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Preface

Caffeine-containing food/drinks have been known almost on every continent outside Eu-
rope (tea - Eastern Asia; mate and guarana - South America; cocoa - Mesoamerica; coffee
and kola nuts - Africa) from ancient times. Europe, till the Enlightenment era, had been
drinking alcoholic drinks (beers, wines, distillates and meads) but in the seventeenth centu-
ry started to drink tea, which came from China, through Japan; coffee, which arrived from
Western and Minor Asia and cocoa, which came from Mesoamerica. Europeans discovered
that both alcohol and caffeine fuddle the brain, but alcohol acts as a depressant and indu-
ces fatigue, while caffeine temporarily restores alertness. This made them so willing to re-
place everyday alcoholic drinks with caffeinated ones. But with stimulating coffee, a spirit of
revolution, which broke with feudal politics and opened up the epoch of modern politics
and industry, overtook Europe, initially France and later the United States. Modern young
societies demanded more and more caffeine supplied in different forms by the overseas
colonies, which did not keep pace with market needs. Thus, surprisingly shortly after the
isolation of caffeine from coffee beans and its identification as an active component, pure
caffeine has been found extremely attractive. Its use in various pharmacological applica-
tions as a stand-alone drug and an additive to other drugs (analgesic, anti-migraine and car-
diac) made it gradually the most popular psychoactive substance in the world and started a
new era in pharmaceutics. Furthermore, modern chemical industry went one step further
with the use of pure caffeine discovery. Soft drinks, energy drinks and shots containing pure
anhydrous caffeine (like North American Coca-Cola, European Lucozade, Japanese Lipovi-
tan or Austrian Red Bull) have become widely available in each shop, gas station or drinks
machine, simply flooded the markets in the whole world. Caffeine-driven world has accel-
erated and still accelerates.

Because of its ability to reduce tiredness, sleep deprivation and improve alertness, caffeine
emerged in the twenty-first century as a miraculous specific, which allows humans to cross
their normal physiological and psychological body limits. In fact, caffeine is a booster fool-
ing the brain and seemingly fighting physical fatigue. Caffeine attractiveness comes from its
natural i.e. ‘healthy’ origins and strong psycho-stimulating properties, with relatively weak
side effects. Uncounted publications, reviews, studies, theses and books have been devoted
to caffeine—its form, structure, metabolism and positive/negative influence on practically
each part of the human body. However, with its new study, more and more ambiguities
appeared.

Paracelsus prophetically wrote in the fifteenth century that ‘Poison is in everything, and no
thing is without poison. The dosage makes it either a poison or a remedy’. But it is difficult
to predict safe amount of caffeine, which can be consumed without any consequences. Why?
Because each organism reacts differently. Caffeine case proves that the matter is not only the
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dose but also our inherited genotype. The ability to identify associations between inherited
genotype, disease and drugs still requires appropriate epidemiological, clinical and pharma-
ceutical studies. But caffeine studies carry the hope to understand these associations and
find better targeted, more efficient and highly personalized, treatments for various diseases.
Its ability to pass easily through the blood-brain barrier and improve blood circulation can
be helpful to develop more sophisticated drug delivery methods, especially those aiming at
the brain or bones. Natural insecticidal and repellent properties of caffeine make it a conven-
ient starting point to search for new, safer methods/ways of protecting plants (crops, green-
house cultivations and overwinter storages). But caffeine, which is stimulating for the
human body, also delivers a cheap, renewable fuel.

This book consists of chapters covering caffeine history, methods of its determination and
not only astonishing medicinal but also non-medicinal applications. It is our hope that every
reader will find in this book something interesting, inspiring, informative and stimulating.

Jolanta Natalia Latosinska and Magdalena Latosinska
Faculty of Physics, Adam Mickiewicz University,
Poznan, Poland



Chapter 1

Introductory Chapter: Caffeine, a Major Component of
Nectar of the Gods and Favourite Beverage of Kings,
Popes, Artists and Revolutionists, a Drug or a Poison?

Magdalena Latosinska and
Jolanta Natalia Latosinska

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69693

1. Caffeine consumption around the World

Global caffeine consumption is estimated to be around 120,000 tonnes per year, which corre-
sponded to one cup of coffee per day for every human on the planet. Based on the statistics, the
top tea-producing countries in the world are: China, India, Kenya, Sri Lanka, Turkey, Indonesia,
Vietnam, Japan, Iran and Argentina. Main producers and exporters of coffee are: Brazil, Vietnam,
Colombia, Indonesia, Ethiopia, India, Honduras, Uganda, Mexico and Guatemala, Figure 1.

Caffeine consumption is the highest in tonnes in the United States (971), followed by Brazil
(969), Germany (425), Italy (211) and France (202). About 79% of total consumed caffeine comes
from coffee, 15% from tea, only 3% from mate and 4% from cocoa [1]. In general, people in the
west drink more coffee, while the eastern world drinks more tea, Figure 1. Tea consumption
per capita predominates in Turkey, Russia, Iran, Mauritania, Syria and China. In Paraguay,
Argentina and Brazil, the consumption of mate is dominant. The rest of the world prefers
coffee. Europeans are the world’s biggest coffee drinkers. Coffee consumption in Europe
varies from around 10 kg per capita per year in the Nordic countries (Finland, Norway) to
around 3 kg per capita per year in the United Kingdom and most Eastern Europe countries.
Annual consumption over 5 kg per capita per year in Brazil is exceptionally high among
over 60 coffee exporters. The largest cocoa consumption is noted in Switzerland, Germany,
Ireland, the United Kingdom and Norway. The world’s biggest Coca-Cola drinkers are in
Mexico, Chile, the United States, Panama and Argentina. Energy drinks containing caffeine
like Red Bull, Monster, Suntory, Rockstar have experienced a considerable growth in popu-
larity in the last 25 years, but still represents only 1% of the overall non-alcoholic beverages
market. Austria led the global per capita consumption and is followed by Ireland, the United
Kingdom, Switzerland, the United States and Australia. Caffeine, in any form, is consumed

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNNN



2 The Question of Caffeine

Figure 1. Coffee and tea consumption/production around the world in 2015 (statistical data: Food and Agriculture
Organization of the United Nations and Euromonitor).

daily by about 90% of adults, which makes this psychoactive, but legal substance the world’s
most widely used drug.

Despite caffeine huge popularity and its countless studies, there is still much confusion,
inconsistencies and contradictions in the results, poorly known side effects and unknown
applications.

2. Historical aspects

Caffeine-containing species from Camellia, Coffea, Cola, Ilex, Paullinia, Theobroma and Citrus
genus have been known from ancient times, but phytogenic studies indicated that they are
not closely related [2]. However, most of them grow in tropical or sub-tropical zones. Camellia
originates from Asia, Coffea and Cola from Africa, llex, Paullinia and Theobroma from America,
Citrus from Australia and Oceania. Tea (Camellia sinensis (L.) Kuntze), coffee (Coffea arabica (L.),
Coffea canephora var. Robusta, (Pierre ex A. Froehner), Coffea liberica (Bull ex Hiern)), cacao
(Theobroma cacao (L.)) and citruses (Poncirus (L.) Raf., Fortunella (Swingle), Microcitrus (Swingle))
have been used as medicinal products, stimulating food, dietary supplement or fragrant plants,
while cola (Cola nitida (Vent.) Shott and Endl.)), mate (Ilex paraguariensis (A.St.-Hil.)) and guarana
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(Paullinia quarana (Kunth) or Paullinia cupana (Kunth), Paullinia sorbilis, (Mart)) as ritual plants.
Almost each country has got its own legends on finding natural source of caffeine.

According to Cha Jing by Lu Yu, a mythical ruler of prehistoric China Shen Nong (also known
as Wugushen or Wuguxiandi), reigning 3000 BC, discovered tea, when a few leaves of the
nearby tree Camellia sinensis (L.) fell into the boiling water [3]. In the times of the Chinese
Shang dynasty, tea was used as a medicinal drink, but later, during the Chinese Tang dynasty,
it was popularized in East Asia as a recreational drink [4]. The etymology of the word tea
goes back to the Chinese Z%(té, chd and chai), which also indicates the region of its origin.
The first unambiguous reference to tea treated as a beverage is dated to 59 BC (Western Han
dynasty era) [5]. In 805 AD, the seeds of tea were brought to Japan by the Buddhist saint
Saicho (Dengyo Daishi). Soon after that, the cultivation of tea in the five provinces surround-
ing the capital of the country, Kyoto, was ordered by the enthusiastic 52" Japan emperor
Saga. Exactly who first brought tea to Europe in the seventeenth century remains a mystery,
but it is known, that the oriental goods including tea have been imported by the Portuguese
since 1517 and by the Dutch since 1610. The seventeenth-century apothecaries added tea to
other luxury items like sugar, ginger and spices and sold them next to the medicines. In 1658,
Katherine Braganza, Portuguese wife of Charles II Stuart, brought tea to England [6]. It is
known that French ruler Louis XIV (the Sun King) drunk tea for health reasons starting from
1665 [7]. By 1675, tea was in general use throughout Holland and started to being sold in gro-
cery stores. To Russia, tea was brought from China as a gift to Russian tsars. For the first time,
about 1630 —it was a gift to Russian tsar Michael I (Romanov) from a Mongol Khan Sholoi [8]
and for the second time, in 1680 —it was presented to tsar Alexis I from the Chinese ambas-
sador to Moscow [9]. European tea merchants of eighteenth century recognized only three
growing markets: Holland, England and Russia. But the fourth one was the young market in
British American colony. The Tea Act, legislative manoeuvre by Lord North, passed by the
Parliament of the United Kingdom on 10 May 1773, granted the British East India Company
Tea a monopoly on tea sales [10]. On 16 December 1773, the Patriot group ‘Sons of Liberty’
destroyed a shipment of tea in Boston Harbour. This event that became known as the Boston
Tea Party was the signal to American War of Independence [10]. Almost 100 years later, in
mid-1800, tea was successfully harvested in South Carolina. Although Camellia sinensis (L.)
originates from East Asia, the Indian Subcontinent and Southeast Asia, but nowadays, it is
cultivated in most tropical and subtropical regions of the world.

The history of coffee has its beginnings in the sixth-century Ethopia [11], however, Ethiopian
Galla tribe ground up coffee beans (actually the pit of the berry), mixed them with animal
fat and consumed as an energy food, much earlier. The famous legend attributes it to the
shepherd of Caldas from Abyssinia, who in 525 AD noticed that the goats that had grazed
among the bushes became excited and sleep-deprived. After sampling the fruit from the
bushes growing there, he experienced a similar surge of strength. Arab traders brought cof-
fee to Yemen [12]. The oldest written references to coffee (‘bunchum’) were found in Kitab al-
Hawi—a comprehensive book on medicine by Abu Bakr Muhammad ibn Zakarijja ar-Razi
(the ninth-century Persian polymath, physician, alchemist and philosopher) [13]. By 1414,
coffee was known in Mecca and spread to Egypt from Al Mucha (Mocha), the Yemeni port,
then to Syria and Istanbul, the capital of the vast Ottoman Turkish Empire [14]. The first
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4 The Question of Caffeine

coffee shop, Kiva Han, was opened in Constantinople in 1475. In the fifteenth century, the
Sufis of Yemen routinely used coffee to stay awake during prayers. There was an attempt
to ban coffee in 1511 in Mecca, because religious leaders accounted it for stimulation of the
radical thinking, but sultan of Cairo overruled the idea and the ban was lifted. By 1630, over
one thousand coffee houses were operated in Cairo. In the end of the sixteenth century, cof-
fee spread throughout the middle East. Coffee arrived to Europe by two routes—from the
Ottoman Empire, and by sea—from the original coffee port of Mocha. The German botanic
Léonard Rauwolf for the first time described coffee in 1576 in Viertes Kreutterbuech—darein
vil schoene und frembde Kreutter [15]. In the seventeenth century, coffee was known in Europe
as ‘Arabian wine’ or ‘Muslim drink” and thus unpopular. Coffee enthusiast pope Clement
VIII ‘baptized’ it around 1600 [14]. The coffee name comes from the original Arabic quhwah
through Turkish form kahveh translated to Italian as caffe or Danish as kaffe. Shortly after the
first ‘cafes” in Venice, Oxford, London were established. When Turkish siege of Vienna in
1683 was broken, the European victor Johan III Sobieski allowed Jerzy Franciszek Kulczycki,
sas coat of arms, to choose as a reward anything from the Turkish camp. Amazingly,
Kulczycki opted for 300 bags containing the ‘strange seed’ (huge coffee supplies). The leg-
end says that Kulczycki opened the first coffee house Hof zur Blauen Flasche in Vienna in
1683 [16]. Cafes quickly gained popularity throughout the whole western Europe playing a
significant role in shaping social relations. In 1650, Jacobs, a Lebanese Jew, opened the first
coffee house in Oxford, England [11]. Shortly thereafter, cafes where people could buy cof-
fee for 1 penny and carry on intellectual conversations, called ‘penny universities’, began
to emerge. Famous Café Procope in Paris, a gathering place of many French notables, actors,
writers, philosophers and musicians, was opened in 1689 by Francois Procope, a Sicilian
who came from Florence [17]. The parts of the furniture of this café were Voltaire, Denis
Diderot, Pierre Beaumarchais, Honoré Balzac, Victor Hugo, Paul Verlaine, Jean-Jacques
Rousseau, fathers of French revolution: Jean-Paul Marat, Maximilien de Robespierre,
Georges Danton and young Napoleon Bonaparte, later France emperor. By 1843, the num-
ber of cafes in Paris increased to as many as 3000. The first coffee houses in Germany were
opened in Regensburg and Leipzig. Johann Sebastian Bach, Leipziger, the most heavy cof-
fee drinker ever, wrote the Coffee Cantata in its honour. The first and the oldest to date
café in Salzburg was Café Tomaselli founded in 1700. Frequent cafes guests were Wolfgang
Amadeus Mozart, Michael Haydn, Hugo von Hofmannsthal and Max Reinhardt. In Russia,
historically, the tradition of coffee-drinking was introduced by Peter the Great, who brought
it from his travel to the Netherlands [18] and was fostered by Empress Catherine II the
Great [19]. It must be said that in those days not all were coffee lovers. King Frederick II of
Prussia even issued a manifesto claiming beer’s superiority over coffee and charged a heavy
tax on coffee commercialization in 1777 [20]. Coffee reached New Amsterdam (New York)
in mid-seventeenth century and then the New World. It immediately obtained a status of
one of the most popular drinks. As the demand steadily grew, there was strong competi-
tion to cultivate coffee outside of Arabia. The first attempts to plant coffee by the Dutch
failed in India, but were successful in Indonesia (Java, Sumatra and Celebes). In 1714, a
young coffee plant was given by Gerrit Hooft, the Mayor of Amsterdam, to King Louis XIV
of France as a gift [14]. It was carefully planted in the Royal Botanical Garden in Paris.
Nine years later, a seedling stolen from this plantation by king’s doctor was transported



Introductory Chapter: Caffeine, a Major Component of Nectar of the Gods and Favourite...
http://dx.doi.org/10.5772/intechopen.69693

to Martinique by Gabriel de Clieu [14]. It was the nucleus of about 18 million trees plan-
tation in Martinique 50 years later. This seedling was also a parent of all the coffee trees
throughout the Caribbean, South and Central America. The Brazilian coffee trees also come
from France, exactly from French Guiana. Francisco de Mello Palheta was a military respon-
sible for the introduction of coffee cultivation in Brazil [21]. Despite many attempts, he was
not able to get coffee plants officially, but in 1720, Marie-Claude de Vicq de Pontgibaud, the
wife of the French governor Guiana Claude Guillouet d'Orvilliers, smashed the handful of
seeds inside the bouquet of flowers—a farewell gift. Quickly the cultivation of coffee had
been introduced in Dutch Guiana (1714), Jamaica (1718) and expanded to the tropical regions
of South America. Throughout the nineteenth and the first decades of the twentieth century,
Brazil was a monopolist on the coffee market, but later, Colombia, Guatemala and Indonesia
started to cultivate coffee. European colonial regimes initiated the coffee cultivation and
export in Kenya, Angola, Uganda and Ethiopia, where it all started. During the American
Civil War (1861-1865), Union soldiers received from the government in Washington 36
pounds of coffee annually (about 16.3 kg), because without coffee soldiers did not exist. The
status of coffee had changed from the scarce elixir into a public beverage.

Another source of caffeine is cocoa (Theobroma cacao (L.)) nuts [22], used by pre-Olmec cultures
in Mexico as early as 1900 BC. Olmec, Mayan, Toltec and Aztec civilizations used chocolate
as an invigorating drink, stimulating mystical and spiritual qualities [23]. In the New World,
chocolate was consumed in the form of a bitter and sharp drink called xocoatl, containing a
bit of vanilla, chilli peppers and achiote. Cocoa seeds in pre-Columbian Mesoamerica were
luxury goods and used as a means of payment (currency). In 1517, the Spanish conquistador
Don Hernan Cortés [23] was treated to xocoatl by the Aztec emperor Montezuma. Eleven
years later, he brought xocoatl to Spain, where it became a popular drink on the Spanish
royal court. The name of this drink comes from the Nahuatl words xocoatl (xoco ‘bitter’ and
atl ‘water’) and cacahuatl (cacao) translated to Spanish as chocolate. Spain kept chocolate secret
for nearly a century, but when Anne of Austria, the daughter of Spanish king Philip III wed
the French king Louis XIII in 1615 [24], chocolate spread across Europe. In 1689, Hans Sloane
invented a sweet milky version of this drink, which was originally prepared by local apoth-
ecaries until 1897, when the Cadbury brothers acquired the exclusive right to manufacture
it [25]. As demand for cocoa increased, its plantations were established in the West Indies
(Caribbean Basin), Philippines, Asia and Africa. Due to the technological improvement—
cocoa press—invented by the Dutch Casparus van Houten Sr., chocolate-making process was
revolutionized [26]. Since then pulverization of cocoa into cocoa powder became a basic step
in production of all chocolate products. In 1847, British company ].S. Fry & Sons produced
first chocolate bar using cocoa butter, cocoa powder and sugar [27]. Shortly after that bars of
chocolate flood the whole Europe. In 1879, in Berne, Switzerland, Rodolphe Lindt invented
the conching machine, which gives chocolate a velvety texture and superior taste [26].
A chocolate boom which started in the late 1800s and early 1900s still has not slowed down.
During the Second World War, bars of chocolate were the emergency store of each Swiss or
US army soldier.

Kola (Cola acuminata and Cola nitida Schott & Endl.) [28], a tree native to the tropical Africa
known from at least the fourteenth century is a natural source of caffeine. The etymology of the
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word kola derives it from the Latinized form of a West African name of the tree. The kola nuts
were chewed in many West African cultures to restore vitality and as appetite suppressant
able to alleviate the feeling of hunger [29]. African exports to England and the United States
started only in the mid-nineteenth century. The worldwide career of kola began in 1886 when
John Pemberton from Atlanta, Georgia, created a recipe of ‘Coca-Cola’ [30] —an extract based
on mixed kola and cocaine, used as a headache and hangover remedy [31].

Another old, but much less popular source of caffeine are the leaves and stalks of three spe-
cies of holly tree genus llex vomitoria (Sol. ex Aiton) (Saint Yaupon), llex paraguariensis (A.St.-
Hil.) (Yerba Mate) and Ilex guayusa (Loes.). llex vomitoria (Sol. ex Aiton) has been used by the
North American Indians to brew tea called Asi (black tea) from the archaic era. It contains up
to six times more caffeine than strong coffee and provokes vomiting for cleansing the body
and soul. In South America (Argentina, Uruguay and Paraguay), a drink called yerba mate
was made of llex paraguariensis (A.St.-Hil.). The Brazilian name is Chimarrao (Erva Mate
chimarrao). Yerba Mate name comes from the Spanish yerba and mati, which in Quechua
means gourd. Legend tells that when Yari, the moon and Arai, the pinkish cloud of dusk,
came to visit the Earth, a jaguar attacked them. They were rescued by an old Indian, who
received in a reward this new kind of plant. People of the indigenous cultures in Argentina,
Brazil, Paraguay and Uruguay who have survived periods of drought by drinking yerba
mate called it ‘Drink of the Gods’. This source of natural caffeine was popularized in Europe
as an alternative to Asian tea by Jesuit missionaries who arrived to the Parish basin in the
mid-seventeenth century and appreciated the advantages of a beverage made from pow-
dered leaves and shoots. Ilex guayusa (Loes.) Amazon tree comes from tropical rainforest of
Ecuador but is grown in Peru and Columbia. It is a completely unpopular, but rich source of
caffeine, similar to coffee. In contradiction to the other caffeine containing beverages, drink
made of its leaves is not only stimulant but also energizing, relaxing, calming and can cause
conscious dreams. A great lover of yerba mate is pope Francis, native Argentinean. An exclu-
sive drinking yerba mate kit was a present for pope Francis from the Argentine President
Cristina Fernandez de Kirchner during her first audience in Vatican. Che Guevara, Lula da
Silva, Jorge Luis Borges, Julio Cortazar, Barack Obama, Hillary Clinton and Madonna are all
well-known yerba mate drinkers.

Also guarana (Paullinia guarana (Kunth), Paullinia cupana (Kunth) and Paullinia sorbilis (Mart))
seeds, named after the Guarani Indian tribes, have been used for centuries by the inhabitants
of the Amazon basin to restore lost forces. In the early eighteenth century, guarana has been
discovered and classified by the German botanist C.F. Paulini. Commercial use of guarana
began to spread after 1958, because it became an indispensable ingredient in many brewed
beverages produced in Brazil and the United States.

Citrus (L.) (all true citrus trees including Poncirus (L.), Fortunella (Swingle) and Microcitrus
(Swingle)), the weakest source of caffeine, originates from Australia, New Caledonia, New
Guinea [32] and probably Southeast Asia bordered by India, Myanmar and China. The
etymology of the word citrus derives it from the genus name in modern Latin. Although
Citrus species leaves and flowers contain caffeine [33], they have been cultivated since
ancient times mainly for fruits, in which caffeine is not present. However, citron leaves
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in sugar or honey or Korean honey citron tea (Yuja Cha) made of boiled leaves have also
been highly popularized [34]. The fragrances, flavours and oils made of citrus have been
known and desirable for many centuries in medicine and perfumery. The oldest traces
of citrus in Europe date back to thirteenth-century BC Cyprus. The earliest fragrances
(e.g. Eau de Cologne 1709 by Farina, Imperial 1850 and Eau de Imperiale 1861 by Guerlain, Jicky
1889 by Coty) contained bergamot, lemon, lime, mandarin and orange blossom oil [35]. Since
then the popularity of citrus-spirit type of perfume or eau de toilette has not decreased. Small
quantities of caffeine contain some types of honey (e.g. Greek orange honey), because citrus
and coffee plants attract bees using caffeine as a part of rewarding system [36, 37].

3. Health considerations

For a long time, it has been a dilemma if coffee and tea are non-toxic and which is better for
health—tea or coffee. From among all natural sources of caffeine, only tea started a career as a
medicine and became a beverage in the course of time. In the eighteenth century, the Swedish
king Gustav IIL, proposed the twin brothers who were sentenced to death for murder, a death
row pardon in exchange for their participation in the scientific experiment [38]. One of the
twins had to drink four cups of coffee a day, the other four cups of tea a day. A group of
professors from Swedish Kings Academy of Sciences examined them to check the influence
of these beverages on their organisms. The twins drank and drank, in the meantime, the king
was murdered, the professors died. The first died the tea-drinking brother, while the compul-
sory coffee fun lived several years longer. But the tea drinker died at the age of 84, which at
the time when the average life span was about 40, was considered as unbelievable achieve-
ment. What about the final verdict? No doubt by this simple long-lasting experiment, both
dietary habits were considered as an important factor positively influencing human health.
But the question remained which turned out better for health, tea or coffee, and first of all
what factors were responsible for it.

Although all these natural sources of caffeine have been used for a long time as a bever-
age or drug, the fact that caffeine is the main factor responsible for their effect remained
a mystery. Only in 1819, at the personal request of Johann Wolfgang von Goethe, the rel-
atively pure chemical form of caffeine was isolated by Friedrich Ferdinand Runge [11],
who called it ‘Kaffebase’. Eight years later, in 1827, M. Oudry obtained “theine’ from tea [39].
In 1838, Mulder [40] and Jobst [41] showed that theine was actually caffeine. Thus, taking
into account caffeine input both tea and coffee should be similarly health-promoting, which
would not be a surprising result today, as we know main chemical component. The molec-
ular structure of caffeine (1,3,7-trimethylxanthine; 1,3,7-trimethyl-1H-purine-2,6-(3H,7H)-
dione) was described in 1882 by Hermann Emil Fischer, who also made its first complete
synthesis, for which he was awarded the 1902 Nobel Prize [42]. He showed that caffeine
found in coffee is equivalent to those in tea and cacao. Nowadays, caffeine is still rarely
obtained by total chemical synthesis or semi-synthetic processes, which are economically
inefficient. Instead, it is extracted from plants often as a by-product in the manufacture of
decaffeinated coffee, Table 1.
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Caffeine source  Origin Plant Plant part Caffeine No. of all
concentration per chemical
milligram (%) compounds
Tea natural Camellia sinensis (L.) Leaf or shoot 4.8-9.3* 771
Coffee natural Coffea arabica (L.) Bean or fruit 0.06-3.2* 154
Cacao natural Theobroma cacao (L.) Seed 0.062-1.29% 261
Mate natural llex paraguariensis Leaf 0.2-2.0* 39
(A.St.-Hil.)

Guarana natural Paullinia cupana Seed or fruit 0.9-7.6* 23
(Kunth.)

Kola natural Cola acuminata (Schott ~ Seed 1.5-2.5* 9
& Endl.)

Citrus natural Poncirus (L.), Fortunella  Leaf or flower 0-0.008* 495
(Swingle), Microcitrus
(Swingle)

Caffeine synthetic - - >98.5 1

anhydrous

Dicaffeine malate synthetic - - 65-70 2

Caffeine citrate synthetic - - 45-55 3

“from Dr. Duke's Phytochemical and Ethnobotanical Databases (https://phytochem.nal.usda.gov/).

Table 1. Naturally occurring in plants and synthetic caffeine doses.

When it seemed that everything was known about the structure of caffeine, it turned out
that the matter was much more complicated —an untypical polymorphism of caffeine was
discovered [43]. An anhydrous caffeine exists in two enatiotropically related polymorphic
forms: stable (phase II or 3-form) which melts at 508K and metastable (phase I or a-form)
melting at 512K [44] and each form displays different physicochemical properties [45].

