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Abstract 

Cereals are rich in phenolic acids, a group of secondary plant metabolites 

that are associated with reduced risk of chronic diseases. The objective was 

to develop and internally validate a method for extraction and quantification 

of phenolic acids in cereals using HPLC-UV and to apply this method for 

quantification of the content of phenolic acids in several species of Swedish 

cereals. Different procedures for extraction of phenolic acids from cereal 

grains using acid or base hydrolysis with and without subsequent enzymatic 

treatment were tested. Both the extraction procedure and the 

chromatographic conditions for quantification with HPLC-UV were 

optimized. Phenolic acids from 14 cereal samples, representing different 

cultivars of rye, wheat, barley, and oat, were extracted and analyzed under 

optimized conditions. Using the optimized method, 15 phenolic acids could 

be quantified with limits of detection and quantification ranging from  

0.4 to 11.4 µg/g and from 1.3 to 38.0 µg/g, respectively. The hydrolysis 

procedure and further sample treatment showed a substantial effect on the 

yield of phenolic acids from cereals. The highest yield was achieved by 

90-minute base hydrolysis at room temperature using sodium hydroxide 

solution containing ascorbic acid and EDTA. Mean recoveries ranged from 

88 to 108%. The following phenolic acids were found in the analyzed cereal 

grains with ferulic acid being the most abundant one: p-hydroxybenzoic acid, 

vanillic acid, vanillin, caffeic acid, syringic acid, ferulic acid, sinapic acid, 

and 3,4-dihydroxybenzaldehyde. A further compound was p-coumaric acid 

or the co-eluting syringaldehyde or a mixture of both. The content of 

phenolic acids in Swedish cereals ranged from 6 µmol/g DM in rye to 

3 µmol/g DM in oat and a barley cultivar. In conclusion, a simple and 

accurate method for extraction and quantification of phenolic acids in cereals 

was developed and successfully applied. 
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Zusammenfassung 

Getreide ist reich an Phenolsäuren, einer Gruppe pflanzlicher 

Sekundärmetabolite, die mit einem verringerten Risiko für chronische 

Erkrankungen in Verbindung gebracht wird. Ziel war es, eine Methode zur 

Phenolsäure-Extraktion aus Getreide und Quantifizierung mittels HPLC-UV 

zu entwickeln, intern zu validieren und diese im Anschluss anzuwenden, um 

den Phenolsäure-Gehalt in mehreren schwedischen Getreidearten zu 

quantifizieren. Verschiedene Verfahren zur Phenolsäure-Extraktion aus 

Getreide unter Verwendung von Säure- oder Basenhydrolyse mit oder ohne 

nachfolgender enzymatischer Hydrolyse wurden getestet. Es wurden sowohl 

das Extraktionsverfahren als auch die chromatographischen Bedingungen zur 

Quantifizierung mittels HPLC-UV optimiert. Phenolsäuren von 14 

Getreideproben, darunter Kultivare von Roggen, Weizen, Gerste und Hafer, 

wurden unter optimierten Bedingungen extrahiert und analysiert. Mit der 

optimierten Methode konnten 15 Phenolsäuren mit Nachweisgrenzen von  

0,4 bis 11,4 µg/g und Bestimmungsgrenzen von 1,3 bis 38,0 µg/g 

quantifiziert werden. Hydrolyseverfahren und weitere Probenbehandlung 

haben die Phenolsäure-Ausbeute von Getreide wesentlich beeinflusst. Die 

höchste Ausbeute wurde durch eine 90-minütige Basenhydrolyse bei 

Raumtemperatur unter Verwendung von Natronlauge mit Ascorbinsäure und 

EDTA erzielt. Die mittlere Wiederfindung betrug 88 bis 108%. In den 

untersuchten Getreideproben wurden folgende Phenolsäuren gefunden mit 

Ferulasäure als häufigster Verbindung: p-Hydroxybenzoesäure, 

Vanillinsäure, Vanillin, Kaffeesäure, Syringasäure, Ferulasäure, Sinapinsäure 

und 3,4-Dihydroxybenzaldehyd. Eine weitere Verbindung war p-Cumarsäure 

oder der co-eluierende Syringaldehyd oder eine Mischung aus beiden. Der 

Phenolsäure-Gehalt reichte von 6 µmol/g DM in Roggen bis 3 µmol/g DM in 

Hafer und einem Gerstenkultivar. Zusammenfassend wurde eine einfache 

und genaue Methode zur Phenolsäure-Extraktion und Quantifizierung in 

Getreide entwickelt und erfolgreich angewendet. 
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1 Background 

Plants produce a diverse array of organic compounds. A majority is not 

directly involved in growth and reproduction of the plant. These compounds 

are referred to as secondary metabolites. Unlike primary metabolites, they do 

not perform essential metabolic roles. Secondary metabolites are still of 

interest, not only because of their central functions in plant protection against 

herbivores and interspecies defense (Croteau et al., 2000) but mainly because 

of their potential function as health-protective dietary constituents (Crozier et 

al., 2006). It is becoming increasingly apparent that moderate long-term 

intakes of particular secondary metabolites can have beneficial effects on the 

occurrence of chronic diseases and cancers. Thus, secondary metabolites 

became an increasingly important area of human nutrition research in recent 

years (Crozier et al., 2006). Phenolic compounds, which occur in relatively 

high amounts in plants, represent one such group of secondary plant 

metabolites (Chen et al., 2018). Approximately 8000 different phenolic 

compounds have been identified in nature (Croteau et al., 2000). Usually, 

flavonoids are the main class described when discussing phenolic 

compounds in foods (Bors et al., 1996), although phenolic acids account for 

approximately three-fourths of the mean total intake of phenols in the human 

diet and flavonoids only for the remaining fourth. Therefore, phenolic acids 

are the predominant phenols of dietary importance (Ovaskainen et al., 2008). 

They have attracted growing attention due to potential health benefits and 

their antioxidant properties (Robbins, 2003).  

1.1 Chemistry of phenolic acids 

The term “phenolic acids” generally describes phenols with one carboxyl 

group. However, when referring to plant metabolites, this designation is used 

for only a distinct group of naturally occurring organic compounds (Gross, 

1985). Phenolic acids are divided into two major subgroups based on the 
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constitutive carbon frameworks: hydroxybenzoic and hydroxycinnamic 

acids. Diversity within these subgroups is created by different numbers and 

positions of hydroxyl groups in the aromatic ring (Robbins, 2003) (Figure 1). 

Both hydroxybenzoic and hydroxycinnamic acids are synthesized from 

L-phenylalanine or L-tyrosine, products of the shikimate pathway 

(Herrmann, 1995; Rice-Evans et al., 1996). Due to biogenetic relations, 

benzoic and cinnamic acid, which lack phenolic characteristics and aldehyde 

analogues such as vanillin and syringaldehyde are also categorized and 

referred to as phenolic acids (Gross, 1985; Robbins, 2003) (Figure 1).  

 

Name X R2 R3 R4 R5 

Benzoic acid a H H H H 

p-Hydroxybenzoic acid a H H OH H 

Vanillic acid a H OCH3 OH H 

Gentisic acid a OH H H OH 

2,3,4-Trihydroxybenzoic acid a OH OH OH H 

Gallic acid  a H OH OH OH 

Syringic acid a H OCH3 OH OCH3 

Vanillin b H OCH3 OH H 

3,4-Dihydroxybenzaldehyde b H OH OH H 

Syringaldehyde b H OCH3 OH OCH3 

Cinnamic acid c H H H H 

o-Coumaric acid c OH H H H 

p-Coumaric acid c H H OH H 

Caffeic acid c H OH OH H 

Ferulic acid c H OCH3 OH H 

Sinapic acid c H OCH3 OH OCH3 

               Figure 1. Structure of some phenolic acids. 
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           Figure 2. Structure of chlorogenic acid. 

Phenolic acids are sensitive to temperatures over 50 °C (Barcia et al., 2014; 

Naim et al., 1988; Oliveira et al., 2015). Especially, caffeic acid (Barcia et 

al., 2014) and ferulic acid (Naim et al., 1988) are susceptible to thermal 

degradation. Friedman et al. (2000) investigated aqueous solutions with 

different pH values and demonstrated that caffeic acid, chlorogenic acid, and 

gallic acids are not stable at pH values above 9. Chlorogenic acid 

(5’-caffeoylquinic acid, an ester of caffeic acid with quinic acid, Figure 2) is 

completely converted to caffeic acid during base hydrolysis (Nardini et al., 

2002). Caffeic acid is prone to degradation during base hydrolysis as well. 

Nardini et al. (2002) reported a loss of 39% after 15 min and of 77% after 

30 min incubation with 2 M sodium hydroxide at 30 °C. Caffeic acid is 

oxidized, especially at high pH values (Cilliers et al., 1989, 1991). Ascorbic 

acid, a strong antioxidant, and ethylenediaminetetraacetic acid (EDTA), a 

metal chelator, serve as protectors for caffeic acid and efficiently prevent the 

loss of caffeic acid during base hydrolysis (Nardini et al., 2002). 

The safety data sheets of Sigma Aldrich describe the sensitivity of gallic 

acid, caffeic acid, vanillin, ellagic acid, and ferulic acid as solids (Table 1). 

The safety data sheets were used as reference because this information is not 

available in the literature.  
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Table 1. Sensitivity of phenolic acids.  

Compound Sensitivity Reference 

  Light Air Moisture  

Gallic acid  yes - - Sigma Aldrich, 2018c 

Caffeic acid - - yes Sigma Aldrich, 2018d 

Vanillin yes yes yes Sigma Aldrich, 2018b 

Ellagic acid yes yes - Sigma Aldrich, 2018a 

Ferulic acid - - yes Sigma Aldrich, 2018e 

 

Because of the light and air sensitivity of some phenolic acids (Table 1), all 

analyses of the present study were performed under nitrogen atmosphere and 

subdued light.  

1.2 Physiological and health effects 

Epidemiological studies showed that the consumption of whole grain and 

whole grain products reduces the risk of chronic diseases such as type 2 

diabetes (Meyer et al., 2000), cardiovascular disease (Jacobs et al., 1998) and 

cancer (Kasum et al., 2002; Nicodemus et al., 2001; Smigel, 1992). These 

health benefits have been attributed to some extent to phenolic compounds 

that function as antioxidants (Slavin et al., 1997; Thompson, 1994). Cell 

studies showed an anti-inflammatory effect of phenolic acids, especially 

ferulic acid and its derivatives (Murakami et al., 2002; Ou et al., 2003; Sakai 

et al., 1997). However, there are yet no human studies, which have proven 

that phenolic acids are responsible for the reduced risk of chronic diseases. 

Phenolic acids have antioxidant properties due to the presence of the 

phenolic ring that can stabilize and delocalize an unpaired electron within its 

aromatic ring. Thus, they act as radical scavengers. Hydroxycinnamic acids 

have a higher antioxidant activity than hydroxybenzoic acids. The 

antioxidant activity also depends on the number and position of hydroxyl and 

methoxy groups in the aromatic ring (Rice-Evans et al., 1996). The chemical 

(Graf, 1992; Rice-Evans et al., 1996; Sakihama et al., 2002) and in vitro (Cos 
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et al., 2002; Laranjinha et al., 1994; Li et al., 2011; Lodovici et al., 2001; 

Morton et al., 2000) antioxidant behavior of phenolic acids is well 

documented. Some in vivo studies about the antioxidant effect of phenolic 

acids in animals exist as well (Balasubashini et al., 2004; Mansouri et al., 

2013; Nardini et al., 1997; Ohnishi et al., 2004). Based on these 

investigations, it can only be hypothesized that phenolic acids also operate as 

antioxidants in the human body by acting as radical scavengers and 

preventing lipid oxidation.  

1.3 Phenolic acids in cereals 

The content of phenolic acids in cereals ranges between 141 and 1832 µg/g 

of fresh weight. It varies widely between and within the cereal genera 

(Table 2).  

Phenolic acids in cereals occur in three different forms: soluble free acids, 

soluble conjugates, and insoluble bound forms (Sosulski et al., 1982). 

Soluble conjugates are phenolic acids esterified with small molecules of 

alcohols, phenolic acids, phenols, saccharides, and alkaloids (Yu et al., 

2001). Insoluble bound forms are phenolic acids linked to cell wall structural 

components, for example proteins and polysaccharides. Having both 

hydroxyl and carboxyl groups, phenolic acids are capable of binding to 

proteins and polysaccharides through ether (glycosidic) and ester bonds as 

well as hydrogen bonds, chelation, and crosslinks (Gibson et al., 1992).  
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Table 2. Content of phenolic acids in different cereals; dry matter abbreviated as DM. 

Cereal genus Species Phenolic acid contenta Reference 

    [µg/g] [µg/g DM] Range 
[µg/g DM] 

  

Rye Secale S. cereale 360   Irakli et al., 2012  

 S. cereale 1364 1505  Mattila et al., 2005 

Triticale not specified 470   Irakli et al., 2012 

Wheat Triticum  T. spelta   579 382 - 726 Li et al., 2008 

 T. spelta   788 422 - 1257 Gawlik-Dziki et al., 

2012 

 T. durum   699 536 - 1086 Li et al., 2008 

 T. durum  298   Irakli et al., 2012 

 T. durum   970  Nicoletti et al., 2013 

 T. aestivum  657 326 - 1171 Li et al., 2008 

 T. aestivum 343   Irakli et al., 2012 

 T. aestivum 604   Zeng et al., 2016 

 T. monococcum  615 449 - 816 Li et al., 2008 

 T. dicoccum  779 508 - 1161 Li et al., 2008 

 not specified 1342 1496 
 

Mattila et al., 2005 

Barley Hordeum H. vulgare 497 
  

Irakli et al., 2012 

 H. vulgare 450 498 
 

Mattila et al., 2005 

Oat Avena A. sativa nuda 273 
  

Zeng et al., 2016 

 A. sativa 472 518  Mattila et al., 2005 

 A. sativa 1832 
  

Irakli et al., 2012 

Rice Oryza O. sativa 141 
  

Irakli et al., 2012 

 O. sativa 399 
  

Zeng et al., 2016 

Corn Zea Z. mays 1158 
  

Irakli et al., 2012 

  Z. mays 601 676 
 

Mattila et al., 2005 

 a Sum of individual phenolic acids determined by HPLC-UV. 

