits and 

shortcomings.  

 

Chapter 3 details all of the scientific equipment used during experimentation, as well as the 

reoccurring scientific methods used before and throughout different experiments, so that they do not 

have to re-presented in each subsequent chapter. This includes the HPLC and UV-Vis 

spectrophotometric methods used, both at the University of Canterbury (UC) and WBS as well as 

macroporous resin preparation.  
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Chapter 4 presents the work examining the enzymatic-aided extraction of anthocyanins from 

blackcurrants. Five enzymatic products were supplied by WBS, the enzyme mixes were dissolved in 

aqueous solutions and mixed with mashed blackcurrants. The mixtures were subsequently macerated 

for two hours at set conditions including a temperature of 45°C. The total anthocyanin yield achieved 

from maceration with each enzyme product was characterised and compared to the yield achieved 

from plain water extractions. The three enzyme mixes that induced the highest yield of anthocyanins 

were used to repeat the same experiment at 50°C and 55°C to determine both the best enzymatic 

product and temperature of the three trialled. In Chapter 4, the relevance of these experiments is 

introduced, their methodology explained in detail and then the results are presented and discussed. 

The hypotheses for these experiments are that the enzyme product with the highest concentration of 

pectinase enzyme would induce the best anthocyanin extraction and this would occur at the lowest 

tested temperature, 45°C. 

 

In Chapter 5, the anthocyanin purification experiments are considered under the same structure as 

used in Chapter 4. First, static resin trials were performed, to determine the adsorption and desorption 

yields provided by three different macroporous resins. Aqueous blackcurrant extract (ABE) was mixed 

with each respective resin for 23-hours, after which, the anthocyanin-depleted juice was removed and 

replaced with 90% ethanol (EtOH) to desorb the anthocyanins. Again, after a 23-hour period, the 

ethanoic solution was removed. The static adsorption and desorption retention (or ratio) of each resin 

was then calculated. The hypothesis for this experiment is that the macroporous resin with the highest 

effective surface area has the highest adsorption retention, while all resins will have similar desorption 

retentions. Next, using the macroporous resin Sepabeads® LXA6, an experiment was performed to 

determine the retention of anthocyanins under dynamic conditions, like those to be used at the 

commercial scale. Modelling the process to be built at WBS, a lab-scale LXA6 resin column was 

dynamically loaded, washed and desorbed of ABE. The retention of anthocyanins through the process 

was measured. The hypothesis for this experiment is that a higher total anthocyanin retention than 

that produced during static trials would be achieved. This is concordant with findings in literature. 

 

Chapter 6 details the calibration of the ‘pH Differential method’- the chosen UV-Vis 

spectrophotometric method used to measure anthocyanin concentration- using a UV-Vis 

spectrophotometer at WBS with the HPLC at U.C. The pH Differential method is known to be less 

accurate than HPLC, especially when solutions containing varying concentrations of different specific 

anthocyanins are used, hence, experiments were performed to construct calibration curves with 
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blackcurrant solutions containing varying compositions of the naturally occurring detectable 

anthocyanins. Solutions containing unique anthocyanin compositions in both aqueous and 

hydroalcoholic solutions were created. Furthermore, the pH Differential method makes use of a 20-

50-minute wait time. Three slightly different pH Differential methods were used to produce calibration 

curves for each blackcurrant sample (plotting UV-Vis versus HPLC calculated anthocyanin 

concentration), the latter two making slight time-saving amendments to the standard pH Differential 

method. The hypotheses for this work was that the UV-Vis method, when calibrated could be used to 

make highly accurate measurements and that there would be no discernible difference between 

measurements made under the three different versions of the pH Differential method. 
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2 Literature Review 

The following literature review provides concise information on blackcurrants and the current 

blackcurrant industry in New Zealand, as well as anthocyanins, their unique molecular structure and 

health benefits. The extraction and resin purification processes relevant to those at WBS are also 

considered as are the different anthocyanin measurement techniques available. Collectively, this 

review provides a framework of information around which, the experiments in this thesis were based. 

 

 Blackcurrants in New Zealand 

Blackcurrants (Ribes nigrum) have been grown commercially in New Zealand since the early 1970s and 

exported predominately in the form of frozen concentrate and quick-frozen whole fruit6. Today, most 

commercial growers are located in the Nelson and Canterbury regions, as seen in Figure 1. A small 

percentage of New Zealand’s blackcurrant farms are located in Otago and there are non-commercial 

research farms in both Southland and the Wairarapa.  

 

In previous years, the majority of the 8000 tonne-per-annum blackcurrant yield produced within New 

Zealand has been used to produce frozen blackcurrant juice, used in products such as Ribena®. 

However due to decreased demand in this sector, there has been a decline in export sales, as shown 

below in Figure 1. In 2018, Frucor Suntory announced that they would not be renewing their annual 

blackcurrant contracts, which account for roughly half of New Zealand’s yield4.  
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Figure 1: The location of commercial blackcurrant growing areas in New Zealand4. 

 

New Zealand blackcurrant varieties are known to have a higher concentration of anthocyanin than the 

commercially common European varieties, with average anthocyanin concentrations of 570mg/ 100g 

whole-fruit for the New Zealand varieties compared to 250-500 mg/ 100g for the European varieties5. 

The New Zealand Ben Ard variety is known to have an average anthocyanin concentration of more 

than 700 mg/ 100g whole-fruit. Higher concentrations of anthocyanins in the New Zealand varieties 

has been attributed to the cleaner air and greater intensity of ultraviolet radiation in New Zealand. 

Research suggests that increases in the concentration of anthocyanins in plants is a biological response 

to harsher ultraviolet levels, as the anthocyanin molecules absorb incident UV radiation, reducing UV-

induced damage to plant cells6.
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Table 1: Frozen blackcurrant concentrate export sales out of New Zealand from 2016 to 20187. 
Monetary values reported are in USD. 

Market 2016 2017 2018 

 Volume* Value Volume Value Volume Value 

Malaysia 612 6,932,162 532 6,654,698 158 1,886,444 

Australia 145 658,369 745 377,853 115 1,103,157 

Japan 67 684,051 75 780,535 67 648,659 

Philippines 38 447,448 38 480,902 19 232,658 

United States of 

America 
55 226,427 74 360,709 37 196,290 

Taiwan 14 117,452 13 77,600 16 142,928 

Barbados 27 151,149 33 106,294 10 115,406 

Korea 0 0 29 182,816 13 86,619 

European Union 0 1,146 0 0 8 29,060 

Indonesia 1 11,964 1 1,401 1 9,004 

Thailand 0 0 1 6,644 0 0 

China 6 49,194 0 0 0 0 

Trinidad & 

Tobago 
8 47,563 0 0 0 0 

Total 974 $9,326,925 841 $9,029,452 443 $4,450,225 

% change (yr/yr) 33% 19% -14% -3% -47% -51% 

 

Despite the decreasing trend in blackcurrant commodities sales, there is growing interest in 

nutraceutical products made from blackcurrants8,9, largely due to their high concentration of oxidant 

scavenging polyphenols. Currently in New Zealand, there is a multitude of anthocyanin-rich products, 

claiming health benefits due to the antioxidant effects of the anthocyanins included. These products 

are largely derived from blueberries and blackcurrants. Research surrounding the health benefits of 

anthocyanins is still in its infancy, with the direct effects of their inclusion as part of a balanced diet 

on human health still largely unknown. Relevant studies are discussed in sections 2.3- 2.5. Regardless 

of the lack of substantial evidence of the health benefits of antioxidants, the majority of consumers10 

believe inclusion of antioxidants in human diet reduces the rates of cancer development. In addition, 

                                                           
* 1 unit is equivalent to 1000 litres. 
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the functional foods and dietary supplement market is a growing one, valued at $250 billion USD in 

2014 and is expected to be worth $385 billion USD in 202011. Such trends have enticed nutraceutical 

manufacturers, like WBS, into producing antioxidant-based products, like CassiPure™. 

 

 Anthocyanin Molecular Structure 

Anthocyanins are a sub-class of flavonoids, which are themselves a class of polyphenol. Anthocyanins 

are a biologically important group of molecules, they are responsible for producing the magenta to 

blue colours seen in many plants. The bright colours they produce attract animals which leads to 

subsequent seed dispersal or pollination12. 625 different anthocyanins have been identified in nature, 

which are the product of glycation of 25 different anthocyanidin (aglycone) polyphenol structures. The 

vast quantity of differing anthocyanin molecules is due to the attachment of sugar moieties, by 

glycation, to one or more of the carbon atoms in the phenyl rings that make up the basic anthocyanidin 

structure. Combinations of methoxy and hydroxyl groups and hydrogen atoms attached  to the carbon 

atoms in the cyclic phenyl groups result in further variation and an increased number of unique 

anthocyanins13. Despite the occurrence of 25 different anthocyanidins, six make up the backbone 

upon which 90% of all anthocyanins occur. These six structures are pelargonidin, cyanidin, peonidin, 

delphinidin, petunidin and malvidin. These molecules vary depending on the conjugations at ‘R1’ and 

‘R2’ in Figure 2, below.  
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Figure 2: Molecular structure of the six anthocyanidins listed, which vary depending on the functional 
group attached at the ‘R1’ and ‘R2’ conjugations, as listed. The A, C and B rings can be seen right to 
left13. C and B make up the chromophore of the molecule12. 

 

Sugar moieties are most commonly conjugated to the C3 hydroxyl group. This occurs in the four most 

common anthocyanins found in blackcurrants; cyanidin-3-glucoside, cyanindin-3-rutinoside, 

delphinidin-3-glucoside and delphinidin-3-rutinoside. These molecules are a combination of the two 

glycosides, rutin and glucoside, attached to the two anthocyanidins cyanindin and delphinidin at the 

C3 carbon atom. One of the features that distinguishes anthocyanins from other flavonoids is their 

colour. While most flavonoids are colourless, anthocyanins can adopt a wide spectrum of colours 

depending on their unique structure and the conditions in which they are found14. Most commonly 

seen in aqueous solutions, anthocyanins can undergo elementary reactions such as tautomerism, 

proton transfer and isomerisation to form structures emitting drastically different colours. Four 

different formations are commonly seen in aqueous solution, which occur when the skeleton 
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anthocyanidin structure is altered through one of the aforementioned reactions. The default structure 

is the flavylium cation structure, as shown in Figure 3, characterised by the positively charged oxygen 

conjugated at the C1 position of ring B. The flavylium cation structure is the most stable and hence, 

most common configuration found at pH 1-3 and is red to purple in colour depending on the varying 

sugar moieties and conjugations attached to the anthocyanidin skeleton. Between pH 3-6, the 

flavylium cation structure is hydrated to the carbinol pseudobase and chalcone structures, with water 

addition to the C2 position of ring B. Tautomerism occurs between the two structures, with the 

chalcone structure able to undergo chemical degradation to form phenolic acids15. In basic solutions, 

the hydroxyl group attached at the C7 position undergoes oxidation to form the indigo quinoidal base 

structure. Because of their wide range of colours, anthocyanins are often used as a natural alternative 

to synthetic dyes, though stabilization methods are required due to physicochemical degradation 

susceptibility when exposed to high temperatures, pH changes and extensive exposure to UV light16. 

Anthocyanins are polar molecules due to their charge asymmetry.  
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Figure 3: Varying structural arrangements of the anthocyanin skeleton, anthocyanidin, at varying pH15. 
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 The Known Health Benefits of Anthocyanins 

Aside from their anti-cancer activity, correlations have been found between increased intake of 

anthocyanins and neuroprotective and anti-inflammatory activity, prevention of cardiovascular 

disease and anti-obesity and antidiabetic activity, among other health benefits17. As these particular 

areas become more well researched, the true extent of the benefits of anthocyanins on human health 

will become more apparent. Current understanding of the effect of anthocyanins in each of these 

facets is described below. 

 

 Anti-Cancer Activity 

Anthocyanins have been found to inhibit the initiation, promotion and progression of several cancers 

including breast cancer, prostate cancer, liver cancer, colorectal and intestinal cancers, blood cancers 

and cervical cancer to name a few17. The area that is the most well documented is the anti-proliferative 

effects of anthocyanins. One study18 looked at the effect of anthocyanin rich extracts (AREs) extracted 

from Pourouma cecropiifolia fruit on the inhibition of growth of isolated cancer cells Hep-2, HT-29, 

MKN-45, MCF-7 and HeLa. These cells are attributed with causing larynx, colon, gastric carcinoma, 

breast cancer and cervical cancers respectively. Growth inhibition was examined by measurement of 

fifty percent inhibitory concentration (IC50). IC50 is defined as the amount of a drug required to inhibit 

the growth of a particular biological component by 50%. The IC50 specific to the AREs used, for the 

previously mentioned cancer cells was determined. Doses of 19.09± 1.20, 21.76± 1.76 and 34.85± 2.02 

μL/mL ARE were sufficient to inhibit cancer cell growth rates by 50% for Hep-2, MKN-45 and MCF-7 

respectively. HT-29 and HeLa cancer lines required dosages of more than 50 μg/mL.  

 

Another study19 looked at the effect of ARE from blueberries on the rate of apoptosis (a form of 

programmed cell death) in the cancer cells of human colorectal adenocarcinoma HT-29. 50, 100 and 

150 μg/ mL aliquots of these AREs were added to concentrated cancer cell assays and the extent of 

DNA fragmentation and caspase-3 activity was documented. DNA fragmentation is a primary indicator 

of apoptosis and occurs late in the apoptosis process whilst caspase-3 is formed in vivo by the cleaving 

of pro-caspase-3 during cell death and its presence is also an indicator of apoptosis. As seen in Figure 

4, all AREs from different cultivars caused an increase in caspase-3 activity with general increasing 

trends as the concentration of AREs increased to 150 μg/mL. In addition, DNA fragmentation was 

found to occur in increasing instances for two of the blueberry cultivar AREs tested from 50 to 150 μg/ 

mL, while prominent fragmentation occurred in the other two cultivar AREs from 50-100 μg/ mL.  
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Figure 4: Caspase-3 activity in H-29 cells after 6 hours of treatment of AREs. Higher rates of activity 
indicate greater rates of cell death. ‘Tif’, ‘Powder’, ‘Bright’ and ‘Brightwell’ represent AREs taken from 
different cultivars of blueberries and ‘a’, ‘b’ and ‘c’ denotations refer to ARE concentrations of 50, 100 
and 150μg/mL respectively19. 

 

Several other similar studies have found similar results in regard to the anti-proliferation effect of 

anthocyanins with the varying cancers listed previously17,20,21. 

 

 Anti-Inflammatory and Neuroprotective Activity 

The correlation between oxidative damage and neurological function is an area that is being 

increasingly researched. Considerable evidence already exists that correlates the rate of neurological 

function loss and the presence of oxidants, especially in several invertebrate species22. The trend is 

not well researched in humans or mammals in general. Initial research, however, suggests the trend 

holds true and that oxidative damage increases the rate of diseases such as Parkinson’s and 

Alzheimer’s, as well as accelerate age-related deficits such as memory loss and general neurological 

function23. Trials looking at the memory and learning speed of aged rats found that those fed with 

strawberry, blueberry or spinach extract had an improved memory and rate of learning. Another 

study24 looked at the effect of AREs on the preservation of dopaminergic neurons in the midbrain 

when these neurons were exposed to the neurotoxin rotenone. Rotenone is a known neuron 
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degradation accelerant. Decay of dopaminergic neurons in the midbrain is characteristic of Parkinson’s 

disease and contributes to the associated symptoms. Trials performed found that all samples exposed 

to rotenone had an increased amount of neuron death when compared to the control, however, 

samples treated with 0.01 μg/mL polyphenol extract had significantly less neuron decay than those 

without. It was also recognised that anthocyanin-rich botanical extracts were shown to alleviate 

neurodegeneration due to excitotoxins and neurotoxins, which are used to model the progress of 

Alzheimer’s disease.  

 

 The effect of supplementary anthocyanins on the reduction of inflammation caused by several 

different diseases including colitis, peyronie’s and periodontal disease has been researched 

previously25,26. The cause of inflammation is a long and complex pathway of reactions. Equally too, is 

the complexity of the anti-inflammatory activity of anthocyanins17. One way in which researchers can 

identify the effectiveness of a treatment is by monitoring pain-induced behaviour. The use of 

supplementary anthocyanins in alleviating pain, signalled by pain-induced behaviour caused by 

inflammation has been researched previously in rats25. Rats were fed one of three treatment serums; 

5 mL indomethacin (a common anti-inflammatory drug), varying dose strengths of anthocyanins and 

saline solution. The indomethacin and saline solutions were used as positive and negative controls 

respectively. Subsequently, the rats were administered an injection of 1% carrageenan, a known 

inflammatory. The paws of the rats were exposed to a thermal stimulus every hour for 4 hours and 

then again after 24 hours and the time taken for each rat to remove its paws were recorded, with a 

faster response indicating greater inflammation-related pain. The findings of the experiment were 

that anthocyanins provided a similar response in the rats as the indomethacin, suggesting their ability 

as an effective anti-inflammatory agent. 

 

 Evaluation of Anthocyanin Extraction and Purification Processes 

WBS have previously identified that the process costs involved in producing a CassiPure™ product 

could be reduced by switching from their previously used DEEM process to the proposed EERPP. 

Section 2.6.1 describes and compares the two processes, with more attention given to the material 

quantities involved in both methods than was provided in the introduction. Section 2.6.2 describes 

the principles behind enzyme-aided extraction of anthoycanins from biomass. 2.6.2 evaluates other 

anthocyanin extraction methods used, before considering other experiments that have been 

performed to assess and optimise the EERPP. These works provided baseline process conditions, from 

which, the experimental methodology of enzymatic extraction experiments in this research were 
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based on. Similar to section 2.6.2, section 2.6.3 considers the principles behind macroporous resin 

purification as well as previous research into the specific area of anthocyanin purification using them. 

 

 Comparison of the ‘Direct Ethanol Extraction Method’ and the Proposed 

‘Enzyme Extraction and Resin Purification Process’ 

Due to the extraction of anthocyanins in the DEEM being solely performed by an ethanoic solvent, 

there is a large volume of ethanol used, comparative to the amount used in the proposed EERPP 

method. The DEEM proceeds as follows, based on process details provided by WBS27. 

 

450 kg of wet, mashed blackcurrant pomace is loaded into a constantly-stirred reactor tank. Six batch 

washes of solvent follow, which each take one-hour. At the end of each wash, the solvent, containing 

dissolved phytochemicals is filtered and pumped to a buffer tank. The washes proceed as described 

below: 

Wash 1: 600 litres of 80% ethanol mixed at 45°C. 

Wash 2- 5: 600 litres of 70% ethanol mixed at 45°C. Four consecutive washes occur at these conditions. 

Wash 6: 600 litres of water mixed at 45°C.  

Subsequently, the extraction solution is pumped from the buffer tank, through a falling film 

evaporator to recover ethanol used in the process. After the evaporation stage, the concentrated 

hydro-alcoholic solution is freeze-dried and the dried product is grinded to produce a phytochemical 

product containing ~35% anthocyanins. This is the CassiPure™ product. During the process, 5.33 litres 

90% ethanol/ kg wet blackcurrant pomace are used to induce extraction, with 30 litres 90% EtOH/ kg 

CassiPure™ produced lost during the process.  

 

Despite not having commissioned the commercial EERPP process yet, WBS have provided information 

on the basic process schedule, including quantities of blackcurrant and solvent to be used28. The 

process description in its entirety can be seen in Appendix A. 

 

A larger mass of blackcurrants is planned to be processed in the EERPP, compared to the DEEM, with 

3000 kg of blackcurrant whole-fruit defrosted, mashed and transferred to a digestion tank. 1000-3000 
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litres of water is to be added, along with pectinase enzyme at a concentration of around 1 kg enzyme/ 

1000 kg mashed blackcurrants. The digestion tank is then heated to 40-50°C and mixed for two hours 

to allow effective enzyme-assisted extraction of anthocyanins from the blackcurrant mash. After this 

time the extraction solvent is filtered and pumped to a buffer tank and subsequently adsorbed onto 

the 2000 litre macroporous resin column. The adsorption process is carried out by pumping the ABE 

through the resin column at a flow rate of ~1-1.5 bed volume/hr (~2000-3000 litres/hr). Dissolved 

anthocyanins adsorb to the column whilst other organic compounds pass through, to waste. Once, all 

ABE has passed through the column, it is washed with water to remove residual, un-adsorbed 

components present in the void spaces of the column. A 90% ethanoic solution of 4000-6000 litres is 

passed over the washed column to remove the adsorbed anthocyanins. The ethanoic solution, 

containing dissolved anthocyanins is then pumped through a falling film evaporator, freeze-dried and 

grinded to produce a powder product of ~90% anthocyanins, which can be back-mixed with other 

supplementary constituents to produce a CassiPure™ product of 35% anthocyanin concentration. 