Some authors consider the existence of phase III [46], while the others a mixture of two phases
I and II [47]. The phenomenon of polymorphism further complicates the co-existence of struc-
tural and dynamical disorder. A number of experimental techniques (e.g. X-ray [47-49], syn-
chrotron X-ray diffraction [50] mid-infrared (MIR), near-infrared (NIR) Raman spectroscopies
[51, 52], dielectric measurements [46], NMR-NQR spectroscopy [53, 54]) have been applied to
clarify the matter but still new doubts arise. Screening of polymorphs is of importance due
to the differences in solubility, long-term stability, dissolution rate and bioavailability. Many
novel beverages like soda or energy drinks [55] as well as drugs contain pure caffeine, thus
there is considerable public health interest in its effects on humans.

Because caffeine is the most widely used stimulant, its metabolism and effect on the human
body have been intensively studied. Caffeine is known to stimulate the central nervous system
(affects sleep, arousal, cognition, learning and memory), as well as muscular, respiratory and
circular systems [56-59]. But it is supposed that a broad spectrum of caffeine effects is a result
of action of its metabolites. Caffeine demethylation yields to about 4-5.4% of theophylline,
10.8-12% of theobromine and 81.5-84% of paraxanthine [60]. While caffeine, theophylline and
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theobromine naturally occur in about 80 green plants species, paraxanthine does not, because
it is not accumulated in plants due to the very slow N1-methylation of 7-methylxanthine [61,
62]. But, paraxanthine discovered in human urine by Solmon [61] results from demethylation
of caffeine at the 3-position through the catalytic action of polymorphic cytochrome P450
subtypes 1A2 (90%) and 1A1, 2E1, 3A4 and 2D6 (10%) [63, 64]. It was discovered that caffeine
and its metabolites belong to the pharmacological group of adenosine A-receptor (A, A,,,
A, and A,) antagonists [65]. The A, and A, receptors bind caffeine at low doses and the A ;
receptor at high doses. The A, is caffeine insensitive. Caffeine and its metabolites theophylline
and theobromine act primarily as non-selective antagonists at A, and A, receptors in both
human central nervous system and heart. Surprisingly, only paraxanthine acts similarly to
caffeine [66], theobromine acts as vasodilator, diuretic and heart stimulant [67], theophyl-
line relaxes smooth muscles of the bronchi and is effective in chronic obstructive pulmonary
disease and asthma [68]. Theobromine is a weaker antagonist of adenosine receptors and
therefore has a lesser impact on central nervous system, but stronger on heart. Most caffeine
activity has been attributed to this antagonism and raised attention to it as potential parent
compound in designing dual-target-directed drugs that simultaneously inhibit monoamine
oxidase B (MAO-B) and antagonize adenosine A , receptors (AA_,R) in the brain [69]. But
caffeine also acts by the inhibition of non-adenosine receptor GABA ,, an ionotropic recep-
tor, responsible for most of the physiological activities of GABA in the central nervous sys-
tem [70], while paraxanthine by the inhibition of cyclic guanosine monophosphate (cGMP),
which is a key-factor for anti-inflammatory and psychostimulant effects [71].

It is known that caffeine has the ability to reduce the physical, cellular and molecular damage
caused by spinal cord injury (SCI), stroke or neurodegenerative chronic diseases of Parkinson
[72-74] and Alzheimer's [75-78]. But it has been reported that paraxanthine, rather than caf-
feine itself, reduces the risk of developing Parkinson's disease [79, 80] and contrary to caffeine
it is strongly protective against neurodegeneration and loss of synaptic function [71]. Besides,
caffeine exhibits inhibitory activity against diabetes II, gallstones and cirrhosis of the liver [81].
It acts as diuretic [82, 83] and stimulate tear secretion [84] which makes it helpful in the dry
eye syndrome treatment [85]. Antioxidant properties of caffeine and scavenging abilities of
reactive oxygen species (ROS) are associated with its ability to reduce the risk of liver, kid-
ney, basal, colorectal and endometrial cancers [86-90]. Only recently caffeine-based gold com-
pound has been discovered as a potential anti-cancer drug selective for ovarian cancer [91].
Caffeine mitigates the adverse mutagenic effect of ultraviolet radiation [92-95] or anti-cancer
drugs [96-98]. It is difficult to study pure caffeine effect on health because it is consumed with
many different additional chemical compounds (tea up to 771, coffee up 154, cacao up to 261,
mate up to 39, guarana up to 23, kola up to 9 and citrus up to 495), Table 1. The problem is
further complicated by the presence of metabolites of caffeine in their composition.

Such a broad spectrum of its action has stimulated a significant interest in studies of caffeine
at much more sophisticated level, which should explain the differences in the individual reac-
tions to caffeine. How we react to caffeine varies between individuals because it is largely
dependent on individual genome. The earliest studies on the possible link between genes and
coffee consumption date back to the 1960s [99]. Although a number of further twin exper-
iments provided some evidence for the heritability factor in response to caffeine [100], the
genetic contribution to caffeine consumption strongly depends on sex and decreases with

9
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age. Thus, true importance of individual genetic variability has been testified in larger diverse
populations and focused on caffeine rich diet-disease studies at molecular level [101, 102].
According to them, five genes CYP1A2, AHR, ADORA2A, COMT and PDSS2 are known to be
related to the caffeine sensitivity. Gene ‘CYP1A2’ releases the liver CYP1A2 enzyme, which
breaks down caffeine [103, 104]. ‘COMT controls the breakdown of catecholamines, ‘“AHR’
controls the state on/off of CYP1A2 [105, 106], ‘PDSS2’ regulates the production of CYP1A2
[80] and "ADORA2A’ is responsible for the variation of A2A to which caffeine binds and con-
trols caffeine sensitivity [107].

Although coffee intake has been supposed to be a risk factor for heart disease, it was not
related to genes. The enzyme catechol-O-methyl transferase (COMT) is known to break down
catecholamines, which in high concentrations can induce a heart attack. Due to variability
of the ‘COMT gene, the COMT enzyme has a number of variants. For example, the COMT
rs4680 variant is accompanied with low level of COMT enzyme. But in the presence of caf-
feine, the release of catecholamines strongly increases and thus a risk of a heart attack also
increases [108]. The gene ‘CYP1A2’ releases the key enzyme that breaks down caffeine. Two
variations of this gene (CYP1A2*1A—high activity and CYP1A2*1F—low activity, differing
in nucleotide and marked by A->C substitution at position 734) help metabolize caffeine: one
faster and the other one slower [103, 104, 109]. Because every person has two copies of this
gene inherited from each parent, a particular combination is responsible for the speed of one’s
own metabolism (fast in the case of fast + fast, and slow in the case of fast + slow/slow + slow
combinations) [103, 104, 110]. Fast metabolism is of course beneficial as it is related to much
(22%) lower risk of heart attack and higher fertility. But CYP1A2 is also a key enzyme in the
activation of carcinogenic heterocyclic aromatic compounds [101]. Thus, caffeine consump-
tion has been associated with ovarian cancer risk, which strongly depends on the variations
in CYP1A2 genotype (high-inducibility A/A and low C). A similar study has shown that caf-
feine consumption protects only women with a BRCA1 mutation against breast cancer [102].
A genome-wide association study on two populations in Italy and the Netherland allowed
identification of a PDSS2 gene that regulates the production of proteins metabolizing caffeine
in the human body. The higher levels of this gene result in a slower caffeine metabolism and
necessity to drink less amounts of coffee [80]. It has been found that a common variation in
ADORAA2A is also associated with caffeine sensitivity. Two copies of C allele of ADORA2A
induce sleep disturbances caused by intake of caffeine [107, 105] while two copies of the T allele
of ADORA2A result in an increase of anxiety level after caffeine [104]. These observations are
helpful in explanation of the habitual coffee consumption [110] as well as in the understanding
of differences in the individual reaction to caffeine. Although not all caffeine consumers suffer
caffeine withdrawal symptoms, but it is so common that in 2013, it was added by the American
Psychiatric Association to the Diagnostic and Statistical Manual of Mental Disorders. A par-
ticular combination of the variants of five genes mentioned above may significantly increase or
decrease a risk of disease or poor tolerance. Thus, the intake of caffeine can have both positive
and negative health effects. The International Agency for Research on Cancer only recently, in
2016, revised its classification from 1991 and moved coffee from Group 2b (‘Possibly carcino-
genic to humans’) to Group 3 ("Not classifiable as to carcinogenicity’). This category is used for
compounds for which the statistical evidence of carcinogenicity is inadequate in humans or
limited in experimental animals. But that does not mean that its safety is not deceptive. It just
indicates explicitly that our knowledge is still incomplete.
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One more aspect related to the individual caffeine sensitivity should be mentioned —the dif-
ficulties in estimation of caffeine lethal dose (LD50), which is about 150-200 mg/kg [111, 112]
i.e. 80-100 cups of coffee. When we compare a case of death after ingestion of 6.5 g/person
and a case of survival after ingestion of 24 g/person [113, 114], the range of tolerance/intoler-
ance makes an impression and is a warning. Too much caffeine in a few cans of energy drink
had killed a 19-year-old Austrian football player, 33-year-old Brooklyn construction’s worker
or three Swedish teenagers. The statistical data of victims of caffeine overdosing collected
by National Poison Data System in the United States indicate that 67% of all 6309 cases of
poisoning affect children and adolescents under 20. How much caffeine was in the caps of
coffee which Honoré de Balzac, true coffee lover, drank in 60 coffee cups per/day? Caffeine
content in popular drinks is collected in Table 2. The US Food and Drug Administration,

Caffeine drink Size in oz (ml) Caffeine (mg)
Coffee Brewed 8(237) 95-165
Brewed, decaffeinated 8 (237) 2-5
Espresso 1(30) 47-64
Espresso, decaffeinated 1(30) 0
Instant 8 (237) 63
Instant, decaffeinated 8(237) 2
Latte or mocha 8 (237) 63-126
Tea Brewed black 8 (237) 25-48
Brewed black, decaffeinated 8(237) 2-5
Brewed green 8 (237) 25-29
Instant 8 (237) 40
Ready-to-drink, bottled 8(237) 5-40
Green tea 8 (237) 25
White tea 8(237) 28
Yerba mate 8 (237) 85
Guayusa 8 (237) 66
Soda Coca Cola 8(237) 24-46
Pepsi Cola 8 (237) 25
Energy drinks Energy drink 8(237) 27-164
Energy shot 1(30) 40-100
Shots Liquid caffeine 1(30) 500
NoDoz 1.89 (56) 115
Chemicals Pure anhydrous caffeine 1 teaspoon (5 g) 4706

Table 2. Caffeine content in popular drinks.
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FDA, recently issued warnings due to risk to consumers for overdosing caffeinated products
containing pure powdered caffeine. A single teaspoon of pure anhydrous caffeine (5 g) is
roughly equivalent to the amount in 28 cups of brewed coffee or in 6 energy shots, Table 2.

Similarly to humans, the individual sensitivity and additionally breed/division diversity have
also been observed in animals. A poor ability to metabolize caffeine which makes it toxic to dogs,
cats [115-118] and birds [119, 120] is quite well documented in domestic animals. The toxic doses
are so small that single chocolate bar can kill our beloved pet. But ‘Creme Puff’ cat, the ‘oldest
cat ever’, listed in the Guinness Book of World Records for living 38 years, was served coffee with
cream every day by its owner [121]. Caffeine is also known to be harmful to wild organisms like
molluscs [122], insects [123] and spiders [124], thus making a part of the natural defence of plants
against herbivores, larvae of mealworms, mosquitoes [123], tobacco hornworms, snugs and
snails [122]. However, there are awesome exceptions like coffee berry borer, which can reduce a
crop yield by 80% and survive the dose equal to 500 shots of espresso/person [125].

4. Final remarks

Caffeine is a chemical component of the oldest known food plants (about 5000 years), the
most widely consumed (not counting water) and the most extensively studied (1,468 books,
39,551 journal articles, 2,211 dissertations) component of diet. The seeds or seedlings of plants
containing caffeine were stolen, smuggled, hated and desired, accused of demonic or radi-
cal influence—banned and baptized. The wars for plantations/colonies were fought and for-
tunes gained and lost. Caffeine drinks were used in religious asceticism and creative amok,
behind closed doors of the cafes were written operas, manifestos and revolutions started.
After all coffee seeds were used as a currency and reward, tea and chocolate were sipped
by emperors, kings and tsars, coffee was loved by artists, writers, musicians, philosophers,
students, popes, revolutionists and belt down by soldiers, mate is preferred by actual pope, a
few presidents, writers and celebrities, and energy-drinks containing pure caffeine are nowa-
days trendy and desired by teens and adolescents. Caffeine under the pretence of tea or coffee
changed social manners and war results—coffee has been considered the “soldiers drink’ since
Napoleon. Energy drinks like Coca-Cola, Pepsi, Dr. Enuf, Power Horse or Red Bull containing
large amount of pure caffeine fight physical fatigue, increase vigilance and reaction speed and
allow people to function almost without sleep, but sometimes they are deadly.

Day by day we are coming into contact with caffeine—in drinks (coffee, tea, soft-drinks as
Coca-Cola, soda, chocolate, energy drinks), drugs (above 50 different drugs contain Coffeinum,
Coffeinum Natrium benzoicum, Coffeinum Natrium salicylicum, Coffeinum citricum, Phenazonum
Coffeinum citricum), cosmetics and personal care products, bath (e.g. giant caffeine spa in
Japan), even fuels (e.g. ‘car-puccino’). We deliver it to inside and outside of our bodies in
large amounts but as a matter of fact, we still do not know much about it, because it jealously
protects its secrets. The ubiquity of caffeine in both natural and synthetic forms has been a
cause of a lot of concerns among researchers and public health defenders.



Introductory Chapter: Caffeine, a Major Component of Nectar of the Gods and Favourite...
http://dx.doi.org/10.5772/intechopen.69693

Researchers have shown that caffeine increases memory [126], improves reaction time and
logical reasoning, helps in periods of sleep restriction related to job and reduces drivers
or pilots errors [127] and reduces risk of suicide [128] and depression [129]. It may protect
against Parkinson’s and Alzheimer’s diseases [130]. Caffeine increases stamina during exer-
cise [131], relieves post-workout muscle pain (cut the pain) [132] and may prevent weight
gain [133]. Caffeine is beneficial in age-related chronic inflammation [134], which leads to
high blood pressure, hardening of the arteries and heart diseases. It may protect against eye-
lid spasm [135], cataracts [136] and retinal degeneration [137], leading to blindness, against
different kinds of cancer including skin cancer [138] and may prevent tinnitus (ringing in the
ears) [139]. Caffeine is shown to be useful in asthma [140], lowering blood pressure [141],
detoxication of the liver and the colon [142], reduction of fatty liver in non-alcoholic-related
diseases [143], reduction of the liver fibrosis risk in hepatitis C [144], reduction of kidney
stones risk and gout prevention [145]. It increases quality of semen in men [146] and acts as
hair stimulant used in balding of men and women [147].

But due to the differences in individual sensitivity, caffeine can be easily overdosed,
which may results in death—more than four cups of coffee are linked to premature death.
Caffeine consumption may raise blood pressure [148], increase a risk of heart attacks
among young adults [149] and gout attacks in the case of scarce caffeine overdosing [150].
It can reduce fertility [151], increase the risk of miscarriage [152], worsen the menopausal
symptoms [153] and it may be a cause of breast tissue cysts in women [154]. Increased
anxiety [155], depression [156], insomnia [157] and prolonged sleep deprivation prob-
lems, migraine headaches [158] are common side effects of its use. Adverse effects like
incontinence [159], indigestion [160] forceful heart contractions, allergies, risk of bone
fractures [161], impairment of hearing loss recovery [162], inhibition of the collagen pro-
duction in the skin [163], even obesity and diabetes [164] are also on the list of potential
negative effects. Recently, a large population study in the United States showed that an
increase in caffeine consummation results in decrease in telomere length, which signifies
accelerated ageing [165].

Many above observations, results, conclusions are mutually contradictory, which proves that
despite of many years of scientific research, there are still unrevealed mysteries concerning
caffeine chemical structure, physicochemical properties, its impact on living organisms, etc.
Caffeine’s role in producing beneficial and harmful effects is still poorly understood and defi-
nitely requires more extensive investigation.
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Abstract

Coffea arabica L. is the most well-known and studied Coffea taxa, which is very popu-
lar in both scientific and social fields. This comprehensive work was created in order to
describe its phytochemical composition and to present the metabolism of caffeine, which
is the most important alkaloid from this plant. The analytical methods used for caffeine
determination such as chromatographic, electrochemical, and spectroscopic techniques
are also presented. In addition, this work emphasizes the medicinal importance of caf-
feine, which can present both important beneficial and secondary effects for human body.

Keywords: caffeine, coffee, phytochemistry, analytical methods, Coffea arabica,

medicinal importance

1. Introduction

Coffea species are well-known tropical plants, which are mostly used for preparing the famous
beverage called coffee. Coffee plants present a tremendous importance in the scientific, agri-
cultural, social, and commercial fields being on the second place after petrol in the interna-
tional market [1].

The genus Coffea belongs to the Rubiaceae family and comprises up to 124 species. The most
famous and used species are Coffea arabica L., Coffea robusta L. Linden (syn.: Coffea canephora Pierre
ex A. Froehner), and Coffea liberica Hiern. (syn.: Coffea dewevrei De Wild. & T. Durand) [2, 3].
Nowadays, the Arabic coffee makes up to 75% from the total coffee production of the world;
meanwhile, the Robusta coffee makes up to 24%, and the Liberian coffee 1%, respectively [4].
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There are some legends about the discovery of coffee seeds and their utilization as beverage
and food. The coffee seeds initially were consumed as snacks. The seeds were mixed with
animal fat, and these were eaten by people during their long trips [5]. A kind of wine was also
obtained from the fermented fruits of coffee [6]. One story tells that in the fifteenth century,
there was a goat herder who noticed the stimulating effect of the coffee fruits when his goats
ate these berries. He went to the nearest monastery to tell the monks his experience and they
started to drink it during their long morning prayers [5].

The caffeine consumption has a long history dating back to antiquity. There are more than 60
plant species, which have been identified as containing caffeine. Plants like coffee, guarana,
yoco, mate, and cassina were successfully used for the preparation of caffeine-containing bev-
erages. According to history, tea is the oldest caffeine-containing beverage which had already
been mentioned by the Chinese emperor Shen Nung in 2737 B.C., and it had been listed in a
Chinese dictionary in about 350 AD [6].

The Arabic countries used to prohibit the consumption of coffee among men by referring to
the Koran. In the sixteenth century, special places were established in Constantinople where
Turkish dignitaries were served with coffee. As Turkish men spent a lot of time in these estab-
lishments, the mosques began to be abandoned, so imams opposed to the coffee consumption,
which was forbidden by a law ordered by Muhammad. Due to this reason, Sultan Murad
banned the coffee consumption, but later this law was modified when the use of tobacco
started to become more popular [7].

Nowadays, approximately 7 million tons of coffee is used for the preparation of the famous
coffee beverage according to Food and Agriculture Organization of the United Nations [8].

2. Coffea arabica L.: geographical distribution, cultivation, and processing

Coffea species belong to the Rubiaceae family, which includes 450 genera and more than 6500
species. Coffea species are originated from Africa and Madagascar being cultivated in both
Ethiopian and Yemen regions as the geographical and climate conditions are the same. Then,
they have also spread in other continents and nowadays they are present in all the tropical
and subtropical regions, including Australia and China. It is interesting that wild species do
not occur in America, native taxa are found only in Africa and in the South Asian regions
[2, 9]. They grow in forests at an altitude of 950-2000 m and at 18-22°C, the most favorable
altitude being between 1300 and 1600 m [2, 3, 10]. There are also coffee shrubs, which are
cultivated at higher regions, and they are named “high grown” coffee with an outstanding
quality [11].

The coffee crops are spread in Central and South America, Africa, and Asia leading to a total
of about 11 million hectares of plantations and an annual yield of about 6 million tons of green
coffee [11]. C. arabica is often cultivated in large-scale plantations and in small holder farms
too. In addition, they are also planted on cooler mountain ranges, at the base of shady trees,
which protect them against strong sunlight. A shrub plant yields well for more than 20 years,
and the ripe and red fruits are individually hand-picked [12].



Coffea arabica: A Plant with Rich Content in Caffeine
http://dx.doi.org/10.5772/intechopen.68149

Coffee products are processed in two methods: wet and dry processes. The dry procedure
is popular in Brazil and the other one in Central America. During the dry method, the fruits
are dried in open air for 2-3 weeks before the fermentation step [11, 13]. In addition, the wet
method can be used only for ripe fruit as the fermentation positively affects the quality of
seeds, external morphological aspects, and the taste [11, 13].

The roasting process, which is responsible for the characteristic aroma of the seeds, takes
place only in customer country at 200-250°C [14]. This roasting process presents three phases
such as an initial drying phase (during this endothermic step, the wet is eliminated and the
color is turned yellowish), the roasting phase (based on several complex pyrolytic reactions
resulting in many chemical compounds which will confer the coffee aroma and taste, the
beans are transformed to dark brown during exothermic and endothermic phases), and the
cooling phase (using air or water in order to end the last exothermic process [14].

3. Phytochemical features of Coffea arabica L.

The plant part of the coffee being officially used is the seed (Coffeae semen), which contains
among other compounds polyphenols and alkaloids as biologically active substances. These
two groups of chemicals made coffee popular in both scientific and social fields. The chemical
composition of coffee seeds contains a large variety of substances among which the most rep-
resentative groups are purine alkaloids (caffeine, theobromine, theophylline), polyphenols
(chlorogenic acid, caffeic acid, etc.), alkaloids (trigonelline), fatty oil, carotenoids, enzymes,
phytosterols (sitosterol, dihydro-sitosterol, stigmasterol), tannin, wax, carbohydrates as
monosaccharides (fructose, glucose, etc.), oligosaccharides (sucrose, etc.) and polymers (cel-
lulose, hemicelluloses), and nonvolatile and volatile aliphatic acids (citric, oxalic, acetic, iso-
valeric, decanoic acids, etc.) [2, 15]. In addition, they contain also some minerals such as K
(40%), P (4%), Na, Mg (with variation between species), Ca, and S; and trace minerals with a
variation according to the soil composition such as Zn, Sr, Mn, Fe, Cu, Ba, B, and Al. Nicotinic
acid (vitamin PP) is formed from trigonelline demethylation during roasting process [15].

The characteristic aroma of coffee appears during the roasting process. The principal volatile
compounds include derivatives of: sulfur (thiols, hydrogen sulfide, thiophenes, thiazoles),
pyrazine (pyrazine itself, thiol and furfuryl derivatives, alkyl derivatives), pyridine, pyrrole,
oxazole, furan, aldehydes, ketones, and phenols [14, 15]. Caffeine is present in all plant parts
with the highest concentration in the immature seeds. This alkaloid with a bitter taste can be
quantitatively reduced during the roasting and decaffeination processes [16].

Caffeine can present autotoxic and inhibiting effect on the mitosis and cell plate formation in
rootlet. Studies demonstrated that the cell divisions in root tips started only after that it was
pushed away from the caffeine-rich endosperm by elongation of the hypocotyl and maintained
through the cell elongation. Caffeine is introduced into the embryonic cotyledons mostly after
the cell division is completed there [17]. Some authors suggested that the physiological signifi-
cance of caffeine could be the prevention of predation by animals and these alkaloids function
as allochemicals in the pericarp and seeds [18]. Josef et al. mentioned in their work about insec-
ticidal effect of caffeine, which can also synergize the effects of pesticides [19].
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Polyphenols are another representative group from the coffee seeds composition contain-
ing kaempferol, quercetin, ferulic, sinapic, nicotinic, quinolic, tannic, and pyrogallic acids
which present important effects such as antioxidant, hepatoprotective, antibacterial, antivi-
ral, anti-inflammatory, and hypolipidemic ones [2, 20-27]. In addition, caffeic, chlorogenic,
p-coumaric, ferulic and sinapic acids, rutin, quercetin, kaempferol, and isoquercitrin were
identified in fruits of C. arabica and C. benghalensis Roxb. ex Schult. The nonhydrolyzed extract
of the pericarp of both species presented important quantities of chlorogenic acids [28].

In one of our previous study, a high phenolic content was observed in the immature pericarp of
C. benghalensis and C. liberica compared with that of C. arabica. In addition, the immature pericarp
of Bengal coffee and the immature seed of Arabic coffee showed a significant polyphenol content
too [29]. Other phytochemical studies showed that the total hydroxycinnamic acid content of
C. arabica was significantly higher than that of Coffea sessiliflora Bridson, Coffea resinora Hook f., and
Coffea leroyi A.P.Davis. The mangiferin, isomangiferin and caffeoylquinic acid were present in
higher concentration in the young leaves than in other plant parts [30-32]. Coffea anthonyi Stoff. &
F. Anthony and Coffea salvatrix Swynn. & Philipson presented higher concentration of mangiferin
than C. arabica, Coffea eugenoides, Coffea heterocalyx Stoff., Coffea pseudozanguebariae, or C. sessiliflora.
Campa et al. studied the mangiferin and hydroxycinnamic acid ester content in 23 Coffea leaves.
Their histochemical observations revealed that mangiferin was present in low concentration in
C. arabica mainly in the exocarp, mesocarp, and fruits [30, 33]. Alves et al. determined that, even
though 90% of tocopherols content remains unchanged after the roasting process of Arabica and
Robusta coffee seeds, the concentration of (3-tocopherol is reduced by 25% in Robusta coffee,
aspect which can be used as a discrimination tool between the two Coffee species [34].

4. Metabolism of caffeine in Coffea arabica L.

4.1. Biosynthesis of caffeine

Caffeine biosynthesis takes place in the upper leaves and in the pericarp, and it is absent in
the second and third leaves, cotyledons, lower stem, and root. After the biosynthesis, caffeine
is accumulated in the mature leaves of coffee, but when the seed starts growing inside the
fruit, it is translocated through the membranes being accumulated in the endosperm. The
final quantity of caffeine is reached in 8 months after flowering [10, 35]. C. arabica leaves have
the highest caffeine content, meanwhile C. salvatrix, C. eugenioides, and C. bengalensis leaves
contain three to seven times lower concentrations [36].

