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Abstract 

Coffee is one of the most important agricultural products in the world, from which a popular 

beverage is prepared for its particular aroma, taste and composition. The lipidic fraction of 

coffee is extremely complex and serves as carrier for flavors and for fat-soluble vitamins and 

contributes to texture and mouthfeel in the coffee brew. It is also regarded as an important 

source of bioactive components, such as diterpenes and diterpene esters that carry relevant 

nutritional or functional properties. Elevation of blood low density lipoprotein is the 

consequence of high diterpenes consumption. Nevertheless, degradation of toxic substances, 

anti-carcinogenic and anti-inflammatory properties of coffee diterpenes have been also 

documented. Moreover, they are used for authentication purpose in coffee industry.  

To contribute to a better understanding of the factors affecting the diterpenes level in coffee, 

this study aimed to provide information on the influence of species, blending, roasting, and 

brewing method on diterpenes content in coffee samples, as well as the anti-angiogenic effects of 

two diterpene esters. Firstly, the analytical methods for quantification of total diterpenes in 

coffee matrices (beans and brews) including cafestol, kahweol, 16-O-methylcafestol (16-OMC) 

and dehydrocafestol and diterpenes esters, including cafestol and kahweol linoleate, oleate, 

palmitate and stearate, were adapted from previous ones and conveniently validated, using high 

performance liquid chromatography combined with diode array detector (HPLC-DAD).  

Total diterpenes were analyzed after saponification of diterpene esters. The optimized 

conditions were: saponification at 80 °C of 2.5 mL of coffee brew or 200 mg of ground coffee 

with potassium hydroxide in methanol/water media, followed by two or four sequential 

extractions using diethyl ether in terms of coffee brew or ground coffee, respectively. The 

combined ether phase was cleaned with 5 mL of 2 M NaCl solution. The analytical methods 

proved to be linear (R2 ≥ 0.999) within the range of 0.3 - 300 mg/L and good precision (≤ 8%) 

and high recovery (81 – 102%) were achieved.  

Kahweol was the most important diterpene in Arabica brews, followed by cafestol, whereas, 

in Robusta brews, cafestol and 16-OMC were the main diterpenes. Cafestol, kahweol and 16-

OMC concentrations in coffee brews ranged between 0.3 – 140.1 mg/L , 0.3 - 190.6 mg/L,  and 
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2.2 - 45.6 mg/L, respectively. Studying the effect of espresso coffee preparation parameters on 

cafestol and kahweol content also indicated that by varying the preparation parameters, the 

total diterpenes could be reduced from 58.9 ± 0.7 mg/L (brewed with very fine particles) to 30.8 

± 0.8 mg/L. However, these amounts correspond to low extraction efficiencies of brews, ranging 

from 1.4% (cafestol) and 1.5% (kahweol) in espresso coffee, to 2.8% (cafestol) and 2.9% 

(kahweol) when brewing with very fine particles. 

With roast, despite the stability of the total lipid amounts, cafestol contents decreased from 

40 -71 mg/g coffee oil in green coffee beans to 35 - 52 mg/g coffee oil in roasted ones. Less effect 

was remarked for kahweol content as reduction from 2 - 68 mg/g coffee oil to 1 - 63 mg/g coffee 

oil was found from green beans over the roasted coffees. On the other hand, 16-OMC presented 

relative stability in the roasting process (27.0 ± 0.3 mg/g coffee oil vs. 24.9 ± 0.2 mg/g coffee oil 

in green and roasted Robusta-Vietnam, respectively). Dehydrocafestol was only identified in 

roasted samples in the range of 1 – 3 mg/g coffee oil. 

Diterpene esters were extracted directly from coffee brew or ground coffee (2.5 mL/200 mg), 

with ultrasonication (20 min), followed by extraction using diethyl ether. HPLC-DAD combined 

with spectral deconvolution was successfully applied to deconvolve, from the raw data, the 

partially overlapped chromatographic peaks of cafestol and kahweol esters, which all together 

contributed to characterize samples in a single chromatographic run.  Within the linearity range 

of 5 - 400 mg/L, the method proved good intra- and inter-day precision (≤ 5%), accuracy 

(recovery of 87 - 103%), and limits of detection (0.1 - 1.7 mg/L) and quantification (0.4 - 5.5 

mg/L). No significant differences (p ≥ 0.05) were observed among deconvolution and classical 

approach, when setting the wavelength at 290 nm for quantifying the kahweol esters. 

In general, boiled coffee prepared from Arabica bean was the most concentrated brew in 

terms of total cafestol esters (309 ± 15 mg/L) and total kahweol esters (1016 ± 29 mg/L) 

content, while, mocha and espresso brews had an intermediate contribution to cafestol esters 

intake with values of 46 ± 5 mg/L and 5.1 – 73 mg/L, respectively. They also were considered as 

an intermediate source of kahweol esters (123 ± 2 mg/L of mocha coffee and 46 – 127 mg/L of 

espresso brews). However, it seemed that individual diterpene esters were not affected by 

brewing procedure as in terms of kahweol esters, kahweol palmitate (2 – 409 mg/L) was the 

major compound in all samples, followed by kahweol linoleate (20 – 381 mg/L), oleate (5 – 176 

mg/L) and stearate (2 – 50 mg/L). Higher amounts of cafestol palmitate (1.5 – 103 mg/L) and 

stearate (3 – 62 mg/L) were also observed compared to cafestol linoleate (0.5 – 46.5 mg/L) and 

cafestol oleate (0.5 – 20 mg/L).  

Some changes were also observed in diterpene esters content in roasted beans over the green 

ones. However, their distribution in green and the respective roasted beans were similar as 

cafestol palmitate existed in larger proportion in green (201 – 739 mg/100 g dry matter) and 
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roasted coffees (154 – 670 mg/100 g dry matter). Also, kahweol linoleate presented slightly 

higher content than kahweol palmitate either in green (542 – 2455 mg/100 g dry matter) or 

respective roasted coffee samples (612 – 2342 mg/100 g dry matter).  

The variability of the diterpene esters content as a function of coffee species in coffee blends 

was also studied. The distribution of individual diterpene esters in coffee blends was not 

affected by coffee species. Reducing Arabica content in coffee blends from 80% to 20%, caused a 

49 ± 7% decline in the cafestol esters content and a more significant decrease of 76 ± 4% of 

kahweol esters. The highest effect was observed on kahweol stearate with around 80% decline. 

The angiogenic effects were tested with cafestol palmitate and kahweol palmitate. According 

to our findings, both compounds inhibited angiogenesis steps on human microvascular 

endothelial cells (HMVECs). Compared to control, HMVECs viability decreased in a dose-

dependent manner as concentrations of 75 and 100 μM of each compound were cytotoxic. Cell 

proliferation was also dramatically reduced by both diterpene esters at concentration of 50 μM. 

However, cafestol palmitate and kahweol palmitate did not induce apoptosis on HMVECs. Both 

compounds reduced cell migration, but this effect was only statistically significant after kahweol 

palmitate incubation. Inhibition of VEGFR-2 expression and its downstream effector Akt, but not 

Erk, was also observed in cafestol palmitate and kahweol palmitate treated HMVECs. These 

findings were confirmed using ELISA assay for phosphorylated (active) VEGFR-2. Our findings 

further indicate that kahweol palmitate exerts more potent anti-angiogenic effects than cafestol 

palmitate, in most of assays. Globally, the results show that both cafestol palmitate and kahweol 

palmitate as the main diterpene esters present in Arabica coffee, are able to prevent several 

steps involved in angiogenesis and can be considered as potent compounds against 

angiogenesis-dependent disorders. 
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Resumo 

O café é um dos produtos agrícolas mais importantes do mundo, a partir do qual é preparada 

uma bebida com aroma, sabor e composição muito especial. A fracção lipídica do café é 

extremamente complexa e serve como meio de suporte de aromas e de vitaminas lipossolúveis, 

bem como contribui para a textura e paladar da infusão de café. Também é considerada uma 

importante fonte de compostos bioativos, como diterpenos e ésteres de diterpenos, possuindo 

propriedades nutricionais e funcionais relevantes. Apesar do aumento da lipoproteína de baixa 

densidade poder ser uma consequência do elevado consumo de diterpenos, foram também 

reportadas a sua capacidade de degradar substâncias tóxicas e propriedades anti-carcinogénicas 

e anti-inflamatórias. Para além disso, os diterpenos são utilizados em contexto industrial para a 

autenticação de variedades de café. 

De modo a compreender melhor os fatores que influenciam os níveis de diterpenos no café, 

este trabalho visou elucidar a influência das espécies, mistura, método de torrefação e de 

preparação no teor de diterpenos em amostras de café, bem como os efeitos anti-angiogénicos 

destes dois ésteres de diterpenos. Em primeiro lugar, foram adaptadas (a partir de metodologias 

previamente existentes) e convenientemente validadas as metodologias baseadas em 

cromatografia líquida com detecção por arranjo de díodos (HPLC-DAD) para a quantificação de 

níveis totais de diterpenos incluindo cafestol, caveol, 16-O-metilcafestol (16-OMC) e 

dehidrocafestol e níveis de ésteres de diterpenos, incluindo linolato, oleato, palmitato e 

estearato de cafestol e de caveol em matrizes de café (grãos e infusão). 

Os níveis totais de diterpenos foram analisados após a saponificação dos seus respetivos 

ésteres. As condições otimizadas empregam a saponificação de 2.5 mL de infusão de café ou 200 

mg de café moído saponificados com 3.0 g de hidróxido de potássio em solução metanol/água a 

80 °C, seguidos por duas ou quatro extracções sucessivas usando éter dietílico, para infusão ou 

café sólido, respetivamente. As fases orgânicas combinadas foram purificadas usando 5 mL de 

solução de 2 M NaCl. As metodologias analíticas demonstraram linearidade (R2 ≥ 0.999) na gama 

de 0.3 - 300 mg/L. Foi obtida uma boa precisão (≤ 8%), uma boa recuperação (81 - 102%). 
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O caveol foi o diterpeno predominante em infusões da variedade Arábica, seguido de cafestol, 

enquanto que em infusões de Robusta, o cafestol e o 16-OMC foram os diterpenos principais. As 

concentrações em infusões de café de cafestol, caveol e 16-OMC variaram entre 0.3 – 140.1 mg/L 

, 0.3 - 190.6 mg/L  e 2.2 - 45.6 mg/L, respetivamente. O estudo dos efeitos dos parâmetros de 

preparação de café expresso nos níveis de cafestol e caveol revelaram que é possível reduzir os 

níveis totais de diterpenos de 58.9 ± 0.7 mg/L (preparação com partículas de café de moagem 

muito fina) para 30.8 ± 0.8 mg/L. No entanto, estes níveis correspondem a baixos rendimentos 

de extração na bebida preparada, variando entre 1.4% (cafestol) e 1.5% (caveol) em café 

expresso e 2.8% (cafestol) e 2.9%  (caveol) quando se utiliza na preparação da bebida partículas 

de moagem muito fina. 

Embora a quantidade total de lípidos se mantenha estável, durante a torrefação, os níveis de 

cafestol diminuíram de 40 - 71 mg/g de óleo de café em grãos verdes para 35 – 52 mg/g de óleo 

de café em grãos torrados. Foi observado um efeito menos significativo para o caveol, 

verificando-se uma redução de níveis de 2 -68 mg/g de óleo de café em grãos verdes para níveis 

de 1 – 63 mg/g de óleo de café em grãos torrados. Por outro lado, o 16-OMC demonstrou ser 

relativamente estável durante o processo de torrefação (27.0 ± 0.3 mg/g de óleo contra 24.9 ± 

0.2 mg/g de óleo de grãos de café Robusta-Vietname verde e torrado, respetivamente). 

Dehidrocafestol foi unicamente identificado em amostras torradas em gamas de 1 - 3 mg/g de 

óleo de café. 

Os ésteres de diterpenos foram diretamente extraídos de infusão ou grãos de café moídos 

(2.5 mg/200 mg) aplicando ultrasons (20 min) seguidos de éter dietílico. A combinação de 

HPLC-DAD com a desconvolução espetral  dos dados em bruto permitiram a distinção entre os 

picos cromatográficos parcialmente sobrepostos de ésteres de cafestol e caveol, permitindo a 

sua caracterização simultânea numa única análise cromatográfica. Na gama de linearidade de 5 - 

400 mg/L, o método demonstrou boa precisão repetibilidade e precisão intermédia (≤ 5%), 

exatidão (recuperações de 87 - 103%) e limites de deteção (0.1 - 1.7 mg/L) e de quantificação 

(0.4 - 5.5 mg/L). Não foram observadas diferenças significativas (p ≥ 0.05) entre a abordagem 

por desconvolução e a abordagem clássica, usando comprimentos de onde de 290 nm. 

Em cafés fervidos (decocções) preparados a partir de grãos da espécie Arábica, os teores 

totais de ésteres de cafestol (309 ± 15 mg/L) e de ésteres de caveol (1016 ± 29 mg/L) foram os 

mais elevados, enquanto que infusões de café do tipo moca ou expresso, contribuam através da 

ingestão com níveis  intermédios de ésteres de cafestol na ordem dos 46 ± 5 mg/L e 5.1 - 73 

mg/L, respetivamente. Também contribuem com níveis intermédios de ingestão de ésteres de 

caveol (123 ± 2 mg/L no café moca e 46 - 127 mg/L no café expresso). No entanto, 

aparentemente, a composição de ésteres individuais parece não ter sido afetada, uma vez que o 

palmitato de caveol  (2 – 409 mg/L) foi o composto principal em todas as amostras, seguido do 
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linolato (20 - 381 mg/L), oleato (5 - 176 mg/L) e estearato de caveol (2 - 50 mg/L). Também 

foram detetados níveis mais elevados de palmitato (1.5 - 103 mg/L) e de estearato de cafestol (3 

- 62 mg/L) quando comparados com os níveis de linolato (0.5 - 46.5 mg/L) e de oleato de 

cafestol (0.5 - 20 mg/L). 

Verificaram-se também algumas variações no teor de ésteres de diterpenos entre grãos 

torrados e verdes. No entanto, a sua distribuição em grãos verdes e os mesmos torrados foi 

similar, na medida que o palmitato de cafestol esteve presente em maior proporção em grãos 

verdes (201 - 739 mg/100 g de matéria seca) e grãos torrados (154 - 670 mg/ 100 g de matéria 

seca). Também o linolato de caveol esteve presente em níveis ligeiramente superiores que o 

palmitato de cafestol, tanto em cafés verdes (542 - 2455 mg/100 g de matéria seca) como em 

cafés torrados (612 - 2342 mg/100 g de matéria seca). 

A variação do teor de ésteres de diterpenos em função da espécie em misturas de cafés 

também foi investigada. A distribuição de  ésteres de diterpenos individuais não foi afetada pela 

espécie da de café. Uma diminuição do 80% para 20% de Arábica em misturas de café, resultou 

numa redução de 49 ± 7% nos teores de ésteres de cafestol e uma redução mais significativa de 

76 ± 4% em ésteres de caveol. Foi verificado um efeito mais pronunciado, para o estearato de 

caveol, resultando numa deminuição de 80%. 

Os efeitos angiogénicos foram testados com palmitato de cafestol e palmitato de caveol. De 

acordo com a observações verificadas neste estudo, ambos os compostos inibiram etapas de 

angiogénese em células endoteliais microvasculares humanas (HMVECs). Comparado com o 

controlo, a viabilidade de (HMVECs) diminui em função da dose, sendo as concentrações de 75 

μM e 100 μM de palmitato de cafestol e palmitato de caveol, consideradas citotóxicas. A 

proliferação de células também foi reduzida significativamente por ambos os ésteres de 

diterpenos em concentrações de 50 μM. No entanto, o palmitato de cafestol e palmitato de caveol 

foram incapazes de induzir apoptose em HMVECs. Ambos os compostos reduziram a migração 

de células, mas este efeito apenas foi estatisticamente significativo após incubação em palmitato 

de caveol. Foi observada a inibição da expressão de VEGFR-2 e o seu transdutor a jusante Akt, 

mas não de Erk, foi observado em HMVECs tratados com palmitato de cafestol e palmitato de 

caveol. Estas observações foram confirmadas por ensaios ELISA para VEGFR-2 fosforilado 

(ativo). Verifou-se também que o palmitato de caveol expressa um efeito anti-carcinogénico 

mais potente que o palmitato de cafestol, na maior parte dos ensaios realizados. Na sua 

generalidade, os resultados obtidos demonstram que o palmitato de cafestol e palmitato de 

caveol, sendo os ésteres predominantes presentes no café Arábica, são capazes de inibir várias 

etapas envolvidas na angiogénese e podem ser considerados potencias compostos contra 

patologias relacionadas com a angiogénese. 
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Chapter 1 

Introduction 

1.1. Motivation and relevance 

Coffee is one of the most important appreciated beverages in the world, being a complex 

mixture containing thousands of compounds with biological activity. The coffee plant belongs to 

the family of Rubiaceae which has more than 100 species. Global coffee production comes from 

Coffea arabica (Arabica) and Coffea canephora var. robusta (Robusta) with nearly 58% 

originating from the former and 42% from the latter (ICO, 2016). In 2015, the worldwide coffee 

production was 148 million bags of coffee (each bag is equivalent to 60 kg of coffee), from which 

62% come from Robusta and the other from Arabica (ICO, 2016). Portugal is one of the highest 

importers of coffee beans in Europe. 

In terms of chemical composition, coffee oil consists predominantly of triglycerides (75 - 

80%, wt), although it is a source of other valuable products in terms of human health effects 

such as sterols (2 - 5.4%, wt) and diterpene esters (7 - 20%, wt) (Novaes et al., 2015). The latter 

include cafestol, kahweol and 16-O-methylcafestol (16-OMC) that can be thermally degraded 

during the roasting process to form decomposed derivatives such as dehydrocafestol, 

dehydrokahweol, cafestal and kahweal (Speer and Kölling-Speer, 2006). The occurrence of 

cafestol has been reported in all commercial coffee species, while kahweol is mainly present in 

Arabica coffee, and it is only found as a minor component in Robusta coffee (Kitzberger et al., 

2013). Robusta beans contain 16-OMC which is absent in Arabica and is described as a chemical 

marker of Robusta coffee (Kurzrock and Speer, 2007). The pentacyclic diterpenes exist in coffee 

oil as monoesters on C17 by saturated or unsaturated fatty acids (Novaes et al., 2015) as 14 and 

12 different fatty acid esters have been detected for cafestol and kahweol, respectively. Also, 12 

fatty acid esters were identified for 16-OMC. Nevertheless, from a quantitative point of view, C16, 
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C18, C18:1, C18:2, C20, and C22 esters of fatty acids predominate (Speer and Kölling-Speer, 2006). 

Coffee passes through several steps to reach its final destination, which is human consumption. 

The chemical composition of roasted coffee, including diterpenes and diterpene esters exhibit 

different extraction rates according to coffee species, genetic variability as well as climatic 

conditions and post-harvest techniques (Kitzberger et al., 2014). However, they may also be 

influenced by the choice of brewing technique and conditions (home brewing or industrial 

extraction) as diterpene extraction greatly varies among the different brewing methods (Silva et 

al., 2012).  

Even potentially small health benefits or risks associated with coffee intake may have 

important public health implications due to its widespread consumption. Being specific, coffee 

diterpenes are known for their effects on human health, as cafestol and, to a lesser extent, 

kahweol have been linked with the increase of serum cholesterol (Urgert and Katan, 1996; 

Weusten-Van der Wouw et al., 1994). However, it is still discussed if coffee consumption can 

affect lipid metabolism in order to significantly increase cardiovascular risk. Nevertheless, more 

recently, wider attention has been dedicated to desirable effects of diterpenes, as available data 

in the literature points out a number of health benefits such as elevation of liver enzymes, 

antioxidant activity, anti-carcinogenic properties, as well as protective effects against aflatoxin 

B1 (Cavin et al., 2002; Cavin et al., 2001; Schilter et al., 1996). Several disorders like cancer are 

associated with chronic inflammation and oxidative stress conditions, where angiogenesis, the 

formation of new capillaries from preexistent blood vessels, plays a crucial process. It is 

therefore highly relevant to elucidate the anti-angiogenic properties of the coffee diterpene 

esters. 

Considering that diterpenes and their related esters have biological importance, evaluating 

their content in a wide range of coffee sample becomes important. This would allow us to 

evaluate the distribution of individual diterpenes and diterpene esters in several coffee brews 

considering coffee as one of the most popular beverages in the world. Although cafestol and 

kahweol have been studied in classical coffees (filtered coffee, mocha, and espresso automated 

machines), few works exist regarding the new automated machines involving capsules and pod 

that have recently gained great market share because they are user-friendly. The effect of 

extraction parameters during expresso coffee preparation (one of the most consumed 

worldwide) on diterpenes content of final beverage needs to be studied, as well. 

Bibliographic review revealed few reports on diterpene esters profile of coffee samples that 

are directly available to the consumer, mainly due to an important co-elution during HPLC-DAD 

analysis. Thus, application of deconvolution for mathematical separation of diterpene esters is 

also covered in this study. Moreover, data available in the literature indicated the effect of some 
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technological parameters on total cafestol or kahweol, however, little information is available on 

the effect of these parameters on diterpene esters content of coffee beans and brews.  

Besides that, albeit anti-carcinogenic properties of diterpenes have been studied from a 

pharmacological point of view, to the best of our knowledge, less attention has been paid to anti-

angiogenic properties of diterpene esters. Thus, the ability of cafestol and kahweol palmitate to 

inhibit angiogenesis response of endothelial cells is also investigated in the present work. 

1.2. Objectives and Outline 

This work aimed to study the fate of diterpenes and diterpene esters in coffee samples, from 

green beans to the final beverage as influenced by species, roasting, blending as well as brewing 

through simple and accurate analytical techniques. The specific objectives were: 

 Improvement of the existing analytical methods: 

o Optimization of the extraction procedure for quantification of diterpenes (total 

or esterified forms) in coffee samples with minimum steps of sample treatment;  

o Development of an inexpensive and sensitive analytical method for 

mathematical separation of cafestol and kahweol esters in absence of a MS 

detector using spectral deconvolution (SD) in conjunction with HPLC-DAD 

(HPLC-DAD/SD); 

 Analysis of the fate of diterpenes during coffee preparation from beans to coffee drink: 

o Explanation of the fate of diterpenes from the green coffee bean to the final cup 

of coffee, not only cafestol, kahweol and 16-OMC, but also the related esters and 

products of transformation after roasting, as the dehydrated form; 

o Study of diterpene levels in espresso coffee brews and the parameters that affect 

the diterpene extraction (water pressure or temperature, extraction time, 

particle size, etc.); this was undertaken in order to help clarify the exposure of 

coffee consumers to these compounds and their eventual effects on human 

health; 

o Evaluation of the role played by the technological procedures, as raw blending 

composition, roasting and brewing procedures, in diterpenes and diterpene 

esters pathways from beans to brews; 

 Study of the anti-angiogenic properties of coffee diterpene esters: 
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o Investigation the anti-angiogenic properties of the main coffee diterpene esters, 

namely cafestol and kahweol palmitate, using in vitro experiments. 

This thesis is divided into five chapters. After the introduction in chapter one, the second one 

presents and discusses the current literature. It includes a short introduction to coffee 

technology and afterwards the state of the art regarding the occurrence of coffee diterpenes in 

coffee, the analytical approaches described for their identification and quantitative 

determination and the impact of coffee diterpenes on human health are presented. The material 

and methods used to achieve the mentioned objectives are given in the third chapter, which has 

been divided into two sections. The first part presents the conditions of the analysis of 

diterpenes and eight related esters of coffee, which was performed at LEPABE, Faculty of 

Engineering of University of Porto. The second part includes the experimental conditions related 

to the evaluation of the anti-angiogenic properties of cafestol and kahweol palmitate, which was 

carried out at the Department of Biochemistry - Faculty of Medicine of University of Porto. In 

chapter four the results are presented and discussed. Chapter five summarizes the main 

conclusions of this thesis. Some suggestions for the future work are also provided in chapter 

five. Finally, additional information is given in Annex. 
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Chapter 2 

Literature Review 

2.1. Introduction to coffee technology 

2.1.1. Introduction 

Since the discovery of coffee as a beverage prepared from the extract of roasted coffee beans 

around the fifteenth century, its popularity has quickly spread around the world. Now coffee is 

one of the most consumed beverages in the world and considered as one of the most valuable 

primary products in the world trade which crucial to the economies and politics of many 

developing countries. For this purpose, outlines of coffee cultivation and the production of coffee 

ready for use are presented in this chapter. Indeed, the process of bringing the harvested coffee 

fruits to beverage involves a series of steps. Initially, brief information in coffee history, origin 

and its cultivation are presented. Subsequently, post-harvest operations up to coffee brews 

preparation are discussed. Afterwards, the processes to produce coffee beverages are discussed 

under the topic of grinding and brewing. In this chapter, an attempt has been made to emphasize 

any variations in processing conditions that would produce a different chemical pattern in the 

final beverage. 

In the last few decades, intensive research on coffee has expanded our knowledge about the 

chemical, sensory and health-related aspects of coffee along the whole value chain, from the 

bean to the cup. In addition, coffee species differ not only with respect to the regions where they 

are cultivated but also in their chemical composition. Thus, the quality of the coffee used for the 

preparation of a beverage is greatly related to the chemical composition of the roasted beans, 

which, in turn, is affected by the chemical composition of green beans and by post-harvest 
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processing conditions. For this purpose, a description of the main chemical composition of coffee 

is also given briefly in this section.  

2.1.2. Coffee origins and cultivation 

Over the centuries numerous legends have accumulated about the discovery of coffee (Coffea 

sp.)  which was first cultivated from around the fifth to the eighth century (Vieira, 2008). Until 

1600, the cultivation of coffee was restricted to Arabia, and mainly centered in the highlands of 

Yemen (Oestreich-Janzen, 2010). Nevertheless, since 1723, when Brazil gained coffee seeds, this 

country turned to the main producer and exporter of coffee (Spiller, 1998). Nowadays, more 

than 70 developing countries in tropical and subtropical regions namely Brazil, Vietnam, 

Indonesia and Colombia have the main role in growth and exportation of coffee (ICO, 2016). As 

illustrated in Figure 2.1 coffee plantations are found in all continents belonging to this 

geographic belt, even in Australia. 

 

Rubiaceae family is one of the largest botanical families of flowering plants and can be 

subdivided into three subfamilies: Rubioideae, Cinchonoideae, and Ixoroideae. This family 

consists of 43 tribes, 611 genera, and 13143 species (Wermelinger et al., 2011). Coffee plants 

belong to the Rubiaceae family and are a part of Coffea tribe, subfamily Cinchonoideae, and have 

around 100 species. Among them, Coffea arabica and Coffea canephora var. robusta are the most 

traded ones (Wermelinger et al., 2011) which are conveniently referred to as Arabica and 

Robusta, respectively (Spiller, 1998). Coffee plant grows at 600 - 1800 m above the sea level 

 

Figure 2.1. Coffee producing countries around the globe. "Reprinted from Comprehensive Natural 
Products II-Chemistry and Biology, Volume 3 - Development & Modification of Bioactivity, S. 
Oestreich-Janzen, Chemistry of Coffee, 1085-1117., Copyright (2010), with permission from Elsevier". 
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(Buffo and Cardelli-Freire, 2004). Arabica and Robusta have their own ecology, as flat lands are 

suitable for growing the Robusta coffee and mountain slopes are proper for Arabica coffee 

(Spiller, 1998). In Arabica coffee, ripe fruits are red or yellow (Figure 2.2), whereas more color 

occurs in Robusta plants (Vieira, 2008). Arabica and Robusta are the most important 

commercially cultivated species, accounting for 58% and 42% of the world’s coffee production, 

respectively (Mussatto et al., 2011), being Vietnam as one of the leading countries in the 

production of Robusta coffee since 1990 (Oestreich-Janzen, 2010). 

 

Robusta was the name given by the Belgians, as it proved more robust against diseases and 

had less ecological requirements in terms of humidity, temperature, and altitude of plantations 

(Oestreich-Janzen, 2010). The price gap between Arabica and Robusta coffee has significantly 

widened due to the more pronounced and fine flavor of Arabica (Vieira, 2008). Despite the 

differences in taste between Robusta and Arabica, Robusta beans soon turned out to be a useful 

alternative for the vulnerable Arabica coffees, which were more exposed to disease due to their 

narrow genetic origin (Oestreich-Janzen, 2010). It is possible to transfer the resistant genes from 

Robusta to Arabica coffee, through breeding researches (Kitzberger et al., 2013). However, in 

addition to resistance genes, other undesirable genes may also be transferred to Arabica 

cultivars, which may reduce the quality of coffee brews (Kitzberger et al., 2014).  

Regarding other species, C. congensis and C. liberica are cultivated in limited areas in Africa 

and Vietnam. C. racemosa is appreciated in Mozambique, being deciduous and remarkably 

resistant to high temperatures and drought. Because C. dewevrei produces poor beverage, it is 

not commercially cultivated, nevertheless, it is considered important for breeding programs due 

to its adaptability to poor soils and drought. Likewise, C. eugenioides is not produced 

commercially, but it is maintained in germ banks as a repository of genes to be transferred to C. 

arabica. C. stenophylla is of interest for its resistance to some pests like ‘leaf miner’ (Vieira, 

2008).  

  

Figure 2.2. Ripe fruits of Arabica coffee (Pelchovitz and Goldberger, 2011; Perez et al., 2011). 
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2.1.3. Coffee harvesting and post-processing 

The chemical composition of coffee beans and subsequently the quality and acceptability of 

the obtained beverage may be influenced by several factors such as genetic variability 

(Kitzberger et al., 2013), climatic and agronomic conditions (altitude, temperature, hydric 

demand, types and levels of fertilization and coffee bean maturation) (Joët et al., 2010), 

postharvest treatment, roasting (Dias et al., 2014; Franca et al., 2005), grinding (Andueza et al., 

2003a; Bell et al., 1996) as well as storage conditions  (Ramalakshmi and Raghavan, 2003). 

Attention to cultural practices is essential to overcome the adverse effects of these factors on 

quality of coffee. Because, even if the raw materials possess the highest quality, faulty processing 

may result in deterioration in quality of final product (Ramalakshmi and Raghavan, 2003).  

Coffee production process includes the removal of outer red skin and pulp from coffee fruits 

followed by removal of mucilage, parchment covering and eventually the silver skin that covers 

coffee beans (Spiller, 1998). The anatomy of the coffee bean is presented in Figure 2.3. After 

harvesting, regardless of the species, green coffee is traditionally produced by either wet or dry 

processing. Removal of the pericarp of the coffee cherry followed by drying the raw coffee seed 

to a moisture content of 10 - 12% of the fresh weight are the main objectives of both methods 

(Joët et al., 2010).  

  

2.1.3.1. Dry and wet methods 

In the wet method, when moisture content of coffee beans decline from 65% to 45%, harvest 

is done followed by mechanical de-pulping (Ramalakshmi and Raghavan, 2003). Afterwards, the 

mucilaginous residues are degraded during a controlled fermentation step. Mucilage can be 

eliminated by several methods like natural fermentation, the enzymatic method, treatment with 

alkali and also attrition (frictional removal) but the most common method is natural 

fermentation (Ramalakshmi and Raghavan, 2003) by lactobacilli and yeasts activity or with 

 

Figure 2.3. Anatomy of coffee bean (Helms, 2011). 
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enzymes which naturally exist in coffee fruits (Spiller, 1998), during 18 - 36 h (Oestreich-Janzen, 

2010). After fermentation, the mucilage is washed off and dried to final moisture content of 10% 

and subsequently hulled. The coffee prepared by this method is called parchment coffee 

(Ramalakshmi and Raghavan, 2003) or washed coffee (Knopp et al., 2005).  Wet-processed 

coffees are generally characterized by better aroma and thus higher acceptance which is more 

appreciated by the market (Joët et al., 2010). A major problem associated with this technique is 

its requirement of a large volume of water (Ramalakshmi and Raghavan, 2003).  

In the dry method, the coffee fruits which may include ripe, immature or over-ripped coffee 

fruits are processed together (Mazzafera, 1999). The coffee fruits are dried under sun until the 

moisture content of cherries reaches 12% and then they are mechanically hulled (Ramalakshmi 

and Raghavan, 2003). Depending on the thickness of the layers, temperature and amount of 

sunshine during the day, drying takes 3 - 9 days (Oestreich-Janzen, 2010)  . The coffee obtained 

by this method is called cherry coffee (Ramalakshmi and Raghavan, 2003) or unwashed coffee 

(Knopp et al., 2005). Production of green coffee beans using dry method is characterized by 

more body (Joët et al., 2010) and it costs much less than the wet method. Almost all Robusta 

coffee and also a high ratio of Brazilian Arabica coffee are treated using this method. The process 

of green coffee beans production is summarized in detail in Figure 2.4. 

 

 

Figure 2.4. Procedures involved in production of dried green coffee. “Republished with permission of 
Taylor and Francis Group LLC Books, from [Coffee: A Perspective on Processing and Products, 
Ramalakshmi and Raghavan, 2016]; permission conveyed through Copyright Clearance Center, Inc.”  
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2.1.3.2. Polishing, grading, and sorting 

Removing the silver skin from coffee beans means polishing, which improves the appearance 

of the beans. Separation of beans according to their size and density is called grading. A flat bed 

grader and a drum grader separate beans based on size and a pneumatic separator grades the 

beans according to density. Final stage in preparation of coffee for export is sorting. In this step 

any defective bean, which remains in the bulk, must be removed. For commercial purpose, the 

term “defect” is employed in reference to the occurrence of defective (black, sour or brown, 

immature, bored, broken, etc.) beans and also of extraneous matter (husks, twigs, stones, etc.) in 

a given coffee sample (Mancha Agresti et al., 2008) as these beans represent about 20% of the 

total coffee produced in Brazil and are separated from the non-defective beans prior to 

commercialization (Craig et al., 2012). Sorting may be carried out physically or manually 

(Ramalakshmi and Raghavan, 2003).  

2.1.3.3. Storage of coffee beans 

Since storage precedes the marketing of coffee beans, care during the harvest and post-

harvest procedures, such as storage has become fundamental in global agribusiness. In order to 

have high quality beans with good appearance and color, storage in suitable conditions is 

required. Moisture level below 10% is advised for storage of green beans as at higher humidity, 

physicochemical changes increase significantly. Coffee beans may absorb moisture during 

storage. Increasing of moisture content results in soft beans, which lose their color and also are 

more sensitive to microbial growth and insect infection. Therefore, storage places must be 

equipped with ventilation and drainage and lighting facility (Ramalakshmi and Raghavan, 2003). 

At 70 °F (21 °C) and 40 - 60% relative humidity, green coffee beans can be stored for one year. In 

shipment, it is necessary to take coffee beans away from any strong-smelling cargo (Spiller, 

1998). While green coffee can be stored for 1 - 3 years, commercially packaged roasted coffee 

remains fresh for only 8 - 10 weeks due to the loss of aroma and incidence of stale and rancid 

taste or aroma. Ground coffee packaged in the absence of oxygen (vacuum packaging) keeps for 

6 - 8 months but, as soon as the package is opened, this drops in 1 - 2 weeks (Belitz, 2009). 

2.1.3.4. Roasting 

Roasting the coffee beans is an essential transformation including several physicochemical 

changes that convert green beans to a very sensitive product which is unstable and reactive 

(Nicoli et al., 2010). Besides flavor development, alteration in color, size, and shape of beans also 

occur during roasting process (Mussatto et al., 2011). Some physical properties of green and 
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roasted beans are summarized in Table 2.1. During roasting, the beans are heated up to 200 - 

250 °C. Roasting time ranges from 1.5 to 12 min depending on the applied temperature. 

However the optimum time varies between 1.5 and 6 min depending on the degree of roasting 

required (light, medium, or dark) (del Castillo et al., 2002). The roasting process can be roughly 

divided into three phases: 

 Initial drying phase where the smell and the color of the green beans turn to bread-like 

and yellowish, respectively (Buffo and Cardelli-Freire, 2004). 

 Actual roasting phase where chemical composition of the beans modify significantly as 

hundreds of substances which contribute to aroma and taste of final product are 

produced (Buffo and Cardelli-Freire, 2004). Large amounts of volatile compounds and 

CO2 release which causes the expansion of the beans (Nicoli et al., 2010).  

 Cooling when the desire degree of roast (color, flavor, roast mass loss) is reached. 

Roasted coffee is cooled rapidly using air or water as the cooling agent to prevent extra 

pyrolytic changes in the beans (Mussatto et al., 2011).  

 

During the roasting process, beans swell by 50 - 100% (Yeretzian et al., 2014), brittleness is 

greatly improved and grinding and extraction become possible (Baggenstoss et al., 2008). It 

should be noted that the roasted coffee beans lose their ability to retain CO2 or volatiles inside 

the beans. For these reasons, degassing before packaging the roasted beans is necessary to avoid 

the swelling of the packages during the storage (Nicoli et al., 2010).  

In terms of physicochemical changes, the main change is water removal, and it occurs 

extensively at the beginning of roasting (Nicoli et al., 2010). Carbohydrate fragmentation and 

polymerization via non-enzymatic browning reactions and pyrolysis are another main chemical 

changes (Nicoli et al., 2010). Maillard reaction is one form of the non-enzymatic browning 

reactions which occurs at high temperature of roasting and may be divided into several steps. 

Initially, condensation between a free amino group (of an amino acid or in proteins mainly the ε-

amino group of lysine, but also the α-amino groups of terminal amino acids) (Martins et al., 

2000) and a reducing sugar leads to an N-glycosylamine in the case of an aldose sugar that 

rearranges into the aminoaldoses through Amadori rearrangement. If the reducing sugar is a 

Table 2.1. Some physical properties of Arabica coffee before and after roasting (Eggers and Pietsch, 2001) 

Type of bean 
Mass 

(g) 

Moisture 

(wt) 

Roast loss 

(wt) 

Dry matter 

loss (wt) 

Density 

(g/mL) 

Porosity 

(-) 

Green 0.15 10 - 12% 0 0 1.2 - 1.4 < 0.1 
Medium roast 0.13 2 - 3% 15 - 18% 5 - 8% 0.7 - 0.8 0.5 
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ketose, it rearranges into the aminoketones through Heyns rearrangement. Sugar fragmentation 

products and release of the amino group occur in the next step which is dependent on the pH of 

the system. Finally, all kinds of dehydration, fragmentation, cyclization and polymerization 

reactions happen, in which amino groups participate again. A general overview on Millard 

reaction for flavor compounds as end products is given in Figure 2.5 .  

The various possible reaction paths taking place depend strongly on temperature, pH and 

nature of the reactants (i.e., type of sugar, type of amino acid, or protein). For example, sugar 

degradation reactions in the absence of amino groups (caramelization) lead to similar products, 

but in the Maillard reaction, the amino group acts as a catalyst, so that the Maillard reaction 

results in a faster reaction and higher amounts of very reactive intermediate products (Farah 

and Donangelo, 2006). These complex reactions lead to the formation of colored agents, volatile 

compounds and CO2 that define the special features of roasted coffee (Yeretzian et al., 2014). 

 

As it can be clearly seen in the Table 2.2, the contents of compounds involved in the Maillard 

reaction are influenced considerably by roasting process. Contrarily, this process poorly affects 

the lipid content, cellulose and caffeine.  

 

Figure 2.5. General overview of the Maillard reaction showing flavor compounds as end products. 
Reprinted from Biotechnology Advances, Vol 24, M.A.J.S. van Boekel, Formation of flavor compounds 
in the Maillard reaction, 230-233., Copyright (2006), with permission from Elsevier. 
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2.1.3.5. Grinding and blending 

Grinding the roasted coffee beans is the basic requirement for preparing coffee drinks. Loss 

of cell-wall elasticity is mainly induced by coffee bean expansion due to gas production during 

the roasting process (Andueza et al., 2003a). To avoid ground coffee oxidation, it should be 

packed in vacuum and sealed container, within 8 h of grinding process (Spiller, 1998). For each 

type of preparation, the grind is selected according to the amount of used water and the contact 

time with the water in order to avoid yielding under- or over-extracted coffee brew. Therefore, 

medium-coarse grinds are required for boiled, filter and Napolitano coffee, whereas fine grinds 

are needed for espresso coffee, and extremely fine grinds are required for Turkish coffee 

(Andueza et al., 2003a). Arabica coffee is more favored due to providing a superior sensorial cup 

quality. Contrarily, Robusta coffee is widely accepted in market due to its low cost, and it is 

considerably used in blends with Arabica to increase the beverage “body”. In Brazil, more than 

80% of the commercial roasted coffees are blends of the Arabica and Robusta species, which 

offer a low cost product and a beverage adjusted to the preference or habits of consumers (de 

Souza and Benassi, 2012).  

2.1.3.6. Brewing 

The most important differences between coffee and other beverages is the variety of brewing 

techniques that have been developed and are used in different countries. In fact brewing is a 

kind of solid-liquid extraction (Nicoli et al., 2010) which involves two steps. Firstly, the contact 

between solid and water results in mass transfer of soluble compounds to the surrounding 

water and subsequently the resulting solution separates from the residual solid by filtration or 

less effective decantation (Petracco, 2001).  

Table 2.2. Comparison of green and roasted coffee composition (Arya and Rao, 2007) 

Constituent  Green (% DB)* Roasted (%DB)** 

Hemicelluloses 23 24 
Cellulose 12.7 13.2 
Lignin 5.6 5.8 
Fat 11.4 11.9 
Caffeine 1.2 1.3 
Sucrose 7.3 0.3 
Chlorogenic acid 7.6 3.5 
Protein (non-alkaloid N) 11.6 3.1 
Trigonelline 1.1 0.7 
Reducing sugars 0.7 0.5 
Unknown 14 31.7 
Total 100 100 

*Dry green Beans 
**Not corrected for dry weight roasting loss, which varies form 2 - 5% 
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For the purpose of preparing a beverage, several brewing techniques are used worldwide 

depending on geographical, cultural and social context, as well as personal preferences. 

Preparation techniques included decoction (boiled coffee, Turkish coffee, percolator coffee and 

vacuum coffee), infusion method (drip filtered and Neapolitan coffee), and the original Italian 

pressure methods (mocha and espresso coffee) (Petracco, 2001). An overview on some brewing 

techniques is given in Table 2.3. 

 

It has been suggested that water temperature should not exceed 90 - 95 °C. The coffee/water 

ratio also varies in different countries and according to individual preferences as it is usually 

around 8 - 20 g coffee/100 mL water. Furthermore, extraction time and average particle size 

(very fine to coarse particle) vary according to the brewing method (Farah, 2012). A single 

serving volume, or “cup size”, is also greatly variable in different cultures, ranging from 15 mL of 

concentrated espresso in Sicily to over 250 mL of filtered coffee in the USA (Urgert and Katan, 

1997).  In general, filtered coffee is the most popular brew in the world. Espresso type brews 

gained popularity in Latin European countries and in recent years in USA and Japan (Urgert and 

Katan, 1997) and it is the most appreciated coffee in Portugal (Alves et al., 2009), while mocha is 

more restricted to southern European countries, like Italy and Spain. The French press 

coffeemaker is being used more often for coffee aroma lovers and is being popular in North 

Table 2.3. Overview of coffee brewing methods. 