Under this method, ~2.67 litres 90% ethanol/ kg blackcurrant is used, compared to the 5.33 litres 90% 

ethanol/ kg blackcurrant in the DEEM, meaning approximately twice as much ethanol is used to 

process the same mass of blackcurrant feedstock.  

 

Previous work at UC29 determined that enzymatic-aided extraction produces an equivalent 

anthocyanin yield/ mass blackcurrant feedstock when compared to ethanoic extraction under these 

conditions, hence, it is reasonable to assume that twice as much ethanol is required to produce the 

same mass of CassiPure™ in the DEEM compared to the EERPP. Ethanol procurement and evaporation 

costs are a large proportion of the overall costs incurred in either process, although specific figures 

are not known. It is this reasoning that has led WBS to develop the new EERPP, to reduce overall costs 

by reducing the cost incurred due to ethanol recovery and procurement. 

 

 Extraction Processes 

The first stage of the extraction and subsequent purification of anthocyanins from blackcurrant whole-

fruit is the extraction of the component from the solid matrix into a liquid solvent. Several different 

methods can be employed to perform this. While all slightly different, they all utilise the principle of 

solid-liquid extraction (SLE). The most popular methods are considered briefly below, with the 

proposed method, enzyme assisted solid-liquid extraction, described in more detail. The most basic 

extraction method employed for the removal of anthocyanins from blackcurrants is a classic solid-

liquid extraction (CSLE). Solid liquid extraction involves the non-selective removal of a component or 
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components from a solid matrix using a liquid solvent. The desired components to be extracted have 

a high solubility in the extraction solvent so that it is efficiently removed from the solid matrix. 

Anthocyanins, like many other phenolic compounds and phytochemicals have a high solubility in 

organic solvents such as ethyl acetate, methanol, acetonitrile and ethanol30. While anthocyanins have 

a higher solubility in the former three solvents, ethanol is most often used in food grade processes as 

it has the lowest toxicity. In the case of blackcurrant/ hydro-alcoholic SLE, the process is non-selective, 

as other organic molecules and constituents of the targeted biomass that are soluble in the hydro-

alcohol solvent dissolve in the liquid.  

 

Several different modifications can be made to the solid-liquid extraction process to increase 

efficiency. These modifications include ultrasound assisted extraction, pressurised liquid extraction, 

microwave assisted extraction, enzyme assisted extraction and ohmic heating-assisted extraction31. 

Modified processes of the classic solid-liquid extraction generally endeavour to reduce the extraction 

time and amount of solvent used32,33,34 by means of heating, pressurisation or disruption of the cell 

wall and extracellular matrix of the targeted biomass. By doing this, the dispersion of solvent 

throughout the biomass or the available concentration of anthocyanins is increased, improving yields 

of anthocyanins extracted per volume of solvent, making processes more economically viable by 

lowering material costs and allowing a greater process throughput. 

 

Ultrasound assisted extraction (UAE) increases damage to the cellular structure of biomass using the 

mechanical effects of cavitation. The compression and expansion of the extraction mixture caused by 

the mechanical ultrasound waves induces voids between molecules, which become bubbles. When 

these bubbles implode, they cause micro-jet impacts and alterations by means of shockwave impacts 

to nearby cellular structures of the biomass. This drives the extraction mixture further towards 

homogeneity and increases contact between intracellular anthocyanins and the extraction solvent35. 

Comparisons in performance of UAE to CSLE in extracting polysaccharides and polyphenols from 

ground mulberry leaves and black chokeberry respectively has been considered previously36,37. These 

works found that utilising UAE increased the yield of the targeted component by 5-10% compared to 

CSLE for ground powders. In the case of extracting polyphenols from black chokeberry, it was 

determined that the benefit in yield provided by UAE over CSLE increased the coarser the biomass was 

processed prior to extraction. In the case of simply cutting the chokeberries in half, the extraction 

yield was found to be improved by 80% when UAE was used. 
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Pressurised liquid extraction (PLE), also known as accelerated solvent extraction (ASE) and pressurised 

solvent extraction (PSE) is a modified version of CSLE. The solvent used as an extraction agent is heated 

to a temperature slightly below the critical point temperature and the pressure is increased such that 

the solvent remains in the liquid state. At these conditions, the fluid has improved solubility and 

diffusion activity while maintaining high penetrability into the targeted solid as it remains in the liquid 

state38,39. Conditions for PLE are solvent dependent but temperatures and pressures generally range 

between 50-200°C and 100-140 atm respectively.  

 

Microwave-assisted extraction (MAE) uses the energy of microwave radiation to heat the solvent in 

contact with the sample. Microwaves are a form of electromagnetic energy that induce ionic 

conduction and dipole rotation in polar molecules present which work to heat these molecules. Hence, 

MAE is effective when polar solvents are used as they are heated which increases diffusivity of the 

sought after components into the solvent, reducing extraction time and solvent volume33,40.  

 

Ohmic heating-assisted extraction (OHM) is an efficient way to heat the extraction solvent to increase 

solubility and diffusivity of the targeted component into the solvent by means of electro-conductive 

heating. In commercial practice, electrodes are placed in the solid-liquid extraction mixture, foregoing 

the use of an intermediate heating surface, reducing heat losses so that the efficiency of solvent 

heating is around 90%41. An electrical AC current is passed through the extraction mixture and all heat 

is generated in situ by the Joule Effect, where electricity encountering a resistance generates heat. 

OHM disregards some of the common problems encountered when attempting to scale up a heated 

solid-liquid extraction process, such as MAE. Whilst in MAE, where the microwaves have a low 

penetrability into the reaction vessel, making uniform heating problematic at the larger scale, the use 

of electrodes directly in the vessel leads to easily controlled, uniform heating with a scaled-up process.  

 

In enzyme-assisted extraction (EAE), enzymes are added to the extracting agent, generally water, with 

the purpose of degrading the cell walls and micro-structures within the targeted biomass to allow 

solvent penetration to otherwise inaccessible areas. Three different enzyme types, pectinases, 

hemicellulases and cellulases are generally used in processes extracting anthocyanins from organic 

biomass42,43,44. Pectin, hemicellulose and cellulose are three main constituents of cell walls in plants. 

Cross-linked cellulose microfibril are the primary provider of strength and structure, making up 20-
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30% of the dry weight of the plant cell wall45. Hemicelluloses weave through the middle lamella and 

primary wall, interconnecting the components of the cell wall, including cellulose structures to each 

other and facilitating connections between pectin structures and the cellulose microfibril. Pectin is a 

polysaccharide which has the primary purpose of connecting adjacent plant cells together while also 

providing assistive strength to the cell wall and facilitating ion exchange46. It makes up approximately 

30% of the plant wall by weight. The simplified structural layout of a general plant cell wall can be 

seen in Figure 5, below. By adding pectinases, hemicellulases and cellulases to the extraction solvent, 

the breaking down of the major constituents of plant cell walls is accelerated, leading to degradation 

of the structure so that the extraction solvent can penetrate deeper into microstructures within the 

targeted biomass. Commercial enzyme products are synthesised using fungi of the Aspergillus genus. 

Most commonly, Aspergillus niger is used, whilst occasionally, Aspergillus aculeatus is used44. In the 

context of large scale process implementation, EAE is often seen as a more realistic and effective 

extraction method than those previously listed47. This is because of the lack of additional, energy-

intensive equipment that needs to be added or retrofitted to a basic anthocyanin extraction process. 

 

 

Figure 5: A cross-sectional diagram displaying the main structures making up a typical plant cell wall48. 

 

Several factors affect the effectiveness of EAE, including enzyme type, temperature, pressure, 

concentration, maceration time, solvent choice and pH. Extensive research looking into the effect of 

different maceration conditions on the extraction concentration of anthocyanins and other 
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polyphenols has been carried out. The effect of each of these factors on anthocyanin yield are 

considered below.  

 

One such study44, performed by A. Landbo and A. Meyer, looked at the difference in anthocyanin yield 

and total phenol and juice yield when blackcurrants were dosed with various concentrations of ten 

different enzyme mixes. The frozen blackcurrant whole fruit used in this experiment were defrosted, 

grinded to either a finely or coarsely ground pulp, blanched and stored at -16°C until further use. The 

frozen, ground pulp was subsequently defrosted and mixed with a defined concentration of one of 

the enzyme mixes. The pulp-enzyme mixtures were then macerated for a specific time and at a 

particular enzyme concentration. Following maceration, berry mixes were pressed to separate the 

juice constituents, which were measured to determine their volume and anthocyanin concentration. 

Of the different products, maceration times and temperatures and enzymatic concentrations trialled, 

it was found that the best anthocyanin yield, ~2170 mg anthocyanins/ kg wet biomass or ~3160 mg 

anthocyanins/ L juice, was achieved at a 0.18% enzyme solution concentration (0.18 mL enzyme/ 100g 

blackcurrant) of Pectinex® BE used in the finely ground blackcurrant biomass which was macerated at 

60°C for 30 minutes. It should be noted for this experiment that no additional water or other solvent 

was added to facilitate extraction of anthocyanins. Although the specific enzyme make-up of 

Pectinex® BE couldn’t be found, a similar product, Pectinex Ultra SP-L was described as being made 

up primarily of pectintranseliminase, polygalacturonase and pectinesterase with small amounts of 

hemicellulases and cellulases taken from the fungus Aspergillus aculeatus49.   

 

Another experiment50 looked at the effect of different pectinase-based enzyme products on the 

extraction of anthocyanins from blackcurrants and billberries by keeping the endopolygalacturonase 

enzymatic activity constant across each of the different enzyme products tested at 1000 nkat/g (1 nkat 

corresponds to 1 mole of the targeted molecular bonds broken in 1 second by the specified enzyme). 

The concentration of each product in 10mL of water was altered (to be mixed with 50g of blended 

berries) according to the enzymatic activity listed by the manufacturer. The berries were then 

macerated at 45°C for 2 hours at the intrinsic pH of the berries (~pH 3). The maceration mixture was 

then pressed through a fine mesh. The two best performing enzyme solutions tested were Pectinex® 

Ultra SP-L and Biopectinase® CCM which returned juice with a total yield of 2001 and 1971 mg 

anthocyanins/ kg blackcurrant whole berry respectively. This equates to a relative yield of 

anthocyanins retained from the whole fruit of 85% and 83% respectively. When taking into account 
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the endopolygalacturonase activity of the two best enzymes, 29,300 and 22,540 PG nkat/ mL for the 

Pectinex Ultra SP-L and Biopectinase CCM respectively, 34.12 and 44.37 μL/ g blackcurrant was used.  

 

Previous work at U.C.29 replicated some of the conditions of the experiment performed by A. Landbo 

and A. Meyer. The experiment looked at yield of anthocyanins extracted when enzyme concentrations 

were varied in small increments around the ideal concentration found in the aforementioned study. 

Frozen Ben Ard blackcurrants were thawed, blended, mixed with one of the trialled enzyme 

concentrations and macerated. All samples were macerated at 55°C for two hours with no additional 

solvent added. The enzyme concentrations trialled were 0.07, 0.17 and 0.26 mL enzyme/ kg of 

blackcurrant biomass, as well as a control sample with no enzyme added. The specific enzyme mix 

used was Rapidase® Procolour. The experiment found that all three concentrations of enzyme 

returned comparable results. The enzyme concentrations 0.07, 0.17 and 0.26 mL enzyme/ kg returned 

yields 156± 4%, 167± 5% and 160± 9% greater than the control respectively.  

 

 Use of Resin Column Purification 

Following the extraction of anthocyanins from the homogenised blackcurrant mash, a purification step 

is required to ensure a high yield of anthocyanins in the final dried extraction powder. Purification by 

selective resin adsorption and desorption has been chosen as the method to achieve this by WBS due 

to its low cost and maintenance operation.  

 

Resin columns are used commercially for a number of different purposes and can be characterised 

into three distinct categories, depending on their interaction mechanism with the fluid being passed 

through them, one of ion exchange, adsorption or chromatographic separation51.  Ion exchange resins 

are often used both commercially and domestically to demineralise water or recover organic acids 

from food liquids. Adsorbent resins allow selective recovery of particular molecules from liquids that 

are generally organic in nature. Lastly, chromatographic resins are used to separate molecules in a 

mixture to allow accurate identification and quantification of each component. For the purpose of 

extracting anthocyanins from blackcurrant juice, an adsorbent resin is used, the principle being that 

the homogenised and filtered blackcurrant juice is passed through the packed resin. The slightly polar 

anthocyanin molecules are attracted to the slightly polar resin matrix, while other constituents of the 

juice such as water, sugars, proteins and other organic molecules generally pass through the column 

due to their lack of attraction to the surface of the resin.  
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Adsorbent resins are non-ionic and generally comprised of styrene-divinylbenzene (styrene-DVB) or 

acrylic based polymers52. Resins used for the purpose of anthocyanin (and wider polyphenol) 

purification, macroporous resins, are extremely porous in nature due to the use of a porogen during 

polymerisation of the resin beads from mono-styrene and DVB. The porogen is removed after the 

formation of styrene-DVB spheres by means of volatilisation to leave the porous resin beads53. A 

simplified schematic of this process can be seen below in Figure 6. 

 

 

Figure 6: A simplified schematic of the manufacture of styrene-DVB resin beds, in this instance 
extraction of the porogen is completed using tetrahydrafuran (THF)53. 

 

In the case of purifying anthocyanins from a homogenised, macerated and filtered blackcurrant juice 

media, the accepted practice is to run the aqueous solution through a column packed with the resin 

until the resin has been partially saturated and some of the potential adsorption sites have been 

occupied. At this point, the column is washed with a water solution to remove constituents of the 

blackcurrant juice that have not adsorbed to the resin. After which, a hydro-alcoholic  solution, 

generally 50-95% (v/v) ethanol, methanol or acetone54,55, is passed through the resin column to 

remove adsorbed anthocyanins. Similar to anthocyanin extraction, aqueous ethanol solutions have 

been the preferred solution used in this desorption process, especially when the purified anthocyanin 

is to be used in the food industry, as it is the least toxic of the three suggested solvents. One study 

that took a comprehensive look at the effect of different process variables (pH, ethanoic concentration 

of eluate, initial anthocyanin concentration of extraction mixture) on the yield of anthocyanins 
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purified from blackberries across an amidic resin56 found that the yield of anthocyanins was highest 

when an eluate ethanoic concentration of 60-80% was used. While these studies both showed 

optimum recovery yields at ethanol concentration of 80%, incremental differences of 20% ethanol 

concentration were used, so that the precise concentration at which anthocyanin desorption was 

highest was not determined.  

 

There are a wide range of variables that affect the yield of anthocyanins removed from biomass during 

resin purification, in addition to the solvent chosen and in the case of a hydro-alcoholic solvent, 

concentration of ethanol in the solvent. Resin type, loading and elution flowrate, pH, volume, 

anthocyanin concentration and temperature and intermediate washing conditions have all been cited 

as important variables to consider during resin purification of anthocyanins57,58. Extensive research 

has been carried out looking at optimisation of the purification process, with the following findings for 

optimising the amount of anthocyanins attained from various fruits, vegetables and plant matters. 

 

One such experiment58 looked at the effect of changing the pH of the hydroalcoholic solvent on the 

purification yield of anthocyanins achieved from Inga edulis leaves using various macroporous resins. 

pH values of 2.0, 3.5 and 5.0 were tested whilst other variables were held constant. It was determined 

that a difference in pH across this range had no statistical significance (p> 0.05). Another work59 

looking at the effect of pH on the desorption yield of anthocyanins from mulberries across two 

macroporous resins (XAD-7HP and AB-8) found that there was a linear increase in anthocyanins from 

pH 1 to 3 and 4 respectively for the two resins, after which point there was a linear decrease to the 

desorption yield achieved at pH 7. This paper and a separate work57 looked at the common effects of 

pH, loading time and ethanol concentration of eluate on the desorption ratio of anthocyanins from 

mulberry59 and blueberry57 across a common resin, the macroporous resin AB-8 in dynamic and static 

conditions respectively.  

 

The static trial using a blueberry extraction57 applied 50 mL of condensed anthocyanin extract to 

2.0000± 0.0005 g of AB-8 in a 100 mL conical flask. Citric acid- sodium hydroxide buffer solution was 

used to set the pH. After adsorption had occurred for a measured length of time in an oscillating water 

bath (110 rpm), the saturated resin was added to 50 mL of an ethanoic-water solution of varying 

concentrations and pH for a varying amount of time in a 100 mL conical flask in an oscillation water 

bath (110 rpm). Desorption times of 10, 20 and 30 minutes, ethanol concentrations of 30, 40 and 50% 



 

25 
 

and desorption temperatures of 20, 30 and 40°C were trialled. Different experiments were performed 

using all possible combinations of the three variables. The desorption yield of anthocyanins was 

measured using equation 1.  

𝛽 =
𝐴2𝑉2

(𝐴0 − 𝐴1)
𝑉1. 100 (1) 

 

In this equation ‘β’ represents the desorption ratio (%), ‘A2’ is the anthocyanin concentration in the 

desorption solution (mg/ mL), ‘V1’ and ‘V2’ are the volume of adsorption and desorption solution 

respectively (mL) and ‘A0’ and ‘A1’ are the anthocyanin concentrations before and after adsorption 

respectively (mg/mL). 

 

All adsorption and desorption data was analysed using Design Expert software60 to provide a 3-D field 

of the results. From the plotted 3-D field, the optimum conditions could be extrapolated, so that the 

variables reported were not confined to just the conditions tested. It was deduced that the best 

desorption conditions across AB-8 resin would occur when a desorption time of 30 minutes, ethanol 

concentration of 46.5% and desorption temperature of 22°C was utilised. This would return a median 

desorption yield of 84.80%.  

 

Similarly, mulberries were purified across AB-8 resin in a dynamic setting59 with the conditions of the 

eluate changed by altering the pH (3.0, 4.0, 5.0, 6.0 and 7.0), ethanoic concentration (20, 40, 60, 80 

and 100% v/v) and flow rate (6, 9, 12 and 15 BV/ hr). The filtered mulberry extract was passed through 

an AB-8 column of 10 mL volume until the column was deemed to be saturated. At this point, the 

column was washed with 4-5 BV of distilled water, to remove organic components that had not 

adsorbed to the column including sugars, organic acids, proteins and ions. After the washing step, the 

adsorbed anthocyanin was eluted off using an ethanoic solution of one of the concentrations 

examined. Of the flow rates tested, the lower flow rate, 6 BV/hr, was found to be the best of the flow 

rates tested. Although it was determined that the higher flow rates would allow a higher adsorption 

efficiency when a small volume of liquid was loaded onto the column (~100 mL), the lower flow rate 

allowed adsorption of a significantly greater amount of anthocyanins when 500 mL of the 

anthocyanin-rich solution was passed through the column, with much less wastage. Of the ethanoic 

solutions tested, the 60%, pH 4.0 ethanol solution provided the greatest desorption yield.  
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 Analysis of Eluent  

For the commercial process at WBS, it will be important to be able to determine the concentration of 

anthocyanins throughout different parts of the process. For example, during EAE in the digestion 

tanks, it would be beneficial to take an aliquot of the extraction fluid and measure the concentration 

of anthocyanins to determine the extent of the anthocyanin extraction from the blackcurrant biomass. 

Equally, anthocyanin concentration measurements made of solutions leaving the macroporous resin 

column during both adsorption and desorption stages could be used to determine the efficiency of 

resin column efficiency. Additionally, the concentration measurements could be used in mass balance 

calculations during process commissioning to help fine tune it. It is important, therefore, that WBS 

have access to an efficient anthocyanin concentration characterisation method. This section considers 

the different available methods, their drawbacks as well as their benefits.  

 

To determine the aqueous anthocyanin content of a solution several different methods can be 

employed, including UV-vis spectroscopy (UV-Vis), HPLC, nuclear magnetic resonance, thin-layer 

chromatography, paper chromatography, column chromatography, solid phase extraction and 

counter-current chromatography characterisations with the former four generally considered the 

most efficient61. 

 

The UV-vis spectroscopy method, more commonly known as the pH Differential Method makes use of 

the structural changes that anthocyanin molecules undergo at varying pH, as described in section 2.2. 

The flavylium cation structure occurs at pH 1.0, which produces a red colour that can be detected at 

a spectroscopic wavelength of 520 nm61 while the colourless hemiketal form occurs at pH 4.5. Hence, 

the difference in absorbance of a particular solution at pH 1.0 and pH 4.5 on a spectrometer at 520 

nm is proportional to the concentration of anthocyanins in that solution. The formula shown in 

equation 2. can be used to determine the net absorbance of the solution due to the presence of 

anthocyanins. 

𝐴 = (𝐴520𝑛𝑚 − 𝐴700𝑛𝑚)𝑝𝐻 1.0 − (𝐴520𝑛𝑚 − 𝐴700𝑛𝑚)𝑝𝐻 4.5 (2) 

 

Where ‘A’ represents net absorbance (AU), ‘A520nm’ is absorbance at 520nm (AU) and ‘A700nm’ is 

absorbance at 700nm. 
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Using this net absorbance value, the concentration of anthocyanins can be determined using the 

formula shown in equation 3, where the concentration of anthocyanins is reported as cyanidin-3-

glucoside equivalents.  