The caffeine biosynthesis in leaves is age-dependent which means that it occurs usually at the
very early stages of the leaf development reaching a maximum when the leaves are fully opened.
The same age-dependent biosynthesis was observed in the fruits of coffee and in the leaves,
flowers, and fruits of tea plants. Naoko and Hiroshi studied the levels of purine alkaloids and
the metabolism of adenine in the first and in the second leaves from the shoot apices of coffee
plants. Even though theobromine and caffeine were found in these leaves, theophylline was not
detected. Studies showed that adenine was converted to theobromine and caffeine in the first
leaves and the degradation of adenine nucleotides was low in both types of leaves [18].
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Caffeine is 1, 3, 7-trimethylxanthine having a xanthine skeleton derived from purine nucleo-
tides. The purine compound initially involved in the biosynthesis pathway of caffeine is xan-
thosine, which is a substrate for the methyl group donated by S-adenosyl methionine (SAM).
The most important pathway for caffeine biosynthesis, which was proposed by Hiroshi and
Thomas, is as follows: xanthosine — 7-methylxanthosine —7-methylxanthine — theobromine
— caffeine. The first methylation step is the conversion of xanthosine to 7-methylxanthosine
being catalyzed by 7-methylxanthosine synthase (an N-methyltransferase). The next step of
7-methylxanthosine hydrolysis to 7-methylxanthine is catalyzed by methylxanthine nucleo-
sidase. The conversions of 7-methylxanthine to theobromine and then theobromine to caf-
feine are catalyzed by N-methyltransferases (firstly identified 26 years ago by Takeo Suzuki
and Ei-ichi Takahashi). The caffeine synthase is a monomeric enzyme with an optimum pH
of 8.5. This enzyme is not inhibited by caffeine, but instead, there is a complete inhibition by
low concentrations of S-adenosyl-L-homocysteine (SAH), therefore its activity is regulated
by SAM:SAH ratio. Caffeine synthase is found in chloroplast, but it is not affected by light,
thus the caffeine synthesis takes place also in darkness [35, 37]. By summing up, the N-meth-
yltransferases, which are involved in caffeine biosynthesis pathway, are: 7-methylxanthine
3-N-methyltransferase, caffeine xanthine methyltransferase 1, caffeine methylxanthine meth-
yltransferase 2, and caffeine dimethylxanthine methyltransferase [38].

The caffeine synthesis is affected mostly by the enzymes activity, which can appear as limit-
ing factors in the biosynthesis: xanthosine N-methyltransferase, 7-methylxanthosine nucleo-
sidase, 7-methylxanthine N-methyltransferase, and theobromine N-methyltransferase. The
observation from the tea leaves indicated that their activity is also affected by seasons [18].
Caffeine accumulation seems to be regulated by the genes, which encode N-methyltransfer-
ase and caffeine (7-N) demethylase [36].

4.2. Catabolism of caffeine

The catabolism of caffeine is a slow process, which begins with the removal of the three
methyl groups from the skeleton resulting in xanthine which is further decomposed to CO,
and NH,. These degradation reactions are catalyzed by various demethylases that have dif-
ferent levels of activity in the Coffee species (higher in C. eugenioides than in C. arabica). The
major rate-limiting step in caffeine catabolism is the caffeine conversion into theophylline
[35]. Catabolism pathways involve the conversion of caffeine into theophylline, 3-methyl-
xanthine, xanthine, uric acid, allantoin, allantoic acid, urea and finally results in CO, + NH,
[36].

Even though the degradation of caffeine is negligible in the leaves of C. arabica, C. salvatrix,
and C. bengalensis, the leaves of C. eugenioides with low caffeine content metabolize caffeine
rapidly by degradation to CO, within 24 hours. The explication could be that this taxon con-
tains higher levels of N-7-demethylase than C. arabica; therefore, caffeine is efficiently con-
verted to theophylline being quickly metabolized afterwards [35, 36].

The catabolism of caffeine can also be achieved by various bacteria like Pseudomonas cepa-
cia, Pseudomonas putida, and Serratia marcescens. Bacterial degradation is different from other
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pathways since caffeine is transformed to theobromine, after that to 7-methylxanthine,
xanthine, and finally to NH,. The conversion of caffeine to theobromine is catalyzed by
N-1-demethylase, which was successfully isolated from Pseudomonas putida [35].

Some studies elaborated by Suzuki also showed that theophylline and xanthine were more
quickly metabolized in the immature fruit; meanwhile, the caffeine degradation was per-
formed in both mature and immature coffee fruits. The results showed that adenine was a
more effective precursor than guanine and L-methyl-methionine for the biosynthesis of N7-
methylxanthine, theobromine, and caffeine. These results underlined that the caffeine bio-
synthesis occurred mostly in immature fruits through methylation of N-methylxanthine and
theobromine; meanwhile, its biodegradation occurred through theophylline, which is accu-
mulated after that the seed is full size and the fruit is mature [39].

5. Analytical methods used for caffeine determination

Caffeine is a deeply studied alkaloid and, as it presents a significant importance for science and
human body, many analytical methods have been developed over the years for its determina-
tion. The aim of these analytical methods was to identify and quantify this compound with
different origin (from plants, beverages, and medicines). The most important and the most used
techniques are the chromatographic methods coupled with spectrometry which allow a qualita-
tive and quantitative determination of caffeine. Since these methods are quite expensive, there
are a lot of scientific reports about different new low cost techniques. Electroanalytical methods
recently became more popular since they are faster, more convenient, present lower costs, and
are environmentally friendly in comparison with the other conventional analytical methods.

5.1. Chromatographic methods

The biochemical diversity of wild accessions of C. arabica (38 genotypes) and C. canephora
(38 genotypes) was analyzed by high performance liquid chromatography (HPLC) method
by Ky et al. The analyzed compounds responsible for coffee aroma were caffeine, trigo-
nelline, chlorogenic acids, and sucrose. Sucrose was analyzed using anion-exchange chro-
matography coupled to pulsed amperometric detection. An aqueous solution (containing
triethylamine and acetic acid) and methanol were used as mobile phases for caffeine and
trigonelline, meanwhile their ultraviolet (UV) detection was carried out at 272.8 nm (maxi-
mum absorption of caffeine) and 263.3 nm (trigonelline maximum absorption) wavelength.
C. arabica contained more trigonelline and sucrose, meanwhile C. canephora presented higher
concentration of chlorogenic acids and caffeine. The results underlined that C. canephora has
a higher compounds diversity than C. arabica excepting trigonelline and sucrose. In addi-
tion, there were not identified differences for alkaloids and sucrose between C. canephora
accessions [40].

Mazwfera et al. used HPLC method for qualitative and quantitative determinations of caf-
feine, theobromine, and theophylline in aqueous extracts of endosperm from immature and
mature fruits of C. arabica, C. canephora, C. benghalensis, C. dewevrei, C. eugenioides, C. steno-
phylla, and C. salvatrix. The highest concentration of caffeine was found in C. canephora in
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both immature and mature endosperms; meanwhile, caffeine was not detected in extracts of
C. bengalensis mature fruit. Moreover, caffeine was more slowly metabolized by C. arabica and
C. canephora immature endosperm than the other five species [41].

Nowadays, science also pays attention for low-pressure chromatography, which presents
advantages such as easier assembly and handling, lower implementation cost, and more
widespread application regarding separation of neutral or ionic compounds than other sepa-
ration techniques. By using this method, caffeine was determined from six different coffee
beverages: three regular, one decaffeinated, one soluble, and one chicory blended coffees. The
results showed similar values for caffeine compared with the reference method (HPLC-UV)
with 5% relative deviations, with no signal for theobromine or theophylline. Even though
low-pressure chromatography uses a short column which implies reduced resolution, this
methodology can be a competitive alternative to usual HPLC for caffeine determination in
different materials due to its advantages such as higher determination rate, lower consump-
tion of reagents, and no need to degas the mobile phase [42].

5.2. Spectroscopic methods

Frizzarin used the dispersive liquid-liquid microextraction and spectrophotometric determi-
nation for caffeine in different coffee beverages. This lab-in-syringe sequential injection analy-
sis system is a fast and simple procedure, which uses dichloromethane with high extraction
capacity and good selectivity and methanol as dispersing agent. The developed technique
presented linear response range from 2 to 75 mgL™, limit of detection of 0.46 mgL™ and limit
of quantification of 1.54 mgL™, being successfully applied for caffeine determination from
brewed, instant, and decaffeinated coffee samples [43].

For the determination of caffeine, formic acid, trigonelline, and 5-(hydroxyl-methyl) furfural,
there was applied the proton nuclear magnetic resonance technique (1H NMR) without any
derivatization. The limits of detection were 1.32 mg/g for caffeine, 0.58 mg/g for trigonel-
line, and 0.30 mg/g for 5-(hydroxyl-methyl) furfural. In addition, HPLC was also used for the
determination of these compounds employing a diode-array detector at 273 nm for caffeine,
265 nm for trigonelline, and 284 nm for 5-(hydroxyl-methyl) furfural [44].

Alesso used spectrofluorimetric method for caffeine determination, which was developed
by using the quenching effect on fluorescent emission of bovine serum albumin molecule
(A,,, =338 nm, A_ =280 nm). During the investigation, the sampling rate was increased to 60
samples/hour using potassium dihydrophosphate buffer (pH 6.8) as carrier with a flow rate of
1.5 mLmin™. Several parameters were optimized such as the nature and the concentration of
both the buffer and the fluorophore, and the carrier flow rate, leading to a linear range from
6.68 x 10 to 4.0 x 10 molL. This sensitive and selective method was successfully employed
for caffeine determination from various matrices such as energy drinks, dietary supplements,
and slimming infusion samples without any pretreatment [45].

A comparative study about caffeine content in roasted ground coffee and in China black
tea was performed using a liquid-liquid extraction. A simple and rapid spectrophotometric
method was described for the determination of caffeine indicating that caffeine concentration
in roasted coffee is lower than its concentration in black tea [46].
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5.3. Electrochemical methods

Rotko and Beczkowska elaborated a Nafion covered lead film sensor leading to a sensitive,
selective, and low cost method applied for caffeine determination in tea, coffee, soft and
energy drink samples, and pharmaceutical products. Two anodic peaks were detected at 0.86
and 1.40 V (versus Ag/AgCl) in acidic medium, and the corresponding detection limits were
equal to 1.7 x 10® and 2.2 x 107 molL", respectively, at 120 seconds of accumulation time. The
results were in good agreement with the concentrations mentioned by the manufacturer and
with those reported by using the spectrophotometric method [47].

Similar studies were reported by Gao et al. who modified a glassy carbon electrode (GCE)
with large mesoporous carbon and Nafion composites (LMC/Nafion) achieving a simulta-
neous determination of theophylline and caffeine in serum and beverages. Cyclic voltam-
metry (CV) and differential pulse voltammetry (DPV) were employed for the investigation
of the electrochemical behaviors of theophylline and caffeine on the LMC/Nafion/GCE.
Simultaneous determination of these two alkaloids was successfully obtained at the modified
electrode since peak-to-peak separation of the two DPV peaks was about 150 mV. The sensor
performances included detection limits of theophylline and caffeine of 0.37 and 0.47 pM, and
a linear range between 0.8-180.0 and 1.3-230.0 uM, respectively [48].

The boron doped diamond electrode was also successfully used for simultaneous determina-
tion of caffeine and chlorogenic acid by CV and adsorptive stripping voltammetry, applied on
commercial beverages. Various experimental parameters such as dependence of peak current
and potential on pH, scan rate, and accumulation time were optimized. The oxidation peak
potentials of caffeine and chlorogenic acid from binary mixtures were separated with 0.4 V
in acidic medium by employing square-wave stripping voltammetry. The analytical perfor-
mances of this sensor indicated detection limits of 0.107 mgmL™ (5.51-107 M) for caffeine and
of 0.448 mgmL™ (1.26 x 10° M) for chlorogenic acid [49].

Samanidou reviewed in her work several electroanalytical methods for caffeine determina-
tion. One example was constituted by polymer-modified glassy carbon electrode, which was
electropolymerized with 4-amino-3-hydroxynaphthalene sulfonic acid. This sensor was suit-
able for a high sensitive, selective, and stable caffeine determination in coffee without any
interference. The polymer-modified electrode presented a linear range of 6 x 10°-4 x 107
molL™ and a detection limit of 1.37 x 107 molL" [44]. Other authors employed 1,4-benzoqui-
none modified carbon paste electrode for indirect voltammetric determination of caffeine by
using square wave voltammetry (SWV) and CV with detections limits of 0.3 and 5.1 umolL~,
respectively [44].

Fritea et al. studied the formation of inclusion complexes between B-cyclodextrin (3-CD)
and caffeine. The relationship between the oxidation peak currents and the concentration
of caffeine in the presence of f-CD was examined by SWV indicating that the molar ratio
of 1:1 is convenient for complexation [50]. Voltammetric methods were successfully applied
for the simultaneous determination of some alkaloids (caffeine, aminophylline, theophylline,
codeine phosphate, and papaverine hydrochloride) in different pharmaceutical combinations
and in urine samples by using an electrochemically activated GCE [51, 52].
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6. Medicinal importance of coffee and caffeine

6.1. Ethnomedicinal knowledge of coffee

There are several references related to the application of coffee plants in traditional medicine
underlying multiple healing potentials. In addition to the official drug (Coffeae semen) utiliza-
tion, there are data about the use of other plant parts in the Equator region. These coffee plant
parts were used to treat various diseases in both human and veterinary medicines.

Ross presented an ethnomedicinal map about the use of Coffee species (different plant parts
and different routes of administration) as a medicine throughout the world describing a wide
range of diseases or symptoms, such as diarrhea, intestinal pain, HIV/AIDS, flu, anemia,
edema, asthenia, liver diseases, migraine, stomach pain, fever; against bleeding that accompa-
nied abortion; as astringent, aphrodisiac, cough suppressant; for cardiotonic and neurotonic
effects, for tiredness, asthma, scorpion bites, and for the production of prolactin [2, 53-55].

In traditional medicine, the coffee coal was used for the inflammatory diseases of mouth and
pharynx, but also it was used as a treatment of festering wounds [56]. In Nepal, C. benghalensis
flowers were used as a treatment for excessive bleeding during menstruation [2, 57]. Different
plant parts of C. canephora were used for backache, measles, coughing, and jaundice [2, 58].

There are information about utilization of coffee leaves and seeds as infusion or decoction having
different regional names such as “giser” in Yemen [2, 12]. Native people from Ethiopia drank
a beverage named “hoja” for diarrhea and nausea, which were caused by poisoning [2, 59].
In some regions of Indonesia and Ethiopia, people used to prepare a tea from C. arabica or C.
robusta leaves, named “copi daon” or “leaf coffee” [2, 60]. In Liberia, women used to prepare
a coffee leaf infusion for their children. The infusion from C. arabica leaves was tested on the
London markets, but people said that it was undrinkable [2, 60].

Schmid et al. presented a study about the veterinary use of coffee in Swiss provinces indicat-
ing that farmers used coffee as a beverage to treat the reproductive, gastrointestinal, and met-
abolic disorders and infertility in animals. The authors showed that a subcutaneous injection
of 10 mL coffee seed extract increased the healing rate of the newborn calves from diarrhea in
30% of the cases compared with the control subjects [2, 61].

6.2. Medicinal importance of coffee

The seed extracts of Coffea species have presented several health benefits due to the poly-
phenols content being used in cosmetics and pharmaceutical industry. The pharmacological
benefits included a wide range of effects such as antioxidant, detoxifying, lipid reducing, car-
dioprotective, anti-inflammatory, analgesic, antineoplastic, diuretic, antibacterial, antiviral,
antifungal, antiosteoporotic, anticelulitic, and anti-age activity, the effect on central nervous
and gastrointestinal systems, and on blood vessels [62]. According to Rodriguez et al., the
hydroalcoholic extract of coffee silverskin can be used for topical application because it has
no irritant effects. Three different extracts were studied in this case performing in vitro and in
vivo skin and ocular irritation assays [2, 63].
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Nowadays, many decaffeinated beverages are produced in order to overcome the negative
withdrawal effects of caffeine by using different extraction methods, which involve some toxic
solvents. Due to these methods, they may be harmful for the human body; therefore, many
studies were performed in order to obtain new and less toxic extraction methods. Among
these new techniques, it can be mentioned: the microbiological caffeine degradation by using
Pseudomonas and Aspergillus strains, enzymatic caffeine removal, and the genetically reduc-
tion of caffeine in plant [2, 64]. Even though many new decaffeination methods were suc-
cessfully tested, the decaffeinated coffee still contains a minimum quantity of caffeine, aspect
which has to be taken into consideration by patients vulnerable to caffeine effects. McCusker
et al. have evaluated the caffeine concentration in various decaffeinated coffee drinks col-
lected from different sources obtaining a caffeine content of 0-13.9 and 12.0-13.4 mg/16-0z
serving [65].

Ross mentioned in his work many scientific tests about the topical utilization of green seed
extracts. The results showed that these extracts have a significant anti-inflammatory activity.
Other tests made on mice showed that the extracts of dried seeds have anticancer effect and
they can also decrease blood sugar levels. However, seven cups of coffee per day with alcohol
and cigarette can increase the suicidal tendency and the gastric acid level [2, 53]. The regular
consumption of coffee mainly reduces the occurrence of kidney and liver cancers; meanwhile,
premenopausal, breast, and colon cancers are less influenced. These effects are attributed to
the content in caffeine, diterpenoids, caffeic acid, polyphenols, essential oils, and heterocyclic
molecules [2, 66].

Cooper and Kronenberg tested the topical effect of coffee seed extract on 30 patients with
dermatological problems. During this study, the product was applied on the whole facial
area of 20 patients. In the case of 10 patients, it was applied only on the half of their face
and the remaining area was treated with a placebo cream. The investigated cream pre-
sented noticeable effects such as appearance of fine lines and reduction of wrinkles and
pigmentation [2, 67].

Jessen et al. have proved that thermogenic effect of nicotine can be improved by caffeine.
They have studied this effect by using chewing gums with different concentration of nico-
tine and caffeine. They have found that the thermogenic effect of 1 mg of nicotine can be
doubled by 100 mg of caffeine; therefore, caffeine could be used for weight gain prevention
after smoking cessation [68]. It was also demonstrated that regular consumption of coffee
presented benefits for the respiratory system in patients with asthma and smokers. In addi-
tion, the regular coffee consumption can reduce the occurrence probability of type II diabe-
tes by 60%. The effect was not generated by caffeine since both caffeinated and decaffeinated
beverages were studied obtaining the same result. Therefore, the compounds which are
responsible for this effect are still unknown. Due to this reduced risk for diabetes develop-
ment, coffee may be indicated as “functional food” efficient for the metabolic diseases pre-
vention. Coffee presents high antioxidant properties due to the presence of flavonoids and
polyphenols in its composition. The antioxidant activity was significantly increased after
consumption of unfiltered coffee because of the glutathione increase [2, 69, 70].
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Wagemaker et al. characterized the lipid fraction of the coffee seeds determining the variable
concentration of wax, oil, and unsaponifiable material in the case of 10 Coffea species. The
sunscreen effect was calculated between 0.0 and 4.1 SPF depending on the species indicat-
ing that the presence of linoleic and oleic acids is very useful for cosmetic products [2, 71].
Phenolic acids presented inhibitory effect on skin tumor in mice [2]. The influence of 13 phe-
nolic acids on the phenol sulfotransferase enzyme activity was investigated since this enzyme
is involved in the detoxification process. Some acids have inhibited the enzyme by 21-30%
(chlorogenic, syringic, protocatechuic, vanillic, sinapic, and caffeic acids), while other acids
have enhanced its activity (p-hydroxybenzoic, gallic, gentisic, o-coumaric, p-coumaric, m-
coumaric, and ferulic acids) [23].

Other studies reported that isoquercitrin and rutoside had anti-atherosclerotic effect, quer-
citrin had positive chronotropic, positive inotropic, and anti-arrhythmic effects, which were
tested on guinea pigs. Both quercetin and rutoside are used as therapeutic agents for capillary
fragility and phlebosclerosis [2, 22]. Some flavonoids such as rutoside, gossypin, naringenin,
(+)-Cyanidanol-3, quercetin, kaempferol, and rutin exhibit antiulcer activity by enhancing the
gastric protection conferred by mucous content and inhibiting the platelet activating factor.
Quercetin, kaempferol, and rutin showed antidiarrhetic effect and also benefits in other intes-
tinal diseases since their actions are mediated through a2-adrenergic and calcium systems.
Some flavonoids such as rutin and venorutin were also proved to exhibit hepatoprotective
effects. In addition, kaempferol, rutoside, and quercetin showed antioxidant, antiviral, anti-
fungal, antibacterial, anti-inflammatory, and antiallergic activity [22].

In one of our previous studies, the antioxidant activity of three Coffea species was tested
using enhanced chemiluminescence (ECL), 2,2-diphenyl-1-picrylhydrazyl (DPPH), and
oxygen radical absorbance capacity (ORAC). Even though trolox equivalent values
obtained by ECL and DPPH methods showed loose correlation, values obtained by ORAC
assay were higher without correlation in each plant. The differences in the reactive antioxi-
dant compounds among the assays and the altered reactivity with the reporter molecules
might be responsible for this much higher antioxidant activities measured by the ORAC
assay. However, a closer correlation was observed between the ECL method and the scav-
enging potential of the DPPH technique in each species, much higher DPPH antioxidant
activity was observed at the immature pericarp of C. benghalensis than in case of the other
species [29].

The hepatoprotective effect of coffee brews was proven by Lima et al. The two enzymes
(aspartate aminotransferase and alanine aminotransferase)that are relevant for liver damage,
the thiobarbituric acid reactive species, and total lipids, all were decreased. This effect was not
negatively influenced by decaffeination process; meanwhile, it was indicated that the roasted
coffee brews had a better protection against liver disease compared with green coffee brews
[2, 72]. The vascular effects of coffee polyphenols were investigated by Ochiai et al., and the
results showed that the peripheral endothelial function was improved after glucose loading
in healthy person due to the ingestion of coffee polyphenols; meanwhile, no radical changes
of the antioxidant activity were noticed [2, 73]. Chandra successfully assessed the in-vitro
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anti-inflammatory effect of the C. arabica aqueous extract with different concentrations against
the denaturation of protein by incubation with egg albumin. The anti-inflammatory activity
of the coffee extract was related to the polyphenols content and it was higher in comparison
with the effect of diclofenac sodium [2, 74].

6.3. Medicinal importance of caffeine

Caffeine is absorbed 99% from stomach (20%) and small intestine (80%) [75]. The most popu-
lar effect of caffeine is its stimulant effect on the central nervous system. Moreover, there
is a wide range of various effects that are also attributed to caffeine such as increase of the
painkillers effect, reduction of tiredness and of migraine (as it has a vasoconstrictor activity
in the brain), increase of the stomach acid secretion, stimulation of the heart function (with
hypertensive effects), stimulation of kidney function (with diuretic effect), stimulation of
respiration, and decrease of the vitamin B concentration [2]. In addition, it is supposed that
the occurrence of Parkinson’s disease may be reduced by a regular consumption of coffee
and cola [2].

Armanian showed that this alkaloid presents significant preventive effect of apnea in prema-
ture infants. Only 15.4% of the infants treated with caffeine have developed apnea in compari-
son with 61.5% of the control group [76].

As it was mentioned before, caffeine has a lot of beneficial effects, but in excess, it can generate
plenty of secondary effects on the gastrointestinal, central nervous, circulating, and respira-
tory systems such as intestinal irritability, vomiting, diarrhea, stomach ulcers, tremors, sleep
disturbances, headache, hallucinations, epileptic convulsions, high blood pressure, arrhyth-
mic tachycardia, numbness, muscle spasms, and respiratory paralysis [2]. The excessive cof-
fee consumption can lead to caffeinism which is an addiction because caffeine stimulates the
central nervous system and also possesses negative withdrawal effects. Due to those second-
ary effects, coffee consumption should be avoided by people having cardio-vascular, kidney,
neurological and gastric diseases, hyperthyroidism, and caffeine sensitivity [2]. In addition,
caffeine is not recommended during pregnancy and lactation as it can cause spontaneous
abortion and it can be secreted in the breast milk [2].

7. Conclusions

Based on this comprehensive work, we can conclude that C. arabica is the most studied and
used plant both in scientific and social fields from the past up to the present. This plant presents
a rich content of caffeine, a purine alkaloid, which is the most popular and well-known com-
pound from the coffee plant. This substance showed important physiological effects on human
body, but also including some serious secondary effects. Moreover, the scientific research is
focused mostly on the physiological effects of coffees, but both the metabolism and extraction
methods of caffeine have to be well studied in order to achieve a safer use of caffeine.
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Abstract

About 80-90% of the adults are regular consumers of coffee brews. Its consumption has
positive effect on energy expenditure, power of muscle, while over consumption has
negative effects widely debated. Across geographical areas, coffee brews may notably
change when preparing Espresso, American, French, Turkish, etc. This chapter reviewed
the phases able to affect the amount of caffeine in cup. Three most important areas will
be addressed: (1) coffee varieties and environment; (2) coffee processing operations; (3)
brewing methods extraction variables. What arises from the state of art is that, although
there is a significant agreement on the effect of each critical variable on caffeine extrac-
tion, there is also a great difficulty to precisely know how much caffeine is in a coffee cup,
although this is the most important information for the consumers. The number of affect-
ing variables is very high, and some of them are inversely related with caffeine content
(brewing time and brew volume), while others exhibit a direct relationship (grinding
level, dose, and tamping). Finally, some variables under the control of barista rarely are
accurately reproduced during brewing. For instance, it was found that the caffeine con-
tent in a Starbuck’s coffee cup during different days varied significantly.

Keywords: caffeine, coffee, extraction, processing conditions, effect of variables

1. Introduction

The most studied component of the coffee is certainly caffeine (1,3,7-trimethylxanthine). It is
present in the form of salt of chlorogenic acid and, in the roasted coffee, in free form. The caffeine
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amount present in raw coffee can significantly vary, depending on many factors, among which
the most important are the origin and cultivar, Arabica or Canephora (var. Robusta).

On average, the raw Arabica shows a caffeine content ranging from 0.9 to 1.5% (dry weight),
while the Robusta contains about twice as much between 1.2 and 2.4% [1-5].

But it is far from being considered a bad news. The World Health Organization (WHO) con-
siders the coffee a “non-nutritive dietary component” because of its 2 calories per cup of bitter
coffee. In fact, the numerous compounds formed during the roasting process come primarily
from Maillard Reaction, and are considered as fiber. Like caffeine, they are hydrosoluble and
can be easily disposed by the kidneys. From this point of view, the coffee and caffeine seem to
be “neutral” component of human diet. Nevertheless, this is not true.

The positive effects of caffeine on the human organism are now widely known, with particular
reference to the improvement of cognitive skills, as a stimulant of attention and concentration.
From this point of view, coffee can therefore be considered a “functional” product according
to the European Parliament and Council Regulation No. 1924/2006 of 2006 December 20 on
“Nutrition and health claims made on foods” [6], it responds to the claims of type A which is
related to the “improvement of a biological function related to specific physiological, psycho-
logical, and biological activities, beyond their established role in growth, development, and
other normal functions”.