Type of 
brew 

Coffee 
maker 

Water 
temperature 

Pressure 
Volume 
per cup 

Coffee/ 

water 

Contact 
time 

Filter type 

Boiled  

 

Boiled water Atmospheric 
approx.  
150 mL 

approx. 9 
g /150 mL 

5-10 
min 

Settle down or 
metal strainer 

Turkish  
 
Boiled water Atmospheric 

approx.  
60 mL 

approx. 5 
g/60 mL 

approx. 
5 min 

Settle down 

Percolator  

 

Boiled water Atmospheric 
approx.  
150 mL 

Depend 
approx. 
20 min 

Metal strainer 

Mocha  

 

100-110 °C 
≤0.5 relative 
atmosphere 

approx.  
60 mL 

approx. 20 
g/300mL 

Depend Metal filter 

French 
Press 

 

92-100 °C Atmospheric 
approx. 
150 mL 

approx. 7 
g/150 mL 

2-7 min 
Metal, nylon 
filters 

Filtered  

 

92-100 °C Atmospheric 
110 - 
150 mL 

approx. 7 
g/150 mL 

2-5 min 
Paper, 
cellulose, 
nylon filters 

Espresso 

 

90-95 °C 9-11 bar 
25-50 
mL 

5.5-8.0 
g/cup 

25-35 s Metal filter 
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America, northern Europe and Australia (Urgert et al., 1995). Boiled coffee used to be the 

favorite beverage in Nordic countries, like Norway and Finland (Perez-Martinez et al., 2010). It 

should be noted that variation in the brewing procedure or volume of consumption implies 

different chemical composition profiles and therefore diverse effects on human health. The key 

technological steps to obtain coffee products are summarized in Figure 2.6. 

 

2.1.4. Pattern of coffee production and consumption  

As an international trade commodity, global coffee production accounts for the second place 

after petroleum. According to data obtained from “International Coffee Organization” (ICO), the 

total world coffee production reduced from approximately 147.953 million bags in 2012 to 

around 143.371 million bags in 2015, with Brazil being the largest producing country 

(Table 2.4). A bag is here intended as 60 kg of coffee (ICO, 2016). This country has been the 

leader industry for the past 150 years thanks to an ideal climate and the large sections of land 

dedicated to growing. 

 

Figure 2.6. Key technological steps to obtain coffee products. “Republished with permission of Taylor 
and Francis Group LLC Books, from [Packaging and the Shelf Life of Coffee, Nicoli, M. C. et al., 2016]; 
permission conveyed through Copyright Clearance Center, Inc. ”  
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As illustrated in Table 2.5, Brazil, the principal coffee producing country, accounted also for 

the main global coffee exporter in 2014 - 2016. Vietnam, was the second largest coffee exporter 

and Colombia ranked third (ICO, 2016) 

 

Coffee consumption has spread worldwide, especially in Europe, the United States, and Japan. 

In 2015, the European Union imported total 13.082 million bags, followed by USA and Japan 

with total import of 4.467 and 1.223 million bags, respectively. Portugal as an importing 

country, first joined the ICO in December 1963. In 2014, Portugal imported 839.345 bags of 

green coffee followed by 131.211 bags of Roasted coffee beans and 90.121 bags of soluble coffee 

(ICO, 2016). The world consumption of coffee in 2011, estimated by the ICO, was around 139.43 

million bags, which represented an increase to 150.164 million bags in 2014. The value of global 

coffee consumption increased 2.5% from 2011 to 2014. European countries are in first place in 

terms of coffee consumption with 51.107 million bags in 2014, followed by Asia & Oceania with 

31.016 million bags of coffee consumption, North America (27.679 million bags) and South 

America (24.807 million bags) (ICO, 2016). 

Table 2.4. Total coffee production by selected exporting countries (In thousands 60 kg bags) (ICO, 
2016)  

Producing country 2012 2015 

Brazil 50826 43235 
Vietnam 25000 27500 
Indonesia 13048 11000 
Colombia 9927 13500 
Ethiopia 6233 6400 
India 5303 5833 
Honduras 4537 5750 
Peru 4453 3200 
Mexico 4327 3900 
Uganda 3914 4755 
Costa Rica 1571 1492 

 

 

Table 2.5. Export of coffee by selected exporting countries (In thousands 60 kg bags) (ICO, 2016) 

Exporting 

country 

October – January 

2014/2015 2015/2016 % Change 

Brazil 12774 12993 1.7 
Vietnam 7549 7150 -5.3 
Colombia 4103 4579 11.6 
Indonesia 2254 1560 -30 
India 1248 1462 17.1 
Uganda 984 1149 16.7 
Honduras 939 1003 6.8 
Peru 973 1352 39 
Ethiopia 682 828 21.5 
Mexico 600 620 3.3 
Costa Rica 190 169 -11 
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2.1.5. Chemical composition of coffee 

The chemical components of roasted coffee can be grouped into volatile and non-volatile 

substances, some of the former being responsible for the aroma and the latter for the basic taste 

sensations of sourness, bitterness and astringency. According to Table 2.6, the non-volatile 

fraction of green coffee is composed primarily of carbohydrates and fiber, proteins and free 

amino acids, lipids, minerals, organic acids, chlorogenic acids, trigonelline, and caffeine as well 

as water (Farah, 2012).  

 

The most abundant classes of volatile compounds are alcohols, esters, hydrocarbons, 

aldehydes, ketones, pyrazines, furans and sulfur (Farah, 2012). Arabica coffee has a higher 

concentration of carbohydrates, lipids and trigonelline in the green and roasted products, 

providing a superior sensorial cup quality and Robusta coffee has high levels of caffeine and 

chlorogenic acids (de Souza and Benassi, 2012). Since Arabica and Robusta belong to the same 

genus, their differences seem to be not significant. However, their chemical composition 

revealed differences mainly in terms of caffeine, lipid and chlorogenic acid content (Petracco, 

2005).  

Table 2.6. Chemical composition of green and roasted coffee beans (Farah, 2012) 

Compounds* 
Green coffee beans (g/100g) Roasted coffee beans (g/100g) 

Arabica coffee Robusta coffee Arabica coffee Robusta coffee 

Carbohydrates/fibre  

Sucrose 6.0-9.0 0.9-4.0 4.2 1.6 
Reducing sugars 0.1 0.4 0.3 0.3 
Polysaccharides 34-44 48-55 31-33 37 
Lignin 3.0 3.0 3.0 3.0 
Pectin 2.0 2.0 2.0 2.0 

Nitrogenous compounds  

Protein 10.0-11.0 11.0-15.0 7.5-10 7.5-10 
Free amino acids 0.5 0.8-1.0 - - 
Caffeine 0.9-1.3 1.5-2.5 1.1-1.3 2.4-2.5 
Trigonelline 0.6-2.0 0.6-0.7 0.2-1.2 0.3-0.7 
Nicotinic acid - - 0.016-0.026 0.014-0.025 

Lipids  

Coffee oil 15-17.0 7.0-10.0 17.0 11.0 
Diterpene esters 0.5-1.2 0.2-0.8 0.9 0.2 

Minerals 3.0-4.2 4.4-4.5 4.5 4.7 

Acids and esters  

Chlorogenic acids 4.1-7.9 6.1-11.3 1.9-2.5 3.3-3.8 
Aliphatic acids 1.0 1.0 1.6 1.6 
Quinic acid 0.4 0.4 0.8 1.0 
Melanoidins - - 25 25 

* Content varies according to cultivar, agricultural practices, climate, soil composition, methods of analysis, and 
roasting degree 
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2.1.5.1. Non-volatile compounds 

Water is one of the main compounds in green coffee that influences the water activity and 

stability during storage. The water activity (aw) of raw green bean varies between 0.5 and 0.6. 

This aw corresponds to 1% of strongly bound water, 4% of weakly bound water as well as 5% of 

water with low mobility. Under these circumstances if the temperature of storage does not 

exceed 25 °C, green coffee beans could be stable for up to 1 year. Regarding roasted coffee beans 

and soluble coffee powders, aw is within 0.1 to 0.3 which corresponds to around 4% water 

content (Arya and Rao, 2007). 

Caffeine (Figure 2.7) (C8H10N4O2 - 1,3,7-trimethylxanthine) is the naturally occurring alkaloid 

in coffee beans (Teixeira et al., 2014). Its chemical structural formula is represented in 

Figure 2.7. Caffeine varies between 0.8% and 1.4% (wt) in case of Arabica beans, while range of 

1.7% and 4.0% (wt) has been reported for Robusta coffee. Variation within cultivars, coffee 

species, and beverage preparation has been reported (Mussatto et al., 2011). Although, caffeine 

is not significantly altered during coffee roasting, small losses may occur due to sublimation 

(Farah, 2012). When considering the coffee brews, caffeine content of coffee ranges from 58 to 

259 mg/cup (Bell et al., 1996). It should be also stressed out that quality of coffee beverages is 

highly related to caffeine content, as it imparts bitterness and also acts as a flavor constituent 

(Teixeira et al., 2014). A study conducted in order to compare caffeine content present in ground 

and capsule coffee directly available to the consumer in Portugal, showed that the caffeine 

content of coffee samples varied from 45 to 141 mg/cup (Candeias et al., 2008). 

 

Polyphenolic compounds generally are classified into flavonoids, phenolic acids, lignans and 

stilbenes (Wang and Ho, 2009). The main phenolic compounds in coffee that derived from trans 

cinnamic acid are caffeic (3-4-dihydroxy-cinnamic acid), ferulic (3-metoxy, 4-hidroxy-cinnamic 

acid), and p-coumaric (4-hidroxy-cinnamic acid) acids. Naturally, they may be presented in 

monoester or diester with quinic acid and those are called chlorogenic acids (CGAs) (Caprioli et 

al., 2013; Farah and Donangelo, 2006; Farah et al., 2008).  

 

Figure 2.7. Chemical structure of caffeine. 
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CGAs are water soluble compounds and include mainly, caffeoylquinic acids (CQA, monoester 

of caffeic and quinic acid), dicaffeoylquinic acids (diCQA, diester of caffeic and quinic acid), 

feruloylquinic acids (FQA, monoester of ferulic and quinic acid), and p-coumaroylquinic acids 

(pCoQA, monoester of p-coumaroylquinic and quinic acid). With considerable variation, total 

CGAs vary between 7.0 - 14.4% and 4.0 - 8.4% of dry matter basis in green Robusta and Arabica 

beans, respectively (Farah and Donangelo, 2006). The chemical structure of the main CQAs 

present in coffee beans are presented in Figure 2.8. 

 

Approximately, 50% of coffee beans are composed of carbohydrates, which are fractioned in 

four groups of poly-, oligo-, di-, and monosaccharides. Low molecular weight carbohydrates like 

di- and monosaccharides appear to be present in rather low concentration. High molecular 

weight carbohydrates or polysaccharides are significantly found in coffee beans. The major 

carbohydrates existing in coffee beans are arabinogalactan type II, galactomannans and cellulose 

(Arya and Rao, 2007), whereas in brewed coffee only soluble polysaccharides namely 

arabinogalactan type II and galactomannans predominate (Farah, 2012). The core structures of 

these two polysaccharides are illustrated in Figure 2.9.  

 

 
  

3-Caffeoylquinic acid         
(Chlorogenic acid) 

4-Caffeoylquinic acid 
(Kryptochlorogenic acid) 

5-Caffeoylquinic acid 
(Neochlorogenic acid) 

Figure 2.8. Chemical structures of the main CQAs. 

  
Arabinogalactan Galactomannan 

Figure 2.9. Basic structures of arabinogalactan and galactomannan (Mikhailenko et al., 2016). 



Chapter 2: Literature Review 

  

20 

Roasting improves the extractability of coffee polysaccharides. It has been reported that up to 

40% of the polysaccharides were degraded after a long roast (Redgwell et al., 2002). 

Polysaccharides play an important role as aroma binder and lead to retention of volatile 

compounds inside the brewed coffee. Besides that they contribute to coffee brew viscosity and 

foam stability especially in case of espresso coffee (Arya and Rao, 2007; Buffo and Cardelli-

Freire, 2004). 

Proteins are another high-molecular-weight components of coffee. Their content is relatively 

high, representing 10 - 15% of the green coffee bean dry weight with Robusta coffee being richer 

in this term (Farah, 2012). They can be divided according to their solubility in water: 50% are 

water-soluble and 50% are water-insoluble proteins. During roasting, protein, peptides, and free 

amino acids play a critical role in the development of color, aroma, and flavor compound via the 

Maillard reaction (Farah, 2012). The composition of coffee proteins profoundly change when 

they are heated in the presence of carbohydrates, as 30% reduction in total amino acids has 

been reported (Belitz, 2009).  

Melanoidins are other non-volatile compounds observed in roasted coffee bean. As a 

consequence of the reaction between amino acids/proteins and reducing sugars during the 

roasting process, water-soluble brown colored compounds are formed, generally defined as 

nitrogenous, macromolecular, final Maillard reaction products that absorb light at 405 nm 

(Bekedam et al., 2008; O’Brien, 2008a). Although polysaccharides like galactomannans and 

arabinogalactan have a central role in formation of melanoidins, the presence of melanoidins 

with negligible amount of polysaccharides, strengthens the hypothesis that there are several 

pathways through which coffee melanoidins are formed. Indeed, the molecular weights and the 

characteristics of the Maillard reaction products depend both on the source of reactants and on 

the reaction conditions (Hurtado-Benavides et al., 2016). Approximately 25% of the dry matter 

in coffee brews is composed of melanoidins (Bekedam et al., 2008). Different studies suggested 

that in addition to their contribution in colour formation and antioxidant activity, melanoidins 

are of interest owing to their responsibility for antibacterial, flavor binding and metal chelating 

properties (Bekedam et al., 2006). As an example, Maillard reaction products derived from 

lysine that identified in coffee melanoidin are presented in Figure 2.10. 

Lipids are major components of coffee and include structurally different compounds. Their 

total content varies considerably between C. arabica and C. canephora species. The total lipid 

content in Arabica beans is approximately 15 - 17%, whereas Robusta coffees contain much less 

as around 7.0 - 10% (Speer and Kölling-Speer, 2006). Coffee oil is composed predominantly of 

triglycerides (75 - 80%, wt), followed by esters of diterpenes (7 - 20%, wt) and sterols (2 - 5.4%, 

wt) (Novaes et al., 2015). Lipids in coffee serve as carriers for flavors and fat-soluble vitamins 
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and contribute to texture and mouthfeel in the brew. The diterpenes among them have also 

received attention in recent years due to their different potential health effects (Cavin et al., 

2002) as well as their application in coffee authentication (Kamm et al., 2002). It is clear that the 

whole processing of coffee beans and the method of coffee brewing play a crucial role for the 

final concentration of coffee diterpenes that is intake by consumers which is discussed in detail 

in Section 2.2. 

 

2.1.5.2. Volatile compounds 

Aroma is considered as one of the most important attributes of roasted coffee and its 

subsequent beverages. Coffee aroma formation is performed in very complex processes, which 

include lots of interactions and routes. The prominent classes of volatile compounds in roasted 

coffee include sulfur compounds, pyrazines, pyridines, pyrroles, oxazoles, furans and aldehydes 

and ketones. The most important mechanisms are (Buffo and Cardelli-Freire, 2004): 

 Maillard reaction (non-enzymatic browning): This is a reaction between substances that 

contain nitrogen like proteins, peptides, amino acids, serotonine and trigonelline with 

reducing carbohydrates, hydroxyl acids and phenols. The products of this reaction are 

aminoaldoses and aminoketones. 

 Strecker degradation: This is a reaction between amino acid and α-dicarbonyl leading to 

formation of aminoketone. These compounds produce nitrogen heterocyclic compounds 

after condensation or form oxazoles after reaction with formaldehyde. 

 Break down of sulfur amino acids such as cystine, cysteine and methionine.  Mercaptans, 

thiophenes and thiazoles are produced as a consequence of reaction between reducing 

sugars or intermediate products of the Maillard reaction with these broken amino acids. 

 Breakdown of hydroxy-amino acids, such as serine and threonine, which can form 

alkylpyrazines after reaction with sucrose.  

  
Nɛ-(fructosyl)lysine Nɛ-(carboxymethyl)lysine 

 

 

Nɛ-(carboxyethyl)lysine  

Figure 2.10. Maillard reaction products derived from lysine identified in coffee melanoidin. 
Reproduced from Moreira et al. (2006) with permission of The Royal Society of Chemistry. 
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 Other reactions include breakdown of proline and hydroxyproline, degradation of 

trigonelline, degradation of the quinic acid moiety, degradation of pigments or minor lipid 

degradation.  

Different perception of aroma from roasted coffee and related beverage is due to a shift in the 

concentration of the odorants as the polar odorants are preferentially extracted (75 - 100%), 

whereas the nonpolar ones give average yields of 10 to 25% (Semmelroch and Grosch, 1996).  

2.1.6. Conclusions 

Keeping in view the above-mentioned points, in order to have high quality coffee with 

functional properties, taking care about the whole production process, either plantation or 

harvesting or post-harvest treatment, seems to be necessary. Selecting the best method for the 

production of green and roasted coffee beans in accordance to the type and characteristics of 

cultivated species along with storage and packaging in appropriate conditions leads to the 

production of high quality coffee that will meet customer requirements. Coffee, as one of the 

most consumed beverages in the world, is the principal source for intake some biologically 

active compounds that are considerably affected by roasting process. These chemical changes 

and modifications also impact the sensorial and potential health effects of final coffee product, 

which is mainly coffee brew. Although coffee is appreciated for its aroma and flavor, the 

relatively high levels of bioactive compounds such as caffeine, lipids and phenols reflect the 

importance of improving the study of these coffee constituents as well as their contribution in 

human diet, as well as human health. Therefore, there is possibility that coffee consumption may 

be acting as a part of some healthy diets.  

2.2. Coffee Diterpenes  

2.2.1. Introduction 

Nowadays, people all around the world like to drink different types of beverages, being coffee 

one of the most popular, due to its unique sensorial properties. As mentioned in the last section, 

coffee contains a wide range of chemical components. Among them, the lipidic fraction, also 

known as coffee oil, is extremely complex and serves as an important source of bioactive 

components that carry relevant nutritional or functional properties. It should be noted that 

apart from the biological activity, the constituents of the lipidic fraction of coffee have valuable 
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properties for formulating cosmetic products, as antioxidants, ultraviolet B protection (UVB) 

and skin moisturizing agents (Carvalho et al., 2014). Recently an increasing interest in biodiesel 

as an environment-friendly fuel from waste coffee ground oil has been also suggested (Abdullah 

and Bulent Koc, 2013). Coffee oil components, in particular diterpenes and diterpene esters have 

biological importance and investigation of their occurrence in coffee beans and subsequent 

beverage is relevant. Therefore, considering the high number of parameters that may influence 

the composition and the functionality of coffee oil components, diterpenes are discussed in 

detail in the present section. Then, in order to verify the effect of environmental and 

technological parameters on their content, the effect of these factors are investigated. 

Information about the content of cafestol and kahweol in coffee brews allows a prediction of the 

likely effects of different coffee brews on human health. Although, raw material can be 

accounted as a factor in the diversity of diterpenes content, the effect of extraction process on 

this diversity is very prominent and noteworthy. Regarding extraction of the unsaponifiable 

fraction of coffee, in particular, diterpenes and diterpene esters, several approaches have been 

reported. For this purpose, this section also deals with sample preparation for analysis of 

diterpenes in several matrices. Finally, detrimental and beneficial properties of diterpenes 

consumption are discussed. It also provides a basis for determining the relevance of these 

biologically active constituents with regard to the reported chemoprotective effects of coffee. 

2.2.2. Diterpenes – Content and properties 

Besides typical components of edible vegetable oils, coffee oil contains pentacyclic 

diterpenes, which are produced only by coffee plant and their fraction is more than 15% of the 

lipidic fraction of the roasted coffee (Gross et al., 1997). Indeed, coffee oil components may be 

divided into two groups, saponifiable and unsaponifiable fractions. The saponifiable lipidic 

fraction is constituted mainly by glycerides, phospholipids and kaurane esterified diterpenes. 

The main lipidic classes in Arabica coffee are presented in Table 2.7. 

 

Table 2.7. The major lipid classes in coffee oil (Catuaí Vermelho - wt%) (Nikolova-Damyanova et al., 
1998) 

Lipid classes  Mean ± sd (n = 4) 

Triacylglycerols 75.5 ± 1.7 

Terpene esters 15.1 ± 1.2 

Partial acylglycerols 5.5 ± 0.3 

Free sterols 1.5 ± 0.2 

Free fatty acids 1.2 ± 0.2 

Sterol esters 1.2 ± 0.1 

Polar lipids 0.6 ± 0.2 

Unidentified 1.0 ± 0.1 
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The unsaponifiable fraction contains free diterpenes, tocopherols, phosphatide and waxes 

(Tsukui et al., 2014) which are very important, together with fatty acid composition as chemical 

marker for authentication and traceability purpose (Speer and Kölling-Speer, 2006). After 

triacylglycerols (TAG), diterpenes are the main class of coffee oil. They belong to the kauren 

family, as fusion of isoprene units (C5) forms the skeleton of 20 kauren carbons, from which 

cafestol (C20H28O3) and kahweol (C20H26O3) are the most important ones (Kitzberger et al., 2013). 

Chemical structures of the main diterpenes of coffee are presented in Figure 2.11.  

 

The double bond between C1 and C2 in kahweol increases the susceptibility of kahweol to 

protonation (Speer and Kölling-Speer, 2006). This extra double bond results in maximum 

absorption at higher wavelengths (Kitzberger et al., 2013) as in 1963, kahweol was isolated at 

different absorption maxima (290 nm) from cafestol (224 nm) (Kaufmann and Gupta, 1963). The 

final structural formula of cafestol, kahweol and also their palmitate esters have been identified 

in coffee by Lam et al. (1982).  

The occurrence of cafestol has been reported in all commercial coffee species, while kahweol 

is mainly specified in Arabica coffee and appears as minor component in Robusta beans 

(Kitzberger et al., 2013; Pettitt, 1987). Cafestol and kahweol are sensitive against heat, acids and 

light, especially kahweol, which is unstable in purified form (Speer and Kölling Speer, 2001). 

Pettit et al. (1987) identified 16-O-methylcafestol (16-OMC) (Figure 2.11) and its concentration 

was in the range 18% to 65% w/w in Robusta coffee, originated from Angola and Philippines, 

  

Cafestol Kahweol 

  

16-O-methylcafestol (16-OMC) 16-O-methylkahweol (16-OMK) 

Figure 2.11. Structural formulae of the most important diterpenes in coffee. 
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respectively (Pettitt, 1987). Finally in 1989, its formation was elucidated by synthesis (Speer 

and Kölling-Speer, 2006). The diterpene, 16-O-methylkahweol (16-OMK) (Figure 2.11) was 

isolated from unsaponifiable fraction in C. stenophylla which could be converted to 16-OMC 

through catalytic hydrogenation (de Roos et al., 1997). Later, Kölling-Speer et al. (2001) 

detected 16-OMK in various Robusta coffees, both green and roasted beans (Kölling-Speer and 

Speer, 2001). It should be noted that although 16-OMC has not been found in Arabica coffee 

beans, it was detected in other parts of the coffee tree, like leaves of Arabica species (Speer and 

Kölling-Speer, 2006). Some of the physicochemical properties of cafestol and kahweol are 

presented in Table 2.8. 

 

Diterpenes are found in two forms in coffee beans, esterified with different fatty acids or free. 

The latter, occur only as minor component which causes some difficulties in their quantification. 

Thus, their determination requires an effective separation from the major components, mainly 

TAG and diterpene esters which interfere with the subsequent high performance liquid 

chromatography (HPLC) analysis. The total free cafestol content in green Arabica coffee 

obtained from different origins varies from 40 mg/kg to 190 mg/kg dry sample. The values 

reported for free kahweol are in the range of 40 - 90 mg/kg coffee. In terms of green Robusta 

beans, traces of kahweol were found in coffee samples from different origins, while the content 

of cafestol and 16-OMC were 50 - 100 and 10 - 50 mg/kg dry sample, respectively (Kölling-Speer 

et al., 1999). It has been reported that diterpenes and sterol esters were the most saturated and 

free fatty acids and TAG were the most unsaturated classes in coffee oil (Nikolova-Damyanova et 

al., 1998). Diterpenes content in coffee beans may be influenced by several parameters such as 

Table 2.8. Some physical and chemical properties of cafestol and kahweol 

Property 
Information 

Reference 
Cafestol Kahweol 

Synonym Cafesterola, Coffeolb 1,2-didehydrocafestol b b(Tice, 1999) 

CAS number 469-83-0 6894-43-5 a(PubChem, 2016) 

Molecular formula C20H28O3 C20H26O3 (PubChem, 2016) 

Molecular weight 
(g/mol) 

316.43 314.41 (PubChem, 2016) 

Physical state 
Crystals, needles from 

petroleum ether 
Crystal, rods from 
acetone 

(Tice, 1999) 

Melting point (°C) 156-158 143-144 (LKT, 2016) 

Solubility 

Insoluble in water. Soluble in 
Dimethyl sulfoxide (DMSO) or 
ethanol to 3 mg/mL, 
dimethylformamide (DMF) to 
12 mg/mL, ethyl acetate or 
acetone. 

Soluble in ethanol and 
DMF (5 mg/mL), DMSO 
(3 mg/mL). 

(LKT, 2016) 
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species, genetic background, post-harvest procedures as well as climate condition. The total 

amount of diterpenes in green beans of Arabica coffee varies from 1.3% to 1.9% (wt), while in 

green beans of Robusta coffee, diterpenes content ranges from 0.2% to 1.5% (wt) (de Roos et al., 

1997; Wermelinger et al., 2011). It has been reported that Arabica coffees contain 100 - 700 mg 

cafestol and 100 - 736 mg kahweol per 100 g. 

 coffee (Campanha et al., 2010; Zhang et al., 2012), but Kitzberger et al. (2013) reported 

higher values of kahweol (439 - 1096 mg/100 g) for Arabica coffee from different cultivars in 

Brazil. In Robusta coffee, less than 13 mg kahweol per 100 g coffee has been reported (Frega et 

al., 1994). On the other hand, some authors could not detect kahweol in Robusta beans or just in 

traces (Campanha et al., 2010; de Souza and Benassi, 2012). The 16-OMC varied from 0.8 to 2.4 g 

per kg of Robusta coffee (Speer and Kölling-Speer, 2006). Table 2.10 presents the average 

diterpenes contents in coffee beans.  

Diterpenes exist mainly in coffee oil, as monoesters on C17 by saturated or unsaturated fatty 

acids (Novaes et al., 2015). In coffee oil composition, the fatty acids are mainly found as 

esterified with glycerol or diterpenes and traces exist as free from. However, the distribution of 

fatty acids between the lipid classes revealed that palmitic acid (C16:0) and linoleic acid (cis 9,12 - 

C18:2) are the major components (Nikolova-Damyanova et al., 1998). It should be noted that 

these two fatty acids are uniformly distributed in both Arabica and Robusta species (Speer and 

Kölling Speer, 2001). Stearic (C18:0) and oleic (cis 9 - C18:1) fatty acids were found in moderate 

and almost equal quantities in Arabica coffee, whereas in Robusta beans the proportion of 

stearic acid is remarkably smaller than that of oleic acid, which may give the first indication of 

Robusta in coffee blends (Speer and Kölling Speer, 2001). Regarding the other fatty acids, the 

quantities of myristic (C14:0), palmitoleic (C16:1), arachidic (C20:0) and behenic (C22:0) acids are less 

than 1% each (Nikolova-Damyanova et al., 1998). Table 2.9 shows the distribution of some 

diterpene esters in Arabica coffee, where the main four diterpene esters are cafestol and 

kahweol palmitate, linoleate, oleate and stearate.  

 

In 1987, Pettitt et al. (1987) found six different diterpene esters in Robusta coffee, from 

which only one of them was a cafestol derivative. Later, 14 and 12 different fatty acid esters have 

Table 2.9. Distribution (%) of diterpene esters in Arabica coffees (Speer and Kölling-Speer, 2006) 

Fatty acids Cafestol (n=10) Kahweol (n=10)* 

Palmitic acid (C16) 40-49 46-50 
Stearic acid (C18) 9-11 8-11 
Oleic acid (C18:1) 9-15 8-12 
Linoleic acid (C18:2) 24-30 25-29 
Arachidic acid (C20) 3-6 3-6 
Behenic acid (C22) 0.6-1.2 0.7-1.3 

* Kahweol esters calculated as cafestol esters 
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been detected for cafestol and kahweol, respectively. Regarding cafestol, the fatty acids esters 

including C14, C16, C18, C18:1, C18:2, C18:3, C20, C22, C24 along with odd-numbered fatty acids including 

C17, C19, C21, C23 were identified. Also, 12 fatty acid esters were identified for 16-OMC. 

Nevertheless, quantitatively, the esters of the fatty acids including C16, C18, C18:1, C18:2, C20, and C22 

are the predominant ones as the total content of these six cafestol esters ranged from 9.4 to 21.2 

g/kg dry weight in different Arabica coffees (Speer and Kölling-Speer, 2006). The chemical 

structures of the main cafestol and kahweol esters are presented in Figure 2.12.  

 

 

 

  

Cafestol linoleate Kahweol linoleate 

  

Cafestol oleate Kahweol oleate 

  

Cafestol palmitate Kahweol palmitate 

  

Cafestol stearate Kahweol stearate 

Figure 2.12. Chemical structures of the eight main diterpene esters present in Arabica coffee. 
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Table 2.10. Total diterpenes content in coffee beans 

Coffee sample 
Roasting 
condition 

Extraction techniques Analysis Cafestol Kahweol 16-OMC Reference 

Arabica (different 
origin) 

Roasted 

Oil extraction through 
Soxhlet followed by 
saponification according to 
Norme Grassi e Derivati, 
Metodo NGD C-12 followed 
by silylation. 

GC-MS 

299.4-583.6 
(mg/100 g of lipid) 

414.8-672.7 
(mg/100 g of lipid) 

1.5-14.5 
(mg/100 g of lipid) 

(Lercker et 
al., 1995) Robusta (different 

origin) 
76.4-190.1 
(mg/100 g of lipid) 

3.6-12.5 
(mg/100 g of lipid) 

45.3-138.9 
(mg/100 g of lipid) 

C. canephora (Robusta) 

Green 

Direct hot saponification of 
ground coffee followed by 
diterpenes extraction 
followed by preparation 
for GC analysis 

GC-MS 

239-250  
(mg/100 g of sample) 

5-8  
(mg/100 g of sample) 

102-154  
(mg/100 g of sample) 

(de Roos et 
al., 1997) 

C. stenophylla 
292-341  
(mg/100 g of sample) 

700-783  
(mg/100 g of sample) 

54-65  
(mg/100 g of sample) 

C. liberica 
273-616  
(mg/100 g of sample) 

54-154  
(mg/100 g of sample) 

19-99  
(mg/100 g of sample) 

C. congensis 
344±11   
(mg/100 g of sample) 

1065±24  
(mg/100 g of sample) - 

C. racemosa 
436±10  
(mg/100 g of sample) 

505±10  
(mg/100 g of sample) - 

C. racemosa 
459±9  
(mg/100 g of sample) 

580±11  
(mg/100 g of sample) - 

C. salvatrix 
488±15  
(mg/100 g of sample) 

875±22  
(mg/100 g of sample) - 

C. pseudozanguebariae 
394±2  
(mg/100 g of sample) 

824±5  
(mg/100 g of sample) - 

C. sessiliflora 
542±3  
(mg/100 g of sample) 

702±4  
(mg/100 g of sample) - 
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Table 2.10. Total diterpenes content in coffee beans (continuation) 

Coffee sample 
Roasting 
condition 

Extraction techniques Analysis Cafestol Kahweol 16-OMC Reference 

Arabica (various 
cultivation area) 

Green Oil extraction through Soxhlet 
followed by fractionation of 
free diterpenes using gel 
permeation chromatography; 
conversion factor of 1.148 for 
calculation of kahweol 
concentration. 

HPLC-UV 

45-190 (mg free 
cafestol/kg sample) 

40-90 (mg free 
kahweol/kg sample) 

- 

(Kölling-
Speer et 
al., 1999) 

Roasted at 
233-253 °C 

200-300 (mg free 
cafestol/kg lipid) 

50-150 (mg free 
kahweol/kg lipid) 

- 

Robusta (various 
cultivation area) 

Green 
50-100 (mg free 
cafestol/kg sample) 

≤10 (mg free 
kahweol/kg sample) 

20-40 (mg free 16-
OMC/kg sample) 

Roasted at 
241-257 °C 

110-190 (mg free 
cafestol/kg lipid) 

≤10 (mg free 
kahweol/kg lipid) 

20-80 (mg free 16-
OMC/kg lipid) 

C. chanephora cv. 
Robusta 

Green 

Oil extraction by Büchi 
extraction system followed by 
sample preparation for LC-GC 
analysis 

LC–GC - - 
0.67-0.69  
(g/kg of sample) 

(Kamm et 
al., 2002) 

Commercial Arabica 

Green 
Oil extraction through Soxhlet 
followed by hot saponification 
and diterpenes extraction 

HPLC-DAD 

383.9±2.3 (mg/100 
g of sample) 

476.2±6.4 (mg/100 
g of sample) 

- 

(Araújo 
and Sandi, 
2007) 

Roasted 

Oil extraction through Soxhlet 
followed by hot saponification 
and diterpenes extraction 

328.5±3.9 (mg/100 
g of sample) 

397.8±6.6 (mg/100 
g of sample) - 

Green 

Oil extraction through 
supercritical carbon dioxide 
(70 °C/327 bar) followed by 
hot saponification and 
diterpenes extraction 

230±2.11  (mg/100 
g of sample) 

261±2.57 (mg/100 
g of sample) - 

Roasted 

Oil extraction through 
supercritical carbon dioxide 
(80 °C/379 bar) followed by 
hot saponification and 
diterpenes extraction 

122.2±0.87 
(mg/100 g of 
sample) 

165.7±1.55 
(mg/100 g of 
sample) 

- 
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Table 2.10. Total diterpenes content in coffee beans (continuation) 

Coffee sample 
Roasting 
condition 

Extraction techniques Analysis Cafestol Kahweol 16-OMC Reference 

Arabica (various cultivation area) 
Green 

- - 
3-10 (g/kg of 
sample) 

2-4 (g/kg of sample) - 
(Kölling-Speer 
et al., 2006) Robusta (various cultivation 

area) 
- - 1-6 (g/kg of sample) 

≤0.1 (g/kg of 
sample) 

0.8-2 (g/kg 
sample) 

Arabica (different origin and 
defective beans) 

Light to 
dark roast 

Direct hot 
saponification of 
ground coffee followed 
by diterpenes 
extraction 

HPLC-DAD 

360-478 (mg/100 g 
of sample) 

661-866 (mg/100 g 
of sample) 

- 

(Campanha et 
al., 2010) 

C. canephora var conillon 
(different origin and defective 
beans) 

163-275 (mg/100 g 
of sample) 

- - 

Blend of Arabica and Conillon 
(contain 20-50% Robusta) 

247-369 (mg/100 g 
of sample) 

264-744 (mg/100 g 
of sample) 

 

C. arabica cv. IAPAR-59/C. 
canephora cv. Apoatã (70:30) 

Medium 
roasted 

Direct hot 
saponification of 
ground coffee followed 
by diterpenes 
extraction 

HPLC-DAD 
446±8 (mg/100 g of 
sample) 

323±14 (mg/100 g 
of sample) 

- 
(Dias et al., 
2010) 

Germplasm of Coffea arabica 

Green 

Oil extraction through 
Soxhlet followed by 
saponification and 
extraction of diterpenes 

HPLC-UV 

1.68±0.14 (mg/g 
sample)    

0.21±0.007 (mg/g 
sample)    

- 

(Sridevi et al., 
2010) 

Germplasm of Coffea bengalensis 0.95±0.02 (mg/g 
sample)    

0.02±0.004 (mg/g 
sample)    

- 

Germplasm of Coffea canephora 1.1±0.012 (mg/g 
sample)    

0.034±0.002 (mg/g 
sample)    

- 

Germplasm of Coffea dewevrei 0.58±0.01 (mg/g 
sample)     

0.080±0.015 (mg/g 
sample)    

- 

Germplasm of Coffea kapakata 1.06±0.04 (mg/g 
sample)    

0.023±0.001 (mg/g 
sample)    

- 

Germplasm of Coffea salvatrix 1.26±0.15 (mg/g 
sample)    

0.089±0.001 (mg/g 
sample)    

- 
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Table 2.10. Total diterpenes content in coffee beans (continuation) 

Coffee sample 
Roasting 
condition 

Extraction techniques Analysis Cafestol Kahweol 16-OMC Reference 

Arabica 
Light to full 
city roast 
(220-445 °C 
for 60-600 s) 

Oil extraction through 
Soxhlet followed by 
saponification and 
extraction of diterpenes 

HPLC-DAD 

186-622 (mg/100 g 
sample) 

132-453 (mg/100 g 
sample) 

- 
(Sridevi et 
al., 2011) 

Robusta 
281-363 (mg/100 g 
sample) 

146-313 (mg/100 g 
sample) 

- 

Arabica  Green 

Oil extraction through 
Soxhlet followed by 
hydrolysis of coffee oil and 
extraction of diterpenes. 

HPLC-UV 

2.3 (g cafestol+kahweol/kg lipid) 

(Oigman et 
al., 2012) 

Oil extraction through 
Soxhlet followed by 
methanolysis under 
microwave (6 bar, 100 °C, 3 
min) 

9.2±0.1 (g cafestol+kahweol/kg lipid) 

Arabica (different 
varieties) 

Medium to 
dark roast 

Direct hot saponification of 
ground coffee followed by 
diterpenes extraction 

HPLC-DAD 

0.28-0.48 (g/100 g of 
sample) 

0.66-0.93 (g/100 g of 
sample) 

- 
(de Souza 
and 
Benassi, 
2012) 

Robusta (different 
varieties) 

0.19-0.24 (g/100 g of 
sample) 

- - 

Commercial 
ground coffee 

0.25-0.55 (g/100 g of 
sample) 

0.10-0.80 (g/100 g of 
sample) 

- 

Arabica (different 
origins) 

162-186 °C 
for 18 min 
and 192-202 
°C for 8 min 

Oil extraction through 
Soxhlet followed by 
saponification according to 
the NGD C-12 method 
followed by silylation 

GC-MS 
GC-FID 

25.6-38.4 (% of 
unsaponifiable 
matter) 

39.6-52.1 (% of 
unsaponifiable 
matter) 

- 

(Pacetti et 
al., 2012) 

Robusta (different 
origins) 

32.9-40.2 (% of 
unsaponifiable 
matter) 

1.1-2.3 (% of 
unsaponifiable 
matter) 

16.2-26.2 (% of 
unsaponifiable 
matter) 

Blend of Arabica 
and Robusta 
(contain 2-95% 
Robusta) 

32.1-39.8 (% of 
unsaponifiable 
matter) 

10.0-42.9 (% of 
unsaponifiable 
matter) 

0.3-21.0 (% of 
unsaponifiable 
matter) 

Arabica 
Green Direct hot saponification of 

ground coffee followed by 
diterpenes extraction 

HPLC-UV 
642±10.7 (mg/100 g) - - 

(Zhang et 
al., 2012) Roasted (190 

°C,10-40 min) 
595-619 (mg/100 g) - - 
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Table 2.10. Total diterpenes content in coffee beans (continuation) 

Coffee sample 
Roasting 
condition 

Extraction techniques Analysis Cafestol Kahweol 16-OMC Reference 

Commercial coffee 
(blend of Arabica 
and Robusta) 

Medium to dark 
roasted  

Direct hot saponification of 
ground coffee followed by 
diterpenes extraction 

Spectro-
photometry 

- 
395-427 (mg/100 g of 
sample) 

- 
(Dias et al., 
2013a) 

HPLC-DAD - 
388-481 (mg/100 g of 
sample) 

- 

Arabica cv. Iapar-
59 

Dark roast (190-
230 °C) 

Direct hot saponification of 
ground coffee followed by 
diterpenes extraction 

HPLC-DAD-
MS/MS 

568.6±16.6  (mg/100 
g of sample) 

930.2±3.6 (mg/100 g 
of sample) 

- 

(Dias et al., 
2013b) 

Direct cold saponification of 
ground coffee followed by 
diterpenes extraction 

483.1±15.0 (mg/100 
g of sample) 

789.8±14.5  (mg/100 
g of sample) 

- 

Oil extraction through Soxhlet 
followed by hot saponification 
and diterpenes extraction 

126.3±1.3  (mg/100 
g of sample) 

192.4±8.3  (mg/100 g 
of sample) 

- 

Oil extraction through Bligh and 
Dyer followed by hot 
saponification and diterpenes 
extraction 

68.6±0.78 (mg/100 g 
of sample) 

101.6±4.2 (mg/100 g 
of sample) 

- 

Arabica  
(different 
cultivars) 

Green 
Direct hot saponification of 
ground coffee followed by 
diterpenes extraction 

HPLC-DAD 

221-604 (mg/100 g 
of sample) 

451-986 (mg/100 g 
of sample) 

- 
(Kitzberger 
et al., 2013) 

Medium roasted 
(200-210 °C, 8-
10 min) 

246-668 (mg/100 g 
of sample) 

439-1096 (mg/100 g 
of sample) 

- 

C. Arabica cv. 
Catuai Amarelo 

Green 

Oil extraction through cold 
mechanical press of green coffee 
beans follows by 
transesterification in reactor (70 
°C, 1.25 mol KOH/L, 60 min) and 
liquid-liquid extraction of 
diterpenes 

GC-FID 
GC/MS 

24.3±2.4 (g/kg lipid) 33.2±2.2 (g/kg lipid) - 
(Chartier et 
al., 2013) 
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Table 2.10. Total diterpenes content in coffee beans (continuation) 

Coffee sample 
Roasting 
condition 

Extraction techniques Analysis Cafestol Kahweol 16-OMC Reference 

Coffea arabica 
(different origin) 

Green 

DIN method 10779 HPLC 
17.7-57.0 (g/kg 
lipid) 

10.0-36.3 (g/kg 
lipid) 

- 

(D'Amelio 
et al., 2013) 

Coffea arabica 
(different origin) 

Oil extraction through Soxhlet 
followed by resolution nuclear 
magnetic resonance spectroscopy 

C NMR 
28.4-32.9 (g/kg 
lipid) 

24.8-29.5 (g/kg 
lipid) 

- 

Coffea canephora 
Pierre ex Froehner 
var. robusta 

DIN method 10779 HPLC 8.8 (g/kg lipid) 0.4 (g/kg lipid) 6.0 (g/kg lipid) 

Coffea canephora 
Pierre ex Froehner 
var. robusta 

Oil extraction through Soxhlet 
followed by resolution nuclear 
magnetic resonance spectroscopy 

C NMR 14.6 (g/kg lipid) 0.5 (g/kg lipid) 9.1 (g/kg lipid) 

Espresso spent 
coffee grounds 

- 
Oil extraction through Soxhlet 
followed by hot saponification 
and diterpenes extraction 

HPLC-UV 

16.67 (mg/g of lipid) 
29.49 (mg/g of 
lipid) 

6.53 (mg/g of 
lipid) 

(Barbosa et 
al., 2014) 

- 

Oil extraction through 
supercritical carbon dioxide (40-
70 °C/140-165 bar) followed by 
hot saponification and diterpenes 
extraction 

9.21-32.06 (mg/g of 
lipid) 

14.63-47.56  (mg/g 
of lipid) 

9.44-27.82  (mg/g 
of lipid) 

Arabica Roasted 
(230 °C at 2, 
4, 6, 8 and 
10 min) 

Direct hot saponification of 
ground coffee followed by 
diterpenes extraction 

HPLC-DAD-
MS 

292-452 (mg/100 g 
of sample) 

401-644  (mg/100 g 
of sample) 

- 
(Dias et al., 
2014) 

Robusta 
264-325 (mg/100 g 
of sample) 

- - 

Arabica (traditional 
cultivars) 

Roasted 
Direct hot saponification of 
ground coffee followed by 
diterpenes extraction 

HPLC-DAD 

668-742 (mg/100 g 
of sample) 

439-636 (mg/100 g 
of sample) 

- 
(Kitzberger 
et al., 2014) Arabica (modern 

cultivars) 
414-581 (mg/100 g 
of sample) 

743-1068 (mg/100 
g of sample) 

- 
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Table 2.10. Total diterpenes content in coffee beans (continuation) 

Coffee sample 
Roasting 
condition 

Extraction techniques Analysis Cafestol Kahweol 16-OMC Reference 

C. arabica cv. Yellow 
Catuaí 

Green 

Oil extraction through supercritical 
carbon dioxide (70 C/ 200 bar/ 
661.10 kg CO2/cm3) followed by 
hot saponification and diterpenes 
extraction GC-MS 

50 (g/kg of lipid) 63 (g/kg of lipid) - 

(de Oliveira 
et al., 2014) 

Oil extraction through conventional 
pressing method followed by hot 
saponification and diterpenes 
extraction 

7 (g/kg of lipid) 12 (g/kg of lipid) - 

Arabica (Ethiopian 
accessions) 

Green 

Direct hot saponification of ground 
coffee followed by diterpenes 
extraction 

HPLC-DAD and  

near-infrared 
spectroscopy 

299-1392 
(mg/100 g) 

182-1265 

(mg/100 g) 
- 

(Scholz et al., 
2014) 

Arabica (Traditional and 
modern cultivar) 

Green 
182-603 
(mg/100 g) 

312-1082 
(mg/100 g) 

- 

Arabica (Ethiopian 
accessions + Traditional 
and modern cultivar) 

Green 
182-1308 
(mg/100 g) 

182-1265 
(mg/100 g) 

- 

Arabica (different 
growing regions in 
Brazil) 

Green 

Oil extraction through Soxhlet 
followed by methanolysis under 
microwave according to Oigman et 
al. (2012) 

HPLC-UV 

6-9 (g diterpenes/kg of sample) - 

(Tsukui et al., 
2014) Oil extraction through microwave 

assisted extraction (10 min, 45 °C) 
followed by methanolysis under 
microwave according to Oigman et 
al. (2012) 

4-8 (g diterpenes/kg of samples) - 
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2.2.3. Effect of regional and technological parameters on diterpenes content 

The concentration of diterpenes can vary in accordance to several parameters such as genetic 

variability, agricultural practice, and degree of maturation, roasting, as well as method of 

preparation.  