𝐶 𝑐𝑦−3−𝑔𝑙𝑢 𝑒𝑞. =
𝐴. 𝑀𝑊. 𝐷𝐹. 103

𝜀. 1
 (3) 

 

The concentration ‘Ccy-3-glu eq.’ is calculated in terms of cyanidin-3-glucose equivalents (mgcy-3-glu eq/ mL), 

‘MW’ is the molecular weight of cyanidin-3-glucoside (g/mol), ‘DF’ is the dilution factor of the 

measured solution (mL/mL) and ‘ε’ is the molar attenuation coefficient for cyanidin-3-glucoside 

(L/mol/cm).  

 

The major limitations of this method are that the concentration of anthocyanins are reported with a 

single value and the concentration of particular anthocyanins cannot be determined. The method also 

works on the assumption that very little or no anthocyanins are in the coloured flavylium cation 

structure at pH 4.5. While this assumption is generally robust, a select few anthocyanins remain in the 

flavylium cation form at pH 4.5 due to the functional groups and sugar moieties attached. In addition, 

after samples have been diluted in pH 1.0 and 4.5 solution, they are left for 20-50 minutes to 

equilibrate before measurements are taken. Nevertheless, the pH Differential Method is regarded as 

a fast and accurate way to determine the anthocyanin concentration of a solution. The equipment 

required, a UV-Vis spectrophotometer, is cheap comparative to the equipment used in other 

characterisation methods, as discussed later.  

 

Nuclear magnetic resonance (NMR) utilises the positively charged nature of some atomic nuclei, along 

with unique electron shielding varying from molecule to molecule, to identify and quantify different 

molecules62. These nuclei spin on their axis, generating a magnetic field and therefore, can be 

influenced by a magnetic source. Generally, the direction of spin of these nuclei is completely random, 

but when an external magnetic field is applied, the nuclei ‘spin-flip’ to adopt one of two positions. 

They spin so to generate a magnetic field in the same direction as that of the external field, a lower 

energy state, or in the opposite direction of the field, a higher energy state. This phenomenon can be 

seen in Figure 7. 
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Figure 7: The orientation of spinning nuclei before (left) and after (right) the application of an 
electromagnetic field62. 

 

When different nuclei are subjected to a specific frequency and strength of electromagnetic radiation, 

they ‘spin-flip’ again to adopt the higher energy state position, absorbing some of the electromagnetic 

energy in turn. The nucleus is now said to be in resonance. The measurable difference in energy 

absorbance at specific field strengths and frequencies allows the identification and quantification of 

different atoms. In addition, chemical effects such as electronegativity and hydrogen bonding 

influence the electron density around different nuclei. As electrons have their own magnetic effects, 

their presence alters the strength and frequency of the electromagnetic field required to induce 

nuclear resonance. Therefore, the unique structure of different molecules calls for a particular 

electromagnetic strength and frequency to induce resonance amongst the particular atoms 

susceptible. The two most commonly measured atoms are 1H and 13C63. NMR spectra is displayed on 

a 2-D axis, with absorbance and applied frequency measured on the y- and x- axis respectively. From 

this plot, the specific component and concentration can be deduced. Figure 8 shows an NMR spectra 

attained for an anthocyanin (not stated which particular one) observing the absorbance of the 1H 

atoms (a 1H NMR spectra).  
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Figure 8: The 1HR plot NMR spectra attained for an anthocyanin. The unique hydrogen atoms are 

shown on both the structural diagram and the plot itself64. 

 

For characterisation of a particular sample, a tube containing the sample is placed between two large 

magnets A radiofrequency generator creates the particular frequencies required and absorption is 

detected, converted and displayed on a 2-D spectra. A simplified schematic of the set-up can be seen 

in Figure 9. 

 

Figure 9: A basic diagram of the NMR-spectroscopy process62. 
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Comparative to the pH Differential Method, the equipment required for NMR characterisation is 

significantly more expensive. Research into the market price of a second hand benchtop NMR unit, 

found that a prospective purchaser would expect to pay around $20,000- 30,000 USD65. Equivalently, 

you could expect to obtain a second hand UV-Vis spectrophotometer (to use as part of the pH 

Differential Method) for $2000-4000 USD66. WBS obtained their Shimadzu UV-1800 unit second hand 

for $4000 NZD.  

 

HPLC is another popular method used to determine anthocyanin concentration and the one used most 

predominately in similar work at UC. Many different anthocyanin characterisation methods have been 

developed67,68,61,69. HPLC uses the basic chromatographic principle of separation of the constituents of 

a sample as they are pushed through a porous packed column by a liquid solvent. As the sample passes 

through, the various molecules within the sample will separate depending on their affinity with the 

liquid solvent and solid phase functional groups that make up the coating of the beds within the 

packed column. Several different combinations of aqueous organic solvents of various concentrations 

are used to induce separation of anthocyanins before detection. The different combinations often 

depend on the particular anthocyanins being examined. Solvents used generally include methanol, 

acetonitrile, metaphosphoric acid (HPO3), phosphoric acid and acetic acid61,68. In the case of detection 

of the four main blackcurrant anthocyanins, delphinidin-3-glucoside, delphinidin-3-rutinoside, 

cyanidin-3-glucoside and cyanidin-3-rutinoside (sometime abbreviated to D-3-G, D-3-R, C-3-G and C-

3-R respectively hereafter) and as used in previous work at UC, two solvents are used in tandem. 

Solvent A is 100% acetonitrile and solvent B is 10% acetic acid (v/v) and 1% phosphoric acid (v/v) in 

water. The method is based on that described by Lee et al61. The method utilises different solvent 

gradients to induce separation of the different anthocyanins for detection. The solvent mix is passed 

through the column at 0.3 mL/ min. After injection of the sample a linear gradient from 2.0 to 15.0% 

solvent A is introduced (with solvent B making up the remainder) over 9 minutes. Another linear 

gradient from 15 to 40% of solvent A is then introduced over 2.5 minutes. Finally, isocratic 40% and 

50% solvent A are passed through the column for the next 8.5 and 5 minutes respectively. The total 

run time for this HPLC method is 25 minutes, with an additional 5 minutes at the end of the run to ‘re-

prime’ the column for the next run. 

  

At the end of the column, the solvent passes through a detector which is able to identify particular 

molecules within the solvent, depending on their retention time within the column. Modern HPLC 

separation and detection methods are advanced enough so that the main anthocyanins that are found 
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in blackcurrants can be separated sufficiently so that they can be individually identified. The different 

detection methods commonly used in anthocyanin identification and quantification are UV-Vis, diode 

array detection (DAD) and mass spectrometry (M.S.). UV-Vis and DAD both operate using the Beer-

Lambert Law. The law states that, when passed through a solution of a known thickness, the 

measureable difference in radiation of a particular wavelength of light is proportional to the 

concentration of a particular component which utilises the light to excite electrons from the ground 

state to the higher energy state70. While UV-Vis only makes use of a monochromatic light source, so 

that measurements can only be made at one particular wavelength, DAD can detect a wide range of 

wavelengths, leading to more accurate characterisation of unique components. Mass spectrometry 

characterises different compounds depending on their mass. After separation has occurred through a 

packed column, the constituents of a sample are ionised, generally by electrospray ionisation (ESI), 

where a high voltage is passed through the sample-containing solvent. The created spray is passed 

into a void area in the mass spectrometer and de-solvated71. The de-solvated ions are accelerated and 

deflected using a magnetic field. The degree of deflection depends on the unique mass of each 

component. The deflected beam of ions then pass through an electrical detector which identifies each 

component depending on retention time through the HPLC column and mass72. The detector attached 

to the available HPLC in the Chemical and Processing Engineering (CAPE) training laboratory at UC is a 

DAD and hence, this detector was used for anthocyanin characterisation.  

 

After the HPLC separation process described previously, the desired anthocyanins are eluted from the 

column and detected by DAD between 10-15 minutes as shown in the chromatogram in Appendix B. 

Absorbance is measured at 280 nm and 520 nm to determine the concentration of anthocyanins. 

 

While pure, analytical grade cyanidin-3-glucoside standards are commercially available, high purity 

aliquots of the other three major anthocyanins (cy-3-rut, delp-3-glu, delph-3-rut) are difficult to 

obtain. Hence, it is difficult to produce calibration curves to convert absorbance from all anthocyanins 

to a concentration. Because of this, research into total concentration of anthocyanins of a given 

sample is often reported as ‘mg/mL cyanidin-3-glucoside chloride equivalents’. To convert absorbance 

readings into true concentrations of a particular anthocyanin, previous work73 tested the verity of 

applying a molecular weight calibration factor (MWCF) to absorbance results converted to 

concentrations using the cyanidin-3-glucoside calibration data. The MWCF is attained by obtaining the 

ratio of the molecular weight of the analysed anthocyanin over that of cyanidin-3-glucoside, as shown 

in equation 4. 
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𝑀𝑊𝐶𝐹𝑥 =
𝑀𝑊𝑥

𝑀𝑊𝑐𝑦.−3−𝑔𝑙𝑢.
 (4) 

 

‘MWCF’ is the molecular weight calibration factor (dimensionless) and ‘MWx’ and ‘MWcy-3-glu.’ are the 

molecular weights of the analysed anthocyanin and cyanidin-3-glucoside respectively (g/mol). 

  

As described, the MWCF is applied to calculated concentration results to convert them from cyanidin-

3-glucoside equivalents to actual concentration, as shown in equation 5. 

𝐶𝑥 = 𝐶𝑐𝑦−3−𝑔𝑙𝑢 𝑒𝑞.. 𝑀𝑊𝐶𝐹 (5) 

 

‘Cx’ is the concentration of an analysed anthocyanin (mg/ mL) and ‘Ccy-3-glu eq.’ is the concentration of 

the given anthocyanin in equivalents of cyanidin-3-glucoside (mg/ mL). The MWCF values for relevant 

anthocyanins are shown in Table 2. 

Table 2: Calculated MWCFs of the major anthocyanin constituents of blackcurrants when converting 

against a cyanidin-3-glucoside standard. 

Anthocyanin MWCF 

Delphinidin-3-glucoside 1.04 

Delphinidin-3-rutinoside 1.36 

Cyanidin-3-rutinoside 1.33 

 

Chandra, Rana and Li73 measured the accuracy of the MWCF method by creating calibration curves of 

cyanidin-3-rutinoside and cyanidin-3-glucoside from pure samples of each chemical. Balaton tart 

cherry and elderberry samples were then processed by HPLC and the total concentration of 

anthocyanins in each solution was determined by using the two different anthocyanin calibration 

curves as a reference and applying the appropriate MWCF. When the two different methods were 

used, the difference in total anthocyanins calculated was within ± 2% for all trials, thus establishing a 

correlation between the use of MWCFs and total anthocyanin conversion when the concentration is 

known in terms of a standard. 
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HPLC is known to provide more detailed and accurate analysis than UV-Vis spectrophotometry, 

however, it comes at a greater cost. An economic analysis was carried out, in which, the cost of 

acquiring and installing an HPLC system similar to the one used at UC was determined to be $50,000- 

60,000 NZD. The cost of materials used in sample preparation was found to be similar, estimated to 

be $0.28/ sample and $0.20/ sample for HPLC and UV-Vis respectively.  Maintenance and sample 

disposal costs were not calculated but these would certainly be more expensive for HPLC analysis, due 

to the greater number of specialised components74 and use of acetonitrile, that has to be disposed 

off-site. For this reason, WBS have elected to use their previously acquired UV-Vis spectrophotometer 

to measure anthocyanin concentrations, provided the method can be proven to be accurate. 

 

Thus, calibration experiments were performed with the Shimadzu UV-1800 UV-Vis at WBS and the 

Thermoscientific UltiMate 3000 HPLC at UC. If values reported by UV-Vis were concordant with those 

reported by HPLC, the pH Differential Method would be considered an accurate characterisation 

measure of anthocyanins. 
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3 Statistical Analysis 

Uncertainty measurements were made using partial differentiation and T-statistics. Using partial 

differentiation, the method used to calculate uncertainties is detailed below. For the generic equation, 

equation 6, the formula shown in equation 7 is used. 

𝑞 =
𝑤

𝑥. 𝑦. 𝑧
 (6) 

𝜕𝑞 = √((
−𝑤2

𝑥. 𝑦. 𝑧
ꝺ𝑤)2 + (

−𝑤

𝑥2. 𝑦. 𝑧
ꝺ𝑥)2 + (

−𝑤

𝑥. 𝑦2. 𝑧
ꝺ𝑦)2 + (

−𝑤

𝑥. 𝑦. 𝑧2
ꝺ𝑧)2) (7) 

 Where ‘ꝺq’ is the uncertainty associated with the calculated variable ‘q’ and ‘ꝺw’, ꝺx’, ‘ꝺy’ and ‘ꝺz’ 

represents the uncertainty associated with each respective variable. This method was used when 

determining uncertainties for analytical measurements, such as HPLC and UV-Vis measurements. 

 

When calculating the uncertainty associated with a sample population, a two-tailed T-test with a 85% 

confidence interval was performed, using equation 8. 

 

𝑥 = �̅� ±
𝑡∗.𝑠

√𝑛
 (8) 

In this equation, ‘x’ is the reported value, ‘�̅� ’is the sample mean, ‘t*’ is the appropriate T-table value, 

‘s’ is the standard deviation of the sample and ‘n’ in the number of samples. 
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4 Pre-experimental Design 

Before the experiments that were the focal point of this work could be carried out, the measurement 

methods required, as described in literature and previous works carried out at UC, had to, in some 

cases, be identified, adapted to the equipment available and tested.  

 

 Scientific Equipment and Materials Used 

Several pieces of specialist equipment were repeatedly used throughout testing. At WBS, a Shimadzu 

UV-1800 spectrophotometer was used to take UV-Vis measurements through Shimadzu glass cuvettes 

of pathlength 10 mm.  Equivalently, at UC, a ThermoFisher™ NanoDrop 2000 spectrophotometer was 

used to make UV-Vis measurements. The pedestal feature of the NanoDrop was used with samples of 

1-2 µL pipetted into the measurement area. Absorbance measurements were automatically adjusted 

by the associated software to give results concordant with those given if a 10 mm pathlength had 

been used.  For making HPLC measurements, a Thermoscientific™ UltiMate 3000 HPLC unit with a 

diode array detection unit (DAD) and a Restek Ultra AQ C18 3µm (150 x 3.0 mm) column were used. 

In conjunction with the physical HPLC equipment, the software Chromeleon™ 7.2 was used. Dynamic 

purification experiments were performed using an AKTA Pure 25 unit. An attached G.E. F9-C fraction 

collector was used to collect controlled volumes of column eluate at select times and a G.E. 

Superloop™ 150 mL held anthocyanin-containing juices to be loaded onto the macroporous column. 

The macroporous resin column was housed within an Essential Life glass SNAP® column of dimensions 

100 x 10 mm. The column dimensions were modified so it had dimensions of 140 x 10 mm. 

Blackcurrants used throughout all experiments were of the New Zealand Ben Ard variey and were 

obtained from WBS’ cool stores. When not being used at UC, they were stored frozen at -16°C. 

 

 Anthocyanin HPLC Characterisation Method 

Before any experiments could be performed, a reliable, viable method to accurately quantify the 

various anthocyanins in a particular solution was required. HPLC was chosen for this purpose because 

of its highly documented success in literature61,68,75,73. To develop and verify a method, a specific HPLC 

scheme had to be selected, run, the individual anthocyanins present identified and finally, accurately 

quantified, with the use of a standard. External verification by another lab, Cawthorn Institute in 

Nelson, New Zealand, was performed to check the results. Previous work29 was performed to 

determine the necessary solvents and particular equipment needed for HPLC characterisation. The 

selected method was that described by Lee et al.61 with flow rates and solvent gradients modified to 
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meet the specifications of the available Restek Ultra AQ C18 3µm (150 x 3.0 mm) column using the 

available Sigma-Aldrich online calibration tool76. The resulting method made use of the on-hand HPLC 

set-up, as described in section 4.1. In addition to this, specific anthocyanins could be identified at 

particular retention times in accordance with the findings made by Nour et al.75. The application of 

this can be seen in the chromatogram, (Appendix B). Specific solvents and solvent gradients used to 

induce chromatographic separation of the analysed blackcurrant molecular components were in 

accordance with those used in the described method by Lee et al.61. Two solvents were used to induce 

effective and accurate separation. Solvent A was analytical grade pure ACN and solvent B was 10% 

aqueous acetic acid and 1% phosphoric acid (both v/v) dissolved in deionised water. Preparation, 

separation and analysis of anthocyanin-containing samples occurred as listed. 

1. Anthocyanin-containing samples were pre-filtered or centrifuged (the centrifugation scheme 

is listed in section 4.4), diluted at a pre-determined ratio in pH 1.75 deionised water acidified 

with hydrochloric acid and loaded onto the HPLC. 

2. The mobile phase flow was initiated, at a volumetric flow rate of 0.3 mL/min, containing 2% 

solvent A (100% ACN) and the remainder solvent B. 

3. An anthocyanin sample, of between 0.1 and 100 µL, was loaded into the C18 column by the 

injector unit attached to the UltiMate 3000 HPLC unit.  

4. Over a nine-minute period, the concentration of ACN was increased in a linear fashion, from 

2 to 15% over the following 2.5 minutes, the concentration of ACN was increased linearly from 

15 to 40%. The concentration of ACN was maintained isocratically at 40% for 8.5 minutes. The 

four major anthocyanins found in blackcurrants are eluted during this time and measured by 

the DAD detector. 

5.  At this stage, after 20 minutes had elapsed since the sample was loaded, isocratic flow of the 

solvent mixture with 50% concentration ACN occurred for five minutes to flush the remaining 

residues from the column. 

 

DAD detection was performed throughout the whole 25-minute run. While absorption of light can be 

measured across the spectrum from approximately 200-900 nm, it was only necessary to measure 

absorption at 520 and 280 nm to determine the concentration of the targeted components.  

 

With anthocyanin peaks now easily identifiable and differentiable, a calibration curve using an 

external standard could be produced to accurately quantify the different anthocyanin concentrations 
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in a given solution. While it is common practice to make calibration measurements of the independent 

components of importance present in a HPLC chromatogram, other works73 have shown that, when 

the calibration of a single anthocyanin has been performed, the concentration of other anthocyanins 

present can be determined by applying the same calibration factor determined for the original 

anthocyanin in addition to a relative molecular weight coefficient, as described in section 2.7 and 

shown below in equation 9. In this way, only one standard, containing a particular pure anthocyanin 

present in the sample being analysed, need be attained. This is of great use, as few anthocyanins are 

available as an isolated analytical-grade standard. 

𝐶𝑎𝑛𝑡ℎ𝑜,𝑥 =
𝐴. 𝐷𝐹. 𝑀𝑊𝐶𝐹𝑥

𝐼. 𝐶𝐹
 (9) 

 

In this equation, ‘Cantho,x’ is the specific concentration of a particular anthocyanin (mg/ mL), ‘A’ is area 

of absorbance of the peaks identified to be anthocyanins (mAU. min), ‘DF’ is the dilution factor (μL 

total/ μL sample) and ‘I’ is the injection size of the sample (μL). Finally, ‘CF’ is the calibration factor 

that converts absorbance area measurements to anthocyanin concentrations (mAU. min/ μg). To 

deduce the calibration factor, a calibration curve using cyanidin-3-glucoside had to be produced, as 

described and shown below. 

 

 Calibration Curve Development Method 

The anthocyanin concentrations measured by HPLC later in this work were considered the standard, 

against which, pH Differential Method-made measurements had to be compared. Hence, it was 

important that accurate concentrations were reported by the HPLC system. To ensure this, triplicate 

calibrations were performed on the HPLC system at UC. 

 

An analytical grade 16.00 mg standard of cyanidin-3-glucoside chloride (listed as ‘kuromanin chloride’) 

was obtained from Extrasynthese in Lyon, France (≥96% purity) and stored at -16°C until it was 

required. The calibration process was carried out three times, to produce three calibration curves, 

found which, the average and associated uncertainty was found. 