Table 3 depicts the relative proportion of free, conjugated, and matrix-bound 

phenolic acids in different types of cereals. Matrix-bound phenolic acids 

contribute the highest proportion of phenolic acids in cereals (66 – 84%) 

followed by the conjugated form of phenolic acids (13 – 26%). Free phenolic 

acids represent the lowest proportion of phenolic acids (1 – 10%) (Table 3). 
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Table 3. Percentage contributions of free, conjugated, and bound phenolic acids in cereals. 

Cereal genus Percentage of phenolic acids (%) Reference 

 

free conjugated matrix-bound 

 Wheat Triticum 3 13 84 Sosulski et al., 1982 

 

1 22 77 Li et al., 2008 

 

1 15 84 Nicoletti et al., 2013 

Barley Hordeum 8 17 75 Madhujith et al., 2009 

Oat Avena 10 24 66 Sosulski et al., 1982 

Rice Oryza 8 18 74 Sosulski et al., 1982 

Corn Zea 5 26 69 Sosulski et al., 1982 

 

Highest concentrations of phenolic acids are found in the outer layers of 

cereal grains consisting of bran (pericarp, testa, and aleurone cells) and husk, 

whereas the concentration is considerably lower in the starchy endosperm 

(Kähkönen et al., 1999). The phenolic acid content in wheat bran and germ 

fractions is 15 to 18 times higher than in the endosperm fraction (Adom et 

al., 2005). In rye bran, the phenolic acid content is 10 to 20 times higher than 

that in the endosperm (Andreasen et al., 2000a).  

Ferulic acid is the most abundant phenolic acid in cereals (Nordkvist et al., 

1984; Sosulski et al., 1982). It represents 76% of the phenolic acids in oat, 

85% in corn, and 90% in wheat and rice (Sosulski et al., 1982). Ferulic acid 

is concentrated in the bran. About 86% of the ferulic acid in rye grains is 

located in the bran whereas the remaining 14% are found in the endosperm 

(Andreasen et al., 2000a). Adom et al. (2005) found an even higher ratio for 

wheat grains. The ferulic acid content of bran and germ was 52 to 70 times 

higher than that of the endosperm. In wheat bran, ferulic acid is mainly 

esterified to arabinose components of arabinoxylans (Smith et al., 1983). 

Within the bran, ferulic acid is particularly found in the aleurone cells 

(Nordkvist et al., 1984), which are rich in arabinoxylan (McNeil et al., 1975). 

The matrix-bound ferulic acid is the predominant form. It accounts for 98 to 

99% of the total amount of ferulic acid found in wheat, corn, and oat. The 
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soluble conjugated form represents 1.0 to 1.8% and the free one 0.1 to 0.4% 

of the total ferulic acid (Adom et al., 2002). 

Cereals contain various phenolic acids but all are quantitatively far less 

important than ferulic acid. Phenolic acids commonly found in cereals in 

addition to ferulic acid include sinapic acid, p-coumaric acid, vanillic acid, 

caffeic acid, syringic acid, and p-hydroxybenzoic acid (Sosulski et al., 1982; 

Irakli et al., 2012). Furthermore, the occurrence of the following phenolic 

acids has been reported in selected cereal genera: chlorogenic acid in barley, 

rice, wheat, and oat (Yu et al., 2001; Zeng et al., 2016), o-coumaric acid, 

syringaldehyde, and 2,4-dihydroxybenzoic acid in wheat (Li et al., 2008), 

3,4-dihydroxybenzoic acid in rye, wheat, oat, and corn (Andreasen et al., 

2000b; Sosulski et al., 1982), gallic acid and cinnamic acid in barley, rice, 

rye, wheat, and corn as well as salicylic acid in barley, wheat, and oat (Irakli 

et al., 2012). 

1.4 Dietary sources, intake and absorption of phenolic acids  

Humans consume phenolic acids on a daily basis due to their ubiquitous 

presence in plant-based foods (Robbins, 2003). Ovaskainen et al. (2008) 

reported that the average total intake of phenolic acids for Finnish adults is 

641 mg/d. However, Radtke et al. (1998) estimated a considerably lower 

daily intake of phenolic acids for Germans with 222 mg/d (11 mg/d 

hydroxybenzoic acids and 211 mg/d hydroxycinnamic acids). In contrast to 

Ovaskainen et al. (2008), Radtke et al. (1998) did not take cereal products 

into account, which are a good source of phenolic acids (Mattila et al., 2005). 

There was a high variability in phenolic acid intake due to individual food 

preferences. It varied from 9 to 989 mg phenolic acids per day (Radtke et al., 

1998). Clifford (1999) proposed an estimated range of hydroxycinnamic acid 

consumption (25 – 1000 mg/d) depending on the diet. Individuals, who 

consume coffee, cereal bran, and fruits can ingest 500 – 800 mg 

hydroxycinnamic acids per day or even 1000 mg/d with strong coffee 
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consumption. A daily intake as low as 25 mg could be possible for those who 

avoid these foods (Clifford, 1999). 

The primary food item contributing to the phenolic acid intake is coffee 

(Figure 3). Other main contributors are cereals and tea. The remaining foods 

and beverages account only for approximately 10% of the total phenolic acid 

intake (Ovaskainen et al., 2008). 

 
Figure 3. Percentage contribution of food groups to total phenolic acid intake according to 

Ovaskainen et al. (2008).  

The phenolic acid intake is led by the coffee intake due to its high 

concentrations of caffeic and chlorogenic acid (Radtke et al., 1998). A 

200 mL cup of coffee contains from 70 to 300 mg chlorogenic acid and its 

derivatives (Clifford, 1999). Cereals and cereal products have a higher 

impact on the phenolic acid intake when whole grains are used for their 

manufacture (Scalbert et al., 2000). The phenolic acid content of whole grain 

flour is around 10-times higher than that of white flour (Mattila et al., 2005) 

because phenolic acids are concentrated in the outer layers of cereal grains 

(Kähkönen et al., 1999). In the milling process, these layers and the germ are 

separated from the starchy endosperm that is used for the production of white 

flour (Pedersen et al., 1989). Whole grain rye bread contains about 

68%

12%

10%

3%

2% 2% 2% 1%

Coffee

Cereals, bread

Tea

Fruits

Berries

Vegetables

Potato

Other foods



                                   

10 
 

77 mg/100 g phenolic acids, whereas white wheat bread comprise 

11 mg/100 g phenolic acids (Mattila et al., 2005). Cereals are predominantly 

a source of ferulic acid (Sosulski et al., 1982). Tea, which contributes 

similarly to the intake of phenolic acids as cereals (Ovaskainen et al., 2008), 

is a source of especially gallic acid but also caffeic and p-coumaric acid 

(Mattila et al., 2006). Berries contain mainly caffeic acid, gallic acid, and 

syringic acid. The highest phenolic acid contents are found in rowanberry, 

chokeberry, and blueberry (85 – 103 mg per 100 g berries). Among fruits, 

dark plum, cherry, citrus fruits, red grape, and some apple varieties have the 

highest phenolic acid content (19 – 28 mg per 100 g fruit). Plum, cherry, and 

apples are primarily sources for caffeic acid, red grapes for syringic acid, and 

citrus fruits for ferulic acid (Mattila et al., 2006). Chlorogenic acid is the 

predominant phenolic acid in vegetables. The highest phenolic acid contents 

are present in red cabbage, carrot, aubergine, Jerusalem artichoke, lettuce, 

and red beet (21 – 52 mg/100 g). Cooked unpeeled potatoes contain around 

13 – 15 mg phenolic acids per 100 g (Mattila et al., 2007).  

The literature on bioavailability and metabolism of phenolic acids is limited. 

When free phenolic acids are present, they are absorbed in the upper part of 

the gastro-intestinal tract (Lafay et al., 2008). For example, the free form of 

ferulic acid is efficiently absorbed by humans (Bourne et al., 2000; Bourne et 

al., 1998). Kern et al. (2003) investigated the absorption of hydroxycinnamic 

acids in humans after consumption of high-bran breakfast cereals. The 

kinetic data in urine and plasma revealed that the soluble forms (free and 

conjugated) of ferulic and sinapic acid are absorbed mainly in the small 

intestine (Kern et al., 2003). Release of insoluble phenolic acids is possible 

in both small intestine and colon due to the action of enzymes (Vitaglione et 

al., 2008). Esterified hydrocinnamates and diferulates cannot be absorbed as 

part of complex molecules. However, intestinal and microbial esterases 

cleave the ester bonds and release the phenolic acids in the gut lumen, 
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thereby making them nutritionally available (Andreasen et al., 2001b, 2001a; 

Kroon et al., 1997). Lafay et al. (2008) reviewed data on the bioavailability 

of few phenolic acids. Whereas free phenolic acids are absorbed from 20 to 

55%, esterified forms are only absorbed to less than 0.5%.  

1.5 Analytical methods for quantification of phenolic acids 

1.5.1 Separation and detection 

Different methods exist to analyze phenolic acids: on the one hand, a 

colorimetric method with Folin-Ciocalteu reagent and, on the other hand, a 

wide range of chromatographic methods using gas chromatography (GC) or 

high performance liquid chromatography (HPLC) with various detectors. 

Quantification of phenolic acids with Folin-Ciocalteu reagent is commonly 

used in older studies. It includes the reduction of phosphomolybdic-

phosphotungstic acid to a blue colored complex in alkaline solution. The 

absorbance of the complex can be measured at 760 nm with a 

spectrophotometer. The result is expressed as total phenolic content in gallic 

acid equivalents per g food (Singleton et al., 1965). Individual phenolic acids 

cannot be identified with this method. Moreover, the Folin-Ciocalteu reagent 

is not specific for phenolic acids. Other reducing compounds in the food 

extract, for example flavonoids, are co-determined (Singleton et al., 1999) as 

well as some nitrogen containing compounds such as guanidine (Ikawa et al., 

2003). 

There are several studies using GC for separation of phenolic acids although 

their volatility is low. Derivatization is required to increase the volatility by 

generating ethers or esters (Robbins, 2003). Trimethylsilyl derivatives are 

mostly used for phenolic acid derivatization. Applications with the following 

reagents are common: N,O-bis-(trimethylsilyl)acetamide (Krygier et al., 

1982; Leung et al., 1981), N-methyl-N-(trimethylsilyl)trifluoroacetamide (Ng 

et al., 2000; Wu et al., 1999), and N,O-bis-(trimethylsilyl)trifluoroacematide 
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(Smolarz, 2001; Zuo et al., 2002). Chromatographic separation of phenolic 

acids is usually carried out on fused silica capillary columns with a 

temperature gradient (Krygier et al., 1982; Ng et al., 2000; Smolarz, 2001; 

Zuo et al., 2002). Flame ionization detection was typically performed in 

earlier studies (Krygier et al., 1982; Leung et al., 1981) and detection with 

mass spectrometry (MS) in more recent ones (Ng et al., 2000; Smolarz, 

2001; Wu et al., 1999; Zuo et al., 2002). 

HPLC is the predominant analytical technique employed for separation and 

quantification of phenolic acids. UV-Vis detection using a diode array 

detector (DAD) is the main detection technique. MS detection is little 

prevalent in the literature, but it is an emerging field. In contrast to 

HPLC-UV, LC-MS usually does not require complete chromatographic 

separation for quantification due to the mass selectivity of detection 

(Robbins, 2003). Electrochemical detection (Mahler et al., 1988) and 

fluorescence detection (Rodrıguez-Delgado et al., 2001) constitute 

exceptions. 

Table 4 shows the chromatographic conditions of representative examples of 

RP-HPLC methods for analysis of phenolic acids with UV detection. 
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Table 4. HPLC-UV methods for analysis of phenolic acids. 

Detected phenolic acids Column Temp. Mobile phasea Reference 

8: BE, GA, GT, pCO, CA, CH, SIN, TMC Eclipse XDR-C RP (150 × 4.6 mm, 5 µm) 25 °C 3% AA in water (A), MeOH (B) Chen et al., 2001 

16: pHB, VA, VN, GT, THB, GA, SYR, SRA, 

DHB, PR, mCO, pCO, CA, CH, FA, SIN 

Luna C18 (150 × 4.6 mm, 5 µm) 25 °C 0,1% FA in water (A), MeOH (B)  Robbins et al., 2004 

12: pHB, VA, GT, GA, SYR, PR, oCO, mCO, 

pCO, CA, FA, SIN 

Gemini C18 (150 × 4.6 mm, 5 µm)  25 °C 0,1% FA in water (A), MeOH (B) Ross et al., 2009 

11: SAL, pHB, VA, GA, SYR, PR, CIN, pCO, 

CA, FA, SIN 

Nucleosil 100 C18 (250 × 4.6 mm, 5 µm) 30 °C 1% AA in water (A), MeOH (B) Irakli et al., 2012 

7: VA, GA, PR, pCO, CA, FA, SIN  C18 (125 × 3.0 mm, 3 µm)  25 °C 0,1% FA in water (A), MeOH (B) Carvalho et al., 2015 

14: BE, pHB, VA, VN, GA, SYR, PR, CIN, 

pCO, CA, CH, FA, SIN, EL  

J-Pak Symphonia C18 (250 × 4.6 mm, 

5 µm) 

25 °C 0,1% AA in water (A), MeOH (B) Khang et al., 2016 

8: VA, GA, SYR, PR, pCO, CA, CH, FA  Synergi Hydro-RP C18 (250 × 4.6 mm, 

4 m) 

30 °C 0,1% AA in water/ACN (8:1, v/v) (A), 

0.1% AA in water/ACN (4:5, v/v) (B) 

Yang et al., 2017 

9: pHB, VN, GA, SYR, PR, pCO, CA, CH, 

FA 

Supelco C18 (250 × 4.6 mm, 10 µm) 35 °C 1% AA in water/MeOH (80:20, v/v) Telles et al., 2017 

a Solvent (A) and (B) indicate that a binary gradient was used. Temp. = column temperature, BE = Benzoic acid, SAL = salicylic acid,  

pHB = p-hydroxybenzoic acid, VA = vanillic acid, VN = Vanillin, GT = gentisic acid, THB = 2,3,4-trihydroxybenzoic acid, GA = gallic acid, SYR = syringic 

acid, SRA = syringaldehyde, PR = protocatechuic acid, DHB = 3,4-dihydroxybenzaldehyde, CIN = cinnamic acid, oCO = o-coumaric acid,  

mCO = m-coumaric acid, pCO = p-coumaric acid, CA = caffeic acid, CH = chlorogenic acid, FA = ferulic acid, SIN = sinapic acid,  

TMC = 3,4,5-trimethoxycinnamic acid, EL = ellagic acid, MeOH = methanol, AA = acetic acid, FA = formic acid, ACN = acetonitrile. 
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1.5.2 Extraction from cereals 

The three different forms of phenolic acids can be separately extracted from 

cereal matrix. One approach is to extract phenolic acids from flour in the 

following fractions: free, free plus conjugated, and matrix-bound (Li et al., 

2008). Figure 4 depicts a simplified scheme of this approach.  