However, in the past, caffeine was often demonized as responsible for diseases. Today, in
the lights of the numerous studies conducted worldwide, it can be stated that caffeine is nei-
ther responsible for any disease related to cancer, development of cardiovascular diseases [7],
nor related with problems that may arise during pregnancy, such as a shorter gestation or
reduced birth weight (from a study of 12,208 women) [8]. Also in breastfeeding, the nurse can
continue to drink coffee. It has been observed, in fact, that in the milk of women who drink
coffee, caffeine reaches its maximum rate after about 1 h. Its concentration depends on the fat
content of milk, and the infant absorbs only 0.06 - 1.5% of caffeine. So, there is no justification
to prohibit nurses from a moderate coffee consumption [8].

On the contrary, a study carried out in Bhabha Atomic Research Centre in Bombay demon-
strates that caffeine is able to contrast and prevent oxidative damage of human organism
cell membranes, caused by free radicals, and shows an antioxidant capacity similar to the
glutathione (antioxidant naturally present in the human intracellular fluid) and greater than
the vitamin C [9].

From this point of view, the coffee, simply by the presence of caffeine, can also be considered
a “functional” product that responds to the claims of type B related to the “reduction of dis-
ease risk that relate to consumption of a food or a food component that might help to reduce
the risk of a given disease or medical condition because of specific nutrients or non-nutrients
contained in it”.

These topics about coffee, caffeine, and human health will be deeply discussed in Section 2 of
this chapter.
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Concerning the features of coffee beverage, it is known that its quality depends on a num-
ber of variables, so that starting from the same raw material we could obtain a coffee with
completely different characteristics, in terms of pH, flavor, “body”, cream, caffeine, phenols,
Maillard Reaction Products (MRPs), etc.

For this reason, the chapter will consider all the principal aspects, which affect the quality of
coffee “in cup”.

Section 3 deals with the properties of raw material, the green coffee, and how its variability
could affect the final quality of coffee brew.

Section 4 is aimed to deepen the central technological process that coffee undergoes during
roasting. In this case, the different process conditions, applied in different countries and cul-
tures, may lead to a range of possible chemical compositions (i.e. phenol content and MRP
content) and sensory characteristics of coffee “in cup” (acidity).

In Section 5, the author investigates a particular aspect, which has been neglected so far, how-
ever being one of the most important for the quality of coffee beverage. The grinding process,
which could dramatically affect all the features of beverage, such as volume, total solid con-
tent, caffeine content, pH, and flavor in general.

Sections 6 and 7 are totally dedicated to the different types of extraction and their fallout on
caffeine content and other characteristics of coffee “in cup”. Obviously, the single-service size
systems are also described, even considering the more recent results of our research.

2. Coffee consumption and its debate on health

Coffee is an extremely popular beverage, which has become the second most valuable com-
modity after oil [10]. Annually, 120 million of coffee bags are consumed in the world, cor-
responding to over 7 million of tons [11]. Coffee consumption is a regular part of daily life
worldwide [12], in fact in the European Community, as well as in the United States, the aver-
age consumption of coffee per capita is of 5.1 kg/year [13]. Americans consume more than 400
million of coffee cups daily, making this beverage the major source of caffeine in the adult
diet [14].

The coffee is a complex mixture of thousands of chemicals. It contains, besides caffeine, more
than 1,000 chemical compounds responsible of its flavor and aroma, carbohydrates, lipids,
nitrogenous compounds, vitamins, minerals, alkaloids, and phenolic compounds [15, 16].
Anyway, among these, the caffeine is that on which is focused the majority of debates regard-
ing the coffee consumption and its effects on health. Caffeine content in coffee is highly vari-
able depending on a huge number of factors, such as variations in environmental and climatic
conditions, features of raw materials, agricultural practices, post-harvest techniques, duration
and conditions of storage, roasting degree, roasting process, type of commercial coffee, grind-
ing, and brewing methods [16]. Caffeine is an alkaloid that is found in more than 60 plants
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which has a protective effect against insects [17]. The world’s primary sources of dietary caf-
feine are roasted coffee beans and tea leaves. Caffeine is the most widely consumed psychoac-
tive substance throughout the world, and it has been used for thousands of years [18].

Other common sources of caffeine are the kola nut, cacao bean, yerba mate, and guarana
berries [19]. It has been estimated that 80-90% of adults are regular consumers of caffeine-
containing brews, such as tea, coffee, cocoa, cola, and energy drinks [20]. A study on the
caffeine intakes of the US population (considering a total of 37,602 consumers) showed that
85% of people consumed at least one caffeinated beverage per day. Caffeine intake in adults
increases by age with the highest consumption for people of 50-64 years old (226 mg/day).
Adult men consumed more total caffeine from beverages than adult women, as confirmed by
Frary et al. [21]. In particular, the most frequently consumed beverages containing caffeine
are coffee (71%), soft drinks (16%), and tea (12%) [19]. Although each of these has strong eco-
nomig, social, and cultural impact, coffee brew remains the most important both economically
and socially. In fact, coffee brew significantly contributes to the overall caffeine consumption
of the adult populations [22].

In 2012, FDA [23] stated that for healthy adults, a caffeine intake up to 400 mg/day is not
associated with adverse effects. Obviously for children, different and specific recommenda-
tions exist. Health Canada issued recommendations in 2009 specified the caffeine intake at
45-85 mg/day as healthy levels for children aged 6-12 years and 100-175 mg/day for ado-
lescents of ages >12 years [24]. Health Canada recommended, for pregnant women, a daily
dose of caffeine lower than 300 mg, while UK Food Standard Agency restricted this amount
below 200 mg/day [12]. Brent et al. [25] and Peck et al. [26] do not support adverse effects
for this caffeine consumption on reproductive health or pregnancy outcomes. Furthermore,
another study [8] found that the caffeine consumption is not related with problems that may
arise during pregnancy, such as a shorter gestation or reduced birth weight (from a study of
12,208 women).

Caffeine is rapidly absorbed in the stomach and small intestine, and it is distributed to all
tissues, including the brain. Once caffeine is absorbed, it exhibits numerous and well-studied
physiological effects.

However, apart from caffeine, coffee brews are also rich in other bioactive substances with
a wide range physiological effects [27]. The list comprises of many phytochemicals, such as
phenols, lactones, niacin, trigonelline, melanoidins, choline, etc.

An understanding of the physiological effects of coffee beverage is limited by the wide array
of components included in the extracted product and by the numerous effects of each of these
compounds.

However, it can be stated that the majority of the research carried out on the physiological prop-
erties of coffee has concerned the caffeine, which principally has stimulatory effects, including
enhanced perception, reduced fatigue, enhanced memory consolidation, improved mental
alertness, and reduced sleep duration [28]. A moderate consumption of caffeine has shown to
increase strength and power of muscle, as well as energy expenditure. In fact, the consumption
of 300 mg caffeine per day increases energy expenditure by approximately 79 kcal/day [29].
Moreover, it enhanced lipid oxidation and lipolytic and thermogenic activities [19].
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On the other hand, an over consumption of caffeine might have negative effects, such as
ringing in the ears, mood diarrhea, delirium, muscle tension, gastric acid secretion, etc. [30].
Excess caffeine intake is also involved in a state of excitement, anxiety, tachycardia, headache,
palpitations, insomnia, nervousness, and tremor [31].

Wide differences in the dose-response of caffeine among individuals were observed as a result
of genetic variation of susceptibility [32].

Furthermore, experimental and clinical evidences confirm tolerance from caffeine, which pro-
duce a reduction in the response as a consequence of previous exposure; consequently, the
observed effects after a series of repetitive caffeine dosage may be very different from those
highlighted after the first intake.

Apart from the well-known physiological properties of caffeine, more recent investigations indi-
cated potential healthy effects of coffee, which are to a certain extent correlated with caffeine [31].

Some epidemiological studies suggested that coffee beverage is inversely associated with risk
of various diseases [16, 33, 34].

Most of the more recent studies reported a relationship between a significant risk reduction
of 30-60% in the development of type 2 diabetes and coffee consumption [34]. In particular,
some studies reported a significant dose-dependent reduction in the risk of developing type
2 diabetes with a long-term coffee consumption [35, 36]. Moreover, this positive effect was
observed both for caffeinated and decaffeinated coffee [37]; thus, it is possible to ascribe these
effects to other phytochemicals.

Some studies reported controversial effects on the post-prandial glucose peak [38] as affected
by coffee consumption. As reported from Greenberg et al. [39], part of these effects might be
attributable to caffeine.

Furthermore, coffee intake has shown to reduce the liver damage in people at risk for liver dis-
eases, such as hepatic injury, cirrhosis, and hepatocellular carcinoma [40, 41]. It was suggested
that the coffee may preserve hepatocytes from damage, regardless of whether the aggressive
agent is a virus, alcohol, drugs, or others [42]; however, the mechanisms associated with the
protective effect of coffee on the liver are still unclear.

Coffee consumption is also inversely associated with the risk of Parkinson’s disease in men
and women, who have never used postmenopausal estrogen [43]. A meta-analysis found a
risk reduction of 49% by consuming three additional coffee cups per day, whereas no effects
were found for the cohort study that included only women [44, 45]. The well-reported protec-
tive effect of coffee on Parkinson’s disease could be ascribed to its caffeine content, which acts
to the dopaminergic system [31]. However, the mechanisms involved were not fully under-
stood. Still about the risk of neuro-degenerative diseases, coffee drinkers have a lower risk of
Alzheimer’s disease respect to people who do not drink coffee [46], even if this outcome is
under debate.

Some experimental studies asserted that cognitive deterioration of Alzheimer’s disease in the
central nervous system may be prevented by caffeine and/or chlorogenic acid [47, 48]. In addi-
tion, Gelber et al. [49] pointed out neither coffee and caffeine intake could be associated with
any form of cognitive deterioration.

49



50 The Question of Caffeine

Regarding cancer, coffee consumption is inversely correlated with the risk of liver and
colon-rectum cancers, even if the mechanisms involved are not clear yet [27]. Moreover, two
meta-analysis concluded that there is a clear dose-dependent inverse association between
hepatocellular cancer and the increase in coffee consumption, suggesting that by raising
the intake of coffee, the possibility of developing hepatocellular carcinoma may be reduced
[50, 51]. Also, a strong protective association has been found between coffee consumption
and the reduction of endometrial cancer [52], while coffee intake might be weakly associ-
ated with breast cancer risk [53]. To highlight the protective effect of coffee extracts, it is
worth noting that any association between these diseases and decaffeinated coffee was not
observed. Under these considerations, it is possible that caffeine might be responsible for the
protective role [31].

Only few studies have linked coffee consumption with an increased risk in developing car-
diovascular (CV) disease. However, this risk is related to the ingestion of the diterpenes
cafestol and kahweol, which have been shown to increase serum total and LDL cholesterol
[54]. These compounds are mainly found in high amounts in boiled and unfiltered cof-
fee. Besides these diterpenes, caffeine might exert negative effects on CV health too, by
increasing heart rate and blood pressure [31, 55]. In a paper just published by a group of
researchers from California [56] the effect of a diet rich in caffeine (coffee, tea, and cocoa)
on the electrocardiographic profile of 1,388 study participants was tested. The subjects were
followed up with clinical analysis and annual or semi-annual visits for 10 years and con-
tacted every 6 months after this period. From results, there is no evidence (95% confidence)
that frequent consumption of products containing caffeine is associated with heart prob-
lems. Patients with a history of heart problems showed no induction or cardiac arrhythmia
aggravation within 1 h of taking 2 or 3 cups of coffee (275 mg caffeine). Moreover, one study
involving about 3,000 patients hospitalized for cardiac arrhythmia showed an inverse rela-
tionship between consumption of coffee and caffeine and frequency of hospitalizations for
arrhythmia, suggesting that it is highly unlikely that caffeine intake increases the risk of
arrhythmia [57].

Coughlin and Nehlig [7] conducted a large study, which collects all the data made available
by the worldwide research over the last 30 years, considering the balance of risks and benefits
of coffee consumption as a whole. There is a plethora of potentially carcinogenic compounds
(tested at high doses in animals) in coffee, but considered within the whole food (“whole food
approach”), they produce a protective effect against many forms of cancer (lung, bladder,
colon-rectal, endometrial, liver, prostate, leukemia, mouth, and throat). It is what the authors
called “coffee paradox”.

Therefore, the coffee beverage is now an important item in the lives of billions of people
which is traditionally used to complement meals, as well as for hedonistic and psychostimu-
lant purposes. Epidemiological data support the view that habitual coffee consumption has
several health benefits because of its content of bioactive compounds and caffeine, which can
exert physiological and healthy effects. Caffeine intakes up to 400 mg/day do not give rise to
safety concerns for healthy adults in the general populations.
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3. Coffee species, origin and blending

Coffee’s most studied component, caffeine, varies substantially as a function of coffee plant
species [58]. Green coffee beans are used by the International Standard (ISO 3509-1989) to
define “a commercial term designating the dried seeds of the coffee plant” [2]. Coffee beans are
produced from the cotyledons of seeds belonging to the genus Coffea, which includes approxi-
mately 70 species. Some of these are of small-scale, they are cultivated in some African coun-
tries, but the resultant beverages are generally of low quality and most of the beans are not
exported [59]. Three coffee species are mostly commercialized: Coffea arabica, Coffea canephora
Pierre, and Coffea liberica Bull worldwide known as Arabica, Robusta, and Liberica or Liberian
coffee, respectively. However, only the first two have a commercial importance; in particu-
lar, C. arabica provides for 60% of world production, while the remaining 40% are from C.
canephora var. Robusta (Figure 1) [60]. These two species display differences, deriving from
optimal climate of growing, physical aspects, chemical composition, and quality of the bev-
erages. Generally, coffee extract prepared by C. arabica is more appreciated than Robusta
because of its superior quality in terms of aroma and, therefore, it reaches higher prices in the
international market [61]. On the other hand, the Robusta coffee, characterized by a more bit-
ter and persistent taste, shows a high amount of antioxidants and soluble solids [3]. However,
green beans are especially featured by their content in caffeine, trigonelline, and chlorogenic
acids. The two main species exhibit differences in caffeine percentages ranged between 1.2-
2.4% for Robusta and 0.9-1.5% for Arabica [1-5]. Caffeine is formed in immature coffee fruits,
and it gradually accumulates all along seed development [62]. The lower content in caffeine
for C. Arabica is explained by a lower expression of some genes (CaXMT1, CaMXMT1, and
CaDXMT2) respect to C. canephora [63]; these genes were positively correlated with the caf-
feine accumulation in coffee beans. Likewise, geographical origins may have influence on
caffeine accumulation and its final concentration. Babova et al. [5] reported that Arabica cof-
fee from Brazil contains more caffeine than the same species growth in Ethiopia and Kenya;
similarly, the Robusta coffee from Uganda shows more caffeine than the same species coming
from Vietnam. Furthermore, Cheng et al. [63] deeply reviewed the metabolism of the most
important components in coffee as affected by genotype (G) and environment (E), showing
as both affect seed development and the final concentration of metabolites in coffee beans,

Figure 1. Green beans of C. arabica and C. canephora var. Robusta.
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especially caffeine content. Specifically, the authors highlighted as G and E, as well as their
interaction (GxE), may affect the overall quality of coffee; similar results were found in a
recent study, in which 20 samples of C. arabica and C. canephora were investigated [5]. This
study highlighted a clear separation among C. arabica accessions based on their geographical
origins, with Ethiopia and Mexico’s accessions which exhibit the lowest content of caffeine [5].
Despite the high differences between the two most important species of coffee beans, in terms
of caffeine content and geographical origins, there are variations within the same species and
across the different cultivars [5].

Other than genotype and geographical origins, other environmental factors may affect caf-
feine accumulation. For example, light exposure is required for caffeine synthesis, although
its optimal level is very low [63]. Indeed, some researchers demonstrated as increased level
of shade improves caffeine content in C. arabica [64, 65], while seedlings of Robusta cof-
fee completely grown in darkness showed a remarkable decrease in caffeine content [66].
Furthermore, among environmental conditions, also the high altitude was positively related
to caffeine content [67].

Fox et al. [68] studied the variations in caffeine concentration for 25 single beans from 5
selected coffees. They found a positive relationship between the weight of beans and caffeine
content, but a very low determination coefficient, r?, of 0.31 was calculated. This proved that
selecting the beans for weight would not ensure an increase in caffeine concentration.

However, apart from geographic origins, rarely the coffee used to prepare a beverage consists
in a unique species; the blending is a technique used to improve the overall aroma, body, and
flavor of coffee, with the main aim to obtain a coffee having excellent sensorial properties
on the final roasted product. Blending may be done before or after roasting, even though,
traditionally, the retailer and the roasters perform it before the roasting, by combining green
beans with similar characteristics, to obtain same physicochemical changes during the ther-
mal process. To date, many popular blends are available on the market which may show
notable changes in caffeine content based on origin, species, cultivar, and ratios used in blend-
ing. Generally, commercial blends available in the market present a great variability, mainly
depending on the species used, even if other factors may influence caffeine content; for exam-
ple, roasting degree, grinding level of coffee powder, etc. which will be well presented in the
next section.

4. Changes in caffeine content as affected by roasting

Roasting is one of most important step in coffee processing because of the marked chemical,
physical, structural, and sensorial changes that confer the worldwide appreciated properties.
During this process, coffee beans are exposed to high temperature for a time length that can
greatly vary according to the type of roaster, geographical origin, variety, coffee bean char-
acteristics, and the desired sensorial properties. Coffee roasting is a process carried out in
different ways throughout the world (Figure 2) [69].
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Figure 2. Coffee roast levels (adapted from Ref. [69]).

In terms of structure, the beans increase their volume becoming up to almost a double of the
original. Moreover, the beans lose weight in a range of the 15-25% as well as a continuous
change in color is commonly observed (Figure 3) [70]. The modifications involved during the
roasting are the result of hundreds of chemical reactions and thermal decompositions occur-
ring on thousands of chemical compounds. Four regions of decomposition of the green coffee
beans have been reported: (1) dehydration; (2) hydrolysis; (3) desmolysis; (4) catalysis [71].
The decomposition begins at 100°C by a significant endothermic reaction that is followed by
a drop in temperature (Figure 3) [72, 73]. Among the reactions occurring during this endo-
thermic step, the major contribution seems to be given by the phenols. Considering caffeine,
in spite of its high sublimation point (178°C), a reduction is observed by evaporation because
it is dragged by the water vapor [73]. This phenomenon is also allowed by the increase of the
caffeine solubility in water as a function of temperature.
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Figure 3. Roast profile analysis (adapted from Refs. [70, 80]).
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In general, the roasting causes a reduction in caffeine content of 30% (from 0.89% + 0.02 of
green beans to 0.6% + 0.03 for roasted Arabica beans) [74]. Farah [3] confirmed that even
though caffeine is not involved in chemical reactions, being stable upon roasting, a small frac-
tion may be lost by sublimation. Analyzing the evolution of gas composition during roasting,
it was observed that in the same temperature region (100-245°C), an increase of nitrogen-
containing heterocyclic compounds, such as indole and caffeine occurs.

The stability of caffeine, during roasting process, was also reported for the roasted coffee
oil (an important by-product with aromatic properties of the Brazilian soluble coffee indus-
tries) obtained by mechanical pressing of beans before the extraction of soluble coffee. During
mechanical via expelling extraction (high pressure and high temperature), a large amount of
caffeine is incorporated into the roasted coffee oil because it is not thermally degraded [75].

Due to the temperature of sublimation (178°C) [76, 77], it would be expected that the loss of
caffeine would occur to a higher extent when this temperature is reached. Macrae [78] reported
that these phenomena could be related with porosity and the internal pressure created into
the beans that may cause some difficulties for the sublimation of caffeine. Nevertheless, in a
model system, where caffeine is probably free of chemical and physical linkages, a similar
gradual decrease of its content occurs [79].

Moreover, important microstructural changes occurring during roasting can drive an addi-
tional loss in caffeine. The high temperature reached during roasting causes bursts accom-
panied by popping sounds [80]. During popping phenomena, caffeine is easily detectable in
the roasting gas, because it is emitted during seed fracturing (Figure 3). Popping is a conse-
quence of the accumulation of inorganic gases formed into the closed pores of beans, dur-
ing the pyrolysis of several compounds. When the pressure reaches a critical limit, the seeds
crack and the entrapped gases are abruptly released. Under these conditions, darker roasting
degrees could present less caffeine amount.

However, the roasting variables may be classified as intrinsic and extrinsic process. The first
class includes all that can be controlled and changed depending on the desired degree of
roasting (methods of roasting, time and temperature profiles, and coffee’s load), while the
latter depends on the features of the green beans (variety, species, origin, and quality) and its
pre-processing (batch-to-batch differences in the coffee beans, semi-dry or wet post-harvest-
ing method, and humidity).

Among the extrinsic variables, Crozier et al. [12] reported that caffeine content depends on
preliminary processing to which beans are subjected. For example, both the washed and
unwashed Arabica beans submitted to different time/temperature profiles, such as high tem-
perature for short time (H-S) and low temperature for a longer time (L-L) led to a reduction in
caffeine of 80% (in comparison with green beans) in the corresponding coffee brews prepared
by adding 5 g of ground beans in 100 mL of boiling water for 5 min than unroasted samples.
However, the brew obtained from washed Arabica roasted beans retained the 20.6 and 19.6%
for H-S and L-L, respectively, while a better retention of caffeine was observed when using
unwashed Arabica beans with values of 19.2 and 18.6% for H-S and L-L, respectively. Coffee
bean’s humidity markedly affects the time of roasting: as well as the temperature of the beans
at the end of roasting.
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Taking into account roasting techniques, coffee beans are traditionally roasted in batch, work-
ing hundreds of kilograms, or in continuous systems. The heat can be transferred to the beans
by conduction at direct contact with hot metal surfaces, by free or forced convection due to
a streaming media (hot air), or by radiation [81]. Moreover, non-conventional microwave
roasting or combined techniques were also studied [82, 83]. The authors reported that the
application of microwave roasting determined a lower loss in caffeine (10.38%, from 2.12 to
1.90 g/100 g) rather than conventional roasting (14.15%, from 2.12 to 1.90 g/100 g). However,
combined methods (convective and microwave) enabled to obtain a further preservation in
caffeine content exhibiting a total loss of 8%.

The microwaves operate directly in the core of the beans, so that the process of roasting is
intensified throughout the whole interior of the bean. This leads to a very intensive heating
from the core to the surface of beans. The application of combined methods resulted in the
increasing of heating and chemical reactions, a reduction of roasting time, while the ultimate
temperature of coffee is lower than the values measured by traditional convective heating.
The same changes in caffeine content were observed by headspace analysis of correspond-
ing ground of green and roasted coffee beans (Table 1) [82, 83]. Because of these reasons, the
microwave roasting method was found to be the most advantageous for caffeine retention.

Another key factor for the process is, of course, roasting time. The quantity of heat transferred
to the beans is the result of temperature and roasting time [84]. According to the widespread
opinion, the degree of roast in the product is correlated to the final roasting temperature [84,
85]. In general, temperature must exceed 190°C to provide a sufficiently reactive roast envi-
ronment; therefore, the residence time and the process temperature should be precisely mea-
sured to describe the overall thermal behavior. For example, Table 2 reports the changes in
caffeine for Arabica and Robusta coffee beans during two roasting experiments [79]. The first
trial was performed at constant roasting time of 15 min by increasing temperature, while the
second one was performed by increasing roasting time at fixed temperature of 240°C. At con-
stant roasting time, caffeine content decreases of 11.3% (from 1.24 to 1.10 g/100 g d.w.) and
7.7% (2.08 and 1.92 g/100 g d.w.) in Arabica and Robusta coffee beans, respectively. Roasting
temperatures until 220°C did not caused any loss in caffeine content in Arabica coffee beans,
while a slight decrease of 4.3% (from 2.08 to 1.99 g/100 g d.w.) in Robusta coffee occurred

Roasting method Roasting time Beans temperature  Caffeine in beans Caffeine in headspace
(medium roast (min) (°C) (g/100 g d.w.) surface area of GC peak
degree 9.5% of solids (%)

substances)

Unroasted bean - - 2.12+0.03 2.01

Convective 9.75+0.21 238+3 1.82£0.02 0.23

Microwave 11.08 £0.17 207 +2 1.90 £ 0.05 0.30

Convective- 5.33+0.12 195 +0.08 195+0.08 0.37

microwave

Table 1. Caffeine content in green and roasted beans (g/100 g dry weight) and in corresponding headspace after roasting
process with different methods (adapted from Refs. [82, 83]).
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Experiment 1 Experiment 2
Roasting Caffeine Roasting time Caffeine
temperature (g/100 g d.w.) (min) (g/100 g d.w.)
(°C)
Arabica Robusta Arabica Robusta
Green 1.24 2.08 Green 1.24 2.08
140 1.44 221 5 1.14 2.04
160 1.52 2.17 8 1.14 2.04
180 1.36 1.98 12 1.05 1.98
200 1.39 1.99 15 0.99 1.93
220 1.29 1.99 20 0.93 191
240 1.10 1.92

Table 2. Changes in caffeine content during roasting at fixed time of 15 min (experiment 1) and at fixed temperature of
240°C (experiment 2) (adapted from Ref. [79]).

probably due to its higher water content. At constant temperature of roasting (240°C), caffeine
content decreases of 20% (from 1.24 t0 0.93 g/100 g d.w.) and 7.21% (2.08 to 1.91 g/100 g d.w.) in
Arabica and Robusta coffee, respectively, after 15 min of process. These data state that the tem-
perature, rather than time, is the main factor affecting caffeine loss during roasting. Therefore,
the evolution of caffeine content from raw or green to the roasted beans depends to the chemi-
cal and physical changes that occur during process. Although it not degrades, caffeine content
could be reduced in two phase of roasting, during dehydration in which caffeine is dragged
by water vapor and during the first crack of the beans, with other volatile compounds, as well
as when its sublimation temperature is reached. However, this slight reduction is observed in
the final step of roasting, determining a less caffeine concentration in the dark roasted beans.