2.2.3.1. Species and geographical conditions 

Several studies report the differences among the percentage of unsaponifiable fraction in 

coffee oil depending on the variety of coffee (Campanha et al., 2010). The roasted and ground 

coffee is classified into 3 quality categories according to the Brazilian law: (1) Gourmet (only C. 

arabica), (2) Superior (up to 15% of C. canephora), and (3) Traditional (blended with C. 

canephora) (Rodrigues and Bragagnolo, 2013). Accordingly, the chemical composition of 

commercialized coffee is influenced by the proportion of each variety in the blends. 

Apart from the importance of coffee species, the different coffee origins (Asia, Africa and 

South America) may have different levels of cafestol and kahweol (Kurzrock and Speer, 2007). 

De Roos et al. (1997) determined the level of diterpenes in nine wild African Coffea species from 

different origins (Ivory Coast, Central African Republic, Mozambique, Kenya). They intended to 

find a new commercial species free from cafestol (seen as cholesterol-raising). Nevertheless, 

cafestol was found in all species ranging from 239 to 616 mg/100 g of bean and kahweol 

contents varied significantly among species. Lower amounts of kahweol (5 mg/100 g of bean 

mass) were reported in C. canephora. Moreover, 16-OMC was also found in some species, being 

more significant in C. canephora (102 - 154 mg/100 g beans). They also identified 16-OMK in the 

range of 77 - 95 mg/100 g beans in C. liberica var. dewevrei (de Roos et al., 1997).  

The possibility of discriminating the coffee species Arabica and Robusta through their 

kahweol and cafestol contents was investigated by Campanha et al. (2010). They did not detect 

kahweol in C. canephora (conilon variety), while it varied between 661 and 923 mg/100 g in the 

Arabica coffee. According to their finding, addition of Robusta to Arabica can result in the 

reduction of kahweol and cafestol content of coffee blend, but defects and roasting degrees may 

also affect this value (Campanha et al., 2010). 

Pacetti et al. (2012) measured the unsaponifiable fractions of coffee beans from different 

species (Arabica and Robusta), obtained from different geographic origins, for authentication of 

commercial blend purposes. Green Arabica coffee beans were acquired from Guatemala, 

Dominican Republic, Brazil and Colombia, whereas Robusta coffee beans were from India, 

Vietnam and Ivory Coast, and they were subjected to different roasting conditions. Arabica 
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coffee presented higher cafestol and kahweol content than Robusta. In terms of Robusta, cafestol 

was the main diterpene followed by 16-OMC, kahweol and 16-OMK. Concerning Arabica, the 

variety of Santo Domingo was significantly different from other samples and revealed lower 

cafestol and higher kahweol compared to other varieties. Considering the Robusta, differences 

among 16-OMC between origins were more significant than that of cafestol and kahweol, being 

higher in Vietnam samples (Pacetti et al., 2012). 

De Souza and Benassi (2012) did quantitative determination as a tool for identifying species 

in different blends of roasted coffee. Robusta coffee had lower levels of cafestol and absence of 

kahweol, when compared to Arabica. The use of kahweol/cafestol ratio and caffeine/kahweol 

ratio were suggested, as tools for assessing the addition of Robusta in commercial coffees. 

According to their study, the average levels of cafestol in commercial roasted and ground coffee 

was around 360 - 480 mg/100 g coffee, while the amount of 270 - 670 mg/100 g coffee was 

observed for kahweol content (de Souza and Benassi, 2012).  

In order to examine the impact of genetic variability in Arabica coffee diterpenes, Kitzberger 

et al. (2013) measured the cafestol and kahweol content of green and roasted beans from 

different cultivars of C. arabica, growing in the same edapho-climatic conditions. Considering 

that growing conditions, harvesting and processing were standardized for all samples, the 

variability in the composition of diterpenes was mainly attributed to the genetic characteristics. 

Although they found a relation between kahweol/cafestol ratio and genetic background, they did 

not confirm the applicability of this factor for discrimination between Arabica coffee species. 

Their results revealed the greater genotype effect on diterpenes compared to other compounds 

(Kitzberger et al., 2013). 

2.2.3.2. Roasting 

Due to the potential role of diterpenes as biological compounds, as well as chemical marker 

for authentication of coffee blends, the effect of various roasting intensities on diterpenes 

content has been also studied (Dias et al., 2014; Kölling-Speer et al., 1999; Sridevi et al., 2011). 

The presence of decomposition products in roasted beans, which are absent in green coffee, has 

been demonstrated. Roasting process leads to the formation of the dehydrocafestol and 

dehydrokahweol. There is a positive relation between the level of these compounds and the 

degree of roasting, as higher roasting intensity causes higher content of dehydrated diterpenes. 

The ratio of cafestol/dehydrocafestol may be used to characterize the roasted beans and values 

of 25 - 40, up to 15 and 10 - 15 describes the well roasted coffee, strongly roasted coffee and 

strongly roasted espresso coffee, respectively.  
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Other decomposition products such as cafestal, kahweal, isokahweol, dehydroisokahweol 

have been also identified in roasted coffees (Speer and Kölling-Speer, 2006). The chemical 

structural formulae of decomposition products are shown in Figure 2.13. 

 

There is some controversy in literature over the stability of diterpenes along the roasting 

process. While some authors state that the amount of cafestol and kahweol are not influenced by 

higher degrees of roasting and it remains almost stable during the roasting process with 

different intensities (Pacetti et al., 2012), other report considerable degradation of cafestol and 

kahweol by increasing the roasting temperature (Zhang et al., 2012).  

Urgert et al. (1995) evaluated the behavior of kahweol and cafestol in C. arabica of intense 

roasts. No significant differences in diterpene contents were found between light, medium and 

high roasted Arabica coffee, probably due to the loss of other compounds during roasting. It 

should be noted that the corresponding weight losses were 24.5% for light, 26.0% for medium, 

and 26.5% for dark roasted beans (Urgert et al., 1995). 

Pacetti et al. (2012) prepared two types of roasted beans (162 - 168 °C, 18 min and 192 - 202 

°C, 8 min). The unsaponifiable profile of roasted coffee powders was not affected by the roasting 

  

Dehydrocafestol Dehydrokahweol 

  

Cafestal Kahweol 

  

Isokahweol Dehydro-isokahweol 

Figure 2.13. Structural formulae of decomposition products in roasted coffee. 
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temperature within varieties. According to their findings, due to the heat resistance, non-volatile 

properties and no degradability during the preparative steps, kahweol and 16-OMC are suitable 

chemical markers for analysis of roasted beans (Pacetti et al., 2012).  

Kitzberger et al. (2013) evaluated the cafestol and kahweol content in green and medium 

roasted Arabica (200 - 210 °C, 8 - 11 min) of different cultivars. For roasted coffee, the cafestol 

and kahweol content were higher compared to green coffee beans. Also, since the relation 

between kahweol/cafestol ratio and the genetic background was not affected by roasting 

process, they concluded that the kahweol/cafestol ratio could be used to characterize the 

cultivars regardless of the degree of roasting (Kitzberger et al., 2013). Regarding the study of the 

cafestol and kahweol degradation during the roasting (230 °C, 2 - 10 min), Dias et al. (2014) 

showed general losses of 75% for cafestol and kahweol in Arabica coffee, whilst 60% loss was 

reported for cafestol in Robusta samples, confirming their instability under heating. After certain 

degree of roasting, generally after 8 min, the development of dehydrated diterpenes was 

observed as they identified the highest intensity of dehydrocafestol and dehydrokahweol in the 

higher roasted samples (10 min). When considering the entire matrix, despite the degradation of 

cafestol and kahweol on a lipid basis, the amounts of cafestol and kahweol (mg/100 g of coffee) 

remained stable during the roasting process, probably due to relative increase in lipid 

concentration (Dias et al., 2014). 

According to Kölling-Speer et al. (1999) the increase of the degree of roasting significantly 

decreased the content of free diterpenes, up to 80% of the initial amount of all free diterpenes in 

green beans. Similarly, Sridevi et al (2011) concluded that higher roasting temperatures and 

prolonged roasting times had significant influence on diterpenes profiles in roasted beans, 

showing 56% reduction in cafestol and 61% reduction in kahweol in full city roasted Arabica 

coffee than normal roasted ones. Less reduction in cafestol and kahweol content was observed 

in roasted Robusta, indicating the higher sensitivity of Arabica coffee to roasting degree. Zhang 

et al. (2012) also showed a decrease in the cafestol concentration from raw beans to light roast 

degree (190 °C, 10 min) as well as further roasting levels (190 °C during 40 and 50 min).  

2.2.3.3. Defective beans 

Defective beans (black, immature, sour, insect-damaged and broken beans) represent 20% of 

the total coffee bean production. Accordingly Campanha et al. (2010) investigated the contents 

of kahweol and cafestol in roasted samples (Coffea Arabica and C. canephora cv. Conilon medium 

roasted) with different proportions of defective beans. It was concluded that diterpenes content 

was less influenced by the presence of defective beans (Campanha et al., 2010; de Souza and 
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Benassi, 2012) as no significant differences between diterpenes content of defective and non-

defective coffee beans were found (Campanha et al., 2010).  

2.2.3.4. Brewing  

According to literature, the method of coffee brew preparation is one of the main causes of 

diterpenes variability. Studies of the chemical composition and sensory properties of coffee 

brews revealed that there is not the best extraction method, but every extraction technique has 

its own characteristics. Several phenomena occur in the brewing procedure. After extraction of 

high soluble components, such as organic acids and less soluble compounds like 

arabinogalactan, thermal degradation occurs, which makes some compounds as galactomannan 

more available for extraction. Then coffee fine particles and emulsified coffee oil, which are the 

source of diterpenes, are released to the suspension (Zhang et al., 2012). The effect of different 

modes of coffee preparation on total diterpenes content (not esters of diterpenes) of coffee brew 

has been documented (Gross et al., 1997; Silva et al., 2012; Sridevi et al., 2011; Urgert et al., 

1995; Zhang et al., 2012).  

Ratnayake et al. (1993) investigated various types of coffee brews for their lipidic content 

and composition. Boiled coffees showed higher total lipid content (1000 - 2260 mg/L) than 

filtered coffee brews which presented 8 - 335 mg lipids/L of coffee. Brewing time had minor 

impact on lipidic content. Although the proportion of particular lipidic classes were almost 

similar among different coffee brews, the absolute amounts (mg/cup) were significantly higher 

in boiled coffees. According to their results, triglycerides (86 - 92%) and diterpene esters (6 - 

12%) were the major lipidic classes in examined coffee brews. Filtered and instant coffee 

provided the lower amount of diterpene esters.  

Urgert et al. (1995) studied the cafestol and kahweol content of various types of coffee brews. 

Scandinavian boiled coffee, French press and Turkish/Greek coffee contained 3 ± 2.8, 3.5 ± 1.2 

and 3.9 ± 3.2 mg cafestol/cup. In agreement with other studies (Ratnayake et al., 1993), instant, 

drip filtered and percolated brews presented the lower levels of cafestol. Decaffeinated and 

regular coffee brews had similar diterpenes content, indicating the negligible effect of 

decaffeination on diterpenes profile. The presence of negligible amount of diterpenes in filtered 

coffee has been also stated by other authors (Gross et al., 1997; Naidoo et al., 2011; Silva et al., 

2012; Sridevi et al., 2011).  

According to Gross et al. (1997) the cafestol concentration in coffee brews ranged from 0.12 

mg/L (filtered coffee) to 88.7 mg/L (Turkish coffee). The same trend was reported for kahweol 

(0.14 mg/L of filtered coffee vs. 89.9 mg/L of Turkish coffee). Higher amount of fine particles in 

Turkish coffee than boiled coffee could be considered to justify the differences between 
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diterpene content of Turkish and boiled coffee. Thus, the method by which boiled coffee is 

decanted may have a large influence on its diterpene content. The espresso coffee showed an 

intermediate diterpene concentration in the basis of mg/cup, although the concentration on 

mg/L basis was almost similar to that of mocha coffee (Gross et al., 1997). Since espresso is 

served in small quantities, cafestol and kahweol content per cup will remain less than those in 

boiled or Turkish coffee (Urgert et al., 1995).  

Coffee pods are another popular espresso coffee in recent years, produced by several brands. 

Coffee pods are provided with a paper filter, however their paper filter is less thick than regular 

filters (thickness of around 61 microns vs. 104 microns). It was reported that coffee pods 

contained an average 0.76 mg/L cafestol and 0.85 mg/L kahweol, which were almost similar to 

those that were obtained for regular filtered coffee (0.76 and 0.81 mg/L cafestol and kahweol, 

respectively) (Parenti et al., 2014).  

Zhang et al. (2012) determined the extraction yield of cafestol from roasted and ground 

coffee to different coffee brews. The cafestol concentration ranged from 19 mg/L (mocha) to 53 

mg/L (French press). Less diterpene contents in mocha coffee is probably due to the retention of 

the coffee fine particles and oil droplets in the water tank. A literature review about the effect of 

brewing method on the contents of diterpenes is presented in Table 2.11. 

Few reports were found in the literature related to diterpene esters content. The transfer of 

diterpene esters from Arabica and Robusta coffee to the subsequent espresso beverage was 

investigated (Kurzrock and Speer, 2007). However, 16-OMC esters content in few coffee brews 

was studied previously (Sehat et al., 1993).  The transition of the cafestol esters into the 

espresso coffee was also tested in more detail by other authors (Kurzrock and Speer, 2007).  

To the best of our knowledge the diterpene esters content of a wide range of coffee brews 

(commercial and traditional brews) has not been reported elsewhere, so far. Total diterpene 

contents of coffee brews has been also partially studied but few reports exist on diterpene esters 

profile of coffee samples, that are directly available to the consumer that may overshadowed by 

brewing procedures (Kurzrock and Speer, 2007; Sehat et al., 1993). 
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Table 2.11. Total diterpenes content in various types of coffee brews 

Coffee 
beans 

Type of brew 
Coffee/water 
ratio 

Cup size 
(mL) 

Extraction 
techniques 

Analysis Cafestol Kahweol 16-OMC Reference 

Arabica 

Espresso 60 g/380 mL 25 

Lipids of coffee 
brew were 
extracted with 
hexane and were 
directly analyzed 

TLC/FID 

12.5 diterpene esters (% total lipids) 

(Ratnayake 
et al., 1993) 

Turkish 3 g/360 mL 60 9.1 diterpene esters (% total lipids) 

Boiled (1min) 3 g/360 mL 150 11.6 diterpene esters (% total lipids) 

Drip filter (coffee maker) 30 g/ 1 L 150 10.1 diterpene esters (% total lipids) 

Drip filter (manual) 30 g/500 mL 150 8.7 diterpene esters (% total lipids) 

Filtered boiled 30 g/500 mL 150 10.0-10.2 diterpene esters (% total lipids) 

Mini Minit system 6.4 g/190 mL 150 12.9 diterpene esters (% total lipids) 

Metal screen strainer 7.8 g/275 mL 150 6.5 diterpene esters (% total lipids) 

Robusta 

Espresso 60 g/380 mL 25 8.3 diterpene esters (% total lipids) 

Turkish 3 g/360 mL 60 11.9 diterpene esters (% total lipids) 

Boiled (1-10 min) 3 g/360 mL 150 8.7-10.5 diterpene esters (% total lipids) 

Drip filter (coffee maker) 30 g/ 1 L 150 6.7 diterpene l esters (% total lipids) 

Filtered boiled 30 g/500 mL 150 9.0 diterpene esters (% total lipids) 

Commercial 
blends 

Instant (regular) IARC, 1991 150 1.6-3.0 diterpene esters (% total lipids) 

Instant (decaffeinated) IARC, 1991 150 2.8-3.1 diterpene esters (% total lipids) 



 

 

4
2

 

Table 2.11. Total diterpenes content in various types of coffee brews (continuation) 

Coffee beans Type of brew 
Coffee/water 
ratio 

Cup size 
(mL) 

Extraction 
techniques 

Analysis Cafestol Kahweol 16-OMC Reference 

Obtained from 
regular consumer 

Scandinavian 
boiled 

- 150 

Lipids of coffee 
brew were 
extracted using 
diisopropyl ether 
followed by  
saponification 
and extraction of 
diterpens and 
preparation for 
GC analysis 

GC-MS 

3.0±2.8 (mg/cup)  3.9±3.4 (mg/cup)  
0.0-0.1 
(mg/cup) 

(Urgert et 
al., 1995) 

Obtained from 
restaurant Turkish/Greek - - 3.9±3.2 (mg/cup) 3.9±3.9 (mg/cup)  

0.5±0.6 
(mg/cup)  

Obtained from 
regular consumer French press - 150 3.5±1.2 (mg/cup)  4.4±2.1 (mg/cup)  

0.1±0.1 
(mg/cup) 

Obtained from 
bars 

Espresso (Italy) - - 1.5±1.0 (mg/cup) 1.8±1.3 (mg/cup)  
0.1±0.1 
(mg/up)  

Obtained from 
bars 

Espresso 

(other countries) 
- - 1.2±0.9 (mg/cup)  1.4±1.1 (mg/cup)  

0.1±0.1 
(mg/cup)  

Commercial 
blends 

Instant 2 g - 
0.2 (mg/cup) 

 
0.0-0.6 (mg/cup) 

0.0-0.05 
(mg/cup) 

Arabica 

Boiled 35-150 g/L 150 
4-5 (mg/cup) 

 
5-13 (mg/cup) - 

Turkish/Greek 50-150 g/L 60 1-1.8 (mg/cup) 1.5-2.3 (mg/cup) - 

Israeli type “mud” - 60 0.8±0.0 (mg/cup) 1.1±0.1 (mg/cup) - 

French press 35-150 g/L 150 
2.3-9.3 (mg/cup)  

 
3.3-13 (mg/cup) - 

Espresso 100-400g/ L 25 
1-2 mg/cup  

 
1.8-3.6 (mg/cup) - 

Mocha 100 g/L 60 1.1±0.1 (mg/cup) 1.4±0.2 (mg/cup) - 

Percolated and 
filter coffee using 
paper filter 

- 150 0.5 (mg/cup) - - 
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Table 2.11. Total diterpenes content in various types of coffee brews (continuation) 

Coffee beans Type of brew Coffee/water ratio 
Cup size 
(mL) 

Extraction 
techniques 

Analysis Cafestol Kahweol 16-OMC Reference 

Arabica blend 

Boiled  9 g/150 mL 150 

Saponification 
and extraction 
of diterpenes 
through solid 
phase 
extraction 

HPLC-UV 

48.3±3.8 (mg/L)   48.0±2.5(mg/L)  - 

(Gross et 
al., 1997) 

Turkish 5 g/60 mL 60 88.7±4.0(mg/L)    89.9±4.1(mg/L)  - 

Mocha (Neapolitan) 20 g/300 mL 60 37.5±1.3 (mg/L)   38.5±0.9 (mg/L)  - 

Standard espresso 20 g/130 mL 60 16.7-17.3 (mg/L)  16.3-17.1 (mg/L)  - 

Drip-filtered 13 g/200 mL 150 0.12±0.02 (mg/L)  0.14±0.03 (mg/L)  - 

Commercial 
blend 

Single-serving size 
espresso (capsule) 

5 g/50 mL 50 1.2-3.4 (mg/L) 1.7-3.5 (mg/L)  - 

Commercial 
soluble coffee  

Instant 2 g/170 mL 150 0.7-1.9 (mg/L) 0.7-1.9 (mg/L) - 

Commercial 
roasted and 
ground coffee 

Filter coffee (one main 
jet) 

50 g/1100 mL 

- DIN method 
No. 10779 
(1999) 

- 1.8 (mg/L) - - 
(Eulitz et 
al., 1999) Filter coffee (several 

small jets) 
- - 0.9 (mg/L) - - 

Arabica 

Espresso (water 
temperature of 80 °C) 

6.5 g medium 
particles/40 mL 

40 

According to 
DIN 10779 
(1999) 

HPLC-UV 

0.9 (mg/cup) - - 

(Buchman
n et al., 
2010) 

Espresso (water 
temperature of 110 °C) 

8.5 g fine  
particles/40 mL 

40 2.7 (mg/cup) - - 

Fresh brew (water 
temperature of 80 °C) 

8 g coarse particles 

/70 mL 
70 0.7 (mg/cup) - - 

Fresh brew (water 
temperature of 110 °C) 

10 g medium 
particles/ 180 mL 

180 2.6 (mg/cup) - - 
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Table 2.11. Total diterpenes content in various types of coffee brews (continuation) 

Coffee 
beans 

Type of brew 
Coffee/water 
ratio 

Cup size 
(mL) 

Extraction techniques Analysis Cafestol Kahweol 16-OMC Reference 

Commercial  
coffee blend 
obtained 
from local 
vendor 

Filtered coffee 
(sock filter) 

- 120 

According to DIN 
10779 (1999) 

HPLC 

0.02-0.23 (mg/cup) 0.01-0.06 (mg/cup) - 

(Naidoo et 

al., 2011) 

Filtered coffee 
(metal filter) 

- 120 0.01-0.12 (mg/cup) 0.01-0.07 (mg/cup) - 

Filtered coffee 
(sock and metal 
filter) 

- 120 0.56-1.15 (mg/cup) 0.09-0.20 (mg/cup) - 

Unfiltered coffee - 120 4.43 (mg/cup) 0.59 (mg/cup) - 

Arabica or 
Robusta 

Turkish 5 60 

Samples were 
saponified followed 
by diterpene 
extraction 

HPLC 

7.3 ±0.72 (mg/cup) 8.3±0.30 (mg/cup) - 

(Sridevi et 

al., 2011) 

Espresso 10 60 6.0±0.8 (mg/cup) 5.1±0.45 (mg/cup) - 

Mocha 20 60 6.86±0.45 (mg/cup) 4.6±0.87 (mg/cup) - 

Indian filter 10 150 1.18±0.42 (mg/cup) 0.86±0.35 (mg/cup) - 

French press 16 150 19.7±1.6  (mg/cup) 17.2±0.40 (mg/cup) - 

Filter paper 25 150 1.33±0.94 (mg/cup) 0.37±0.03 (mg/cup) - 

Elictrical drip 30 150 1.76±0.65 (mg/cup) 0.62±0.09 (mg/cup) - 

Commercial 
coffee blend 

French press 37.5 g/500 mL 110 

Saponification of 
coffee brew followed 
by diterpene 
extraction 

HPLC-
DAD 

0.6 (mg/cup) 0.01 (mg/cup) - 

(Silva et 

al., 2012) 

Vending machine - 25 0.2-0.8 (mg/cup) 0.06-0.4 (mg/cup) - 

Espresso - 
25 & 
110 

0.2-0.8 (mg/cup) 0.06-0.4 (mg/cup) - 

Instant coffees 
2 g/150 mL 
1.8 g/50 mL 

110 

50 
0.04-0.2 (mg/cup) 0.01-0.06 (mg/cup) - 

Drip-filtered 37.5 g/500 mL 110 0.06 (mg/cup) - - 

Arabica  

Turkish 40 g/300 mL 60 Direct hot 
saponification of 
freeze-dried coffee 
brew followed by 
extraction of 
diterpenes 

HPLC-UV 

22-41 (mg/L) - - 

(Zhang et 
al., 2012) 

Scandinavian-
type boiled 

40 g/300 mL 160 25-48 (mg/L)       - - 

French press 40 g/300 mL 160 25-53 (mg/L)       - - 

Mocha 40 g/300 mL 60 
19-32 (mg/L) 

 
- - 
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2.2.4. Analysis of total diterpenes in coffee matrices 

A review of the most used analytical methods that have been applied in the characterization 

and quantification of these bioactive constituents in coffee is presented. Different methodologies 

may be used for the extraction of total cafestol and kahweol (Dias et al., 2013b; Oigman et al., 

2012). Conventional methods have been employed for sample preparation and analysis of coffee 

diterpenes, such as liquid-liquid extraction. In general, quantitative determination of total 

diterpenes rely on lipid hydrolysis to obtain cafestol and kahweol in their free form, followed by 

extraction of the lipidic composition and subsequent analysis and purification (Oigman et al., 

2012). For this purpose, some authors suggested the primary extraction of coffee oil with 

subsequent saponification (Araújo and Sandi, 2007; Kurzrock and Speer, 2001b; Oigman et al., 

2012) while others applied direct saponification of beans or brews without prior extraction of 

coffee oil (Chartier et al., 2013; Dias et al., 2013a; Kitzberger et al., 2014; Zhang et al., 2012).  

2.2.4.1. Methods relying on primary extraction of coffee oil 

In order to analyze the compounds of interest, solid-liquid extraction of coffee oil can be 

carried out using n-hexane or methyl tert-butyl ether (t-BME) (Nuhu, 2014). The extraction of 

diterpenes from coffee beans is normally performed through primary coffee oil extraction using 

Soxhlet, the most common classical technique. The official method of the German Society of Lipid 

Science (GSLS) uses Soxhlet extraction for 4 h, while the Association of Official Analytical 

Chemists (AOAC) suggests 16 h (Novaes et al., 2015). Along with the possibility of degradation of 

thermo-sensible compounds due to the long period of exposure to hot solvent, this method has 

other limitations. Long extraction time, consuming large quantities of solvent and requiring 

additional concentration step are other important drawbacks (Araújo and Sandi, 2007). 

Nevertheless, this approach is still used by some authors for extraction of coffee oil for 

diterpenes analysis (Scharnhop and Winterhalter, 2009; Sridevi et al., 2011; Wermelinger et al., 

2011). Due to the limitation of the Soxhlet, other procedures involve supercritical fluid 

extraction (Araújo and Sandi, 2007; Barbosa et al., 2014; de Azevedo et al., 2008; de Oliveira et 

al., 2014), microwave-assisted extraction (Tsukui et al., 2014) and two-phase solvent extraction 

(Abdullah and Bulent Koc, 2013). The latter is more applicable for oil extraction from waste 

coffee ground which may be combined with ultrasonication to increase the efficiency of the 

extraction (Abdullah and Bulent Koc, 2013).  

Kӧlling-Speer et al. (1999) isolated the coffee oil via Soxhlet extraction with t-BME and 

fractionated the coffee oil by gel permeation chromatography (GPC). The fraction of 25 - 30 min 

was collected and analyzed by HPLC-UV at 220 nm. Quantitative determination of kahweol was 
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enabled using a conversion factor of 1.148. This conversion factor was calculated as the ratio 

between the published absorption coefficient of cafestol (Ɛcafestol = 5370.32 L/g.cm) and kahweol 

(Ɛkahweol = 4677.35 L/g.cm) at a wavelength of 220 nm according to the procedure used by 

Kölling-Speer et al. (1999). 

Scharnhop and Winterhalter (2009) described a method based on high-speed countercurrent 

chromatography (HSCCC) for the preparative isolation and purification of different diterpenes 

from Arabica and Robusta coffee beans. The primary extraction of coffee oil via Soxhlet 

apparatus was performed with t-BME. Coffee oil was saponified in the presence of ethanolic 

potassium hydroxide solution (10%). After extraction of diterpenes with t-BME (3 times) and 

clean-up procedure, the residues were used for the separation by high-speed countercurrent 

chromatography. Identity and purity of the isolated compounds were confirmed by HPLC- photo 

diode array detector (HPLC-PDA) and HPLC-multiple mass spectrometry (HPLC–MSn) as well as 

nuclear magnetic resonance spectroscopy (NMR) measurements. The advantage of this method 

is the high amount of sample load, consumption of inexpensive solvent as well as the high purity 

of extracts. 

Araújo and Sandi (2006) studied the feasibility of supercritical fluid extraction (SFE) to 

maximize the oil extraction from green and roasted coffee beans. For both roasted and green 

beans the best results were obtained with a sample mass of 200 mg and CO2 flow of 1.5 mL/min. 

Oil extraction should be performed at the highest possible operational temperature and CO2 

density. The oil extracts were subjected to saponification with 0.5 mol/L potassium hydroxide 

(KOH) in methanol and diterpenes extracted using hexane. The analysis of diterpenes by HPLC-

UV was done at 220 nm. The highest concentration of diterpenes (491 mg/100 g) was obtained 

at 90 °C, 327 bar and CO2 density of 0.81 g/mL. Regarding roasted beans, 80 °C/379 bar resulted 

in highest diterpenes content (287 mg/100 g). Discrimination of the extracted lipid fraction of 

Arabica and Robusta may be achieved by Raman spectroscopy, because kahweol is almost 

exclusively present in Arabica beans. (Wermelinger et al., 2011). Fourier transform Raman 

spectroscopy (FTRS) can be also applied to identify the species in ground coffee. However due to 

the sensitivity of cafestol and kahweol to acids, light and heat, the application of light based 

method should be done with caution, because the accuracy of the method can be negatively 

influenced by the degradation of kahweol (Wermelinger et al., 2011).  

Application of heating process during hydrolysis of furan moiety makes it the most critical 

step to obtain cafestol and kahweol in their free form. Furthermore, kahweol is quite unstable in 

the free form, which highlights the importance of developing a more efficient and faster isolation 

method by microwave-assisted methanolysis of coffee oil, as proposed by Oigman et al. (2012), 

which was compared with conventional methanolysis. For this purpose, the coffee oil was 
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extracted with Soxhlet. The methanolysis was carried out using a closed-vessel single mode 

microwave system at different temperatures (80, 90 and 100 °C) and the pressure of 6 bar 

during 1, 3 or 5 min, followed by filtration to remove the catalyst (K2CO3). After 3 min of 

microwave irradiation of 500 mg of green coffee oil at 100 °C, a yield higher than 99% was 

obtained. The yield of this reaction is 26% after 2 h when working under conventional heating. 

Simplicity, no requirement of clean-up procedures, possibility of working upon higher 

temperatures and no presence of decomposed products are some advantages of this approach 

(Oigman et al., 2012). 

Experimental conditions used in the transesterification reaction of cafestol and kahweol was 

optimized in terms of temperature of the reaction, the base reagent concentration and the 

duration of the reaction (Chartier et al., 2013). The green coffee oil obtained by cold mechanical 

press was subjected to transesterification procedure with methanolic solution of KOH at 

different level of concentration, time and temperature. t-BME was used as organic solvent to 

extract cafestol and kahweol. The cleaned organic phase were further cleaned up and injected 

into GC-FID (Gas Chromatography – Flame Ionization Detector) without silylation. Accordingly, 

the reaction of 200 mg coffee oil with 2 mL of methanolic solution of KOH (1.25 mol/L) at 70 °C 

during 60 min was the optimal condition for determining cafestol and kahweol (Chartier et al., 

2013). In order to minimize the sample manipulation and the use of organic solvents, high-

resolution NMR was applied to quantify coffee oil components (D'Amelio et al., 2013). NMR has 

the considerable advantage that it can yield information simultaneously in a rapid and non-

destructive way. Green coffee oil was isolated by Soxhlet and analyzed by NMR. 

More recently, Barbosa et al. (2014) optimized the SFE procedure using pure or modified CO2 

to extract enriched oil with cafestol, kahweol and 16-OMC from spent coffee grounds. They 

concluded that pure supercritical CO2 provides higher diterpene content (102 mg/g oil) than 

modified supercritical CO2 with ethanol.  

After Oigman et al. (2012) suggesting the microwave-assisted methanolysis of coffee oil, 

Tsukui et al. (2014) introduced microwave-assisted extraction (MAE) of coffee oil and compared 

this technique with Soxhlet. MAE is characterized by very fast heating and cooling under 

microwave-controlled conditions, which allows a powerful extraction in short reaction time. 

Good yield in oil was obtained after 10 min at 45 °C, richer in terms of diterpenes than the 

obtained by Soxhlet. Requirement of small amount of solvent to perform the extraction is one of 

the positive aspects of this method (Tsukui et al., 2014).  

The heated GC inlet chamber of split/split less injector (250 - 280 °C), may result in the 

formation of artifacts due to thermo-sensibility of diterpenes. Accordingly, cold on-column 

(COC) and pulsed split (PS) inlets are appropriate for diterpene analysis by GC. Accordingly, 
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pulsed split GC-MS was developed as a tool to quantify hydrolyzed diterpenes without 

derivatization. Also, some diterpene esters were successfully analyzed by GC by the comparison 

between COC and PS injection techniques. The PS and COC showed the same efficiency, but PS 

has greater operational ease. Crude coffee oil was also analyzed by GC, as a strategy to the 

analyses of esterified diterpenes from coffees which are not well characterized by HPLC (Novaes 

et al., 2015).  

2.2.4.2. Methods relying on direct saponification 

Regarding the extraction of the unsaponifiable fraction, direct saponification, either cold or 

hot, has been described as one the most rapid and efficient approaches, due to its speed and 

lower demand of organic solvents than methods relying on primary extraction of coffee oil.  

Dias et al. (2013b) evaluated different extraction methods for the analysis of diterpenes in 

roasted coffee previous to HPLC-DAD-MS/MS. Their results indicated that direct saponification 

is more appropriate in ensuring the efficient quantification of the diterpenes in roasted coffee. 

The direct hot saponification extract presented diterpenes content (kahweol and cafestol) 15% 

superior to that of direct cold saponification and up to 88% superior than using Soxhlet and 

Bligh and Dyer extraction of coffee oil, followed by saponification. This method presented 

acceptable recovery and precision.  

Application of direct hot saponification followed by diterpene extraction using organic 

solvent and subsequent analysis using HPLC or GC has been documented (de Roos et al., 1997; 

de Souza and Benassi, 2012; Silva et al., 2012). The basic rules are the same and involve direct 

hot saponification of coffee beans or brews, followed by extraction of compounds of interest 

using organic solvents, namely t-BME or diethyl ether. The cleaned organic phase was analyzed 

by GC or HPLC.  A methodology was developed to quantify kahweol based in colorimetric 

reactions and spectrophotometric measurements, instead of common techniques like GC or 

HPLC (Dias et al., 2013a). Diterpenes were extracted using t-BME (or other solvents) from direct 

hot saponified solution. The mean absorbance values at 620 nm were five times greater for 

diethyl ether and t-BME than for hexane. Therefore t-BME was selected, due to less volatility 

than diethyl ether. As colorimetric agents, the applicability of HCL or KI was evaluated. In the 

presence of HCL, some reaction products were observed, especially between 260 and 400 nm, 

while for KI no interference was reported. Due the presence of iodine in solution which might 

interfere with the absorption measurements, the addition of a reducing agent of iodine solution, 

sodium thiosulfate (Na2S2O5), was included to clear the extracts before the absorbance 

measurements at 620 nm. An overview on the extraction techniques used for analysis of 

diterpenes is presented in Table 2.12. 
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Table 2.12. An overview of the determination of diterpenes in coffee matrices 

Sample Analyte Extraction and Clean-up Analytical Method CV LOD Recovery Reference 

Coffee beans 
and brews 

Cafestol, 
kahweol, 
16-OMC 

(Brews) Liquid-liquid extraction of oil 
using diisopropyl ether;  
Saponification in ethanolic KOH solution 
(15 min, 80 °C); 
 
(Beans) Direct saponification (ethanolic 
KOH solution, 60 min, 80 °C);  
Analyte extraction with diisopropyl ether 
(3 times) 

GC-MS 

Initial temperature 70 °C to end 
temperature of 285 °C; 

Flame ionization detector 
temperature: 305 °C; 

Carrier gas: Hydrogen;  

Pressure: 100 kPa;  

Makeup gas: Nitrogen. 

3.0-6.3% 
(cafestol);  

2.9-5.2% 
(kahweol) 

- 

102.2±2.3% 
(cafestol); 

100.3±2.5% 
(kahweol) 

(Urgert et 
al., 1995) 

Coffee brews 
Cafestol, 
kahweol 

Partition on Extrelut-3 to extract 
diterpene esters using  hexane-
dichloromethane (95:5, v/v); 

Saponification (methanolic KOH solution, 
1 h, room temperature) 

Clean-up using solid-phase extraction 
(C18 to remove residual lipids; PRS to 
decrease salt) 

HPLC-UV; 

Mobile phase: Methanol/water 
(gradient elution); 

Flow rate: 1 mL/min; 

Total run: 20 min 

λ = 230 and 290 nm. 

8.6% 
(cafestol) 

8.7% 
(kahweol) 

LOQ=0.05 
mg/L (Cafestol, 
kahweol) 

97±19% 
(cafestol);  

96±19% 
(kahweol) 

(Gross et 
al., 1997) 

Green and 
roasted 
coffee 

Free 
cafestol, 
kahweol, 
16-OMC 

Soxhlet (t-BME, 4 h) 

Fractionation using GPC: 

Mobile phase: methylene chloride 4 
mL/min; 

Time: Fractions of 25-30 min were 
analyzed with HPLC 

Kahweol was quantified by the 
conversion factor of 1.148 

HPLC-UV; 

Mobile phase: 
acetonitrile/water (50/50, v/v); 

Flow rate: 0.6 mL/min ; 

λ = 220 nm. 

2.04% 
(cafestol); 

2.27%    
(16-OMC) 

- 

80-92% 
(cafestol); 

90-94%    
(16-OMC) 

(Kölling-
Speer et 
al., 1999) 
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Table 2.12. An overview of the determination of diterpenes in coffee matrices (continuation) 

Sample Analyte Extraction and Clean-up Analytical Method CV LOD Recovery  Reference 

Coffee brews 
Cafestol, 
kahweol 

Filtration of coffee brews; 

Fractionation using LC-UV: 

Mobile phase: methanol/water (60:40; 
55:45, 50:50); 

Flow rate: 2 mL/min; 

λ = 205 nm. 

GC-FID with the following variables: 

End injector temperature,: 150, 200, 
225, 250, and 275 °C;  

End oven temperature: 250, 270, 280, 
and 290 °C;  

FID temperature: 250, 280, and 320 °C 

- - 

87% 
(cafestol); 

94% 
(kahweol) 

(Ruiz del Castillo 
et al., 1999) 

Green and 
roasted 
Arabica coffee 

Cafestol, 
kahweol 

Supercritical Fluid extraction (SFE);  

Solvent: Supercritical CO2 (1.5 
mL/min);  

Pressure (235-380 bar); Temperature 
(60-90 °C) 

Saponification with KOH 0.5 mol/L in 
methanol 

OR 

Soxhlet (n-hexane); 10 mL hexane/g 
sample; Temperature (68-69 °C); 16 h 

Saponification with KOH 0.5 mol/L in 
methanol and clean-up with water 

HPLC-UV; 

Reverse-phase column; 

Mobile phase: methanol/water 
(85/15, v/v); 

Flow rate: 0.7 mL/min ; 

λ = 220 nm. 

- - - 
(Araújo and 
Sandi, 2007) 

Green and 
roasted 
Arabica and 
Robusta coffee 

Cafestol, 
kahweol, 16-
OMK, 16-OMC, 
dehydrokahweol, 
dehydrocafestol 

Soxhlet (90 °C, 4 h); 

Coffee oil saponification with ethanolic 
KOH solution (10%) (90 °C - 4 h) 

High-speed countercurrent 
chromatography (HSCCC)-UV/vis; 

Mobile phase: hexane–ethyl acetate–
ethanol–water (5:2:5:2. v/v/v/v); 

Flow rate: 4.0 mL/min; 

λ = 220 nm. 

- - - 
(Scharnhop and 
Winterhalter, 
2009) 
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Table 2.12. An overview of the determination of diterpenes in coffee matrices (continuation) 

Sample Analyte Extraction and Clean-up Analytical Method CV LOD Recovery Reference 

Coffee tissues 
and roasted 
coffee 

Cafestol, 
kahweol 

Direct hot saponification (ethanolic 
KOH solution, 1 h, 80 °C) 

Extraction of analytes with t-BME; 
Clean-up using water. 

HPLC-DAD; 

Mobile phase: acetonitrile/water 
(55/45, v/v); 

Flow rate: 0.9 mL/min with; 

λ = 230 and 290 nm. 

<6% 

3.0 mg/100 g 
(cafestol); 

2.3 mg/100 g 
(kahweol) 

94% 
(cafestol); 

99% 
(kahweol) 

(Dias et 
al., 2010) 

Roasted coffee 
Cafestol, 
kahweol,16-OMC 

Soxhlet (t-BME, 55 °C, 5 h); 

Saponification of coffee oil using 
ethanolic KOH solution (2 h); 
concentration of the residue; 
dissolve the concentrate extract 
with methanol and NaCl solution, 
extraction of analyte with t-BME. 

Raman spectroscopy with a green 
laser of 532 nm; 

HPLC-DAD at: 

Mobile phase: acetonitrile/water 
(gradient elution during 45 min);  

Flow rate: 0.8 mL/min  

λ = 223 nm 

- - - 
(Wermeli
nger et al., 
2011) 

Roasted Arabica 
and Robusta 
coffees 

Cafestol, 
kahweol, 16-
OMK, 16-OMC, 
dehydrokahweol
,dehydrocafestol 

Soxhlet (hexane, 6 h); 

Saponification of coffee oil 
according to NGD C-12 (Passos and 
Coimbra, 2013) 

GC-MS (identification) 

Injector temperature (300 °C); 
Initial temperature of 100 °C to a final 
temperature of 325 °C;  
Ion trap temperature: 170 °C; 
Folw rate: 0.7 mL/min; 
Mass range line: 50-600 m/z 

GC-FID (quantification) 

Injector and detector temperature: 
330 °C; 
Initial temperature of 200 °C to a final 
temperature of 300 °C;  
Flow rate of carrier gas: 2 mL/min 

- - - 
(Pacetti et 
al., 2012) 
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Table 2.12. An overview of the determination of diterpenes in coffee matrices (continuation) 

Sample Analyte Extraction and Clean-up Analytical Method CV LOD Recovery Reference 

Coffee 
brews 

Cafestol, 
kahweol 

Direct hot saponification (ethanolic 
KOH solution, 1 h, 80 °C); 

Extraction of analytes using diethyl 
ether;  

Cleaning using NaCl solution 

 
Kahweol quantified using conversion 
factor of 1.148 

HPLC-DAD; 

Mobile phase: acetonitrile /water (gradient 
elution); 

Flow rate: 1 mL/min 

λ = 220 nm. 