 
Figure 4. Approaches for phenolic acid extraction according to Li et al. (2008). 

Li et al. (2008) used aqueous ethanol to extract free and conjugated phenolic 

acids but also other solvents are reported for cereal extractions. Common 

extraction solvents besides aqueous ethanol are hot water (Kajimoto et al., 

1999; Yu et al., 2001), aqueous methanol (Irakli et al., 2012; Mattila et al., 

2005), and aqueous acetone (Fuentealba et al., 2017; Zeng et al., 2016). The 

samples are usually ultrasonicated or agitated at room temperature for 10 to 

60 min (Fuentealba et al., 2017; Gawlik-Dziki et al., 2012; Irakli et al., 2012; 

Li et al., 2008; Mattila et al., 2005; Sosulski et al., 1982; Tian et al., 2004; 

Zeng et al., 2016). However, temperatures of 4 °C (Nicoletti et al., 2013) and 

100 °C (Kajimoto et al., 1999; Yu et al., 2001) are reported as well. The 

extraction is normally performed two to three times and the extracts are 

combined (Fuentealba et al., 2017; Gawlik-Dziki et al., 2012; Irakli et al., 

2012; Li et al., 2008; Nicoletti et al., 2013; Zeng et al., 2016).  



                                   

15 
 

By this means, conjugated phenolic acids are extracted besides free phenolic 

acids but they are still present as esters and cannot be determined as free 

phenolic acids. Thus, a hydrolysis is required to cleave the ester bonds of 

conjugated phenolic acids. The matrix-bound phenolic acids are not extracted 

by water or aqueous organic solvents but they can be released by hydrolysis 

from the residue (Sosulski et al., 1982). Phenolic ethers and esters can be 

hydrolyzed to liberate the phenolic acids by different means: base, acid 

(Krygier et al., 1982), or enzyme treatment (Faulds et al., 1995). 

Base hydrolysis is the predominant hydrolysis type used for extraction of 

conjugated and matrix-bound phenolic acids from cereals. The milled grains 

are treated with an aqueous solution of sodium hydroxide with reported 

concentrations ranging from 1 M (Tian et al., 2004) to 4 M (Irakli et al., 

2012). The hydrolysis temperature varies between 4 °C (Nicoletti et al., 

2013) up to 60 °C (Gawlik-Dziki et al., 2012) but most reactions are carried 

out at room temperature (Fuentealba et al., 2017; Li et al., 2008; Mattila et 

al., 2005; Tian et al., 2004; Zeng et al., 2016). The incubation time ranges 

from 1 h (Zeng et al., 2016) to 16 h (Mattila et al., 2005). 

Acid hydrolysis combined with enzymatic hydrolysis is an alternative 

approach to release conjugated and matrix-bound phenolic acids. Enzyme 

treatment is utilized to cleave the bonds between phenolic acids and 

polysaccharides such as starch (Yu et al., 2001) that appear in matrix-bound 

phenolic acids (Gibson et al., 1992). Zupfer et al. (1998) treated barley 

samples with 0.2 N sulfuric acid at 100 °C for 1 h. After acid hydrolysis, 

neutralized samples were incubated with α-amylase at 30 °C for 1 h. Yu et al. 

(2001) carried out the same procedure and compared it with two other 

treatments: only acid hydrolysis and acid plus α-amylase plus cellulase 

hydrolysis. They reported that treatment with both α-amylase and cellulase 

increased the release of matrix-bound phenolic acids in barley (Yu et al., 

2001). These results are in accordance with those of Andreasen et al. (1999), 
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who discovered that some commercial cell wall enzymes are able to 

significantly enhance the release of ferulic acid and other phenolic acids 

from milled rye grain. Diverse extraction methods explain the huge 

differences in the reported phenolic acid content. 

1.6 Aim of the study 

The aims of this study were to develop and internally validate a method for 

the extraction and quantification of phenolic acids in cereals using 

HPLC-UV and to quantify the content of phenolic acids in different species 

of Swedish cereals. 

 

 

 



                                   

17 
 

2 Materials and methods 

2.1 Chemicals  

Acetonitrile (≥ 99.9%, HPLC grade), dichloromethane (≥ 99.9%, GC grade), 

ethyl acetate (≥ 99.5%, analytical grade), formic acid (98 – 100%, analytical 

grade), and sodium acetate (≥ 99.0%) were purchased from Merck 

(Darmstadt, Germany). Methanol (≥ 99.9%, HPLC grade) was obtained from 

Honeywell (Morris Plains, USA). Ethylenediaminetetraacetic acid disodium 

salt dehydrate (≥ 99.0%), hydrochloric acid (37%), and (+)-sodium 

L-ascorbate (≥ 99.0%) were purchased from Sigma-Aldrich (St. Louis, 

USA). Sodium hydroxide (≥ 98.0%) was obtained from VWR International 

(Radnor, USA). Water was purified using a Milli-Q Water Purification 

System (Merck, Darmstadt, Germany). 

Phenolic acids standards were purchased from Sigma-Aldrich (St. Louis, 

USA). The following phenolic standards were used for the study: gallic acid 

(95.5%), 2,3,4-trihydroxybenzoic acid (97%), 3,4-dihydroxybenzaldehyde 

(≥ 95.0%), p-hydroxybenzoic acid (99.7%), gentisic acid (≥ 99.0%), vanillic 

acid (98.2%), caffeic acid (99.3%), vanillin (≥ 95.0%), syringic acid 

(≥ 98.0%), chlorogenic acid (96.7%), benzoic acid (≥ 95.0%), p-coumaric 

acid (≥ 98.0%), syringaldehyde (≥ 97.0%), ferulic acid (99.3%), sinapic acid 

(≥ 99.0%), o-coumaric acid (97%, predominantly trans), ellagic acid 

(≥ 95.0%), and cinnamic acid (≥ 98.0%). The associated IUPAC names are 

listed in Supplementary Table 1 of the appendix in order to provide an 

unambiguous allocation. 

Standard stock solutions of phenolic acids (1000 µg/mL; except for ellagic 

acid with 100 µg/mL) were prepared in methanol under subdued light and 

were stored under nitrogen atmosphere at -80 °C for four months. Standard 

mixtures of the 18 above listed phenolic acids (20 µg/mL of each phenolic 
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acid except for ellagic acid with 6 µg/mL) were prepared in 40% aqueous 

methanol under subdued light and were stored under nitrogen atmosphere 

at -80 °C for one month. This standard mixture was used for the optimization 

of chromatographic conditions (2.3.2).  

Thermostable α-amylase (from Bacillus amyloliquefaciens, ≥ 250 units/g) 

and cellulase (from Aspergillus niger, 1.44 units/mg) were obtained from 

Sigma-Aldrich (St. Louis, USA). Protease (from Bacillus licheniformis, 

25 mg/mL) was purchased from Megazyme (Bray, Ireland). Suspensions of 

α-amylase and protease were used without additional preparation. Before 

extraction, a cellulase solution (20.0 µg/mL) was prepared by dissolving 

cellulase powder in 0.1 M aqueous sodium acetate. 

2.2 Cereal samples 

Cereal grains were obtained from different Swedish producers and mills: 

Västgötarna in Västergötaland county, Warbro mill, Saltå mill, and Nibble 

farm in Söderman county, and Isgärde farm on Öland. Eight cultivars of 

wheat (genus Triticum) and two cultivars each of rye (genus Secale), barley 

(genus Hordeum), and oat (genus Avena) harvested during 2015 and 2016 

were used (Table 5). Grain samples (250 – 500 g) were packed in 

polyethylene bags and stored at -20 °C until use. Before analysis, the grains 

were milled using an ultracentrifuge mill (model ZM 200, Retsch, Haan, 

Germany; 12000 min-1 rotation speed, 0.5 mm ring sieve perforation size). 
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Table 5. Cereal samples used in the present study.a 

Cereal 

genus 
Species Cultivar (origin) 

Harvest 

year 

Dry matterc 

[g/100 g] 

Rye 

Secale S. cereale Schmidt rye (Västgötarna)  2015 87 

 

S. cereale Rye (Saltå mill) 2016 92 

Wheat 

Triticum  T. spelta  Spelt (Warbro mill) 2016 89 

 

T. spelta  Spelt (Saltå mill) 2016 92 

 

T. aestivum Öland spring wheat (Isgärde farm) 2016 88 

 

T. aestivum Wheat (Saltå mill) 2016 92 

 

T. aestivum Jacoby Borst lantvete (Nibble farm) 2015 88 

 

T. aestivum Wheat Dala lantvete (Västgötarna) 2015 89 

 

T. dicoccum Emmer (Västgötarna)b 2015 88 

 

T. dicoccum Emmer (Warbro mill) 2016 88 

Barley 

Hordeum H. vulgare nudum Naked barley (Warbro mill) 2016 86 

 

H. vulgare Barley (Saltå mill) 2016 90 

Oat 

Avena A. sativa nuda Naked oat (Warbro mill) 2016 91 

  A. sativa  Oat (Saltå mill) 2016 93 

a Extraction method described in section 2.6. b This was used as an in-house control sample. 
c Dry matter was determined in triplicate according to the Association of Analytical 

Communities AOAC International (Horwitz et al., 2000), using 1 – 2 g of each cereal grain. 

2.3 HPLC analysis 

2.3.1 Instrumentation and chromatographic conditions 

The quantification of the phenolic acids was carried out by HPLC with UV 

detection (Agilent 1260, Agilent Technologies, Santa Clara, USA). Standards 

and samples were separated on a reversed phase C18 Luna column 

(250 × 4.6 mm, 3 µm, 100 Å; Phenomenex, Torrance, USA) with a guard 

column (3.0 × 4.0 mm; Phenomenex Luna, Torrance, USA) containing the 

same packing material. Column and guard column were thermostatically 
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controlled at 25 °C. The flow rate was set at 1.0 mL/min. The injection 

volume was 20 µL and the total run time 60 min. The binary solvent system 

consisted of (A) 1% formic acid in water and (B) acetonitrile/methanol/water 

(8:1:1, v/v/v). The solvent gradient was optimized and is described in section 

2.3.2. Wavelengths used for detection and quantification of the individual 

phenolic acids are listed in Table 6.  

Table 6. Detection wavelengths det and UV absorbance maxima max of phenolic acids.  

Analyte det [nm] Data from literature 

  UV max [nm] Reference 

Gallic acid  270 217, 272 Robbins et al., 2004 

2,3,4-Trihydroxybenzoic 

acid 

270 227, 267 Robbins et al., 2004 

3,4-Dihydroxybenz-

aldehyde 

275 232, 280, 311  Robbins et al., 2004 

p-Hydroxybenzoic acid 260 202, 257  Robbins et al., 2004 

Gentisic acid 325a 213, 239 (s), 332 (m)  Robbins et al., 2004 

Vanillic acid 260 219, 261, 294 Robbins et al., 2004 

Caffeic acid 325 220, 240 (b), 294 (ps), 325 Robbins et al., 2004 

Vanillin 275 232, 280, 310 Robbins et al., 2004 

Syringic acid 275 220, 275 Robbins et al., 2004 

Chlorogenic acid 325 243, 325 Robbins et al., 2004 

Benzoic acid 275 241, 277 Chen et al., 2001 

p-Coumaric acid 310 229, 312  Robbins et al., 2004 

Syringaldehyde 310 225, 308 Robbins et al., 2004 

Ferulic acid 325 218, 236 (b), 294 (ps), 324 Robbins et al., 2004 

Sinapic acid 325 238, 326 Robbins et al., 2004 

o-Coumaric acid 275 273, 323 Obied et al., 2007 

Ellagic acid 260 256, 300, 346, 362 Gil et al., 2000 

Cinnamic acid 275 215, 275 Obied et al., 2007 

(s) shoulder, (ps) pre-shoulder, (m) moderate absorbance, (b) broad 
 a det of gentisic acid was 325 nm when 0.5% or 1% FA was used as solvent A and 260 nm 

when 0.1% FA was used as solvent A. 
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Table 7. Optimized solvent gradient using 1% formic acid in water as solvent A and 

acetonitrile/methanol/water (8:1:1, v/v/v) as solvent B. 

Time [min] Volumetric  ratio (%) 

  Solvent A Solvent B 

0 94 6 

34 94 6 

35 77 23 

45 77 23 

46 50 50 

50 50 50 

51 94 6 

60 94 6 

 

2.3.2 Optimization of chromatographic conditions  

The solvent gradient was optimized to separate the 18 phenolic acids (listed 

in Table 6) used in the present study. Table 7 shows the optimized solvent 

gradient in volumetric ratios.  