 

The general process followed was as follows. Approximately 8.00 mg of the standard was accurately 

weighed on a Mettler Toledo® NewClassic MF scientific balance, accurate to 0.1 mg. The exact weight 
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was recorded to the 0.1 mg division and dissolved with 4.00 mL of deionised water in a 15 mL falcon 

tube, to produce a standard of approximate concentration ~2.00 mg/ mL cyanidin-3-glucoside 

chloride. Subsequently, dilutions were performed, where 2 mL from the parent solution was aspirated 

and mixed in a clean falcon tube with 2 mL of deionised water so that 1:1 serial dilutions were 

achieved. This method was carried out for six falcon tubes, rendering six solutions with approximate 

concentrations 2.00, 1.00, 0.50, 0.25, 0.13 and 0.06 mg/ mL respectively. After thoroughly mixing the 

six solutions, 200 µL aliquots were taken from each sample and diluted with 1400 µL deionised water 

acidified to pH 1.75 with hydrochloric acid in a 2 mL glass HPLC vial. Three repeats of each solution 

were made in this way, after which, they were measured by HPLC so that a single calibration factor 

could be determined from a graph with the produced concentration of cyanidin-3-glucoside plotted 

against the peak area. The peak area was produced by the absorption of light at 520 nm at the 

identified residence time of cyanindin-3-glucoside. The three calibration curves produced can be seen 

in Figure 10. 

 

Figure 10: The three calibration curves produced to determine the calibration factor to convert 
anthocyanin absorbance results measured on the HPLC-DAD system at UC to anthocyanin 
concentrations, using cyanidin-3-glucoside chloride standard.  
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The calibration factors were calculated by determining the gradient of the trend-line associated with 

each group of cyanidin-3-glucoside absorbance measurements. The calibration factors determined 

from each repeat can be seen in Table 3. 

 

Table 3: The calibration factors determined from the HPLC-DAD calibration, produced using cyanidin-
3-glucoside chloride, and the corresponding average calibration factor with uncertainty, used during 
all further HPLC measurements. 

Calibration Number Value 
Uncertainty 

(±) 

1 176 3 

2 175 3 

3 173 3 

Average 174 4 

 

As seen in Table 3, an average calibration factor of 174± 4 mAU.min/ mg was achieved.   

 

The concentration of anthocyanins on a given chromatogram therefore could be calculated using the 

calculated calibration factor and MWCFs. The calibration process was subsequently verified, when 

several different blackcurrant juice samples were produced, duplicated and frozen and the 

anthocyanin concentrations were calculated the HPLC method detailed in section 4.2. A portion of 

each frozen sample was sent to Cawthorn Institute, where concentration measurements were made 

using an alternative HPLC method68. The results seen in Table 4.  

 

Table 4: Comparison between anthocyanin concentrations characterised at UC using HPLC and 
measurements made at Cawthorn Institute. The samples used were aqueous blackcurrant extractions, 
produced using various methods. The relative concentration is displayed as (concentration measured 
at UC/ concentration measured externally. 100%). 

 Concentration Measurements 

Sample 
Number 

HPLC at UC 
Uncertainty 

(±) 
Cawthorn Institute  

Relative 
Concentration 

1 2.56 0.06 2.50 102% 

2 6.9 0.2 6.70 104% 

3 3.2 0.1 3.20 100% 

 

 

The anthocyanin concentrations determined externally were within the uncertainty range of those 

determined at UC. 



 

40 
 

 

 UV-Vis pH Differential Method 

The UV-Vis pH Differential method, as described in the Literature Review section, is a 

spectrophotometric method used to measure the concentration of anthocyanins in a similar manner 

to HPLC characterisation. The method used in this work was the same as described in literature and 

the Literature Review section and makes use of the structural changes that anthocyanins undergo at 

different pH; at a low pH (1-2) in aqueous solution, the significant majority of anthocyanins are in a 

magenta-coloured molecular arrangement called the flavylium-cation structure,  as the pH increases 

(4-6) proton transfer reactions with water and tautometric changes occur so that the colourless/ 

yellow chalcone and carbinol anthocyanin structures are prevalent.  

 

In the pH Differential method, a sample containing anthocyanins is diluted in two solutions, one at pH 

1.0 and the other at pH 4.5. The solutions are then left to equilibrate for a period of 20- 50 minutes 

before the absorbance of both solutions is measured at two wavelengths, 520 nm and 700 nm. 

Anthocyanins absorb light at 520nm in their flavylium cation form, while the measurement at 700 nm 

is used to adjust for haze. The total net absorbance is calculated as shown in equation 2. The units of 

all variables present is absorbance units, A.U. 

𝐴 = (𝐴520𝑛𝑚 − 𝐴700𝑛𝑚)𝑝𝐻 1.0 − (𝐴520𝑛𝑚 − 𝐴700𝑛𝑚)𝑝𝐻 4.5 (2) 

  

The total net absorbance measurement is proportional to the concentration of anthocyanins in the 

solution. The concentration of anthocyanins can be calculated using the formula expressed in equation 

3. 

𝐶 𝑐𝑦−3−𝑔𝑙𝑢 𝑒𝑞. =
𝐴. 𝑀𝑊. 𝐷𝐹. 103

𝜀. 1
 (3) 

 

Two specific pH solutions are made up for the pH Differential method. A 0.025M potassium chloride 

aqueous solution is produced and hydrochloric acid (HCl) is added to reduce the pH to 1.0. The other 

solution is 0.4M sodium acetate (aqueous), with HCl added to reduce the pH to 4.5. The method 

required is detailed further in Appendix C. All chemicals used were acquired on-site at UC and were of 

analytical grade (≥99%).  
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 Resin Preparation 

Before the macroporous resins could be used in experimentation, they were hydrated with an 

ethanoic solution and washed with sodium hydroxide (NaOH) and HCl to remove any potential 

pollutants77. The washing process used was as follows: 

1. The resin was soaked in 95% ethanol for 24 hours in a shock bottle. 

2. The ethanoic solution is removed and 1M NaOH is mixed with the resin. The resin is left to 

soak for five hours. 

3. The caustic solution is removed and the resin is soaked in 1M HCl for five hours. 

4. The HCl solution is removed, the resin is rinsed and then subsequently stored in 20% ethanol 

until use. 

 

 Centrifugation Schedule 

All centrifugation processes were carried out in the same way. Samples requiring centrifuging were 

decanted into 50 mL falcon tubes. The falcon tubes were loaded into the Eppendorf® 5810R centrifuge 

with a F34-6-38 rotor was used at UC and centrifuged for 10 minutes at room temperature and 10,000 

rpm. 

 

5 Enzymatic Extraction Experiments 

The first stage of WBS’ proposed EERPP method is the extraction of anthocyanins from mashed 

blackcurrant whole-fruit.  

 

Enzyme-aided extraction of anthocyanins from plant materials has been widely researched and 

proven to be an effective and versatile extraction technique for a wide range of organic feed 

stocks50,44,49. As discussed in section 2.6.2, previous work44 has examined the extraction of 

anthocyanins using water as a solvent, when mixed with mashed up blackcurrants. The study looked 

at the extraction yield of anthocyanins when aqueous solvents were infused with ten different 

pectinase-based enzymes. It was found that when used in an optimal way, enzyme mixes increased 

extraction yields by 150- 168%, compared to a water control. The optimal conditions found were an 

enzyme concentration of 0.18 µL enzyme/ g substrate and 30-minute maceration time at 60°C. 

Previous work at UC using one commercial enzyme, Rapidase® Procolour29, found concentrations of 

enzyme 0.07, 0.17 and 0.26 mL/ kg of mashed blackcurrant biomass returned anthocyanin yields 
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within the same range of uncertainty. All three yields were greater than that attained for the blank by 

155-173%. 20 g of blackcurrants were mashed and mixed with a dose of aqueous enzyme of volume 

between 24-88 µL. No additional solvent was added to the extraction mixture. 

 

Two different experiments were considered in this work. The purpose of the first was to identify the 

most effective commercial enzyme product of those tested. Secondly, experiments were performed 

at three different temperatures with the enzyme mixtures proven to be the most effective, to examine 

the difference in maceration temperature on anthocyanin yield. By doing this, a recommendation 

could be given to WBS as to what commercial enzyme and maceration temperature would best suit 

their process. 

 

For the first experiment, five different commercial enzyme mixes were provided by WBS. These were 

Celluclast® 1.5L, Ultimase® BWL 40, Rapidase® Procolour, Viscozyme® L and Pectinex® SP-L. Celluclast® 

is synthesised from Trichoderma reesei and contains predominately cellulases78. Ultimase® is a β-

glucanase/ xylanase mixture of unknown origin79. Rapidase® Procolour largely contains pectinases and 

is obtained from Aspergillus niger80. Viscozyme® L is an enzyme mixture containing several different 

enzymes including pectinases, arabanases, cellulases, β-glucanase, hemicellulase and xylanases 

synthesised using an unspecified fungi of the Aspergillus genus81 82. Pectinex® Ultra SP-L is a pectinase-

based enzyme, used often for culinary purposes. It contains 5% polygalacturonase (also known as 

pectin depolymerase) synthesised from Aspergillus aculeatus.  

 

The experiment was designed so that, while the enzyme product used varied, all other process 

conditions were kept constant. The main maceration constants are shown in Table 5. The maceration 

process is described in more detail in the experimental methodology, section 5.1.1. The hypothesis 

for this work was that the three enzymes containing a majority enzyme concentration of pectinases, 

Rapidase® Procolour, Viscozyme® L and Pectinex® SP-L, would return the highest yield of anthocyanins 

in the extraction solution. This hypothesis was made taking into account the results achieved in other 

work, specifically the work of Buchert et al.50, looking at the effect of different enzyme mixes on 

anthocyanin extraction yield. The findings were that pectinase-based enzyme products produced 

greater extraction yields compared to other enzyme mixes. 
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Table 5: The major experimental constants of blackcurrant maceration used during the experiments 
to examine the difference in anthocyanins yielded when mixed with varying enzymatic solutions. 

Variable Value Units 

Temperature 45 °C 

Time 120 minutes 

Enzyme concentration 1000 µL enzyme/ g blackcurrants 

Water: raw material concentration 1:1 - 

 

The second experiment was designed to examine the effect of varying temperature on the extraction 

yield of anthocyanins. The three most successful enzyme products from the first experiment were 

taken and macerations were performed with the same conditions as specified in Table 5, except three 

temperatures were used in different experiments; 45, 50 and 55°C. Previous work by Lando and 

Meyer44 found that anthocyanin degradation occurred when macerations were performed above 

50°C. Therefore, the hypothesis for this experiment was that the best anthocyanin extraction yield 

would be attained at 45°C.  

 

 Methodology  

 Methodology for the Comparison of Different Blackcurrant-Hydrolysing Enzymes 

The basic design of this experiment was that all maceration conditions were kept constant except 

enzyme type. To achieve this, the blackcurrant maceration process conditions had to be defined. Table 

5 contains the main process conditions kept constant across trials.  

 

Blackcurrants kept frozen were removed from the freezer, immersed in a water bath at 30°C and 

defrosted for one hour. Thawed blackcurrants were then mashed with a mortar and pestle until they 

were sufficiently pulverised, 20 g of blackcurrant mash was weighed into six separate falcon tubes 

using a scientific balance. The exact net weight of mash in each falcon tube was recorded and tubes 

were labelled in accordance with which each of the five enzyme (or blank) solutions were to be loaded 

into it. 20 mL of deionised water was then measured and aspirated into the prepared falcon tubes 

using a 20 mL glass pipette. Into the appropriate tubes, now containing a 1:1 ratio of deionised water 

and mashed blackcurrant, 20 μL of the five respective enzyme solutions were measured and aspirated 

by pipette. Each falcon tube was shaken for 10 seconds and put in a water bath. The water bath had 

been preheated to a temperature of 45°C and was set to an oscillation speed of 100 rpm. Samples 
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were left for two hours after which time, they were removed and centrifuged using the Eppendorf™ 

5810R centrifuge for 10 minutes at 10,000 rpm. This time was sufficient to completely separate the 

liquid solvent and remaining solid layers. The volume of each extraction was measured using a 25 mL 

measuring cylinder and recorded. If the concentration of anthocyanins in each sample could not be 

measured by HPLC immediately, solutions were stored in clean 50 mL falcon tubes and frozen at -16°C. 

The period for which samples were frozen was never any longer than 48 hours. Regardless of sample 

storage (kept frozen or immediately used for HPLC measurement), the liquid solutions were re-

centrifuged at 10,000 rpm for 10 minutes in clean falcon tubes, to remove any remaining undissolved 

particulates. HPLC samples were prepared from the centrifuged solutions as specified in Chapter 4.2. 

Anthocyanin yield was subsequently determined, using the measured anthocyanin concentration and 

volume from each enzymatic extraction. This process was carried out three times, so triplicate results 

were achieved for each sample.  

 

 Methodology for Enzymatic Extraction at Varying Temperatures 

After analysis of the results achieved for the previous experiment, it was found that three of the five 

enzyme products induced significantly higher anthocyanin yields than the other two products. These 

three enzymes were all used for the second enzymatic experiment. The method described in Chapter 

5.1.1 was followed. In addition to the triplicate trials that had been performed with the three enzyme 

mixtures at 45°C, triplicate trials were performed with the water bath preheated to 50 and 55°C. 

Blackcurrant: water: enzyme mixtures in falcon tubes were prepared in the same manner as they were 

for the previous experiment, with a 1:1:0.001 ratio of each respective component and volume and 

anthocyanin concentration measurements were made by the same method. 

 

 Results and Discussion 

All three trials for the ‘Comparison of Different Blackcurrant-Hydrolysing Enzymes’ were performed 

over a five-day period. Samples were frozen for two days before being defrosted and measured by 

HPLC.  

 

The volume of juice produced by using each enzyme mix can be seen in Figure 11. Pectinex, Viscozyme 

and Rapidase all produced similar yields of juice; 0.56± 0.03, 0.56± 0.01 and 0.561± 0.003 mL/ g of 

blackcurrants respectively. In parallel, Celluclast, Ultimase and the blank solution produced 

significantly lower juice yields, of similar volumes; 0.42± 0.02, 0.41± 0.01 and 0.436± 0.008 mL/ g 
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blackcurrants respectively. Enzyme mixes are used for a broad range of processes in the juice 

manufacturing industry; in addition to liberating anthocyanins, they are used to increase the sugar 

content, clarity and juice yield. This is due to the cleavage and breaking down of solid structures that 

allow for the liberation of entrapped species within the biomass. Pectinase-based enzymes were 

shown here to increase the juice yield whilst the cellulase- and xylanase-based Celluclast and Ultimase 

did little to increase juice yield. Other works83 have concluded pectinases are the most effective 

enzyme in increasing juice yield. The presence of pectin in aqueous solutions is known to increase 

solution viscosity. As aqueous pectin concentration increases, sample viscosity increases 

exponentially84, hence, the presence of pectinases in higher concentrations leads to better liquidation 

of blackcurrant biomass and more efficient subsequent liquid separation83.  

 

 

Figure 11: Liquid yield decanted from each respective falcon tube after enzymatic maceration and 
centrifugation for the six different enzymatic and blank macerations, per gram of net blackcurrant 
mash.  

 

The highest concentrations of anthocyanins were liberated from the blackcurrant biomass into the 

extraction solvent in Pectinex- and Viscozyme-aided macerations. The two enzyme products produced 

anthocyanin concentrations of 3.13± 0.15 and 2.87± 0.06 mgcy-3-glu eq./ g blackcurrants respectively 

(Figure 12) . Rapidase-, Ultimase- and Celluclast-aided macerations, as well as the blank, all produced 

similar anthocyanin concentrations in the extraction solvent (2.2± 0.4, 2.0± 0.2, 2.0± 0.2 and 2.2± 0.2 
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mgcy-3-glu eq./ g blackcurrants respectively). The disparity is potentially due to the increased 

concentrations of enzyme species in the Ultimase and Celluclast mixes that undergo side reactions. 

One such side reaction is the cleavage of the attached sugar from anthocyanins by β-glucosidase and 

endoglucanase enzymes to form the less stable anthocyanin aglycon43,85. β-glucosidase and 

endoglucanase are an important part of a cellulase-based enzyme complex, as they hydrolise the 

glycosidic bonds within the cellulose polymer to form smaller oligomers. The oligomers are 

subsequently hydrolysed by other enzymes in the cellulase complex. Glycosidic bonds exist between 

the cyclic anthocyanidin backbone and attached sugar; a β-glucoside linkage is present in two of the 

four most prevalent anthocyanins in blackcurrants, cyanidin-3-glucoside and delphinidin-3-glucoside. 

This linkage is destroyed by β-glucosidase to separate the glucose sugar and cyanidin or delphinidin 

aglycon. α-rhamnoside linkages are present in the other two; cyanidin-3-rutinoside and delphinidin-

3-rutinoside. Research examining the effect of cellulase enzymes on the extraction yield of 

anthocyanins in blackberries and blackcurrants43,85 have previously found that, while initially, 

macerations aided with cellulase enzymes return better anthocyanin extraction yield, longer exposure 

led to anthocyanin degradation. Both works found that macerations that look place at varying 

temperatures for periods longer than 1.5 hours produced lower anthocyanin yields than a ‘blank’ 

control. Because of the higher concentration of cellulases in Ultimase and Celluclast, the same 

principle is the most likely reason for lower anthocyanin concentration in the solutions aided by these 

enzymes. While it is known that Rapidase® Procolour is predominately a mixture of pectinases, no 

product specifications could be found about it so it is unknown whether there are other enzyme 

complexes in the product that are working in a similar manner to lower anthocyanin yield.  
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Figure 12: Anthocyanin concentration of the decanted liquid solution for each respective maceration, 
performed with the five different enzyme products and the blank solution. Concentration 
measurements are reported in milligram of cyanidin-3-glucoside equivalents. 

 

Anthocyanin yield could be determined by making use of equation 10 below. 

𝑌𝑖𝑒𝑙𝑑 = 𝐶𝑎𝑛𝑡ℎ𝑜𝑐𝑦𝑎𝑛𝑖𝑛𝑠. 𝑉𝑎𝑛𝑡ℎ𝑜𝑐𝑦𝑎𝑛𝑖𝑛𝑠 (10) 

 

 The pectinase enzyme solutions Pectinex and Viscozyme produced the highest anthocyanin yield in 

the separated liquid solution; with 1.75± 0.09 and 1.62± 0.06 mgCy-3-glu eq. anthocyanins/ g blackcurrants 

respectively (Figure 13). Rapidase® Procolour-aided maceration rendered the next highest 

anthocyanin yield with 1.2± 0.3 mgCy-3-glu eq. anthocyanins/ g blackcurrants. Yields achieved using 

Ultimase, Celluclast and no enzyme were all similar; 0.83± 0.08, 0.9± 0.1 and 0.96± 0.09 mgCy-3-glu eq. 

anthocyanins/ g blackcurrants.  
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Figure 13: Anthocyanin yield for the decanted liquid solution for each respective maceration, 
performed with the five different enzyme products and the blank solution. Concentration 
measurements are reported in milligram of cyanidin-3-glucoside equivalents. 

 

The effect of maceration temperature was considered subsequently using the three best performing 

enzymes, Pectinex, Viscozyme and Rapidase® Procolour. In addition to the 45°C trials performed in 

the last experiment, macerations were performed at 50 and 55°C for the three different enzymes, 

while all other process conditions remained the same as those used in the previous experiment.  As 

for the last experiment, volume and anthocyanin concentration measurements were made and 

subsequently, anthocyanin yield, per gram of raw blackcurrant could be calculated. The liquid volume 

attained from samples at three different temperatures had little variation, as seen in Figure 14. The 

samples taken at 45°C had slightly lower volumes, with 0.561± 0.003, 0.56± 0.03 and 0.56± 0.01 mL/ 

g blackcurrants for the Pectinex, Rapidase and Viscozyme enzyme macerations respectively. The 

samples taken at 50°C had volumes of 0.59± 0.03, 0.61± 0.01 and 0.61± 0.02 mL/ g respectively. Lastly, 

the samples taken at 55°C had volumes of 0.59± 0.03, 0.62± 0.05 and 0.60± 0.03 mL/g respectively. 
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Figure 14: The volume of juice extracted after maceration for the three enzymes tested, Pectinex® 
Ultra SP-L, Rapidase® Procolour and Viscozyme® L at the three temperatures trialled 45, 50 and 55°C. 
Volume is expressed as mL/ g blackcurrants.  

 

The anthocyanin concentration of the liquid constituents of extractions taken at the two higher 

temperatures were found to be greater than that of the liquid constituents taken at 45°C for the 

Rapidase- and Viscozyme-aided macerations. Anthocyanin concentrations of solutions macerated 

using Pectinex had no determinable difference. Anthocyanin concentrations of 3.1± 0.2, 3.2± 0.2 and 

3.1± 0.5 mg anthocyanins/ g blackcurrants were measured in the Pectinex-aided liquid extractions for 

the three ascending temperatures 45, 50 and 55°C respectively (Figure 15). There was a slight increase 

in anthocyanin concentration from the 45°C trial to the higher temperature 50 and 55°C maceration 

in Viscozyme-aided maceration liquid extracts. Anthocyanin concentration of 2.87± 0.06, 3.3± 0.1 and 

3.3± 0.1 were measured for ascending temperatures respectively. Finally, the concentration of 

anthocyanins in extract from Rapidase-aided solutions increased significantly from the 45°C 

maceration to the 50 and 55°C, with concentrations of 2.2± 0.4, 3.2± 0.1 and 3.2±0.2 mg/ mL for the 

ascending temperatures respectively. There was no consistent trend in the effect of changing 

temperature on the concentration of anthocyanins in the solutions produced. However, all three 

enzymes had the same or higher concentrations of anthocyanins in the macerations performed at the 

two higher temperatures. In all cases, the difference between 50°C and 55°C was not differentiable.   
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Figure 15: The anthocyanin concentration of the separated liquid component after maceration for the 
three different enzymes, Pectinex® Ultra SP-L, Rapidase® Procolour and Viscozyme® L at 45, 50 and 
55°C. Anthocyanin concentration is expressed in mgcy-3-glu eq./ mL separated liquid.  