5. Effects of grinding on caffeine extraction

The grinding is a crucial step for coffee brew preparation. In roasted whole beans, the vol-
atiles and the chemical compounds are entrapped in cells and they barely can dissolve in
hot water. After grinding, the beans are reduced to small particles having micro- and meso-
scale dimension (from few micrometers to 1,000 pm) from which volatiles may be released
and chemical compounds are easily dissolved in hot water, giving the worldwide appreci-
ated aroma [86]. Consistently, from coffee powder about the 60% of aroma is lost during the
first 15 min after grinding. For this reason, coffee brews should be rapidly prepared, with
the aim to keep its aroma as much as possible. Moreover, in terms of chemical compounds
dissolved in coffee brew, the grinding process is one of the most important critical control
points for extraction phenomena. Moroney et al. [87] stated that “particle size of coffee ground
is vitally important in coffee extraction in that it affects both the fluid flow through the grind and
the grind’s extraction kinetics”. Commonly, ground coffee is classified in four groups, such as
coarse, medium, fine, or very fine. However, across different countries various particle
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size distributions may be indicated with the same name, as in the case of Europe and USA
where the coarse coffee ground has an average size of 850 and 1,130 um, respectively, like-
wise the fine ground coffee, which shows an average size of 430 and 800 pum, respectively
[2]. The percolation of water inside the voids (capillaries) in coffee cake, the wettability of
each coffee particle, and the diffusion of chemicals from coffee particles to hot water are the
main phenomena controlling the amount of chemical compounds released in coffee beverage
[88]. When coarse particles are used, the percolation rate is high, due to the greater poros-
ity fraction of coffee cakes and the dimension of its capillaries. This condition leads to an
overall decrease in extraction of chemicals. Moreover, diffusion process is reduced due to
the decrease in surface contact area between particles and hot water. On the other hand, fine
or very fine coffee ground may create a coffee cake very close to its percolation threshold. In
this case, the extraction time significantly increase, and a different extraction may occur. A
proper equilibrium between percolation, diffusion, and wettability of coffee particles drives
the type and the amount of chemicals in coffee hence its quality in cup. Therefore, as a rule,
the grinding must be adjusted on the basis of the sensorial and chemical properties desired in
coffee brew (i.e. the type of coffee brew). French press coffee, for which the infusion of coffee
ground in hot water takes several minutes, needs coarse particles with the aim to get slower
diffusion avoiding the extraction of bitter compounds. When preparing espresso coffee with
automatic machines, working under pressure, extraction time is reduced to 25-30 s, and finer
particles are needed to increase extraction rate of chemicals and volatiles. For French press
coffee, about 100-300 particles are usually obtained from each coffee bean, while 3,500 and
15,000-35,000 particles are obtained for preparing Espresso and Turkish coffee, respectively
[89]. Figure 4 schematically depicts the overall particle size distribution for the most common
coffee preparation. However, a bimodal particle size distribution is generally preferred being
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Figure 4. Average particle size of coffee ground for different preparation methods [89].
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it able to keep a good equilibrium between wettability, percolation, and diffusion phenomena
[88, 90]. Petracco [91] reported that a bimodal distribution of coffee particles is the starting
point to obtain a good espresso coffee. The result of grinding operation is affected by several
variables, such as the mechanical properties of coffee beans, the moisture content of roasted
beans, the type of grinders (blade grinder, conical, or flat burrs grinder). Also, the grinding
affects the stability of coffee powder during storage being strictly related with the agglomera-
tion phenomena and aroma retention [88, 92].

The grinding uniformity, that is, how large is the particle size distribution, of crucial impor-
tance. If it is poor, an extraction time ideal for the smallest particles will be incorrect for the
larger ones, thus leading to a tea-like taste [89]. The impact of particles size of ground coffee
on the quality of the brew was widely studied by several authors [90, 93-96]. However, the
effect of grinding on the caffeine extraction and its amount in cup have not been studied yet
in details.

Spiro and Selwood [97] explored the effects of particle size on the kinetic of caffeine infu-
sion. By separating the coffee ground in sub-groups of particles having different size, the
authors estimated the rate constants for extraction caffeine by infusion in water. They
reported an increase from 0.207 x 10 to 22 x 107 s! for particles size of 1,700-2,400 and
152-211 um, respectively. Of course, this is in accordance with the general decrease of
coffee particle-water contact area. Bell et al. [93] studied the effect of grinding level on
the caffeine content of coffee brew. Although the authors did not analyze the particle
size distribution of coffee ground, they showed that by using 8 g of coffee ground for
355 mL of filtered brew, the finest powder yielded the higher caffeine content of
70 mg/177 mL, while when the coarse coffee ground was used, the caffeine content was of
50 mg/177 mL. Again, this was an effect of the greater surface contact area between the fine
coffee ground and hot water, which favored the caffeine extraction. On the other hand,
when the authors used 32 g of coffee powder for 1,420 mL of water any difference in caf-
feine content was not observed by using coarse-medium or coarse ground. In spite of the
same ratio coffee ground/water, when the authors used more coffee ground, the grinding
levels did not have effect. This was due to the longer extraction time of 10 min during which
the caffeine was completely extracted, independently from the particles size. Instead, when
8 g of coffee ground was used, for a brewing time of 3 min, the effect of the grinding levels
was statistically significant.

An interesting result was obtained for people who prefer to perform the grinding at home with
commercial grinders. By home-grinding, no influence of grinding time on caffeine content of
the brews was observed. As reported from the authors, the low efficacy of the home-grinder
produced very large particle size distribution function being overlapped for 8 or 18 s of grind-
ing time. The authors used the term “less distinctive grinding patterns” to explain that no statisti-
cal differences were observed increasing the grinding time of 10 s. Similar results were reported
by Buchmann et al. [98], who studied the impact of grind size, water temperature, and coffee/
water amount on trigonelline and caffeine in Espresso and American brew coffee. In accordance
with above discussion, the authors showed the increase of caffeine content from coarse to fine
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particles. For Espresso coffee, values of ~25 mg/65 mL, ~62 mg/65 mL, and ~75 mg/65 mL were
measured by using 7.5 g of coarse, medium, and fine coffee ground, respectively. Similarly,
for Fresh Brew (American filtered coffee), values of ~45 mg/125 mL, ~65 mg/125 mL, and
~62 mg/125 mL were determined when 9 g of coarse, medium, and fine coffee ground were
used. However, the authors did not report the particle size distribution of coffee grounds.

These observations enable to introduce the importance of the relationships among particle
size, extraction time, and volume of the brew. Severini et al. [90, 95, 96] deeply studied how
these variables affect the quality of espresso coffee. The authors analyzing the effect of using
coarse, fine-coarse, and fine coffee ground (Table 3) [95] on the caffeine concentration col-
lecting three brew fractions: the first 8 s (Ft1), from 9 to 16 s (Ft2), and from 17 to 24 s (Ft3).
Without regard to the fraction time, the caffeine concentration exhibited the following order:
fine > fine-coarse > coarse. For instance, values of 4.98, 4.35, and 2.41 mg/mL were measured
for Ft1 samples [95]. It was highlighted that this increase was not only the result of the reduc-
tion of particles size, but also the consequence of a reduced brew volume for a less percolation
rate that, in turn, was due to the lower porosity in coffee cakes.

Under this consideration, the authors modeled the caffeine extraction through coarse, fine-
coarse, and fine coffee ground [90]. First, the authors proved that among grinding, doses, and
tamping, the former was statistically the most important to explain the caffeine behavior during
extraction. Nonetheless, when considering the total amount of caffeine in cup an opposite order
was observed. For instance, the authors reported caffeine content of 75.60, 98.97, and 128.79 mg/
cup for fine, coarse-fine, and coarse coffee ground after 14 s of extraction. The volumes of coffee
brew, after 14 s, were 10, 22, and 50 mL for fine, fine-coarse, and coarse powder, respectively.
By using coarse coffee ground, a greater percolation rate (i.e. the amount of water that flowed
through coffee cake in the unit of time), due to the large pores available, increased the extraction
of caffeine. In spite of the use of fine coffee powder gives a greater particles-water contact area,
the lower percolation rate reduced the total amount of caffeine in cup. The authors stated that
these results proved that the major contribution to the total caffeine content of espresso coffee in
cup was given by the percolation rate, rather than the grinding level.

Particle size (um) Grinding grade

Fine Fine-coarse Coarse
>600 0.21+0.11 0.68 +0.22 2.93+0.53
400 < X <600 5.69+1.26 13.80 +0.82 33.87£1.63
250 < X <400 32.00 +4.89 47.15+14.12 35.64 +1.88
180 < X <250 52.60 +6.12 37.18 £14.10 26.42 +1.07
<180 9.52+3.21 1.19+1.02 1.15+0.85

Table 3. Distribution (%) of particle size in each grinding grade of coffee powder (mean values + standard deviation)
(adapted from Ref. [95]).
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6. Coffee preparation: methods

The consumer preferences in terms of the sensorial properties of coffee are affected by differ-
ent factors, such as culture, lifestyle, social behaviors, habits, and economic aspects. Moreover,
more recently, the attention of consumers is focused on the outcomes of coffee intake on
health and well-being of specific components, such as caffeine and bioactive compounds. In
this contest, brewing methods and the extraction conditions are essential to obtain the desired
chemical, sensorial, and healthy properties of coffee in cup. A wide literature, across the last
20 years, is available but often the published data are difficult to compare due to the differ-
ence in coffee preparation conditions. On the other hand, all authors revealed that there is not
“the best coffee preparation method”, but every extraction has its own peculiar characteristics [20,
99-104]. In the following sections, we present the most relevant data and discussion on the
different brewing methods and their effect of coffee beverage quality.

6.1. Brewing methods: geographical and cultural aspects

Depending on geographical origins and cultural traditions, different brewing techniques are
commonly used to make a coffee cup in the world. Among the most important and popular,
a coffee cup may be prepared as Espresso, Turkish, American, Moka, Neapolitan, and French
press coffee. However, as reported by Petracco [105] under a physical point of view, the coffee
preparations may be classified in three main methodologies: (1) the “original Italian method”
under high pressure (i.e. Espresso and Moka); (2) infusion by pouring hot water on ground
coffee followed by a filtration (i.e. Drip filter, French press or Plunger, and Neapolitan);
(3) decoction methods (i.e. Turkish, boiled, percolator, and vacuum). All these methods notice-
ably affect the type and the amount of chemical compounds extracted, including the caffeine
content. Drip filter coffee is the most popular brewing method in the world. It is largely dif-
fused in USA, while in north Europe, France, and Scandinavian region, the plunger or French
press coffees are the most consumed. When considering the southern European countries, a
greater variability in the coffee brew methods is observed. The Turkish coffee is consumed in
the Middle East, North Africa, Balkans, Greece, Turkey, and various locations within Eastern
Europe [106]. In Italy, Spain, and Portugal, coffee cups are generally prepared by using the
Espresso method and Moka [100, 102, 103, 107, 108]. The instant coffee, also known as soluble
coffee, initially consumed mainly in Great Britain and Japan, later has been spread all over
the world [20, 109, 110]. Finally, in the last 10 years, the single-dose pod or capsule system has
gained interest for the preparation of coffee at home or at work [104, 111-113].

6.2. Variables affecting caffeine content

Once the blending of coffee varieties, the roasting level likewise the grinding degree has been
chosen, obtaining the desired roasted-ground coffee, several brewing methods may be used
to prepare our coffee cup. However, for all of these, the theoretical principle consists in a
solid-liquid extraction of all chemical compounds from roasted-ground coffee (soluble solid)
to hot water (solvent) [114]. Considering the brew preparation at coffee shops, bar, or at home,
several variables may modify the coffee quality in cup. The type of contact between water and
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coffee ground, the extraction time, the roasted-ground coffee/water mass ratio, the extract vol-
ume as well as water temperature, the vapor pressure in the case of Espresso coffee, filtration,
and boiling process play important roles on the caffeine content of the beverage, as well as on
functional and sensorial compounds [20, 102, 104, 105, 109, 115, 116]. First of all, the volume
of the brew in cup is the variable exhibiting the wider variance mostly due to the personal
appreciation. For instance, the coffee cup may vary from the “Ristretto espresso coffee” [117] of
about 15-20 mL to the “American filtered coffee” of 125-400 mL [100]. This, of course, greatly
affects the caffeine intake every day. Several studies indicated that the caffeine contents rang-
ing from 2.4 to 4.5 mg/mL for Espresso (25 mL), from 0.4 to 1.4 mg/mL for American or filtered
(200 mL), from 0.2 to 0.5 for French or Plunger (100 mL), from 0.7 to 5.4 mg/mL for Moka
(30 mL), 1.6 mg/mL for Neapolitan (30 mL), and 1.94 mg/mL for Turkish (50 mL) coffee brews.
This highlights that the volume of beverage per cup has a profound effect on the assumption
of caffeine. A second variable, which significantly changes among the brewing method, is the
powder/water (p/w) ratio. It was reported that 7 g/25 mL are commonly used to prepare an
Italian espresso coffee, 12 g/200 mL are adopted for American or filtered, while 8 g/100 mL
and 5 g/50 mL are used for French and Turkish coffee brew, respectively. Moreover, extraction
time is subject to a huge variability. Taking into account the difference in coffee powder/water
ratio, several authors highlighted that about 25 s are necessary to prepare an Espresso coffee
and 5-7 min would be needed for American and French coffee brews [100-103, 107].

In the following sections, the most important brewing methods and the extraction conditions
will be analyzed in detail, paying attention on the quality of the beverage, particularly con-
cerning the caffeine content.

6.3. Espresso coffee

The Italian Espresso coffee (EC) is one of the most appreciated coffee brews, an intense aro-
matic beverage made for immediate consumption. EC may be defined as “a brew obtained by
percolation of hot water under pressure through compacted cake of roasted-ground coffee, where the
energy of the water pressure is spent within the cake” [84]. In general, an Espresso coffee (~25
mlL) is prepared by ground roasted coffee beans (6.5 + 1.5 g), by means of hot water (90 + 5°C)
under pressure (9 + 2 bar) applied for a short extraction time (30 + 5 s) to a compact roast and
ground coffee cake by a percolation machine, to obtain a small cup of a concentrated foamy
elixir [105]. However, important differences are commonly observed, such as the so-called
ristretto with a volume of brew < of 20 mL and the lungo espresso coffee > of 30 mL, which are
often consumed in Italy and in other countries [117]. Apart from the above overall definition,
the in-cup quality of espresso coffee and, particularly caffeine content, is affected by several
variables under control of the barista (espresso coffee professional bartender) as shown in
Figure 5.

After the choice of coffee blend and roasting degree, the first step to produce the EC brew is
the grinding of the roasted beans at the optimal level. As previously reported, grinding level
of roasted coffee powder greatly affects the caffeine content in coffee brew. In general, until a
certain level of finesse, a decrease of the particle size of the coffee ground implies an increase of
the caffeine content due to the larger surface area. For an espresso cup prepared by fine ground
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Figure 5. Espresso coffee: variables under control of the barista.

coffee, the caffeine content varies from 2.1 to 4.2 mg/mL, while using the coarse coffee powder,
caffeine concentration was ranged from 0.5 to 3.2 mg/mL [90, 94, 95, 102]. Andueza et al. [94]
reported that the caffeine in EC, from roasted coffee blend (20% Arabica — 80% Robusta), was of
3.80, 3.19, and 3.05 mg/mL for very fine, fine and coarse, ground coffee respectively. Severini et
al. [90, 95, 96] confirmed that, maintaining constant the dose of coffee ground, the pressure on
the upper surface of cake and the extraction time, the caffeine content in espresso was strictly
correlated with the grinding level. In general, therefore, all authors agree with an increased
caffeine extraction as finer is the ground coffee used for brewing. However, as reported below,
several other variables may affect the caffeine concentration with some of these having a direct
relationship, while others are inversely related. So, as explained in the following section, in some
extraction conditions, the effect of grinding level could be also completely invalidated.

Among these, one of the most important is the dose of ground coffee, that is the amount of
coffee powder used to prepare an espresso coffee cup. Romani et al. [118] reported that the
dose of roasted coffee powder used to prepare a cup of espresso is found to be between 6
and 8 g, until a limit of 9 g. This variability has an important effect on the caffeine content of
espresso coffee. Andueza et al. [116] highlighted that the caffeine content in EC cup is greatly
affected by the quantity of coffee powder used. By preparing an EC of 40 mL, using 6.5, 7.5
and 8.5 g of ground coffee, the authors showed several differences in caffeine with values of
1.80, 1.88, and 2.21 mg/mL, respectively, when using doses of 100% Arabica coffee. Similarly,
by using a blend of 20% Arabica — 80% Robusta, higher caffeine values of 3.01, 3.17, and 3.31
mg/mL were, respectively, obtained for the same doses.

However, the effect of ground coffee dose on caffeine concentration could be roughly ana-
lyzed without taking into account the corresponding amount of water used to prepare the
brew (i.e. coffee powder/water mass ratio).

The analysis of this variable is correctly interpreted for brewing methods in which the amount
of water is defined before coffee extraction, such as American coffee, Turkish, etc., but it would
be wrongly analyzed for espresso coffee methods for which the variable ground coffee/water
ratio is rather a ground coffee/brew volume ratio.

However, depending on the traditions, a cup of espresso coffee in Italy is of 2025 mL, in
Spain of 40-60 mL, and in Scotland about 30-50 mL. From these data, roasted coffee powder/
water ratios were 7 g/20 mL, 9 g/60 mL, and 11 g/30 mL, and the caffeine contents resulted, in
mean, of 5.4, 1.8, and 3.9 mg/mL, respectively [110].

Several studies highlighted that the increase in dose and/or grinding level, keeping constant the
total volume of EC, determines an increase of caffeine concentration. Moreover, when the dose
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of ground coffee is higher, being the powder/water surface greater, the percolation pathway for
hot water through the compact cake is more tortuous, increasing the brewing time and more
aromatic and chemical compounds in coffee beverage [90, 116].

Furthermore, the pressure on the upper surface of the coffee cake (tamping) is a step of crucial
importance for both the microstructural properties of the coffee cake and, therefore, on the
pathway of water during the percolation [119]. Severini et al. [90] highlighted that differences
may be in the chemical composition of espresso cup, including the caffeine content, applying,
for 5 s, different pressures (0.75, 1.5 and 2.25 kg) on the coffee cake. On these basis, the tamp-
ing step which could be underestimated at bar could have a significant effect on the caffeine
content of espresso coffee independently from the grinding level and the coffee powder/water
ratio. Also, several studies on the espresso machine conditions (pressure and temperature) are
available. Masella et al. [120] studied the effect of temperature and pressure of water on the
quality of espresso coffee. They found that the combination between three temperatures (75,
80, and 85°C) and two machine pressures (15 and 20 atm) not influenced the caffeine content
of the coffee samples, showing an average value of 2.25 mg/mL. These data well agree with
Andueza et al. [121] who tested three water pressures (7, 9, and 11 atm) on caffeine content
of espresso coffee showing a mean value of 2.04 mg/mL. On the other hand, Salamanca et al.
[122] proved that by applying a gradient of temperature to prepare an espresso cup across
different varieties of roasted coffee, an increase or decrease of some chemical compounds was
highlighted, among these the caffeine.

The extraction time is also a crucial variable in terms of chemical extraction. Nicoli et al. [1]
divided the volume of beverage in five fractions of 10 mL each during espresso coffee prepa-
ration. In the first fraction, the highest caffeine concentration with a value of 6.5 mg/mL was
observed, while a value of 0.2 mg/mL was found in the last fraction. According to these data,
Mora and Rodriguez [123] reported that are necessary only 10 s to extract the 60% of caffeine
from roasted coffee powder (100% Arabica, 100% Robusta, and blend) when preparing an EC
cup of 30 mL. Ludwig at el. [101], monitoring some chemical compounds during the extrac-
tion time, measured a caffeine concentration of 4.36 and 0.57 mg/mL in the first 0-8 s and
16-24 s, respectively. Severini et al. [90, 95, 96] proved that the extraction time highly affected
the aromatic and chemical compounds of EC brew. Taking into account the caffeine content, it
was shown as during the first 8 s of extraction, the caffeine concentration was comparable with
the value measured in a cup of 25 mL. Therefore, all authors agree with progressive reduc-
tion of extracted caffeine as a function of brewing time, obviously caused by the reduction of
remaining caffeine in ground coffee. In general, all papers confirmed that the majority of caf-
feine is extracted in the first phase of brewing. For example, considering a fine roasted coffee
powder, the caffeine concentration was of 4.98 and 4.18 mg/mL after 8 s of extraction (Volume
16 mL) and in the final EC cup (25 mL), respectively. Of course, the reduction of 0.8 mg/mL
of caffeine in the final cup is due to the dilution effect since in the last seconds of extraction,
only water falls in the cup, in practice. Using a coffee powder fine, fine-coarse (or medium),
and coarse, it was reported that 22, 15, and 10 s were necessary to produce a volume of 20-25
mL for espresso cup, and their caffeine content were of 4.2, 4, and 3.2 mg/mL, respectively [90].

Finally, when people consume espresso coffee at coffee shop, the barista can use two types of
filter holder at 1 cup or 2 cups. Severini et al. [96], who studied the potential effect of some
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variables under the control of barista, reported that the espresso coffees from 2-cups filter
holder presented a higher amount of caffeine. This was explained by the higher extraction of
water-soluble compounds as a consequence of the greater amount of coffee ground (~14 g)
in the 2-cups filter holder respect to 1 cup (~7 g) [124]. As proved by the authors, during the
first 8 s of percolation, the caffeine content in each coffee cup, prepared with fine-coarse (or
medium) powder, resulted of 4.51 and 3.46 mg/mL for the beverage prepared with 2-cups and
1-cup filter holder, respectively [96].

On the basis of above discussion, we must state that although the initial choice of coffee
blend and the roasting level are important factors affecting the chemical composition of cof-
fee beverage, they are not able to definitively control the amount of caffeine in espresso coffee
cup. Many other factors may also counterbalance their effects; likewise, some of these may
exhibit an opposite effect. For instance, by increasing the dose of ground coffee, an increase
of caffeine content would be expected, but a slight pressure on the surface of coffee cake
and a negligible increase of brewing time could increase the amount of water falling in the
cup reducing the concentration of caffeine. Therefore, several EC preparation factors should
be taken into account contemporaneously, such as the grinding level of coffee powder, the
dose, the tamping, the extraction rate, and the volume of extract. Each of them should be pre-
cisely defined to obtain the desired chemical compounds and caffeine concentration in EC.

6.4. American coffee

Drip filter or American coffee brew is prepared using an automatic machine (Figure 6)
[125] equipped of a tank in which the water is heated (92-96°C), a container in which,
using a single-use paper filter, is placed the roasted coffee powder. At the bottom of the
device, a glass flask collects the coffee beverage. Being the most diffused preparation cof-
fee method in the world, a wide literature on American coffee brew is available. As for
other preparation methods, several factors affect the caffeine content in filtered coffee, such
as roasting degree, grinding level of ground coffee, dose of coffee, powder/water ratio,
brewing time, and final volume of beverage. Tfouni et al. [126] evaluated that the caffeine
concentration in filtered coffee brew, obtained by Brazilian coffee beans, roasted at two dif-
ferent levels (medium and dark), varies from 0.92 to 0.99 mg/mL and 1.23-1.65 mg/mL for
Arabica and Robusta, respectively. However, another study on the two varieties reported
that the amounts of caffeine in American coffee ranged from 0.35 to 1.07 mg/mL and 0.65 to
1.58 mg/mL for Guatemala (Arabica) and Vietnam (Robusta) coffee, respectively.
Considering the same extraction time (375 s), the average content of caffeine in filtered
coffee brew is about 0.57 and 1.15 mg/mL [101] for Arabica and Robusta, respectively.
Bell et al. [93] reported that the finely ground coffee powder yielded a significantly higher
caffeine content due to the larger surface area, they highlighted that by using a powder/
water ratio of 0.023 g/mL, the caffeine concentration of 0.2, 0.35, and 0.40 mg/mL for coarse,
medium, and fine ground coffee were observed, respectively. Also, a longer brewing time
(from 3 to 10 min) implies a longer contact time between the water and coffee powder,
leading a more complete caffeine extraction.
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Figure 6. Schematic representation of an American coffee device [125].

6.5. Other coffee preparation methods

As previously reported, apart the preparation of espresso coffee, several other brewing meth-
ods may be used to prepare coffee beverages. Among these, some are widely used, popular,
and very appreciated in the world, such as filtered coffee, while others are only linked to some
cultural tradition and used exclusively in restricted geographical areas. In this section, we
summarized the most important brewing method and their specific effects on caffeine content.

The most popular household coffee-brewing method in Italy is the Moka that uses a stove-
top coffee maker invented in 1993 by the aluminum technologist, Alfonso Bialetti. Due to its
low cost and easy-to-handle characteristics, Moka is used in other countries where it is called
stove-top espresso or often misnamed mocha or mocca. In Figure 7 [127, 128], the moka appa-
ratus is shown, that consists of a metallic tank base, used as a water boiler, a metallic filter to
contain the coffee powder, and the cylindrical tank on the upper part in which the coffee brew
is collected. The extraction steps are also reported [127]. Boiling water is forced through the
filter, containing the coffee ground, up to the tank in which is collected the coffee beverage.
Nicoli et al. [1] highlighted that, using a roasted coffee blend and coffee powder/water ratio
of 8 g/80 mL, the caffeine content in beverage was 2.56 mg/mL. Lopez-Galilea et al. [100], by
using a lower ratio of 40 g/500 mL, reported a caffeine content of 0.28 mg/mL. By using 100%
Arabica roasted coffee, with a coffee powder/water ratio of 10 g/50 mL, a high value of caf-
feine content was found of 5.40 mg/mL [108], while a lower value of 1.68 mg/mL was found
employing a ratio of 11.3 g/80 mL [103]. Another study showed that in 100% Arabica coffee
brew from moka, with a p/w ratio of 7 g/110 mL, the caffeine content resulted to 0.75 mg/mL
[102]. Briefly, exclusively considering the brewing method, the core of moka system is the cof-
fee powder/water ratio used during brew preparation. Of course, when this is reduced, a less
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Figure 7. Schematic representation of the use of moka for coffee preparation (adapted from Refs. [127, 128]).

caffeine concentration in the brew is obtained. In these conditions, the total amount of caffeine
intake should be linearly related with the volume of brew. Finally, it can be taken into account
that not all water is used for coffee brew since that a small part of it remains in the metallic
tank base, and another fraction remains in the wet spent coffee.