0.2-2.8% 
(cafestol) 

0.01 mg/L 
(cafestol) 

96-110% 
(cafestol) 

(Silva et al., 
2012) 

Green 
Arabica 
coffee 

Cafestol, 
kahweol 

Soxhlet (90 °C, 16 h); 

Microwave-assisted methanolysis in 
methanol in the presence of K2CO3; 
Pressure (6 bar); 
Temperature (80, 90, 100 °C); 
Time (1, 3, 5 min); 

OR 

Conventional methanolysis of coffee 
oil (500 mg) using anhydrous 
methanol (3 mL) in the presence of 
K2CO3 at 90 °C for 2 h 

HPLC-UV; 

Mobile phase: methanol/water (85/15, 
v/v);  

Flow rate: 3 mL/min ( Semi-preparative 
column); 

Flow rate: 0.7 mL/min (analytical column); 

λ = 220 nm. 

7% - - 
(Oigman et 
al., 2012) 

Green 
Arabica 
coffee 

Cafestol, 
kahweol 

Cold mechanical press; 

OR 

Saponified with methanolic KOH 
solution (0.6-1.90 mol/L) at (62, 70 , 
78 °C) during (30-90 min); 

OR 

Extraction of analyst with MTBE plus 
washing with citric acid solution 

GC-FID 

Injector temperature (270 °C); 
Initial temperature of 50 °C to a final 
temperature of 300 °C;  
Folw rate: 1.2 mL/min; 

GC-MS 

Injector temperature: 270 °C; 
Transfer line temperature: 300 °C; Source 
temperature: 200 °C;  
Mass scan range: 40-650 m/z; 

- - 

80% 
(kahweol) 

73% 
(cafestol) 

(Chartier et 
al., 2013) 
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Table 2.12. An overview of the determination of diterpenes in coffee matrices (continuation) 

Sample Analyte Extraction and Clean-up Analytical Method CV LOD Recovery Reference 

Roasted 
coffee 

Cafestol, kahweol,  
dehydrokahweol,
dehydrocafestol 

Soxhlet, using MTBE at 55-60 °C for 6 h; 
Saponification of coffee oil followed by 
extraction using t-BME. 

OR 

Bligh and Dyer using chloroform :methanol: 
water - 10:20:8 (v/v/v), 10 min, 168 rpm 
Final oil extraction with chloroform 
Saponification using KOH solution. 

OR 

Direct hot saponification of coffee with KOH 
solution (80 °C, 1 h); extraction using t-BME. 

OR 

Direct cold saponification of coffee with KOH 
solution (25 °C, 20 h at 125 rpm) 

HPLC-MS/MS (identification): 

Source temperature: 450 °C; 
N2  temperature: 350  °C; 
Flow rate: 0.4 mL/min; 
Fragmentation energy: 1.4 V 
Mass scan range: 100-700 m/z; 
 
HPLC-DAD (quantification): 

Mobile phase: acetonitrile/water 
(55:45, v/v); 
Flow rate: 0.9 mL/min; 
λ = 230 and 290 nm; 
Total run: 35 min. 

- - 

106% 
(cafestol);  

109% 
(kahweol) 

(Dias et al., 
2013b) 

Roasted 
Arabica 
and 
Robusta 

kahweol 

Direct hot saponification (ethanolic KOH 
solution, 1 h, 80 °C); extraction using t-BME; 
cleaning using water;  

Resuspension in acetic acid glacial plus 
saturated KI solution; Water bath (30 min, 80 
°C); Cooling and addition of Na2S2O5. 

Spectrophotometry; 
λ = 620 nm. 

<5%  
 

5.16 
mg/100 g 
 

116% 
(Dias et al., 
2013a) 

Espresso 
spent 
coffee 
ground 

Cafestol, kahweol, 
16-OMC 

Supercritical Fluid Extraction (SFE);  

Solvent: pure supercritical CO2 (12 g/min) or 
supercritical CO2  (12 g/min) plus 2.5 and 5 wt% 
ethanol; Pressure (140–190 bar); Temperature 
(40–70 °C)  

OR 

Soxhlet with n-hexan (4h - 80 °C); 

Oil saponification with KOH/Ethanol; extraction 
of analyte with diethyl ether plus two additional 
washing steps with water 

HPLC-UV; 
reverse-phase column; 
Mobile phase: methanol/water 
(85/15, v/v); 
Flow rate: 0.7 mL/min;  
λ = 220 nm. 

- - - 
(Barbosa et 
al., 2014) 
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Table 2.12. An overview of the determination of diterpenes in coffee matrices (continuation) 

Sample Analyte Extraction and Clean-up Analytical Method CV LOD Recovery Reference 

Green 
Arabica 
coffee 

Cafestol, 
kahweol 

Supercritical Fluid Extraction (SFE); 
Solvent: Supercritical CO2 (5 g/min); 
Pressure (179-325 bar); Temperature 
(66-94 °C) 

OR 

Conventional pressing; Oil extractor by 
steam injection; grain humidity (4.73% 
± 0.10); Filtration after pressing; 

Saponification with KOH/methanol; 
extraction of analytes with t-BME plus 
washing with citric acid solution (1 
mg/mL). 

GC-MS; 

Injector temperature (300 °C);  

Initial temperature of 70 °C to a final 
temperature of 330 °C;  

Ionization energy (70 eV); Mass scan range 
(40-800 m/z); 

Flow rate:1 mL/min; 

Total run: 31.75 min. 

- - - 
(de Oliveira 
et al., 2014) 

Green 
Arabica 
coffee 

Cafestol, 
kahweol 

Soxhlet (petroleum ether, 4 h). 

OR 

Microwave-assisted extraction: 

Solvent (petroleum ether) 

Temperature (30, 37.5, 45 °C); 

Time (2, 6, 10 min); 

Methanolysis according to (Oigman et 
al., 2012). 

HPLC-DAD; 

Mobile phase: methanol/water (68/32, v/v); 

Flow rate: 0.7 mL/min 

λ = 220 nm. 

3.7% 
0.013 
mg/mL 

≤93% 
(Tsukui et 
al., 2014) 
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Table 2.12. An overview of the determination of diterpenes in coffee matrices (continuation) 

Sample Analyte Extraction and Clean-up Analytical Method CV LOD Recovery Reference 

Green 
Arabica 
coffee 

Cafestol, 
kahweol, 
isokahweol 

Soxhlet (hexane, 4 and 16 h) 

OR 

Methanolysis of coffee oil according to 
(Oigman et al., 2012) 

PS-GC-FID/MS 

Carrier gas: Helium (2 mL/min);  

Ion source temperature: 230 °C;  

Quadrupole temperature: 200 °C; 
Acceleration voltage: 200 eV;  

Ionization voltage: 70 eV;  

Mass scan range: 50-800 Da.  

Injector in split mode: at 330 °C under a 
pressure pulse of 25 psi;  

Analysis of metabolized oil: 

Initial oven temperature: 50 °C; End oven 
temperature: 320 °C;  FID at 340 °C; MSD 
with transfer line at 340 °C;  

Analysis of crude oil:  

Initial oven temperature: 50 °C; End oven 
temperature: 380 °C, FID at 400 °C; MSD with 
transfer line at 380 °C. 

0.6-3.1% 
(cafestol);  

2-2.8% 
(kahweol) 

0.64 mg/mL 
(cafestol);   

0.78 mg/mL 
(kahweol) 

100-101% 
(cafestol); 

99-101% 
(kahweol) 

(Novaes et 
al., 2015) 
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According to Table 2.12, several traditional and conventional methods have been employed 

in the extraction of diterpenes. However, it should be mentioned that different analytical 

methods with distinct performances (limits of detection, precision, accuracy, and global 

uncertainty) may pose difficulties in comparing results of the presence of diterpenes in coffee 

matrices. It is envisaged that proper applications of these methods will go a long way in aiding 

quality assurance and safeguarding consumer safety and satisfaction. 

2.2.4.3. Other analytical techniques 

A reverse-phase HPLC after solid phase extraction (SPE) has been developed for the analysis 

of cafestol and kahweol in coffee brews (Gross et al., 1997). SPE is a stepwise chromatography 

designed to extract, partition, or adsorb one or more components from a liquid phase (sample) 

onto a stationary phase, which results in rapid and selective sample preparation prior to 

analytical chromatography. For this purpose, diterpene esters of coffee brews (adjusted to pH 9), 

were partitioned on Extrelut-3 column followed by extraction with hexane-dichloromethane 

(95:5, v/v). The use of diatomaceous earth (Extrelut®) to immobilize the aqueous liquid phase 

permitted the efficient extraction of diterpene esters with hexane while avoiding the formation 

of emulsions. The dried eluates were saponified using methanolic KOH solution. After 

neutralization, the residue eluted through solid phase extraction to clean the saponified solution. 

C18 silica was used to remove residual lipids. Propyl sulfonic acid cation exchanger reduced the 

salt content of the extract. The cleaned extracts were then analyzed using HPLC-UV (Gross et al., 

1997). 

A method was suggested by Ruiz del Castillo et al. (1999) for the analysis of diterpenes in 

coffee brews which rely on the fractionation of coffee compounds by means of off-line high 

performance liquid chromatography and analysis of selected compounds by GC. The coffee 

brews were simply filtered. Although the short analysis time (30 - 35 min) and no need for 

sample preparation are advantages, temperature control must be carefully selected in order to 

prevent decomposition products. To avoid decomposition of the analytes and the highest 

temperature in the GC oven and FID temperature should be set on 250 °C.  

It should be mentioned that some authors quantified kahweol content indirectly from cafestol 

concentration by applying the conversion factor of 1.148 (Naidoo et al., 2011).  

2.2.5. Analysis of diterpene esters in coffee matrices 

Despite the high occurrence of diterpene esters in coffee, few reports are found regarding 

diterpene esters, while they mainly focus on total diterpenes like total cafestol and kahweol. 
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Cafestol fatty acid esters of C16, C18, C18:1, C18:2, C20, and C22 were firstly reported through paper 

chromatography analysis (Peeters et al., 2003). 

Identification of the main diterpene esters (cafestol and kahweol palmitate) in green coffee 

beans was performed for the first time by Lam et al. (1982) via fractionation of the petroleum 

extract by preparative normal-phase and reverse-phase liquid chromatography, followed by 

purification by means of silver nitrate impregnated thin layer chromatography. Spectroscopy 

was used to determine the structure of the target compounds. The fractionation of cafestol and 

kahweol esters was done based on the number of double bonds in each molecule, but since some 

cafestol and kahweol esters had equal number of double bonds, the method was not specific 

(Kurzrock and Speer, 2001b).  

Later, the profile of the fatty acid esters of cafestol and kahweol in Arabica and Robusta coffee 

was determined by Pettitt (1987). Diterpene esters were extracted using acetonitrile overnight 

at room temperature. Regarding the individual diterpenes, the coffee oil obtained from Soxhlet 

extraction was fractionated. Each fraction was saponified in order to investigate the diterpenes 

after silylation and the fatty acids after methylation, using GC-MS. They succeeded to identify six 

diterpene esters, five for kahweol (C16, C18, C18:1, C18:2, and C20) and one for cafestol (C16), which 

were predominantly present in Arabica coffee. They also identified new diterpenes as 16-OMC 

(Pettitt, 1987). Gel permeation chromatography (GPC) of coffee oil may separate 16-OMC esters 

from interfering portions including cafestol and kahweol esters, triglycerides and sterol esters. 

The GPC diterpene esters fraction could be further fractioned by semi-preparative HPLC using 

hexane/ethyl acetate (8:2, v/v) as mobile phase (Sehat et al., 1993). It should be noted that 

incomplete separation using ethyl acetate/cyclohexane makes the mixture inadequate for this 

purpose. On the other hand, in the presence of hexane, UV detection at 220 nm is not possible 

due to the non-transparency of hexane to UV light at this wavelength (Sehat et al., 1993). 

Instead, dichloromethane causes better separation and may be regenerated (Kurzrock and 

Speer, 2007).   

Other authors tried to identify the diterpenes fatty acid esters in coffee. For this purpose, the 

coffee oil was subjected to GPC on Bio-Beads SX3 and the fraction containing the diterpene 

esters was further separated by means of solid-phase on silica gel column. The first eluate 

belongs to 16-OMC esters and the second one was the elution of cafestol and kahweol esters. 

These eluates were analyzed by LC-MS using acetonitrile/water (70:30, v/v) at 0.6 mL/min at 

200 - 350 nm. Kurzrock and Speer (2001b) identified 12 kahweol esters in Arabica beans using 

LC/MS/DAD predominantly esterified with C16, C18, C18:1, C18:2, C20 and C22 (Kurzrock and Speer, 

2001b).  
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2.3. Potential health effects of coffee diterpenes 

Coffee is one of the most important pharmacologically active beverages in the world, and due 

to its high consumption the health implications are of the highest interest. Several beneficial but 

also harmful effects of coffee constituents, particularly diterpenes, have been documented. In 

this section, the harmful effects of high doses consumption of diterpenes will be mentioned. 

Subsequently, the beneficial ones will be reviewed, particularly those which investigate the 

potential application of diterpenes as chemoprotective agents. Since the anti-angiogenic effects 

of diterpenes are still almost unclear, this section will provide more detailed information in this 

case.  

2.3.1. Harmful effects of coffee diterpenes 

The possibility of deleterious effects of coffee diterpenes on plasma lipid profiles has been 

described. Epidemiologic studies indicated that regular boiled or Scandinavian coffee 

consumption are associated with a higher risk of cardiovascular disease. Switch from boiled 

coffee to filter coffee over 25 years, in Finland, resulted in 40% reduction in serum cholesterol 

and subsequently 7% decline in cardiovascular disease (Weusten-Van der Wouw et al., 1994). 

Due to the weak association between filtered coffee consumption and serum cholesterol level, 

Ratnayake et al. (1993) investigated various types of coffee brews for their lipidic content and 

composition. They concluded that probably the unique component of coffee oil responsible for 

raising serum cholesterol are diterpenes. 

In the last few decades, researches showed that the cholesterol-raising effect of coffee brews, 

such as boiled or Scandinavian, is due to the presence of considerable amounts of diterpenes 

mainly cafestol (Urgert et al., 1996; Van Tol et al., 1997; Weusten-Van der Wouw et al., 1994). 

Since high serum cholesterol, particularly very low density lipoprotein (VLDL) and low density 

lipoprotein (LDL) cholesterol are associated with atherosclerosis and coronary artery disease 

(Van Tol et al., 1997), the effect of coffee diterpenes on serum cholesterol have generated 

interest in the scientific community.  

Since it was described that filtered-boiled coffee did not elevate the serum cholesterol level, it 

was assumed that the cholesterol-raising factor might be retained by paper filter (Weusten-Van 

der Wouw et al., 1994). According to Weusten-Van der Wouw et al. (1994), the oil fraction, rich 

in terms of non-triglycerides lipids caused elevated serum cholesterol (mainly LDL), while oil 

fraction depleted in non-triglycerides lipids, exhibited less effect on serum lipids. Around 75% of 

the rise in serum cholesterol was associated to LDL. Along with serum cholesterol, increase in 
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serum triglycerides and serum alanine aminotransferase )ALAT( activity and a decrease in high 

density lipoprotein )HDL( cholesterol and creatinine levels, were also observed in volunteers. 

Since both Arabica and Robusta coffee oil increased serum cholesterol, Weusten-Van der Wouw 

et al. (1994) proposed cafestol as the main diterpene responsible for this elevation. According to 

their findings, each extra 2 mg of cafestol consumed per day producing a 1 mg/dL increase in 

cholesterol. 

In continued research on the effect of coffee diterpenes on cholesterol, Urgert et al. (1995) 

predicted that consumption of 5 cups Turkish/Greek, French press or Scandinavian coffee per 

day, equivalent to around 15 - 20 mg cafestol, increases serum cholesterol by 7 - 10 mg/dL. They 

predicted an increase around 2.5 mg/dL in serum cholesterol in consequence of 5 espresso 

coffee consumption per day (equal to 5 mg cafestol/day). On the other hand, drip filtered, 

percolated, instant and mocha coffee contributed less to the increase of serum cholesterol 

(Urgert et al., 1995).  

Subsequently, six month randomized controlled trial experiments, performed by Urgert et al. 

(1996) revealed that HDL cholesterol content was not affected by consumption of coffee brews 

and the increase in total cholesterol was mainly attributed to the rise in LDL cholesterol. It 

should be stressed that 6 - 10% increase in total cholesterol may be associated with an increased 

risk of coronary heart disease by 12 - 20% (Urgert et al., 1996). Four weeks consumption of 

Robusta coffee oil (daily cafestol consumption of 62 mg) also caused a rise in serum cholesterol 

by 0.8 mmol/L (Boekschoten et al., 2004).  

In another study, the effect of pure cafestol or a mixture of cafestol and kahweol (C/K) on 

serum lipids, for 28 days, on 10 healthy male volunteers were compared by Urgert et al. (1997). 

Cafestol was reported as the most potent cholesterol-elevating compounds of coffee oil. They 

also proposed kahweol as less hyperlipidemic compound than cafestol. Probably the additional 

double bound in kahweol allows for a faster biotransformation into other compounds with 

lower hyperlipidemic effect or faster excretion rates (Urgert et al., 1997). 

The mechanism by which coffee diterpenes influence lipid metabolism in the human body is 

not yet fully explained and is poorly understood. However several mechanisms were proposed. 

It is estimated that serum concentration of cholesterylester transfer protein (CETP) increases 

with coffee diterpenes (Van Tol et al., 1997). CETP along with phospholipid transfer protein 

(PLTP) may catalyze the transfer of plasma cholesteryl esters from HDL to LDL and VLDL. 

Another explanation is the suppression of bile acid synthesis by downregulation of cholesterol 

7α-hydroxylase and sterol 27-hydroxylase. In fact bile acids synthesis is inhibited through 

downregulation of both the neutral and acidic pathway, which results in decreased expression of 
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the hepatic LDL receptor and subsequently increased secretion of VLDL cholesteryl ester during 

the cafestol treatment (Post et al., 2000). 

2.3.2. Beneficial effects of coffee diterpenes 

In animal models and cell culture systems, the coffee diterpenes cafestol and kahweol were 

shown to produce a broad range of biochemical effects resulting in a reduction of the 

genotoxicity of several carcinogens including 7,12-dimethylbenz[a]anthracene (DMBA), 

aflatoxin B1 (AFB1) and benzo[a]pyrene (B[a]P) and 2-amino-1-methyl-6-phenylimidazol[4,5-

b]pyridine (PhIP) (Cavin et al., 2002). Several mechanisms have been proposed to explain the 

role of diterpenes in the inhibition of carcinogenesis. It has been suggested that coffee 

components like diterpenes may decrease the activity of phase I activating enzymes and 

therefore interfere with the initiation of carcinogenesis. Besides that, cafestol and kahweol may 

inhibit carcinogenesis through decreasing the phase I activating enzyme expression at either 

mRNA (Kim et al., 2012; Kim et al., 2004) or protein levels, as well as direct inhibition of 

enzymatic activity. Another approach is the induction of phase II detoxifying enzymes, which 

results in inhibition of formation or detoxification of electrophilic or oxidant metabolites. This 

process interferes with the initiation of tumor formation through reduction of DNA damage 

(Muriel and Arauz, 2010).    

Numerous epidemiological studies have examined the association between diterpenes and 

glutathione (GSH) S-transferase activity. This is an important issue because GSH-S-transferase is 

an important detoxification enzyme system, which leads to the inhibition of carcinogenesis. 

Basically, GSH-S-transferase catalyzes the binding of electrophilic compounds to GSH and leads 

to detoxification, which results in blocking the initiation of the tumor formation. Therefore, GST 

inducers are generally considered as protective compounds against cancer, acting as blocking 

agents (Schilter et al., 1996). Since electrophilic substances are the most reactive carcinogenic 

form of chemical carcinogens, decreasing their availability in the organisms may account as an 

important anti-tumorigenic therapy (Lam et al., 1982). The induced activity of GSH-S-transferase 

by different fractions and sub-fractions of green beans extract was firstly investigated during 12 

days on female mice of 7 weeks of age (Lam et al., 1982). Kahweol palmitate along with the free 

kahweol and kahweol monoacetate were identified as potent inducers of GSH-S-transferase 

activity. Among them, kahweol palmitate could enhance the GSH-S-transferase activity by 4 

times more than the control level. Other diterpenes – cafestol and cafestol monoacetate – were 

also considered as moderate inducers of GSH-S-transferase activity, but less than kahweol and 

kahweol palmitate (Lam et al., 1982). 
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Since data on the association between coffee diterpenes and DNA repair after the occurrence 

of initial DNA damage was unknown, an investigation was carried out by Huber et al. (2003) to 

find out the influence of cafestol/kahweol (C/K, 1:1), free cafestol and Turkish coffee on DNA 

repair. The investigation was concentrated on O6-methylguanine-DNA methyltransferase 

(MGMT), which repairs O6-methylguanine, O6-alkylguanine adducts as well as O4-

methylthymine. It has been reported that the high dose of C/K and cafestol could increase the 

hepatic MGMT by 2.6 times more than the control. Increased expression level of MGMT may 

extend the anti-mutagenic/anti-carcinogenic potential of coffee components to protection 

against DNA alkylating agents (Huber et al., 2003).  

Besides carcinogen detoxification, inhibition of carcinogen activation may be regarded as a 

successful approach in cancer chemoprevention. Based on this assumption, Huber et al. (2008), 

investigated the effect of dietary cafestol/kahweol (1:1) on the series of cytochrome P450 

isoforms (CYP1A1, CYP1A2, CYP2B1, CYP2B2, CYP2E1, CYP3A9), both at RNA and protein level 

as well as the evaluation of the activity of the phase II enzyme sulfotransferase 1A1 (SULT1A1). 

This study was of interest due to the activation of several carcinogens like PhIP, heterocyclic 

amines, nitrosamines and other alkylating carcinogens by several isoform of CYP. According to 

the results of Huber et al. (2008), C/K palmitate may be considered as preventive agents against 

the activity of SULT1A1, as they reduce the activity of this enzyme by 25%, although SULT1A1 

activity remain unchanged in the presence of filtered and unfiltered Turkish coffee. This study 

concluded that reduced carcinogen activation has mainly occurred through exposure to pure 

C/K or C/K palmitate (Huber et al., 2008). 

2.3.2.1.  Anti-angiogenic effects of coffee diterpenes 

Angiogenesis is an essential step involved in embryo development, tissue growth and wound 

repair (Wang et al., 2012). On the other hand, angiogenesis may be regarded as a detrimental 

process, playing an important role during tumor proliferation, expansion, and metastasis since 

tumor growth is highly dependent on it (Yang et al., 2006). The normal adult vasculature is 

quiescent as endothelial cells (ECs) division occurs approximately every 10 years. However 

endothelial cells division in normal vessels may be induced by angiogenic signal which results in 

the synthesis and release of degradative enzymes. In fact, angiogenesis occurs due to the 

imbalance between angiogenic factors and inhibitors (Oronsky et al., 2012). Angiogenesis is a 

multistep process involving endothelial cell proliferation, migration, tube formation as well as 

recruitment of supporting cells resulting in vascularization. During angiogenesis, oxygen and 

other nutrients are supplied through new vessels (Wang et al., 2012). There are two vascular 

stages during tumor progression. At first stage, tumor cells (tumor mass < 0.5 mm) can receive 
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nutrient and oxygen through diffusion. Whenever tumor mass be larger than 0.5 mm, diffusion is 

not capable to nourish tumor cells and angiogenesis or neovascularization is necessary for 

further tumor growth (Yang et al., 2006).  

Since blood vessels supply nutritional requirements to cells, it has been proposed that 

interfering with or preventing blood vessel growth may be regarded as a propitious therapeutic 

approach for clinical tumor therapy or treatment of angiogenesis-dependent disease (Wang et 

al., 2012). In general terms, anti-vascular treatments restrict blood flow and expose tumor to 

hypoxia and nutrient stress. Anti-vascularization may occur through several agents or strategies 

as follows:  

 vascular disruptive agents (VDAs) that block preexisting vessels; 

 anti-vascular endothelial growth factors (anti-VEGFs) that prevent new blood vessel 

formation; 

 nitric oxide synthase (NOS) inhibitors such as nitroarginine (Nω-nitro-L-arginine or L-

NNA) and depending on the context; 

 vasodilators such as nitric oxide (NO), which can reduce tumor perfusion through 

diversion of blood flow through the steal phenomenon (Oronsky et al., 2012).  

Nevertheless, vessels formed during pathologies are different from those in physiological 

processes in several features as follows: (i) tumor vasculature is disorganized and 

morphologically abnormal (ii) existence of poor blood flow due to partial or complete occlusions 

(iii) loosely association of pericytes with tumor vessels (iv) existence of discontinuous basement 

membrane (v) and leakiness which leads to a build-up of interstitial pressure and impaired drug 

delivery (Tugues et al., 2011). These hallmarks of tumor vessels are to a large extent attributable 

to intratumoral expression of VEGFA. 

VEGFs are critical regulators of vascular and lymphatic function during the development, in 

health and disease. There are five structurally related mammalian VEGF ligands (VEGFA, VEGFB, 

VEGFC, VEGFD and placenta growth factor; PLGF). However, among these VEGF ligands, the 

VEGFA is produced in endothelial cells and may act in an autocrine manner on VEGFRs 

expressed in the same cell. VEGFA is critical for development of endothelial cells during 

embryogenesis and for organization of the vasculature. It is also required for survival of 

endothelial cells in healthy tissues. An essential feature of VEGFA is its sensitivity to hypoxia. 

Hypoxia-inducible factor (HIF) is a powerful regulator of VEGFA expression in growing tissues, 

in physiological or pathological processes. Antibodies that bind VEGF and thereby prevent its 

binding to VEGFRs, inhibit angiogenesis, and have been exploited clinically in pathologies 

characterized by excess angiogenesis, such as cancer and retinopathy (Tugues et al., 2011).  
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Among several compounds playing anti-angiogenic roles, diterpenes and diterpene esters, are 

currently under development due to their potential impact on human health (Cavin et al., 2002). 

In the study conducted by Cárdenas et al. (2011) the anti-angiogenic and anti-inflammatory 

properties of kahweol were investigated. Kahweol proved to be an anti-inflammatory agent 

through inhibition of the expression of cyclooxygenase-2 protein (COX-2) and monocyte 

chemoattractant protein-1 (MCP-1) secretion by human umbilical vein endothelial (HUVEC) 

cells in a dose-dependent manner. This study introduced kahweol as a potent anti-angiogenic 

compound (Cárdenas et al., 2011). Following the survey performed by Cárdenas et al. (2011), 

Wang et al. (2012) investigated the anti-angiogenic properties of cafestol an alternative agent 

for other anti-angiogenic compounds. The inhibitory effects of cafestol are accompanied by 

decreasing phosphorylation of Focal adhesion kinase (FAK) and protein kinase B (Akt) and by a 

decrease in nitric oxide production. Overall, cafestol inhibits angiogenesis by affecting the 

angiogenic signaling pathway. 

2.4. Conclusions 

In this section, properties, incidence, analytical methodologies and health effects of coffee 

diterpenes were reviewed. The high occurrence of these compounds, either in beans or brews, 

was indicated. The effects of technological and environmental parameters were discussed and 

the analytical methods were suggested for their quantitative determination. However, 

optimization of saponification parameters and the validation of the analytical methodology in 

terms of simultaneous determination of cafestol, kahweol, 16-OMC and dehydrated diterpenes 

have been rarely reported. To develop any applicable analytical method, a substantial amount of 

work is needed, and a suitable strategy has to be devised to adjust the procedure we used to the 

desired end. Methodologies based on application of gel permeation chromatography or solid 

phase extraction are accurate, but also time-consuming, expensive, and require special skills. To 

the best of our knowledge, no work has been published yet, covering the comprehensive 

validation of operating conditions regarding diterpene esters extraction by existing techniques 

in the absence of MS detector. Considering that diterpenes and diterpene esters have biological 

importance, investigation of their content in a wide range of coffee samples (pure ground coffee, 

blends, brews) through a simple and inexpensive technique is also relevant. Thus, it could be 

possible to identified not only coffee brews and beans with higher diterpene esters content, but 

also evaluate the distribution of individual esters as well as unsaturation of coffee samples that 

may affect the health properties of the final products.  
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Besides that, although anti-carcinogenic properties of diterpenes have been studied from a 

pharmacological point of view less attention has been paid to their anti-angiogenic properties. 

Previous contributions have reported the antiangiogenic activity of free cafestol and free 

kahweol. Nevertheless, as previously mentioned, most of these compounds exist as esterified 

form (98%), not free moieties. Considering the lack of information about the angiogenesis 

properties of diterpene esters as promising candidates for the development of anti-angiogenic 

agents, the ability of two diterpene esters to inhibit angiogenesis response of endothelial cells 

was studied. 
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Chapter 3 

Materials and Methods 

3.1. Chemicals, equipment, materials and samples 

3.1.1. Chemicals 

External reference standards of cafestol (C20H28O3, PubChem CID: 108052) and kahweol 

(C20H26O3, PubChem CID: 114778) with purity of 98% were purchased from Sigma-Aldrich (MO, 

USA). Cafestol linoleate (C38H58O4, PubChem CID: 102305902), cafestol oleate (C38H60O4, 

PubChem CID: 102305903), cafestol palmitate (C36H58O4, PubChem CID: 77014447) and cafestol 

stearate (C38H62O4, PubChem CID: 102305906) along with kahweol linoleate (C38H56O4, PubChem 

CID: 102305913), kahweol oleate (C38H58O4, PubChem CID: 102305914), kahweol palmitate 

(C36H56O4, PubChem CID: 44134788) and kahweol stearate (C38H60O4, PubChem CID: 

102305917) with purity ≥ 97% were acquired from LKT lab (MN, USA). Other compounds of 

interest including 15,16-Dehydrocafestol also known as dehydrocafestol (C20H26O2, PubChem 

CID: 101468593) and 16-OMC (C21H30O3, PubChem CID: 68103163) with purity ≥ 98% were also 

obtained from LKT lab (MN, USA). All other reagents or solvents were of analytical or HPLC 

grade. Solvents were acetonitrile (ACN), methanol (HPLC gradient grade), diethyl ether (Purity 

of 99%) and n-hexane (purity of 95%) and were obtained from VWR (BDH Prolabo, Belgium). 

Potassium hydroxide (KOH) powder with purity of approximately 85% was supplied by Merck 

(Germany) and sodium chloride was purchased from Panreac Quimica (Spain). 

3.1.2. Equipment and materials  

For the extraction of the diterpene esters from ground coffee samples, the ultrasonic assisted 

extraction was performed in a JP Selecta (Barcelona, Spain) ultrasonic water bath with a nominal 
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power of 420 Watt. Rotary evaporator (BUCHI, R-210, Switzerland) was used for solvent 

evaporation. The phase separation was achieved in a Rotofix 32A centrifuge (Hettich, Germany). 

Filtered distilled water used for HPLC analysis was obtained by vacuum purification through 

0.45 μm filter membranes. Also, 0.45 µm polytetrafluoroethylene membranes (PTFE, VWR, USA) 

was used to filter the reconstituted samples before injection to the HPLC column.  

Home grinder (Braun KSM 2 model 4041, Mexico) was used to prepared ground coffee. 

Laboratory test sieves (Retsch, Germany) with different mesh size (63, 212, 150, 300, and 500 

μm) were employed to study the particle size distribution of ground coffee. Filtered and capsule 

coffee were brewed using coffee machine KRUPS Aroma Café 5 and KRUPS XN2100 (at 19 bar 

pressure), respectively. SGL coffee machine was used for brewing coffee pod. Vending coffee was 

brewed in a commercial Necta Coffee Vending Machine (Necta Astro Double Brew). For brewing 

espresso at different preparation conditions, an automatic grinder (La Cimbali®, grinder-doser 

6/SA) and a commercial espresso coffee machine (La Cimbali® M31 Classic) were used. 

Quantitative analysis was performed in a Merck Hitachi Elite LaChrom (Tokyo, Japan) HPLC 

equipped with a quaternary pump (L-2130) and an L-2200 autosampler. Separation was 

achieved using a Purospher STAR LichroCART RP 18 end-capped (250 × 4 mm, 5 μm) column 

attached to a guard column (4 × 4 mm, 5 μm) of the same kind. Before injection, dried extracts 

were reconstituted in acetonitrile. Reconstituted samples were filtered through 0.45 μm PTFE 

filter membrane and were analyzed in the HPLC. Twenty microliters were injected and the 

separation was achieved using isocratic condition with flow rate of 0.8 and 0.4 mL/min for 

analysis of total and esterified diterpenes, respectively. The detection was made using an L-2455 

(Merck Hitachi) diode array detector (DAD) in the range of 200 - 400 nm. EZChrom Elite 3.1.6 

software was used for data acquisition and analysis.  

3.1.3. Samples 

3.1.3.1. Coffee beans 

Green and roasted coffee as well as commercial blends of decaffeinated coffee packaged in 

protective atmosphere were kindly supplied by a local company of Porto, Portugal. The coffee 

samples consisted of batches of pure Arabica and pure Robusta coffees from different origins. 

The Arabica coffees were harvested in Brazil (produced by dry method) and Costa Rica 

(produced by wet method) while Robusta samples was from Vietnam (produced by dry 

method). Decaffeinated samples were a blend of Arabica and Robusta from Brazil, Vietnam and 

Honduras which were decaffeinated by water. All coffee beans were stored at -22 °C till sample 

preparation and analysis. Another different batches of Arabica (blend of Arabica from different 
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origins) and Robusta (blend of Robusta from different origin) packaged in protective nitrogen-

based atmosphere were also kindly supplied by a local company in Porto, Portugal, which were 

used to prepare traditional coffee brews and espresso coffees. 

3.1.3.2. Coffee brews 

3.1.3.2.1. Traditional coffee brew preparation 

Roasted Arabica (2.34% water content) and Robusta coffee (3.11% water content) were used 

to prepare traditional coffee brews including boiled, French, filter, and mocha coffee with 

coffee/water ratio of 7.5 g/100 mL to uniformize the comparison of brewing techniques. 

Roasted beans were ground by means of a home grinder. Then, 50 g of ground coffee was sieved 

by means of three laboratory test sieves with different mesh size (212, 300, and 500 μm) and the 

particles from each sieve were weighted and presented as percentage of the total mass. Ground 

Arabica (particle size: 51%, > 500 μm; 24%, 300 - 500 μm; 13%, 212 - 300 μm; 11%, < 212 μm) 

and Robusta coffee (particle size: 48%, > 500 μm; 27%, 300 - 500 μm; 17%, 212 - 300 μm; 6%, < 

212 μm) have almost the same particles size distribution. Therefore, it may be assumed that the 

influence of particle size on the extraction of diterpenes in both species is similar. Traditional 

coffee samples were prepared using ground Arabica or Robusta coffee and are as follows: 

Boiled Coffee. It was prepared by boiling 11.25 g ground coffee with 150 mL of distilled water 

for 10 min, followed by 2 min of settling time, followed by decanting the liquid. Individual cup 

size was 150 mL.  

French Press Coffee. It was brewed by pouring 150 mL of boiling distilled water onto 11.25 g 

of ground coffee in glass French press pot, followed by stirring. After 2.5 min, the coffee brew 

was separated from ground coffee by pressing the plunger. Individual cup size was 150 mL.  

Mocha Coffee. It was brewed using an aluminum mocha pot. Around 11.25 g ground coffee 

was placed in filter cup. Mocha pot was filled with 150 mL of cold distilled water. The pot was 

heated until the water reservoir was empty. Individual cup size was 60 mL.  

Filtered Coffee. 22.5 g of roasted and ground coffee was put in a paper filter bag (N° 2) and 

extracted with 300 mL of boiled distilled water by means of coffee machine KRUPS. The brew 

dripped into a heated pot within 2 - 3 min. The individual cup size was 150 mL. 

3.1.3.2.2. Commercial coffee brew preparation 

Commercial samples were brewed using various brands of different types of coffee purchased 

randomly from local commerce in Porto, Portugal. Information about the coffee origins and 
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species, or roasting conditions used to prepare the blends, was not always available. Table 3.1 

describes the coffee beans used for commercial coffee brew preparation. Thirteen commercial 

coffee brews were prepared according to the manufacturers’ instructions. Coffee brews (three 

replicates for each sample) were prepared and stored at -22 °C until analysis, made in duplicate. 

 

Capsule Coffee. Extraction of each capsule was performed using an automatic KRUPS coffee 

maker at a pressure of 19 bar by hot water (93 ± 2 °C).  All capsules consisted of a plastic 

cylinder covered by an aluminum film. Amount of coffee in each capsule was: A-type 1 (6.01 ± 

0.01 g), A-type 2 (5.01 ± 0.06 g), A-type 3 (5.01 ± 0.03 g), A-type 4 (5.14 ± 0.02 g), A-type 5 (6.13 

± 0.11 g), B (5.19 ± 0.11 g), and C (5.71 ± 0.02 g). Each cup contained 40 mL of coffee brew. 

Pod Espresso. It was brewed using the SGL coffee machine, designed for pod. The cup size was 

40 mL derived from the brewing of a 7.1 ± 0.2 g roasted and ground (R&G) coffee. 

Instant Coffee. For this purpose, 2 g of commercial instant coffee powder was extracted with 

150 mL of boiled distilled water. Regarding instant espresso, one pack containing 1.8 g of soluble 

coffee was dissolved in 50 mL of boiled distilled water. 

Vending Coffee. This was obtained from commercial Necta Coffee Vending Machine to draw a 

cup of coffee (30 mL). 

3.1.3.2.3. Espresso coffee (EC) with different preparation parameters 

The studied variables were R&G coffee weight (6.5, 7.5, 8.5 and 9.5 g), particle size (very fine, 

fine and coarse ground), water quantity, equivalent to cup size (30, 40, 50 and 60 mL), water 

temperature (70, 80 and 90 °C), water pressure (7, 9 and 11 and 14 bar) and extraction time (10, 

Table 3.1. General description of ground coffees used for preparation of commercial coffee brews a 

Type of coffee Type of coffee beans Roasting conditions 

Capsule A – Type 1 Blend of Arabica and Robusta Roasted slowly and fine grinding 
Capsule A – Type 2 Blend of Arabica and Robusta Light roasted and fine grinding 
Capsule A – Type 3 Blend of Arabica and Robusta Light roasted 
Capsule A – Type 4 Blend of Arabica Light roasted 
Capsule A – Type 5 Blend of Arabica Long roasting at low temperatures 
Capsule B Blend of Arabica and Robusta Medium roasted 
Capsule C 100% Arabica NA b 
Vending coffee NA NA 
Pod espresso Blend of Arabica and Robusta NA 
Espresso-bar NA NA 
Instant natural Soluble coffee natural NA 
Instant decaffeinated Soluble coffee decaffeinated NA 
Instant espresso Blend of Arabica NA 

a All information was obtained from the label of coffee products 
b NA: Not available 
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21 and 30 s).  For this purpose, roasted Arabica coffee beans (2.34 % water content) were 

ground by means of an automatic grinder (Figure 3.1) just before the EC preparation. The 

grinder provided different levels of grinding, designated from 1 to 15, for very fine to very 

coarse ground, respectively. For selecting the best grinding grades, 7.5 ± 0.2 g of ground coffees 

from different grinding levels were brewed and the extraction times were measured. The ground 

coffee which resulted in 40 ± 3 mL of EC during the extraction time of around 21 ± 3 s was 

selected to brew standard EC.  

Accordingly, the level of 3.3, which resulted in extraction time of 21 ± 3 s was selected as fine 

grinding level for further sample preparation with particle size distribution as follows: 11%, > 

500 μm; 75%, 300-500 μm; 13%, 150-300 μm; 0.3%, 63-150 μm). Consequently, the levels of 3.0 

(particle size: 2% >, 500 μm; 72%, 300-500 μm; 23%, 150-300 μm; 2.3%, 63-150 μm) and 4.2 

(particle size: 31%, > 500 μm; 66%, 300-500 μm; 3.5%, 150-300 μm; 0.03%, 63-150 μm) were 

selected as very fine and coarse grinding level, respectively. Brewing EC with particles finer than 

level of 3.0 and coarser ones than level of 4.2 was impractical due to unacceptable long or short 

extraction time. 

 

EC with different preparation parameters were prepared using a semiautomatic espresso 

machine (Figure 3.1). For each variable, three coffee brews were prepared. A standard EC was 

prepared using 7.5 ± 0.2 g of finely R&G Arabica coffee and water temperature fixed at 90 ± 2 °C 

(temperature of water at the exit of the heating unit). For the preparation of an EC with a volume 

of 40 ± 3 mL, a pressure of around 9.0 ± 0.2 bar was necessary. The extraction time was kept at 

21 ± 3 s. EC were transferred to polyethylene tubes and stored at -22 °C until analysis. 

  

Commercial espresso coffee machine Grinder - doser 

Figure 3.1. The espresso coffee machine and grinder used for brewing EC under different preparation 
parameters, (gently supplied by a coffee company). 
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3.2. Chromatographic conditions 

3.2.1. Preparation of standard solutions for calibration curves 

A stock solution (300 mg/L) containing all free diterpenes (cafestol, kahweol, 16-OMC and 

dehydrocafestol) was prepared in acetonitrile. Ten standard solutions at different concentration 

levels were prepared in the range of 1 - 300 mg/L from the main stock solution. Regarding 

diterpene esters, a stock solution (400 mg/L) containing all diterpene esters including cafestol 

and kahweol linoleate, oleate, palmitate and stearate, was prepared in acetonitrile. Ten standard 

solutions contain all diterpene esters were prepared in the range of 5 - 400 mg/L.  

3.2.2. HPLC-DAD analysis of total diterpenes 

Before chromatographic analysis, the dried extracts were made up to 0.5 - 5.0 mL (coffee 

brews) or 5.0 – 10.0 mL (ground coffee) with acetonitrile. Twenty microliters of the 

reconstituted samples was injected after filtration. The HPLC-DAD analysis was adopted from 

Dias et al. (2010) with slight modification in flow rate. Accordingly, mobile phase composition 

was acetonitrile/water (55/45, v/v) with an isocratic flow rate of 0.8 mL/min. Detection of 

cafestol and 16-OMC was performed at 225 nm while dehydrocafestol and kahweol were 

detected at 207 nm and 290 nm, respectively. Target compounds were identified by comparing 

spectra and retention times with reference standard solutions. Quantitative analysis was 

performed using external standard calibration curves by plotting the peak area versus the 

corresponding concentrations. Total diterpenes concentration in coffee brews were calculated 

after applying the concentration (0.2) or dilution factor (2.0). 

3.2.3. HPLC-DAD analysis of cafestol and kahweol palmitate 

To evaluate the saponification efficiency, the presence of cafestol and kahweol palmitate was 

investigated in the saponified extract. Since palmitate esters constitute almost half of the 

diterpene esters in coffee, their absence was considered as completion of saponification of other 

diterpene esters. This method was adopted from Pettitt (1987) with some adaptations which 

included: injection volume of 20 µL, isocratic elution of acetonitrile (100%) at a flow rate of 1.2 

mL/min during 35 min, and detection of cafestol palmitate at 225 nm and kahweol palmitate at 

290 nm. Using 100% acetonitrile as mobile phase with a flow rate of 1.2 mL/min led to high 

backpressure which together with partially co-elution of cafestol and kahweol linoleate at 225 

nm as well as the fact that cafestol oleate was totally co-eluted with kahweol palmitate at 225 



Coffee Diterpenes: Quantification and Anti-angiogenic Effects  

 

71 

nm, led to development of a methodology that includes a mathematical approach for separation 

of co-eluting compounds in the absence of a MS detector. 