Different formic acid concentrations (0.1%, 0.5%, 1%) of solvent A were 

tested. For solvent B, 100% acetonitrile as well as 

acetonitrile/methanol/water (8:1:1, v/v/v) was tested. 

2.3.3 Calibration 

Quantification was based on multilevel (n = 10) external calibration curves. 

Aqueous calibration standard solutions were prepared by serial dilution and 

used for generating the calibration curves. The calibration standard solutions 

contained 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 2, 5, and 10 µg/mL ellagic 

acid as well as 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 20, 50, and 100 µg/mL of each of 

the other phenolic acids (listed in Table 6). 
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2.4 Optimization of extraction procedures 

The content of phenolic acids was determined without differentiation 

between free, conjugated, and matrix-bound form. Every analysis was 

performed in duplicate under nitrogen atmosphere and subdued light. Before 

HPLC-UV determination using optimized chromatographic conditions (see 

2.3.1 and 2.3.2), the supernatants of all samples were filtered through a 

syringe filter (0.45 µm pore size, polypropylene membrane, 13 mm diameter, 

Captiva Econofilter, Agilent Technologies, Santa Clara, USA). Phenolic acid 

extraction using acid or base hydrolysis was tested as described in the 

following. 

2.4.1 Acid hydrolysis 

An overview of the different approaches of acid hydrolysis is shown in 

Figure 5. It is divided in acid hydrolysis and acid hydrolysis in combination 

with enzymatic hydrolysis. After the hydrolysis steps (described in 2.4.1.1 to 

2.4.1.5), all samples were purified and analyzed as described in 2.4.1.6. The 

extraction methods are based on methods of Yu et al. (2001) with 

modifications.  

 
Figure 5. Approaches of acid hydrolysis with and without enzyme treatment. 
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2.4.1.1 Acid hydrolysis without subsequent enzyme treatment 

Two different approaches of acid hydrolysis without addition of enzymes 

were carried out: one with 1 h and another with 16 h hydrolysis time.  

For the acid hydrolysis, 0.1 g milled grains of emmer (T. dicoccum, 

Västgötarna) were homogenized in 1 mL 0.2 M hydrochloric acid. The 

suspension was incubated for 1 h at 100 °C or 16 h at 60 °C. The acid 

hydrolysis was terminated by cooling on ice for 5 min. Afterwards, the pH 

was adjusted to 5.5 – 6.0 using 2.5 M sodium acetate. The mixture was 

vortexed for 1 min and centrifuged (10 min, 3375 g).  

2.4.1.2 Acid and α-amylase hydrolysis 

Milled emmer (T. dicoccum, Västgötarna; 0.1 g) was homogeneously mixed 

with 1 mL 0.2 M hydrochloric acid and hydrolyzed for 1 h at 100 °C. After 

5 min cooling on ice, the pH was adjusted to 5.5 – 6.0 using 2.5 M sodium 

acetate and α-amylase (50 µL) was added. The mixture was vortexed for 

1 min and incubated for 30 min at 100 °C. Then, the suspension was cooled 

on ice for 5 min to terminate the hydrolysis and centrifuged (10 min, 3375 g). 

2.4.1.3 Acid, α-amylase, and protease hydrolysis 

Milled emmer (T. dicoccum, Västgötarna; 0.1 g) was extracted in 1 mL 

0.2 M hydrochloric acid for 1 h at 100 °C. The acid hydrolysis was 

terminated by cooling on ice for 5 min and the pH was adjusted to 5.5 – 6.0 

using 2.5 M sodium acetate. After addition of α-amylase (50 µL), the 

suspension was vortexed for 1 min, incubated for 30 min at 100 °C, and 

cooled on ice for 5 min. Then, protease (20 µL) was added and the mixture 

was shaken for 30 min at 60 °C. After cooling on ice for 5 min, the 

suspension was centrifuged (10 min, 3375 g). 

2.4.1.4 Acid, α-amylase, and cellulase hydrolysis 

Five different approaches of acid hydrolysis in combination with α-amylase 

and cellulase hydrolysis were carried out: three with variation of the molar 
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concentration of hydrochloric acid used for the acid hydrolysis and two with 

variation of the incubation time of hydrochloric acid or cellulase (Figure 6).  

 
Figure 6. Different approaches for acid hydrolysis plus α-amylase and cellulase hydrolysis. 

For the procedure with variation of the molar concentration of hydrochloric 

acid, milled emmer (T. dicoccum, Västgötarna; 0.1 g) was homogeneously 

mixed with 1 mL 0.2 M, 1 M, or 2 M hydrochloric acid. The suspension was 

incubated for 1 h at 100 °C and cooled on ice for 5 min afterwards. The pH 

was adjusted to 5.5 – 6.0 using 2.5 M sodium acetate and additionally 2 M 

sodium hydroxide (approach with 1 M hydrochloric acid) or 4 M sodium 

hydroxide (approach with 2 M hydrochloric acid). Then, α-amylase (50 µL) 

was added. The mixture was vortexed for 1 min, incubated for 30 min at 

100 °C, and cooled on ice for 5 min. After addition of cellulase (100 µL), the 

suspension was shaken for 2 h at 37 °C followed by 5 min cooling on ice. 

The mixture was centrifuged (10 min, 3375 g).  

For the 16 h acid hydrolysis, milled grains of emmer (T. dicoccum, 

Västgötarna; 0.1 g) were homogenized in 1 mL 0.2 M hydrochloric acid. The 

mixture was hydrolyzed for 16 h at 60 °C followed by 5 min cooling on ice. 

The pH was adjusted to 5.5 – 6.0 using 2.5 M sodium acetate and α-amylase 

(50 µL) was added. After vortexing for 1 min, the suspension was incubated 

for 30 min at 100 °C and cooled on ice for 5 min. Thereafter, cellulase 
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(100 µL) was added and the mixture was shaken for 2 h at 37 °C. The 

suspension was cooled on ice for 5 min and centrifuged (10 min, 3375 g).  

For the approach with 16 h cellulase incubation, milled emmer (T. dicoccum, 

Västgötarna; 0.1 g) was homogeneously mixed with 1 mL 0.2 M 

hydrochloric acid and hydrolyzed for 1 h at 100 °C. The mixture was cooled 

on ice for 5 min and the pH was adjusted to 5.5 – 6.0 using 2.5 M sodium 

acetate. After addition of α-amylase (50 µL), the suspension was vortexed for 

1 min, hydrolyzed for 30 min at 100 °C and cooled on ice for 5 min. 

Cellulase (100 µL) was added and the mixture was shaken for 16 h at 37 °C 

followed by 5 min cooling on ice. Then, the suspension was centrifuged 

(10 min, 3375 g). 

2.4.1.5 Acid, α-amylase, cellulase, and protease hydrolysis 

Milled emmer (T. dicoccum, Västgötarna; 0.1 g) was hydrolyzed with 1 mL 

0.2 M hydrochloric acid for 1 h at 100 °C followed by 5 min cooling on ice. 

The pH was adjusted to 5.5 – 6.0 using 2.5 M sodium acetate and α-amylase 

(50 µL) was added. The mixture was vortexed for 1 min, incubated for 

30 min at 100 °C, and cooled on ice for 5 min afterwards. Cellulase (100 µL) 

was added and the suspension was shaken for 2 h at 37 °C. After 5 min 

cooling on ice, protease (20 µL) was added. The mixture was vortexed and 

incubated for 30 min at 60 °C. It was cooled on ice for 5 min and centrifuged 

(10 min, 3375 g) thereafter.  

2.4.1.6 Purification 

After the hydrolysis steps and subsequent centrifugation described in 2.4.1.1 

to 2.4.1.5, all samples were purified with dichloromethane. For this, 

dichloromethane (2 mL) was added to the supernatant and the mixture was 

vortexed for 1 min to remove hydrophobic compounds. After centrifugation 

(10 min, 3375 g), the supernatant was purified two more times with 2 mL 
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dichloromethane. Afterwards, the purified supernatant was filtered and 

analyzed using HPLC-UV. 

2.4.2 Base hydrolysis 

Base hydrolysis was performed in different approaches shown in Figure 7. 

Extraction conditions were a combination of the methods reported by Ross et 

al. (2009) and Fuentealba et al. (2017) with modifications. Phenolic acids 

were protected using 2% ascorbic acid and 13.3 mM EDTA according to 

Ross et al. (2009). The base hydrolysis was carried out with 3 M NaOH at 

ambient temperature based on the optimized method of Fuentealba et al. 

(2017). The hydrolysis times of both methods were tested: 90 min of 

Fuentealba et al. (2017) and 16 h of Ross et al. (2009). 

 

Figure 7. Approaches of base hydrolysis with and without enzymatic hydrolysis. 

The procedure of the different hydrolysis steps is itemized in the following. 

Afterwards, all samples were purified and analyzed as described in 2.4.2.4. 

2.4.2.1 Base hydrolysis without subsequent enzyme treatment 

Base hydrolysis without addition of enzymes was carried out with a 

hydrolysis time of 90 min or 16 h. 

Milled grains of emmer (T. dicoccum, Västgötarna; 0.2 g) were homogenized 

in 0.8 mL 12.5% aqueous ascorbic acid solution, 0.2 mL 0.33 M aqueous 
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EDTA solution, and 4 mL 3.75 M sodium hydroxide. The mixture was 

shaken at ambient temperature for 90 min or 16 h. The pH value was 

adjusted to 5.5 – 6.0 using 2 M and 4 M solutions of hydrochloric acid. After 

vortexing for 1 min, the suspension was centrifuged (10 min, 3375 g).  

2.4.2.2 Base and enzyme hydrolysis 

Two different approaches of base hydrolysis in combination with α-amylase, 

cellulase, and protease hydrolysis were carried out: one with 90 min and 

another with 16 h hydrolysis time. 

Milled emmer (T. dicoccum, Västgötarna; 0.2 g) was homogeneously mixed 

in 0.8 mL 12.5% ascorbic acid, 0.2 mL 0.33 M EDTA, and 4 mL 3.75 M 

sodium hydroxide. The suspension was shaken at ambient temperature for 

90 min or 16 h. The pH was adjusted to 5.5 – 6.0 using hydrochloric acid 

(2 M and 4 M) and α-amylase (100 µL) was added. Afterwards, the 

suspension was vortexed for 1 min and incubated for 30 min at 100 °C. The 

hydrolysis was terminated by cooling on ice for 5 min. Then, cellulase 

(200 µL) was added and the mixture was shaken for 2 h at 37 °C. After 5 min 

cooling on ice, protease (40 µL) was added. The suspension was vortexed 

and incubated for 30 min at 60 °C. It was cooled on ice for 5 min and 

centrifuged (10 min, 3375 g) thereafter.  

2.4.2.3 Protection by ascorbic acid and EDTA 

The following approach was carried out in order to test whether ascorbic acid 

and EDTA are needed to protect phenolic acids during base hydrolysis. 

Milled grains of emmer (T. dicoccum, Västgötarna; 0.2 g) were homogenized 

in 0.8 mL 12.5% aqueous ascorbic acid solution, 0.2 mL 0.33 M aqueous 

EDTA solution, and 4 mL 3.75 M sodium hydroxide. The procedure for the 

approach without protection was analog except from the addition of ascorbic 

acid and EDTA. Water (1 mL) was added instead. The mixture was shaken 

for 90 min at ambient temperature and the pH was adjusted to 5.5 – 6.0 using 
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hydrochloric acid (2 M and 4 M). After vortexing for 1 min, the suspension 

was centrifuged (10 min, 3375 g). 

2.4.2.4 Purification  

All supernatants were purified with dichloromethane (3 × 4 mL) after the 

hydrolysis steps and subsequent centrifugation as described in 2.4.2.1 to 

2.4.2.3. Afterwards, the purified supernatants were filtered and analyzed 

using HPLC-UV. 

In addition, an approach was carried out to check whether the purification 

step is needed before the HPLC analysis of the sample. For this, a 16 h base 

hydrolysis (see 2.4.2.1) was carried out with and without the purification 

step. Thereafter, the samples were filtered and analyzed by HPLC-UV. 

2.4.2.5 Adjustment of the pH value 

With the following approach, it was tested whether the pH value has to be 

adjusted after the base hydrolysis. 

Milled emmer (T. dicoccum, Västgötarna; 0.2 g) was extracted with 0.8 mL 

12.5% ascorbic acid, 0.2 mL 0.33 M EDTA, and 4 mL 3.75 M sodium 

hydroxide for 90 min at ambient temperature. The suspension was adjusted 

to pH 5.5 – 6.0 using hydrochloric acid (2 M and 4 M) and vortexed for 

1 min. This step was eliminated in the approach without pH adjustment. 

Thereafter, the mixtures were centrifuged (10 min, 3375 g). The supernatant 

was filtered and analyzed by HPLC-UV. 

2.5 Quality control of analytical methods 

The quality control was carried out by using an in-house control sample, by 

performing recovery tests, by determination of the limits of detection and 

quantification, and by checking the stability of chlorogenic acid during base 

hydrolysis. 
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Emmer (T. dicoccum, Västgötarna) was used as an in-house control sample 

to check day-to-day variation of extraction and subsequent quantification 

(n = 4). The milled grains were stored at -20 °C under nitrogen atmosphere 

and included in each extraction batch as triplicate analyses. The within-day 

and between-day coefficients of variation (CVs) were calculated from the 

replicates. 

Recovery tests were performed by addition of vanillic acid, caffeic acid, 

vanillin, syringic acid, p-coumaric acid, ferulic acid, and sinapic acid (in 

triplicate) at two concentrations (50 µg/g of dry matter (DM) and 

100 µg/g DM for all except for ferulic acid (300 µg/g DM and 600 µg/g DM) 

and sinapic acid (100 µg/g DM and 200 µg/g DM)) to the in-house control 

sample (emmer, T. dicoccum, Västgötarna), followed by extraction according 

to the optimized procedure described in 2.6. The recovery was calculated 

with the following equation: recovery = (cfound – csample)/cadded ∙ 100%. The 

measured content in the spiked sample is cfound, the measured content in the 

sample without spiking is csample, and the amount that was added to the 

sample is cadded. 