 

The trends observed for the difference in anthocyanin yield produced by using each enzyme mix 

(Figure 16)  were much the same as those observed for the anthocyanin concentrations (Figure 15) 

because of the minimal difference in liquid volume attained after different enzyme-driven 

macerations at different temperatures (Figure 14). This disagrees with the hypothesis that reasoned 

that the yield of anthocyanins would show a declining trend with increasing temperature due to the 

degrading of anthocyanins at temperatures above 50°C. There are a couple of factors that weren’t 

considered in the hypothesis that may have led to the results found.  

 

First, the activity of the different enzymes present at varying temperatures wasn’t considered. Pectin 

depolymerase enzyme, when stored in sodium acetate buffer solution at pH 3.5, was found to have a 

linearly increasing activity (μmol/ mL) between 15°C and 50°C of 24.95 μmol/mL/°C (R2= 0.912). A 

similar increasing trend was found at pH 4.0 and 5.0 when the experiment was replicated42. An 

independent study86 looked at the activity of pectinases obtained from Aspergillus fumigatus and 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

45 50 55

A
n

th
o

cy
an

in
 C

o
n

ce
n

tr
at

io
n

 (m
g c

y-
3

-g
lu

eq
.
/m

L)

Temperature (°C)

Pectinex Rapidase Viscozyme



 

51 
 

Aspergillus niger when breaking down mango, orange and pineapple peels. Pectinase activity peaked 

at 40°C, 40°C and 55°C respectively for the three different feedstocks. It was speculated that the 

difference in peak pectinase activity temperature was due to different thermal denaturation activity 

of the different feed stocks, leading to the amount of available proteins to be degraded by the 

pectinase enzyme varying depending on the feedstock used. The activity of pectinases at different 

temperatures, when blackcurrant biomass was the targeted feedstock, could not be found. Hence, it 

is unknown at what temperature optimum pectinase enzyme catalysis occurs. Due to the increase in 

anthocyanin yield in macerations from 45°C to 50°C, it is possible it as at a temperature greater than 

45°C, but more thorough experiments would need to be performed to confirm this.  

 

Figure 16: The total anthocyanin yield in the separated liquid component, after maceration using the 
three different enzymes, Pectinex® Ultra SP-L, Rapidase® Procolour and Viscozyme® L at 45, 50 and 
55°C. Yield is expressed in mgcy-3-glu eq. anthocyanins/ g raw blackcurrants. 

 

In addition, macerations performed on blackcurrant feedstocks for two hours at temperatures of 50°C 

in other experiments have found little to no degradation of anthocyanins over a two hour maceration 

period44. It is only when the maceration period is extended beyond ~five hours at 50°C that a deficit 

in anthocyanins can be seen compared to macerations performed at lower temperatures, in this case, 
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30°C and 40°C. Macerations performed at 60°C and above were found to cause anthocyanin 

degradation directly after maceration commencement.  

 

The recommendations from this work are that both Pectinex® Ultra SP-L and Viscozyme® L are robust 

choices to use as an agent to assist anthocyanin extraction. Temperatures of 50°C and 55°C proved to 

be more effective than 45°C, however, further experiments could be performed at both lower and 

higher temperatures to get a better understanding of the effect of maceration temperature on 

anthocyanin extraction yields.   
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6 Purification Experiments 

In accordance with the proposed process at WBS, after a non-selective extraction has been performed 

on the blackcurrant feed stock, yielding an aqueous solution containing dissolved organic component 

from the blackcurrant, a purification stage needs to be carried out to separate captured anthocyanins 

from the other phenolic compounds. This is where a macroporous resin column is employed, 

adsorbing polar anthocyanin molecules onto the polar resin matrix, whilst other components pass 

through the column to waste. Macroporous resins are widely used to purify phytochemicals due to 

their ability to be regenerated easily, low cost and relatively long life. The aim of this chapter was to 

test three resins provided by WBS, to determine to static adsorption and desorption ratios. These 

ratios provide an insight into the purification efficiency of the resin, which could be reported to WBS. 

In addition, dynamic purification experiments were performed with Sunresin® LXA6 to determine its 

likely retention of anthocyanins during the purification process at WBS. This was performed using a 

bench-top process modelled on that to be used at WBS. 

 

Previously, in the DEEM, after ethanoic washing of the blackcurrant mash there was no further 

methods employed to separate extracted anthocyanins from other components. In the commercial-

scale DEEM process at WBS, the mass concentration of anthocyanins in the dried product after ethanol 

removal and freeze-drying has been around 25-35%87. The remainder contained other organic 

material extracted, including sugars, phenolic acids and polysaccharides. An advantage in using the 

proposed EERP method, in addition to the reduction in ethanol used, is that the selective adsorption 

and subsequent desorption and drying of extracted anthocyanins should return an anthocyanin 

powder of above 90% purity59. Some experimental benchtop procedures employing a resin to purify 

anthocyanins from fruit biomass have consistently rendered anthocyanin yields in excess of 99%88. 

With the high purification yield of anthocyanins achieved, the powder produced can be back-mixed 

with powdered, freeze-dried blackcurrant whole-fruit, or an alternative nutraceutical. In this way, an 

anthocyanin nutraceutical matching the 25-35% purity of that previously made could be produced 

with control over the other constituents that make up the final product. 

 

While purification of anthocyanins from fruit using various resins has been extensively documented, 

there are few reports on the performance of macroporous resins in extracting anthocyanins from 

blackcurrants. To determine the likely anthocyanin retention and performance limits of this 

purification step using the available Ben Ard blackcurrant variety available, trials of several available 
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macroporous resins were carried out. The resins acquired were Sunresin® LXA6, SEPABEADS™ SP700 

and Diaion® HP-20. 

 

Static adsorption trials can be performed to determine the static adsorption capacity of a given 

adsorbent and is an indicator of dynamic resin adsorption capacity89. In addition, the adsorbent 

efficiency can be determined, as described in section 6.1.1. Static resin trials were performed, to 

determine the anthocyanin adsorption capacities of the acquired resins as well as their adsorption 

and desorption ratios and purification ratio (adsorption efficiency). The hypothesis for this experiment 

was that the resin with the highest effective surface area out of those trialled would have the best 

anthocyanin adsorption ratio, whilst desorption ratios would be comparative across all three 

macroporous resins. 

 

In addition, experiments were performed to determine the adsorption efficiency in a dynamic setting. 

A bench-top system, modelled on the proposed commercial-scale resin purification step to be 

included in the EERP, was produced at UC. The purification stage of the EERPP is a multi-stage process. 

The proposed purification process is to be carried out as follows. First, the filtered, ABE is loaded into 

the resin columns at a controlled flow rate. At a point when a sufficient mass of anthocyanins has been 

deemed to have entered the resin column, juice loading is ceased. A water wash is initiated to wash 

residual juice and un-adsorbed phytochemicals. As seen in Figure 17, both the water wash and ABE, 

after resin loading are pumped into a buffer tank. The aqueous mix is then treated and discharged. 

After the column is sufficiently washed, an ethanoic solution of 90% concentration, is passed through 

the column at a set flow rate. Down-stream processes are carried out to remove ethanol and water 

and render a high purity anthocyanin-containing powder. An equilibration stage, using 90% ethanol 

followed by water is employed last to remove any remaining components and ‘reset’ the column for 

the next purification cycle. This ethanoic wash is passed through a falling film evaporator, to recycle 

ethanol, and subsequently processed through a waste stream.  
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Figure 17: A process flow diagram (PFD) for the resin column purification of anthocyanins from 
aqueous blackcurrant extract. The numbered streams into and out of the column indicate the order 
of the process stages e.g the aqueous blackcurrant extract is loaded and discharged first. 

 

 

The resin manufacturer gives suggestions to what loading and desorption flow rates should be used 

for their resins for optimum performance. For LXA6, the recommended flow rates could not be found. 

However, the recommended flow rate ranges for HP20 and SP-700 are listed in Table 6 below. 
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Table 6: The recommended operating flow rate ranges for SP-700 and HP20 resin columns as reported 
by the manufacturer90 for the different stages involved in resin purification. 

Stage 
Flow rate range 

(BV/ hr) 

Loading 0.5- 5 

Displacement 0.5- 2 

Regeneration 0.5- 2 

Rinse 1- 5 

 

When modelling the commercial-scale process, it was assumed that the recommended range for the 

LXA6 resin would be concordant and that these recommended flow rate ranges would be adhered to 

by WBS. To maximise adsorption and desorption yields within this range, loading flow rates at the low 

end of the recommended range were used. Other works5,92 both found that the lowest flow rate they 

tested returned the best adsorption and desorption yields. Hence, for these experiments, the loading 

and displacement flow rate used were both 1.0 BV/hr. The determination of loading volume is 

explained further in the methodology (section 6.1). For column washing and equilibration, a volume 

of 2-5 BV has been used in independent works91 and is recommended by the manufacturers of LXA6 

93. To ensure total washing and equilibration of the column, volumes of 10 BV were utilised for all 

washing and equilibration stages. The flow schedule of the purification process is described in more 

detail in the methodology. The hypothesis for this work was that the retention of anthocyanins across 

the resin purification process would be equal to, or greater than 90%, as found in dynamic experiments 

in literature94. 

 

 Methodology 

 Static Adsorption Experiments 

To perform static resin trials, blackcurrant juices are loaded onto the applicable resins by a batch 

method rather than the continuous processing that is to be used commercially. The principles of static 

adsorption trials are thus: resins are mixed with the blackcurrant juice for 23 hours to induce 

maximum adsorption. The remaining liquid is subsequently removed, the saturated resin is washed 

and dried gently so to remove residual, un-adsorbed material and then it is subsequently immersed 

in the extraction solvent. Mirroring the adsorption, a desorption period of 23 hours is observed. 

Following this, the extraction solvent is removed for testing. By measuring the anthocyanin 

concentration of the original juice, the remaining liquid post-adsorption and the extraction solvent, 
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the desired ratios can be determined. The adsorption capacity can be determined as shown in 

equation 10. 

𝑄𝑒 =
(𝐶0 − 𝐶𝑒)

𝑚
𝑉0 (10) 

 

In this equation, ‘Qe’ represents the adsorption capacity at adsorption equilibrium (mg/ g resin), ‘Co’ 

is the concentration of anthocyanins in the original juice (mg/ mL), ‘Ce’ is the concentration of 

anthocyanins in the juice after a 23-hour adsorption period (mg/ mL), ‘m’ is the mass of resin (g) and 

‘V0’ is the volume of the loaded liquid (mL).   

 

Similarly, the desorption ratio can be calculated as shown in equation 11.  

𝐷𝑒 =
𝐶𝑑𝑉𝑑

(𝐶0 − 𝐶𝑒)𝑉0
× 100% (11) 

 

Where ‘De’ represents the desorption ratio (%), ‘Cd’ represents the concentration of anthocyanins in 

the desorbing solvent (mg/mL) and ‘Vd’ is the volume of solvent used to remove adsorbed material 

(mL). 

 

Finally, the net recovery of anthocyanins can be determined as such, in equation 12: 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝐶𝑑𝑉𝑑

𝐶0𝑉0
 (12) 

 

For the static adsorption experiments, the desired result was to have comparative total adsorption 

and desorption capacities and ratios for the respective resins. To perform this, a uniform blackcurrant 

sample had to be produced to use for all resin types and repeats. Previous works95,88 have determined 

that pH, specific composition and most importantly, anthocyanin concentration all affect the 

adsorption/ desorption properties of different resins. Sorption kinetics can often be estimated by a 

model that makes assumptions to simplify the system. Work performed by S. Bagheri 29 at U.C. found 

that the adsorption behaviour of macroporous resins is best modelled by the Langmuir model 

equation, shown in equation 13. The Langmuir model assumes several things to simplify the equation: 
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1. The surface on which adsorption is performed is a flat, homogenous plane. 

2. Only a mono-layer of the targeted species can adsorb to the surface. 

3. There is no interaction between species occupying adjacent sites. 

4. All adsorption sites are energetically equivalent.  

𝑄𝑒 =
𝑄𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 (13) 

 

In this equation, ‘KL’ is the Langmuir constant, which represents the species in questions affinity to the 

adsorption material (mg/ mL), ‘Ce’ is the concentration of anthocyanins in solution at equilibrium (mg/ 

mL) and ‘Qm’ is the maximum adsorption capacity of the species (mg/ g resin). The concentration of 

anthocyanins in solution affects the equilibrium concentration of the solution ‘Ce’, therefore it is 

pertinent to expose all resin samples to solutions at the same conditions and anthocyanin 

concentration.  

 

To perform this, an enzymatic extraction mirroring those performed in the previous chapter, Chapter 

5.1.1 were performed, although at a larger scale. 170 g of blackcurrants were defrosted in a water 

bath at 30°C for one hour. The blackcurrants were then subsequently mashed with a mortar and pestle 

until they were sufficiently mashed. 150 g of the mash was put into a 500 mL conical flask with 150 

mL of water and 150 μL of Pectinex XL enzyme. The mixture was macerated for two hours at 30°C 

using a mechanical stirrer. After this, the reaction mixture was decanted into 50 mL falcon tubes which 

were centrifuged as previously discussed in Chapter 5.1.1, at 10,000 rpm for 10 minutes. The juice 

constituent was decanted and a small aliquot was re-centrifuged and characterised by HPLC to 

determine the anthocyanin concentration. While the remaining juice was not being used for static 

testing, it was refrigerated at 4°C.  

 

The following day, the 11th of November, 2019, 1.00 g of each of the three respective resins was 

removed from storage solution, patted dry and placed in separate 100 mL glass shock bottles. 

Triplicate samples were produced for each juice. 20 mL of the prepared blackcurrant juice was 

pipetted into each shock bottle and solutions were mixed on a gyrating table at 100 rpm for 23 hours 

to induce saturation of each resin. After this time, a Buchner funnel with 25 µm filter paper under 

slight vacuum was used to separate the saturated resin and anthocyanin-depleted blackcurrant juice. 

The blackcurrant juice was stored, frozen, at -16°C until the concentration could be measured. The 
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saturated resin, in filter paper atop the Buchner funnel was washed twice with 20mL of deionised 

water. The vacuum draw was increased slightly to remove water from the resin beads. Subsequently, 

resin samples were then loaded back into clean, dry 100mL shock bottles and 20mL of 90% ethanol 

was pipetted into the bottles. The solution was left to mix on a gyrating table at the same conditions 

previously stated. After a further 23 hours, the ethanoic solution was removed and stored at -16°C 

until testing could be carried out. HPLC anthocyanin characterisation was carried out on the initial 

juice, subsequent adsorbed and depleted juice and finally, the 90% EtOH solution containing the 

purified anthocyanins. The adsorption and desorption yields and the overall purification yields of the 

three different macroporous resins tested could then be calculated using equation 11, 12 and 13.  

 

 Dynamic Purification Experiments 

6.1.2.1 Basic Set-Up 

 As described in the introduction, the purification stage of the EERPP is a multi-stage process. An AKTA 

Pure 25 was used at UC to facilitate controlled flows and model the proposed commercial process. 

The lab-scale process can be seen in Figure 18. Using the AKTA, two different liquid solvents were able 

to be pumped through linked equipment at controlled flow rates, with incremental changes as low as 

0.01 mL/min being able to be made. A 150 mL GE™ Superloop was connected to an applicable AKTA 

port to facilitate controlled loading of blackcurrant juice onto the resin column. The resin column used 

at UC to mimic the process was a modified EssentialLife™ SNAP glass column of original dimensions 

100 mm x 10 mm diameter. The column was modified to be 140 mm x 10 mm to attain the same 

height-to-width ratio of the 2000 L columns to be used at WBS. The column was linked to appropriate 

ports on the AKTA so that controlled loading of water, ethanol and blackcurrant juice from the 

Superloop could occur. A PFD of the lab-scale process can be seen in Figure 18. 
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Figure 18: A simplified PFD of the anthocyanin purification process, as modelled at UC using the AKTA 
Pure 25, 150 mL Superloop and the EssentialLife™ SNAP resin column. 

 

Blackcurrant juice was prepared in the same way as described in Chapter 5.1.1, using enzymatic-aided 

extraction. Before dynamic purifications were performed, the anthocyanin concentration of the 

solution was determined by HPLC. Using this method, blackcurrant juice of anthocyanin concentration 

1.64± 0.03 mg/ mL was produced to be used for dynamic experiments.  
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WBS had opted to purchase the resin LXA6 for their commercial process. Hence, LXA6 was used for 

dynamic experimental trials. The resin was pre-prepared as described in section 4.3. The resin was 

packed into the column and the volume of the resin bed was measured to be 10.99 mL. To equilibrate 

the resin before experiments were performed, 10 bed volumes (BV) of 90% EtOH were passed through 

the column at 1.0 mL/ min. Following this, 10 bed volumes of deionised water were passed through 

the column at the same flow rate. The purpose of this was to remove any remaining impurities that 

may have been adsorbed to the resin after pre-preparation and then flush all ethanoic solution out so 

that column was immersed in water.  

 

Fresh solutions of 90% ethanol and pure deionised water were made for use as part of the washing 

and elution stages of the purification process.  

 

6.1.2.2 AKTA Purification Programme 

Using the associated AKTA software,  UNICORN™ 7, a programme was created to produce a flow 

sequence to match that performed at the commercial scale, previously described. The programme is 

broken into five steps: 

1. Application of aqueous blackcurrant extract onto the column. 

2. Column washing using deionised water. 

3. Removal and collection of adsorbed anthocyanins, using 90% ethanol.  

4. A post-run ethanoic column wash, to waste. 

5. A final, post-run column equilibration using deionised water.  

For the first step, a set mass of anthocyanins to be loaded onto the column had to be determined, so 

as to not overload the column and maintain consistency across different trials. As mentioned in the 

chapter introduction (section 6) and explained in the literature review (section 2.6.3), it is common 

practice when loading packed columns to load the column until the ‘breakthrough volume’ is reached. 

The breakthrough volume most often used is the volume sufficient to cause 10% saturation of the 

column. That is, 10% of the columns total adsorbing sites have been occupied by the targeted 

component.  

 

The maximum adsorption capacity of the LXA6 resin was calculated using equation 14, based on the 

measurements taken in the static trial, explained previously in section 6.1.1.  
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𝑄𝑚∗ =
(𝐶0 − 𝐶1)

𝑉𝑟𝑒𝑠𝑖𝑛
𝑉𝑗𝑢𝑖𝑐𝑒 (14) 

 

In this equation, ‘Qm*’ is the maximum adsorption capacity, determined experimentally (mg 

anthocyanin/ mL resin), ‘C0’ is the initial solution anthocyanin concentration (mg/mL) in the 

blackcurrant juice loaded onto the resin initially, ‘C1’ is the concentration of anthocyanins in the final 

solution after 23-hours of adsorption (mg/mL) and ‘Vresin’ and ‘Vjuice’ are volumes of resin and juice 

used respectively (mL). Using this equation, the maximum adsorption capacity of the resin was 

determined to be 25.8± 1.6 mg anthocyanins/ mL of resin. A 1:1 density (mL): mass (mg) ratio was 

assumed, as specified in the product data sheet51. Using a resin bed volume of 10.99 mL, as calculated 

previously, the total bed maximum adsorption capacity was calculated to be 284± 16 mg, using 

equation 15.  

𝑄𝑚∗ =̇ 𝑄𝑚∗.𝑉𝑐𝑜𝑙𝑢𝑚𝑛 (15) 

 

The breakthrough volume of an applied solution containing anthocyanins can be calculated, knowing 

the anthocyanin concentration of the solution, using equation 16, below. 

𝑉𝑏𝑟𝑒𝑎𝑘𝑡ℎ𝑟𝑜𝑢𝑔ℎ =
𝑄𝑚∗

𝐶𝑙𝑜𝑎𝑑𝑖𝑛𝑔
. 10% (16) 

Where ‘Vbreakthrough’ is the 10% breakthrough volume of the applied solution (mL) and ‘Cloading’ is the 

anthocyanin concentration of the solution to be loaded onto the 10.99 mL column. 

 

As previously stated, the concentration of the solution used during dynamic testing was calculated to 

be 1.64± 0.03 mg/ mL. The breakthrough volume for the column was calculated to be 17.3± 1.33 mL. 