3.2.4. HPLC-DAD analysis of diterpene esters combined with spectral 

deconvolution (SD) 

The chromatographic conditions for analysis of diterpene esters (cafestol and kahweol 

linoleate, oleate, palmitate and stearate) were adapted from Kurzrock and Speer (2001b) with 

slight modifications. The dried extracts were made up to 0.5 or 5.0 mL (coffee brews) or 5.0 – 

10.0 mL (ground coffee) with acetonitrile and 20 µL was injected and analyzed using the 

isocratic elution of acetonitrile/isopropanol (70:30, v/v) at 0.4 mL/min. DAD in the range of 200 

- 400 nm was used. Two detection wavelengths were also set, namely, 225 and 290 nm for 

cafestol esters and kahweol esters, respectively.  At the beginning, individual standard of each 

diterpene esters (100 mg/L) were injected in HPLC-DAD in order to obtain reliable spectra of 

analytes of interest and the correspondent background. Then, after each run, data were exported 

as coma-separated values format by the acquisition software (EZChrom Elite 3.1.6). Those files 

were opened using Matlab R2013b and the chromatographic data loaded into a two-dimensional 

(2D) array. The different Matlab functions were programmed and run and after statistical 

analysis, one function was selected for further analysis. Through applying spectral 

deconvolution to every spectrum, deconvoluted chromatograms were obtained that are specific 

to the cafestol and kahweol esters. The code and procedures used can be found in Annex I. 

Because kahweol esters can be adequately quantified using the chromatogram obtained at 290 

nm or using deconvoluted chromatograms, these compounds will be used to compare the 

analytical performances of deconvolution approach over the classical technique. Diterpene 

esters concentrations in coffee brews were calculated after applying the concentration (0.2) or 

dilution factor (2.0). 

3.2.5.  Methods validation 

Calibration curves were prepared by plotting the peak area against the corresponding 

concentrations by duplicate injection of 20 μL of standard solutions. Validation parameters, 

including linearity (expressed as coefficient of determination, R2), precision (expressed as 

coefficient of variation, %CV), accuracy (expressed as percentage of recovery), limit of detection 

(LOD) and limit of quantification (LOQ) were determined. 

Method and instrumental precisions were obtained through the coefficient of variation of 

repeated analysis at intra-day and inter-day conditions, respectively. Intra-day precision 
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(repeatability) was evaluated through six replicate analysis in the same day. In the inter-day 

variation studies (reproducibility), the same sample was analyzed three times on three 

consecutive days. Method accuracy was evaluated by spiking both matrices (coffee brews and 

ground coffee) with known concentration of the analytes before the extraction procedure, and 

then, the average recovery (%) was reported as the mean ratio between the obtained and the 

expected concentrations of analytes in spiked samples. The LOD and LOQ were estimated based 

on a signal to noise ratio of three (S/N = 3) and ten (S/N = 10), respectively, using the 

Equation 3.1 (Ribani et al., 2004; Shimadzu., 2004). 

 

where S/N is the signal/noise ratio (for LOD, S/N=3, and for LOQ, S/N=10), C, sample 

concentration; N, noise value when the blank is analysed, and H, value of the signal when the 

sample is analysed. 

3.3. Water content of ground coffee 

To express the amount of total diterpenes and diterpene esters per weight of dry matter of 

ground coffee, the water content of the coffee beans was determined. For this purpose, 10 g of 

ground coffee were dried in an oven at 103 - 105 °C with natural airflow, for 24 h. The cycle of 

drying, cooling, desiccating and weighing was repeated until a constant weight was obtained. 

The difference between the initial and the final weight was the water content which was 

presented as the mean percentage from duplicate measurements.  

3.4. Lipid extraction from ground coffee 

Regarding ground coffee, either green or roasted, coffee oil was extracted according to Araújo 

and Sandi (2006) by a Soxhlet apparatus. For this purpose, 20 g of ground coffee (particle size ≤ 

500 µm) were extracted using n-hexane (250 mL) for 16 h (Figure 3.2). Successively, solvent 

was removed by rotary evaporation at 30 °C followed by residual solvent evaporation in an oven 

(103 - 105 °C). The weight of coffee oil was reported as g/100 g of ground coffee in dry basis. 

Lipid contents were expressed as an average of duplicate extractions. 

                         LOD, LOQ = C × (S/N) × (N/H) Equation 3.1 
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3.5. Method optimization for extraction of total 

diterpenes  

3.5.1. Coffee brews 

Determination of total diterpenes in coffee brews was performed by improved conditions for 

saponification, extraction, and clean-up based on the method described previously by Silva et al. 

(2012), which were by its turn adapted from Dias et al. (2010). Total diterpenes are referred to 

diterpenes after saponification including cafestol, kahweol, 16-OMC and dehydrocafestol. In this 

section, method optimization was performed on cafestol and kahweol content of saponified 

extract due to the importance of these two diterpenes among others, in particular in Arabica 

coffee and commercial coffee samples. The optimized extraction procedure was then extended 

to extract 16-OMC from coffee brews.  

For the saponification of the coffee brews, firstly, the efficiency of the reaction performed in 

two different systems (ultrasound or water bath) was tested. Afterwards, the number of 

successive extractions using diethyl ether (1, 2, 3, and 4 times) and the amount of 2 M NaCl 

solution (0, 5, 10, and 15 mL) were optimized and afterwards, because the saponification was 

still incomplete, other variables were optimized: the amount of KOH powder was studied as 4 

levels (0.45, 1.00, 3.00, and 5.00 g), the temperature of water bath at two levels (80 and 90 °C), 

and the sample content at two levels (5.0 and 2.5 mL). The choice of levels mainly depended on 

the expected impact on the response (cafestol and kahweol concentrations) and the easiness to 

control the factor.  

 

 

Figure 3.2. Lipid extraction from ground coffee using Soxhlet apparatus. 
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Coffee brew (2.5 or 5.0 mL) was transferred to amber glass flask. KOH powder (0.45, 1.00, 

3.00, and 5.00 g) was added and the coffee brews were saponified in a water bath (70, 80 or 90 

°C) or ultrasound bath (68 ± 2 °C) for 60 min under continuous stirring. Then, the whole solution 

was cooled down immediately and subjected to liquid-liquid extraction with 5 mL of diethyl 

ether. After centrifugation (3000 rpm, 5 min), the aqueous phase was re-extracted for 2, 3 or 4 

times. The combined ether phase was then washed with 2 M NaCl solution (0, 5, 10, and 15 mL) 

and centrifuged. The cleaned ether phase was dried under N2 stream and kept at -22 °C till 

HPLC-DAD analysis. 

3.5.2. Ground coffee 

Since coffee beans contained appreciable amounts of diterpenes, the previously optimized 

method for coffee brews was modified, regarding KOH content (1, 3 or 5 g) and successive 

extractions using diethyl ether (2, 3 or 4 times) to improve saponification and extraction 

efficiency of diterpenes from ground coffee. For this purpose, direct hot saponification of 200 mg 

ground coffee (particle size ≤ 300 µm) in 7.5 mL of methanol/water solution (2:1 v/v) with KOH 

powder (1, 3 or 5 g) was performed at 80 °C during 60 min. The saponified solution was 

subjected to liquid-liquid extraction using diethyl ether (repeated 2, 3 or 4 times) followed by 

centrifugation (4000 rpm, 10 min). Combined ether phase was washed with 5 mL of 2 M NaCl 

solution and dried under N2 stream and were stored at -22 °C until HPLC-DAD analysis. 

3.6. Method optimization for extraction of diterpene 

esters  

3.6.1. Coffee brews 

Optimization was performed on cafestol and kahweol palmitate as the main diterpene esters 

present in coffee samples. These compounds were measured using the same procedure for 

quantification of total diterpenes, but without the saponification step. The optimized extraction 

procedure was then extended to extract and quantify the other diterpene esters, including 

cafestol and kahweol linoleate, oleate and stearate, as well.  

For this purpose, coffee brew (2.5 or 5.0 mL) was extracted directly (without saponification) 

with 5 mL of diethyl ether (2, 3 or 4 times). Due to the difficulty in obtaining a neat interface, 0.5 

mL of methanol was also added to aqueous phase along with diethyl ether to break the emulsion 
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and create a neat interface between aqueous and ether phase. Since sample preparation was 

done without saponification, centrifugation was done at 4000 rpm for 10 min to improve 

separation between phases. The combined ether phases were then cleaned using 5 mL of 2 M 

NaCl solution. Cleaned ether phase was transferred to an amber glass vial and evaporated under 

N2 stream. Dried extract were kept at -22 °C until HPLC-DAD analysis. 

3.6.2. Ground coffee 

Extraction of diterpene esters in ground coffee was adapted from Pettitt (1987) which was 

improved according to method of Abdullah and Bulent Koc (2013). The method of extraction 

involved two steps. In the first step, 200 mg of coffee ground was put in a polyethylene tube and 

300 μL of methanol was added. Diterpene extraction was performed with and without 

ultrasonication. During the ultrasound-assisted extraction, samples were placed in ultrasound 

bath for 10, 20 and 30 min. In the second step, diethyl ether was introduced and well mixed on 

vortex for 2 min. This extraction procedure was repeated 2, 3 or 4 times. For all the experiments, 

the volume of methanol was kept constant at 300 μL while the diethyl ether volume used for 

extraction of analytes varied from 10 mL to 20 mL. Diethyl ether containing diterpene esters was 

separated from the coffee ground and washed with 5 mL of 2 M NaCl solution. The cleaned 

organic phase dried under N2 stream and stored in -22 °C until HPLC-DAD/SD analysis.  

3.7. Total diterpenes and diterpene esters 

concentration in coffee brews 

Several types of coffee beverages including traditional and commercial coffee brews were 

prepared and tested for their total diterpenes and diterpene esters concentration. Also, EC were 

brewed under different preparation conditions that were explained before and their cafestol and 

kahweol profile were estimated in accordance to the optimized methodology. 

3.7.1. Total diterpenes extraction 

Briefly, 2.5 mL of coffee brew along with 2.5 mL of distilled water was directly saponified 

with 3.00 g of KOH powder in a water bath (80 °C - 60 min). The solution was then subjected to 

two sequential extractions using diethyl ether followed by clean-up with 5 mL of 2 M NaCl 

solution. The clean ether phase was brought to dryness under N2 stream and dried extract was 
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reconstituted in 0.5 - 5.0 mL of acetonitrile and total diterpenes concentrations were measured 

after applying the concentration factor of 0.2 or dilution factor of 2.0. Total diterpenes were 

expressed as mg ± standard deviation (sd)/L and mg ± sd/cup of coffee brew. 

3.7.2. Diterpene esters extraction 

Briefly, 2.5 mL of coffee brew was extracted using 5 mL of diethyl ether (repeated two times). 

0.5 mL of methanol was also added to break the emulsion. Subsequently, the combined ether 

extract was washed with 5 mL of 2 M NaCl solution. Solvent was evaporation under N2 stream 

and dried extract was reconstituted in 0.5 - 5.0 mL of acetonitrile and diterpene esters 

concentrations were quantified after applying the concentration (0.2) or dilution factor (2.0) and 

were presented as mg ± sd/L and mg ± sd/cup of coffee brew. 

3.8. Total diterpene and diterpene esters content in 

green, roasted and blends of coffee 

Coffee beans were compared in terms of total diterpenes and diterpene esters, as influenced 

by species and roasting procedure. Coffee blends were prepared by different percentage of 

roasted Arabica coffee harvested in Brazil (0, 20, 40, 60, 80 and 100%, wt) with Robusta coffee 

harvested in Vietnam. Coffee beans, either green, roasted or blends of coffee were ground by 

means of a home grinder and ground coffee (≤ 300 μm) was subjected to extraction and analysis. 

3.8.1. Total diterpenes extraction 

Briefly, direct hot saponification of 200 mg of ground coffee in 7.5 mL of methanol/water 

solution (2:1 v/v) with 3.00 g of KOH powder was performed in water bath (80 °C - 60 min). 

Total diterpenes were extracted using diethyl ether (repeated 4 times) and the combined 

extracts were cleaned-up with 5 mL of 2 M NaCl solution followed by evaporation of solvent 

under N2 stream. Dried extracts were reconstituted in 5.0 – 10.0 mL of acetonitrile and total 

diterpenes content was expressed as mg ± sd/100 g of ground coffee in dry basis. 

3.8.2. Diterpene esters extraction 

Briefly, a mixture containing 200 mg of ground coffee and 300 μL of methanol was placed in 

ultrasound bath for 20 min. Extraction of diterpene esters was done with diethyl ether (repeated 
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3 times) followed by washing the combined ether phase with 5 mL of 2 M NaCl solution and 

dryness under N2 stream. The cleaned extract was reconstituted in 5.0 – 10.0 mL of acetonitrile 

and the mass of diterpene esters was calculated in initial sample weight (200 mg). Diterpene 

esters content was expressed as mg ± sd/100 g of ground coffee in dry basis.  

3.9. Anti-angiogenic properties of cafestol and 

kahweol palmitate 

3.9.1. Cell culture 

Human microvascular endothelial cells (HMVECs) were cultured in Roswell Park Memorial 

Institute 1640 medium (RPMI 1640) (Invitrogen Life Technologies, Paisley, UK) supplemented 

with 10% fetal bovine serum (FBS) (Invitrogen Life Technologies, Paisley, UK), 1% 

penicillin/streptomycin (Invitrogen Life Technologies, Scotland, UK), 0.1% endothelial cell 

growth factor (EGF) (Sigma-Aldrich, Portugal), 1.176 g/L sodium bicarbonate (Merck, Germany), 

4.76 g/L HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (Sigma-Aldrich, Portugal) 

and 0.001 g/L hydrocortisone (purity ≥ 98% - Sigma, Portugal). The pH of final medium should 

be adjusted till 7.2 - 7.4. Cells were maintained in medium at 37 °C in an atmosphere containing 

5% CO2 and allowed to grow. Cells media was changed every two days.  

Cafestol palmitate (CP) and kahweol palmitate (KP) were obtained from LKT Laboratories 

(MN, USA). Stock solution of each compound (10 mM) was prepared in dimethyl sulfoxide 

(DMSO) and kept at -20 °C. Stock solutions were diluted in 2% FBS cell culture medium to 

prepare distinct treatments, as the vehicle concentration (DMSO) was less than 1% (v/v) in 

every assay. Control procedures were performed using medium containing 2% FBS. Except for 

cell viability assay (MTS) which was performed to identify the IC50, the distinct treatment at 50 

µM, both for CP and KP, was used in rest of assays. 

3.9.2. MTS toxicity assay  

HMVECs (1 × 105 cells/mL) were seeded in 96-well microtiter plates (100 µL/well). After 24 

h incubation in complete cell culture medium (RPMI 1640, 10% FBS), when cells grow to 70 - 

90% confluence, cells were washed with phosphate-buffered saline (PBS). Subsequently, cells 

were treated with various concentrations of CP and KP (50, 75, 100 µM) and incubated with 

incomplete cell culture medium (RPMI 1640, 2% FBS) at 37 °C in a 5% CO2 atmosphere for 24 h.  



Chapter 3: Materials and Methods 

  

78 

Additional wells were also prepared for blank and control samples.  Afterwards, cell viability 

was determined using Cell Titer 96® Aqueous ONE Solution Reagent (MTS [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]) through 

MTS colorimetric assay at 492 nm according to the instructions provided by the manufacturer. 

Briefly, 20 μL of MTS solution was added to each well. Plates were wrapped in aluminum foil and 

incubated at 37 °C in a 5% CO2 atmosphere for another 2 h. Afterwards, cell viability was 

assessed using MTS colorimetric assay at 492 nm (Machado et al., 2015). Half maximal 

inhibitory concentration (IC50) values were calculated and define as concentration of the drug 

that resulted in 50% inhibition in absorbance (Yang et al., 2006). Absorbance values were 

directly correlated to the number of viable cells. Experimental conditions were examined in 

triplicate. All experiments were also performed in duplicates. Results are expressed as 

percentage of control, which was considered to be 100%. 

3.9.3. BrdU proliferation assay 

The HMVECs (1 × 105 cells/mL) in 10% FBS culture medium were seeded in a 96-well plate 

(100 µL/well) and incubated overnight at 37 °C under 5% CO2. Then, the cells were treated with 

CP or KP (50 µM) dissolved in 2% FBS cell culture medium along with 10 µL/well BrdU labeling 

solution (5-bromo-2´-deoxyuridine) and incubated for another 24 h at 37 °C under 5% CO2. 

Additional wells were also prepared for control and blank samples. During this labeling period, 

the pyrimidine analogue BrdU was incorporated in place of thymidine into the DNA of 

proliferated cells. Detection was performed by ELISA Kit using anti-BrdU specific antibodies 

(Roche Diagnostics, Mannheim, Germany), according to the manufacturer’s instructions 

(Machado et al., 2015).  

Briefly, after removing the labeling solution, 200 μL/well Fixdenate (Ready-to-use) was 

added to each well and incubated for another 30 min at room temperature to fix the cells and 

denaturate the DNA. This process is necessary to improve the accessibility of the incorporated 

BrdU for detection by antibody. Afterwards, 100 μL/well anti-BrdU-POD working solution was 

added and incubated for 90 min at room temperature. The anti-BrdU-POD binds to the BrdU 

incorporated in synthesized cellular DNA. The antibody was removed and the wells were 

washed three times with diluted PBS followed by adding 100 μL/well Substrate Solution. Blank 

wells were also prepared with Substrate Solution. The plate was incubated at room temperature 

while it was protected from light for 5 - 30 min until color development is sufficient for 

photometric detection. After development of the color, 25 μL/well 1 M H2SO4 was used to stop 

the reaction. The absorbance of the samples were measured against a background control 

(blank). It should be noted that the measurement has to be carried out within 5 min after adding 
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the top solution. Results were expressed as percentage of control (100%). Experimental 

conditions were tested in triplicate followed by duplicate repetitions of the whole experiment. 

3.9.4. TUNEL assay 

HMVECs (6 × 104 cells/mL) were grown on glass coverslips in 24-well plates in the presence 

of 10% FBS cell culture medium at 37 °C and 5% CO2. Cells were then treated with 500 μL/well 

CP or KP at 50 µM concentration prepared in 2% FBS cell culture medium and were incubated 

for another 24 h. Wells for positive and negative control were also prepared in 2% FBS medium.   

TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end 

labelling) assay was performed using the In Situ Cell Death Detection Kit (Roche Diagnostics, 

Mannheim, Germany) according to the manufacturer’s instructions in order to detect and 

quantify apoptotic cell death which involve three steps namely: fixation, permeabilization and 

labeling with TUNEL. Briefly, after removing the cell culture and washing the cells with PBS 

solution, 200 - 300 μL/well fixation solution (4% paraformaldehyde in PBS, pH=4, freshly 

prepared) was added and cells were incubated for 30 min at room temperature. After removing 

the fixation solution, the cells should be washed with PBS two times. Subsequently, 200 μL/well 

permeabilisation solution (0.1% Triton X-100, 0.1% sodium citrate in distilled water, freshly 

prepared) was added and incubated for another 2 - 5 min in ice followed by removing the 

permeabilization solution and washing two times with PBS. Regarding positive control, 30 

µL/well DNAse was added (2 μL DNAse plus 100 μL of TRIS HCL 50 mM, pH 7.5) and incubated 

at room temperature for 10 min at room temperature to induce DNA strand breaks prior to 

labeling procedure with 30 µL/well TUNEL reaction mixture (diluted enzyme solution in label 

solution at 1:10 proportion). For negative control, 30 µL/well of label solution (without terminal 

transferase) was used instead of TUNEL reaction mixture. Concerning the treatment, 30 µL 

TUNEL reaction mixture was added to each well. The plate was incubated in humidified 

atmosphere for 60 min at 37 °C, in dark.  

To counterstain, the respective wells were washed with PBST (PBS with tween 20 - 10X) and 

incubated with 30 μL DAPI solution (4′,6-diamidino-2-phenylindole - dilute 1:100 in methanol) 

on ice in darkness. Subsequently wells were washed with PBST and mounted on the slide with 

glycerol/PBS mixture. Glass coverslips were visualized and photographed under a fluorescence 

microscope (Nikon, Japan) at a magnification of 200×. The percentages of TUNEL-stained nuclei 

were evaluated in relation to every DAPI-stained nuclei (4′,6-diamidino-2-phenylindole, DAPI) 

under fluorescence microscopy (Carneiro et al., 2009). Experimental conditions were performed 

in triplicate in two independent experiments. 
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3.9.5. Migration assay 

The HMVECs (1 × 105 cells/mL) with 10% FBS culture medium were cultured in a 24-well 

plate and incubated overnight (37 °C, 5% CO2) to grow until 90% confluence. After complete 

adherence, culture medium was removed and cells were rinsed with PBS. Using a sterile plastic 

pipette tip, a single wound was scrapped in the center of the cell monolayers of each well. Cells 

were rinsed with PBS to remove non adherent cells. Next, cells were incubated with respective 

treatment of CP or KP (50 µM) prepared in 2% FBS cell culture medium (500 µL/well) for 

another 24 h. After incubation, cells were washed with PBS. To measure the migration of 

HMVECs to the damaged area, cells were photographed on a phase contrast microscope (Nikon, 

UK, Ltd, Kingston Upon Thames, UK) at a magnification of 100×, immediately after wounding 

and after a 24 h incubation period (37 °C, 5% CO2). Inhibition percentage was expressed as 

percentage of the control as 100%. Experimental conditions were repeated twice and tested in 

duplicates. 

3.9.6. Western blotting assay  

Western blotting uses specific antibodies to identify proteins that have been separated based 

on size by gel electrophoresis. The process for producing a western blot involve several steps 

including cell culture and adding treatment, lysis and extraction of protein, determination of 

protein concentration, electrophoresis followed by transfer of proteins and staining (Western 

blotting). 

For this purpose, the HMVECs were seeded in 9 plates (for CP, KP and control, in triplicate) 

and allowed to grow in cell culture medium containing 10% FBS at 37 °C and 5% CO2 until 90% 

confluence was reached. After 24 h treated with 50 µM CP or KP, the HMVECs lysis was 

performed using RIPA buffer (Radio-Immunoprecipitation Assay) (Chemicon International, CA, 

USA) for 20 min on ice to release the proteins of interest. Addition of appropriate inhibitors (one 

protease plus two phosphatase - 1/100 RIPA, v/v) to the lysis buffer slowed down considerably 

the proteolysis, dephosphorylation and denaturation of proteins. This mixture was incubated for 

20 minutes on ice, and then the lysate was clarified by spinning for 5 min at 12000 rpm, at 4°C. 

After centrifugation, the supernatant (or protein mix) was transferred to a fresh tube and the 

concentration was measured using BCA assay. For this purpose, 100 μL of diluted BCA reaction 

mixture [BCA (B) in BCA (A). 1/50, v/v)] along with 5 μL of protein mixture of controls and 

treatments were transferred to 96-well plate. Plate was mixed thoroughly on a plate shaker for 

30 seconds and incubated at 37 °C for 30 min. The absorbance was measured at 492 nm on a 

plate reader. Protein concentration was determined by comparing the assay response of a 
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sample to that of a standard whose concentration is known. This protein mixture was stored at -

20 °C for later use or for loading onto a gel.  

The electrophoresis technique is a standard means for separating proteins according to their 

molecular weight. When separated on a polyacrylamide gel, the procedure is abbreviated as 

SDS-PAGE (Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis). Proteins were 

separated by 8% SDS-PAGE which correspond to 25 - 200 kDa protein size.  Afterwards, 

visualization of proteins within the SDS-PAGE gel was performed to determine if proteins have 

electrophoresed uniformly and evenly. For this purpose, proteins were subsequently transferred 

to Hybond nitrocellulose membrane (Amersham, Arlington, VA, USA). Afterwards, the 

membrane was incubated overnight at 4 °C with primary antibodies including total VEGFR-2 

(Cell Signalling, MA, USA), total AKT, total Erk, and β-actin (Abcam, Cambridge, UK) for 24 h. 

More dilute antibody and a prolonged incubation has been suggested to ensure specific binding. 

The following day, the membrane was rinsed with TBST around 5 minutes or more per wash, to 

remove residual primary antibody and incubation with secondary antibodies was accomplished 

at room temperature for 1 - 2 h combined with agitation. Immunoreactive proteins were 

detected using the enhanced chemiluminescence detection system (ECL kit, Amersham, 

Arlington, USA) (Machado et al., 2015). 

3.9.7. ELISA assay 

This assay was performed to measure tyrosine-phosphorylated vascular endothelial growth 

factor receptor 2 (phospho-VEGFR-2) in cell lysates. For this purpose, the lysis of HMVECs 

treated with 50 µM CP or KP, was performed using RIPA buffer (Radio-Immunoprecipitation 

Assay) (Chemicon International, CA, USA) and proteins were separated by 8% SDS-PAGE, as 

previously described. Subsequently, the levels of tyrosine-phosphorylated VEGFR-2 (pVEGFR-2) 

in HMVECs lysates were measured using a Duoset human phospho-VEGFR2 (Tyr1175) ELISA kit 

(R&D Systems, UK). Briefly, a 96 well microplate was coated with 100 μL per well of the diluted 

Capture Antibody overnight at room temperature. Afterwards, wells must be washed with wash 

buffer four times. In order to block the plate, 300 μL of Block Buffer was added to each well and 

incubated at room temperature for 1 - 2 h followed by washing with wash buffer (5 times). The 

plates are now ready for sample addition. 100 μL of protein mixture or control sample was 

added to each well and incubated for 2 h at room temperature. After aspiration and washing the 

plate, 100 μL of the diluted anti-phospho-tyrosine-HRP was added to each well and plate was 

cover with a new plate sealer and incubated 2 h at room temperature in dark. Washing 

procedure was repeated and 100 μL of Substrate Solution was added to each well and incubated 

for 20 minutes at room temperature in dark followed by adding 50 μL of Stop Solution to each 
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well. The quantifications were performed in accordance to the manufacturer´s instructions at 

450 nm and 550 nm using a plate reader (Thermo Electron Corporation, USA). Results were 

expressed as percentage of control which was considered as 100%. 

3.10. Statistical analysis  

When quantifying total diterpenes and diterpene esters, one-way and two-way ANOVA 

analysis was performed with a level of significance of 95% followed by the Tukey multiple 

comparisons test, to evaluate differences in variation. Differences were considered significant 

when p < 0.05. Data was reported as mean ± sd. Statistical analysis was carried out by Minitab 

16 (2009) software. Graphs were plotted by means of Excel (2010) and Matlab R2013b or 

Minitab 16 (2009). 

When studying anti-angiogenic effects of cafestol and kahweol palmitate, all experiments 

were performed in duplicate. Quantifications are expressed as mean ± sd of three independent 

experiments and expressed as percentage of control, which was considered to be 100%. A one-

way ANOVA analysis was performed to evaluate differences among the groups. Differences were 

considered significant when p < 0.05. All statistical analysis was performed by Minitab 16 (2009) 

software. 
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Chapter 4 

Results and Discussion 

4.1. Introduction 

This chapter comprises seven sections. After the present introduction, the section 4.2, 

entitled “Quantification of total diterpenes in coffee brews” provides information related to the 

optimization of the extraction procedure of diterpenes from coffee brews and validation of the 

HPLC-DAD method. It also includes the quantitative determination of cafestol, kahweol and 16-

OMC in several coffee brews. The section 4.3, entitled “Quantification of total diterpenes in 

ground coffee” is devoted to the optimization and validation of the analytical method for 

quantitative determination of cafestol, kahweol, 16-OMC and dehydrocafestol in green and 

roasted beans, in order to study the effect of roasting on total diterpenes of coffee beans. 

Afterwards, the influence of the variation in technological parameters of coffee brewing on 

cafestol and kahweol content of espresso coffee is presented in section 4.4, entitled “Effect of 

technological parameters on cafestol and kahweol content of espresso coffee”. The sections 4.5 

and 4.6, entitled “Quantification of diterpene esters in coffee brews using HPLC-DAD/SD” and 

“Quantification of diterpene esters in ground coffee using HPLC-DAD/SD”, respectively, start 

with the optimization of the sample preparation from coffee matrices, either brews or beans. 

They also focus on the role of mathematical tools in HPLC-DAD analysis namely spectral 

deconvolution approach, which is particularly important to solve co-eluting compounds using 

other detectors than the mass spectrometric one. Sections 4.5 presents the basic theory of this 

particular approach, which involves the selection of the best deconvolution model and discusses 

the validation of the proposed method. Then, the use of this approach is applied to the 

quantitative determination of diterpene esters in various types of coffee brews and beans in the 

absence of MS detector. The last section (4.7), entitled “Anti-angiogenic properties of cafestol 
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palmitate and kahweol palmitate” is dedicated to one of the potential health benefits of coffee 

diterpenes and the effect of these compounds on several steps involved in angiogenesis is 

discussed. The results presented in this chapter have been published in the following papers: 

1. Moeenfard, M., Erny, G., Alves, A. Variability of diterpene esters in coffee beverages as 

influenced by different preparation procedures. (2016). Journal of Food Science and 

Technology. DOI: 10.1007/s13197-016-2378-6 

2. Moeenfard, M., Cortez, A., Machado, V., Costa, R., Luís, C., Coelho, P., Soares, R., Alves, A., 

Borges, N., Santos, A. (2016). Anti-angiogenic properties of coffee diterpene esters, cafestol 

and kahweol palmitate. Journal of Cellular Biochemistry, DOI: 10.1002/jcb.25573. 

3. Erny, G., Moeenfard, M., Alves, A. (2015). Liquid chromatography with diode array detection 

combined with spectral deconvolution for the analysis of some diterpene esters in Arabica 

coffee brew. Journal of Separation Science, 38(4), 612–620. 

4. Moeenfard, M., Silva, J. A., Borges, N., Santos, A., Alves, A. (2015). Diterpenes in espresso 

coffee: Impact of preparation parameters. European Food Research and Technology, 240(4), 

763-773. 

5. Moeenfard, M., Silva, J. A., Borges, N., Santos, A., Alves, A. (2015). Quantification of 

diterpenes and their palmitate esters in coffee brews by HPLC-DAD. International Journal of 

Food Properties, 18(10), 2284-2299.  

4.2. Quantification of total diterpenes in coffee brews 

4.2.1. Optimization of total diterpenes extraction from coffee brew 

The aim of this part of the work was to optimize the extraction approach to accurately 

quantify total diterpenes in coffee brews by HPLC-DAD. The term “total diterpenes” refers to 

diterpenes after saponification and includes cafestol, kahweol, 16-OMC and dehydrocafestol. In 

this section, the optimization procedure was applied to cafestol and kahweol, and the method 

was then extended to 16-OMC quantification in various types of coffee brews.   

The extraction procedure was described previously by Silva et al (2012). In general, 

extraction of diterpenes from coffee involves saponification of diterpene esters followed by 

extraction of total diterpenes through liquid-liquid extraction, using diethyl ether. Finally the 

collected organic phase is washed with salt solution to clean the extract and remove the 

interfering compound, in order to obtain clean chromatogram. The present section was an 

attempt to determine the optimal extraction conditions of variables (i.e. type of heating system, 
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amount of KOH, successive extraction, amounts of salt solution, sample quantity and extraction 

temperature). The current method was optimized to mainly increase the extraction yield as well 

as use less organic solvent and decrease the extraction time.  

4.2.1.1. First phase of optimization 

Our first approach was to optimize the type of heating system for doing saponification (water 

bath or ultrasound bath), the number of extractions by diethyl ether (1, 2, 3 or 4 times) and the 

amount of salt solution for cleaning the combined ether phase (0, 5, 10, 15 mL). For selecting the 

best heating system, 5 mL of coffee brew plus 0.45 g of KOH powder was subjected to the 

temperature of 70 °C and 80 °C in water bath or 70 °C in ultrasound bath, followed by 4 times 

extraction using diethyl ether and cleaning the combined ether phase with 15 mL of 2 M NaCl 

solution. Selection of optimal conditions was based on the cafestol and kahweol content in the 

final extract. As illustrated in Figure 4.1, saponification in water bath at 80 °C resulted in higher 

diterpene contents compared to ultrasound bath (p < 0.05). Nevertheless, differences between 

water and ultrasound bath at 70 °C were not significant (p ≥ 0.05). Moreover, direct hot 

saponification in water bath increased the reproducibility of saponification compared to 

ultrasound bath. The fluctuations of temperature in ultrasound bath were responsible for some 

lack of precision in the results. Therefore, the choice of the heating system mainly depended on 

the easiness to control the temperature and its influence on the diterpenes concentration of the 

extract. It has been also reported that, at high temperature of ultrasonication, vapor pressure 

will be increased and the bubbles generated by ultrasonication would be filled with vapor that 

may result in reduction of the effects of cavitation of bubbles on the particles and decrease the 

benefits of ultrasonication (Abdullah and Bulent Koc, 2013). Therefore, this procedure was 

abandoned due to its lack of reproducibility and the difficulty in controlling the temperature of 

saponification. Dias et al. (2013b) also found that direct hot saponification of coffee samples in 

water bath at 80 °C was the most efficient and affordable method for extraction of diterpenes.  

In comparison with other coffee lipids, diterpenes are relatively low soluble in the petroleum 

ether and more soluble in slightly more polar organic solvents such as ether, chloroform, 

acetone and benzene. However, purification is best carried out by recrystallization from diethyl 

ether. Therefore, diethyl ether was used as extraction solvent. Accordingly, after saponification 

of coffee brew in water bath, the solution was subjected to extraction using diethyl ether. To 

increase the extraction yield, successive extractions was evaluated, as well. The effect of number 

of extraction and the amount of 2 M NaCl solution on cafestol and kahweol content of a coffee 

brew extract are shown in Figure 4.2. A significant (p < 0.05) positive effect of successive 

extractions was found on cafestol and kahweol content.  
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One-time extractions of saponified coffee sample resulted in a extracts containing low 

cafestol and kahweol content. Although more repeated extraction resulted in concentrated 

extract, 2, 3 or 4 times extraction did not show significant differences (p ≥ 0.05). Probably the 

main part of cafestol and kahweol were extracted after double extractions. Therefore, it is 

assumed that minimum two times extraction (each time 5 mL) was sufficient for extraction of 

cafestol and kahweol. In another study, cafestol and kahweol were quantified from green coffee 

oil by two consecutive extractions of the aqueous phase with t-BME (Chartier et al., 2013). As 

extraction may also recover undesirable interferents, an additional clean-up step with an 

aqueous 2 M NaCl solution was employed to improve chromatographic performance. Differences 

were negligible (p ≥ 0.05) between the use of 0 to 15 mL of 2 M NaCl solution. However, the 

washing step increases significantly the peak purity and revealed cleaner chromatograms. 

Accordingly, 5 mL of 2 M NaCl solution was found appropriate for removing interfering 

compounds, soap and residue of KOH from the coffee extract. Results of the first step showed 

that saponification in water bath (80 °C) followed by two times extraction and subsequently 

cleaning with 5 mL of 2 M NaCl solution was appropriate for extraction of cafestol and kahweol 

from coffee brews. 

4.2.1.2. Second phase of optimization  

The cleaned extract was analyzed by HPLC-DAD to determine the saponification efficiency. 

Cafestol and kahweol palmitate were chosen as indicators and their presence in the saponified 

solution was regarded as incomplete saponification.  

 

Figure 4.1.  Effect of the heating system on diterpenes contents of coffee brew (saponification of 5.0 mL 
of brew by 0.45 g of KOH followed by 4 times extraction using diethyl ether and cleaning the combined 
ether phase with 15 mL of 2 M NaCl solution; mean ± sd). 
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The chromatographic conditions for analysis of the palmitate esters of diterpenes were 

adopted from Pettitt, (1987) with slight adaptations. It should be noted that this approach was 

appropriate for quantification of cafestol and kahweol palmitate, but it has important 

drawbacks, as co-elution of cafestol oleate and kahweol palmitate at 225 nm as well as using 

large quantity of solvent. Therefore, this method was only used in this part of the work in order 

to study the efficiency of saponification and afterward another chromatographic approach 

would be introduced and validated further for determination of the diterpene esters in coffee 

matrices. HPLC-DAD analysis of the cafestol palmitate and kahweol palmitate includes an 

A) 

 
B) 

 
Figure 4.2. Effect of the number of extractions and the amount of 2 M NaCl solution on (A) cafestol and (B) 
kahweol content of coffee brew (saponification of 5.0 mL of brew using 0.45 g of KOH in water bath was 
accomplished at 80 °C during 60 min followed by 1, 2, 3 or 4 times extractions with diethyl ether and 
subsequent cleaning with 0, 5, 10 or 15 mL of 2 M NaCl solution). 
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injection volume of 20 µL, elution of acetonitrile (100%) at a flow rate of 1.2 mL/min during 35 

min, and detection of cafestol palmitate at 225 nm and kahweol palmitate at 290 nm. This 

approach was validated and the linearity of detector was verified by analysis of seven standards 

solution for cafestol palmitate (25 - 250 mg/L) and kahweol palmitate (25 - 400 mg/L), with 

coefficient of determination of R2 ≥ 0.999. The LODs for the analyzed compounds in standard 

solution were 0.1 mg/L (cafestol palmitate), and 0.2 mg/L (kahweol palmitate). Analysis of 

diterpenes with HPLC-DAD resulted in LOQs of 0.4, and 0.6 mg/L for cafestol palmitate and 

kahweol palmitate, respectively. The average coefficient of variation (CV) of cafestol and 

kahweol palmitate in un-spiked samples was 1.7% and 1.6%, respectively. The proposed 

method resulted in good recovery for cafestol palmitate (86%) and kahweol palmitate (88%). 

 Throughout the experimentation, a cleaned saponified extract was injected and the presence 

or absence of cafestol palmitate and kahweol palmitate was established by matching their 

retention times with those obtained for the reference compounds. The presence of cafestol and 

kahweol palmitate in the chromatogram meant that there were still some esters, which were not 

saponified according to the procedure described above. On the other hand, absence of these 

peaks implied the completion of the process. Figure 4.3 shows chromatograms obtained from 

analysis of saponified extract of coffee brew with analytical approach for determination of 

cafestol and kahweol palmitate.  

 

 

Figure 4.3. Evaluation of saponification efficiency through the presence of cafestol palmitate and 
kahweol palmitate in saponified and cleaned coffee extract. Saponification of 5.0 mL of coffee brew was 
done with 0.45 g of KOH in water bath at 80 °C for 60 min followed by two times extraction using diethyl 
ether and cleaning with 5 mL of salt solution. Analysis was performed using HPLC-DAD at 225 and 290 
nm using elution of acetonitrile (100%) at a flow rate of 1.2 mL/min. The chromatogram was recorded 
at 225 nm to allow the observation of all compounds of interest. 
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As it can be clearly seen, it includes peaks corresponding to cafestol and kahweol palmitate. 

Due to the presence of cafestol and kahweol palmitate in the saponified and cleaned coffee 

extract, more optimization seemed to be necessary. Therefore, a second phase of optimization 

was held and other variables including the temperature of saponification in water bath at two 

levels (80 and 90 °C), the amount of KOH at four levels (0.45, 1.00, 3.00 and 5.00 g) and the 

amount of initial sample at two levels (2.5 or 5.0 mL of coffee brew) were optimized and the 

efficiency of saponification was then evaluated based on the absence or presence of cafestol and 

kahweol palmitate in the saponified and cleaned coffee extract. The result of the second phase of 

extraction optimization is presented in Figure 4.4.  

 

The results of ANOVA analysis showed the most efficient extraction was obtained by reducing 

the sample volume from 5.0 mL to 2.5 mL of coffee brew. Significant differences (p < 0.05) were 

also observed between the uses of different amount of KOH powder. Saponification with higher 

amount of KOH led to more concentrated extract in terms of cafestol and kahweol. However, 

both compounds showed sensitivity to highly basic solution. Therefore, the optimal condition to 

A) B) 

  
C) D) 

  
Figure 4.4. Effect of temperature, initial sample volume, and the amount of KOH on cafestol and kahweol 
concentration of (A and C) 5.0 mL and (B and D) 2.5 mL of coffee brew (saponification of different 
volumes of brew with different amounts of KOH was done in water bath at 80 and 90 °C during 60 min; 
extraction was performed twice using diethyl ether and the organic phase was cleaned using 5 mL of 2 M 
NaCl solution).  
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maximize the total extraction yield both for cafestol and kahweol was selected as 3.00 g of KOH. 

Regarding saponification temperature, Figure 4.4 denotes that the different temperatures 

exhibited slight impact on cafestol and kahweol concentration. At lower KOH content, along with 

increase in saponification temperature, cafestol and kahweol concentration increased 

significantly (p < 0.05), but as the KOH content increased, the amount of cafestol and kahweol 

raised gradually with increasing the saponification temperature (p ≥ 0.05). Extraction at higher 

temperature may increases the chances of decomposition of diterpenes (in particular at high 

amount of KOH) and also potentially increase the loss of solvent by vaporization which can 

directly affect the saponification. So, the bath temperature was adjusted to 80 °C.  Under these 

optimal conditions the final extraction procedure could entirely described as saponification of 

2.5 mL of coffee brew with 3.00 g of KOH powder at 80 °C in water bath, followed by two 

sequential extractions using diethyl ether and clean-up with 5 mL of 2 M NaCl solution. 

4.2.2. Method validation for analysis of total diterpenes 

The analytical method, including the extraction procedure described before, was used to 

determine cafestol, kahweol and 16-OMC. Separation was achieved according to the 

chromatographic conditions described elsewhere with minor modification in flow rate (Dias et 

al., 2010). A simple isocratic elution (0.8 mL/min) with an acetonitrile/water mixture (55/45, 

v/v) was applied and it resulted in well-defined peaks. Figure 4.5, shows the spectrum of all 

analytes in standard solution.  

 

Peaks purity measurements were based on spectral comparison. Also, identification of the 

analytes was confirmed by retention time and spectrum comparison with standard solutions. As 

 

Figure 4.5. Spectrum of mixed standards solution of diterpenes (150 mg/L). Analysis was done by 
HPLC-DAD with acetonitrile/water (55/45, v/v) at 0.8 mL/min to determine cafestol (225 nm), kahweol 
(290 nm), 16-OMC (225 nm) and 15,16-dehydrocafestol (207 nm), both in coffee beans and brews. 
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shown in Figure 4.6, kahweol (tR: 10.70 ± 0.11 min), cafestol (tR: 11.31 ± 0.09 min), 16-OMC (tR: 

25.93 ± 0.29 min) and dehydrocafestol (tR: 39.58 ± 0.41 min) showed well-defined sharp peaks 

with satisfactory resolution.  

 
The validation of the analytical method was done to ensure that the method accurately 

quantifies these compounds in coffee brews and produces reliable results. Analytical method for 

quantification of cafestol and 16-OMC at 225 nm and kahweol at 290 nm, using HPLC-DAD was 

validated considering linearity, limit of detection (LOD), limit of quantification (LOQ), sample 

quantification limit (LOQsample), precision (inter-day and intra-day) and accuracy (% of 

recovery).  It should be noted that dehydrocafestol was only determined in ground coffee 

samples which its validation data will be presented later. 

The validation parameters for cafestol, kahweol and 16-OMC in coffee brews are listed in 

Table 4.1. All the analytical regressions were linear, showing the corresponding coefficient of 

determination (R2) higher than 0.999, in the range of 1 - 300 mg/L. The R2 value for cafestol 

(0.999) and kahweol (0.997) were also high in other studies (Gross et al., 1997). The R2 obtained 

by Silva et al. (2012) for linearity range of 2.5 - 250 mg/L was 0.9971. The LOD and LOQ of the 

method were clearly low. The LOD for cafestol and kahweol was 0.1 mg/L and for 16-OMC was 

0.3 mg/L. In terms of LOQs the value of 0.4 mg/L was achieved for cafestol and kahweol, 

whereas for 16-OMC it was 0.9 mg/L. Other studies also revealed low LOD for cafestol and 

kahweol, as Kölling-Speer et al. (1999) obtained the values of 0.20 mg/L for cafestol and 0.22 

 

Figure 4.6. Typical chromatogram of total diterpenes in spiked coffee (roasted Robusta coffee - 
Vietnam) prepared by direct hot saponification. Analysis was done using HPLC-DAD with 
acetonitrile/water (55/45, v/v) and 0.8 mL/min. The chromatogram was recorded at 225 nm to allow 
the observation of all compounds of interest. 
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mg/L for kahweol. The LOD of 0.01 mg/L was also reported for cafestol by Silva et al. (2012). 