The limit of detection (LOD) and the limit of quantification (LOQ) were 

estimated by signal to noise approach based on visual evaluation as the 

concentration of phenolic acids producing chromatographic peaks with a 

height at least three times and ten times the height of the noise level, 

respectively. 

In order to check the stability of chlorogenic acid during the base hydrolysis, 

50 µL of chlorogenic acid standard (1000 µg/mL in methanol) were treated 

as a sample according to the procedure described in 2.6 and analyzed by 

HPLC-UV.  
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2.6 Analysis of cereals with optimized method 

The phenolic acid extraction of different cereal samples (listed in 2.2) was 

carried out in triplicate. The optimized extraction method is described in the 

following. 

Milled cereal grains (0.2 g) were homogenized in 0.8 mL 12.5% aqueous 

ascorbic acid solution, 0.2 mL 0.33 M aqueous EDTA solution, and 4 mL 

3.75 M sodium hydroxide. The mixture was shaken for 90 min at ambient 

temperature under nitrogen atmosphere protected from light. After base 

hydrolysis, the suspension was adjusted to pH 5.5 – 6.0 using 2 M and 4 M 

solutions of hydrochloric acid. The mixture was vortexed for 1 min under 

nitrogen atmosphere and subdued light. After centrifugation (10 min, 

3375 g), an aliquot of the supernatant was filtered through a syringe filter and 

stored under nitrogen atmosphere at -20 °C until analysis by HPLC-UV 

using the optimized chromatographic conditions (see 2.3.1 and 2.3.2) within 

one week.  

2.7 Calculations and statistics 

All results are presented as means of duplicate or triplicate analyses. 

Contents of phenolic acids are expressed in µg/g DM. Contents of individual 

compounds were converted to µmol/g DM (using the molar mass) for 

calculation of the sum of quantified individual phenolic acids (in µmol/g 

DM). Due to co-elution of p-coumaric acid plus syringaldehyde, a 1:1 

mixture of both was assumed (see 3.2) and the mean of both molecular 

masses was used to convert the content from µg/g DM to µmol/g DM when 

estimating the sum of phenolic acids. For the cereal samples (see 3.4), it was 

assumed that only p-coumaric acid occurs because only traces of 

syringaldehyde were reported in cereals (Li et al., 2008). The calibration 

curve for the co-eluting compounds p-coumaric acid and syringaldehyde, 

established from a standard mixture, was corrected with factor 0.702 based 
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on the relative response between p-coumaric acid and syringaldehyde to 

calculate the content of p-coumaric acid. 

One-way ANOVA and Tukey's pair-wise comparison, with the level of 

significance set at P < 0.05, were used to analyze differences between 

extraction methods and between cereals (three or more). Unpaired t-test, with 

the level of significance set at P < 0.05, was performed to analyze differences 

between two different extraction methods. Statistical analyses were carried 

out using GraphPad Prism (GraphPad Software Inc., La Jolla, USA). 
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3 Results 

3.1 Optimization of chromatographic conditions 

Figure 8 depicts chromatograms of the phenolic acid standard mixture 

containing 20 µg/mL of each phenolic acid (listed in 2.3.1, Table 6) in 40% 

aqueous methanol except for ellagic acid with 6 µg/mL. In approach a to c 

different formic acid concentrations (0.1%, 0.5%, 1%) of the aqueous solvent 

(A) were tested (gradient listed in Supplementary Table 2 of the appendix). 

In approach d the final method is shown using the optimized gradient (see 

2.3.2) and 1% formic acid in the aqueous solvent. The organic solvent (B) of 

all four approaches was acetonitrile/methanol/water (8:1:1, v/v/v). 

The comparison of approach a, b and c shows that the composition of the 

mobile phase (0.1%, 0.5%, or 1% of formic acid in solvent A) affected the 

separation and peak shape of the phenolic acids. The separation was impaired 

by increasing the formic acid concentration from 0.1% to 1% in solvent A. 

Only two peaks overlapped when 0.1% or 0.5% formic acid was used (a and 

b), whereas five peaks overlapped when 1% formic acid was used (c). 

The symmetry of peaks of phenolic acids improved with increasing formic 

acid concentration in solvent A (0.1% to 0.5% to 1%) to a certain extent in 

the ranges of 0.54 – 0.91 to 0.66 – 0.96 to 0.73 – 0.96, respectively. 

Especially, the peak shape of phenolic acids eluting during 10 – 20 min 

improved (visible through less tailing) with increased formic acid 

concentration due to the high proportion of solvent A containing formic acid 

in the beginning. 

Although the separation was worse using 1% formic acid in solvent A, this 

concentration was chosen for subsequent approaches because of the 

improved peak shape of phenolic acids. However, the gradient was optimized 

to achieve a better separation.  
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Figure 8. Chromatograms of standard mixture of 18 phenolic acids at 260 nm using different concentrations of formic acid in solvent A of the mobile 

phase and different gradient conditions. 

GA = Gallic acid, THB = 2,3,4-trihydroxybenzoic acid, DHB = 3,4-dihydroxybenzaldehyde, pHB = p-hydroxybenzoic acid, GT = gentisic acid,  

VA = vanillic acid, CA = caffeic acid, VN = Vanillin, SYR = syringic acid, CH = chlorogenic acid, BE = Benzoic acid, SRA = syringaldehyde,  

pCO = p-coumaric acid, FA = ferulic acid, SIN = sinapic acid, oCO = o-coumaric acid, EL = ellagic acid, CIN = cinnamic acid 

The concentration of formic acid in solvent A was: 0.1% in approach a, 0.5% in b, 1% in c and d. Solvent B was acetonitrile/methanol/water (8:1:1, v/v/v) 

in all approaches. The optimized gradient (see 2.3.2) was used in approach d only. The gradient used for a, b and c is listed in Supplementary Table 2 of 

the appendix. The chromatographic conditions are described in 2.3.1. The concentrations of individual phenolic acids were 20 µg/mL except for EL with 

6 µg/mL. pHB and FA are not included into a, b and c because they were purchased later. 
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The impact of the solvent gradient on the separation of the phenolic acids can 

be seen by comparison of approach c and d. The number of co-eluting 

compounds could be reduced from five (approach c) to two (p-coumaric acid 

and syringaldehyde, approach d) by optimization of the gradient. Especially, 

the separation of vanillin, syringic acid, and chlorogenic acid was enhanced. 

Acetonitrile was tested instead of acetonitrile/methanol/water (8:1:1, v/v/v) 

as organic solvent. No differences in separation and peak shape using both 

solvents were visible (data not shown). Acetonitril/methanol/water (8:1:1, 

v/v/v) was used for the final method in combination with 1% formic acid in 

water. The following 15 phenolic acids could be quantified with the final 

method (see Figure 8 (d) and Supplementary Figure 1 of the appendix): gallic 

acid, 2,3,4-trihydroxybenzoic acid, 3,4-dihydroxybenzaldehyde, 

p-hydroxybenzoic acid, gentisic acid, vanillic acid, caffeic acid, vanillin, 

syringic acid, chlorogenic acid, benzoic acid, ferulic acid, sinapic acid, 

o-coumaric acid, and cinnamic acid. Quantification of ellagic acid was not 

possible because no accurate calibration curve was generated (see 3.3.1). 

Furthermore, p-coumaric acid and syringaldehyde co-eluted.  

A typical chromatogram of a cereal sample (emmer, T. dicoccum, 

Västgötarna) after extraction using the optimized method is shown in  

Figure 9. Seven phenolic acids, p-hydroxybenzoic acid, vanillic acid, caffeic 

acid, vanillin, syringic acid, ferulic acid, and sinapic acid, could be quantified 

in the cereal sample. The peak at 40 min represents the co-eluting 

compounds p-coumaric acid and syringaldehyde. It was not possible to 

identify whether only one of the compounds or a mixture of both p-coumaric 

acid and syringaldehyde occurs in the cereal sample because their absorption 

spectra are similar (see 2.3.1, Table 6).  
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Figure 9. Chromatograms of the in-house control sample emmer (T. dicoccum, Västgötarna) after extraction using the optimized procedure and of the 

standard mixture of 18 phenolic acids at 325 nm (large panel) and 275 nm (small panel).  

GA = Gallic acid, THB = 2,3,4-trihydroxybenzoic acid, DHB = 3,4-dihydroxybenzaldehyde, pHB = p-hydroxybenzoic acid, GT = gentisic acid,  

VA = vanillic acid, CA = caffeic acid, VN = Vanillin, SYR = syringic acid, CH = chlorogenic acid, SRA = syringaldehyde, pCO = p-coumaric acid,  

FA = ferulic acid, SIN = sinapic acid, oCO = o-coumaric acid 

a) Phenolic acid standard mixture (20 µg/mL of each phenolic acid (listed in 2.3.1, Table 6) except for ellagic acid with 6 µg/mL), b) in-house control 

sample after optimized extraction (procedure described in 2.6). The binary solvent system consisted of (A) 1% formic acid in water and (B) 

acetonitrile/methanol/water (8:1:1, v/v/v). The chromatographic conditions are described in 2.3.1 and the solvent gradient in 2.3.2.  
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3.2 Optimization of extraction procedures 

3.2.1 Acid hydrolysis 

The phenolic acid content of the in-house control sample emmer 

(T. dicoccum, Västgötarna) after different extraction procedures using acid 

hydrolysis with and without enzymes is shown in Table 8. 

Table 8. Phenolic acid content of emmer (T. dicoccum, Västgötarna) using different 

approaches of acid and enzymatic hydrolysis.  

Hydrolysis Content [µg/g DM] Sum 

[µmol/g DM]   DHB pHB VA CA SYR pCO + 
SRAa 

FA SIN 

1 h HCl, 100 °C 10 9 11 11 16 18 52 20 0.8 C 

16 h HCl, 60 °C 7 7 7 8 10 11 35 8 0.5 D 

1 h HCl + α-am. 11 11 12 12 13 15 77 14 0.9 BC 

1 h HCl + α-am. + protease 12 16 13 13 13 16 91 15 1.0 B 

1 h HCl + α-am. + cellulase 12 11 12 19 16 21 409 24 2.8 A 

1 h HCl + α-am. + cellulase 

+ protease 

13 17 13 20 18 21 419 24 2.9 A 

DHB = 3,4-Dihydroxybenzaldehyde, pHB = p-hydroxybenzoic acid, VA = vanillic acid, 

CA = caffeic acid, SYR = syringic acid, pCO = p-coumaric acid, SRA = syringaldehyde, 

FA = ferulic acid, SIN = sinapic acid, sum = sum of quantified individual phenolic acids, 

α-am. = α-amylase 
a Due to co-elution of pCO and SRA, a 1:1 mixture of both was assumed. See section 2.7 for 

calculation of the sum. 

Individual phenolic acids are means of duplicate analyses. The variation between duplicate 

analyses was always below 13%. Different superscripts represent significant differences 

(P < 0.05). Extraction procedures are described in 2.4.1. 

The comparison of extraction methods shows a higher yield of phenolic acids 

after short incubation with hydrochloric acid (0.2 M, 1 h, 100°C) than after 

overnight incubation (16 h, 60°C). Subsequent treatment with α-amylase 

alone did not significantly increase the yield but a treatment with α-amylase 

in combination with cellulase, protease or both resulted in a higher phenolic 
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acid content. The highest phenolic acid yield was achieved with acid 

hydrolysis plus α-amylase and cellulase treatment with and without 

subsequent protease treatment. 

For further method improvement, different extraction conditions with respect 

to acid concentration and incubation time were tested during acid hydrolysis 

with subsequent α-amylase and cellulase incubation, as depicted in Table 9.  

Table 9. Phenolic acid content of emmer (T. dicoccum, Västgötarna) using different 

conditions for acid, α-amylase and cellulase hydrolysis.  

Hydrolysis Content [µg/g DM] Sum 

[µmol/g DM]   DHB pHB VA CA SYR pCO + 
SRAa 

FA SIN 

1 h 0.2 M HCl 

+ α-am. + 2 h c. 

12 11 12 19 16 21 409 24 2.8 A 

1 h 1 M HCl 

+ α-am. + 2 h c. 

13 14 16 16 18 15 151 29 1.5 C 

1 h 2 M HCl 

+ α-am. + 2 h c. 

12 17 18 13 21 9 39 17 0.8 D 

1 h 0.2 M HCl 

+ α-am. + 16 h c. 

12 12 13 20 16 20 415 26 2.8 A 

16 h 0.2 M HCl 

+ α-am. + 2 h c. 

11 10 12 16 16 15 375 22 2.5 B 

DHB = 3,4-Dihydroxybenzaldehyde, pHB = p-hydroxybenzoic acid, VA = vanillic acid, 

CA = caffeic acid, SYR = syringic acid, pCO = p-coumaric acid, SRA = syringaldehyde, 

FA = ferulic acid, SIN = sinapic acid, sum = sum of quantified individual phenolic acids, 

α-am. = α-amylase, c. = cellulase 
a Due to co-elution of pCO and SRA, a 1:1 mixture of both was assumed. See section 2.7 for 

calculation of the sum. 

Individual phenolic acids are means of duplicate analyses. The variation between duplicate 

analyses was always below 3%. Different superscripts represent significant differences 

(P < 0.05). Extraction procedures are described in 2.4.1.4. 

The treatments that provided the highest yield of phenolic acids are the short 

incubation with hydrochloric acid (0.2 M, 1 h, 100°C) in combination with 
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α-amylase hydrolysis and short (2 h) or overnight (16 h) incubation with 

cellulase. 

3.2.2 Base hydrolysis 

Table 10 presents the content of phenolic acids in emmer (T. dicoccum, 

Västgötarna) after different methods of base hydrolysis with and without 

enzymes. The content of phenolic acids is not significantly different 

comparing all treatments.  