Another typical Italian method of coffee preparation consists in the use of the Neapolitan pot,
also called cuccumella that in, Southern Italy, has been very popular. This method is based on
the percolation of hot water under gravity through a bed of medium-coarse ground coffee.
The cuccumella consists of a special coffee pot in aluminum, in which there is a tank filled with
water at the bottom, a filter containing the unpressed ground coffee in the middle, and a tank
which sealed the upper side of coffee pot on the top. The process consists of heating water in
the boiler tank of the coffee pot. When the water reaches the boiling temperature quickly, the
Neapolitan machine is overturned, enabling the hot water to percolate across coffee powder
and to collect the brew in the upper tank, now down (Figure 8) [128, 129]. As reported from
Santini et al. [108], 10 g of ground coffee and 50 mL of water are typically used to prepare
Neapolitan coffee. According to the limited use of this method, which is restricted in some
regional area of Italy, very few studies reported scientific data on the quality of coffee prepared
with Neapolitan pot. By using a 100% Arabica roasted coffee, some researches highlighted that
a caffeine content of 1.89 mg/mL was measured when using a roasted coffee powder/water
ratio of 10 g/50 mL [108], while a value of 1.3 mg/mL was found using a ratio of 15.4 g/145 mL
[103]. A coarse coffee powder is necessary to prepare a coffee cup, and after the filtration, the
light brown beverage obtained resulted to be very similar to the American coffee.

French coffee, also known as European coffee, is prepared using the French press or plunger pot
schematically depicted in Figure 9 [128]. In this apparatus, the coarse-roasted coffee powder is
soaked with hot water for 2 or 5 min, then a separation of ground spent coffee is made pushed
down the wire-mesh filter (or plunger) toward the bottom of the tank. Finally, the infused coffee
brew may be easily spilled in cup. Also in this case, very few experiments explored the caffeine
content of French coffee. Lépez-Galilea et al. [100], who prepared a plunger coffee brew using
40 g of roasted coffee powder and 500 mL of hot water, measured caffeine content of 0.20 mg/mL.
Also, Gloess et al. [102] investigated the caffeine concentration of different obtained coffee brews,
according to different extraction methods. Among these brewing techniques, the French coffee
samples, prepared by 27.5 g of ground coffee in 500 mL of hot water (90°C) for an extraction time
of 4 min, exhibited an average caffeine content of 0.49 mg/mL.
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Figure 8. Schematic representation of Neapolitan coffee preparation with Neapolitan pot “Cuccumella” (adapted from
Refs. [128, 129]).

Figure 9. Schematic representation of French coffee preparation (adapted from Ref. [128]).

Turkish coffee is the most ancient preparation method of coffee brew. Usually, roasted beans of
C. arabica, after milling to obtain the finest powder, are boiled in a pot called “cezve” (Figure 10)
[128] previously added with sugar. The coffee is served in a cup where the grounds are allowed
to settle. The amount of water necessary for brewing is measured by using the coffee cups but,
usually, is the range of 60-90 mL. For each cup, between 5 and 10 g of finest coffee powder
are used [106]. A slow heating until the boiling is performed allowing the development of the
foam on the beverage surface. Then, the process is interrupted for few seconds before repeat-
ing the boiling with the aim to facilitate the precipitation of insoluble compounds. Niseteo et
al. [20] reported that the caffeine content of Turkish coffees prepared by using coffee powder/
water ratio of 7 g/50 mL, resulted between 2 and 2.8 mg/mL. Similar results were found by
Santini et al. [108], who found caffeine content of 1.9 mg/mL, by using 100% Arabica roasted
coffee, with a coffee powder/water ratio of 10 g/100 mL.
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Figure 10. Cezve (adapted from Ref. [128]).

6.6. The use of soluble coffee

Instant, soluble or dried coffee is referred to the soluble portion of roasted-ground coffee, in
either powder or granule form, which produces, in a very short time, a coffee beverage add-
ing only hot water to the powder in cup [130]. The production of instant coffee involves the
treatment of roasted-ground coffee with hot water and high pressure to extract the water-
soluble compounds. Then, the obtained product is subjected to cooling, centrifugation, and
concentration by heat and freeze drying at low temperatures [3]. Depending on the cof-
fee species (Arabica or Robusta), roasted degree, and the extraction methods (using hot
water or double-extraction, modulating temperature and pressure), different caffeine content
may be observed. Vignoli et al. [109] reported that the caffeine content of dark soluble coffee
resulted, for both extraction methods, as an average of 3.49 g/100 g and 4.82 g/100 g for Arabica
and Robusta soluble coffee, respectively. Niseteo et al. [20] reported that, using a coffee pow-
der/water ratio of 7 g/50 mL, the average caffeine content in two blends of instant coffee was of
4.5 mg/mL. Moreover, by studying eight different brands of instant coffee, Ludwig et al. [110]
highlighted that the amount of caffeine content in coffee brews, prepared by 2 g of instant
coffee dissolved in 125 mL of boiling water, ranged from 0.38 to 0.70 mg/mL, with an average
value of 0.46 mg/mL.

6.7. Single service size systems: pods and capsule

In the last decade, a new coffee preparation method was developed to fulfill the increas-
ing needs of consumers, such as convenience, high quality, quickness, and ease of use. The
roasted coffee powder is dosed, tamped, and hermetically packaged following two methods:
(1) pods, obtained by sealing the ground coffee between two layers of filter paper; (2) capsules
of different size and shape but essentially in plastic or aluminum. The key factor of their suc-
cess is to make possible for anyone to prepare a like-espresso coffee anytime and everywhere.
However, the use of pods or capsules shows great differences, and each coffee brand has
developed brewer machines with specific features, such as pressure, percolation time, water
temperature, flow rate of water, etc. to obtain a quality of coffee as best as possible.
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Several studies reported on the use of capsule or pods to make an espresso coffee cup.
Albanese et al. [111] studied five blends of roasted coffee (100% Arabica (A), 100% Robusta
(R), 80% A-20% R, 40% A-60% R, and 20% A-80% R) packaged in pods and extracted by three
water temperature (90, 100, and 110°C) and their effects on chemical properties of espresso
coffee brews (coffee powder/water ratio: 7 g/25 mL). As expected, the caffeine content was
strictly depended from coffee blend; in fact, increasing the percentage of Robusta coffee, the
caffeine content in the extracts resulted higher. In addition, the high temperature of water
promoted the extraction of chemical compounds among which the caffeine. As reported,
the caffeine contents in ECs were of 2.59 mg/mL (100% A) and 3.55 mg/mL (100% R) when
extracted at water temperature of 90°C and 3.31 mg/mL (100% A) and 4.65 mg/mL (100% R),
when extracted at water temperature of 110°C.

Bartel et al. [131] studied several single-service systems (pods and capsules) to prepare espresso
coffee samples. The caffeine content for an espresso “lungo” (100% A) prepared by pods
(coffee powder/water ratio: 6.9 g/115 mL) was 0.79 mg/mL, while similar values of 0.80 and
0.77 mg/mL were measured using plastic or aluminum capsules, respectively. However, it must
be considered that the use of the above three systems implies the use of different extraction con-
ditions with coffee powder/water ratios of 6.9 g/115mL, 7.9 g/115 mL, and 5.2 g/85 mL for pods,
plastic capsule, and aluminum capsules, respectively. Obviously, differences were also found in
caffeine content for EC from coffee blend (35% A—62% R; coffee powder/water ratio: 5.2 g/85 mL)
in aluminum capsule with a mean value of 1.08 mg/mL, while, Gloess et al. [102] reported that
the caffeine content in a regular EC, from aluminum capsule (100% A; coffee powder/water ratio:
5.5 g/30 mL), resulted of 1.4 mg/mL.

A recent research reported that, using the same roasted coffee powder, comparing two single-
dose capsule systems to the classic bar machine, the caffeine content in ECs resulted equiva-
lent, having an average value of 2.22 mg/mL [112].

Another study observed that, keeping constant the particle size distribution, the pressure on
the upper surface of coffee cake (i.e. the tamping) in different brands of single-dose capsule,
may have an important effect on the extraction of caffeine in ECs due to the changes in micro-
structure of coffee cake [113].

A complex research on single-serve capsule brewer to prepare the American coffee high-
lighted that several parameters, such as the origin of raw material, the roasting degree, the
particle size distribution of coffee powder, the dose in capsule and the cup volume, sig-
nificantly affected the chemical and sensorial attributes of coffee brews [104]. Considering
constant some variables, as the dose of coffee (8.9 g) and the grinding level (volume mean
diameter =734 pum), the caffeine content in American coffee brews increased when the roasting
level was high (dark > medium) and resulted lower when the volume of beverage increased
from 113 to 226 mL.

Of course, independently on the extraction system used, classic coffee machine (i.e. Espresso
or American) or single-dose systems, the same variables affect the chemical and senso-
rial properties of coffee brew, such as the grinding level, the dose of powder, the tamping
(Espresso), the extraction time, and the volume of beverage.
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7. How much caffeine in a single cup? Differences through brewing
method and conditions

How much caffeine is actually assumed for coffee cup? Even though it is recognized that 50 mg
of caffeine for cup and 4 cups/day (total amount of 200 mg/day) is acceptable for people, a real
assessment of caffeine intake for consumers is very difficult. It is a non-trivial question in con-
sideration of that it depends on the brew volume (i.e. how big is the cup), the grinding grade,
the dose, the tamping, the brewing method used, how much coffee ground is used to prepare
the brew, the coffee varieties, and blending. Of course, this could become a problem when con-
sidering that each people cannot known the total content of caffeine inside a cup consumed at
home, at coffee shops, by self-service coffee machine, etc. Crozier et al. [12] did a snapshot of the
variability of caffeine content of espresso coffees sold in several coffee shops. They reported that
caffeine may vary of 6-fold from 51 mg/cup in Starbucks to 322 mg/cup in Patisserie Francoise.
This impressive variability is certainly the result of different extraction conditions, mainly the
dose but also grinding level, roasting conditions, volume of coffee cup, etc.

The web site caffeine informer [132] enables to examine the content in caffeine of hundreds of
coffee brews sold by different brands. By sorting in ascending order, the first one is the Nescafe
Ice Java having a caffeine content of 100 mg in 25 mL (4 mg/mL), while the last one is, as expected,
the decaffeinated instant coffee with 2.5 mg in 236 mL (0.0106 mg/mL). In Table 4 [132], the
amount of caffeine for the most popular coffee brews and the related volume are resumed.

McCusker et al. [18] analyzing the caffeine content of “speciality” reported a great variability
among coffee types as well as among coffees sold in different days but in the same coffee bar.
As example, they reported caffeine doses of 75.8 mg and 140.4 mg for 1-shot (42 mL) and for 2
short shots (40 mL) of espresso coffee respectively, while, when a 1-shot of coffee (42 mL) was
sold by Starbucks, a significantly lower content in caffeine of 58.1 mg was measured. Similarly,
Crozier et al. [12], by considering espresso coffees sold by Starbucks, showed caffeine content
of 51 mg for a serving size of 27 mL. This first data clearly indicate a great variability in caffeine
content in cup among the brewing methods, total brew volume in cup as well as inside the same
coffee shop.

McCusker et al. [18], analyzing some brands specialty coffees in a 16-0z cup (473 mL), reported
caffeine content between 143.4 and 259.3 mg respectively for Dunkin’ Donuts and Starbucks.
A very interesting finding was the high variability observed by analyzing Starbucks’ coffees,
although it was expect a high standardization of preparation conditions. Particularly, analyz-
ing six consecutive days, the authors reported caffeine contents between 259.2 and 564.4 mg
for a 473 mL cup. Furthermore, by consulting the website of Starbucks [133] caffeine content
of 155, 235, 319, and 410 mg are, reported for a short 8-o0z cup (236 mL), a “tall” coffee of
12-0z (354.72 mL), a “grande” coffee of 16-0z (472.96 mL), and a “venti” coffee of 20-o0z (591.2
mL), respectively. By plotting the caffeine contents vs volume, we evaluate a direct linear
relationship between volume and caffeine content but this was not confirmed by scientific
literature. This was because in the coffee shop like Starbuck’s, coffee brew is continuously
prepared and stored in big urn until where, of course, caffeine content is an average of several
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Coffee brew mL Caffeine (mg) mg/mL
Nescafe Ice Java 25.14 100 3.98
Black Insomnia Coffee 354.88 702 1.98
Coffee (Espresso) 44.36 77 1.74
Nespresso Coffee Capsules  39.92 60 1.50
Robusta Coffee 236.59 265 1.12
Turkish Coffee 59.15 50 0.85
Illy Issimo Cafe 201.10 155 0.77
Starbucks Grande Coffee 473.18 330 0.70
High Brew Coffee 236.59 163 0.69
Starbucks Doubleshot 192.23 125 0.65
Dunkin’ Donuts Brewed 414.03 210 0.51
Coffee

Starbucks Grande Caffe 473.18 225 0.48
Americano

Americano Coffee 354.88 154 043
Caffe Mocha 354.88 152 0.43
Starbucks Grande Caffe 473.18 175 0.37
Mocha

McDonalds (McCafe) 473.18 167 0.35
Mocha

McDonalds Coffee 473.18 145 0.31
Starbucks Verismo Coffee ~ 236.59 60 0.25
Pods

Coffee (Instant) 236.59 57 0.24
Caffe Nero Coffee 354.88 80 0.23
Starbucks Decaf Coffee 473.18 25 0.05
Nescafe’ Ricoffy 236.59 6 0.03
Coffee (Decaf, Brewed) 236.59 6 0.03
Coffee (Decaf, Instant) 236.59 3 0.01

Table 4. Caffeine content in cup for coffee brews sold by several brands [132].

extractions. In these conditions, the average caffeine concentration will be exactly the same
for each coffee cup, while the only significant variable becomes the total volume of beverage.

Ludwig et al. [101] studied the effect of brewing time and two different methods, such
as espresso and filtered coffee brews, on caffeine content. Filtered coffee brews were pre-
pared by using 36 g of ground coffee, 600 mL of water at 90°C, and a brewing time of 6
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min. Espresso coffee samples were obtained employing a conventional coffee machine from
7 g of ground coffee for a brew volume of 45 mL. The authors separated coffee samples in 5
and 3 fraction for espresso and filtered coffee, respectively, and they analyzed the changes
in caffeine concentration (mg/10 mL) and volumes (mL) of each brew fraction. For instance,
caffeine content reduced from 85.44 mg (106.8 mg/100 mL) in the first fraction (75 s, 80 mL)
to 23.14 mg (89 mg/100 mL) in the fifth fraction (75 s, 26 mL) in the case of filtered coffee. On
the other hand, values from 47.50 mg (in the first fraction of 8 s and 16 mL) to 5.03 mg (for the
third fraction of 8 s and 17 mL) were reported for espresso coffee. By using these data, it was
possible to calculate that, for people consuming a 473 mL of coffee cup (i.e. a part of the total
volume of 600 mL), a caffeine intake of 304.02 and 545.36 mg should be considered for filtered
brew prepared by Guatemala and Vietnam coffee, respectively. Similarly, values of 63.63 and
131.98 mg were found assuming 45 mL of espresso, when using Guatemala and Vietnam
coffee, respectively. These data are in accordance to that reported by McCusker et al. [18] for
1-shot of espresso coffee, while they were significantly higher for filtered coffee.

Parenti et al. [112] reported the differences in caffeine content of espresso coffee comparing dif-
ferent brewing techniques. The authors compared the espresso coffees from conventional bar
machine, the hyper espresso method (HIP) and the I-Espresso (IE) capsule systems, reporting
a total volume of 25-30 mL (with a flow rate of 1 mL/s) for conventional bar machine, while,
for HIP and IE, the volume of EC brews was weighed until 25 g. However, if let us consider
that the authors prepared a regular coffee of 25 mL for each type of brewing method, we
estimated values of 55.5, 57.75, and 53.5 mg of caffeine for conventional bar machine, hyper
espresso and IE systems, respectively. These data are lower than those previously discussed
from Ludwig et al. [101], who used a lower total volume (25 vs. 45 mL) and a less amount of
ground coffee (6.7 vs. 7 g).

Caporaso et al. [103] analyzed the caffeine content of Neapolitan, Moka, Espresso, and
American (filtered) coffee. For espresso coffee (25 mL), a caffeine content of 60.95 mg for
cup was obtained, being in good agreement with the findings of Parenti et al. [112]. On the
other hand, no accordance there was for the American coffee samples for which the authors
measured a dose of caffeine of 173.25 mg that is significantly lower than the data reported
from both McCusker et al. [18] and Ludwig et al. [101]. However, this was mainly due to
the changes in total volume of the brew that in the case of the paper of Caporaso and coau-
thors. was considered of 125 mL. By considering the caffeine concentration of 1.39 mg/mL as
reported from the authors, it is possible to estimate a total content of caffeine for a 16-o0z cup
(473 mL) of 657.47 mg. This value is greater than those reported from McCusker et al. [18] and
Ludwig et al. [101] as above reported for the same volume of coffee cup.

Relationship between caffeine content and four brewing procedures (filter, plunger, mocha,
and espresso coffee method) were also studied by Lopez-Galilea et al. [100]. Considering a
commercial blend of Arabica and Robusta, caffeine concentrations of 0.22, 0.20, 0.28, and 0.63
mg/mL were measured for filter, plunger, mocha, and espresso coffee, respectively. From
these data, total caffeine of 25, 140, 100, and 88 mg may be estimated for espresso (40 mL),
mocha (500 mL), plunger (500 mL), and filtered coffee (400 mL), respectively.
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All above data indicates two main aspects: (1) a very high variability of caffeine content in cup,
also when we consider the same brewing conditions and (2) the difficulty to critically compare
the literature data since they are obtained in different operative conditions. Particularly, for
the latter consideration, the kinetic of caffeine extraction should be always taken into account
by the researchers, who wish give information on caffeine intake as well as for each other
chemical compounds. This is because the caffeine kinetic extraction is not linearly related with
time. For instance, if we consider the data published by Lépez-Galilea et al. [100], an average
caffeine concentration of 0.22 mg/mL was measured for filtered coffee, leading to a total con-
tent of 88 mg in a 400 mL of total volume. However, the comparison of these results and those
reported by McCusker et al. [18] and Ludwig et al. [101] who analyzed a 16-oz cup (473 mL) is
not possible. This is because, in both papers any information on the kinetic of caffeine extrac-
tion were not reported. Severini et al. [90] studied how the variance of some extraction vari-
able may affect the quality of espresso coffees served every day. The authors modeled the
kinetic of caffeine extraction by changing the grinding (coarse, fine-coarse, and fine ground
coffee), the dose (6, 7, and 8 g), and the tamping on the upper surface of coffee cake (0.75, 1.5,
and 2.25 kg). Figure 11 [90] reports the kinetic extraction of caffeine and its cumulative dose
as a function of extraction time for sample prepared by coarse (grinding level, 7), fine-coarse
(grinding level, 6.5), and fine ground coffee (grinding level, 6). The authors estimated total
caffeine contents of a 25 mL cup as 77.4, 105.83, and 98.97 mg for brew prepared by coarse,
fine-coarse, and fine ground coffee, respectively.
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Figure 11. Changes in caffeine concentration of espresso coffee as a function of grinding level and extraction time [90].
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8. Conclusion

From the huge number of researches and results, which we can find in literature, it becomes
quite impossible to answer a simple question: how much caffeine we take with a cup of coffee?

Different cultivar, origins, agronomic conditions, post-harvest treatments, transport and con-
servation, as well as the blending before the roasting could affect the caffeine content in green
coffee seeds.

The roasting process seems to be the only step almost irrelevant, because the caffeine remains
more or less unaltered by the roasting temperature.

Each different operative condition, such as grinding level, dose of ground coffee, tamping,
water temperature, water pressure, water/coffee ratio, extraction rate, volume of beverage,
etc. could produce differences in the extraction kinetic of caffeine which should be considered
when comparing the caffeine content in cups. Unfortunately, despite the wide bibliography
concerning the caffeine content in coffee brew, few papers reported the differences in extrac-
tion kinetic of caffeine by changing type of coffee brewing.

Among all process parameters, doubtless the grinding level plays an important role for the
caffeine content “in cup”, due to its effect on extraction kinetic. However, the considerable
variability in the composition of the coffee beverage, as well as the significant differences in
volume of a single coffee cup, makes it very hard to accurately define the average of daily
intake of caffeine and of other bioactive constituents of coffee.

From the point of view of caffeine effects on human health, its content in coffee cup and its
intake should be far to be a trouble. In the same way, it seems unjustified the choice of a pure
variety of green coffee, based on the less content in caffeine.

Despite 20 years of reassuring researches, many people still avoid caffeinated coffee because
they worry for the biological effects of caffeine [10].

A difficulty in interpreting epidemiological data is that some surveys were not specifically
designed to quantify coffee consumption; thus, the debate about the coffee consumption, its
beneficial or detrimental effect for human health, still persists. Pending that these encourag-
ing observations could be confirmed and be widely spread, further experiments are needed
particularly on the bioavailability of coffee components in order to elucidate their responsibil-
ity as well as the mechanisms involved in the observed positive effects. It may be concluded,
therefore, that labeling the coffee as a harmful beverage and caffeine as a dangerous com-
pound for human health lacks of support in the light of present knowledge.
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Abstract

It has been centuries since humans consume coffee and get the benefits of this bean.
Many researches worldwide continue to show healthful properties of coffee, while others
suggest a number of side effects. In fact, anything consumed in excess may cause distur-
bance of the body functioning, whereas caffeine is a central nervous system stimulant that
increases focus and improves performance, its high concentration can cause insomnia,
dizziness, and vomiting. Thus, the question is: which coffee dose promotes benefits and
prevents risks? To answer it, we used the zebrafish, a popular animal model that is at the
vanguard of psychopharmacological research due to its unique combination of complex-
ity and simplicity, translational relevance and applicability to high throughput behav-
ioral drug screens. In the current study, we examine time-course and dose-dependent
changes in zebrafish following exposure to caffeine. Our data show an inverted U-shaped
path for the locomotor parameters and crescent path for the anxiety-like parameters.
High doses are harmful to the individual, because the stimulating effect disappears and
anxiogenic effects take place. We conclude that temporal analysis of zebrafish behavior is
a sensitive method for the study of acute caffeine exposure-induced functional changes
in the vertebrate brain.

Keywords: Danio rerio, anxiety-like, drug therapy, pharmacology, biphasic effect

1. Introduction

Caffeine is a psychostimulant substance worldwide used, which can potentially increase
alertness and decrease fatigue and drowsiness [1-5]. Coffee, the beverage in which caffeine
is most representative, is known to be rich in biologically active compounds that possess a

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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variety of therapeutic and functional effects. However, heavy coffee consumption may pro-
voke systemic damages such as irregular heart rate, increased ventilation, anxiety, and due to
its psychoactive properties, caffeine is likely to have addictive properties [6, 7]. Unlike other
psychoactive drugs, caffeine consumption is legal and does not present any form of regula-
tion. Moreover, caffeine consumption is not restricted to coffee and tea, but it has commonly
been combined with other food products, such as chocolates, sodas, potato chips, and also
bottled water. Even more risky, caffeine has been associated with other psychoactive drugs,
as alcohol (i.e., energy drinks). While there is no specific recommendation on the amount of
caffeine used or an indication of a critical value that may cause health problems, the U.S. Food
and Drug Administration (FDA) has suggested 400 mg of caffeine/day for health adults [8].
However, there is not a clear picture of the overtime and dose-dependent effects of caffeine,
demanding attention on behavioral pharmacological studies on this issue.

During the past 2 decades, numerous studies have approached the effects of psychoactive
compounds used by humans in other mammals (rodents) [9-11]. Caffeine has gained atten-
tion because of its multiple targets in the brain. For instance, adenosine, ryanodine, and
Y-aminobutyric acid receptors and cyclic nucleotide phosphodiesterase isoenzymes [12] seem
to be related to stimulant effects of caffeine. However, as other drugs, caffeine empowers the
central nervous system functioning when it reaches the therapeutic range; otherwise, it is too
low concentration to cause an effect or too high concentration that causes intoxication. In this
sense, several studies show contradictory behavioral effects following caffeine exposure: both
increase in locomotor activity [13] and decrease in motor response [14, 15] were observed. The
divergences on results may be related to caffeine dose and observation period in each study.
Therefore, it is urgent to present effect of different doses and a short time-scale evaluation of
caffeine induced changes in order to establish its therapeutic range, and then, how it can be
properly used when in combination with other stimulant or depressant drugs.

Instead of using the most common animal model in pharmacological research, we propose
the use of zebrafish to fill this gap in caffeine research. This small vertebrate is at the vanguard
of neuroethological research and has been suggested for behavioral screening of drugs. The
zebrafish has gained attention in behavioral brain research due to its ideal balance between
the complexity of the physiological system and the simplicity of the biological model. It
includes the fact that the zebrafish presents several molecular pathways, proteins, and pro-
tein products also found in mammals [16-22], besides the genome homology of about 70-80%
[23]. Also, its brain structure [24, 25] and neurochemistry [26] offer translational relevance
to humans [23] and allow exploring the model for a thorough understanding of the effects
of substances used/abused by humans. In fact, various studies have shown that zebrafish
respond similar to mammals when treated with many pharmacological compounds [27-29].
For example, benzodiazepine medication causes sedative effects in mouse [30, 31] and zebraf-
ish [32]. For caffeine, it is not different: both rodents and zebrafish present anxiety-like behav-
ior following caffeine exposure [33-36]. Furthermore, caffeine is water soluble and can be
delivered to the fish via noninvasive method.

Zebrafish is not only an ideal model for behavioral screening, but also the majority of the
genes identified in this species is conserved and has homologs in mammals [23, 37], which
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allows for the examination of brain function and the development of brain diseases [27]. The
zebrafish is an important model for research on psychoactive substances; in this sense, to
know the effect of different doses of caffeine in their behavior is an important step for the
development of methodologies to assess the effect of the substance in physiology and cogni-
tion. Our overtime dose-response analyses are one of the most detailed studies of caffeine in
zebrafish and serves as a behavioral screen for future studies on the neural effects of caffeine
or its effects when combined with other drugs.

2. Materials and methods

2.1. Animals and housing

Adult zebrafish (wild-type, both sexes) was obtained from a local fish farm (Natal-RN) and
held in 50 L tanks forming a closed recirculating high-density system at the vivarium of the
Fish Laboratory (Physiology Department—UFRN). The system maintained water quality by a
multistage filtration, in which four filters processed the water in a flow of 3200 L/h, including
a mechanical, a biological, activated carbon, and a UV light sterilizing filter. Water tempera-
ture was maintained at 28 C, pH in 7.1. Photoperiod was set at 12:12 light:dark cycle, with
light intensity of 250 Ix.

Fishes were fed two times a day with live brine shrimp and flaked food. Experimental pro-
cedures were revised and approved by the Ethical Committee for Animal Use of Federal
University of Rio Grande do Norte (CEUA 045/2015).