The LOQ of 0.05 mg/L was referred, both for cafestol and kahweol, under the experimental 

conditions proposed by Gross et al. (1997). The LOQsample, accounting to the extraction procedure 

were also estimated using a concentration factor of 0.2. Therefore the LOQsample were 0.1 mg/L 

for cafestol and kahweol and 0.2 mg/L for 16-OMC. 

 

The precision was evaluated using intra-day and inter-day precision at three standard 

concentration levels. The average coefficient of variation for intra-day precision was: 1.7% for 

cafestol (min 0.4%, max 3.2%); 1.4% for kahweol (min 0.3%, max 3.3%) and 1.5% for 16-OMC 

(min 0.2%, max 3.1%). Instrumental precision was tested through inter-day precision and 

revealed the average values of 0.7% (min 0.3%, max 1.0%), 0.6% (min 0.2%, max 1.0%), 0.7% 

(min 0.3%, max 1.0%) for cafestol, kahweol and 16-OMC, respectively. Urgert et al. (1995) 

reported the repeatability of 3.0 - 6.3% and 2.9 - 5.2% for cafestol and kahweol, respectively. 

The values of 8.6% (cafestol) and 8.7% (kahweol) were also reported by Gross et al. (1997). 

Lower repeatability for cafestol (0.2 - 2.8%) was acquired under the proposed experimental 

conditions for extraction of diterpenes from coffee brews by Silva et al. (2012). The accuracy of 

the analytical method was studied through the standard addition approach and expressed as 

percentage of recovery. For this purpose, three types of coffee brews containing various 

concentrations of diterpenes were spiked with known quantity of cafestol, kahweol and 16-OMC. 

For each sample, two concentration levels (equivalent to 10 and 50 mg/L) were tested. The 

average recovery (%) was reported as the mean ratio between the obtained and expected 

Table 4.1. Validation parameters for determination of cafestol, kahweol and 16-OMC in coffee brews by 
HPLC-DAD. 

Validation parameters 
Concentration 

(mg/L) 
Cafestol Kahweol 16-OMC 

Linearity range (mg/L) - 1-300 1-300 1-300 
R2 (N=10)a - 0.999 0.999 0.999 
LOD (mg/L)b - 0.1 0.1 0.3 
LOQ (mg/L)b - 0.4 0.4 0.9 
LOQsample (mg/L)c  0.1 0.1 0.2 

Intra-day precision (%CV)d 
10 1.6 0.8 1.1 
75 0.4 0.3 0.2 

150 3.2 3.3 3.1 
     

Inter-day precision (%CV)d 
10 1.0 0.5 0.8 
75 0.3 0.2 0.3 

150 1.0 1.0 1.0 
a R2: coefficient of determination, N: number of calibration curve standards, LOD: limit of 
detection, LOQ: limit of quantification, LOQsample: limit of quantification of sample 
b Calculated from the signal to noise ratio of 3 (LOD) and 10 (LOQ) 
c Calculated from the signal to noise ratio of 10 and concentration factor of 0.2 
d CV: coefficient of variation of six determinations in case of intra- and three determinations in 
case of inter-day precision 
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concentration of each diterpene in fortified sample and results were presented in Table 4.2. In 

general, the recovery was acceptable in all the concentration ranges. The mean recoveries 

ranged between 87 - 102% for cafestol, 83 - 98% for kahweol and 80 - 94 % for 16-OMC with 

coefficient of variation less than 8% for these three analytes.  Several studies revealed high 

recovery for cafestol and kahweol as the average recovery of 97 ± 19% (Gross et al., 1997), 80.5 

- 92.4% (Kölling-Speer et al., 1999) and 96 - 110% (Silva et al., 2012) were found for 

determination of cafestol in coffee brews. On the other hand, the recovery of 100.3 ± 2.5% 

(Urgert et al., 1995) and 96 ± 19% (Gross et al., 1997) were reported for kahweol measurement 

in coffee brews. 

 

4.2.3. Analysis of total diterpenes in various types of coffee brews 

Coffee beverages are increasingly popular worldwide due to their organoleptic 

characteristics and their potential health effect. Thus, a profound study of diterpene profiles in 

coffee brews is necessary in order to clarify the prevailing influence of coffee consumption on 

the populations’ health. In the present section, samples were divided into two groups. Firstly, the 

effect of brewing procedures as well as the effect of coffee species (Arabica and Robusta) on total 

diterpenes including cafestol, kahweol and 16-OMC content of traditional brewing techniques 

were evaluated and afterwards commercial coffee brews including espresso (obtained from 

Table 4.2. Accuracy and intra-day precision of coffee brews spiked at two different concentration levels. 

Sample 
Spiked level 

(mg/L) 
Analyte 

Initial concentration 
(mg/L) 

Intra-day 
precision (%)a 

Recovery 
(%) 

Vending coffee 

10 

cafestol 27.0±0.1 0.3 96.3±0.3 
kahweol 23.2±0.1 0.3 95.4±0.3 
16-OMC 4.2±0.1 4.1 91±4 

50 

cafestol 27.0±0.1 1.7 88±2 
kahweol 23.2±0.1 0.5 88±1 
16-OMC 4.2±0.1 2.7 91±2 

Pod espresso 
 

10 

cafestol 8.2±0.1 3.0 99±3 
kahweol 6.7±0.1 2.9 99±3 
16-OMC 2.2±0.03 2.6 94±2 

50 

cafestol 8.2±0.1 0.8 95±1 
kahweol 6.7±0.1 1.1 96±1 
16-OMC 2.2±0.03 0.8 94±1 

Boiled coffee  
(prepared using 
Robusta coffee) 

10 

cafestol 68.5±2.7 7.7 102±8 
kahweol 1.8±0.1 4.5 88±4 
16-OMC 45.6±1.9 1.9 81±1 

50 

cafestol 68.5±2.7 6.6 90±6 
kahweol 1.8±0.1 6.8 83±6 
16-OMC 45.6±1.9 5.9 87±5 

a Intra-day precision was expressed as coefficient of variation (CV%) of six determinations of two extracts 
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capsules, pod, vending machine) and instant coffees (natural, decaffeinated and instant 

espresso), were compared. 

4.2.3.1. Traditional coffee brews 

In Figure 4.7, the results with respect to the cafestol, kahweol and 16-OMC concentrations in 

some traditional coffee brews are given. There was a large variety among the total diterpene 

content of coffee brews, as boiled coffee presented the highest value of cafestol and kahweol in 

all analyzed samples, followed by French press coffee (p < 0.05) (Figure 4.7A and B). These 

results are similar to those previously published (Zhang et al., 2012). Boiled and French press 

coffee brews were both based on hot water percolation and long brewing time compared with 

mocha coffee. Therefore, the results could be probably explained by the prolonged contact time 

of ground coffee with the surrounding water (10 min for boiled and around 2.5 – 3.0 min for 

French press coffee). Besides that, as other authors stated (Gross et al., 1997; Ratnayake et al., 

1993) the higher content of diterpenes in boiled and French press may attributed to the 

presence of high amount of fine coffee particles in the brews.  

Filtered coffee was the one that less contributed to diterpenes intake, as filter brewing 

technique resulted to be the less extractive among the other studied brewing methods. The 

lower total diterpenes content in filtered coffee could be explained by filtration of the coffee 

extract by paper filter which resulted in considerable reduction in total diterpenes 

concentration of coffee beverage (Silva et al., 2012). Diterpenes content depend upon several 

parameters including species, coffee/water ratio, grind size and also brewing procedure applied. 

However, in the present study the constant coffee/water ratio (7.5 g/100 mL) was used to 

brewed coffee. Also, the particle size distribution of R&G Arabica and Robusta were kept almost 

similar. Therefore, the variability in concentration of the compounds of interest could be mainly 

attributed to brewing procedures and type of coffee beans.   

Differences between coffee brews were especially noticed when comparing the Robusta with 

the Arabica coffee (p < 0.05), with lower amounts of cafestol and kahweol in the former. In 

Robusta samples the kahweol content of 1.8 ± 0.1 mg/L was obtained for boiled coffee, while for 

the rest of the brews the kahweol concentration was less than LOQ. The obtained results were in 

accordance with the ones that have been reported by other author, where coffee brews obtained 

from R&G Robusta, contain less cafestol and kahweol concentration than the Arabica ones 

(Urgert et al., 1995). In Arabica coffee the most abundant diterpene was kahweol (Figure 4.7B), 

with contents varying from 191 ± 1 mg/L in boiled coffee to 0.29 ± 0.03 in filtered one. 

Regarding Robusta coffees, cafestol was the main diterpene followed by 16-OMC. The latter was 

only observed in Robusta sample being more concentrated in boiled coffee (Figure 4.7C).  
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B) 
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Figure 4.7. (A) Cafestol (B) kahweol and (C) 16-OMC concentration (mg/L) in coffee brews prepared 
using R&G Arabica or Robusta coffee. 
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Although based on the concentration in normalized mg/L basis, mocha produced a moderate 

concentrated brew in terms of diterpenes (both Arabica and Robusta), it was contributed to low 

diterpenes intake when content per cup size was considered (Table 4.3).  

 

The extraction yield of the compounds was also studied and the results were summarized in 

Table 4.3. The extraction efficiency can be defined as the ratio between the mass of the coffee 

component that passes into the cup and their content in used R&G coffee. The boiled coffee 

brew, either in Arabica or Robusta, gave rise to the highest extraction of cafestol and kahweol 

(33 - 40%) followed by French press (12 - 13%), mocha (5 - 8%) and filtered coffee brews (≤ 

0.1%). These results could be explained by the presence of more fine coffee particles in the final 

beverage, obtained from boiled and French press preparations. Also, longer extraction time 

implies longer contact time between the ground coffee and water and allows higher extraction of 

compounds (Gloess et al., 2013). It should be noted that the extraction yield of diterpenes was 

not affected by coffee species. The extraction yields achieved here are not in accordance with 

those previously documented as cafestol extraction yield for different coffee brews were 

summarized previously in ranging from 2.0% to 8.0% for boiled, French, mocha and Turkish 

coffee (Zhang et al., 2012). This difference could be due to the different coffee/water ratio and 

the final cup size obtained. 

4.2.3.2. Commercial coffee brews 

Since these brews are representative of real samples commonly consumed during standard 

preparation outside laboratory conditions, the amount of diterpenes in various types of 

 Table 4.3. Content of diterpene per cup and diterpene extraction yield by different brewing methods a 

Coffee brew 
Diterpene content (mg/cup)b  Extraction yield (%) 

Cafestol Kahweol 16-OMC  Cafestol Kahweol 16-OMC 

Roasted and ground Arabica      

Boiled 21 29 ND c  40 40 ND 

French press 6 9 ND  12 12 ND 

Mocha 1 2 ND  6 5 ND 

Filtered 0.04 0.04 ND  0.1 0.1 ND 

Roasted and ground Robusta      

Boiled 10 0.3 7  38 33 30 

French press 4 ≤LOQ 3  13 ND 13 

Mocha 1 ≤LOQ 1  8 ND 8 

Filtered ≤LOQ c ≤LOQ ≤LOQ  ND ND ND 
a Yield= [brew diterpene concentration (mg/L)×total brew volume (L)]/[ground diterpene 

concentration (mg/kg)×total ground (kg)]×100 
b The cup size are as follows: boiled, French and Filtered (150 mL) and mocha (60 mL) 
c  ND: Not detected; ≤ LOQ: Less than limit of quantification 
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commercial coffee brews were determined in this section. As previously mentioned, the ratio of 

each species in the blend, roasting condition and origin of roasted and ground coffee used for 

brewing the following beverages were unknown. Due to the unknown information regarding 

raw material, the extraction yield was not calculated for these samples. Figure 4.8 and Figure 4.9 

show the total diterpenes concentration of different commercial coffee brews expressed as mg/L 

and mg/cup, respectively. The cafestol, kahweol and 16-OMC were detected in all samples, 

however the concentration of 16-OMC was ≤ LOQ in most of brews. Generally speaking, the 

results of the processes studied varied significantly (p < 0.05) according to the brewing 

techniques (espresso vs. instant coffee) as cafestol concentration ranged from 1.17 ± 0.02 mg/L 

in instant natural to 29 ± 2 mg/L in espresso-bar. The kahweol concentration ranged from 0.8 ± 

0.03 mg/L (instant decaffeinated) to 80.0 ± 1.2 mg/L (capsule B).   

All espresso type brews represented moderate concentration of cafestol and kahweol. 

Espresso-bar represented the higher content of cafestol, corresponding to approximately 29 

mg/L. This high concentration could be attributed to extraction parameters including 

temperature and pressure applied by commercial espresso coffee machine together with other 

technological factors like the ratio of Arabica to Robusta, which were unknown. The content of 

diterpenes for espresso coffees were in agreement with other documents (Gross et al., 1997; 

Urgert et al., 1995). Similarly, Gross et al. (1997) found 16 - 17 mg/L cafestol and kahweol 

(equivalent to 1 mg/cup) in traditional espresso coffee, whereas Silva et al. (2012) found these 

two diterpenes, ranging from 0.06 to 0.4 mg/cup for kahweol and from 0.2 to 0.8 mg/cup for 

cafestol in espresso type brews. Apparently, it seems that the pre-packed capsules or pod act as 

a filter, allowing fewer fine particles of coffee grounds to pass into the brews (Gross et al., 1997). 

Therefore, capsules and pod presented less diterpenes than espresso-bar or vending coffee. 

Since fine particles are an important source of diterpenes, their transition to final beverage 

could raise the level of diterpenes.  In relation to the intake of coffee brew, some considerations 

like cup size should be drawn. Therefore, the highest diterpene intake was obtained from 

capsule B (0.9 and 3.2 mg for cafestol and kahweol, respectively) while the lowest value is 

obtained for instant brews, as shown in Figure 4.9. Regarding instant coffee brews, it must be 

taken into account that soluble coffees suffer an additional thermal extraction treatment at high 

temperature after roasting (Vignoli et al., 2011) which may affect their diterpenes concentration. 

In this section, regarding the presence of cafestol, kahweol and 16-OMC, it was concluded that 

the coffee brews evaluated in this study, except filtered and instant coffee were an important 

source of diterpenes. Nevertheless, commercial coffee brews contribute to moderate to low 

diterpenes consumption per cup compare to traditional ones.  
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Figure 4.8. Concentration (mg/L) of cafestol, kahweol and 16-OMC in commercial coffee brews. Although 16-OMC was detected in all brews, its concentration 
was ≤LOQ in most of samples. 
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Figure 4.9. Concentration of cafestol, kahweol and 16-OMC (mg/cup) in commercial coffee brews. Cup size for each preparation was as follows: capsules and 
pod (40 mL), espresso bar (25 mL), vending coffee (30 mL), instant espresso (50 mL), other instant coffees (150 mL). Although 16-OMC was detected in all 
brews, its concentration was ≤LOQ in most of samples. 
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4.3. Quantification of total diterpenes in ground coffee 

4.3.1. Optimization of diterpenes (cafestol and kahweol) extraction from 

ground coffee  

Since coffee beans contain appreciable amounts of diterpenes, the previously optimized 

method for coffee brews was modified in order to increase diterpenes extraction efficiency from 

coffee beans. Successive extractions by diethyl ether (2, 3 or 4 steps) and different amounts of 

KOH (1, 3 or 5 g) for saponification procedure were tested and compared. As it can be clearly 

seen in Figure 4.10, both compounds showed similar behavior and the best saponification 

efficiency was achieved with 3 g of KOH. On the other hand, using 5 g of KOH caused a significant 

decrease in diterpenes content (p < 0.05) due to decomposition of these compounds in a highly 

basic solution. Regarding successive extractions using diethyl ether, as depicted in Figure 4.10, 

the most concentrated extract was obtained by four sequential extractions. Since high recovery 

was obtained for both compounds, four sequential extractions were found to be adequate for 

extraction of cafestol and kahweol from ground coffee.  

Therefore the optimal conditions for extraction of cafestol and kahweol from ground coffee 

was achieved through saponification of 200 mg ground coffee with 3 g of KOH powder combined 

with four sequential extractions using diethyl ether followed by cleaning the ether phase with 5 

mL of 2 M NaCl solution. These conditions were fixed and extended to extract cafestol and 

kahweol as well as other diterpenes including 16-OMC and dehydrocafestol from different 

ground coffees. 

 

A) B) 

  

Figure 4.10. Boxplot of (A) cafestol and (B) kahweol content (mg/100 g dry matter) vs. KOH (g) and 
sequential extractions using diethyl ether in R&G Arabica coffee. 
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4.3.2. Method validation  

The analytical method, including the extraction procedure described for ground coffee, was 

used to determine the diterpenes cafestol and kahweol, as well as 16-OMC and dehydrocafestol 

and the results were presented in Table 4.4. The calibration curves were linear in the studied 

range (5 - 1500 mg/100 g) with high coefficient of determination for all analyzed compounds (R2 

≥ 0.999). The LODs less than 2.0 mg/100 g and the LOQs less than 5.5 mg/100 g were achieved 

for analysis of total diterpenes in ground coffee. Precision of the analytical method was 

evaluated through intra- and inter-day precision assays of standard samples at three diterpenes 

concentration levels (50, 375 and 750 mg/100 g). The mean intra-day precisions showed low 

CV% for cafestol (2.0%), kahweol (1.7%), 16-OMC (1.7%) and dehydrocafestol (1.6%). The 

average values of 0.8%, 0.6%, 0.7% and 1.0% were gained for inter-day precisions of cafestol, 

kahweol, 16-OMC and dehydrocafestol, respectively.  

 

Accuracy and intra-day precision were also determined in ground coffee. Due to limitation in 

the quantity of the dehydrocafestol standard, recovery of total diterpenes from ground coffee 

were only tested in two samples. The spiked sample was prepared at two concentration levels of 

50 and 250 mg/100 g. The mean recoveries were in the range 81 - 100% for cafestol, 80 - 100% 

for kahweol, 88 - 108% for 16-OMC and 92 - 99% for dehydrocafestol (Table 4.5). Precision of 

spiked samples ranged from 0.5% to 7.7% (Table 4.5).   

High R2 (0.99) and precision less than 6% was reported by Dias et al. (2012) for cafestol and 

kahweol determination in ground coffee within linearity range of 50 - 1000 mg/100 g. Their 

Table 4.4. Validation parameters for determination of cafestol, kahweol, 16-OMC and dehydrocafestol 
in ground coffee by HPLC-DAD 

Validation parameters 
Concentration 

(mg/100 g) 
Cafestol Kahweol 16-OMC Dehydrocafestol 

Linearity range (mg/100 g) - 5-1500 5-1500 5-1500 5-1500 
R2 (N=10)a - 0.999 0.999 0.999 0.999 
LOD (mg/100 g)b - 0.6 0.7 1.3 1.6 
LOQ (mg/100 g)b - 2.1 2.4 4.4 5.3 

Intra-day precision (%CV)c 
50 1.9 1.1 1.4 1.3 

375 0.4 0.3 0.3 0.4 
750 3.5 3.6 3.5 3.2 

      

Inter-day precision (%CV)c 
50 1.1 0.7 0.9 1.7 

375 0.3 0.2 0.3 0.2 
750 1.0 1.0 1.0 1.1 

a R2: coefficient of determination, N: number of calibration curve standards, LOD: limit of detection, LOQ: limit of 
quantification 
b Calculated from the signal to noise ratio of 3 (LOD) and 10 (LOQ) 
c CV: coefficient of variation of six determinations in case of intra- and three determinations in case of inter-day 
precision 
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average recovery values were 94% and 99%, for cafestol and kahweol, respectively. The LODs 

were 3.0 mg/100 g (cafestol) and 2.3 mg/100 g (kahweol). The LOQs were 9.1 and 7.1 mg/100 g 

for cafestol and kahweol, respectively (Dias et al., 2010). 

 

4.3.3. Total lipid and diterpenes in ground coffee - Effect of roasting 

The influence of the roasting process on the content of coffee oil, kahweol, cafestol, 16-OMC 

and the degradation product, dehydrocafestol, in ground coffee was investigated. The coffee 

samples were pure Arabica harvested in Brazil or Costa Rica as well as pure Robusta coffee from 

Vietnam. Decaffeinated samples were a blend of Arabica and Robusta from Brazil, Vietnam and 

Honduras. It is important to highlight that the variation in oil and total diterpenes content were 

considered among green and roasted beans as each batch of green coffee samples were roasted 

in the local company and roasting condition (time and temperature) were unknown for us. 

In order to report the coffee oil content on dry matter basis, the water contents of coffee 

samples were measured. The percentage of coffee water content (wt) varied among different 

samples as follows: Arabica-Brazil (green: 10.3 ± 0.3%; roasted: 1.8 ± 0.1%), Arabica-Costa Rica 

(green: 12.2 ± 0.5%; roasted: 1.9 ± 0.1%), Robusta-Vietnam (green: 12.3 ± 0.1%; roasted: 2.3 ± 

0.1%), coffee blends-decaffeinated (green: 11.3 ± 0.2%; roasted: 1.8 ± 0.1%). In general, 

according to the data displayed in Figure 4.11, it was well established that roasted ground coffee 

presented higher levels of lipid content than green beans even if dry base data are used. The 

relative increase in lipid content by roasting process was consistent with data reported in the 

literature by other authors (Dias et al., 2014; Rubayiza and Meurens, 2005; Sridevi et al., 2011). 

Arabica and Robusta have similar behavior regarding lipid content changes during roasting 

Table 4.5. Intra-day precision and recovery of total diterpenes from ground coffee spiked at two 
different concentration levels 

sample 
Spiking level 

(mg/100 g) 
Analytes 

Initial Content 
(mg/100 g dry matter) 

Intra-day 
precision (%)a 

Recovery 
(%) 

Blank 
sample 

250 

cafestol Non 2.0 100±2 
kahweol Non 2.2 100±2 
16-OMC Non 0.6 99±1 

dehydrocafestol Non 0.5 99±1 

Ground 
coffee 

(Vietnam) 

50 

cafestol 272±3 0.6 81±1 
kahweol 168±1 3.7 80±3 
16-OMC 194±2 0.5 108±1 

dehydrocafestol 20±1 0.8 99±1 

250 

cafestol 272±3 7.6 83±6 
kahweol 168±1 7.7 80±6 
16-OMC 194±2 7.2 88±6 

dehydrocafestol 20±1 1.9 92±2 
a Intra-day precision was expressed as coefficient of variation (CV%) of six determinations. 
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process, as approximately 2% increase in lipid content of roasted beans compared with green 

beans was observed in all samples. According to Dias et al. (2014), the increase in lipid content 

occurs after 4 min of roasting. However, the increase in lipid content seems to be higher when 

higher roasting degree is applied. In Arabica and Robusta coffee, an increase in the total lipid 

concentration, from 11.4% to 15.4% (wt) and 6.1% to 9.6% (wt), respectively, have been 

reported by other authors (Campanha et al., 2010; Dias et al., 2014) which are a little bit higher 

than those obtained in our experiments (approximately 3 - 4% in their experiment vs. 2% in our 

results). It could be explained by differences in roasting degree and chemical composition of 

coffee beans in terms of carbohydrates or protein content which affect the dry weight basis. 

The most important modifications occurring in coffee beans during roasting are color change, 

density reduction and weight loss. The latter also involves differences in composition in terms of 

carbohydrates, proteins, moisture and lipids. Nevertheless, the heat resistance of coffee oil is 

greater than that of carbohydrates and proteins. This is explained by the degradation of sugars 

and proteins as well as increase in solubility of polysaccharides which transform the 

composition of coffee beans and cause the relative increase in percentage of lipid content in wt 

basis (Dias et al., 2014). As shown in Figure 4.11, the content of lipid varied also according to the 

bean species and Arabica coffees have higher levels than Robusta or decaffeinated sample. Other 

authors also found higher lipid content for Arabica than Robusta (Campanha et al., 2010; Speer 

and Kölling-Speer, 2006). 

 

To study the effect of roasting on total diterpenes content as one of the most important 

bioactive group of compounds present in coffee, the amount of total diterpenes was quantified in 

 

Figure 4.11. Total lipid content (% of dry matter basis) of coffee beans as influenced by roasting 
process. 
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the roasted coffee samples. The content of diterpenes were expressed on a lipid basis in 

Figure 4.12 in order to disregard the increase in the lipid content during the roasting procedure. 

The obtained results indicated that roasting process mainly affected the total cafestol and to 

some extent kahweol content of coffee (Figure 4.12A and B). These results were in accordance 

with those previously published (Dias et al., 2014). Accordingly, cafestol contents were 

decreased from 40 -71 mg/g coffee oil in green coffee beans to 35 - 52 mg/g coffee oil in roasted 

ones. Less effect was remarked for kahweol as reduction from 2 - 68 mg/g to 1 – 63 mg/g coffee 

oil was found from green beans over the roasted coffees. Heat resistance of 16-OMC could be 

noticed as the roasting process hardly affects the amount of 16-OMC (27.0 ± 0.3 mg/g green 

coffee oil vs. 24.9 ± 0.2 mg/g roasted coffee oil in Robusta-Vietnam, respectively) (Figure 4.12C).  

On the other hand, while dehydrocafestol was not detected in green coffee, levels between 0.7 

and 3.3 mg/g lipid were found in roasted samples (Figure 4.12D). This range is in accordance to 

data reported in the literature (Dias et al., 2014; Speer and Kölling-Speer, 2006).  

The amounts of dehydrocafestol increased along with raising in roasting temperatures, but 

also depend on the content of cafestol in the green coffee (Speer and Kölling-Speer, 2006). 

Therefore, differences in dehydrocafestol content in the present results should be not 

necessarily attributed to differences in the roasting intensity. According to Speer and Kölling 

Speer, (2006), the ratio of cafestol and dehydrocafestol is a suitable indicator evaluation of 

roasting degree of coffees. A ratio of 25 - 40 describes a well-roasted coffee, up to 15 describes a 

strongly roasted coffee and 10 - 15 describes more strongly roasted espresso coffees. 

Accordingly, the ratio of cafestol/dehydrocafestol in the analyzed samples were 16 for Arabica-

Brazil, 25 for Arabica-Costa Rica, 49 for Robusta-Vietnam and 15 for coffee blend-decaffeinated, 

which might lead to the conclusion that Arabica-Costa Rica and Robusta-Vietnam categorize as 

well-roasted coffee. Whereas, Arabica-Brazil and coffee blend-decaffeinated may be assumed as 

strongly roasted coffee, which may partially justify the less diterpenes content in of Arabica-

Brazil compared to Arabica-Costa Rica. However, care must be taken in these conclusions, 

because the other technological and regional parameters may also influence.   

Kahweol was observed in Robusta coffee but in negligible amount. In Arabica coffees, the 

global percentage in weight of kahweol and cafestol ranged from 16% to 18% (wt) in coffee oil, 

while it was around 4% (wt) in coffee oils in Robusta sample and 9% (wt) in coffee oils in coffee 

blend-decaffeinated. Data is consistent with other authors reports (Novaes et al., 2015).  

Finally, it was concluded that although partial degradation of cafestol and kahweol has 

happened under high temperature of roasting, 16-OMC presented relatively high stability. On 

the other hand, dehydrocafestol was absent in green beans and was only formed during roasting 

process. 
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Figure 4.12. Contents of (A) cafestol, (B) Kahweol, (C) 16-OMC and (D) dehydrocafestol as mg/g of lipid, in green and roasted coffee beans. 
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4.4. Effect of technological parameters on cafestol and 

kahweol content of espresso coffee 

Espresso coffee (EC) is an intense beverage with special aroma made for immediate 

consumption (Illy, 2005). For the preparation of espresso coffee, a limited amount of hot water 

(90 ± 5 °C), under pressure (9 ± 2 bar), passes through a compressed finely roasted and ground 

coffee (R&G, 6.5 ± 1.5 g) in a short period of time (30 ± 5 s) and produces a brew (15 - 50 mL) 

with strong taste and flavor topped with crema (dense foam layer).  

EC is capable of delivering moderate level of diterpenes, however there is limited information 

regarding influence of parameters of brewing procedure on the level of cafestol and kahweol. 

Considering the significant consumption of EC among European countries, studying the effect of 

operating conditions on cafestol and kahweol content of EC became relevant, which is valuable 

for the modification of brewing procedure in order to adjust diterpenes concentration and 

cafestol/kahweol ratio in the final EC, which by its turn should be useful when data about 

diterpenes effects on human health is robust enough to allow the establishment of safe or 

beneficial level of intake. This study was conducted by varying one-at-a-time parameter. 

Therefore for each variable studied, it was tried to keep the other parameters constant as much 

as possible in accordance with the conditions used for standard EC preparation which are: R&G 

coffee (7.5 g fine ground coffee), water quantity equivalent as “cup size” (40 mL), water 

temperature (90 °C) water pressure (9 bar) and extraction time (21 s) with an exception 

regarding parameter of particle size, where the time of extraction was 35 and 10 s for very fine 

and coarse ground coffee, respectively 

4.4.1. Effect of roasted and ground coffee amount 

Table 4.6 presents the results of the cafestol and kahweol expressed either in concentration 

(mg/L) or in mass of total compounds per cup basis (mg/cup). Variability was observed within 

different amounts of coffee. The mean total values of cafestol and kahweol were 1.3, 1.6, 1.6 and 

1.7 mg/40 mL for 6.5, 7.5, 8.5 and 9.5 g of coffee, respectively. The increase in total cafestol and 

kahweol content in analyzed samples with increasing the amounts of coffee from 7.5 g to 9.5 g 

was actually relative and not significant (p ≥ 0.05). The porosity of coffee bed influences by 

quantity of coffee powder and tamping (Illy, 2005). Probably, excessive amount of coffee (8.5 

and 9.5 g) resulted in over-compaction. Compact coffee bed with limited space did not allow 

proper water flow through the ground coffee and disturbed the percolation of lipid droplets. 

Thus, cafestol and kahweol occurred in lower proportions. It should be noted that compact 
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coffee bed affects the extraction time in somewhat. Positive correlation between cafestol and 

kahweol content and amount of coffee in the present study are consistent with a previously 

published paper (Buchmann et al., 2010).  

 

4.4.2. Effect of water quantity (cup size) 

Obtained results indicated that water quantity significantly affected the level of cafestol and 

kahweol in EC (Table 4.6). Cafestol and kahweol concentration of EC prepared with different 

water quantity were in the range of 29.3 ± 1.4 mg/L (corresponding to 1.5 mg /50 mL) to 55.8 ± 

0.8 mg/L (corresponding to 1.7 mg/30 mL). In espresso brewing technique, one of the factors 

that control the coffee cake porosity and consequently the water/coffee contact time is tamping 

(Illy, 2005). In this experiment, cake compression in porta-filter varies depending on each cup 

Table 4.6. Cafestol and kahweol concentration in different espresso coffees as affected by preparation 
parameters a 

Parameter b Level 
Cup size 

(mL) 

Diterpenes 

Cafestolc 
(mg/L) 

Kahweolc 
(mg/L) 

Total 
diterpenes 

(mg/L) 

Total 
diterpenes 
(mg/cup) 

Coffee weight 
(g) 

6.5 40±2 12.7±0.4a 19.2±0.7a 31.9±1.1 1.3 
7.5 40±2 16.0±1.6b 24.3±2.2b 40.4±4.0 1.6 
8.5 40±2 16.1±1.7b 24.6±1.7b 40.7±3.4 1.6 
9.5 40±2 17.3±1.8b 25.2±2.6b 42.5±4.5 1.7 

Water quantity 
(mL) 

30 30±2 21.7±0.3c 34.1±0.5c 55.8±0.8 1.7 
40 40±2 16.1±1.6b 24.3±2.4b 40.4±4.0 1.6 
50 50±2 11.8±0.6a 17.4±0.8a 29.3±1.4 1.5 
60 60±2 15.1±1.3b 21.2±1.8b 36.3±3.2 2.2 

Particle size 

Very fine 40±2 24.0±0.3b 34.9±0.4b 58.9±0.7 2.3 
Fine 40±2 16.1±1.6a 24.3±2.4a 40.4±4.0 1.6 

Coarse 40±2 15.5±1.3a 22.5±2.0a 38.0±3.3 1.5 

Extraction time  
(s) 

10 40±2 15.7±1.4a 23.5±2.0a 39.2±3.4 1.6 
20 40±2 16.1±1.6a 24.3±2.3a 40.4±4.0 1.6 
30 40±2 20.1±0.8b 30.7±1.1b 50.8±1.9 2.0 

Temperature 
(°C) 

70 40±2 12.3±0.3a 18.5±0.5a 30.8±0.8 1.2 
80 40±2 15.7±1.4b 23.5±2.0b 39.2±3.4 1.6 
90 40±2 16.1±1.6b 24.3±2.4b 40.4±4.0 1.6 

Pressure  
(bar) 

7 40±2 13.9±0.9a 20.1±1.3a 34.1±2.2 1.4 
9 40±2 16.1±1.6a 24.3±2.4b 40.4±4.0 1.6 

11 40±2 18.5±0.8b 25.8±1.0b 44.3±1.8 1.8 
14 40±2 14.4±0.4a 21.3±0.7a 35.7±1.2 1.4 

a Values are expressed as mean ± sd 
b In each variable, other parameters used for preparation of EC was the conditions used for standard EC as 
follows: fine ground coffee (7.5 g), water quantity (40 mL), extraction time (21 s), water temperature (90 °C) 
water pressure (9 bar), with an exception regarding parameter of particle size, where the time of extraction was 
35, 21 and 10 s for very fine, fine and coarse ground coffee 
c For each parameter, different letters in the same column indicate significant differences (p <0.05) among 
variables 
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size which resulted in EC with different cup size but almost similar extraction time (21 ± 3 s).  

Different compacting force used for compression of ground coffee generated coffee bed with 

different porosity, which probably affected the water passage through the cake and led to 

various cafestol and kahweol concentration in obtained EC. Besides that, at a constant coffee 

amount and extraction time, ground coffee stays in contact with more hot water, increasing the 

extraction yield. Buchmann et al. (2010) reported higher cafestol content in brews with larger 

cup size, but the correlation between the extraction yield and the amount of water was non-

linear. On mg/L basis, cafestol and kahweol were mainly extracted in those coffees with lower 

volume (30 and 40 mL), but as it will be discussed later, the amount per cup and extraction 

efficiency are attributed to the cup size so different extraction yield profiles for cafestol and 

kahweol were found.  

4.4.3. Effect of grinding grade 

Probably one of the most important steps in preparing a cup of EC is the grinding process. In 

order to prepare a high quality EC, ground coffee from coarse to very fine particles are required. 

The water flow through the coffee cake is provided by the coarse ground which results in the 

appropriate extraction of compounds from the finer ground to the surrounding water (Andueza 

et al., 2003a). All types of grinds used to prepare EC in this study contained a high percentage of 

medium sized particles (300 - 500 µm). It was observed that brewed coffee using very fine 

ground coffee extracted the highest amount of total diterpenes (58.9 ± 0.7 mg/L) followed by 

fine (40.4 ± 4.0 mg/L) and coarse particles (38.0 ± 3.3 mg/L) (Table 4.6). During grinding, 

extraction surface area increases, so substances are released and dissolved more easily and 

quickly upon contact with water (Perez-Martinez et al., 2010). Since very fine grinds provide 

larger surface area, more diterpenes can be extracted along with reduction in particle size. The 

extraction time is known to be dependent on the particle size. The finer the grinds, the more 

time is required to produce a specific volume of brew. Since extraction time for finer ground 

coffee (35 ± 3 s) was higher than that for coarse particles (10 ± 3 s), a raise in cafestol and 

kahweol concentration may be partially attributed to the longer extraction time.  

Higher amounts of extracted compounds from fine particles than coarse ones have been 

reported (Andueza et al., 2003a; Buchmann et al., 2010). Andueza et al. (2003a) indicated that 

higher lipid content was extracted from very fine particles of ground coffee while a lesser 

amount of lipids was obtained from coarse particles. They also showed an inverse correlation 

between particle size and the extraction of solids and soluble compounds. A similar pattern was 

observed by Buchmann et al. (2010) who claimed that EC prepared by fine coffee grounds 

contained higher cafestol content in comparison to medium and coarse particles. However, there 
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was apparently a disagreement with the results of lipid content reported by Sehat and 

Niedwetzki (1997) who reported less extraction efficiency of lipids from finer coffee powder 

than from more coarse grounds.  

4.4.4. Effect of extraction time 

EC prepared with 7.5 g of fine ground Arabica coffee were compared in terms of extraction 

time (Table 4.6). The best time range for preparing EC is 25 - 30 s. Extraction shorter than 15 s 

produces a weak beverage and longer than 30 s provides a beverage with poor flavor and harsh 

tasting (Illy, 2005). The ground coffee was placed in the porta-filter and was manually tamped 

with espresso tamper using several forces to distribute the coffee evenly and to keep the 

extraction time in three different values through adjusting the porosity. In the present 

experiment, extraction times of 10 ± 3, 21 ± 3 and 30 ± 3 s were selected for the shortest, 

medium and longest time of extraction and were applied until the volume in the cup met 40 ± 2 

mL. Variation in time of extraction induced changes on the cafestol and kahweol contents of EC. 

Long contact time between water and coffee grounds allowed the water to solubilize extractable 

materials, lipids and diterpenes more efficiently. Concerning cafestol and kahweol 

concentration, difference at the beginning of extraction time (10 and 21 s) was not remarkable 

(p ≥ 0.05). This may be due to the fact that these two diterpenes were mainly extracted at the 

beginning of the brewing process. By continuing the extraction to 30 s, remaining diterpenes 

were leached into the brew and made the cafestol and kahweol concentration slightly higher. In 

accordance to the results reported by other authors (Caprioli et al., 2012), lipids content of 

coffee brews are mainly extracted at the first 10 s of extraction time as negligible amount of 

lipids was extracted to the brew after 30 s. 

4.4.5. Effect of water temperature 

Upon comparison of the cafestol and kahweol concentration at different temperatures a 

remarkable increase in cafestol and kahweol concentration was observed from 70 °C (30.8 ± 0.8 

mg/L) to 90 °C (40.4 ± 4.0 mg/L) (Table 4.6). Although higher temperature led to higher cafestol 

and kahweol concentration, difference between 80 °C and 90 °C was not statistically significant 

(p ≥ 0.05). These results are consistent with the taken conclusion in the literature by other 

authors (Andueza et al., 2003b) where EC showed a remarkable increase in total lipid along with 

increasing in temperature from 88 °C to 98 °C. Similar trend was also observed by Masella et al. 

(2015) where higher water temperature led to a significant increase in lipid content of Caffè 

Firenze. The influence of water temperature on physicochemical and sensorial properties of EC 
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has been already documented (Andueza et al., 2003b) but few authors studied the cafestol and 

kahweol concentration of EC as affected by temperature of extraction.  

Buchmann et al. (2010) found three times higher cafestol content in fresh brew (made 

without pressure) prepared at 110 °C in comparison to 80 °C. According to their results effect of 

water temperature on cafestol content of EC was not significant. Temperature is mainly 

attributed to extraction parameters like total solids and concentration (Andueza et al., 2003a). 

Nevertheless, the hot water melts also the lipids fraction containing cafestol and kahweol and 

leads to formation of a fine lipid emulsion.  

4.4.6. Effect of water pressure 

Transformation of pressure energy to kinetic energy and subsequently into surface-type 

potential energy during the extraction procedure yields transfer of small solid particles and oil 

droplets into the cup (Petracco, 2001). For preparing the EC samples, ground coffee was 

extracted at different pressures (7, 9, 11 and 14 bar). As experiments were carried out using an 

EC machine equipped with an electric pump, isobaric conditions could be maintained during the 

extraction. With regard to the effects of water pressure upon cafestol and kahweol 

concentration, increasing the pressure from 7 to 11 bar led to richer extracts in terms of cafestol 

and kahweol (p < 0.05) while a negative effect was observed at 14 bar and resulted in reduced 

amount. Maximum cafestol and kahweol concentration were achieved for pressure of 11 bar 

which were higher than the obtained values for the other pressures (Table 4.6).  

Entrance of water due to the presence of pressure may assist extraction of particular 

compounds which are trapped in the matrix pores. Andueza et al. (2002) have also verified 

higher levels of lipid content in EC along with increasing the water pressure from 7 to 9 bar. 

However, by continuing the pressure increasing to 11 bar, EC indicated less lipid concentration. 

This result could be explained by nonlinear correlation between average flow and pressure 

around the pressure of 9 bar which is despite the Darcy’s law (Andueza et al., 2002). In another 

study, the lipid content was not affected by pressure (15 and 20 bar) in Caffè Firenze (Masella et 

al., 2015). 

4.4.7. Cafestol and kahweol extraction efficiency 

The different EC under study were also evaluated with regards to cafestol and kahweol 

extraction efficiency and values ranging from 1.4% to 2.9% were obtained both for cafestol and 

kahweol. In general, increasing cup size (60 mL) and extraction time (30 s) as well as using finer 

particles yielded a concentrated cup of EC in terms of cafestol and kahweol. Under the 
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experimental conditions, the highest values of extraction efficiency both for cafestol (2.8%) and 

kahweol (2.9%) were acquired from EC prepared using very fine particles than extraction 

efficiencies described for other EC (ranging from 1.5% to 2.5%). In view of the fact that finer 

particles have more surface area, the physical availability of diterpenes within the ground coffee 

increased and more diterpenes were transferred into water and the lesser was the amount left 

in the spent coffee grounds. In addition, the possibility of the transition of fine particles into the 

EC is more than coarse particles which could be account as a source of cafestol and kahweol in 

the final EC.  

 

Despite the lower diterpenes concentration in EC with cup of 60 mL to 30 mL (36.3 ± 3.2 

mg/L vs. 55.8 ± 0.8 mg/L), this brewing procedure allowed the highest diterpenes extraction 

efficiency, considering that extraction is dose dependent. Accordingly, the higher values of 

A) 

 
B) 

 

Figure 4.13. (A) Cafestol and (B) kahweol extraction yield (%) in EC as influence by preparation 
parameters. Yield= [brew diterpene concentration (mg/L) × total brew volume (L)]/ [diterpene 
content of  ground coffee (mg/kg) × total ground coffee (kg)] × 100 (Zhang et al., 2012). 
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cafestol (2.6%) and kahweol extraction efficiency (2.7%) were achieved in 60 mL of EC, which 

were more than the values reported for cup of 30 mL (1.9% for cafestol and 2.2% for kahweol). 

Longer extraction time (30 s) presented extraction efficiency of 2.3% and 2.6% for cafestol and 

kahweol, respectively. These results were explained by higher contact time between hot water 

and ground coffee caused releasing more compound or even passing the more fine particles to 

the beverage.  

The lower diterpene extraction efficiency was obtained in EC brewed at 70 °C with values 

around 1.4 and 1.5% for cafestol and kahweol, respectively. Indeed, at elevated temperatures, 

physical properties of water will positively influence to increase extraction yield. High diffusion, 

low viscosity and low surface tension are some of the advantageous of application of hot water 

for extraction (Teo et al., 2010) which probably are not supplied effectively at lower 

temperatures and negatively affect the extraction efficiency.  

4.5. Quantification of diterpene esters in coffee brews 

using HPLC-DAD/SD 

4.5.1. Optimization of diterpene esters extraction from coffee brew 

It is important to accurately quantify not only total diterpenes, but also the diterpene esters 

due to their higher quantity in the coffee matrices, which allows a correct estimation of the 

intake of these bioactive compounds trough the final products which is mainly coffee brew. 