Table 10. Phenolic acid content of emmer (T. dicoccum, Västgötarna) using different 

conditions of base and enzymatic hydrolysis. 

Hydrolysis Content [µg/g DM] Sum 

[µmol/g DM]   pHB VA CA SYR pCO + 
SRAa 

FA SIN 

90 min NaOH 31 36 47 39 36 744 90 5.3 A 

16 h NaOH 29 35 48 39 35 691 95 5.1 A  

90 min NaOH + α-amylase 

+ cellulase + protease 

26 40 44 38 33 580 85 4.4 A  

16 h NaOH + α-amylase + 

cellulase + protease 

29 36 46 39 35 562 83 4.3 A  

pHB = p-Hydroxybenzoic acid, VA = vanillic acid, CA = caffeic acid, SYR = syringic acid, 

pCO = p-coumaric acid, SRA = syringaldehyde, FA = ferulic acid, SIN = sinapic acid, 

sum = sum of quantified individual phenolic acids  
a Due to co-elution of pCO and SRA, a 1:1 mixture of both was assumed. See section 2.7 for 

calculation of the sum. 

Individual phenolic acids are means of duplicate analyses. The variation between duplicate 

analyses was always below 11%. Different superscripts represent significant differences 

(P < 0.05). Extraction procedures are described in 2.4.2.1 and 2.4.2.2. 

A trend to highest yield of phenolic acids (not significant) was observed 

using 90-minute base hydrolysis (3 M sodium hydroxide, at room 

temperature). Increase of hydrolysis time or subsequent treatment with 

α-amylase, cellulase, and protease did not further increase the yield of 

phenolic acids.  
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3.2.2.1 Protection by ascorbic acid and EDTA 

The phenolic acid content of emmer (T. dicoccum, Västgötarna) after base 

hydrolysis (3 M NaOH, 90 min) with and without protection using ascorbic 

acid and EDTA is shown in Table 11. 

Table 11. Phenolic acid content of emmer (T. dicoccum, Västgötarna) after base hydrolysis 

with and without protection using ascorbic acid and EDTA. 

Hydrolysis Content [µg/g dry matter] Sum 

[µmol/g DM]   pHB VA CA SYR pCO + 
SRAa 

FA SIN 

With protection 31 36 47 39 36 744 90 5.3 

Without protection 30 36 - 38 36 723 87 4.9 

pHB = p-Hydroxybenzoic acid, VA = vanillic acid, CA = caffeic acid, SYR = syringic acid, 

pCO = p-coumaric acid, SRA = syringaldehyde, FA = ferulic acid, SIN = sinapic acid, 

sum = sum of quantified individual phenolic acids 
a Due to co-elution of pCO and SRA, a 1:1 mixture of both was assumed. See section 2.7 for 

calculation of the sum. 

Individual phenolic acids are means of duplicate analyses. The variation between duplicate 

analyses was always below 5%. No significant difference was found for the sum of phenolic 

acids after the two different treatments (P = 0.13). Extraction procedures are described in 

2.4.2.3. 

Whereas retention of phenolic acids, expressed as sum, was not significantly 

(P = 0.13) improved by ascorbic acid and EDTA, caffeic acid was only 

measureable after hydrolysis with protection.  

3.2.2.2 Purification  

Table 12 depicts the content of phenolic acids in emmer (T. dicoccum, 

Västgötarna) after base hydrolysis (3 M NaOH, 16 h) with and without a 

subsequent purification step with dichloromethane. 
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Table 12. Phenolic acid content of emmer (T. dicoccum, Västgötarna) after base hydrolysis 

with and without purification using dichloromethane. 

 Hydrolysis Content [µg/g dry matter] Sum 

[µmol/g DM]   pHB VA CA VN SYR pCO + 
SRAa 

FA SIN 

With purification 29 35 48 - 39 35 691 95 5.1  

Without purification 29 36 50 32 39 38 798 102 5.9 

pHB = p-Hydroxybenzoic acid, VA = vanillic acid, CA = caffeic acid, VN = vanillin, 

SYR = syringic acid, pCO = p-coumaric acid, SRA = syringaldehyde, FA = ferulic acid, 

SIN = sinapic acid, sum = sum of quantified individual phenolic acids  
a Due to co-elution of pCO and SRA, a 1:1 mixture of both was assumed. See section 2.7 for 

calculation of the sum. 

Individual phenolic acids are means of duplicate analyses. The variation between duplicate 

analyses was always below 11%. No significant difference was found for the sum of 

phenolic acids after the two different treatments (P = 0.19). Extraction procedures are 

described in 2.4.2.4.  

Purification did not significantly affect the yield of phenolic acids (P = 0.19). 

However, vanillin was only found in measureable amounts when the 

purification step was omitted. The purification step did not remove any 

matrix peaks (data not shown). 

3.2.2.3 Adjustment of the pH value 

Effects of pH adjustment after base hydrolysis (3 M NaOH, 90 min) on the 

phenolic acid content of emmer (T. dicoccum, Västgötarna) are presented in 

Table 13.  

A higher content of phenolic acids was achieved in the approach with pH 

adjustment. Besides, syringic acid could be quantified. 
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Table 13. Phenolic acid content of emmer (T. dicoccum, Västgötarna) after base hydrolysis 

with and without pH adjustment. 

Hydrolysis Content [µg/g dry matter] Sum 

[µmol/g DM]   pHB VA CA VN SYR pCO + 
SRAa 

FA SIN 

With pH adjustment 27 34 42 31 38 30 573 86 4.5 A 

Without pH adjustment 14 16 19 17 - 17 577 66 3.8 B 

pHB = p-Hydroxybenzoic acid, VA = vanillic acid, CA = caffeic acid, VN = vanillin, 

SYR = syringic acid, pCO = p-coumaric acid, SRA = syringaldehyde, FA = ferulic acid, 

SIN = sinapic acid, sum = sum of quantified individual phenolic acids  
a Due to co-elution of pCO and SRA, a 1:1 mixture of both was assumed. See section 2.7 for 

calculation of the sum. 

Individual phenolic acids are means of duplicate analyses. The variation between duplicate 

analyses was always below 4%. Different superscripts represent significant differences 

(P < 0.05). Extraction procedures are described in 2.4.2.5. 

3.3 Quality control of analytical methods 

3.3.1 Linearity, limit of detection and limit of quantification 

The calibration curves of all phenolic acids except for ellagic acid were 

linear from 0.5 to 100 µg/mL with coefficients of determination from 

R2 = 0.9992 to R2 = 0.9999. The LOD for all compounds except for ellagic 

acid were established between 0.4 and 11.4 µg/g and the LOQ between 

1.3 and 38.0 µg/g (see Supplementary Table 3 of the appendix). It was not 

possible to generate an accurate calibration curve for ellagic acid in 

combination with the 17 other phenolic acid standards because of poor 

stability.  

3.3.2 Repeatability  

The between-day CV (n = 12) for the in-house control sample was 1% for 

p-hydroxybenzoic acid, 2% for vanillic acid, 4% for caffeic acid, 3% for 

vanillin, 1% for syringic acid, 5% for p-coumaric acid, 10% for ferulic acid, 

8% for sinapic acid, and 8% for the sum of quantified individual phenolic 
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acids. The within day variation of triplicates was lower than 10% for all 

phenolic acids that were found in the in-house control sample.  

3.3.3 Recovery 

The mean relative recovery of vanillic acid, caffeic acid, vanillin, syringic 

acid, p-coumaric acid, ferulic acid, and sinapic acid (duplicates at two 

concentrations) in emmer (T. dicoccum, Västgötarna) ranged between 88% 

(caffeic acid) and 108% (sinapic acid). Table 14 depicts the recoveries of 

these individual phenolic acids found in emmer. 

Table 14. Recovery of the method for phenolic acid quantification in emmer (T. dicoccum, 

Västgötarna). 

Phenolic acid 

 

csample 

[µg/g DM] 

cadded 

[µg/g DM] 

cfound 

[µg/g DM] 

Recovery 

(%) 

Mean recovery 

(%) 

Vanillic acid 32 ± 0.1 50 78 ± 0.8 91 93 

  100 126 ± 0.8 94  

Caffeic acid 39 ± 0.6 50 83 ± 1.6 88 88 

  100 127 ± 1.7 88  

Vanillin 32 ± 0.1 50 80 ± 0.3 96 98 

  100 132 ± 1.6 100  

Syringic acid 37 ± 0.1 50 88 ± 0.8 102 104 

  100 142 ± 1.1 105  

p-Coumaric acid 36 ± 1.0 50 81 ± 1.6 90 90a 

  100 126 ± 2.5 90  

Ferulic acid 518 ± 25.9 300 802 ± 14.3 94 92 

  600 1053 ± 15.8 89  

Sinapic acid 76 ± 2.2 100 185 ± 3.9 109 108 

    200 292 ± 5.1 108   

cfound = mean content in the spiked sample, csample = mean content in the sample without 

spiking, cadded = content added to the sample. 
a recovery was calculated only for p-coumaric acid (not for syringaldehyde). The calibration 

curve for the co-eluting compounds p-coumaric acid and syringaldehyde was corrected with 

factor 0.702 based on the relative response between p-coumaric acid and syringaldehyde. 

Values are means of triplicate analyses (± standard deviation).  
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3.3.4 Stability of chlorogenic acid during base hydrolysis 

Base hydrolysis (3 M NaOH, 90 min) of a known amount of the standard of 

chlorogenic acid was carried out to test the stability. It was completely 

converted to caffeic acid (100% of the expected value). Figure 10 shows the 

chromatograms of the standard solution of chlorogenic acid before and after 

base hydrolysis. 

 

Figure 10. Chromatogram of chlorogenic acid standard at 325 nm before (b) and after (a) 

base hydrolysis using the optimized extraction procedure. 

CA = caffeic acid, CH = chlorogenic acid 

Before base hydrolysis (b), the concentration of chlorogenic acid was 4.44 µg/mL 

(12.5 nmol/mL). After base hydrolysis (a), caffeic acid was found in a concentration of 

2.26 µg/mL (12.5 nmol/mL). The chromatographic conditions are described in 2.3.1 and 

2.3.2. The extraction procedure is described in 2.6. 

3.4 Analysis of cereals with optimized method 

The content of the quantified individual phenolic acids varied depending on 

cereal genus, species and cultivar (Table 15). The content ranged from 

6 µmol/g DM (corresponding to around 1100 µg/g DM) in both rye cultivars 
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to 3 µmol/g DM in oat and one barley cultivar (corresponding to around 

600 µg/g DM).  

Ferulic acid was the predominant phenolic acid in all cereal samples ranging 

from 280 µg/g DM in naked oat to 770 µg/g DM in Wheat Dala lantvete. 

Ferulic acid represented 56 – 72% of all phenolic acids in rye, wheat, and 

barley, whereas it constituted only 48% in oat (based on content in 

µmol/g DM). Following phenolic acids were found in each cereal sample: 

p-hydroxybenzoic acid, vanillic acid, caffeic acid, vanillin, syringic acid, 

ferulic acid, sinapic acid, and p-coumaric acid (or the co-eluting 

syringaldehyde, see section 4.1 and 4.2). In addition to these phenolic acids, 

both rye cultivars contained 3,4-dihydroxybenzaldehyde.  
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Table 15. Phenolic acid content in cereal samples.  

Cereal cultivar (origin) Content [µg/g DM] Sum 

[µmol/g DM]  DHB pHB VA CA VN SYR pCOa FA SIN Sum 

Schmidt rye (Västgötarna) 29 ± 0.4 26 ± 0.1 28 ± 0.4 49 ± 0.5 35 ± 1.0 33 ± 0.6 48 ± 1.2 762 ± 34.0 104 ± 2.0 1113 5.9 ± 0.18 A 

Rye (Saltå mill) 28 ± 0.3 26 ± 0.4 27 ± 0.2 45 ± 1.2 37 ± 1.5 33 ± 0.4 52 ± 1.2 696 ± 30.3 120 ± 4.6 1063 5.6 ± 0.20 AB 

Spelt (Warbro mill) nd 27 ± 0.2 31 ± 0.4 38 ± 0.6 30 ± 0.6 37 ± 0.1 30 ± 0.3 592 ± 17.7 61 ± 1.2 845 4.5 ± 0.10 EF 

Spelt (Saltå mill) nd 26 ± 0.2 31 ± 0.3 41 ± 1.1 30 ± 0.1 38 ± 0.4 31 ± 0.6 703 ± 43.2 69 ± 2.6 968 5.1 ± 0.24 BCDE 

Öland spring wheat nd 27 ± 0.1 31 ± 0.1 38 ± 0.2 31 ± 0.1 36 ± 0.1 41 ± 0.3 590 ± 9.0 72 ± 1.3 867 4.6 ± 0.05 DEF 

Wheat (Saltå mill) nd 26 ± 0.1 29 ± 0.4 36 ± 0.4 29 ± 0.2 36 ± 0.2 35 ± 0.5 639 ± 19.8 69 ± 1.5 900 4.8 ± 0.11 CDEF 

Jacoby Borst lantvete (Nibble farm) nd 29 ± 0.1 36 ± 0.1 40 ± 0.8 31 ± 0.1 41 ± 0.4 47 ± 1.9 695 ± 53.2 80 ± 3.0 999 5.3 ± 0.31 ABCD 

Wheat Dala lantvete (Västgötarna) nd 27 ± 0.1 32 ± 0.1 38 ± 0.1 32 ± 0.6 38 ± 0.2 33 ± 0.1 770 ± 17.3 72 ± 0.5 1042 5.5 ± 0.08 ABC 

Emmer (Västgötarna) nd 27 ± 0.3 33 ± 0.7 41 ± 1.5 32 ± 0.8 37 ± 0.4 37 ± 2.0 591 ± 59.8 82 ± 6.6 878 4.4 ± 0.35 F 

Emmer (Warbro mill)  nd 27 ± 0.1 33 ± 0.2 40 ± 0.1 30 ± 0.1 37 ± 0.4 39 ± 0.6 596 ± 6.4 90 ± 0.6 893 4.7 ± 0.03 DEF 