2.2. Caffeine exposure

To determine overtime effect of caffeine doses in zebrafish, 144 animals (both sexes;
4.87 +1.35 g) were randomly assigned to different experimental groups that corresponded to
each caffeine concentration (1 = 12 for each group). This experimental design utilized 12 acute
challenge doses: 0.0 (control), 0.5, 1.0, 5.0, 10.0, 15.0, 25.0, 50.0, 65.0, 75.0, 100.0, and 150.0 mg/L
caffeine (Sigma Aldrich, 1,3,7-trimethylxanthine, Cat#C0750).

Fishes wereinitially held in groups of 12 in glass tanks (50 cm x 30 cm x 25 cm, width x depth x height;
37 L) for 7 days to acclimatize the fish to the test room. The bottom and back side of the hold-
ing tanks were covered with white paper to provide a uniform environment. During this
period, water quality was kept the same as in the stock condition, with filtration and oxygen
renovation given by a 140 Bio Wheel power filters. Food was offered twice daily.

For the behavioral assay, smaller tanks (40 cm x 20 cm x 25 cm, 15 L) were used. Caffeine was
added directly to the testing water, to achieve each testing dose. Fishes were individually
transferred to the testing tanks and behavior was recorded during 60 min using an HD cam-
corder (Sony Digital Video Camera Recorder; DCR-5X45) positioned 1 m away and in front
of the tanks.
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Fish behavior records were tracked using the Zebtrack software developed in MatLab [38].
The behavioral variables measured were average swimming speed, total distance travelled,
duration of immobility (freezing), and time spent at the bottom of the tank (up to 5 cm from
the bottom).

2.3. Statistical analysis

Data were first evaluated in search for outliers, homogeneity, normality, zero trouble, col-
linearity, and variables independency by inferential statistics [39]. After that, a Mixed Effects
Model Analysis was applied considering the behavioral response as the response variable
and the time (60 min records) and caffeine dose as the explanatory variables. The repeated
measures characteristic of the data (over time data sampling) required longitudinal data
analysis [39].

The exploratory analysis showed abnormal distribution and over dispersion of the residuals,
and thus, a glmmPQL command (MASS package [40]) was used to develop the mixed model
in the R program [41]. The mixed model showed random effect factors, which was the varia-
tion in behavior between groups, fixed effect factors, which was the caffeine doses used, and
erTor.

The response variables were positive continuous quantitative data, not including zero
(Y > 0); thus, a Goodness-of-fittest was performed to verify the best distribution function. If
the response variable is continuous, then the normal and gamma are the best options [39].
Our response variable data best distribution function fitted gamma distribution (link func-
tion = inverse). The post-hoc comparisons between treatments, of each model, were made
using the Tukey test in “Ismeans” package [42].

Average speed, distance traveled, freezing, and time at the bottom of the tank were also com-
pared between the groups (caffeine doses) using One-Way ANOVA. For all comparison, the
probability level considered for significance was p <0.05.

3. Results

Figure 1 depicts zebrafish average swimming speed during acute caffeine exposure. Graphs
referent to the very small doses (0.5 and 1.0 mg/L) are not presented to make it clear and due
to its similarity to the doses below (0 mg/L) and above (5 mg/L). The mixed model comparison
showed that average speed changed over time (GLMM, x*=7.33, df =1, p <0.006; Table 1) and
due to the caffeine dose used (GLMM, x? = 651.49, df = 10, p < 0.001; Table 1). The post-hoc
comparison test (Ismeans) between caffeine doses is shown in Table 1: 10 and 25 mg/L of caf-
feine lead to an increase in average speed, while higher doses (50-150 mg/L) cause a decrease
in swimming speed compared to low doses (0-5 mg/L).

Figure 2 shows zebrafish total distance traveled along the 60-min period of caffeine expo-
sure. Graphs denoting the behavior for 0.5 and 1.0 m/L are not shown. The mixed model
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Figure 1. Time-course path of the average swimming speed during 60-min caffeine exposure in zebrafish. Mean + SEM
are shown for every 1-min intervals of the total 60-min recording. The caffeine doses (group designations) are shown
above the graphs. Sample sizes (11) were 12 for each dose. Note the elevated activity in the group of fish exposed to 10
and 25 mg/L caffeine as compared to control. Also note the decreased activity in the fish that was exposed to doses of
50 mg/L caffeine and above it. For statistical analysis see Section 3 and Table 1.

comparison showed that total distance traveled changed over time (GLMM, x*>=11.68, df =1,
p < 0.0006; Table 1) and due to the caffeine dose used (GLMM, x? =271.49, df = 10, p < 0.001;
Table 1). The post-hoc comparison test (Ismeans) between caffeine doses is shown in Table 1.
Caffeine doses higher than 50 mg/L decreased distance traveled compared to doses from 0 to
25 mg/L.

Figure 3 illustrates freezing behavior presented by zebrafish during caffeine challenge, a
behavior related to fear and anxiety. Graphs referent to doses 0.5 and 1.0 mg/L are omit-
ted. The mixed model comparison showed that freezing did not change over time (GLMM,
X*=213, df =1, p < 0.14; Table 1) but changed according to the caffeine dose used (GLMM,
X*=214.66, df = 10, p < 0.001; Table 1). The post-hoc comparison test (Ismeans) between caf-
feine doses is shown in Table 1. Caffeine doses higher than 50 mg/L increased freezing behav-
ior in zebrafish compared to doses from 0 to 25 mg/L.

Figure 4 presents zebrafish time spent at the bottom of the testing tank, another behavior
associated to fear and anxiety response. Again, graphs representing doses 0.1 and 1.0 mg/L
were not presented. The mixed model comparison showed that distance from the bottom did
not change over time (GLMM, x?=0.18, df =1, p < 0.66; Table 1) but changed due to the caf-
feine exposure (GLMM, x*=170.91, df = 10, p < 0.001; Table 1). The post-hoc comparison test
(Ismeans) between caffeine doses is shown in Table 1. Caffeine doses of 50 mg/L and higher
increased the time fish spent at the bottom of the tank.
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Figure 2. Time-course path of the total distance traveled during 60-min caffeine exposure in zebrafish. Mean + SEM are
shown for every 1-min intervals of the total 60 min recording. The caffeine doses (group designations) are shown above
the graphs. Sample sizes (1) were 12 for each dose. Note the elevated activity in the group of fish exposed to 10 and
25 mg/L caffeine as compared to control. Also note the decreased activity in the fish that was exposed to doses of 50 mg/L
caffeine and above it. For statistical analysis see Section 3 and Table 1.
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Figure 3. Time-course path of the freezing behavior during 60-min caffeine exposure in zebrafish. Mean + SEM are
shown for every 1-min intervals of the total 60 min recording. The caffeine doses (group designations) are shown above
the graphs. Sample sizes (1) were 12 for each dose. Note the decreased freezing in the group of fish exposed to 5, 10 and
25 mg/L caffeine as compared to control. On the contrary, note the increased freezing in the fish that was exposed to
doses above 50 mg/L caffeine. For statistical analysis, see Section 3 and Table 1.
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Figure 4. Time-course path of the time spent at the bottom of the tank (up to 5 cm from the bottom) during 60-min
caffeine exposure in zebrafish. Mean + SEM are shown for every 1-min intervals of the total 60 min recording. The
caffeine doses (group designations) are shown above the graphs. Sample sizes (1) were 12 for each dose. Note the
decreased time at the bottom in the group of fish exposed to 5, 10, and 25 mg/L caffeine as compared to control. Also
note the increased time at the bottom in the fish exposed to doses above 50 mg/L caffeine. For statistical analysis, see
Section 3 and Table 1.

Figure 5 displays the median and range of variation of the 60-min caffeine exposure in zebraf-
ish, both for the parameters related to locomotion (Figure 5a and b) and the parameters
related to anxiety-like behavior (Figure 5¢ and d). One-Way ANOVA between groups (caf-
feine doses) showed that average speed did not differ from the control condition when fish is
exposed to doses up to 5 mg/L caffeine, but it is increased with doses of 10 and 25 mg/L and
decreased with doses above 50 mg/L (F = 1087.97, df = 10, p < 0.001, Figure 5a) indicating an
inverted U shape. The same patterns were observed for total distance travelled, in which the
lower doses (0.5-5 mg/L) did not differ from the control, doses of 10 and 25 mg/L increased
distance traveled and doses above 50 mg/L decreased distance traveled (One-Way ANOVA,
F=374.82, df =10, p <0.001, Figure 5b). For the freezing behavior, One-Way ANOVA showed
a slight decrease with increasing doses, with the lowest values of freezing registered at 10
and 25 mg/L, and a sharp increase with doses above 50 mg/L (F = 462.15, df = 10, P < 0.001,
Figure 5c), suggesting the anxiogenic effect of high caffeine doses. The time fish spent at the
bottom of the tank was reduced by doses from 0.5 to 25 mg/L and highly increased by doses
above 50 mg/L (One-Way ANOVA, F =427.27, df = 10, p <0.001). Figure 5d depicts the com-
parison between caffeine doses and the tendency line indicating an increasing in time at the
bottom concomitant to the increase in caffeine dose.
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Figure 5. Box plot shows median and interquartile range of locomotor behavior: (a) average swimming speed, (b) total
distance traveled, (c) freezing, and (d) time spent at the bottom of the tank, whiskers represent the range. Tendency line
indicates the inverted U shape observed for increasing doses of caffeine on locomotor behavioral parameters (swimming
speed and distance traveled), and the ascendant pattern observed for increase doses of caffeine on anxiety-like behavioral
parameters (freezing and time at the bottom of the tank). For statistical analysis, see Section 3.

4. Discussion

This study characterizes variations in the locomotor pattern and anxiety-like behavior derived
from acute exposure to caffeine in zebrafish. We evaluated a wide spectrum of caffeine doses,
from 0.5 to 150 mg/L, every 1-min interval along 60-min period of the drug exposure. This
detailed analysis of different doses overtime allowed to the observation that caffeine has a
biphasic effect, stimulating locomotion and decreasing anxiety at low levels, and diminishing
activity and increasing anxiety-like behavior at doses above 50 mg/L.

While caffeine is accepted to act as a stimulant on the central nervous system [43], it is worth
noting that in fact this drug exerts distinct responses depending on the amount used. Initially,
caffeine has little or no impact on behavior, followed by the most evident effect caused by
an intermediate dose, and then a remarkable suppression at the level of behavioral activity,
as observed in Figure 5. High caffeine doses (50 and 100 mg/L) were previously shown to
depress locomotor activity in zebrafish [15, 44], but our study is the first to present a time-
course analyses of the effects of several doses of caffeine in adult zebrafish. The same dose-
dependent effects observed herein in rodents, suggesting the models similarity in terms of the
mechanism by which caffeine produces behavioral effects [45].

Adenosine receptor blockade seems to be the prevalent action of caffeine in the brain. The
increase on locomotor activity after caffeine exposure derives from the blockade of A,, ade-
nosine receptors, preventing the inhibitory action of adenosine on the nervous system [46].
The antagonist role of caffeine usually stimulates the central nervous system and also acti-
vates dopaminergic transmission [47-49], which is consistent with the drug reinforcing prop-
erties. Another event that occurs at the time of caffeine ingestion and which causes increased
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locomotor activity is the inhibition of phosphodiesterase (an enzyme that hydrolyses cAMP),
which promotes the release of calcium from intracellular reserves and interferes with the sen-
sitivity of GABA receptors [50].

Caffeine is a substance widely used by the society [1] and, if used in moderation (up to 200 mg/
day/person on average), it may lead to several benefits, such as improved performance on tasks
that require attention and focus [51, 52]. For instance, it was observed that zebrafish improves
object discrimination when treated with moderate doses of caffeine [53]. The most notable effects
of low-to-moderate doses of caffeine include increased alertness, energy, and ability to concen-
trate [54]. On the other hand, high and abusive use of caffeine may inhibit these effects [55]. At high
concentrations, caffeine is suggested to increase glucose utilization in the CNS, what also seems
to be related to its stimulatory effects [56]. The elevated sugar level (main CSN subtract) together
with the blockage of adenosine inhibitory effects, in turn, is responsible to the caffeine side-effects
on the motor system and sleep-wake cycle, two functions highly susceptible to caffeine.

Moreover, higher caffeine doses induce negative effects such as increased sympathetic
response (tachycardia, higher ventilation), restlessness, insomnia, and anxiety [57]. The high
acute dose of caffeine exacerbates anxiety-like behavior, reduces locomotion, and in many
cases, causes behavior similar to seizure [58], very high doses of caffeine may also cause
intoxication and death of the individuals [54, 59]. The same pattern of effect was observed
in zebrafish larvae under the action of high doses of caffeine [60]. It is known that adenosine
regulates the activity of several neurons, such as glutamatergic; thus, if the effect of adenosine
is blocked, glutamatergic transmission increases and may turn to an extremely high excitatory
response [12, 56].

Finally, our results reinforce the zebrafish as a valuable model organism for throughput screen-
ing of behavioral-related drugs. While caffeine is a legal and widely consumed substance,
the amount of caffeine ingested should be taken into consideration since negative effects are
observed after high doses consumption. We found that moderate caffeine intake ameliorates
performance, but a robust anxiety-related response occurs following exposure to high doses
of caffeine. Taken together, these results confirm zebrafish as an accurate, reliable, and efficient
model for basic translational research of psychoactive drugs on physiology and behavior.
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Abstract

Osteosarcoma cases with metastasis have poor prognosis in general. Recently, caffeine-
potentiated chemotherapy, which is chemotherapy with caffeine dosage against malig-
nancies, has manifested potently high efficacy as well as diverse effects. Recently, we
demonstrated that nonionic vesicles prepared from Span 80 have promising physico-
chemical properties, which let them an attractive option besides the common liposomes.
Here, we manifested the tumor-specific caffeine-potentiated chemotherapy against osteo-
sarcoma in murine model employing a novel drug delivery system (DDS) with Span 80
nano-vesicles. C3H/He] mice underwent transplantation of LM8 osteosarcoma cell line
and then were doped with therapeutic agents. Caffeine was employed as an enhancer in
addition to ifosfamide (IFO) as the antitumor agent. in vitro, the united administration
of IV + CV revealed significant induction of tumor apoptosis in the early phase. In vivo
study manifested that IV + CV-administration markedly decreased the tumor volume as
well as the viable tumor area than in the other groups. No marked organ damage was
observed in the IV or IV + CV groups as well as fertility injury and/or malformations
in their progeny. This novel DDS might have the importance for clinical application in
primary tumors as well as the metastatic osteosarcoma.

Keywords: DDS, Span 80 nano-vesicles, caffeine-potentiated chemotherapy, mouse

model

1. Introduction

At present, osteosarcoma cases with metastasis, especially in lungs, have poor prognosis [1,
2]. In recent years, caffeine-potentiated chemotherapy, which is chemotherapy with caffeine

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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dosage against malignancies, has manifested potently high efficacy [3, 4]. Nevertheless, this
method may induce adverse effects that patients suffer, which include most commonly tachy-
cardia, nausea, psychiatric symptoms, as well as lethal arrhythmia with individual diversity
[5]. On the other hand, there have been numerous developments in novel drug delivery sys-
tems (DDSs) for drug carriers for the treatment of various diseases that enabled target-specific
drug delivery resulting in the prevention of side effects [6-8].

Recently, we demonstrated that nonionic vesicles prepared from Span 80 have promising
physicochemical properties, such as high membrane fluidity associated with low-phase
transition temperature, which make them an attractive possible alternative to the com-
monly used liposomes. Lipid vesicles have been extensively studied. Since the discovery
of mechanism for liposome by Bangham et al. that aqueous phase of phosphatidylcholines
includes self-closed phospholipid bilayers, which can capture and obtain water-soluble
molecules [9], lipid vesicles have been actively investigated. Following early reports on
vesicle formation from completely synthetic amphiphiles [10], vesicles have been prepared
from a large number of different surfactants [11, 12]. Many vesicle systems have been
characterized to some extent and applied in various research areas, ranging from phar-
maceuticals [12-15], food technology [12, 16, 17], and analytical applications to origin-of-
life [18, 19] and artificial cell studies [20]. Vesicles based on nonionic surfactants (so-called
“niosomes”) [12, 21] were first used in the cosmetic industry [10, 21, 22] as alternatives to
phospholipid-based vesicles (liposomes). One of the many surfactants used for niosome
preparations is Span 80, a cheap, molecularly heterogeneous nonionic surfactant that is
also applied as food emulsifier and in oral pharmaceuticals [23, 24]. Span 80 is known as
sorbitan mono-oleate generally; nevertheless, commercially available Span 80 may be a het-
erogeneous mixture of sorbitan mono-, di-, tri, and tetra-esters which could let high fluidity
and vascular permeability [25-27].

A successful therapeutic murine model of transplanted colon cancer employs the DDS using
Span 80 vesicles which have immobilized polysaccharides [28]. In this chapter, we introduce
a novel DDS by using Span 80 nano-vesicles, and manifested that tumor-specific caffeine-
potentiated chemotherapy for murine osteosarcoma using a novel DDS with Span 80 nano-
vesicles showed significant antitumor effects, as well as limited adverse effects.

2. Span 80 nano-vesicles

2.1. Characteristics of Span 80 as a material for food and pharmaceuticals

As mentioned above, Span 80 is known as sorbitan mono-oleate; nevertheless, commercially
available Span 80 might be heterogeneous mixture, rather mainly diesters, in addition to triesters
and tetraesters [23, 25]. Furthermore, the polar headgroup of the different esters present in Span
80 is not sorbitol, but more likely one of the different forms of anhydrized sorbitol [29, 30], a cheap,
molecularly heterogeneous nonionic surfactant that is also applied as food emulsifier and in oral
pharmaceuticals [31]. The substantial molecular heterogeneity of commercial Span 80 is (i) a con-
sequence of the conditions used for the synthesis (reaction of sorbitol with fatty acids (mainly
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oleic acid) at elevated temperature) [24, 29] and (ii) based on the fact that there are no purification
method following the synthesis with excellent cost-performance ratio for yielding inexpensive
products and applicable to large-scale purification. Commercially available Span 80 was deter-
mined by its molecular composition. The property of it may even be better when compared to the
properties of the individual purified components of commercially available Span 80.

2.2. Preparation of Span 80 nano-vesicles in different forms

In our study, we prepared several variations of Span 80 vesicles as follows: Commercially
available Span 80 was processed using the two-step emulsification method (Span 80 vesicles
type 1), sequentially extruded by a polycarbonate membrane (Span 80 vesicles type 2) or
ultrafiltrated (Span 80 vesicles type 3). Fractionation of commercially available Span 80 by
chromatography into the different ester groups (see Figure 1) and vesicular preparation using
the defined mixture of the four kinds of different ester groups (Span 80 vesicles type 4) or
preparation from the diester fraction (Span 80 vesicles type 5) were performed [25].

2.3. Evaluation of diameter and homology by a dynamic light scattering

Vesicle characterization by dynamic light scattering (DLS) and electron microscopy was per-
formed. The different types of Span 80 vesicles prepared either in distilled water or in phos-
phate-buffered saline (PBS) solution were analyzed after vesicle preparation by dynamic light
scattering. As expected from the different preparation methods used, the average vesicle size
and size distribution depend on the vesicle type, independent of whether PBS or distilled
water was used as aqueous medium. (a) The vesicle size would depend on the employed
method; therefore, the prepared Span 80 vesicles should be kinetically trapped aggregates
and might not have thermodynamically equilibrium structures, just like most of phosphati-
dylcholine vesicles. (b) The most homogeneous vesicles with the lowest polydispersity index
were prepared by the extrusion method. When employing PBS as the aqueous medium, the
size of Span 80 vesicle type 1 with an apparent size of 250 + 45 nm, which was obtained by
DLS, could be reduced into 105 + 13 nm by extrusion through polycarbonate membranes with
a nominal pore diameter of 100 nm. Extrusion method enabled to make more homogeneous
vesicles with less polydispersity index. Span 80 vesicles type 2 manifested the appropriate
diameter (c.a. 100 nm) for the drug delivery; therefore, these types of vesicles were employed
for further analyses in the development of DDS.

2.4. Evaluation of diameter and physicochemical property by electron microscopy

Span 80 vesicles type 2 (100 nm) prepared in PBS was also statistically analyzed by cryo-transmis-
sion electron microscopy (cryo-TEM, Figure 1A), yielding a number-weighted average vesicle
size of 63. This value is lower than the z-average value (scattering intensity weighted) deter-
mined by DLS. Next, the hydrodynamic diameter was evaluated; on the other hand, in cryo-TEM
images, the projected, “true” size of a spherical vesicle was obtained. The discrepancy among
these methods could be addressed that the electron dense headgroup area made vesicles more
boundary. Conclusively, electron microscopy revealed the diameter and bilayer thickness of the
vesicles by Cryo-TEM, as well as the presence of uniformity of the vesicles by freeze fracture
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Figure 1. Electron microscopic analysis of Span 80 vesicles type 2 (100 nm), prepared in PBS. (A) Cryo-TEM micrographs
showing unilamellar- and bilamellar vesicles and bilayer fragments (arrow). Length of the bar: 100 nm. Freeze fracture
(B) and negative-staining (C) electron micrographs of Span 80 vesicles type 2 (100 nm), prepared in PBS solution. Length
of the bar: 100 nm. The arrow in C points to one of the fragments present. [Reprinted with permission from Ref. [25].
Copyright (2008) American Chemical Society].
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scanning electron microscopy (Figure 1). Electron micrographs revealed that Span 80 vesicle sus-
pensions contain not only vesicles but also bilayer fragments. The clear contrast was observed
among 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) or dioleoylphosphatidylcho-
line (DOPC) vesicles which might be due to the molecular heterogeneity of Span 80 vesicles.

2.5. Temperature sensitivity of Span 80 vesicles

The temperature sensitivity of Span 80 vesicles might not link directly to the T_ value, because
the observed fusion phenomenon did not develop at T_as the temperature-sensitive vesicles
based on 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) [32]. In DPPC-based vesicles,
the thermos-responsive effect is the leakage of the aqueous contents when the temperature
reaches T [33].

The Span 80 vesicles develop fusion in response to an increase in temperature. Therefore, the
molecular mechanisms of thermos-response in each kind of vesicles are different. The pres-
ence of bilayer fragments in fused Span 80 vesicles at an elevated temperature is not clear at
this moment. However, the nonionic headgroup in Span 80 could be dehydrated and result in
vesicle-vesicle aggregation and fusion at the temperature above T .

2.6. Vesicle membrane fusion property

The vesicle fusion property may be advantageous for efficient drug delivery, and applications
of the several types of Span 80 vesicles described and characterized in this chapter, and previ-
ous papers largely depend on the vesicle’s cytotoxicity. Although previous studies of Span
80-based vesicles regarding cytotoxicity either as a drug carrier or as a gene vector were suc-
cessful, further studies have been required before any conclusions with respect to pharmaceu-
tical applications [25] can be drawn. Among the various types of Span 80 vesicles investigated,
Span 80 vesicles type 2 (100 nm) might be the most attractive one (straightforward methodol-
ogy with the requirement of simple equipment only).

3. Caffeine-potentiated chemotherapy using Span 80 nano-vesicles’ DDS

We developed the murine osteosarcoma therapeutic model of caffeine-potentiated chemother-
apy. In this model, as the therapeutic agents, ifosfamide (IFO) was employed as well as caffeine
sodium benzoate (CSB) as an enhancer. As the murine osteosarcoma therapeutic model, C3H/
He] mice underwent transplanted murine osteosarcoma cell line LM8. The detailed procedures
were described in the original paper [34].

3.1. Preparation of Span 80 nano-vesicles

Span 80 nano-vesicles, which contained IFO and/or caffeine, were freshly prepared as previously
described [28]. Briefly, materials for assembling nano-vesicles containing Span 80 and Tween-80
[35], cholesterol, which worked as the stabilizer of the membrane, polyethylene glycol, used as a
stealth modifier against macrophages [28], and the solvents, normal hexane and normal saline,
were purchased, respectively. All processes were performed under sterilized conditions.
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The two-step emulsification method was employed to process and purify the nano-vesicles. Span
80 and cholesterol were dissolved in hexane by homogenization with a micro-homogenizer in a
sterilized brown glass bottle. Sequentially, the first emulsion was prepared by adding IFO and/
or CSB, which dissolved in normal saline into the Span 80 material followed by homogenization.
As a negative control, phosphate-buffered saline was dripped alternatively. The second-stage
emulsion was processed by evaporation using a rotary vacuum evaporator on a water bath at
37°C followed by homogenization with Tween-80.

The second emulsion was centrifuged using ultra-centrifugation equipment. After aspiration
of the supernatant, the sediment of the Span 80 vesicles was weighed and then suspended in
normal saline at a concentration of 20% w/v. By this method, IFO Span 80 vesicles (IV), CSB
Span 80 vesicles (CV), and PBS-alone Span 80 vesicles (PV) were prepared. Immediately before
the use in vivo or in vitro, these suspensions became extruded by a custom-made extruder with
a drain disk of 100-um thickness and a Nucleopore membrane® of 100-nm pore size to control
the vesicular size. As a result, the diameter of the vesicles was evaluated by the dynamic light-
scattering device and revealed 117 nm at average.

3.2. In vitro evaluation of the antitumor effects of the nano-vesicles

The murine osteosarcoma cell line, LM8, was obtained and employed as an osteosarcoma
model. LMS cells in Dulbecco's modified Eagle's medium were plated and cultured in 24-well
culture dishes for a few days until the cells showed semi-confluent state. Next, antitumor
agents with or without Span 80 vesicles, including PV, IV, CV, direct administration of IFO
or CSB, as well as the combination of IV + CSB, IFO + CV and IV + CV were administered.
Cells were incubated with the antitumor agents at 37°C for 1 or 2 h, and then the cells were
harvested and evaluated for apoptosis and cell viability, respectively.

In vitro analyses revealed cultured LM8 murine osteosarcoma cells with IV + CV almost com-
plete cell death by the trypan blue assay, on the other hand, PBS, CSB, PV, and CV manifested
almost no cell death. IFO resulted in 13%, IV resulted in 28%, and IFO + CV resulted in 75%
cell death (Figure 2 and Table 1).

3.3. Apoptosis detection by propidium iodide (PI) method

Briefly, cells were suspended in ice-cold Hank's balanced saline solution (HBSS), followed
by fixation with 70% EtOH at —20°C [36]. Fixed cells were centrifuged, then pellets were
re-suspended in extraction buffer of pH 7.8 which contained Na,HPO,, citric acid, and 0.1%
Triton X-100 at 37°C. Then, a staining solution of pH 6.8 containing PIPES, NaCl, Mg Cl, Triton
X-100, PI, and 50 RNAse H was added to the cell suspension, and the fluorescence intensity
was evaluated and analyzed in triplicate by the FACStation® and CellQuest® software.