The mean result, 17.3 mL was used. This was the volume of the ABE  applied to the resin column during 

purification experiments, so that a realistic amount of anthocyanins, similar to what will be loaded in 

the actual process, was loaded.  

 

As specified in the chapter introduction, a flow rate of 1.0 BV/ hour was employed to load the ABE 

onto the resin column. The ABE eluate, post-column, was discarded to waste. 
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After the loading of the ABE onto the resin column, the column was washed to remove un-adsorbed 

residue. A volume of 10 BV of deionised water was passed through the column at a flow rate of 1.0 

mL/ min (5.5 BV/hr). 

 

Once the wash was completed, the adsorbed components were removed using the 90% ethanol 

solution and collected in an air-tight 500 mL glass shock bottle, to not allow the evaporation of any 

solvent. 10 BV of ethanoic solution were passed through the column at a flow rate of 1 BV/hr. After 

all ethanoic solution was collected, the eluate collected was refrigerated until it was characterised by 

HPLC and the column was washed with 10 BV of 90% ethanol and 10 BV of deionised water, at a flow 

rate of 1 mL/min, to re-equilbrate it. Triplicate trials were carried out. The dynamic purification 

process is shown in Table 7. 

 

Table 7: A simplified schedule used to model the commercial anthocyanin purification process on the 
AKTA. 

Stage Number Stage Description Solution Flow rate Volume 

1 Anthocyanin Loading ABE 1 BV/hr 17.3 mL 

2 Column Washing Deionised water 1 mL/min 10 BV 

3 Anthocyanin Desorption 90% ethanol 1 BV/hr 10 BV 

4 Column Washing 90% ethanol 1 mL/min 10 BV 

5 Equilibration Deionised water 1 mL/min 10 BV 

 

 

 Results 

For static experiments, the concentration of the original blackcurrant juice, the resin-purified juice and 

the ethanoic eluate were all measured within 24 hours after they had been separated from the 

respective macroporous resins. The anthocyanin concentration of the original juice was 1.62± 0.08 

mg/ mL. The concentrations of the resin-purified juice were 0.462± 0.005, 0.324± 0.006 and 0.112± 

0.001 for juices purified by the HP20, LXA6 and SP-700 resins respectively. The anthocyanin 

concentrations of the ethanoic eluates were 0.79± 0.02, 0.869± 0.003 and 1.34± 0.01 mg/ mL 

respectively. Table 8 shows the adsorption yield, desorption yield and total purification yield 

calculated using these results. 

 



 

64 
 

Table 8: The adsorption, desorption and total purification yield, calculated for the three resins tested: 
Diaion® HP20, Sunresin® LXA6 and SEPABEADS® SP-700.  

 

 The adsorption, desorption and total purification yields for the HP20 resin were 71± 4%, 68± 5% and 

49± 4% respectively. For LXA6, they were 80± 6%, 67± 4% and 54± 3% respectively. Finally, for SP-700 

they were 93± 5%, 89± 5% and 83± 5% respectively.  

 

When considering a process with constant conditions (temperature, pressure, pH, adsorbate 

concentration, desorption fluid), there are three resin specific factors that determine the purification 

yield of the targeted components in an adsorption/ desorption process96. These are resin pore size, 

adsorbent surface area and the functional groups of the resin coating onto which the targeted 

components are adsorbed. The effect of pore size and pore size distribution on the rate of adsorption 

is a complicated relationship77. Put most simply however, if pore diameter is less than the width of the 

targeted molecule, then the adsorbate will not be able to penetrate into the pores, reducing the 

effective surface area and adsorption efficiency. The specification sheets of two of the three resins, 

HP20 and SP-700 were found online. The specific surface areas, mean pore radius and adsorption-

inducing functional groups are detailed in Table 9 for these two resins. While specifications couldn’t 

be found for LXA6, specifications of a similarly weak-polarity adsorbent resin made by the same 

manufacturer could be found. This resin is known as Sunresin® AB-8 and its specifications were 

included in Table 9 for reference.  
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Table 9: Three specifications pertinent to anthocyanin adsorption-desorption behaviour for the 
different resins trialled, HP20, SP-700 and AB-8 (SDVB= styrene-divinylbenzene), the functional groups 
atop the resin matrix that undergo adsorption, the resin surface area and the mean pore diameter. 

Resin Associated functional 

groups 

Effective surface area 

(m2/g) 

Mean pore radius 

(Å, nm) 

Diaion® HP20 SDVB 590 290, 29 

SEPABEADS® SP-700 SDVB 1100 (minimum) 90, 9 

Sunresin® AB-8 SDVB 480-520 130-140, 13-14 

 

As seen in Table 9, the functional groups for the two resins HP20 and SP-700 is styrene-divinylbenzene 

(SDVB). Because of the common manufacturer making AB-8 and the resin used, LXA6, as well as the 

claim that both resins are used for the same purpose and have the same polarity97, it is reasonable to 

assume that LXA6 too incorporates a SDVB resin matrix. The structure of the functional group SDVB is 

shown in Figure 19, in its structural arrangement as a polymer, as it occurs in some macroporous 

resins. If this is true, then the functional groups as part of the resin matrix don’t factor into the 

discrepancies seen between the adsorption and desorption ratios of the three resins. There is a large 

difference in the mean pore radius and effective surface area of the three different resins.  

 

The SP-700 and HP20 resins contains pores with a mean radius of 90 and 290 Å respectively. While 

the mean pore size is unknown for the LXA6, it is likely that is somewhere between the mean size as 

listed for AB-8 and the HP-20, due to the similarities in effective surface area. Based on the length of 

a glucose molecule (around 9 Å98) and measuring the relevant anthocyanins relatively using 3D 

molecular modelling99 it was estimated that the anthocyanin molecules concerned (cy-3-glu, cy-3-rut, 

delph-3-glu and Delph-3-rut) would be of length 20-30 Å along their longest axis. The smaller pore size 

of the SP-700 resin therefore, isn’t of concern. Because of the smaller median pore size however, the 

effective surface area is at least two-fold that of the HP20 resin (and likely the LXA6 too). This allows 

for the greater efficiency of anthocyanin adsorption compared to the two other resins.  
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Figure 19: The formation of (Poly)styrene-divinylbenzene from styrene and divinylbenzene. The 
formed molecule is shown here as a polymer, rather than a monomer as it is found in the resins HP20, 
SP-700 and AB-8, as well as the majority of macroporous resins100. 

 

Other works101,55 have also found SP700 resin to return the highest rate of adsorption and desorption 

in both static and dynamic settings when compared to HP20 and a large variety of other macroporous 

resins. While the larger effective surface area explains the higher adsorption ratio, it doesn’t explain 

the higher desorption ratio. When concluding why the SP-700 resin was superior to other resins 

trialled in terms of desorption ratio, one other work101 determined that the smaller mean pore size 

allows for the selective penetration and adsorption of anthocyanins, whilst larger molecules like 

proteins and polysaccharides are unable to enter and potentially block pores. With the larger pore 

sizes of the HP20 and LXA6 resins, larger phytochemicals can enter and block channels, inhibiting the 

subsequent desorption of anthocyanins, using ethanol, that have adsorbed deeper in the pore 

channels.  

 

The three dynamic purification experiments were performed on three consecutive days in November 

2019 with the results shown in Table 10. As ABEs had the anthocyanin concentration measured by 

HPLC immediately before they were run, the mass of anthocyanins loaded onto the column could be 

calculated using equation 17. 

𝑚𝑎𝑛𝑡ℎ𝑜,𝑖 = 𝑐𝑎𝑛𝑡ℎ𝑜,𝑖. 𝑉𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (17) 

 

Where ‘mantho,i’ is the mass of anthocyanins loaded (mg), ‘cantho,I’ is the anthocyanin concentration of 

the ABE loaded onto the column (mg/ mL) and ‘Vloading’ is the loading volume of the ABE loaded onto 
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the column (mL). Equivalently, the mass of anthocyanins collected in the 90% ethanoic solution 

‘mantho,0’ (mg) can be calculated using equation 17, with the anthocyanin concentration of the eluate 

‘cantho,o’ (mg/ mL) and the volume of the eluate, ‘Veluate’ (mL) substituted into the equation. The 

anthocyanin yield (%) retained can subsequently be calculated using equation 18. 

𝑌𝑖𝑒𝑙𝑑 =
𝑚𝑎𝑛𝑡ℎ𝑜,𝑜

𝑚𝑎𝑛𝑡ℎ𝑜,𝑖
 (18) 

 

Table 10: The results from dynamic purification experiments, performed at U.C for the triplicate 
experiments. 

Trial 
Number 

Canthocyanin, i mantho,i mantho, o Yield 
Yield 

Uncertainty 
Saturation 

 mg/mL mg mg  ±  

1 1.64 28.4 27.8 98% 2% 10.0% 

2 1.580 27.3 27.2 99% 1% 9.6% 

3 1.60 27.7 26.6 96.1% 0.7% 9.8% 

 

Finally, the extent of column saturation was calculated for each of the three runs. The extent of 

saturation (%) is the mass of anthocyanins loaded onto the column in proportion to the anthocyanin 

mass required to totally saturate the column, calculated using equation 19.  

𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑚𝑎𝑛𝑡ℎ𝑜,𝑖

𝑄𝑚∗̇
 (19) 

 

 As seen in Table 10, the concentration of anthocyanins in the ABEs loaded onto the resin column 

during each respective trial were slightly different, measured to be 1.64± 0.03, 1.580± 0.007 and 1.60± 

0.01 mg/mL respectively for trials 1-3. The discrepancy is likely because of the difference in storage 

time at 4°C. This resulted in column saturations of 10.0± 0.8, 9.6± 0.6 and 9.8± 0.4% respectively.  

 

The yield of anthocyanins purified were calculated to be 98± 2, 99± 1 and 96.1± 0.7% for trials 1-3 

respectively, with the average anthocyanin yield obtained in the ethanoic eluate being 98± 4%. These 

yields are concordant with those found by Yang et al92, which found a recovery yield of 98.84% of 

anthocyanins after resin purification using the resin Sunresin® AB-8. The work by Yang et al. utilised a 

loading and elution flow rate of 0.38 BV/ hr and 0/76 BV/ hr respectively as well as a 60% ethanol 

elution solution. To determine the effectiveness of the resin purification process, it would have been 
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beneficial to determine the anthyocyanin purity, relative to other phytochemicals (mg anthocyanin/ 

mg total extracted) in the final extraction solution. By doing this, it could have been determined if the 

anthocyanin mass concentration in the powder, dried after resin purification, was the expected 90% 

mass purity. Due to complications with the freeze-drying operation at WBS however, this couldn’t be 

performed.  

 

Knowing the extraction yield of anthocyanins from blackcurrant whole-fruit using EAE, as detailed in 

section 5.2, as well as the yield of anthocyanins retained during the resin purication stage, a simplified 

mass balance could be performed across the process. This mass balance provided an estimate of the 

yield of anthocyanins likely to be obtained in the ethanoic resin column eluate in WBS’ commercial 

process, if conditions equivalent to those used at the bench-top scale were used, before drying 

operations are performed. For the purpose of the mass balance, the extraction conditions of the EAE 

using viscozyme enzyme at 55°C (anthocyanin yield= 2.0± 0.1 mg anthocyanin/ g blackcurrant) were 

used. The calculated resin purification yield figure calculated above (98± 4%) was used for this 

parameter. The simplified mass balance was carried out using equation 19. 

�̇�𝑎𝑛𝑡ℎ𝑜,𝑝𝑢𝑟𝑖𝑓𝑖𝑒𝑑 = 𝑌𝑖𝑒𝑙𝑑𝑎𝑛𝑡ℎ𝑜,𝐸𝐴𝐸 . 𝑌𝑖𝑒𝑙𝑑𝑝𝑢𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 (20) 

Where ‘�̇�antho,purified’ is the mass of anthocyanins, yielded after enzymatic extraction and resin 

purification per mass of blackcurrant raw material loaded (mg anthocyanin/ g blackcurrant), 

‘Yieldantho,EAE’ is the yield of anthocyanins attained from enzymatic extraction (mg anthocyanin/ g 

blackcurrant) and ‘Yieldourification’ is the yield of anthocyanins retained during resin purification (mg 

anthocyanins eluted/ mg anthocyanins loaded). Using this equation, the yield of anthocyanins purified 

in the bench-top model of WBS’ proposed EERPP was calculated to be 1.9± 0.2 mg anthocyanins/ g 

blackcurrants. 
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7  HPLC-UV-Vis Spectrophotometry Calibration 

WBS have identified the need for an in-process characterisation method to determine the 

concentration of aqueous anthocyanins at any stage of the anthocyanin purification process. There is 

the potential for variance in available blackcurrant feed stocks (blackcurrant pomace or whole fruit). 

Additionally, at different stages of the process, anthocyanin concentrations, solvent compositions and 

solution temperature, among other things, vary. A robust and economically viable characterisation 

method needs to be implemented that can provide accurate anthocyanin concentration 

measurements, irrespective of the conditions. 

 

The two currently feasible options that could be implemented at WBS are the HPLC method previously 

specified, using a silica-C18 column and UV-Vis/ DAD detector, or, UV-Vis spectrophotometry. UV-Vis 

spectrophotometry could make use of the anthocyanin analysis method the ‘pH Differential method’. 

Despite the enhanced accuracy of HPLC, unit procurement and installation would cost more than ten-

fold that for a spectrophotometric unit (section 2.7). Sample processing time for both methods are 

similar, with it taking approximately 30-35 minutes and 25-30 minutes to prepare and run a sample 

using HPLC and UV-Vis respectively. In addition, maintenance and sample disposal for HPLC would 

certainly be more expensive. Hence, UV-Vis spectrophotometry was chosen as the measurement 

method to be used at WBS, provided accurate measurements could be made, concordant with those 

made using HPLC. WBS had a spectrophotometer readily available, a Shimadzu UV-1800. This was the 

unit that was tested.  

 

As discussed in section 2.2, different anthocyanins have varying absorptivity at different wavelengths73 

depending on the specific functional groups attached. Using HPLC characterisation, the different 

anthocyanin molecules can be identified and this difference can be accounted for, so that an accurate 

anthocyanin concentration can be reported. The pH Differential method relies on the correlation 

between sample light absorbance at 520 nm and anthocyanin concentration. Individual anthocyanins 

cannot be identified and accounted for.  

 

This raises a potential problem when considering using the pH differential method as a standalone in-

process characterisation method. The variation in blackcurrant feedstock or processing conditions 

would likely lead to different total anthocyanin concentration, and relative composition of individual 

anthocyanins102. The variability in concentration of individual anthocyanins could therefore affect the 
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net absorbance at 520 nm of the solution sufficiently that unrepresentative concentration results are 

reported.  

 

Additionally, the pH Differential method incorporates a recommended period of 20 to 50 minutes to 

let aqueous molecules reach structural equilibrium in the pH 1.0 and 4.5 solutions. While the minimum 

wait time was utilised during all experiments, if it could be completely negated with negligible loss of 

accuracy, the method would be of greater value in a process environment. The purpose of this 

experiment was two-fold therefore. 

 

 Experiments were designed with the intention of, first, verifying whether HPLC and UV-Vis 

anthocyanin concentration measurements were concordant when a number of different samples 

containing varying concentrations and compositions of anthocyanins and other organic molecules 

present in blackcurrants were measured using both devices. It is known that the pH Differential 

method underestimates anthocyanin concentrations61. Therefore, the primary aim of this work was 

to identify whether a ‘catch-all’ calibration factor could be applied to the pH Differential method 

equation (equation 3) so that concentration measurements were in agreement with those measured 

by HPLC and to what confidence this calibration factor could be used. To meet this aim, nine different 

calibration curves were produced, using nine anthocyanin-containing samples, in both aqueous and 

hydro-alcoholic solution, prepared in different ways so to alter the relative composition of 

anthocyanins present. With solutions containing different compositions of anthocyanins, the 

reliability of the UV-Vis methods characterisation-by-net-absorbance could be put to the test. Each of 

the nine prepared solutions were diluted four times by 1:1 gradient dilution in their respective solvent 

bases so that nine calibration curves each containing four data points were produced for each of the 

three methods. 

 

 The secondary aim of this experiment was to determine if the pH Differential Method could be 

‘streamlined’, so that a faster version of it could be used to provide measurements of equal, or better, 

accuracy than measurements made using the standard pH Differential Method. Three slightly different 

versions of the pH Differential method were trialled. All three are shown in the flow diagram in section 

7.1.4 (Figure 20), which illustrates how the two amended methods would save time.  
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In addition to the conventional method, two time-saving adjustments were introduced; the first being 

the removal of the 20-to-50-minute waiting period and the second being the removal of the pH 4.5 

solution dilution, to reduce time in sample preparation. Therefore, for each group of sample gradient 

dilutions, three slightly different characterisation methods were used. Method 1 made use of the pH 

Differential Method as intended. Method 2 removed the waiting period while Method 3 removed the 

waiting period and pH 4.5 sample. The intention was to construct calibration curves for the additional 

two methods in the same way as done for the standard method, from which calibration factors could 

be calculated. Therefore, 27 total calibration curves were produced. The difference in the average 

calibration factor for each method could subsequently be considered. The hypothesis for this part of 

the experiment was that there would be no discernible difference between the three methods, the 

average calibration coefficients for each method would be concordant when uncertainty was 

considered and uncertainties would report the same level of accuracy. In addition, it was hypothesised 

that there would be a strong correlation between UV-Vis-calculated anthocyanin concentrations and 

HPLC-calculated anthocyanin concentration. This is based on work performed by Lee et al.103, that 

found a statistically significant correlation (p≤ 0.05) between anthocyanin concentrations measured 

by HPLC and UV-Vis. 

 

An additional, independent experiment was performed to further assess the accuracy of the 20-to-50-

minute waiting period. Three repeats of anthocyanin-containing aqueous and ethanoic solutions, of 

predetermined anthocyanin concentration, were made up in pH 1.0 and pH 4.5 solutions and 

absorbance measurements were made by the U.C. NanoDrop every minute for 60 minutes at 520 and 

700 nm immediately after dilution in each pH solution. The calculated concentration results were 

plotted against time and reviewed.  In this way, a detailed insight into how the absorbance changed, 

and hence, how the solution colour and anthocyanin structure changed could be determined over a 

60-minute period. It was hypothesised that there would be no measurable difference in absorbance 

in both ethanoic solutions and aqueous solutions at pH 1.0 and 4.5 over a 60-minute period, in 

accordance with the hypothesis for the first experiment in this section. 

 

These two independent experiments could be compared to verify if the UV-Vis pH Differential method 

would be appropriate to implement in a process setting, whether time-saving measures, as used in 

Method 2 and 3 of the UV-Vis-HPLC calibration experiments, could be implemented and what 

discrepancies, if any, were found between the three different methods.  
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 Methodology 

 Shimadzu UV-1800 Calibration and Trialling of Amended pH Differential 

Methods 

 The nine different solutions were made up for testing as listed in Table 11. The first five were aqueous-

based samples while the latter four were made up in ethanoic solutions. If they were stored over a 

period longer than 12 hours, the solutions were frozen at -16°C. 

 

Table 11: Description, derivation and source of each of the different blackcurrant samples used in the 
spectrophotometric calibration and verification experiments. 

Juice Type Derivation 

Water-extracted Ben Ard variety blackcurrants 

Enzymatic-extracted Ben Ard  variety blackcurrants 

Marc-extracted Ben Ard variety blackcurrants 

6% anthocyanin powder Ethanol extracted and powdered 

anthocyanins from Ben Ard 

pomace 

Freeze-dried whole fruit powder WBS-produced powder of Ben Ard 

variety origin 

70% EtOH extracted Ben Ard variety blackcurrants 

90% EtOH extracted Ben Ard  variety blackcurrants 

90% EtOH column extraction Ben Ard variety blackcurrants 

6% anthocyanin powder  in 90% EtOH WBS-produced powder 

 

 

Ben Ard blackcurrants were used to produce water-, enzymatic-, marc- and ethanoic-extracted 

solutions.  Blackcurrants were sourced from WBS cold stores and kept frozen at -16°C until they were 

needed. Blackcurrants for all juices were defrosted before extraction by immersing 75 g quantities in 

a water bath at 30°C in a 500mL glass beaker for one hour. For the water and enzymatic extracted 

juices, the defrosted currants were then mashed using a mortar and pestle until a uniform paste was 

achieved. Varying extractions were then performed on the mashed currants to render juices of 

different anthocyanin composition. Specific preparation methods for each juice are listed below. The 
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same centrifugation process was carried out for each juice in which centrifuging was required (stated 

in the descriptions concerned). Samples were centrifuged at room temperature for 10 minutes at 

10,000 rpm. 