Naked barley (Warbro mill)  nd 25 ± 0.1 34 ± 0.1 64 ± 0.5 31 ± 0.3 35 ± 0.3 29 ± 0.1 682 ± 8.1 42 ± 0.4 943 5.0 ± 0.04 BCDEF 

Barley (Saltå mill)  nd 24 ± 0.1 30 ± 0.1 41 ± 0.5 29 ± 0.2 33 ± 0.2 45 ± 1.0 340 ± 9.4 36 ± 0.2 579 3.1 ± 0.05 G 

Naked oat (Warbro mill)  nd 29 ± 0.5 32 ± 0.7 57 ± 3.9 30 ± 0.3 49 ± 2.4 30 ± 0.6 283 ± 30.5 61 ± 4.6 571 3.1 ± 0.22 G 

Oat (Saltå mill)  nd 30 ± 0.1 32 ± 0.3 54 ± 0.8 32 ± 0.6 49 ± 0.4 27 ± 0.2 293 ± 9.6 73 ± 0.8 590 3.2 ± 0.06 G 

DHB = 3,4-Dihydroxybenzaldehyde, pHB = p-hydroxybenzoic acid, VA = vanillic acid, CA = caffeic acid, VN = vanillin, SYR = syringic acid, 

pCOa = p-coumaric acid (a may also contain syringaldehyde, see section 4.1 and 4.2), FA = ferulic acid, SIN = sinapic acid, sum = sum of quantified 

individual phenolic acids (2.7), nd = not detected. Individual phenolic acids are expressed as mean ± standard deviation (n = 3 for all cereal samples 

except for emmer (Västgötarna) with n = 12). Different superscripts represent significant differences (P < 0.05). Extraction procedure is described in 2.6. 
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4 Discussion 

4.1 Methodological aspects 

In several previous studies, phenolic acids were extracted from cereal grains 

with aqueous solutions of methanol, ethanol, and acetone to report the total 

phenolic content (Bryngelsson et al., 2002; Dietrych-Szostak et al., 1999; 

Miller et al., 2000; Velioglu et al., 1λλ8; Zieliński et al., 2000). Maximum 

extraction was assumed to be achieved simply by long incubation times 

and/or use of finely milled samples. In this way, bound phenolic acids were 

not determined and the phenolic content in cereal grains was underestimated 

(Adom et al., 2002). However, Sosulski et al. (1982) reported already that 

additional hydrolysis is necessary to extract conjugated and matrix-bound 

phenolic acids from cereal grains. That is why hydrolysis steps were included 

when optimizing the extraction procedures of this study.  

The content of free, conjugated, and matrix-bound phenolic acids can be 

determined separately (see 1.5.2, Figure 4). However, the present study 

quantified the content of phenolic acids without differentiation between the 

three different forms because matrix-bound phenolic acids represent with 

66 – 84% the major proportion of phenolic acids in cereals (Sosulski et al., 

1982). Taking cost-benefit-considerations into account, it might not be 

worthwhile to determine the different forms of phenolic acids separately due 

to the low proportion of free and conjugated forms in cereals.  

In order to determine the content of the three forms of phenolic acids 

separately, an initial extraction step with aqueous organic solvents (see 

section 1.5.2) aims to separate free and conjugated phenolic acids from 

matrix-bound ones (Krygier et al., 1982; Li et al., 2008). Intending to 

determine the content of phenolic acids without differentiation between free, 

conjugated, and matrix-bound forms, the flour can be directly hydrolyzed 
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without the initial extraction step with aqueous organic solvents (Yu et al., 

2001). Because of this, the initial extraction step was not carried out in the 

present study, which simplified the sample preparation procedures. However, 

this step can be easily added to the present method if the aim is to quantify 

free, conjugated, and matrix-bound phenolic acids separately. This could be 

the case if human studies reveal differences in the bioavailability and 

bioactivity of the three forms of phenolic acids. 

Different methods for extraction of phenolic acids from cereals are reported 

(see 1.5.2). Whereas some researchers just applied one method for extraction, 

different extraction conditions were compared in this study with the aim to 

optimize the method for maximum yield of phenolic acids. Only few studies 

are reported in which different procedures for extraction of phenolic acids 

particularly from cereals were tested and improved (Irakli et al., 2012; Kim 

et al., 2006; Yu et al., 2001). This study was, to the best knowledge of the 

author, the first one that systematically compared both acid and base 

hydrolysis with and without subsequent treatment with enzymes for 

extraction of phenolic acids from cereals. After optimization, following 

improvements were achieved: a higher total yield of phenolic acids, an 

increased number of quantified individual phenolic acids, and a simplified 

method. 

A higher yield of phenolic acids was obtained by base hydrolysis compared 

to acid hydrolysis. The yield achieved with the optimized base hydrolysis 

(90 min NaOH) was approximately twice as high as that with the best acid 

hydrolysis (1 h HCl plus α-amylase plus cellulase plus protease hydrolysis). 

This is due, on the one hand, to increased extractability of phenolic acids 

with base compared to acid (Kim et al., 2006) and, on the other hand, to 

higher stability during base hydrolysis (Krygier et al., 1982). Strong 

degradation (losses of 73 and 78%) of p‑coumaric acid and ferulic acid was 

reported during acid hydrolysis but not during base hydrolysis (losses of 
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3 and 5%) (Krygier et al., 1982). For further method improvement, it was 

tested whether pH adjustment is needed after base hydrolysis. The yield of 

phenolic acids was significantly higher in the approach with pH adjustment 

compared to that without. Moreover, syringic acid could be quantified. It is 

hypothesized that matrix-bound phenolic acids that were not hydrolyzed by 

sodium hydroxide could be liberated by hydrochloric acid.  

Quantification of an increased number of phenolic acids could be achieved 

by addition of ascorbic acid and EDTA before base hydrolysis. A protective 

effect on caffeic acid was apparent because this phenolic acid could only be 

detected when ascorbic acid and EDTA were present during the base 

hydrolysis. These findings are in agreement with those of Nardini et al. 

(2002), who reported that caffeic acid is subject to significant oxidative 

degradation during base hydrolysis and that ascorbic acid, a strong 

antioxidant, and EDTA, a metal chelator, prevent caffeic acid from 

degradation. Furthermore, the number of phenolic acids could be enlarged by 

omission of the purification step. The purpose of purification was to remove 

hydrophobic compounds, e. g. lipids, from the extract that could cause 

undesirable matrix peaks in the chromatogram. However, the number and 

size of matrix peaks were not reduced by the purification, whereas vanillin 

was unintentionally removed. 

On basis of the results obtained, the method was simplified. Firstly, a 

hydrolysis time of 90 min was chosen instead of 16 h because both yield the 

same content of phenolic acids. Secondly, subsequent enzymatic treatment 

was excluded from the extraction procedure because it did not increase the 

yield of phenolic acids either. Thirdly, the purification step was eliminated. 

By this means, costs, analysis time, and material expenditure were reduced.  

The optimized method for extraction of phenolic acids from cereal matrix 

was used for the analysis of different cereal genera and cultivars (see 2.6 for 

final procedure). Before this analysis, a further approach was carried out to 
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test the stability of chlorogenic acid during base hydrolysis. Chlorogenic acid 

was completely converted to caffeic acid. Nardini et al. (2002), who carried 

out a 30 min base hydrolysis with 2 M sodium hydroxide containing ascorbic 

acid and EDTA at 30 °C, also reported a complete conversion of chlorogenic 

acid to caffeic acid. Therefore, it has to be considered that chlorogenic acid 

could only be quantified as caffeic acid after base hydrolysis. This finding 

can be expected because chlorogenic acid represents caffeic acid in 

conjugated form and all forms of phenolic acids (free, conjugated, and 

matrix-bound) were quantified together with the performed extraction. 

Accuracy of the method was estimated by recovery tests using the in-house 

control sample. The mean recovery of the seven tested phenolic acids ranged 

from 88 to 108% and is therefore within the acceptable range of 80 – 110% 

according to the Codex Alimentarius of the Food and Agriculture 

Organization of the United Nations (FAO, 2018). Precision of the developed 

method was shown by repeatability tests. The method proved to have an 

acceptable precision with between-day and within-day CVs for the in-house 

control sample of maximum 10% (FAO, 2018). 

Whereas some researchers reported recoveries, linearity, LOD, and LOQ of 

the applied method for determination of phenolic acids in cereals (Irakli et 

al., 2012; Nicoletti et al., 2013), several reported this information 

incompletely (Kim et al., 2006; Yu et al., 2001) or not at all (Gawlik-Dziki et 

al., 2012; Li et al., 2008). In-house samples to control within-day and 

between-day variations were not reported for analysis of phenolic acids in 

cereals. It is recommended to perform quality control to validate applied 

methods and report the corresponding data (FAO, 2018).  

Fifteen different phenolic acids could be quantified with the optimized 

HPLC-UV method of the present study. These are more phenolic acids than 

in most published methods (1.5.1, Table 4). As examples, Nicoletti et al. 

(2013) and Yu et al. (2001) used only six and seven individual standards for 
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quantification of phenolic acids in cereals. The benefit of being able to 

quantify a high number of phenolic acids is that this reduces the possibility 

of overlooking occurring phenolic acids. Besides, it opens the opportunity of 

applying the method for analysis of other matrices with a different 

composition of phenolic acids.  

Usually, two wavelengths are reported for quantification of phenolic acids 

(Chen et al., 2001; Gawlik-Dziki et al., 2012; Kim et al., 2006; Luthria et al., 

2006; Ross et al., 2009; Soong et al., 2006), sometimes only one (Khang et 

al., 2016; Li et al., 2008; Yu et al., 2001). Five different wavelengths for 

quantification were used in this study to ensure that all phenolic acids were 

quantified at wavelengths as close as possible to the corresponding 

absorbance maxima (see 2.3.1). The spectral data was also used to confirm 

the reliability of identification by comparing the peak ratio at different 

wavelengths of sample peaks with those obtained for the phenolic acid 

standards. 

It seems to be common practice to calculate the sum of quantified individual 

phenolic acids and to express it on mass basis as µg/g or µg/g DM (Gawlik-

Dziki et al., 2012; Irakli et al., 2012; Li et al., 2008; Mattila et al., 2005; 

Nicoletti et al., 2013; Zeng et al., 2016). Usually, it is not described how the 

sum on mass basis, accounting for variable molecular mass, was calculated. 

Therefore, it is suggested to express the sum on basis of the amount of 

substance as µmol/g or µmol/g DM to take the different molecular masses of 

the phenolic acids into account. In this study, the sum of phenolic acids is 

expressed in both units µmol/g DM and µg/g DM; the latter to allow 

comparisons to other studies.  

The term ‘total phenolic acid content’ is used in many publications (Gawlik-

Dziki et al., 2012; Irakli et al., 2012; Li et al., 2008; Mattila et al., 2005; 

Nicoletti et al., 2013; Zeng et al., 2016). This term can easily be confused 

with the term ‘total phenolic content’ that is used for the Folin-Ciocalteu 
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method determining not only phenolic acids but also other reducing 

compounds and that is expressed as gallic acid equivalents per g food 

(Singleton et al., 1999; Singleton et al., 1965) (see section 1.5.1). In this 

study, the term ‘total phenolic acids’ is avoided in favor of ‘sum of 

(quantified individual) phenolic acids’. The term ‘total phenolic acids’ seems 

inaccurate because it would require analysis of all naturally appearing 

phenolic acids (for which in the present study no standards were available) to 

be sure that no phenolic acid is overlooked. 

The compound 3,4-dihydroxybenzaldehyde could only be released from the 

cereal in-house control sample by acid hydrolysis. Future investigations 

should test whether subsequent acid hydrolysis after base hydrolysis further 

increases the yield of phenolic acids from cereals. Mattila et al. (2002) 

reported that subsequent acid hydrolysis is unnecessary for some matrices, 

for example potatoes, because the content of phenolic acids increased only 

slightly. Kim et al. (2006) reported a higher yield of phenolic acids  

(3 – 12%), especially of syringic acid and vanillic acid, with subsequent acid 

hydrolysis after base hydrolysis for wheat bran. 

The recovery tests were performed only for seven of the nine phenolic acids 

that were found in the analyzed cereal samples. In order to continue this 

study, recovery tests for the two phenolic acids that were not present in the 

performed recovery test (p-hydroxybenzoic acid and 3,4-dihydroxy-

benzaldehyde) as well as for all remaining phenolic acids that were not found 

in the cereal samples could be carried out. The latter would investigate the 

stability of these phenolic acids during extraction.  

The co-elution of p-coumaric acid and syringaldehyde represents a limitation 

of the method. It could not be tested whether only one compound or a 

mixture of both occurs in the cereal samples because no access to LC-MS 

was provided. LC-MS could be used in further investigations as a possibility 
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to unambiguously identify and quantify the two phenolic acids. Another 

alternative could be GC after derivatization of the phenolic acids.  

Another limitation of this study is that no calibration curve of ellagic acid 

could be obtained because of strong degradation due to light and air 

sensitivity (1.1, Table 1). It is hypothesized that an accurate calibration could 

be possible if the calibration standards of ellagic acid are individually 

prepared and not in a mixture with the 17 other standards of phenolic acids 

because this would reduce the time of preparation and therefore the exposure 

to air and light. This approach was not carried out because ellagic acid could 

not be detected in the cereal samples and its occurrence in cereals is not 

reported in the literature either. 

4.2 Phenolic acids in cereals 

Table 16 shows the quantified phenolic acid content of the Swedish cereal 

samples of this study compared to literature data. The phenolic acid content 

of the Swedish wheat samples is well in line with data from 175 different 

wheat samples reported by Li et al. (2008). Only the quantified content of 

phenolic acids in the Swedish spelt is above reported ranges from Li et al. 