Therefore, adjustments were performed in the optimized method in order to also adapt it to 

determine diterpene esters in coffee brews. In terms of diterpene esters, quantification was 

done without saponification. Therefore, only the initial sample volume and successive 

extractions were optimized. It should be mentioned that diterpene esters are liquid to waxy 

crystalline masses that are soluble in nearly all organic solvents, but are insoluble in water 

(Temple, 2009). Solvents with low boiling points like ether are often used to make isolating and 

drying the analytes easier. Accordingly, evaporation to collect the solid is faster. Therefore, 

diethyl ether was used as organic solvent for extraction of diterpene esters, similar to that used 

for total diterpenes. Different volumes of coffee brew (2.5 or 5.0 mL) did not have any significant 

effect (p ≥ 0.05) on cafestol and kahweol palmitate which are the main diterpene esters present 

in coffee in particular Arabica coffee (Figure 4.14). As it is shown in Figure 4.14, successive 

extractions increased the amount of cafestol and kahweol palmitate in the extract, however this 
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increase was not significant (p ≥ 0.05). Probably, cafestol and kahweol palmitate were 

adequately extracted after duplicate extractions with diethyl ether. So the analytes of interest 

were quantified using the same method for measurement of total diterpenes, but without the 

saponification procedure. This extraction was used in next sections for determination of other 

diterpene esters in coffee brews including cafestol and kahweol linoleate, oleate and stearate, as 

well. The fact that the extraction method does not require special skills regarding sample 

preparation and analysis step (HPLC-DAD/SD), demonstrates its advantages with respect to the 

existing procedures like gel permeation chromatography, which may be a source of unreliability. 

 

4.5.2. Basic principles of spectral deconvolution 

In separation science, a hyphenated technique is the combination of a separation (LC, GC...) 

and a spectrometric technique (DAD, MS, FTIR...) that is used as the detector (Hirschfeld, 1980). 

The recorded chromatographic data are often refer as first order data (Arancibia et al., 2012) 

 

 

Figure 4.14. Effect of successive extractions (2, 3 and 4 times) and initial sample volume (2.5 or 5.0 
mL) on cafestol and kahweol palmitate concentration of coffee brew. 
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and they are (or can be arranged into) a two dimensional table with the time axis in one 

dimension, the spectrum axis in the other dimension and the amplitude of the signal as 

responses. The simplest way to work with such a dataset is by generating mono-dimensional 

traces (chromatogram, electropherogram, MS spectra, UV spectra…) that are the responses as a 

function of times at a particular spectral coordinate (chromatogram) or the responses as a 

function of the spectral coordinates at a given time (spectra). This allows obtaining spectra at 

different times for identification purposes as well as obtaining chromatograms in which the peak 

areas can be modulated by selecting the spectral coordinate (Erny et al., 2011).  

Hyphenated MS techniques are probably the best combination for such applications (Boonen 

et al., 2008; Ibáñez et al., 2013; Ibanez et al., 2013; Li et al., 2013; Olszowy and Buszewski, 2014; 

Pozo et al., 2012; Singh et al., 2012; Struck et al., 2011; Wang et al., 2011) and it is often possible 

with those instruments to choose a spectral coordinate at which one or more compounds of 

interest will be present in the chromatogram but where potentially interfering species will be 

transparent. However, MS instruments remain costly to buy and run. DAD due to their low prices 

and good precision are common hyphenated detector but their low spectral selectivity does not 

often allow resolving co-elution problems as easily as with a MS detector. Application of 

chemometric approaches in conjunction with the DAD dataset allows the mathematical 

separation of co-eluted species (Arancibia et al., 2012; de Juan and Tauler, 2007; Duarte and 

Capelo, 2006; Escandar et al., 2007; Lavine and Workman, 2013; Strasik et al., 2008; Wasim and 

Brereton, 2006; Wiberg, 2006), where mathematical separation refers to the deconvolution of 

the dataset to a series of chromatograms by mathematical means.  

Spectral deconvolution is a technique that can be applied to any spectrometric dataset 

(Kuligowski et al., 2009; Lima et al., 2010). Through analysis of samples with HPLC-DAD, a two 

dimensional matrixes are obtained with chromatographic profile (retention time dimension) in 

one dimension and spectrometric profile (the wavelength dimension) in the other. 

Deconvolution aims to extract from the original data chromatographic and spectroscopic 

profiles of each individual component (Van Hoeylandt et al., 2014). The key assumption in this 

approach is that at any time, the spectrum that is recorded by the detector is a linear 

combination of the spectra of each compound that are present in the solution. This assumption 

is true as long as the detector is used within its linear range. This can be expressed 

mathematically as (Lima et al., 2010; Thomas et al., 1993; Wasim and Brereton, 2006): 

 

𝐘(𝑡) = 𝐗𝛽(𝑡) +  (𝑡)                                                         Equation 4.1 
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where 𝐘(𝑡) =

(

 
 

𝑦1(𝑡)
𝑦2(𝑡)…
…
𝑦𝑛(𝑡))

 
 

 is a vector of length n that is the measured UV absorption spectrum 

obtained at time t,  

𝐗 = 

(

 
 

1 𝑥11 … … 𝑥1𝑝
1 𝑥21 … … 𝑥2𝑝
…
…
1

…
…
𝑥𝑛1

…
…
…

…
…
…

…
…
𝑥𝑛𝑝)

 
 

 is the n×p+1 design matrix where each p column corresponds to a 

spectrum of one of the compound that may be presented in the solution, and 

 𝛽(𝑡) =

(

 
 

𝛼(𝑡)
ß1(𝑡)…
…

ß𝑝(𝑡))

 
 

 is the slope vector of length p+1 and (𝑡) is the error vector.  

In this equation Y and X are known and the goal is to estimate 𝛽(𝑡) as each slope parameters 

in this vector correspond to the relative contribution of the corresponding spectrum in X to the 

measured Y spectrum. The slope parameters are directly related to the concentration of 

compounds in the solution. This equation is a multi-linear regression (MLR) that can be solved 

using either matrix algebra or by minimizing the sum squared residuals (SSR) which is defined 

as 

 

where yi and �̂�𝑖  are the true and the estimated values, respectively. However, for the solutions to 

be unique and accurate the following conditions should be verified: 

i. The spectrum of every compound that will contribute to the recorded spectrum, Y, 

should be taken into account in X;  

ii. Each of those spectrum should be independent (e.g. no multi-collinearity where one 

spectrum in X can be expressed as a linear combination of other spectra); 

iii. The number of column p (number of spectrum used in X) in the design matrix should 

be less than the amount n of observation to avoid over-fitting.  

For deconvolution, the spectra necessary are the spectra of the target compounds, the 

spectrum of the background and the spectra of potential co-eluting species if those are different 

from the compounds of interest. The description of the rest of the data is irrelevant for the 

𝑆𝑆𝑅 =  √∑ (𝑦𝑖 − �̂�𝑖)
2

𝑖                                                      Equation 4.2 
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quantification of the target peaks. It should be emphasis that the aim of this chapter is the 

quantification of the peaks area of compounds whose standard solutions are commercially 

available. If all peaks are of interest or if the standards are not available, multivariate 

approaches should be preferred.  

4.5.3. Development of spectral deconvolution 

Different mobile phase compositions and flow rates were assayed using HPLC-DAD to 

separate the target compounds including the cafestol and kahweol linoleate, oleate, palmitate 

and stearate. The compositions used were namely: acetonitrile/isopropanol (50/50, v/v) at 0.4 

and 0.6 mL/min; acetonitrile/isopropanol (70/30, v/v) at 0.2, 0.4 and 0.8 mL/min;  

acetonitrile/isopropanol (90/10, v/v) at 0.4, 0.6 and 0.8 mL/min; acetonitrile/methanol (70/30, 

v/v) at 0.8 mL/min; acetonitrile/methanol (90/10, v/v) at 0.8 mL/min. Results were not better 

than those previously reported (Kurzrock and Speer, 2001a).  

Within our experimental trials, the best separation between diterpene esters was obtained 

using acetonitrile/isopropanol (70:30, v/v) with a flow rate of 0.4 mL/min. A typical 

chromatogram of a sample of coffee is presented in Figure 4.15, showing that a low but sufficient 

separation of cafestol esters from kahweol esters was achieved at 225 ± 4 nm (Figure 4.15A) for 

spectral deconvolution. Whereas, good separation was gained at 290 ± 4 nm (Figure 4.15B). 

While all kahweol esters are adequately baseline separated and can be quantified setting the 

wavelength at 290 nm (Figure 4.15B), this is not the case for the cafestol esters at 225 nm 

(Figure 4.15A). For those compounds there is no wavelength that is specific enough to resolve 

the coelution between the cafestol and kahweol esters. As the separation of those compounds is 

particularly difficult in absence of a MS detector, a mathematical separation, as the spectral 

deconvolution approach, was inspected. The first step in the spectral deconvolution is to build 

the design matrix that will contain all the spectra of the compounds of interest which in this case 

include: the spectra of eight diterpene esters, a background and a constant spectra as well as the 

spectra of potential interfering compounds. To obtain reliable spectra a series of samples, each 

of them containing one diterpene ester at concentration of 100 mg/L, were injected and the 

spectrum for each diterpene ester was measured using the peak of the main compound. 

Subsequently, the spectrum was corrected for background adsorption. The resulting spectra are 

presented in Figure 4.16, with (A) the four spectra related to the cafestol esters, (B) the four 

spectra related to the kahweol esters, (C) a background spectrum and (D) the spectra of 

potential interfering species. 

All spectra have been normalized by their highest absorbance value to facilitate their visual 

comparison. As it can be clearly seen, the spectra from the same diterpene group only differ by 
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their absorbance values below 220 nm. The matrix of correlation between the different spectra 

was calculated using Matlab R2013b. All the kahweol esters were found to be correlated with a 

score higher than 0.93 and all the cafestol esters with a score higher than 0.91.  

 

A) 

 
B) 

 

Figure 4.15. Separation of diterpene esters in coffee by HPLC-DAD with detection at (A) 225 ± 4 nm and 
(B) 290 ± 4 nm. The coffee sample (ground coffee, 100% Arabica, cultivated in Brazil) was extracted 
with diethyl ether and then was separated using a C18 column with a mobile phase composition of 
acetonitrile/isopropanol (70:30, v/v) at a flow rate of 0.4 mL/min. The peaks corresponding to the 
diterpene esters are indicated as (1) (kahweol linoleate), (2) (kahweol oleate), (3) (kahweol palmitate), 
(4) (kahweol stearate), (5) (cafestol linoleate), (6) (cafestol oleate), (7) (cafestol palmitate), and (8) 
(cafestol stearate).  
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Because the background also absorbs below 220 nm, the data below 220 nm and over 320 

nm were removed to avoid problem of co-linearity with the background spectrum and to 

remove the range where the diterpene esters do not absorb. Within this new wavelength range, 

both spectra of esters from the same diterpene correlated with a score higher than 0.998, thus 

the same spectra were used for the four cafestol esters and the same spectra were used for four 

kahweol esters.  

 

Two deconvolution models were used subsequently as follows: (I) the four-spectra model 

(one spectrum for all the cafestol esters, one spectrum for all kahweol esters, one background 

spectrum, and one constant in the design matrix) and (II) the seven-spectra model that include 

the four spectra of model (I) plus another three spectra from impurities that may coelute with 

the diterpene esters and had been detected in the standard solutions. Those three additional 

spectra are shown in Figure 4.16D. Using Matlab R2013b, spectral deconvolution was applied to 

every spectrum acquired during the separation. Deconvoluted chromatograms were obtained as 

the variation as a function of time of one of the slope parameter. Both models were successful in 

separating the contribution from kahweol and cafestol from the original data. The analytical 

performances were obtained and compared when quantifying the kahweol esters after spectral 

A) B) 

  
C) D) 

 
 

Figure 4.16. UV-vis absorption spectra of (A) cafestol esters, (B) kahweol esters, (C) background, and (D) 
main impurities. 



Coffee Diterpenes: Quantification and Anti-angiogenic Effects  

 

119 

deconvolution with a four-spectra model and a seven-spectra model methodology. The results 

are presented in Annex II. Since, both methods were valid, in order to keep the amount of used 

spectra at any minimal, four spectra model was chosen for further experiments due its 

simplicity. Deconvoluted chromatograms obtained using this model has been shown in 

Figure 4.17. This model was used subsequently to quantify our target compounds. In the 

deconvolution model, the same spectra were always used. The exception was the background 

spectrum which was measured in each experiment, individually. 

 

4.5.4. Method validation 

The analytical method for quantification of kahweol esters at 290 nm using HPLC-DAD or 

HPLC-DAD/SD and cafestol esters using HPLC-DAD/SD was validated considering linearity, LOD, 

LOQ, precision (inter-day and intra-day) and accuracy (% of recovery). Due to the adequate 

baseline separation of kahweol esters by setting the wavelength at 290 nm, classical (HPLC-

DAD) and deconvolution (HPLC-DAD/SD) approaches were compared to estimate the accuracy 

of the deconvolution. The results are presented in Table 4.7. With the deconvoluted 

chromatograms, peak areas were measured using a program in Matlab R2013b. Each standard 

solution was run in duplicates. 

 

Figure 4.17. Deconvoluted chromatograms obtained using HPLC-DAD/SD with a standard mixture (75 
mg/L) containing all diterpene esters of interest, obtained with a four-spectra model. Blue: absorbance at 
290 ± 4 nm; Red: absorbance at 225 ± 4 nm, Green: background absorbance. Different diterpene esters 
has different absorbance at the same concentration. The chromatogram was recorded at 225 nm to allow 
the observation of all compounds of interest. [1: kahweol linoleate; 2: kahweol oleate; 3: kahweol 
palmitate; 4: kahweol stearate; 5: cafestol linoleate; 6: cafestol oleate; 7: cafestol palmitate; and 8: 
cafestol stearate].  
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Table 4.7. Validation parameters of HPLC-DAD and HPLC-DAD/SD approach for analysis of eight diterpene 
esters in coffee brews 

Diterpene 
esters a 

R2 

(N=10)b 
LOD c 

(mg/L) 
LOQ c 

(mg/L) 

Recovery (%)d  Precision 

50 
(mg/L) 

100 
(mg/L) 

 Standards 
(mg/L) 

Intra-day 
(%CV)b 

Inter-day 
(%CV)b 

Deconvolution approach ( HPLC-DAD/SD) : Linearity range of 5 - 400 mg/L 

CL 0.999 0.1 0.4 93. 91 

 10 0.5 0.9 
 75 1.1 0.8 
 150 1.0 0.8 

CO 0.999 0.2 0.6 103 94 

 10 0.7 0.8 
 75 2.3 1.0 
 150 2.1 1.3 

CP 0.998 0.2 0.5 103 95 

 10 0.3 1.2 
 75 2.0 1.0 
 150 2.3 1.5 

CS 0.994 0.5 1.7 87 94 

 10 2.9 4.6 
 75 1.9 1.1 
 150 1.9 3.1 

KL 0.999 1.7 5.5 95 92 

 10 0.9 0.4 
 75 2.6 0.4 
 150 1.3 1.1 

KO 0.999 1.6 5.3 95 97 

 10 3.8 3.3 
 75 4.4 1.5 
 150 6.3 4.8 

KP 0.999 0.5 1.7 97 95 

 10 3.7 2.4 
 75 2.8 1.2 
 150 3.8 3.3 

KS 0.999 0.6 2.1 94 91 

 10 1.3 1.0 
 75 2.1 0.8 
 150 2.9 1.8 

Classical approach (HPLC-DAD): Linearity range of 5 - 400 mg/L 

KL 0.995 0.9 2.6 96 94 

 10 1.5 1.2 
 75 0.6 0.3 
 150 1.7 0.2 

KO 0.997 1.3 4.0 94 94 

 10 2.0 1.7 
 75 1.8 0.4 
 150 1.9 0.3 

KP 0.999 0.3 0.9 101 98 

 10 1.0 0.4 
 75 1.5 0.2 
 150 1.8 0.1 

KS 0.999 0.3 0.9 96 92 

 10 0.7 0.7 
 75 1.5 0.2 
 150 1.8 0.1 

a [CL: cafestol linoleate; CO: cafestol oleate; CP: cafestol palmitate; CS: cafestol stearate; KL: kahweol linoleate; KO: 
kahweol oleate; KP: kahweol palmitate; KS: kahweol stearate] 

b R2 coefficient of determination, N number of calibration curve standards, CV coefficient of variation of six 
determinations in case of intra- and three determinations in case of inter-day precision 
c Calculated from the signal to noise ratio of 3 for LOD and 10 for LOQ 
d Obtained from the ratio of measured diterpene esters to expected  ones from spiked sample (capsule B) with spike 
level of 50 and 100 mg/L of all diterpene esters 
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Satisfactory results were obtained within the linearity range (5 - 400 mg/L) for both 

analytical approaches (HPLC-DAD and HPLC-DAD/SD). The calibration curves were linear and 

exhibited the R2 values higher than 0.99 (Table 4.7) for both techniques. Considering the 

deconvolution approach the LOD of cafestol and kahweol esters were in the range of 0.1 - 0.5 

and 0.5 - 1.7 mg/L, respectively. Direct analysis of kahweol esters by classical approach through 

setting the wavelength at 290 nm, exhibited the LOD of 0.3 - 1.3 mg/L which was similar to those 

obtained by deconvolution technique.  

Regarding the LOQ, the results ranged from 0.4 - 1.7 mg/L for cafestol esters and 1.7 - 5.5 

mg/L for kahweol esters analyzed by deconvolution method. Analysis of kahweol esters with 

classical approach revealed LOQ of 0.9 - 4.0 mg/L. The precision of the analytical methods was 

evaluated using intra and inter-day precision at three concentration levels. Regarding cafestol 

esters, intra-day precision of 1.6% (min 0.5%, max 2.9%) and inter-day precision of 1.5% (min 

0.8%, max 4.6%) was obtained. Considering deconvolution, the average coefficient of variation 

of kahweol esters were 3.0% (min 0.9%, max 6.3%) and 1.8% (min 0.4%, max 4.8%) for intra 

and inter-day precision, respectively. Acceptable coefficient of variation was also achieved for 

classical approach as average intra-day precision of 1.5% (min 0.6%, max 2.0%) and inter-day 

precision of 0.5% (min 0.1%, max 1.7%) was obtained for all analyzed kahweol esters, indicating 

both methods are precise.  

The accuracy of both analytical methods was studied through recovery test. For this purpose, 

coffee sample (capsule B) was spiked with known quantity of each diterpene esters at two 

spiking levels (50 and 100 mg/L). In terms of deconvolution approach, the mean recoveries 

ranged 87 - 103% and 91 - 97% for cafestol and kahweol esters, respectively. Regarding the 

classical approach, the mean recovery was between 92% and 101% for kahweol esters which 

was almost similar to those obtained by deconvolution technique.  

4.5.5. Diterpene esters content in various types of coffee brews 

As it was mentioned, the main part of diterpenes in coffee exist as esterified form. Besides 

that diterpenes and their esters have shown several biological activity on human health, 

therefore, it is important to gain information on the changes of these constituents from the 

beans into the actual coffee beverage. The brewing process has been considered one of the most 

important factors for the diterpene levels found in coffee brew (Gross et al., 1997; Urgert et al., 

1995). However, little information is available on diterpene esters and their diversity in 

accordance to the type of brew preparation. Kurzrock and Speer (2007) studied the diterpene 

esters composition of espresso coffee, however, no investigation provides data about the main 

eight diterpene esters composition of wide range of coffee brew through HPLC-DAD/SD. A 
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typical chromatogram of real sample is shown in Figure 4.18. Although interfering substances 

were presented in the obtained chromatogram, which is complex, acceptable separation was 

achieved after deconvolution. 

 

Considering the significant consumption of coffee and in order to obtain reliable information 

regarding commercial brews, a total of eight diterpene esters were quantified in some 

traditional and commercial coffee brews obtained by different preparation modes. The average 

cafestol and kahweol esters concentration in different brewing procedures are shown as mg/L ± 

sd in Figure 4.19 and Figure 4.20, respectively. Despite the variety of diterpene esters reported 

for coffee, few of them are considered key esters, which are generally found at higher levels with 

respect to other diterpene esters. Some of these esters like 16-OMC are present only in Robusta 

coffee. Others like dehydrocafestol or dehydrokahweol esters are mainly formed during 

roasting. However, cafestol and kahweol esters, mainly palmitate, linoleate, oleate and stearate 

are the most abundant diterpene esters in particular in Arabica coffee beans (Speer and Kölling-

Speer, 2006) that gained the main proportion in coffee blends and were considered in the 

present study.  

A large variability was found among diterpene esters content in coffee brews. In general, 

boiled coffee was the most concentrated brew in terms of total cafestol esters (309 ± 15 mg/L) 

and total kahweol esters (1016 ± 29 mg/L) content. While, mocha and espresso brews had an 

 

Figure 4.18. Deconvoluted chromatogram obtained using HPLC-DAD/SD for real coffee sample (Boiled 
coffee-Arabica). Blue = absorbance at 290 ± 4 nm; Red: absorbance at 225 ± 4 nm; Green: background 
absorbance. [1: kahweol linoleate; 2: kahweol oleate; 3: kahweol palmitate; 4: kahweol stearate; 5: 
cafestol linoleate; 6: cafestol oleate; 7: cafestol palmitate; and 8: cafestol stearate]. 
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intermediate contribution to cafestol esters intake with values of 46 ± 5 mg/L and 5.1 – 73 mg/L, 

respectively. They also were consider as an intermediate source of kahweol esters (123 ± 2 

mg/L of mocha and 46 – 127 mg/L of espresso brews). The brews made by filtration or instant 

coffees showed significantly lower diterpene esters levels than other analyzed samples (p < 

0.05). Considering the filter coffee, in the absence of pressure the diterpene esters were 

probably retained in the spent grounds and filter paper, as described previously (Silva et al., 

2012). Sehat et al., (1993) reported the highest concentration of 16-OMC esters as one of the 

main esters existing in Robusta beans in Scandinavian boiled coffee followed by espresso, 

whereas negligible amount were obtained in filter coffee (Sehat et al., 1993). A cup of boiled or 

mocha coffee may range from 150 - 190 mL and 40 - 120 mL, respectively (Alves et al., 2010). 

Accordingly, the high cup size of boiled and French press makes them a rich source of these 

compounds. On the other hand, espresso coffees are very small beverages ranging between 20 

and 35 mL in Italy and up to 70 mL in Portugal (Alves et al., 2010). Therefore, the high 

concentration of diterpene esters in espresso coffee is balanced with the limited volume of a 

serving cup, which resulted in a moderate diterpene intake in comparison to French press. 

Soluble coffees are light brews and despite the high volume of consumption they might not be an 

important contributor to diterpenes consumption.  

However, it seemed that individual diterpene esters were not affected by brewing procedure 

as kahweol palmitate (2 – 409 mg/L) was the major compound in all samples, followed by 

kahweol linoleate (20 – 381 mg/L), oleate (5 – 176 mg/L) and stearate (2 – 50 mg/L). The order 

was in agreement with other report (Kurzrock and Speer, 2007).  Higher amounts of cafestol 

palmitate (1.5 – 103 mg/L) and stearate (3 – 62 mg/L) were also observed compared to cafestol 

linoleate (0.5 – 46.5 mg/L) and cafestol oleate (0.5 – 20 mg/L) (Figure 4.19 and Figure 4.20). 

The average percentage of cafestol esters distribution in coffee samples were slightly different 

than those previously reported (Kurzrock and Speer, 2007; Speer and Kölling-Speer, 2006) as 

the highest percentage of individual esters has been attributed to cafestol palmitate, whereas 

cafestol stearate, linoleate and oleate were in the next position.  

Due to the sufficiency of HPLC-DAD at 290 nm in quantification of kahweol esters, these 

compounds were also used to compare the analytical performance and accuracy of HPLC-

DAD/SD over HPLC-DAD. Looking at both analytical approaches (deconvolution and classical), 

Figure 4.21 demonstrates the applicability of deconvolution for quantification of diterpene 

esters in variety of coffee brews. Setting the wavelength at 290 nm allowed baseline separation 

of kahweol esters while such wavelength does not exist for measuring cafestol esters. Therefore, 

the following wavelength (290 nm) was used to compare deconvolution approach with classical 

separation in HPLC-DAD which led to acceptable result. 
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Figure 4.19. Cafestol esters concentration (mg/L ± sd) in various types of coffee brews analyzed by deconvolution approach (HPLC-DAD/SD) [CL: cafestol 
linoleate; CO: cafestol oleate; CP: cafestol palmitate; CS: cafestol stearate]. In instant and filtered coffee, the values of diterpene esters content are mainly less 
than LOQ. 
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Figure 4.20. Kahweol esters concentration (mg/L ± sd) in various types of coffee brews analyzed by deconvolution approach (HPLC-DAD/SD [KL: kahweol linoleate; 
KO: kahweol oleate; KP: kahweol palmitate; KS: kahweol stearate]. In instant and filtered coffee, the values of diterpene esters content are mainly less than LOQ. 
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Considering all coffee brews analyzed in the present study, no significant differences (p ≥ 

0.05) was observed among deconvolution and classical approach and perfect agreement was 

achieved for all obtained kahweol esters among these two analytical techniques. These results 

demonstrated the advantageous of using the low-cost and accurate deconvolution technique 

over other methods for quantification of cafestol and kahweol esters in variety of coffee samples. 

 

4.5.6. Comparison of coffee brews according to their fatty acid composition 

The values for the ratio of diterpene esters esterified with unsaturated fatty acids (DE-UFA) 

to total diterpene esters (TDE) content as a measure of their unsaturation ranged from 47 to 

52%, with the lowest value for capsule A-Type 2 and the highest value for the capsule B 

(Figure 4.22). Generally, samples presented approximately 49 ± 2% unsaturated diterpene 

esters content (esters of oleic acid, C18:1 cis-9 and linoleic acid, C18:2 cis,cis-9,12). It is noteworthy 

to mention that these results were based on the determination of the eight diterpene esters, so 

they include only four esters of cafestol and other four for kahweol. Accordingly, it seems that 

the brewing technique does not modify the distribution of diterpene esters. Fatty acids of coffee 

  

  

Figure 4.21. Concentration of kahweol esters in various types of coffee brews obtained from HPLC-DAD 
and HPLC-DAD/SD at 290 nm. One-way ANOVA indicated that for each coffee samples there was no 
significant differences (p ≥ 0.05) between values obtained by classical (HPLC-DAD) or deconvolution 
(HPLC-DAD/SD) approach.  
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lipid extract may present either free or esterified with glycerol or diterpenes. The fatty acids 

were found to be distributed differently among various lipid classes of coffee oil and the only 

common feature being that palmitic (16:0) and linoleic acid (cis 9,12-18:2) as the major 

components in all classes (Nikolova-Damyanova et al., 1998). As reported by Nikolova-

Damyanova et al. (1998) in lipid classes of crude beans of Catuaí Vermalho (Coffea arabica L.), 

diterpene and sterol esters were the most saturated and free fatty acids and triacylglycerols 

were the most unsaturated classes (Nikolova-Damyanova et al., 1998).  

Several epidemiological studies suggested the controlled intake of saturated fatty acids in 

particular lauric, myristic and palmitic acid due to their effects on increasing the blood 

cholesterol concentration (Williams, 2000). Considering the positive effects of diterpenes on 

human health, in order to reinforce the beneficial properties of coffee, we should favor coffee 

with moderate content of diterpenes and high proportion of unsaturated fatty acid. Accordingly, 

with the use of a metallic mesh for filtered coffee brew preparation it is possible to prepare a 

brew containing diterpene esters improving its potential beneficial properties. These beneficial 

effects may be enhanced by the selection of bean type and/or roasting degree, although more 

experiments are required. As a conclusion, even though individual diterpene esters vary 

significantly between samples, differences among the ratio of total unsaturated diterpene esters 

to total diterpene esters were small. 

 

 

Figure 4.22. The ratio of diterpene esters esterified with unsaturated fatty acids (DE-UFA) to total 
diterpene esters (TDE) content as a measure of diterpene esters unsaturation in some coffee brews. 
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4.6. Quantification of diterpene esters in ground coffee 

using HPLC-DAD/SD 

4.6.1. Optimization of diterpene esters extraction from ground coffee 

Ultrasound-assisted solvent extraction is an efficient process and has been previously applied 

for extraction of oil from different seeds such as flaxseed and soybeans (Abdullah and Bulent 

Koc, 2013). Integrating ultrasound assisted extraction with two-phase oil extraction processes 

can enhance the oil extraction processes from oil-containing materials with high moisture 

contents including green coffee beans. For this purpose, diterpene esters (cafestol and kahweol 

linoleate, oleate, palmitate and stearate) extraction from ground coffee was adopted from 

Abdullah and Bulent Koc, (2013) and performed with (10, 20 and 30 min) and without 

ultrasonication along with successive liquid-liquid extractions and the results were shown in 

Figure 4.23. Ultrasonication enhanced the extraction of total cafestol esters (sum of cafestol 

linoleate, oleate, palmitate and stearate), as well as total kahweol esters (sum of kahweol 

linoleate, oleate, palmitate and stearate) from ground coffee. The concentration of analytes in 

the coffee bean extracts was influenced by the time of sonication and successive extractions. 

Diterpene esters content in extract prepared with and without ultrasonication were 

statistically significant (p < 0.05). Indeed, high shear forces during the ultrasonication cause 

increased mass transfer of analytes. Besides that ultrasound might facilitate swelling and cause 

enlargement of the pores of the cell wall (O’Brien, 2008b). Subsequently, ultrasonic cavitation 

results in methanol penetration into material cells and allows intracellular oil component 

release to the surrounding solvent. Moreover, reduction in particle size of ground coffee during 

ultrasonication increased interfacial area between the solvent and ground coffee which let 

solvent to percolate through the sample and contact the lipid material. However, increasing the 

duration of ultrasonication from 20 min to 30 min did not show any significant effects (p ≥ 0.05) 

on the diterpene esters concentration of the ground coffee extract which was not in accordance 

to those that reported by other authors (Abdullah and Bulent Koc, 2013). These difference could 

be explained by less amount of initial sample in the present study. Besides that, cavitation 

intensity decreases as vapor pressure and surface tension increase. Since, elevated temperatures 

would counteract the positive effects of ultrasound cavitation (Abdullah and Bulent Koc, 2013), 

prolonged ultrasonication may not have extra positive effects on extraction of analytes. 

Accordingly, probably 20 min ultrasonication would be enough for extraction of diterpene esters 

from ground coffee (Figure 4.23).  
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Several successive extractions on diterpene esters content of ground coffee extracts were 

tested (Figure 4.23). Similar to our previous findings, it was observed that an increase in diethyl 

ether volume increased the diterpene esters concentration in the combined extract. There were 

no significant differences (p ≥ 0.05) among 3 and 4 times extraction at prolonged 

ultrasonication, therefore 3 times extraction of ultrasound treated solution (20 min) was used 

for further analysis. In order to estimate the extraction efficiency of diterpene esters from 

ground coffee through ultrasound-assisted extraction, the final waste coffee ground (WCG) was 

saponified and total cafestol and kahweol present in the WCG were analyzed and compared with 

the initial cafestol and kahweol content in the ground coffee. The satisfactory results were 

obtained as less than 1% of the initial cafestol and kahweol content of ground coffee were 

detected in the saponified WCG. It demonstrated the efficient extraction of diterpene esters, 

either cafestol or kahweol esters, during the extraction rely on ultrasonication. Indeed, 

ultrasound-assisted extraction of diterpene esters combined with HPLC-DAD/SD would reduce 

the time and energy required for analysis of diterpene esters from coffee grounds. 

 

 

 

Figure 4.23. Effects of ultrasonication and successive extractions using diethyl ether on diterpene 
esters content of Arabica coffee extract (harvested in Brazil). 
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4.6.2. Method validation 

Calibration curves were prepared by plotting the peak area against the corresponding 

concentration by injecting 20 µL of standard solutions containing all diterpene esters (cafestol 

and kahweol linoleate, oleate, palmitate and stearate) at ten different concentration levels (25 -

2000 mg/100 g). The regression lines were linear in the studied concentration range and the 

corresponding coefficient of determinations (R2) of 0.999 were demonstrated over the linearity 

range for all analyzed compounds (Table 4.8). The LODs were less than 10 mg/100 g. The LOQs 

of all compounds were less or almost similar to the lowest concentration of the calibration 

curves. The accuracy of the analytical method was evaluated through adding the standard 

additions method and evaluating the recovery percentage. The recovery tests were performed 

by spiking ground coffee with reference standards at two different concentration levels (250 and 

500 mg/100 g) which resulted in high recovery (91 – 102%) in both spiking levels. 

 

4.6.3. Diterpene esters content in ground roasted coffee - Effect of roasting 

and blending 

4.6.3.1. Effect of roasting 

In order to study the effect of roasting, the diterpene esters content were compared between 

the green coffee beans and the respective roasted ones. Figure 4.24A and B present diterpene 

esters content and the distribution of individual esters between the different coffee beans.  

Table 4.8. Validation parameters for analysis of eight diterpene esters by HPLC-DAD/SD in roasted and 
ground coffee 

Diterpene 
esters a 

R2 

(N=10)b 
LOD 

(mg/100 g)c 
LOQ 

(mg/100 g)c 

Recovery (%) d 

250 
(mg/100 g) 

500 
(mg/100 g) 

Linearity range: 25-2000 mg/100 g    

CL 0.999 0.6 2.1 96 92 
CO 0.999 1.0 3.2 101 98 
CP 0.998 0.8 2.7 96 91 
CS 0.999 2.6 8.7 90 93 

KL 0.999 8.3 27.5 94 97 
KO 0.999 8.0 26.6 101 98 
KP 0.999 2.5 8.4 102 99 
KS 0.999 3.1 10.4 93 97 

a [CL: cafestol linoleate; CO: cafestol oleate; CP: cafestol palmitate; CS: cafestol stearate; KL: 
kahweol linoleate; KO: kahweol oleate; KP: kahweol palmitate; KS: kahweol stearate] 

b R2 coefficient of determination, N number of calibration curve standards 
c Calculated from the signal to noise ratio of 3 for LOD and 10 for LOQ 
d Obtained from the ratio of measured diterpene esters to expected  ones from spiked sample 
(Arabica-Costa Rica) with spike level of 250 and 500 mg/100 g of all diterpene esters 

 

 



Coffee Diterpenes: Quantification and Anti-angiogenic Effects  

 

131 

 

Only minor changes were observed in diterpene esters content in green beans to roasted 

ones. A slight decrease was observed in cafestol esters (Figure 4.24A), whereas, somewhat 

increase was reported in kahweol esters (Figure 4.24B). Probably, relative increase in lipid 

content during the roasting is followed by almost constant level for diterpene esters content in 

A)  

  

  

B)  

  

  

Figure 4.24. Influence of roasting on the content of (A) cafestol and (B) kahweol esters in different 
coffee beans in mg/100 g dry matter. [CL: cafestol linoleate; CO: cafestol oleate; CP: cafestol palmitate; 
CS: cafestol stearate; KL: kahweol linoleate; KO: kahweol oleate; KP: kahweol palmitate; KS: kahweol 
stearate]. 
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mg/100 g (dry matter) basis. The same results were also reported by other authors (Kurzrock 

and Speer, 2007). In the roasted coffees, the main parts of cafestol and kahweol are still 

esterified, although the stability behavior of the different diterpene esters is quite different. In 

general, cafestol esters in Robusta-Vietnam and coffee blend-decaffeinated showed almost more 

stability against roasting process than Arabica samples.  

As it can be clearly seen in Figure 4.24, the percentage of distribution of the esters did not 

change by roasting process as cafestol and kahweol palmitate as well as kahweol linoleate 

existed in larger amounts. The total content of the four cafestol esters in dry matter of roasted 

coffees were 13.0 ± 0.2 g/kg (Arabica-Brazil), 12.0 ± 0.1 g/kg (Arabica-Costa Rica), 4.2 ± 0.3 g/kg 

(coffee blend - decaffeinated) and 3.0 ± 0.2 g/kg (Robusta-Vietnam). These values are in 

accordance to those that observed by other authors (Speer and Kölling-Speer, 2006). Besides 

that, the diterpene esters fraction of Arabica and Robusta coffee showed qualitative and 

quantitative differences. Traces amount of kahweol esters were detected in Robusta-Vietnam, 

however, their content was less than LOQ. Also, Arabica coffees showed higher cafestol palmitate 

than those obtained in Robusta-Vietnam. On the other hand, variation in cafestol oleate was 

lower between Arabica and Robusta samples.  

4.6.3.2. Effect of blending 

The fate of diterpene esters in a blends of Robusta (Vietnam) and Arabica coffee (Brazil) was 

analyzed and the relationships between percent composition and diterpene esters fraction are 

displayed in Figure 4.25. The relative percentage of diterpene esters in coffee blends were 

affected by the coffee species (Arabica or Robusta ratio in the blend), however each group of 

esters presented almost the same decline trend in coffee blends. As first consideration, all 

diterpene esters decreased along with increasing in the proportion of Robusta. According to our 

results, cafestol esters were less affected by coffee species than kahweol esters. In coffee blend 

contain 80% Arabica to the blend include 20% Arabica, 49 ± 7% decline was observed in 

cafestol esters content, while decrease in kahweol esters achieved 76 ± 4%. Among cafestol 

esters, slightly higher reduction in cafestol palmitate and cafestol linoleate content (55 ± 3%) 

was apperceived compare to cafestol oleate and stearate (43.2 ± 0.2 %).  Kahweol esters were 

more affected by Robusta ratio in the blends as around 74.3 ± 0.2% decrease was observed on 

kahweol linoleate, oleate and palmitate content. On the other hand, higher effect was observed 

for kahweol stearate with around 80% decrease from coffee blend contain 80% Arabica to the 

blend contain 20% Arabica. Therefore, it was concluded that in this case study, kahweol esters in 

particular kahweol stearate is a better indicator for coffee blends, because their concentration is 

more influenced by coffee species in the blends. On the other hand, considering several chemical 
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compounds simultaneously prevents possible misled declaration or labeling about the 

composition of coffee blends. 

 

4.7. Anti-angiogenic properties of cafestol palmitate 

and kahweol palmitate 

Availability of endothelial cells (ECs) as well as awareness about the angiogenesis process led 

to the development of in vitro assays to investigate natural biological active compounds. Given 

that angiogenesis plays an important role in many pathological conditions, including cancer 

growth and metastasis, this section aimed to assess the potential anti-angiogenic effects of some 

diterpene esters in an in vitro angiogenesis model. For this purpose, HMVECs were treated with 

 

 

Figure 4.25. Cafestol and kahweol esters content (mg/100g dry matter) in the blends of Arabica-Brazil 
and Robusta-Vietnam. 
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the main two diterpene esters namely cafestol palmitate (CP) and kahweol palmitate (KP) in a 

number of assays to test the potential anti-angiogenic properties of these compounds. 

4.7.1. Effect of cafestol and kahweol palmitate on HMVECs viability 

The study of the anti-angiogenic properties of CP and KP was initiated by assessing the non-

toxic concentration of these two compounds on HMVECs. The HMVECs growth inhibitory effect 

of CP and KP was tested using the MTS assay. The results indicated that HMVECs viability 

decreased after 24 h incubation with CP and KP in dose-dependent manner (Figure 4.26). 

Incubation with 50 µM CP did not significantly affect the number of viable cells relative to 

control (p ≥ 0.05 vs. control), whereas 75 and 100 µM CP, significantly inhibited cell viability (p < 

0.05 vs. control). KP revealed an enhanced toxicity compared to control and cell survival 

reduction was more pronounced after incubation with KP as HMVECs in all treatments were 

significantly less viable than those obtained for control (Figure 4.26) as 75 and 100 µM 

treatments with KP were cytotoxic and dramatically inhibited the viability of HMVECs (p < 0.05 

vs. control). Upon incubation with 100 µM KP, only 5% of cells remained viable, suggesting that 

KP exerted stronger inhibitory effects on HMVECs viability. These results indicated that upon 

treatment with 50 µM CP and KP, the HMVECs maintain their metabolic activity (57% for KP and 

82% for CP). Therefore, this concentration was used in the following experiments. These 

findings prompted the use of BrdU incorporation assay at 50 µM of CP and KP.  

 

 

Figure 4.26. Effect of CP and KP on confluent HMVECs cultures viability evaluated by MTS assay. 
HMVECs were seeded in 96-well plates and cultured in the absence or presence of various 
concentrations of CP and KP (50, 75, and 100 μM) for 24 h and viability of ECs was determined by MTS 
assay. Incubation of cells upon treatment with CP and KP at concentration of 50 μM led to 82 ± 7% and 
57 ± 13% cell viabilities, respectively. Results are expressed as percentage vs. control as 100% 
viability. Depicted data are means of values ± sd. Assays were repeated three times and performed in 
duplicates, p < 0.05 vs. control. CP, cafestol palmitate; KP, kahweol palmitate. 
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When HUVECs were treated with various concentrations of pure kahweol, estimated IC50 

values through MTT assay were 50 ± 1 and 147 ± 7 μM for proliferative and non-proliferative 

HUVECs, respectively (Cárdenas et al., 2011). In another study, the IC50 value of the cafestol and 

kahweol after 48 h of incubation was estimated as 82.07 μM and 56 μM in human mesothelioma 

cells (MSTO-211H), respectively (Lee et al., 2012). Regarding pure cafestol, treatment of HUVECs 

up to 10 μM did not inhibited cell survival, whereas treatment with 20 - 80 μM inhibited cell 

survival significantly, as compared with control (Wang et al., 2012). However, as far as we know, 

there is no published work comparing the cytotoxic effect of diterpene esters, namely CP and KP 

on HMVECs. 

4.7.2. Cafestol and kahweol palmitate inhibit HMVECs proliferation 

ECs proliferation is one of the main steps of angiogenesis (Wang et al., 2012). As shown in 

Figure 4.27, both compounds revealed significant anti-proliferative effects on HMVECs at 

concentration of 50 µM as CP and KP treatments of HMVECs for 24 h, led to a decrease in the 

percentage of proliferating cells when compared to control group (p < 0.05). Concerning cell 

proliferation, a stronger anti-proliferative effect of KP was observed in comparison with CP, 

however, no statistical difference was found between CP and KP (p ≥ 0.05). This result is 

compatible with MTS assay which showed higher inhibitory effect of KP on HMVECs viability. 

The findings obtained for CP and KP are in agreement with the results of other authors who 

reported inhibition of ECs proliferation in the presence of free cafestol and kahweol (Cárdenas et 

al., 2011; Wang et al., 2012). In another study, cafestol induced anti-proliferation in Caki cells 

during 24 h incubation at 30 and 40 μM concentrations (Choi et al., 2011). 

 

  

Figure 4.27. Study of cell proliferation in HMVECs with the indicated concentration of CP and KP. 
Studding cell proliferation was performed using BrdU assay at 50 µM of CP and KP for 24 h. Anti-
proliferative effect was found for CP or KP at the concentration of 50 µM (p < 0.05 vs. control). There 
was no significant difference between the CP- and KP-treated groups (p ≥ 0.05). 
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4.7.3. Cafestol and kahweol palmitate do not induce apoptosis on HMVECs 

We next examined whether 50 μM CP or KP enhanced HMVECs apoptosis by TUNEL assay. 

Both compounds exhibited apoptosis-inducing activity by 24 h, as compared with control, 

although the differences were not statistically significant (p ≥ 0.05). As illustrated in 

Figure 4.28A and Figure 4.28B control cells revealed the lowest percentage of apoptotic cell 

number (6.0%). Also, the percentage of apoptotic cells upon CP incubation was less than those 

obtained upon KP treatment (mean values of 6.6% and 14.4%, respectively).  