 

For water-extracted juice samples 

50 grams of mashed blackcurrants was mixed with 50 millilitres of deionised water at a 1:1 ratio in 

two separate 50mL falcon tubes. The mixture was then hand-shaken for one-minute, after which the 

falcon tubes were centrifuged, leaving a distinct liquid and blackcurrant mash layer in the falcon tubes. 

The liquid was decanted off of the mash to be used for UV-Vis-HPLC calibration testing.  

 

For enzymatic-extracted juice samples 

75 grams of mashed blackcurrant was mixed with 75 millilitres of deionised water and 75 microliters 

of Pectinex XL enzyme in a 500mL conical flask. The mixture was macerated with a metal stirrer at 300 

rpm for two hours at 30°C. The mixture was then decanted into 50mL falcon tubes and centrifuged. 

The liquid layer in the centrifuged falcon tubes was decanted off and stored in the freezer until use.  

 

To prepare marc-extracted juice samples 

Blackcurrant marc was produced by crushing 100 grams of defrosted blackcurrants in fine muslin cloth 

in a make-shift press to remove the majority of entrapped juices. The resultant marc was then 

subjected to the same process as the ‘enzymatic extracted juice’. 

 

For 6% anthocyanin powder samples dissolved in deionised water 

The powder used for this juice was produced by ethanoic extraction of organic components from fresh 

blackcurrant pomace. Three extractions to remove the targeted components in the blackcurrant 

pomace were performed. In order, 80% ethanoic, 70% ethanoic and water solvents were washed 

through the pomace. A falling film evaporator was used to remove the ethanol before a freeze-drying 

step was used to concentrate and dry the final powdered product which contained 6% anthocyanins 

by weight. The powder was re-hydrated with deionised water in a 1:10 powder-to-water ratio in a 50 

mL falcon tube and subsequently mixed on a gyrating table at 100 rpm for one hour. After this time, 

the juice was centrifuged and the liquid constituent was decanted and stored for testing. 
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For Freeze-dried whole fruit powder samples dissolved in deionised water 

A courser powder produced by freeze-drying whole blackcurrants and homogenising the resultant 

dried fruit in an industrial grinder at WBS was used to produce the final aqueous solution by the same 

method as described for the ‘6% anthocyanin powder samples’.  

 

For the 70% EtOH-extracted solution 

After mashing, two 50 mL falcon tubes were filled, each containing 25 mL 70% ethanol and 25 g of 

blackcurrant paste. The falcon tubes were subsequently mixed for one hour on a gyrating table at 100 

rpm. After this time, the liquid component of the mixture was separated from the solid pulp by 

centrifugation and used for testing. 

 

For the 90% EtOH-extracted solution 

The same process was carried out as for the 70% EtOH extraction, with the substitution of 90% EtOH 

for 70% EtOH. 

 

When preparing the 90% EtOH column extraction solution 

In accordance with the commercial process, an enzymatic extraction was carried out, followed by 

centrifugation and a column purification stage to achieve a purified extract in 90% EtOH.  

 

75 grams of mashed blackcurrant was mixed with 75 millilitres of deioinised water and 75 microliters 

of Pectinex XL enzyme in a 500mL conical flask. The mixture was macerated with a metal stirrer at 

300rpm for two hours at 30°C. The mixture was then decanted into 50mL falcon tubes and centrifuged. 

Following this, the liquid component was decanted into new falcon tubes and re-centrifuged to 

remove any remaining solids. The final, solids-free liquid was stored in the refrigerator at 4°C before 

being used no longer than 12 hours later for purification.  

 

Purification was carried out on an AKTA Pure 25, using the process described in detail previously 

(section 6.1.2). The purified ethanoic bulk solution was taken from the AKTA and used for testing.  
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To prepare the 6% anthocyanin solution and freeze-dried whole fruit powder solution in 90% EtOH 

The same method for rehydrating and producing juices from these powders was used as for the ‘6% 

anthocyanin powder in deionised water’, with 90% EtOH substituted for deionised water.   

 

 Anthocyanin Composition of the Various Juices 

The different anthocyanins present in any of the given solutions are identified by their retention time 

through the silica-carbon C18 column used for characterisation. Hence, HPLC could be used to 

measure and verify that each juice had differing compositions of anthocyanins which was pertinent in 

testing the robustness of the pH Differential Method.  

 

 Method for UV-Vis-HPLC Calibration 

So that four concentrations of each of the juices was used in characterisation, a four-fold 1:1 serial 

dilution of each juice was performed. The nine juices had four samples each of concentration one-

half, one-quarter, one-eighth and one-sixteenth strength of the original juice. The stock solutions used 

for dilution were deionised water acidified to pH 1.75 with hydrochloric acid for the aqueous solutions 

and ethanoic solutions at the same concentration as their respective sample solution, acidified to pH 

1.75 with hydrochloric acid. This was performed so to maintain the same conditions in the dilutions 

as the parent solution. Duplicate measurements were made of each of the 40 samples on the HPLC at 

UC, by the method described in the Pre-Experimental Design section. When samples were measured 

on the HPLC, no abnormal results were encountered (baseline shifts, peak tailing, column over-

saturation or otherwise). 

 

At WBS, the Shimadzu UV-1800 spectrophotometer was used to perform measurements on the 40 

samples. Each sample was diluted in two 5mL volumetric flasks with a pH 1.0 and 4.5 solution and the 

previously described pH Differential Method (section 4.2.2) was used to measure the absorbance of 

each sample. The modified pH Differential methods, Method 2 and 3, are compared to the standard 

method, Method 1 in Figure 20. Method 2 removed the 20- 50-minute waiting time incorporated into 

the standard pH Differential Method, whilst Method 3 removed the 20- 50-minute waiting time and 

the use of a pH 4.5 sample. The time saved for concentration measurements made using Method 2 

and 3 were estimated to be 20 and 25 minutes respectively. 
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Figure 20: A simplified flow diagram highlighting the time differences involved in the three different 

characterisation methods used to measure the concentration of anthocyanins by UV-Vis and the 

necessary equations required. Method 1= comprehensive pH Differential method. Method 2= pH 

Differential method less the 20-50-minute waiting period. Method 3= pH Differential method less the 

20-50-minute waiting period and use of a pH 4.5 sample. 

 

Using equation 3, the concentration of anthocyanins in each sample could be calculated and compared 

to the concentration as reported by the HPLC. By plotting the concentrations calculated by both HPLC 

and UV-Vis against each other and producing calibration curves, an average calibration factor could 

be determined for each different sample and thus, an overall average calibration factor with 

uncertainty could be established. 

 

 Method for Timed Concentration Experiment 

The Nanodrop at UC was used for this experiment because of its fast measurement time and small 

required sample load when the pedestal measurement setting was used. Three repeats of each of the 

two samples were carried out, so that six pairs of solutions were measured. Similarly, to the previous 

pH Differential method experiments, an aqueous and ethanoic sample were used. Experiments using 

the aqueous solution were performed on the 19th of March 2020, with the ‘enzymatic-extracted juice’ 

extraction method described previously used for it. The anthocyanin concentration of the juice was 
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measured by HPLC and determined to be 0.85± 0.05 mg/ mL. Experiments using the ethanoic solution 

sample were performed on the 28th of May 2020, utilising the undiluted ‘6% anthocyanin powder in 

90% EtOH’ solution used to produce the four gradient dilutions used in the previous experiment, the 

anthocyanin concentration of the solution was 2.38± 0.03 mg/mL. The juice was diluted into 5 mL 

volumetric flasks at a ratio of 200 μL sample to 4800 μL pH solution (both 1.0 and 4.5). Subsequently, 

both volumetric flasks were inverted 10 times and UV-Vis measurements were immediately made in 

one minute intervals at the target wavelengths, 520 and 700 nm. 2.0 μL aliquots were taken from 

alternating volumetric flasks every 30 seconds using two dedicated pipettes. The 2.0 μL samples were 

loaded onto the pedestal in the Nanodrop and measured. Once a measurement had been registered, 

the pedestal was cleaned with a Kimtech® Kimwipe and the pipette tip discarded. The alternate 

solution was then measured using the same process. When two alternating measurements had been 

made, both volumetric flasks were stoppered, re-mixed and the next pair of results were taken. This 

process was continued for 60 minutes.  

 

  Results and Discussion 

The aim of the UV-Vis-HPLC calibration work was two-fold. The first aim was to produce a calibration 

curve for several different solutions containing various compositions of anthocyanins, in both aqueous 

and ethanoic solutions. Using the standard pH Differential method, it was to be determined what 

calibration factor would need to be applied to the UV-Vis-characterised concentration. The result 

reported would then be an accurate measure, in-line with the HPLC-characterised measurement and, 

using uncertainty analysis, it could be determined to what confidence this result could be trusted. The 

second aim was to use two additional variations of the pH Differential method which were both 

designed to reduce the time required to measure the anthocyanin concentration of a given sample. 

Calibration curves were produced by the same method to see if these faster methods could return a 

similar level of accuracy as the standard method. The hypothesis for these experiments, based on 

previous experiments using the pH Differential method, was that a calibration factor with good 

accuracy could be produced, confirming that the pH Differential method could be used accurately to 

quantify anthocyanin concentration. Additionally, it was thought that pH Differential method 2, 

negating the recommended 20-50-minute wait time after sample dilution in pH 1.0 and 4.5 solutions, 

would be as accurate as the standard pH Differential method and could be implemented instead. In 

other words, a null hypothesis was proposed between the standard pH Differential method and 

Method 2, but not between the standard pH Differential Method and pH Differential Method 3 (�̅�12≤ 

0.05, �̅�13≥ 0.05) These hypotheses came about because of previous observations made when 

observing the colour changes undergone over the 20-50-minute wait period, or lack thereof, when 
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anthocyanin-containing solutions were diluted in pH 1.0 and 4.5 solutions. In addition, other works103 

have found strong correlations between HPLC and UV-Vis-characterised anthocyanin concentrations.  

 

 The UV-Vis HPLC calibration experiments were carried out on two separate days at WBS. All 

extractions were performed using blackcurrants taken from the same bulk batch. The five aqueous-

based solutions were prepared on the 13th of February 2020, refrigerated overnight and measured by 

HPLC and UV-Vis the following day. The hydroalcoholic solutions were made on the 22nd of May 2020 

and frozen for two days before being tested on the 25th of May at WBS. Using the Chromeleon 

software at U.C., the relative concentration of the four detectable anthocyanin molecules in Ben Ard 

blackcurrant solutions could be determined after HPLC measurement and are displayed in Figure 21. 

 

Figure 21: The relative concentrations of the four anthocyanins in blackcurrants (detectable by HPLC-
DAD analysis) in the nine different solutions used to calibrate the Shimadzu UV-1800 at WBS. Legend: 
D-3-G= delphinidin-3-glucoside, D-3-R= delphinidin-3-rutinoside, C-3-G= cyanidin-3-glucoside, C-3-R= 
cyanidin-3-rutinoside. X-axis labels (detailing each of the different solutions produced): EA= 
enzymatic-extracted, WE= water extracted, ME= marc-extracted, 6PW= 6% anthocyanin powder 
(dissolved in deionised water), FPW= freeze-dried whole fruit powder, 70E= 70% EtOH extracted, 90E= 
90% EtOH extracted, 90C= 90% EtOH column extraction, 6PE= 6% anthocyanin powder in 90% EtOH. 
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The concentrations of each solution were measured in duplicate and all four dilutions for each solution 

were used to determine the average anthocyanin profile of each sample. The results in Figure 21 show 

that unique anthocyanin profiles were produced for all nine samples which was the intended result 

for this component of the experiment. With varying relative anthocyanin concentrations, the 

robustness of the UV-Vis method could be tested. The samples that were produced using ethanoic 

solutions had noticeably different anthocyanin profiles than those dissolved in aqueous solutions. Due 

to the difference in storage time for currants utilised for aqueous and ethanoic extraction (aqueous 

samples were produced 99 days before the ethanoic ones) it cannot be confirmed whether this change 

was due to the use of a different solvent or because of a natural anthocyanin compositional change, 

as has previously been observed in ripening blackcurrants102.  

 

The pH Differential Method was carried out in three different ways as discussed in the methods 

section, with calibration plots of the different methods, plotting HPLC-determined concentrations 

against UV-Vis-determined concentrations shown below in Figure 22Figure 24. Ethanoic and aqueous 

samples are plotted on separate graphs, with pairs of graphs for Method 1, 2 and 3 displayed in that 

order. The equations for each calibration curve are shown in Table 12 with the corresponding 

coefficient of determination (R2 value). 
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A. 

 
B. 

  
 

Figure 22: UV-Vis-calculated concentration of anthocyanins (reported in equivalence of the 
anthocyanin cyanidin-3-glucoside) compared to HPLC-calculated concentrations for five different 
aqueous (graph A.) and four different ethanoic (graph B.) blackcurrant solutions. pH Differential 
Method 1 was used to calculate the concentration of samples from UV-Vis absorbance readings. An x-
intercept of 0.00 was assumed. The grey dotted line indicates a 1:1 concentration ratio. 
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A. 

 
B. 

 
 

Figure 23: UV-Vis-calculated concentration of anthocyanins (reported in equivalence of the 
anthocyanin cyanidin-3-glucoside) compared to HPLC-calculated concentrations for five different 
aqueous (graph A.) and four different ethanoic (graph B.) blackcurrant solutions. pH Differential 
Method 2 was used to calculate the concentration of samples from UV-Vis absorbance readings. An x-
intercept of 0.00 was assumed. The grey dotted line indicates a 1:1 concentration ratio 
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A. 

 
B. 

 
 

Figure 24: UV-Vis-calculated concentration of anthocyanins (reported in equivalence of the 
anthocyanin cyanidin-3-glucoside) compared to HPLC-calculated concentrations for five different 
aqueous (graph A.) and four different ethanoic  (graph B.) blackcurrant solutions. pH Differential 
Method 3 was used to measure the concentration of samples by the UV-Vis method. An x-intercept 
of 0.00 was assumed. The grey line indicates a 1:1 concentration ratio. 
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The calibration factor for each of the three different characterisation methods was calculated by 

determining the gradient for all nine different solutions tested, averaging them and then using a two-

tailed T-Table with a 95% confidence interval to determine uncertainty. All gradient coefficients for 

the three respective methods are shown in Table 12. The average calibration factors are displayed in 

Table 13 as well as the difference between the average aqueous and ethanoic calibration factor.  

 

Table 12: All gradient coefficients (gradient slopes) calculated for the calibration curves of the nine 
different anthocyanin solutions after the three pH Differential methods were tested experimentally. 
The Y-intercept for all trend lines from which, the calibration coefficient was taken, was set to zero.  

Solution  Method 1 R2 Method 2 R2 Method 3 R2 

Water extraction of fruit 
 

0.6353 0.9999 0.6245 1.0000 0.6949 1.0000 

Enzymatic-aided fruit 
extraction 

0.6276 0.9996 0.6447 0.9999 0.7017 0.9999 

Marc extraction 
 

0.6846 0.9992 0.6794 0.9989 0.7582 0.9995 

6% anthocyanin powder in 
deionised water 

0.7478 0.9997 0.7313 0.9998 0.8515 0.9999 

Freeze-dried whole fruit 
powder in deionised water 

0.6572 0.9993 0.6589 0.9998 0.7275 0.9989 

70% EtOH extraction from 
fruit 

0.6628 1.0000 0.5537 0.9997 0.6574 0.9968 

90% EtOH extraction from 
fruit 

0.6447 0.9996 0.5625 0.9988 0.6594 0.9987 

90% EtOH column 
extraction 

0.6692 0.9990 0.5555 0.9994 0.7183 0.9999 

6% anthocyanin powder  in 
90% EtOH 

0.6774 0.9999 0.5907 0.9997 0.7197 0.9995 
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Table 13: Calibration factors (C.F.) (concentration of anthocyanins measured by UV-Vis/ concentration 
of anthocyanins calculated by HPLC, units (mgcy-3-glu eq./ mL)/(mg/ mL)) for the three different variants 
of the pH Differential method trialled for the nine solutions listed previously. 

pH Differential Method Variation 
 

C.F. 
(CUV-Vis/ CHPLC) 

Uncertainty 
(±) 

C.F. AverageEtOH- C.F. 
AverageAq (CUV-Vis/ CHPLC) 

1 0.67 0.03 0.01 

2 0.62 0.05 0.10 

3 0.72 0.06 0.06 

 

 

All three average calibration factors lie within range of each other when uncertainty is taken into 

account, however, there was a greater disparity in calibration factors across the nine different 

solutions tested by the second and third variation of the pH Differential method. This is likely because 

of the negation of a set waiting time, for both variations, and lack of measurement adjustment for 

other components present that might affect the absorbance at pH 4.5, for the third variation. The 

importance of these phenomenon is explained later. 

 

As the nine solutions used came from two different sources and were produced by markedly different 

methods, the composition and concentration of other phenolic and general organic components in 

each solution too, would have been significantly different. One significant difference was the purity, 

on a mass basis, of anthocyanins. External testing on New Zealand Ben Ard blackcurrant whole fruit 

have found anthocyanins to be present on a mass basis of 720mg/ 100g of fruit (0.72%)3, while the 

powders used for testing were of around 6% mass purity and resin-purified solution by the method 

used had been found to be of at least 30% mass purity. It seems reasonable that this could lead to 

vastly different compositions of other components in each different solution. Some phenolic, and 

other organic, components influence the absorbance at 520 nm, irrespective of the pH. Their influence 

is negated under the standard pH Differential method. The changing colour of anthocyanins between 

pH 1.0 and 4.5 and equivalent changing absorbance of 520 nm light is a characteristic shared with few 

other organic molecules. Hence, other organic components present likely affect the absorbance of 

measured solutions at 520 nm by the same magnitude, irrespective of the pH. This important part of 

accurate pH Differential characterisation isn’t accounted for in pH Differential method 3 because of 

the lack of absorbance measurements taken in pH 4.5 solution. Hence, pH Differential Method 3 had 

a greater uncertainty associated with its calibration factor than the other two methods trialled, an 
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average calibration factor of 0.72± 0.06 was calculated, whilst Method 1 and 2 had an average 

calibration factor of 0.67± 0.03 and 0.62± 0.05.  

 

The importance of a set waiting time implemented after sample pH alteration was identified during 

some of the earliest uses of a variant of the pH Differential method61. Its purpose is to allow 

equilibrium to be reached after the pH change and hence, colours produced by the measured solutions 

would be truly representative of the anthocyanin concentration. The final portion of this work was to 

measure the absorbance of aqueous and ethanoic solutions over a one-hour period in one minute 

increments after dilution in pH 1.0 and 4.5 solutions at 520 and 700 nm to deduce how the absorbance 

changes over time. This work could subsequently be cross-referenced with the previous calibration 

experiments to determine if instant characterisation is indeed equivalent to measurements taken 

after a 20-50-minute waiting period. Concordant with the hypothesis, it was expected that there 

would be no measurable change or trend in concentration measurements made with both the pH 1.0 

and 4.5 solutions over 60 minutes. 

 

The other independent experiment, examining the change in absorbance (and anthocyanin 

concentration in parallel) of anthocyanin-containing solutions diluted in pH 1.0 and pH 4.5 solutions 

was carried out on two separate days. Trials using the aqueous and ethanoic solution were carried out 

on the 19th of March and 28th of May respectively. Figure 25 shows the net absorbance (A520nm- A700nm) 

measured over 60 minutes for the aqueous solution tested, after sample dilution in pH 1.0 and pH 4.5 

solutions. Figure 26 shows the net absorbance measured over 60 minutes for the ethanoic solution 

tested, after sample dilution in pH 1.0 and pH 4.5 solutions. Figure 27 shows the nanthocyanin 

concentration, calculated using equation 3, of the two solutions, plotted against time, with the HPLC-

determined anthocyanin concentration indicated as well. The Nanodrop 2000 at UC was not calibrated 

to account for the discrepancy between UV-Vis-characterised and actual anthocyanin concentrations, 

hence the notable difference.     
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A. 

  

B. 

 

Figure 25: The change in net absorbance (A520- A700) measured for 60 minutes at one-minute intervals 
using the UC NanoDrop 2000C after an aqueous blackcurrant extraction solution was diluted in pH 1.0 
and pH 4.5 solutions, shown in graph A. and B. respectively. The sample was diluted by a factor of 1/25 
in each solution. The first, second and third trials are denoted as such in the legend of each graph. 
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A. 

 

B. 

  

Figure 26: The change in net absorbance (A520- A700) measured for 60 minutes at one-minute intervals 
using the UC NanoDrop 2000C after an ethanoic blackcurrant extraction solution was diluted in pH 1.0 
and pH 4.5 solutions, shown in graph A. and B. respectively. The sample was diluted by a factor of 1/25 
in each solution. The first, second, third and fourth trials are denoted as such in the legend of each 
graph. 
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A. 

 

B. 