(2008) for this cereal genus. Nevertheless, it is in accordance to the reported 

data of Gawlik-Dziki et al. (2012). The content of phenolic acids in the 

analyzed barley samples is also well in line with reported data for this cereal 

genus (Irakli et al., 2012; Mattila et al., 2005). However, there is a high 

variation between the reported content of phenolic acids in rye and oat by 

others (see Table 16). Different extraction procedures were employed in 

previous studies compared with the present study. This impedes the 

comparability of data because the extraction procedure has a significant 

effect on the amount of released and therefore quantifiable phenolic acids 

from cereals as shown in this study (4.1). In addition, the content of phenolic 

acids in cereals is generally variable depending on the variety, growing 

conditions, and growth site (Fernandez-Orozco et al., 2010; Li et al., 2008).  
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Table 16. Comparison of the phenolic acid content in the analyzed cereals of the present study with literature data. 

Cereal genus Species Cultivar (origin) Phenolic acid content Reference 

Present study Literature data 

Rye Secale S. cereale Schmidt rye (Västgötarna)  969a 

360a, 1364a Irakli et al., 2012; Mattila et al., 2005 
  S. cereale Rye (Saltå mill) 978a 

Wheat Triticum  T. spelta  Spelt (Warbro mill) 845b 

382 – 726b, 422 – 1257b 
Li et al., 2008; Gawlik-Dziki et al., 

2012  T. spelta  Spelt (Saltå mill) 968b 

 T. aestivum Öland spring wheat (Isgärde farm) 867b 

326 – 1171b Li et al., 2008 
 T. aestivum Wheat (Saltå mill) 900b 

 T. aestivum Jacoby Borst lantvete (Nibble farm) 999b 

 T. aestivum Wheat Dala lantvete (Västgötarna) 1042b 

 T. dicoccum Emmer (Västgötarna) 878b 

508 – 1161b Li et al., 2008 
 T. dicoccum Emmer (Warbro mill) 893b 

Barley Hordeum 

  

H. vulgare nudum Naked barley (Warbro mill) 811a - - 

H. vulgare Barley (Saltå mill) 521a 450a, 497a Mattila et al., 2005; Irakli et al., 2012 

Oat Avena A. sativa nuda Naked oat (Warbro mill) 520a 273a Zeng et al., 2016  

  A. sativa  Oat (Saltå mill) 549a 472a, 1832a Mattila et al., 2005; Irakli et al., 2012 

a Phenolic acid content expressed as µg/g of fresh weight.  
b Phenolic acid content expressed as µg/g of dry matter. 
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The comparison of phenolic acid content in samples of this study showed 

significant differences between different cereal genera (P < 0.0001). The 

content of phenolic acids varied almost 2-fold between the lowest (in oat and 

one barley cultivar) and the highest content (in rye). High variation between 

different cereal genera is also reported in the literature (Irakli et al., 2012; 

Mattila et al., 2005). In the present study, significant differences were also 

found between cultivars within wheat (P < 0.0001). This is in accordance 

with findings of previous investigations (Gawlik-Dziki et al., 2012; Li et al., 

2008). 

Ferulic acid was the most abundant phenolic acid in all analyzed cereal 

samples of this study. The quantified content of ferulic acid ranging from 

280 µg/g DM (in naked oat) to 770 µg/g DM (in Wheat Dala lantvete) is in 

agreement with previously reported data (Gawlik-Dziki et al., 2012; Hernanz 

et al., 2001; Li et al., 2008). Sinapic acid occurred in contents ranging from 

40 µg/g DM (in barley) to 120 µg/g DM (in one rye cultivar), which is also 

in accordance with the data reported by others (Irakli et al., 2012; Li et al., 

2008; Mattila et al., 2005). The other phenolic acids that were found in the 

cereals of this study were quantitatively far less important with contents 

lower than 65 µg/g DM. Commonly reported phenolic acids in addition to 

sinapic acid and ferulic acid are syringic acid, vanillic acid, p-coumaric acid, 

and p-hydroxybenzoic acid (Nicoletti et al., 2013; Sosulski et al., 1982). The 

reported content of these phenolic acids are of the same magnitude as in the 

studied Swedish cereals (Li et al., 2008; Mattila et al., 2005). 

Syringaldehyde is normally not used as a standard compound during analysis 

of phenolic acids in cereals. Therefore, data about its occurrence in cereals is 

limited. Li et al. (2008) reported traces (0.1 – 0.9 µg/g DM) of 

syringaldehyde in four of six wheat species (T. spelta, T. aestivum, 

T. monococcum, T. dicoccum). However, p-coumaric acid is a common 

standard for analysis of cereals and the reported content is far higher  
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(8 – 65 µg/g DM) than that of syringaldehyde (Andreasen et al., 2000b; 

Gawlik-Dziki et al., 2012; Li et al., 2008). That is why it was assumed that 

only p-coumaric acid occurs in the cereal samples of this study and why the 

corresponding peak (at t = 40 min) was tentatively quantified as p-coumaric 

acid only (2.7, 3.4).  

The presented data about the analyzed cereals in the present study is limited 

due to the small number of cultivars that was investigated and derived from 

harvest in only two years. The content of phenolic acids quantified in rye, 

oat, and barley should be considered as indicative because only two cultivars 

each were analyzed. In order to determine possible variation due to harvest 

year, species and cultivar, further studies with more cereal species and 

cultivars harvested in different seasons are necessary. 

 



                                   

56 
 

5 Conclusion 

The developed HPLC-UV method allows the extraction and quantification of 

phenolic acids in cereal grains. The optimized extraction procedure, using 

base hydrolysis with addition of ascorbic acid and EDTA, offers advantages 

in simplicity and rapidity. The method was successfully applied and is 

recommended for routine analysis of phenolic acids in cereals because it 

provides satisfactory precision and recoveries. The obtained data confirmed 

that cereals are a good source of phenolic acids, especially ferulic acid, but 

that contents vary significantly between different cereal genera and cultivars. 

This suggests that genotypes and cultivars with high phenolic acid content 

could be selected for use in plant breeding and for cultivation when aiming to 

increase the phenolic acid content in cereals. However, future research, 

especially concerning bioavailability and metabolism of phenolic acids, is 

needed to provide information in which extent phenolic acids are absorbed 

from cereals and whether they are present in a bioactive form to beneficially 

affect the health. 
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Appendix 

Supplementary Table 1. Common and IUPAC names of all phenolic acids used in the 

study. 

Common name IUPAC name CAS number 

Gallic acid  3,4,5-Trihydroxybenzoic acid 149-91-7 

2,3,4-Trihydroxybenzoic acid 2,3,4-Trihydroxybenzoic acid 610-02-6 

3,4-Dihydroxybenzaldehyde 3,4-Dihydroxybenzaldehyde 139-85-5 

p-Hydroxybenzoic acid 4-Hydroxybenzoic acid 99-96-7 

Gentisic acid 2,5-Dihydroxybenzoic acid 490-79-9 

Vanillic acid 4-Hydroxy-3-methoxybenzoic acid 121-34-6 

Caffeic acid (E)-3-(3,4-Dihydroxyphenyl)prop-2-enoic 

acid 

331-39-5 

Vanillin 4-Hydroxy-3-methoxybenzaldehyde 121-33-5 

Syringic acid 4-Hydroxy-3,5-dimethoxybenzoic acid 530-57-4 

Chlorogenic acid (1S,3R,4R,5R)-3-[(E)-3-(3,4-Dihydroxy-

phenyl)prop-2-enoyl]oxy-1,4,5-trihydroxy-

cyclohexane-1-carboxylic acid 

327-97-9 

Benzoic acid Benzoic acid 65-85-0 

p-Coumaric acid (E)-3-(4-Hydroxyphenyl)prop-2-enoic acid 501-98-4 

Syringaldehyde 4-Hydroxy-3,5-dimethoxybenzaldehyde 134-96-3 

Ferulic acid (E)-3-(4-Hydroxy-3-methoxyphenyl)-  

prop-2-enoic acid 

537-98-4 

Sinapic acid (E)-3-(4-Hydroxy-3,5-dimethoxyphenyl)-

prop-2-enoic acid 

530-59-6 

o-Coumaric acid (E)-3-(2-Hydroxyphenyl)prop-2-enoic acid 614-60-8 

Ellagic acid 2,3,7,8-Tetrahydroxy-chromeno[5,4,3-cde]-

chromene-5,10-dione 

476-66-4 

Cinnamic acid (E)-3-Phenylprop-2-enoic acid 140-10-3 
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Supplementary Table 2. Solvent gradient used for testing different formic acid 

concentrations in the aqueous solvent A (see 3.1); solvent B was acetonitrile/methanol/water 

(8:1:1, v/v/v). 

Time [min] Volumetric ratio (%) 

  Solvent A Solvent B 

0 94 6 

30 88 12 

45 70 30 

46 50 50 

48 50 50 

49 94 6 

55 94 6 

 

Supplementary Table 3. Calibration parameters, limits of detection and quantification. 

Phenolic acid Slope Intercept R2 LOD LOQ 

    [µg/mL] [µg/g] [µg/mL] [µg/g] 

Gallic acid  59.4 -31.9 0.9996 0.01 0.4 0.03 1.3 

2,3,4-Trihydroxybenzoic acid 82.6 -59.1 0.9992 0.02 0.7 0.06 2.5 

3,4-Dihydroxybenzaldehyde 86.0 -45.7 0.9996 0.01 0.4 0.03 1.3 

p-Hydroxybenzoic acid 114.8 -54.7 0.9997 0.01 0.6 0.04 1.9 

Gentisic acid 37.3 -21.6 0.9997 0.04 1.7 0.13 5.7 

Vanillic acid 104.9 -54.8 0.9996 0.02 1.0 0.08 3.3 

Caffeic acid 131.4 -70.8 0.9996 0.02 0.8 0.06 2.8 

Vanillin 78.1 -44.5 0.9997 0.03 1.3 0.10 4.2 

Syringic acid 55.4 -36.8 0.9995 0.04 1.8 0.13 5.9 

Chlorogenic acid 78.4 -54.5 0.9995 0.05 2.1 0.16 7.0 

Benzoic acid 7.0 -6.4 0.9993 0.26 11.4 0.86 38.0 

p-Coumaric acid + 

syringaldehyde 

234.8 -94.6 0.9998 0.02 1.0 0.08 3.4 

Ferulic acid 125.1 -71.8 0.9995 0.01 0.4 0.03 1.5 

Sinapic acid 119.6 -68.3 0.9996 0.01 0.6 0.04 1.9 

o-Coumaric acid 168.5 -87.8 0.9996 0.01 0.4 0.03 1.5 

Cinnamic acid 172.7 -31.9 0.9999 0.01 0.4 0.03 1.5 

R2 = coefficient of determination; LOD = limit of detection, LOQ = limit of quantification, 

established by signal to noise approach based on visual evaluation. 
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Supplementary Figure 1. Chromatograms of standard mixture of 18 phenolic acids at different wavelengths using the optimized gradient. 

GA = Gallic acid, THB = 2,3,4-trihydroxybenzoic acid, DHB = 3,4-dihydroxybenzaldehyde, pHB = p-hydroxybenzoic acid, GT = gentisic acid,  

VA = vanillic acid, CA = caffeic acid, VN = Vanillin, SYR = syringic acid, CH = chlorogenic acid, BE = Benzoic acid, SRA = syringaldehyde, 

pCO = p-coumaric acid, FA = ferulic acid, SIN = sinapic acid, oCO = o-coumaric acid, EL = ellagic acid, CIN = cinnamic acid 

Concentrations of individual phenolic acids were 20 µg/mL except for EL with 6 µg/mL. Abbreviations in bold print indicate that the corresponding 

wavelength was used for quantification of the phenolic acid. The chromatographic conditions are described in 2.3.1 and the solvent gradient in 2.3.2. 


	Abstract
	Zusammenfassung
	List of abbreviations
	1 Background
	1.1 Chemistry of phenolic acids
	1.2 Physiological and health effects
	1.3 Phenolic acids in cereals
	1.4 Dietary sources, intake and absorption of phenolic acids
	1.5 Analytical methods for quantification of phenolic acids
	1.5.1 Separation and detection
	1.5.2 Extraction from cereals

	1.6 Aim of the study

	2 Materials and methods
	2.1 Chemicals
	2.2 Cereal samples
	2.3 HPLC analysis
	2.3.1 Instrumentation and chromatographic conditions
	2.3.2 Optimization of chromatographic conditions
	2.3.3 Calibration

	2.4 Optimization of extraction procedures
	2.4.1 Acid hydrolysis
	2.4.1.1 Acid hydrolysis without subsequent enzyme treatment
	2.4.1.2 Acid and α-amylase hydrolysis
	2.4.1.3 Acid, α-amylase, and protease hydrolysis
	2.4.1.4 Acid, α-amylase, and cellulase hydrolysis
	2.4.1.5 Acid, α-amylase, cellulase, and protease hydrolysis
	2.4.1.6 Purification

	2.4.2 Base hydrolysis
	2.4.2.1 Base hydrolysis without subsequent enzyme treatment
	2.4.2.2 Base and enzyme hydrolysis
	2.4.2.3 Protection by ascorbic acid and EDTA
	2.4.2.4 Purification
	2.4.2.5 Adjustment of the pH value


	2.5 Quality control of analytical methods
	2.6 Analysis of cereals with optimized method
	2.7 Calculations and statistics

	3 Results
	3.1 Optimization of chromatographic conditions
	3.2 Optimization of extraction procedures
	3.2.1 Acid hydrolysis
	3.2.2 Base hydrolysis
	3.2.2.1 Protection by ascorbic acid and EDTA
	3.2.2.2 Purification
	3.2.2.3 Adjustment of the pH value


	3.3 Quality control of analytical methods
	3.3.1 Linearity, limit of detection and limit of quantification
	3.3.2 Repeatability
	3.3.3 Recovery
	3.3.4 Stability of chlorogenic acid during base hydrolysis

	3.4 Analysis of cereals with optimized method

	4 Discussion
	4.1 Methodological aspects
	4.2 Phenolic acids in cereals

	5 Conclusion
	List of references