 

A)  Control CP (50 μM) KP (50 μM) 

 

DAPI 

   

 

FITC 

   

B)  

 

Figure 4.28. Study of cell apoptosis in HMVECs with the indicated concentration of CP and KP. (A) Effect 
of CP and KP on HMVECs apoptosis assessed by TUNEL assay at 50 μM of CP and KP. Fluorescent images 
(Magnification ×200) of cells treated with CP and KP vs. control after 24 h incubation with treatments at 
37 °C under 5% CO2. Blue (DAPI), Dapi-stained nuclei; Green (FICT), apoptotic cells. (B) HMVECs 
incubation with CP and KP resulted in increased apoptosis after 24 h but in non-significant manner (p ≥ 
0.05 vs. control). 
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These latter findings were compatible with the previous ones from BrdU proliferation assay 

(Figure 4.27). These findings suggest that CP and KP do not induce apoptosis on HMVECs, 

compared to control (p ≥ 0.05). Although in our study apoptosis did not play a major role in 

inhibition of angiogenesis, its role in reducing this process could not be ignored. Also, the anti-

angiogenic effect of free kahweol without apoptosis among non-tumoral cells has been 

previously reported as 25 μM kahweol was not able to induce apoptosis in HUVECs (Cárdenas et 

al., 2011). However, in another study conducted by Lee et al. (Lee et al., 2012) the apoptotic cell 

death was increased in MSTO-211H as a result of incubation with cafestol (40 and 60 μM) and 

kahweol (60 and 90 μM) for 48 h. 

4.7.4. Kahweol palmitate inhibits HMVECs migration 

ECs, which constitute the inner layer of blood vessels, compose the blood vessels along with 

perivascular cells which surround them. To achieve new blood vessels, ECs must leave the vessel 

basement membrane through secretion of several proteases. This allows proliferative ECs to 

invade and migrate toward the source of the angiogenic stimulus (Bergers and Song, 2005). ECs 

migration is a mechanically integrated molecular process that involves dynamic, coordinate 

changes in cell adhesion, signal transduction, and cytoskeletal dynamics and organization 

(Lamalice et al., 2007). To investigate whether diterpenes inhibits migration of HMVECs, 

migration assay was performed on CP and KP treated HMVECs. As shown in Figure 4.29A and 

Figure 4.29B, 24 h treatment of HMVECs with CP and KP led to a decrease in migratory capacity 

at the concentration of 50 µM compared to control.  

This inhibitory effect was not significant for CP (p ≥ 0.05) and cells were still able to migrate 

towards the damaged area. We demonstrated that the number of cells migrating towards the 

damaged area reduced significantly in KP treated cells (p < 0.05 vs. control). Comparison 

between the inhibitory effects of these two compounds revealed the higher effect for KP. 

Nevertheless, no significant difference of migration inhibition was observed between KP and CP 

(p ≥ 0.05).  

Previous study conducted by Wang et al., (Wang et al., 2012), indicated that HUVECs 

migration was significantly inhibited by 6 h treatment with 10 and 20 μM cafestol. However, 

such a conclusion was not reached after incubation of HMVECs by CP in our study. According to 

Cárdenas et al. (2011), treatment of HUVECs with 75 μM kahweol led to 30% and 60% inhibition 

in cell migration after 8 and 24 h of treatment, respectively. Research presented by Kim et al. 

(2010), showed that in all kahweol-treated cancer cell lines with 1, 5 and 10 μM pure kahweol , 

the number of cells that was migrated to the lower chamber was reduced in a concentration-

dependent manner, being statistically significant for 5 and 10 μM kahweol (Kim et al., 2010). 
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4.7.5. Cafestol and kahweol palmitate suppress VEGFR-2 signaling pathway 

Among pro-angiogenic agents, VEGF is the most potent and has a critical role in angiogenesis 

and can be accounted as the promoter for ECs growth, migration and invasion (Costa et al., 

2009). VEGFR-2 which is expressed in most adult vascular ECs upon angiogenic stimuli, is 

considered the main transducer of VEGFA effects on ECs differentiation, proliferation, migration 

and formation of the vascular tube (Tugues et al., 2011). VEGFR-2 undergoes auto-

phosphorylation and the activated form (pVEGFR-2) triggering signaling pathways which is 

critical for pathological angiogenesis (Machado et al., 2015). Accordingly, anti-angiogenic 

A) Control CP (50 μM) KP (50 μM) 

0 h 

   

24 h 

   

B) 

 

Figure 4.29. Study of cell migration in HMVECs with the indicated concentration of CP and KP. (A) Effect 
of CP and KP on HMVECs migration at 50 µM of CP and KP. These compounds inhibited HMVECs 
migration in injury assay after 24 h incubation at 37°C under 5% CO2, being significant in KP-treated 
HMVECs. (B) The inhibitory effect on HMVECs migration was found significant (p < 0.05 vs. control) 
only when HMVECs were incubated with KP. Graphs are the means ± sd. Values from at least two 
independent experiments, repeated three times, p < 0.05 vs. control; CP, cafestol palmitate; KP, 
kahweol palmitate. 
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therapy is searching for molecules able to target VEGF ligands or receptors (Tarallo and De 

Falco, 2015).  

Our results verified that VEGFR-2 signaling pathway was significantly affected (p < 0.05 vs. 

control) in the presence of CP and KP at the concentration of 50 μM. As illustrated in 

Figure 4.30A and Figure 4.30B, both compounds decreased VEGFR-2 expression, being CP the 

one with stronger effect. Treatment with CP and KP significantly inhibited the expression of Akt, 

a downstream effector of VEGFR-2 signaling pathway compare to control group (p < 0.05). 

However, both compounds were unable to affect Erk expression in HMVECs (p ≥ 0.05) 

(Figure 4.30A and Figure 4.30B). Our findings were in agreement by another study (Wang et al., 

2012), which reported that Erk phosphorylation was not affected by free cafestol in HUVECs. 

To confirm these findings, an ELISA assay for phosphorylated (active) VEGFR-2 was also 

performed. CP and KP treated HMVECs at the concentration of 50 μM displayed less 

phosphorylated VEGFR-2, compare to control, being more profound for CP (Figure 4.30C). Due 

to the crucial role of VEGF signaling pathway through the VEGFR-2 tyrosine kinase 

phosphorylation, inhibition of this pathway could be an effective approach against angiogenesis. 

Therefore, the presence of less activated VEGFR-2 (pVEGFR-2) in CP and KP treated HMVECs, 

suggests these compounds as VEGFR-2 inhibitors. 

The inhibitory effect of free cafestol on phosphorylation of VEGFR-2 in HUVECs at 

concentration of 20 μM was previously reported (Wang et al., 2012). They concluded that free 

cafestol mainly influences signaling pathways downstream of VEGF subsequently leading to 

anti-angiogenesis (Wang et al., 2012). Kim et al. (2012) reported that free kahweol inhibited 

VEGF secretion and VEGF promoter activity in treated human cancer cells. However no 

inhibitory effect was observed on normal human ECs. They suggested that kahweol mediates 

VEGF expression at the transcriptional level (Kim et al., 2012). Accordingly, the inhibitory effect 

of kahweol on cancer metastasis may contribute to inhibition of the expression and secretion of 

some MMPs (matrix metalloproteinases), inhibition of activity of STAT3 (signal transducer and 

activator of transcription) as well as inhibition of secretion of pro-angiogenic factor VEGF by 

cancer cells. However, such a report does not exist for cafestol. Therefore, kahweol may be a 

potential candidate for both preventive and therapeutic strategies (Kim et al., 2012).  

According to our results, CP had greater inhibitory effect on VEGFR expression than KP. This 

observation may suggest that chemical modification of cafestol to esterified form could improve 

its biological activities in some cases. It has been reported that incubation of endothelial 

progenitor cells (EPCs) with palmitic acid at concentrations of 0.2 μM or higher, inhibited EPCs 

proliferation, migration and tube formation in a dose-dependent manner via downregulation of 

Akt/eNOS signal pathway (Guo et al., 2008). In another more recent study (Jiang et al., 2010) it 
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was demonstrated that palmitic acid could increase EPCs apoptosis in a dose- and time-

dependent manner via p38 and JNK MAPKs pathways, however, Erk expression was not affected 

under treatment with palmitic acid. Since palmitic acid also shows anti-angiogenic properties, 

esterification of cafestol and kahweol with palmitic acid tend to improve their properties. 

Therefore, probably different obtained results between CP and KP could be attributed to the 

presence of fatty acid in their molecular structures which may induce synergetic effects in some 

assays. 

 

A) B) 

 

 

C)  

 

 

Figure 4.30. Effect of CP and KP on VEGFR-2 signaling pathway. (A and B) Effect of incubation of HMVECs 
with CP and KP at concentrations of 50 μM on total VEGFR-2, Akt, and Erk expression was tested by Western 
blotting analysis. (A) Representative bands obtained after immunostaining are shown. (B) Quantification 
carried out through densitometry and the relative band intensity ratio after normalization with β-actin are 
shown compared to control as 100%. Total VEGFR-2 expression decreased in CP- and KP-treated cells. A 
significant reduction for Akt expression was also presented upon treatment with CP and KP (p < 0.05 vs. 
control). Erk immunostaining was not affected after incubation with compounds analyzed (p ≥ 0.05 vs. 
control). (C) Phosphorylated VEGFR-2 (pVEGFR-2) in HMVECs after incubation with 50 μM CP and KP was 
measured by ELISA assay. Comparisons of the relative intensity of activated VEGFR-2 compare to control (as 
100%) are shown. Both compounds inhibited the expression of activated VEGFR-2 in treated ECs. p < 0.05 vs. 
control. CP, cafestol palmitate; KP, kahweol palmitate. 
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Chapter 5 

Conclusions and Future Work 

5.1. General conclusions 

This thesis studied the content of diterpenes and in particular their related esters in coffee 

matrices, via optimized analytical methodologies. As coffee brews have been considered the 

most important contributor to diterpenes exposure in the diet, it was considered important to 

know the levels of these biological active compounds in the final beverages in order to estimate 

the daily exposure to diterpenes from coffee and define potential strategies to balance and 

benefits its intake. Subsequently anti-angiogenic properties of cafestol and kahweol palmitate 

were investigated for the first time. In fact, known effects of free diterpenes on human health 

have already been described, but the anti-angiogenic effects of cafestol and kahweol palmitate 

have never been studied. 

Regarding the analytical methodologies, the analyses of these diterpenes in coffee are usually 

performed by Soxhlet extraction, alkaline hydrolysis followed by HPLC or GC analysis. The 

optimization of the extraction procedure for free diterpenes including cafestol, kahweol, 16-OMC 

and dehydrocafestol was successfully performed. Kahweol and cafestol are the most important 

diterpenes that exist mainly as esters of fatty acids in coffee oil. To recover them under their free 

form they have to be saponified. Initially several parameters were considered to optimize the 

saponification procedure, in order to efficiently extract the total diterpenes from ground coffee 

or brews. Regarding coffee brews, the final extraction procedure could be described as 

saponification of 2.5 mL of coffee brew with 3.00 g of potassium hydroxide at 80 °C in water 

bath, followed by two sequential extractions using diethyl ether and clean-up with 5 mL of 2 M 

NaCl solution. It was concluded that the extraction of these compounds was mainly dependent of 

a constant temperature during the saponification, KOH content and successive extractions with 
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organic solvent. The HPLC-DAD analysis consisted of isocratic elution with acetonitrile/water 

(55:45, v/v), at a flow rate of 0.8 mL/min. Within the linearity ranges (1 - 300 mg/L), high 

coefficient of determination (R2 ≥ 0.999), good precision (≤ 8%), recovery of more than 85%, as 

well as limit of detection and quantification less than 1 mg/L were achieved for all studied 

analytes which indicated the reliability of HPLC-DAD for quantification of these compounds in 

coffee brews.  

According to literature review, total cafestol and kahweol have been studied in some types of 

coffee brews, but few information exists regarding total cafestol, kahweol, 16-OMC in the new 

forms of preparation of coffee brews that gained great market in recent years. Considering the 

analyzed samples in this thesis, kahweol was the most important diterpene in Arabica brews, 

followed by cafestol. Whereas, in Robusta brews, cafestol and 16-OMC were the main diterpenes. 

The cafestol ranged between 0.3 - 14.0 mg/L and 1.2 - 28.5 mg/L in traditional and commercial 

brews, respectively. The values of 0.3 - 190.6 mg/L (traditional) and 0.9 - 80.0 mg/L 

(commercial) were achieved for kahweol. 16-OMC was only detected in traditional Robusta 

based brews in the range of 11.4 to 45.6 mg/L and in commercial brews ranged between 2.2 and 

8.8 mg/L. In general, variation among espresso coffees were less remarkable as cafestol, 

kahweol and 16-OMC were in the range of 5.4 - 28.5 mg/L, 6.7 – 80.0 mg/L and 2.2 – 8.8 mg/L, 

respectively. All espresso brews contributed to moderate to low diterpenes consumption per 

cup compared to traditional coffee brews (0.1 - 49.6 mg/cup in traditional coffees vs. 1.0 – 4.1 

mg/cup in espresso coffees). It was concluded that the coffee brews evaluated in this study, 

except filtered and instant coffee, represented an important source of diterpenes. 

Due to the popularity of espresso coffee (EC), the effect of brewing conditions on the cafestol 

and kahweol profiles as well as extraction efficiency of these two diterpenes from R&G Arabica 

coffee was comprehensively investigated. The influence of the water quantity, amount of ground 

coffee, grinding size, percolation time, water temperature and pressure on cafestol and kahweol 

content of EC were studied. The operating conditions that provided the highest diterpenes 

concentrations per cup of coffee were using very fine particles or bigger cup size. Generally 

speaking, by varying the preparation parameters, the total diterpenes could be reduced from 

58.9 ± 0.7 mg/L (2.3 mg/40 mL, brewed with very fine particles) to 30.8 ± 0.8 mg/L (1.2 mg/40 

mL, brewed at 70 °C). Consequently, different operation conditions seem to play an important 

role on diterpene extraction efficiency. Overall, 1.4% of the cafestol and 1.5% of kahweol present 

in the R&G coffee were effectively extracted to the EC brewed under 70 °C while brewing EC 

with very fine particles revealed higher extraction efficiency for cafestol (2.8%) and kahweol 

(2.9%). Overall, this study clearly shows that changes in parameters of coffee brew preparation 

may be used to modulate EC diterpenes content. The results of the present work may also prove 
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useful when assessing diterpenes exposure through coffee intake in a population, knowing that 

it is substantially dependent on the method of brew preparation. 

Regarding the analysis of total diterpenes in ground coffee, the optimized method involved in 

direct hot saponification of 200 mg of coffee powder (≤ 300 μm) with 3.0 g potassium hydroxide 

during 60 min followed by four times extraction of analytes with diethyl ether. The quantitative 

determination of total diterpenes (cafestol, kahweol, 16-OMC and dehydrocafestol) in ground 

coffee was performed according to valid methodology within the linearity ranges of 5 - 1500 

mg/100 g and coefficient of determination higher than 0.999. Good recovery (≥ 80%), precision 

(≤ 5%) and LOD (≤ 2 mg/100 g) as well as LOQ (≤ 6 mg/100 g) were also achieved. The 

applicability of the optimized extractions and analytical methods were verified by quantitative 

determination of total diterpenes in some samples either in green or roasted coffee. Cafestol and 

kahweol were almost unstable upon contact with high temperature of roasting. Accordingly, 

cafestol contents were decreased from 40 -71 mg/g coffee oil in green coffee beans to 35 - 52 

mg/g coffee oil in roasted ones. Less effect was remarked for kahweol content as reduction from 

2 - 68 mg/g to 1 – 63 mg/g coffee oil was found from green beans over the roasted coffees. On 

the other hand, 16-OMC presented relative stability in the roasting process (27.0 ± 0.3 mg/g 

coffee oil vs. 24.9 ± 0.2 mg/g coffee oil in in green and roasted Robusta-Vietnam, respectively). 

Dehydrocafestol was only identified in roasted samples in the range of 1 – 3 mg/g coffee oil, 

which was exploited to estimate the degree of roasting in roasted coffee beans. 

The extraction of the diterpene esters from coffee brews were optimized, as well. Simply, 

diterpene esters were extracted from 2.5 mL of coffee brew in the presence of methanol and 

diethyl ether as extraction solvent. Duplicate extractions were able to extract more than 80% of 

diterpene esters from coffee brews.  

The best separation of diterpene esters (cafestol and kahweol linoleate, oleate, palmitate and 

stearate) in HPLC-DAD analysis was obtained using mobile phase composition of 

acetonitrile/isopropanol (70:30, v/v) with a flow rate of 0.4 mL/min. HPLC–DAD/SD has been 

successfully applied to deconvolve, from the raw data, the chromatographic peaks of cafestol 

and kahweol esters, improving therefore the reliability of the analytical method. This approach 

showed high coefficient of determination (R2 ≥ 0.99) for all standards within the linearity range 

(5 - 400 mg/L). Good intra- and inter-day precision (≤ 5%), and accuracy (recovery of 87 - 103% 

and 91 - 97% for cafestol and kahweol esters, respectively) were achieved. LODs of cafestol and 

kahweol esters were in the range of 0.1 - 0.5 mg/L and 0.5 - 1.7 mg/L, respectively. LOQs ranged 

from 0.4 - 1.7 mg/L for cafestol esters and 1.7 - 5.5 mg/L for kahweol esters. The validated 

methodology proved to be simple and accurate. No significant differences (p ≥ 0.05) were 

observed among deconvolution and classical approach, when setting the wavelength at 290 nm 
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and perfect agreement was achieved for kahweol esters content measured with these two 

analytical techniques, proving the reliability of the deconvolution for analysis of diterpene 

esters. The advantage of the HPLC-DAD measurement joined with spectral deconvolution 

allowed us to establish for the first time, an analytical procedure for the simultaneous 

determination of cafestol and kahweol esters. However, care must be taken when using HPLC-

DAD/SD and it should also be rigorously designed and validated. In particular, it is important to 

obtain high quality spectra from standards and to verify the co-linearity. The amount of spectra 

used at any time should also be kept minimal. While, theoretically, only the spectra of the target 

compounds and background spectrum are needed, this is with the assumption that no impurities 

are co-eluting. If this is not the case and if the concentrations of the impurities are high enough 

to interfere, the spectra of the impurities should be added in the design matrix. As a conclusion, 

this method can be applied routinely for measurement of these compounds in a large monitoring 

scheme of coffee brews allowing a high sample throughput. 

Diterpene esters intake through coffee brews was also substantially dependent on the 

method of brew preparation. The main eight diterpene esters were measured in several coffee 

brews. However, other environmental and technological parameters should be considered in 

order to compare extraction of target compounds from capsules, pod or soluble coffees. With the 

results obtained, in general, boiled coffee prepared from Arabica bean was the most 

concentrated brew in terms of total cafestol esters (309 ± 15 mg/L) and total kahweol esters 

(1016 ± 29 mg/L) content. Among espresso brews, capsule B contained the highest kahweol 

esters content (403 ± 11 mg/L). On the other hand, mocha and espresso brews had an 

intermediate contribution to cafestol esters intake with values of 46 ± 5 mg/L and 5.1 – 73 mg/L, 

respectively. Mocha coffee and espresso brews, except capsule B, also were considered as an 

intermediate source of kahweol esters (123 ± 2 mg/L of mocha coffee and 46 – 127 mg/L of 

espresso coffee brews). Only negligible amount of diterpene esters were effectively extracted by 

filtered and instant coffee. In addition, regarding kahweol esters, kahweol palmitate (2 – 409 

mg/L) was the major compound in all samples, followed by kahweol linoleate (20 – 381 mg/L), 

oleate (5 – 176 mg/L) and stearate (2 – 50 mg/L). Higher amounts of cafestol palmitate (1.5 – 

103 mg/L) and stearate (3 – 62 mg/L) were observed compared to cafestol linoleate (0.5 – 46.5 

mg/L) and cafestol oleate (0.5 – 20 mg/L). Among these eight diterpene esters, diterpenes 

esterified with unsaturated fatty acids were almost half (47 to 52%) of the total diterpene esters 

content. These data provides new information regarding the diterpenes that are available for 

consumption. In fact, considering the significant consumption of coffees in the world, they 

should be considered as an important source for natural biological active compounds. A better 
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understanding about the grains type, cultivation condition, roasting and brewing would improve 

the knowledge about the nutritional value of coffee.  

Finally improvement of the analytical methodology for the extraction of diterpenes esters 

from ground coffee was tested and validated. Due to complexity of ground coffee, the 

ultrasound- assisted extraction of diterpene esters from ground coffee with methanol-diethyl 

ether mixtures appeared effective in comparison to the conventional procedures. For this 

purpose, 200 mg of coffee along with 300 μL methanol exposed to ultrasonication for 20 min 

followed by 3 times extraction of analytes of interest using diethyl ether which resulted in an 

efficient extraction. It proved by the presence of less than 1% of cafestol and kahweol content of 

the initial sample in the waste ground coffee (obtained after ultrasonication and extraction). The 

optimized method was kept simple, with minimum steps of sample treatment. Calibration curves 

(25 -2000 mg/100 g) used to quantify diterpene esters in ground coffee represented LODs less 

than 10 mg/100 g. The accuracy test was performed by spiking ground coffee with reference 

standards at two different concentration levels (250 and 500 mg/100 g) which resulted in high 

recovery (91 – 102%) in both spiking levels. 

In the roasted coffees, the cafestol and kahweol are still in the esterified form. According to 

our findings the percentage distribution of these esters did not change by the roasting process. 

Among cafestol esters, cafestol palmitate existed in larger proportion in green (201 – 739 

mg/100 g dry matter) and the respective roasted coffees (154 – 670 mg/100 g dry matter). In 

terms of kahweol esters, kahweol linoleate presented slightly higher content that kahweol 

palmitate either in green (542 – 2455 mg/100 g dry matter) or respective roasted coffee 

samples (612 – 2342 mg/100 g dry matter).  

When studying the coffee blends, all diterpene esters decreased with the increase in the 

proportion of Robusta but almost in the same rate as the distribution of individual diterpene 

esters in coffee blends was not affected by coffee species.  According to our results, from coffee 

blend contains 80% Arabica to coffee blend includes 20% Arabica, decline in cafestol palmitate 

and cafestol linoleate content (55 ± 3%) was slightly higher than those in cafestol oleate and 

stearate (43.2 ± 0.2 %). Kahweol esters were more affected by Robusta ratio in the blends, as 

around 74.3 ± 0.2% decline was observed for kahweol linoleate, oleate and palmitate content. 

On the other hand higher effect was observed for kahweol stearate with around 80% decrease. 

Given that angiogenesis plays an important role in many pathological conditions, including 

cancer growth and metastasis, the potential anti-angiogenic effects of cafestol palmitate (CP) and 

kahweol palmitate (KP) were assessed in an in vitro angiogenesis model. This study provided 

new insights into the antiangiogenic properties of these two diterpene esters. CP and KP, as the 

main diterpene esters present in Arabica coffee are able to prevent several steps involved in 



Chapter 5: Conclusions and Future Work  

  

146 

angiogenesis. Our findings further indicate that in most cases, KP exerts more potent anti-

angiogenic effects than CP. Compared to control, HMVECs viability decreased in a dose-

dependent manner upon incubation either with CP or KP. Concentrations of 75 and 100 μM of 

each compound were cytotoxic. Cell proliferation was also dramatically reduced by both 

diterpene esters at 50 μM, although KP had a stronger inhibitory effect. However, CP and KP did 

not induce apoptosis on HMVECs. Both compounds reduced cell migration, but this effect was 

only statistically significant (p <0.05 vs. control) after KP incubation. Prevention of VEGF release 

to HMVECs culture medium through suppression of Akt signaling pathway as well as their 

inhibitory effects on phosphorylated (active) VEGFR-2 was clearly indicated as inhibition of 

VEGFR-2 expression and its downstream effector Akt, but not Erk, was observed in CP- and KP-

treated HMVECs. These findings were confirmed using ELISA assay for phosphorylated (active) 

VEGFR-2. Natural VEGFR-2 expression inhibitors such as CP and KP combined with other 

therapies may improve the efficiency and quality of cancer treatment or anti-angiogenic 

therapies.  

5.2.  Future work 

This thesis mainly consisted in the study of diterpenes and related esters in different coffee 

matrices, as well as the anti-angiogenic properties of two main diterpene esters. However, future 

work should address the challenges posed by the variability of coffee samples that may affect the 

chemical composition and analysis of target compounds. 

First of all, improvement of the extraction process of total diterpenes is advised, in order to 

decrease the time of saponification. Microwave assisted extraction could be considered as an 

alternative for saponification of diterpenes, either ground coffee or related beverage, without 

requirement of pre-extraction of coffee oil. 

On the other hand, it is known that Arabica species contain mainly cafestol and kahweol, 

while, in Robusta species, kahweol presents less content. Cafestol mainly exist in esterified 

forms, together with kahweol and 16-OMC. It has been also reported that cafestol was 

dehydrated within the fatty acid esters. Despite the applicability of the deconvolution approach 

for analysis of cafestol and kahweol esters, it should be considered the improvement of this 

approach to extend to 16-OMC esters or the esters of decomposition products. Furthermore, 

optimization studies would need to be carried out, if the concentrations of the impurities are 

high enough to interfere, either in design matrix for deconvolution or extraction of the analytes. 



Coffee Diterpenes: Quantification and Anti-angiogenic Effects  

 

147 

The latter may be achieved through application of different extraction solvents or mixed 

solvents to clean and remove the interfere compounds. 

Furthermore larger number of Arabica and Robusta roasted samples should be evaluated in 

order to draw more reliable conclusions in particular regarding coffee blends, which are the 

normal consuming pattern of populations. Also the fate of diterpene esters in coffee blends with 

more sample diversity, could lead to find a correlation and study the applicability of some 

diterpene esters (like esters of 16-OMC or even kahweol esters) as purity indicators for coffee 

beans. As it was mentioned, considering several chemical compounds simultaneously (probably 

more than one indicator), could prevent in future, possible misled declarations or labeling about 

the composition of coffee blends. 

The study about the diterpene esters should be more detailed. A coffee seed leaves behind 

numerous steps until is taken as a drink. Diterpene esters profile may be affected by all of these 

steps. Therefore, studies on the variability of diterpene esters as influenced by different 

environmental parameters should be also performed in future.  

Finally, in vitro studies revealed the anti-angiogenic properties of diterpene esters, but, in vivo 

models are required to support these findings. Research targeting the action of these compounds 

on different types of cells (such as cancer cells lines) is required, as well. Although anti-

angiogenic properties of diterpene esters in in vitro models were confirmed, we are still far from 

being able to say that diterpenes or their esters are good or bad for human health. That would 

require several animal and clinical studies. 
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Annex 

Annex I  

A1.1. Extracting and opening the data 

For this work the raw matrix of data recorded by the DAD is needed in an ascii (text) format 

(Figure A1.1). With the EZChrom software this can be easily done in the method tab as follow. 

Open the “Advanced Method Options” dialog box via the “Method > Advanced…” and select the 

export panel.  

Export panel in advanced method from EZChrom (Figure A1.1). 

1. Checked the “Export Enabled” box (1). 

2. Select “PDA Data” from the list box (2). 

3. In the “parameters to export” list select “ASCII 3D Data” and click the green arrow button 

to have it in the “Export these parameters” text box (3). 

4. In the “Export option”, select <Tab> as “Field separator” (4) 

5. Select the “Path for export file” (5). I experienced problems when creating the path here. It 

is better to create the path before. 

6. Repeat these steps for each detector channel available in the channel list box (6) 

7. Save the EZChrom method either as a new method only used to export the data of interest 

(in this case each time you want to export a dataset, in the main panel, you have to (1) 

open the experiment , (2) load the method and (3) click “analyze”) or as part of your 

acquisition method to automatically export every runs.  
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A similar approach should exist with other acquisition software. Data files should have the 

extension ‘ASC’. They can be open in Matlab using 

 

In the question dialog that will pop up, click “File” and select your ASC data. The following 

panel should pop up. 

 

 

Figure A1.1. Extracting and opening the data. 

 

uiimport 

 

Figure A1.2. uiimport panel from Matlab. 
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With EZChrom, the file contains 17 header rows with important information followed by the 

raw data recorded by the DAD. This may differ depending of the acquisition software. Each row 

in the raw matrix (in blue in Figure A1.2) corresponds to the recorded UV spectrum at a given 

elution time. The axes can be obtained via the information contained in the headers rows. In this 

particular example, 7 variables should be created freq, nbrPts, wvStart, wvEnd, wvStep, 

absUnits, absMulti (see Figure A1.2) with the adequate values. You may experience problems 

with Matlab if you use the main window with the uiimport panel open. It may be better to first 

import the data and then enter the values. In this case you will have to write them somewhere. 

 

 

 

Before importing the data, the range should be defined ((1) in Figure A1.2), the type of 

variable to be created selected ((2) in Figure A1.2, always select Matrix) and the name of the 

variable keyed ((3) in Figure A1.2, here with the name dataArray). After clicking in “Import 

Selection” the new variable dataArray will be created. You should then close the uiimport panel. 

Data should be corrected by multiplying with the absorbance multiplier: 

 

 

 

The time axe (axeX) and absorbance axe (axeY) should also be created: 

 

A1.2. Exploring the data and getting the standard spectra 

Matlab can be used to explore your dataset. For example, if you know that the wavelength at 

225 or 290 nm are of interest, you obtain the corresponding chromatogram from you original 

data. 

freq = 2.5; 

nbrPts = 6001; 

wvStart = 200; 

wvEnd = 400; 

wvStep = 1; 

absUnits = 'mAU'; 

absMulti = 0.00025; 

dataArray = dataArray * absMulti; 

axeX = ((1:nbrPts)/freq/60)'; % For units in min 

timeUnits = 'min'; 

axeY = wvStart:wvStep:wvEnd; % To be consistent with the matrix of data,          

axeX is a column 

                              % vector and axeY is a row vector 
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Select the three “chrom…” variables and in the plot tab choose Plot as multiple series.  

 

You can use the data cursor (circle in red in Figure A1.3) to obtain the coordinates of the 

different peak maxima. Those coordinates can be used, for example to obtain the UV spectra. 

 

 

 

ind225 = find(axeY == 225); % Find the column number corresponding to 

225 nm 

ind290 = find(axeY == 290); % Find the column number corresponding to 

290 nm 

chromMax = mean(dataArray')';% Plot of the mean spectral intensity  

chromAt225 = dataArray(:,ind225); 

chromAt290 = dataArray(:,ind290);  

 

Figure A1.3. Comparison of chromatograms. 

spectraAt4198 = dataArray(4198,:); 
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While this approach could be used to obtain the spectra of the target compounds, to create 

the deconvolution model it is preferable to inject individual standards of the chemicals of 

interest. To corrected from background absorption we did (you can copy the following text in 

your Matlab editor and save the new function in your “current folder”). 

 

 

To run: 

 

 
Figure A1.4. Absorbance at line = 4198 (axeX (4198) = 27.99 min). 
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function spectra = extractSpectra(dataArray, indStart, indEnd)  

% dataArray is your matrix of raw data; indStart is the index 

corresponding to the time at  

% peak start and indEnd is the index corresponding to the time at peak 

end. If you have the  

% timeAtPeakStart and timeAtPeakEnd from your chromatogram, you can use 

% indStart = find(axeX >= timeAtPeakStart, 1, 'first'); 

% indEnd = find(axeX  <= timeAtPeakEnd, 1, 'last'); 

    

n = size(dataArray,2); % n is the number of columns 

spectra = zeros(n,1); % Initialisation of the resulting spectra 

for ii = 1:n 

    bckg(:,1) = [indStart:indStart+5 indEnd-5:indEnd];  

    bckg(:,2) = [dataArray(indStart:indStart+5,ii); dataArray(indEnd-

5:indEnd, ii)]; 

    % bckg in 6x2 matrix that is calculated at every wavelength (3 pts 

after peak start and 3 

    % points before peak end) and is used to calculate a linear equation 

that will be used for 

    % background correction. 

    p = polyfit(bckg(:,1), bckg(:,2), 1); % linear equation 

    spectra(ii,1) = mean(dataArray(indStart:indEnd,ii)-

polyval(p,indStart:indEnd)');  

end 

spectraxxx = extractSpectra(dataArray, yourIndStart, yourIndEnd); 

spectraxxx = spectra_xxx/max(spectra_xxx); % Normalization to help for 

comparison 
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This should be done with all the standards to obtain the standard spectra. Because we will 

use the deconvolution model for all experiments, it is interesting to save them in a structure. 

 

 

 

The 5 displayed fields are compulsory fields but other fields can be added. This structure 

should be saved.  

 

 

 

The structure will be saved in the current folder as defined in the left panel of Matlab. To load 

the structure the easiest way is to select the folder and click on “theName.mat”. The same model 

should be used with all experiments at the exception of the background spectrum that can be 

measured and updated in every experiment. 

A1.3. Deconvolution and analysis of results 

The deconvolution is done using the function deconvolutionDAD. This function can be 

downloaded from Matlab file exchange or copied from the annex. To run the function simply 

type: 

 

 

 

% nbrSpectra goes to one to the total number of spectra to be used in 

the model and should  

% include the spectrum of each chemical of interests, spectrum(a) of 

background, a constant 

% spectrum filled with 1 and the spectra of impurities that may co-elute 

with the chemical of 

% interest    

% 

modelSpectra.model{nbrSpectra}.name = 'Name'; % Name of the chemical 

modelSpectra.model{nbrSpectra}.type = 'analyte'; % Either 'analyte' or 

'background'  

modelSpectra.model{nbrSpectra}.yValues = yourSpectra; % Column vector 

containing the absorbance  

           % values 

modelSpectra.model{nbrSpectra}.timeMin = 0;   % Starting time to use 

this spectrum  

modelSpectra.model{nbrSpectra}.timeMax = inf; % Ending time to use this 

spectrum 

save(CtheName.mat', 'ModelSpectra', '-mat') 

output = deconvolutionDAD(axeX, dataArray, modelSpectra, 'regress'); 
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axeX is your time axe, dataArray the data, modelSpectra the structure that contains your model 

spectra and ‘regress’ determined the method used to performed the multiplinear regression. 

Those method are provided by Matlab and we implement the following methods (see help from 

Matlab for more information): ‘fmincon’, ‘fminsearch’ and ‘regress’. In our test the three methods 

gave equivalent results and ‘regress’, being much faster than the other ones, was chosen as 

default. outputData is the resulting structure that will contains the following fields: 

 

 

 

Output.name contains the name of the method used, outputdecTra contains all the 

deconvoluted chromatogram and output.SSR contains the sum squared residuals. They will be as 

many deconvoluted chromatograms as they were spectra in the model. The order is the same as 

in the model, so if the first spectrum in the ModelSpectra was a target analyte, the deconvolved 

chromatogram will be 

 

 

 

Those chromatograms will have to be manually process to obtain each peak area. One 

possibility will be to plot the chromatogram and manually find the peak start (peakStart), peak 

end (peakEnd), baseline start (bslStart) and baseline end (bslEnd) and do 

 

 

 

For Output data: 

 

 

 

 

output.name 

output.decTra 

output.SSR 

decChrom = output.decTra(:,1); 

bckg = [axeX(bslStart: bslStart +3); axeX(bslEnd -3: bslEnd)]; 

bckg(:,2) = [decChrom (bslStart: bslStart +3); decChrom (bslEnd -3: 

bslEnd)]; 

p = polyfit(bckg(:,1), bckg(:,2), 1); 

corrDecChrom = decChrom - polyval(p,axeX)'; 

Area = trapz(axeX(peakStart:peakEnd), corrDecChrom (peakStart:peakEnd)); 

[height, indMax] = max(corrDecChrom (peakStart:peakEnd)); 

tm = axeX(indMax); 
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function outputData = deconvolutionDAD(axeX, dataArray, modelSpectra, minimStrategy) 

%% DECONVOLUTIONDAD is used for spectral deconvolution of data set obtained using LC-DAD.  

% 

%% DESCRIPTION 

% The four parameters are compulsory (no error check are done yet), axeX is 

% the axe of time, dataArray is the matrix of data, modelSpectra is a 

% structure that contains standard absorption spectra of the chemicals of 

% interest, background and potential contaminants. minimStartegy defined 

% which method is to be used to performed the multi linear regression. The 

% possibilities are 'fmincon', 'fminsearch' and 'regress'. For more 

% information please read (ref paper) or go (ref blog) 

% 

%% COPYRIGHT 

% Copyright (c) 2014, Guillaume Erny All rights reserved. 

%  

% Redistribution and use in source and binary forms, with or without 

% modification, are permitted provided that the following conditions are 

% met: 

%  

%     * Redistributions of source code must retain the above copyright 

%       notice, this list of conditions and the following disclaimer. 

%     * Redistributions in binary form must reproduce the above copyright 

%       notice, this list of conditions and the following disclaimer in the 

%       documentation and/or other materials provided with the distribution 

%     * Neither the name of the LEPABE nor the names 

%       of its contributors may be used to endorse or promote products 

%       derived from this software without specific prior written 

%       permission. 

%  

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS 

% IS" AND ANY EXPRESS OR IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, 

% THE IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR 

% PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT OWNER OR 

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, 

% EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO, 

% PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR 

% PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF 

% LIABILITY, WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING 

% NEGLIGENCE OR OTHERWISE) ARISING IN ANY WAY OUT OF THE USE OF THIS 

% SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE. 

  

[m, n] = size(dataArray); 

a = zeros(1,length(modelSpectra.model)); %deconvolution results 

  

switch minimStrategy 

    case 'fmincon'  % fmincon find the minimum of constrained nonlinear multivariable function 

         

        % Initialisation 

        outputData.name = 'fmincon'; 

        outputData.decTra = zeros(m,length(modelSpectra.model)); 

        outputData.SSR = zeros(m,1); 

         

        for countX = 1:m    % Do for each line in data array corresponding to 

            % the spectrum recorded at axeX(countX) mins 

            disp(['Processing @ ' num2str(axeX(countX), '%10.2f') ' min']) 

            deconvModel = zeros(n+1,1); %initialisation of the model 

            lb = 0; % Initialisation of the constrains 

             

            % create the deconvModel that contains the spectra that will 

            % be used at the time corresponding to axeX(m). 

            for countModel = 1:length(modelSpectra.model) 

                if axeX(countX) >= modelSpectra.model{countModel}.timeMin && ... 

                        axeX(countX) <= modelSpectra.model{countModel}.timeMax 

                    deconvModel(1,end+1) = countModel; 

                    deconvModel(2:end, end) = ... 

                        modelSpectra.model{countModel}.yValues'; 

                     

                    % define the constrains. (-inf to + inf) for background 

                    % spectra, (0 to + inf) for analyte spectra 

                    if strcmp(modelSpectra.model{countModel}.type, 'analyte') 

                        lb(end+1) = 0; 

                    elseif strcmp(modelSpectra.model{countModel}.type, 'background') 

                        lb(end+1) = -inf; 

                    else 

                        error('myApp:InconsistentType',... 

                            'Type %s is not a recognised type of spectrum',... 

                            modelSpectra.model{countModel}.type) 

                    end 

                end 

            end 

            deconvModel(:,1) = []; 

            lb(1) = []; 

             

            % Do the deconvolution 

            inputData = dataArray(countX,:)'; 

            [mDM, nDM] = size(deconvModel); 

            indFitPar = deconvModel(1,1:end); 

            ub = zeros(1, length(indFitPar)) + Inf; 

            options = optimoptions('fmincon', 'Algorithm', 'interior-point', 'Display', 'off'); 

            outFactor = fmincon(@fitModel,a(indFitPar), ... 

                [], [], [], [], lb, ub, [], options); 

            a(:) = 0; 

            a(indFitPar) = outFactor; 

             

            %Save results 

            outputData.decTra(countX, :) = a; 

            outputData.SSR(countX) = fitModel(a); 

        end 
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    case 'fminsearch' % fminsearch find the minimum of constrained nonlinear multivariable function 

        % Initialisation 

        outputData.name = 'fminsearch'; 

        outputData.decTra = zeros(m,length(modelSpectra.model)); 

        outputData.SSR = zeros(m,1); 

         

        for countX = 1:m    % Do for each line in data array corresponding to 

            % the spectrum recorded at axeX(countX) min 

            disp(['Processing @ ' num2str(axeX(countX), '%10.2f') ' min']) 

            deconvModel = zeros(n+1,1); %initialisation of the model 

             

            % create the deconvModel that contains the spectra that will 

            % be used at the time corresponding to axeX(m). 

            for countModel = 1:length(modelSpectra.model) 

                if axeX(countX) >= modelSpectra.model{countModel}.timeMin && ... 

                        axeX(countX) <= modelSpectra.model{countModel}.timeMax 

                    deconvModel(1,end+1) = countModel; 

                    deconvModel(2:end, end) = ... 

                        modelSpectra.model{countModel}.yValues; 

                end 

            end 

            deconvModel(:,1) = []; 

             

            % Do the deconvolution 

            inputData = dataArray(countX,:)'; 

            [mDM, nDM] = size(deconvModel); 

            indFitPar = deconvModel(1,1:end); 

            outFactor = fminsearch(@fitModel,a(indFitPar)); 

            a(:) = 0; 

            a(indFitPar) = outFactor; 

             

            %Save results 

            outputData.decTra(countX, :) = a; 

            outputData.SSR(countX) = fitModel(a); 

        end 

         

    case 'regress' % Multiple linear regression using least squares. 

        % Initialisation 

        outputData.name = 'regress'; 

        outputData.decTra = zeros(m,length(modelSpectra.model)); 

        outputData.SSR = zeros(m,1); 

         

        for countX = 1:m%    % Do for each line in data array corresponding to 

            % the spectrum recorded at axeX(countX) mins 

            disp(['Processing @ ' num2str(axeX(countX), '%10.2f') ' min']) 

            deconvModel = zeros(n+1,1); %initialisation of the model 

             

            % create the deconvModel that contains the spectra that will 

            % be used at the time corresponding to axeX(m). 

            for countModel = 1:length(modelSpectra.model) 

                if axeX(countX) >= modelSpectra.model{countModel}.timeMin && ... 

                        axeX(countX) <= modelSpectra.model{countModel}.timeMax 

                    deconvModel(1,end+1) = countModel; 

                    deconvModel(2:end, end) = ... 

                        modelSpectra.model{countModel}.yValues; 

                end 

            end 

            deconvModel(:,1) = []; 

             

            % Do the deconvolution 

            inputData = dataArray(countX,:)'; 

            [mDM, nDM] = size(deconvModel); 

            indFitPar = deconvModel(1,1:end); 

            outFactor = regress(inputData, deconvModel(2:end, :)); 

            a(:) = 0; 

            a(indFitPar) = outFactor; 

             

            %Save results 

            outputData.decTra(countX, :) = a; 

            outputData.SSR(countX) = fitModel(a); 

        end 

         

    otherwise 

        error('myApp:IncorrectInputArgument',... 

            '%s is not a recognised field for minimStrategy', minimStrategy)    

end 

  

  

    function f = fitModel(a) % Deconvolution model 

        sumSpectra = zeros(mDM-1,1); 

        for ii = 1:nDM 

            sumSpectra = sumSpectra + a(ii)*deconvModel(2:end,ii); 

        end 

        f = sum((inputData-sumSpectra).^2); 

    end 

end 
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Annex II 

 

 

Table A2.1. Statistics for the calibration curves of KL (Kahweol linoleate), KO (Kahweol oleate), KP 
(Kahweol palmitate), and KS (Kahweol stearate) obtain using Excel (LINEST function) 

Compound Spectral Deconvolution c) 

 Four-spectra model 

 KL  KO KP KS 

Slope a) 162 (±2) 169 (±2) 356 (±9) 643 (±4) 

Intercept a) -283 (±227) -224 (±194) 546 (±239) -370 (±400) 

R2 0.9978 0.9985 0.9996 0.9996 

σy/x a) 582 498 462 1022 

LOD b) (mg/L) 10.8 8.8 3.9 4.8 

 Seven-spectra model 

Slope a) 429 (±3) 394 (±3) 1017 (±5) 1727 (±13) 

Intercept a) -121 (±286) 41 (±243) -218 (±696) -547 (±1116) 

R2 0.9993 0.9994 0.9997 0.9993 

σy/x a) 828 703 2088 3225 

LOD b) (mg/L) 5.8 5.4 6.2 5.6 

a) Values calculated by excel using the LINEST function. 
b) The LOD is calculated as the concentration at which the amplitude of the response is equal to the 
intercept plus three time y/x. 
c) Value in bracket are the sd. 
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