  

Figure 27: The pH Differential-calculated anthocyanin concentration plotted at one minute intervals 
over a 60-minute for the aqueous and ethanoic blackcurrant extractions, graph A. and B. respectively. 
The grey trend-line on both graphs denotes the HPLC-calculated anthocyanin concentration for each 
solution. Caqueous= 0.85± 0.05 mg/ mL, CEtOH= 2.38± 0.03 mg/ mL. 
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reported was lower than those subsequently found. Over the first five minutes, both solutions 

experienced notable increases in absorbance. The average increase observed for the three aqueous 

samples and four ethanoic samples over this time respectively was 0.005± 0.004 AU and 0.027± 0.008 

AU. This translates to a proportional increase of 3± 2% and 7± 2% respectively, when considering the 

absorbance change over this time with respect to the mean absorbance measurement taken for all 

samples of that population. Following this period, absorbance measurements of the aqueous solution 

remained relatively constant over the remaining 55 minutes of the experiment. Conversely, 

absorbance measurements of the ethanoic solution increased linearly for the latter 55 minutes of the 

experiment.   

 

 This is concordant with conclusions determined in work looking at the kinetics of reactions that take 

place during the structural changes of anthocyanins61 at changing pH. As previously described in 

section 2.2 most anthocyanins are most stable in the flavylium cation structure at a pH of 1-3. Between 

a pH of 3-5, the hemiketal (produced from the flavylium cation structure by a reversible proton 

transfer reaction with water, equation 21, below) and chalcone (produced from the hemiketal 

structure by a reversible tautomeric reaction) structures are most stable and prevalent. Finally, a 

trans-chalcone structure can be formed from the chalcone structure by photoexcitation causing 

molecular isomerisation, with the change taking place over a time scale of several minutes to several 

days. The trans-chalcone structure is less researched than the other more commonly occurring 

structural arrangements. The different structures and the associated reaction mechanisms are shown 

in Figure 28. 

𝐴𝐻+ + 2𝐻2𝑂 ⇌ 𝐵 + 𝐻3𝑂+ (21) 
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Figure 28: The accepted scheme for the reaction mechanisms that lead to the majority of the different 
known anthocyanin molecular arrangements104. The molecule shown is a flavylium salt, however the 
reaction mechanisms are consistent in anthocyanins. Molecular arrangements are denoted as follows: 
AH+= flavylium cation, B= hemiketal, Cc= Chalcone, Ct= trans=chalcone. 

 

The pH of aqueous blackcurrant juice produced has been previously determined to be ~2.5. As 

determined in the work by Brouillard and Delaporte105, the hemiketal⇌ flavylium cation reaction is 

comparatively fast compared to other anthocyanin structural reactions with a time constant (τ1) 

expressed in equation 22, dependent on the concentration of hydronium ion. This reaction is called 

‘The intermediate relaxation’. 

𝜏1(𝑠−1) = 8.5 × 10−2 + 34[𝐻+] (22) 

 

Similarly, it was determined that when an anthocyanin solution exists at a higher pH (4-6) in a 

hemiketal⇌ chalcone equilibrium is rapidly acidified to a lower pH, a second dictating reaction, called 

the ‘slow relaxation’ takes place with a time constant (τ2) expressed in equation 23. Equilibrium is 

reached significantly slower at the lower pH (1-2) when this reaction, as well as ‘the intermediate 

relaxation’ take place.  

𝜏2(𝑠−1) = 3.8 (±0.2) × 10−4 (23) 

 

These reaction kinetics can be observed in the results of the timed pH experiments. The aqueous 

sample, at a pH of ~2.5 before dilution in pH 1.0 solution, has a noticeable change in absorbance over 

the first 5 minutes before absorbance changes are relatively slow and small as the solution reaches 

equilibrium. The ethanoic solution at a pH of 4.8± 0.2 has a considerably larger equilibration time due 

to the occurrence of ‘the slower relaxation’. 
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Another factor effecting the rate at which anthocyanins undergo the hemiketal⇌ flavylium reaction is 

the concentration of water in a particular solution. The ethanoic solution used has a 10th the 

concentration of water (v/v basis) as the aqueous solution; there is less water readily available to react 

with flavyium-cation anthocyanins to produce hemiketal anthocyanins and this would affect the rate 

at which conversion occurs, as postulated in other works106. This is seen when looking at the results 

for aqueous and ethanoic samples diluted in pH 4.5 solution.  

 

In both cases, the absorbance of the solution decreases after an initial maximum, with long amplitudes 

as the ‘the slower relaxation’ reaction takes place in reverse. At pH 4.8± 0.1, the ethanoic solution 

contains a small concentration of anthocyanins in the flavylium-cation structure (around 6% according 

to literature looking at the concentration of different structural anthocyanins in varying concentration 

of ethanol106- the pH of the ethanoic solutions was not stated in the referenced experiment, so it was 

assumed the pH would likely be the same, as no acid or base was added to the ethanoic solution in 

this experiment). It is speculated that the lower concentration of water leads to slower conversion of 

these anthocyanins to the hemiketal structure comparative to flavylium-cation structured 

anthocyanins in the aqueous solution, leading to the more noticeable change in absorbance at pH 4.5 

for the ethanoic solution over 60 minutes.  

 

Because the magnitude of the absorbance measurements at pH 4.5 is significantly less than that of 

the measurements at pH 1.0, they are less consequential in the final net absorbance result (A1.0- A4.5) 

than the pH 1.0 measurement. 

 

The accumulative effect of ‘the slower relaxation’ in both the pH 1.0 and 4.5 samples for the ethanoic 

sample led to the trend seen with a noticeable, long amplitude in terms of changing absorbance. 

Because of the relatively fast change in absorbance in the dictating pH 1.0 dilution measurement of 

the aqueous sample due to the dominant occurrence of ‘the intermediate relaxation’, the trend 

observed is more constant with time.  

 

The implications of this can be seen in the calibration experiment results, summarised in Table 13. The 

two methods that disregarded the recommended waiting time of the standard pH Differential method 
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had a greater variation between the average calibration factors attained using aqueous and ethanoic 

samples (‘ΔC.F.’) (ΔC.F. = average C.F.aqueous- average C.FEtOH). ‘ΔC.F.’ for the three methods was 0.01, 0.10 

and 0.06 for method 1-3 respectively. This led to the greater uncertainty encountered in the two latter 

methods trialled. When comparing the correlation between the different calibration factor result sets, 

shown in Table 12, p-values of p12= 0.13 and p13= 2.8×10-3 were obtained respectively when comparing 

Method 1 and 2 and Method 1 and 3. An ‘α’ threshold value of 0.05 was used. Therefore, the 

difference between Method 1 and 3 result sets was statistically insignificant whilst the difference 

between Method 1 and 2 was statistically significant. This is in disagreement with the experiment 

hypothesis. Despite correlation between the calibration factors determined using Method 1 and 3, 

Method 3 was not considered a reliable method going forward, due to the comparatively large 

uncertainty accompanying the mean calibration factor. The recommendation from this work was that 

the standard pH Differential method should be used in a process environment, rather than either of 

the revised, faster methods. Hence, a calibration factor of 0.67± 0.03 was applied to the pH Differential 

equation, so that total anthocyanin concentrations, in-line with those measured more accurately by 

the HPLC system at UC, could be recorded using the Shimadzu UV-1800 spectrophotometer calibrated. 

The calibrated pH Differential equation is thus: 

𝐶
 (

𝑚𝑔
𝑚𝐿

)
=

𝐴. 𝑀𝑊. 𝐷𝐹. 103

𝜀. 1. (0.67 ± 0.03)
 (24) 
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8 Conclusions 

Due to the continuing growth of the global functional food and supplement industry and the uniquely 

high concentration of the known antioxidant group, anthocyanins in New Zealand blackcurrants, WBS 

have previously identified the value in producing a nutraceutical product, made from blackcurrants. 

The product, called CassiPure™, contains ~35% anthocyanins, on a mass basis. Having previously used 

an ethanoic-intensive process to extract anthocyanins from blackcurrant raw material, WBS have 

identified an alternative enzyme-assisted extraction and subsequent resin purification process that 

has the potential to be more economically viable. There were three principle parts of this research.  

 

The first component of this work was to perform experiments modelling the aqueous enzyme-aided 

extraction of anthocyanins from the blackcurrant raw material. WBS had provided five different 

enzyme products and experiments were performed to model likely extraction conditions to be used 

at WBS with these enzymes, so that a recommendation could be given as to which enzyme product 

they should use. In addition, three different extraction temperatures were trialled to examine what 

influence maceration temperature had on anthocyanin extraction yield. 

 

 The second component of work considered the purification stage of WBS’ proposed EERPP process. 

Static trials were performed on three resins to determine the adsorption and desorption ratios and 

adsorption capacities of the different resins. During this time, WBS had elected to use the resin LXA6, 

so dynamic experiments were performed with this resin to see what retention of anthocyanins could 

be attained across a purification process. When the first and second component of work were 

completed, the likely yield of anthocyanins that remained after resin purification, attained from 

blackcurrant raw material, could be calculated and reported to WBS, as a baseline figure to compare 

actual commercial yields to. 

 

Lastly, experiments were performed to calibrate the UV-Vis spectrophotometer at WBS, so that it 

could be used to report accurate anthocyanin concentration measurements, in-line with those 

reported by the more robust and trustworthy HPLC method. In addition, two time-saving 

ammendments were made to the spectrophotometric method, the pH Differential Method, to 

determine if they could provide the same accuracy as the standard pH Differential method. At the end 

of this work, one of the three pH Differential Method variations trialled could be recommended to 
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WBS, as well as an appropriate calibration factor to be added to the pH Differential Method equation. 

Going forward, WBS could then make accurate anthocyanin concentration measurements on-site. 

 

For the enzyme-aided extraction experiments, macerations were performed at conditions likely to be 

incorporated into the commercial process at WBS (45°C, 2 hours, 1:1 blackcurrant raw material: water 

solvent ratio, 1 µL/ g blackcurrant raw material enzyme concentration). The hypothesis for this work 

was that the enzyme products with a proportional majority of pectinases would provide the best 

extraction, as had been found in literature. This hypothesis was proven correct, as the three highest 

concentrations measured were from the three pectinase-based enzymes; extraction yields of 1.75± 

0.09, 1.62± 0.06 and 1.2± 0.3 mg anthocyanins/ g blackcurrant were measured using the products 

Pectinex® Ultra SP-L, Viscozyme® L and Rapidase® Procolour respectively. These three enzyme 

products were tested further at temperatures  of 50 and 55°C. It was found that, at both of these 

temperatures, all enzymes produced anthocyanin yield with the same range of uncertainty. 

Anthocyanin yield of 2.0± 0.1 and 2.0± 0.3 mg anthocyanins/ g blackcurrants were attained for the 

Rapidase enzyme at 50 and 55°C respectively, yields of 1.9± 0.2 and 1.8± 0.4 and 2.0± 0.1 and 2.0± 0.1 

were attained for Pectinex and Viscozyme enzymes respectively at the two ascending temperatures. 

The recommendation from this work therefore, was that Pectinex or Viscozyme enzyme product 

should be used at a maceration temperature of 50°C. 

 

For the purification experiments, static trials were performed using the three resins SEPABEADS® SP-

700, Diaion® HP20 AND Sunresin® LXA6. The hypothesis for this experiment was that the resin with 

the highest effective area, SP-700, would have the highest adsorption capacity while desorption 

efficiencies would be similar across all resins. The ABE loaded onto the three resins had a 

concentration of 1.62± 0.08. The adsorption, desorption and total purification yields for the HP20 resin 

were 71± 4%, 68± 5% and 49± 4% respectively. For LXA6, they were 80± 6%, 67± 4% and 54± 3% 

respectively. Finally, for SP-700 they were 93± 5%, 89± 5% and 83± 5% respectively. The first part of 

the hypothesis was proven to be correct, the SP-700 had the highest adsorption capacity and 

adsorption ratio. This agrees with findings in literature, where correlation between macroporous 

surface area and adsorption capacity has been found. In disagreement with the hypothesis, the SP-

700 resin also had a greater desorption ratio than the other two resins. Conclusions from other works 

performing similar experiments speculated that resins with a large pore diameter, like the HP20 and 

(presumably) the LXA6 would become blocked by other phytochemicals, leading to a lower desorption 

ratio. For the dynamic experiments, a LXA6 column of 11 mL volume was used and a loading and 
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elution flow rate of 1 BV/ hr was used to load and remove anthocyanins, as is good practice for similar 

resins. A retention of 98± 4% of all anthocyanins was maintained across the resin column. The 

limitations of this work were that the purity of anthocyanins in the purification eluate wasn’t tested 

so that the effectiveness of the resin column could be proven or disproven. Nevertheless, concordant 

with results found in literature, purification by resin column was found to have a negligible loss of 

anthocyanins to waste during the adsorption/ desorption process.  

 

For the last component of this research, the Shimadzu UV-1800 at WBS was calibrated against the 

more reliable HPLC method so that WBS could make accurate anthocyanin concentration 

measurements from samples taken in-process in the future. This would be beneficial so that operators 

could determine to what extent each stage of the process had progressed, depending on the 

anthocyanin concentration of the sample removed. Three different versions of the 

spectrophotometric method, the pH Differential Method, were tested. The standard pH Differential 

Method as well as two amended methods with time saving measures. The hypothesis for this 

experiment, based on previous observations, was that the two time-saving methods would be equally 

as accurate as the standard pH Differential Method. Calibration curves, plotting HPLC-calculated 

concentration against UV-Vis-calculated concentrations were produced using nine different ethanoic 

and aqueous solutions with varying anthocyanin compositions. The results disagreed with the 

hypothesis, the calibration factors to be applied to the pH Differential equation were found to be 0.67± 

0.03 and 0.62± 0.05 and 0.72± 0.06 for Method 1, 2 and 3 respectively. While all calibration factors 

were within the same range of uncertainty, there was a higher uncertainty associated with the two 

time saving methods, Method 2 and 3. This was due to the negation of the set 20-50-minute waiting 

time and the pH 4.5 measuring sample. It was concluded that the set waiting time is required to allow 

transformation of anthocyanins to fully occur, to allow more accurate characterisation. Furthermore, 

removing the pH 4.5 sample decreased accuracy as components that influenced the absorbance at 

520 nm at both pH 1.0 and pH 4.5 were not accounted for, so the concentration reported wasn’t an 

accurate representation of anthocyanin concentration. 
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Appendices 

A. Step-by-step anthocyanin purification process provided by WBS 

  
Blackcurrant Hydrolysis Suggested Commissioning Process Version 
2.0 18/11/2019 

Process step No Process Step Key points 

1 
Macerate frozen BC and mix in 
enzyme. 

3000kg BC /3 kg Pectinex Ultra SP L enzyme. For 
commissioning could consider a lower loading! 

2 Transfer to digestion tank Add 1000 to 3000 L water to aid transfer. 

3 
Fill extraction vessel with macerated 
frozen blackcurrants. 

1. Heat to  40 or 50 oC. Effective mixing will allow 
lower digestion temperatures. 

4 Turn on stirrer 

once level in tank at reasonable level for stirring. 
Belive maximum speed of stirrer 135 rpm. Add 
water to 1:1 BC/water maximum. 

5 Start Blackcurrant digestion process. 

Hydrolyse for 2 hours. Will determine optimum 
time during commissioning by monitoring 
anthocyanin levels as efficiency of stirring has a 
big impact on this. 

6 
Run digest solution through the 
Decanter centrifuge 

Start at lowest speed of ~2-3 M3/Hr(1-1.5 BV/hr). 
Max decanter speed is 3400 rpm but optimum 
setting for separation and economics yet to be 
determined. 

7 
Store recovered liquid in buffer 
storage tanks. 

Will take ~ 2-3 hours to process one digest tank 
through the decanter into storage. 

8 Filter extract through the UF unit Set flow rate at ~ 2-3 M3 per hour(1-1.5BV/hr) 

9 
Store UF  filtered extract in the buffer 
storage tanks. Will take ~ 2-3 hours to process one digest tank. 

10 

Pump filtered extract to adsorb onto 
the prepared Sepalite LXA6 resin 
column. 

Set @ flow rate of 2-3 M3/hr(1-1.5 BV/hr). Column 
can adsorb ~ 16 M3 of feed material before 
maximum adsorption capacity reached. 

11 Column wash to remove sugars   

12 
Elute adsorbed Anthocyanin from the 
resin columns using Ethanol. 

Elute adsorbed Antocyanin using ~ 3-4 BV or 6-8 
M3 90% ETOH solution @ flow rate of 2-3 
M3/hr(1-1.5BV/hr). 

13 
Collect ETOH Eluted Anthocyanin into 
storage/buffer tanks. 

Should collect ~6 M3 of ETOH eluted product over 
2-3 hour period. 

14 Prep column for next days run 

Daily after elution wash with ~6-8 M3(3-4 BV) 
water buffered @ pH ~3.3 @ flow rate of 2-3 
M3/hour(1-1.5BV/hr).  

15 

Evaporate to remove Ethanol and 
concentrate Anthocyanin extract 
through the falling film evaporator.   

16 Dry extract to remove water. On Freeze dryer. 

17 
Test concentrated crude extract for 
Anthocyanin purity.   

18 Blend to standardise 35% Anthocyanin product. 

19 Store product   

20 Ship Product to customers   
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B. Chromatogram detecting blackcurrant anthocyanins 
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C. pH Differential Method methodology 

Experiment Title Anthocyanin Characterisation by the pH Differentiation Method 

Date 2019 

Researcher/s (Role. 

Contribution) 

Harry Hunter 

 

Aims 

 To measure the concentration of monomeric anthocyanins in a solution in an accurate and 

efficient manner. 

 

Materials 

Chemicals Equipment Glassware 

 Pottasium chloride 

 Distilled water 

 10M Hydrochloric 
acid 

 Sodium acetate 
trihydrate 
(CH3CO2.3H2O) 

 pH meter 

 Visible 
spectrophotometer 
(Nanodrop) 

 1 mL pipette 
 

 Large beakers 

 1 L volumetric flasks 

 Measuring cylinder 

 5 mL volumetric flasks 

 

Methodology 

Preparation of Buffers 

Preparation of pH 1.0 buffer, 0.025M potassium chloride 

1. Weigh 1.86 g potassium chloride into a beaker and add ca 980 mL of distilled water. 

2. Measure the pH using a pH meter and adjust the pH to pH 1.0 0.05 with HCl (ca 6.3 mL 

required). 

3. Transfer solution to a 1L volumetric flask and add more distilled water to increase solution 

volume to 1L. 

Preparation of pH 4.5 buffer, 0.4M sodium acetate 

1. Weigh 54.43 g sodium acetate trihydrate into a beaker and add ca 960mL of distilled water. 

2. Measure the pH and adjust to 4.5 0.05 with HCl (ca 20mL). 

3. Transfer solution to a 1L volumetric flask and add more distilled water to increase solution 

volume to 1L. 
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Preparation of Standard Solutions (To Calibrate Results) 

1. Weigh 8 mg of cyanidin-3-glucoside and dilute in 2 mL of deionised water. 

2. By 1:1 serial dilution, prepare 2 mL samples of concentration 4, 2, 1, 0.5 and 0.25 mg/mL 

cyanidin-3-glucoside. 

 

Dilution of Sample Solutions 

Determine the appropriate dilution factor, so that absorbance measurements of the pH 1.0 

solution fall within the linear range of the spectrophotometry unit. 

1. Pipette an amount of analyte appropriate to meet the determined dilution factor into a 5 

mL volumetric flask. 

2. Fill the remaining volume in the flask with pH 1.0 buffer. 

3. Follow the same procedure, using the same dilution factor, with the pH 4.5 solution. 

4. The samples should be tested 20-50 minutes after dilution. Measure the absorbance of test 

samples at both 520 and 700 nm. The Nanodrop should be blanked with distilled water. 

Measurements at 700 nm are made to adjust for haze. 

Calculations 

Calculations of anthocyanin concentration are converted from absorbance measurements as 

follows: 

𝐴𝑛𝑡ℎ𝑜𝑐𝑦𝑎𝑛𝑖𝑛 𝑝𝑖𝑔𝑚𝑒𝑛𝑡
𝑐𝑦𝑛−3−𝑔𝑙𝑢 𝑒𝑞,

𝑚𝑔
𝐿

=
𝐴. 𝑀𝑊. 𝐷𝐹. 103

 .1
 

1. 

 

Where ‘MW’ is the molecular weight of cyanidin-3-glucoside, 449.2 g/mol, ‘DF’ is the dilution 

factor used for the sample, ‘1’ represents the path length (cm), ‘’ is the molar extinction 

coefficient (L.mol-1.cm-1), taken as 26,900 L.mol-1.cm-1 from literature for cyanidin-3-glucoside. 

‘A’ is calculated as follows: 

𝐴 = (𝐴520𝑛𝑚 − 𝐴700𝑛𝑚)𝑝𝐻1.0 − (𝐴520𝑛𝑚 − 𝐴700𝑛𝑚)𝑝𝐻4.5 2. 
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