PI analyses revealed that almost cell population (97%) underwent apoptotic cell death, which
treated with IV + CV. By contrast, PBS, CSB, PV, and CV conducted cell death in very limited
population, while IFO and IV let the small population into apoptosis and/or necrosis (8.8-
10.2%), as well as IFO + CSB and IV + CSB induced increasing cell death to approximately a
quarter to one-third of the population (Figure 3 and Table 2).
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Figure 2. Representative photomicrographs of the trypan blue-stained LM8 cells after a 2-h incubation with antitumor
agents: (A) PV, (B) CV, (C) IFO, (D) 1V, (E) IFO + CV, and (F) IV + CV. [Reprinted with permission from Ref. [34].
Copyright (2014) Spandidos Publications].

3.4. Murine osteosarcoma therapeutic model

For the therapeutic model, C3H/He] mice were employed because they are H2-matched to
LM8 osteosarcoma cell line since this cell line was originated from that strain of mouse [37].
LMS cells (3.0 x 10° cells per mice) were subcutaneously transplanted into 6-week-old male
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Treatment Population of nonviable cells (%) (mean + SD)
PBS 1.5+£09
CSB 21+12
14Y% 33+1.8
Ccv 31+19
IFO 13 £3.4°
v 28 £5.5°
IFO + CSB 25+6.7°
IV +CSB 40+9.2¢
IFO +CV 75 +10.8¢
IV+CV 98 +1.2¢

aP < 0.05 versus PBS, CBS, PV, and CV.

bP < 0.05 versus PBS, CSB, PV, CV, and IFO.

P <0.01 versus IFO, P <0.05 versus IV and IFO + CSB.

4P <0.01 versus IV + CSB and the other groups

P <0.05 versus IFO + CV, P < 0.01 versus the other groups.

Table 1. Nonviable cell population in trypan blue analysis.

C3H/He] mice. After c.a. 3 weeks, when the tumor volume reached up to 500 mm?, injection
of the therapeutic agents was started. The administration protocol is schemed in Figure 4.

The agents were administered individually or in combinations as follows: PBS (i.v., sham
administration), CV (0.1 mg/g BW), IFO (direct i.v. 0.1 mg/g BW), IV (i.v. 0.1 mg/g BW), IV
+ CSB, and IV + CV. Five to eight animals in each groups were analyzed in the study. The
therapeutic agents were intravenously administered via tail vein on days 0, 2, and 4, followed
by the harvest under anesthesia on day 7. Tumor diameter as well as the body weight of
each individual was measured every day. At the time of the harvest, volumes and weights of
tumors were evaluated; subsequently, the entire organs and the tumors were processed for
histopathological analyses.

No significant differences were noted in body weights among each other in the groups. It was
marked that the tumor volumes in the IV + CV group were reduced as compared to those of
the control groups (PBS and CV), as well as a tendency toward a decrease against the PV- and
IFO-direct i.v. groups on days 5-7 (Figure 5) could be shown.

3.5. Histopathological analyses

The histopathological analyses of the harvested tumors and entire organs were executed on
the formalin-fixed, paraffin-embedded tissue section. The area of viable tumor was evaluated
as the viability of the tumor tissue in hematoxylin-eosin (HE)-stained sections. Next, in order
to determine the adverse effects, entire organ tissue sections stained with HE, periodic acid-
Schiff (PAS), and Elastica-Goldner stains were accessed by skilled pathologists.
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Figure 3. The Pl-staining apoptosis assay using flow cytometry. Each panel shows the event count (vertical axis) at each
intensity (horizontal axis). The population of apoptotic and/or necrotic cells was measured as M1 and was shown in
Table 2. [Reprinted with permission from Ref. [34]. Copyright (2014) Spandidos Publications].

IFO, IV, IV + CSB, and IV + CV groups revealed significantly smaller viable tumor areas in
comparison to the controls. Moreover, the IV + CV group revealed markedly reduced viable
tumor areas against the IFO and IV groups (Figures 6 and 7).

3.6. Histopathological analyses for adverse effects in vivo

To determine whether the DDS using Span 80 vesicles could prevent or reduce haz-
ardous adverse effects due to the chemotherapeutic agents, the entire organs were
histopathologically examined. Marked prevention of adverse effect was histopathologically
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Treatment Population of nonviable cells (%) (mean + SD)
PV 1.6+1.1
(&Y% 14+1.0
IFO 88+1.9°
v 10.2+2.9°
IFO + CSB 16.5+3.9°
IV + CSB 252+4.2°
IFO +CV 32.8+59°
Iv+Cv 97.1+1.9°
2P <0.05 versus PV and CV.

PP <0.05 versus PV and CV.

P <0.001 versus PV and CV.

Table 2. Population of nonviable cells (M1) in flow cytometry.

tumor volume 500mm3

day -2 0 2 4 7
l l | /1 | | | l l I I | | |
! 7/ ! ! I f

LM8 infusion reagent i.v. harvest

Figure 4. The in vivo therapeutic model. Administration of the antitumor agents was initiated when the tumor volume
reached ~500 mm?® (day 0), and continued on days 2 and 4. Then the mice were sacrificed and analyzed on day 7.
[Reprinted with permission from Ref. [34]. Copyright (2014) Spandidos Publications].

observed in the kidney, liver, and testis. Significant tubular injury, which was recognized as a
loss of brush border, as well as the glomerular damages such as the expansion of the mesan-
gial matrix was manifested in the IFO-direct i.v. group in contrast to those in the IV and/
or IV+CV groups (Figure 8A and B). Furthermore, in the liver, spotty or grouping necrosis
as well as reduced glycogen storage in the hepatocytes was observed in the IFO-direct i.v.
groups in contrast to those in the IV and IV + CV groups (Figure 8C and D). Moreover, the IV
and IV + CV groups manifested no remarkable changes in spermatogenesis, while the IFO-
direct i.v. group revealed marked suppression of spermatogenesis along with the necrosis of
the germ cells (Figure 8E and F).

3.7. Fertility test

In order to elucidate whether the DDS with Span 80 nano-vesicles could be able to prevent the
infertility, fertility tests were performed. Three male C3H/He] mice in each group that were
administered IFO, 1V, or IV + CV were cross-mated with 6-week-old female C3H/He] mice
individually; then the fertility of each male was evaluated.
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Figure 5. Trace of tumor volumes after antitumor agent administration. The symbols represent the mean value of
each group, and the bars represent standard deviation. [Reprinted with permission from Ref. [34]. Copyright (2014)
Spandidos Publications].

Figure 6. Representative photomicrographs of the tumors treated with (A) CV, (B) IFO, (C) IV, and (D) IV + CV.
[Reprinted with permission from Ref. [34]. Copyright (2014) Spandidos Publications].
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as the upper and lower bars express standard deviation. [Reprinted with permission from Ref. [34]. Copyright (2014)
Spandidos Publications].

The test revealed that the male mice after IV + CV administration had normal fertility, and
there were no malformations in their progeny.

4, Discussion and conclusion

A promising suggestion from the therapeutic model of the DDS with Span 80 vesicles was
conducted that this DDS could enhance the therapeutic effects of IFO and caffeine-potenti-
ated IFO chemotherapy, over and above prevent the hazardous adverse effects induced by
chemotherapy. In vitro studies revealed drastic cell death in a very early phase by IV + CV
administration in contrast to the “mild” apoptotic cell death inference by the administration
of IFO alone, IV alone, or combinations of IFO + CSB, IV + CSB, and IFO + CV. These findings
suggested that the immediate delivery of therapeutic agents into the cytosol by IV + CV addi-
tion might induce extremely rapid apoptosis. Fusion of Span 80 vesicles and cell membrane
could be implicated in this rapid response; nevertheless, the comprehensive mechanisms are
still unknown.

Marked development of the DDS employing nano-vesicles has been reported along with the
development of many types of phospholipids and/or detergents [6-8, 38]. The Span 80 nano-
vesicle might be a promising material among them, based on its favorable physicochemical
properties, including membrane fluidity and flexibility. With respect to membrane fluidity,
Hayashi et.al. reported that Span 80 vesicles have markedly high fluidity with various cho-
lesterol contents in comparison to conventional phospholipid liposomes, such as 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
liposomes. Not only the high fluidity, also Span 80 vesicles manifest much more flexibility in
comparison to DPPC and POPC liposomes [26].
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Figure 8. Representative histopathological characteristics of the renal tissue (A and B), liver (C and D), and testis (E and
F), which were harvested from the animals with IV+CV (A, C, and E) and IFO i.v. (B, D, and F) administration.

Nonvesicular aggregates are observed often in the common liposome suspensions; on the
other hand, Span 80 vesicle suspensions also could contain limited amount of nonvesicular
aggregates such as tubulin structures. Recently, Kato et al. manifested that the Span 80 nano-
vesicle might be a kind of kinetically trapped aggregates and might not have thermodynamic
equilibrium structures, like in most kinds of vesicles prepared from phosphatidylcholines
(liposomes) [25].
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The adverse effects induced by ifosfamide have been reported in kidney [35, 39-42], liver
[43-45], gonadal cells [46-48], and bone marrow more frequently to other organs [49, 50].
In the therapeutic model of Span 80 DDS, the mice in the IFO-direct i.v. group also mani-
fested moderate tubular injury as well as the glomerular damage in kidney, moreover, severe
inhibition of spermatogenesis with gonadal cell necrosis. On the other hand, the novel DDS
employing Span 80 nano-vesicles manifested marked prevention of the hazardous adverse
effects in the kidney, liver, and testis. These favorable results could implicate the tumor
selectivity of the Span80 vesicles, which might be at least partially resulting from the refrain-
ing from phagocytosis taken on the pegylation of the vesicles and also possibly on the lower
permeability at the blood-testis barrier in comparison to the direct injection of low-molecu-
lar-weight molecules such as IFO [48, 51].

The results of our study indicated that higher vascular permeability and inclination to fuse
with the instable cell membrane of the tumors based on high fluidity and flexibility as well
as pegylation could result in the higher tumor selectivity of Span 80 vesicles [52]. Recently,
a cell fusion model using Span 80 vesicles has been reported [27]. Furthermore, our results
manifested that CV conducted markedly better enhancement of antitumor effects than that
of the direct injection of CSB. This might be addressed by the pegylation-associated tumor
selectivity as well as the inclination for cell fusion which might enable the immediate caf-
feine delivery into the cytoplasm. Moreover, the prevention of caffeine toxicity, which causes
the withdrawal of numerous patients from caffeine-potentiated chemotherapy, could be pre-
vented based on the selectivity of caffeine delivery by using Span 80 vesicles [5]. Currently,
a DDS of doxorubicin containing liposomal nano-vesicles is applied in actual cancer therapy
with marked efficacy [6-8, 53-55]. The next-generation liposomes with membrane-bound-tar-
geting molecules have also been under development. An anticarcinoma application of Span
80 vesicles containing doxorubicin with or without membrane-bound-targeting molecule was
recently reported [52]. As described above, Span 80 has favorable physicochemical proper-
ties; moreover, it also confirmed risk-free information because it has been already used as a
stabilizer for injected drugs. Furthermore, the cost of Span 80 vesicles should be drastically
cheaper than common liposomes. Therefore, the DDS with Span 80 nano-vesicles might be a
promising next-generation DDS.

Recently, a novel treatment method for lymph node metastasis using a lymphatic drug deliv-
ery system with nano-/microbubbles has been advocated [56-58]. Those reports suggested
that the lymphatic DDS might drastically improve the tissue selectivity and response rates to
the metastatic tumors which had been limited in the hematogenous administration of drugs
resulting in poor prognosis. Furthermore, those models could prevent the systemic toxic
effects of the treatment; nevertheless, they employed highly toxic doxorubicin as the antitu-
mor agent. The caffeine-potentiated chemotherapy employing the DDS with Span 80 vesicles
might have excellent affinity to this lymphatic administration and more effective and less
harmful treatment onto the tumor with lymph-nodal metastasis.

In conclusion, the DDS with Span 80 vesicles may enhance the antitumor effects of IFO and
of caffeine-potentiated IFO chemotherapy against osteosarcoma. Moreover, the usage of this
DDS may suppress the adverse effects, which were induced by the chemotherapy. Thus, this
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DDS model has promising importance for clinical application in the therapy of metastatic
osteosarcoma as well as the primary tumors.
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Abstract

Caffeine is a plant secondary metabolite of antiherbivory, allelopathic, and antibacte-
rial activity. In our previous study, caffeine was shown to be an effective agent toward
plant pathogenic bacteria causing high economic losses in crop production worldwide.
Current study indicated that growth media supplementation with soil or plant extract
did not interfere with antibacterial action of caffeine against Clavibacter michiganensis,
Dickeya solani, Pectobacterium atrosepticum, Pectobacterium carotovorum, Pseudomonas
syringae, Ralstonia solanacearum, and Xanthomonas campestris. The impact of caffeine on
plant cell division, seed germination and growth of economically important plants was
evaluated to assess possible applicability of caffeine in plant protection field. Caffeine
impaired plant cell division process and inhibited in vitro germination of tomato and
lettuce. Regeneration of potato explants was also negatively affected by the addition of
caffeine. However, caffeine spraying or watering of tomato, lettuce and cabbage grown
in soil did not impair plant development. Although the tested plants accumulated caf-
feine, its inner quantity was reduced by peeling and/or cooking. According to the results,
caffeine warrants additional attention as a useful, natural compound designated for the
control of bacterial plant pathogens. Proposed treatment seems promising especially in
the case of providing protection for overwinter-stored table potato tubers.

Keywords: antimicrobials, Brassica oleracea, Clavibacter sp., Dickeya sp., Lactuca sativa,
Pectobacterium sp., plant protection, Pseudomonas sp., Ralstonia sp., Solanum lycopersicum,
Solanum tuberosum, Vicia faba, Xanthomonas sp.
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1. Introduction

Plants produce a broad range of secondary metabolites exhibiting antibiotic, antifungal,
antiviral, antigerminative, allelopathic, UV light absorbing, insecticidal, or even antiherbi-
vore activities [1]. Caffeine (1,3,7-trimethylxanthine) is one of over 12,000 alkaloids of plant
origin [2]. So far, caffeine has captured attention for its pharmacological activity, being
the most widely consumed psychoactive substance in the world [3]. But little is known
about its potential application in plant protection. Until now, it was reported that caffeine
could be used to eradicate or repel molluscs, insects, frogs, or birds [4-7]. Also, the anti-
bacterial activity of caffeine toward microbes inhabiting different ecological niches was
demonstrated. This substance impaired growth of human pathogens like Escherichia coli
0157:H7 responsible for approximately 73,500 cases of foodborne illnesses per year [8],
constituents of natural human microflora such as Streptococcus mutans [9], or terrestrial and
aquatic inhabitants like Pseudomonas fluorescens [10]. To the best of our knowledge, caf-
feine bactericidal properties against plant pathogenic bacteria have been examined so far
by a few groups only. Kim and Sano [11] inoculated transgenic tobacco plants produc-
ing 1.8 ug caffeine per gram of fresh weight with Pseudomonas syringae pv. glycinea and
noted remarkably lower disease severity in comparison with the nontransgenic plants. As
many problems arise with the approval of genetically modified organisms, scientific atten-
tion focused on exogenously applied caffeine. Caffeine direct bactericidal action against
P. syringae pv. glycinea was correlated with the increasing concentration of this compound
[11]. Subsequently, Sledz et al. [12] evaluated antibacterial activity of caffeine toward
broad spectrum of plant pathogenic bacteria causing economic losses in crop and orna-
mental plant production worldwide: Clavibacter michiganensis subsp. sepedonicus (Cms),
Dickeya solani (Dsol), Pectobacterium atrosepticum (Pba), Pectobacterium carotovorum subsp.
carotovorum (Pcc), Pseudomonas syringae pv. tomato (Pst), Ralstonia solanacearum (Rsol), and
Xanthomonas campestris pv. campestris (Xcc). Caffeine inhibited growth of the above-listed
phytopathogens in broth cultures, increased their generation time, triggered morphological
abbreviations, and finally exhibited bactericidal effect in concentrations from 40 to 100 mM
[12]. Moreover, application of this compound reduced disease symptoms caused by Dsol
on potato slices, whole potato tubers, and chicory leaves [12]. In addition, it was shown
that the plant pathogenic bacterium tested could not develop any resistance to the caffeine
treatment [12].

Taking into account these data, caffeine seems to be a promising antimicrobial agent that
might be utilized in the plant protection field, especially because of the limited amount of pos-
sible alternatives [13]. In the past, worldwide spread of multidrug-resistant microorganisms
suggested more prudent uses of antibiotics in agriculture [14], thus possible plant control
approaches seem even more restrained nowadays. In general, mostly preventive procedures
are implemented to reduce economic damage triggered by plant pathogenic bacteria in the
field, transportation, or storage [13].

In this work, we undertook further studies on evaluating possible applicability of caffeine as an
antimicrobial agent to be used in agriculture. We investigated whether caffeine retains its action
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against plant pathogenic bacteria Cms, Dsol, Pba, Pcc, Pst, Rsol, and Xcc in the presence of sub-
stances occurring in soil or plant extracts. Moreover, the impact of caffeine treatment on plants of
economic importance was studied. The effect of caffeine supplementation on plant cell division
was shown in the sprouts of broad bean. Furthermore, we evaluated the influence of caffeine on
plant germination and growth both in vitro and in soil. Last but not least, caffeine accumulation
in the tested plants was investigated. In addition, the effect of peeling and/or cooking on inner
caffeine content in potato tubers was evaluated. Altogether, this study provides an insight into
possible ways of exploiting antibacterial activity of caffeine in plant protection field.

2. Materials and methods

2.1. Bacterial strains

Strains of plant pathogenic bacteria used in this study are: Clavibacter michiganensis subsp. sepe-
donicus LMG 2889, Dickeya solani IFB 0099, Pectobacterium atrosepticum SCRI 1043, Pectobacterium
carotovorum subsp. carotovorum SCRI 180, Pseudomonas syringae pv. tomato LMG 5093, Ralstonia
solanacearum LMG 2294, and Xanthomonas campestris pv. campestris LMG 582.

2.2. Plant material

The following plants were used: lettuce (Lactuca sativa L. var. capitata, cv. Queen of May),
tomato (Solanum lycopersicum L., cv. Baron, cv. Betalux), cabbage (Brassica oleracea L. convar.
capitata, cv. First harvest), potato (Solanum tuberosum L., cv. Irga, or the breeding lines: LB-6 and
LB-12 [15]), and broad bean (Vicia faba L., cv. Hangdown white).

2.3. Growth media and media with soil or plant extract supplementation

To prepare soil extract, 1000 g of Substral soil (Scotts, Warsaw, Poland) was mixed (30 min, 250
rpm) with 2000 ml of distilled water. The suspension was filtered through Whatman paper
grade 1 (Sigma-Aldrich, St. Louis, USA), and the resulting filtrate was autoclaved for 30 min.

On the basis of soil extract, soil medium was prepared as follows: 200 ml of the soil extract
was supplemented with 1 g of KPO,, 2 g of NaCl, 0.5 g of NH,NO,, and 1 g of glucose. pH
was adjusted to 7.2.

Potato, tomato, and cabbage extract media were prepared as listed here: 50 g of potato tubers,
7.5 g of tomato leaves, or 20 g of cabbage leaves were homogenized in 100 (potato) or 20 ml
(cabbage and tomato) of Ringers buffer in extraction bags (Bioreba, Basel, Switzerland). In the
case of potato tissue extract 0.02 g of diethyldithiocarbamic acid was added. Then the homog-
enates were centrifuged at 4000 rpm for 15 min. The supernatant was collected and supple-
mented with additional nutrients to culture Pst (0.1 g of glucose) or Rsol (0.1 g of glucose and
0.3 g of yeast extract). Plant extract media were sterilized in sequence with 5, 1.2, 0.8, 0.45, and
0.22 um Minisart SRP Syringe Filters (Sartorius, Goettingen, Germany).
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In vitro plant cultures were conducted on MS [16], %2 MS or basic plant growth medium
(sucrose 30 g I'! and agar 7.5 g I"") depending on the experiment.

2.4. Effect of soil and plant extracts on the antibacterial action of caffeine

To examine whether substances present in soil or plant extracts could impede antibacterial
activity of caffeine toward plant pathogens, the growth of Cms, Dsol, Pba, Pcc, Pst, Rsol, and
Xcc cultures in soil extract medium and plant extract medium containing 0, 5, 10, or 0, 1, 3
mM caffeine, respectively, was monitored for over 24 h by measuring the relative change in
OD,,,. Choice of the plant extract medium for testing the survival of a specific pathogen was
based on the preferable host. Potato extract medium was used in the case of Cms, Dsol, Pba,
Pcc, and Rsol. Pst was cultured in tomato extract medium, while Xcc was incubated in cab-
bage extract medium. The experiment was conducted in darkness at 28°C (the exception was
Cms cultured at 21°C).

2.5. Effect of caffeine on plant cell division

Broad bean seeds were incubated in distilled water for 24 h (20 seeds per 200 ml) and then
germinated on moistened Whatman paper at 20°C. The sprouts were transferred to Petri plates
containing six layers of lignin and watered with 0 or 8 mM caffeine. The sprouts were then kept
at 24°C for 72 h. After the sprouts were washed, their apical meristems were isolated and cut
into 5-mm slices, which were fixed and stained according to the Feulgen protocol [17]. There
were four control and four treated samples and one to two preparations per sample. Cells were
observed with a light microscope at 500 to 1600x magnification. For each preparation, 1000
cells were selected at random and examined for exhibited mitotic phase and visible micronu-
clei as described by Evans et al. [18]. The following parameters were determined: the mean
mitotic index (the percentage of dividing cells in the observed cell population), phase index
(the percentage of cells in prophase, metaphase, anaphase, or telophase), and the frequency of
micronuclei. The experiment was performed twice.

2.6. Effect of caffeine on seed germination

The seeds of lettuce (cv. Queen of May) and of tomato (cv. Betalux) were surface-sterilized in
5% Ca(OCl),, rinsed with sterile-distilled water, and then placed in Petri dishes (10 seeds per
dish) on Whatman filter papers moistened with 5 ml of a caffeine solution at 0, 1, 3, 5, §, 10,
15, or 20 mM. Each combination of seed type and caffeine concentration was represented by
at least five Petri dishes, which were sealed with parafilm and kept at 24°C with a 16/8 h light/
dark photoperiod. Germinated and non-germinated seeds were counted after 3 or 7 days in
the case of lettuce and tomato, respectively. The experiment was performed twice.

2.7. Impact of caffeine on early growth of seedlings

The effect of caffeine on in vitro germination of cabbage (cv. First harvest) and tomato (cv. Baron
and cv. Betalux) seeds and on the early growth of seedlings was evaluated by placing surface-
sterilized seeds on basic plant growth medium supplemented with 0, 1, 5, or 8 mM caffeine.
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After 10 days at 24°C with a 16/8 h light/dark photoperiod, germinated seedlings were trans-
ferred to %2 MS medium with the same caffeine concentrations as before. Plant growth and
development were monitored for 1 month. Each combination of cabbage or tomato seeds and
certain caffeine concentration treatment was represented by four plants, and the experiment was
performed three times.

2.8. Effect of caffeine on explants regeneration

Explants of potato (LB-6 and LB-12) stem fragments were transferred to MS medium containing
0, 1, 5, or 8 mM caffeine, and their growth was monitored for 6 weeks at 24°C (16/8h light/
dark photoperiod). After the experiment, plant heights were measured. Each combination of
potato line and caffeine concentration was represented by three replicates. The experiment
was performed three times.

2.9. Effect of caffeine spraying and watering on soil-grown plants

The spraying experiment included cabbage (cv. First harvest), lettuce (cv. Queen of May),
and tomato (cv. Betalux). The seeds were germinated on moistened Whatman paper, and
after 2 weeks the seedlings were planted in pots (27 x 31 x 4 cm) containing autoclaved soil.
There were five rows of 10 plants per pot. The pots were kept at 20°C with a 16/8 h light/dark
photoperiod and were watered every 3 days. After the seedlings had been grown in the pots
for 10 days, they were sprayed (10 ml per pot) with an aqueous solution containing 0, 1, 5, or
8 mM caffeine. The caffeine was applied seven times over 6 weeks before plant heights were
measured. The experiment was performed three times.

The effect of watering with caffeine was assessed on tomato (cv. Betalux) and lettuce (cv.
Queen of May). Seeds were planted in pots (7 x 7 x 12 cm; nine seeds per pot and four pots
per plant type) containing autoclaved soil. The plants were kept at 20°C with a 16/8 h light/
dark photoperiod. Each pot was watered every 3 days with 30 ml of caffeine solution (0, 1,
5, or 8 mM). After 4 weeks, plant heights were measured. The experiment was performed
twice.

2.10. Caffeine accumulation in plant tissue

Plants collected from experiments concerning the effects of caffeine on plant germina-
tion, growth, and development were examined for caffeine accumulation. Plant material
was frozen and stored at —20°C. Later on, it was gently thawed, washed twice with dis-
tilled water, dried, and weighed. Afterwards, the tissue was frozen in liquid nitrogen and
crushed into small pieces. Two extracts per sample were prepared in 1 ml of Milli-Q H,O
by heating two-thirds of the sample to 100°C for 20 min. A third extract was obtained by
keeping one-third sample at 25°C for 20 min. All three extracts were pooled and filtered
via a 0.45-pum Minisart SRP Syringe Filter (Sartorius). The filtrates were kept at 4°C before
they were processed by high performance liquid chromatography (HPLC) with a Series 200
system (Perkin Elmer, Waltham, USA) and a C18 column (Sigma-Aldrich). A 15% metha-
nol solution was used as a mobile phase. The retention time of caffeine was about 8.3 min.
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Caffeine content in the samples was determined by calculating the surface area under the
280 nm absorbance peak in comparison to a standard curve obtained with different caffeine
concentrations.

2.11. Impact of peeling and/or cooking on caffeine content

Five potato tubers (cv. Irga) were incubated in a 100 mM caffeine solution for 24 h at room
temperature. Samples (0.8 g each) were collected from the peels and from the transitional and
middle zones. Potato middle zone was a cube of approximately 3 x 3 x 3 cm originating from
the center of the inner mass. Transitional zone enclosed between the middle zone and the
peel. Caffeine was extracted from the potato tuber samples with dichloromethane. Caffeine
content was assessed in the zones by gas chromatography (Clarus 600, Perkin Elmer) and the
quantity of caffeine per gram of dry weight was subsequently calculated.

Other five potato tubers were incubated at room temperature in a 100 mM caffeine solution
for 24 h and then cooked, with or without the peels, at 100°C for 20 min. Samples were col-
lected and the caffeine content in specific zones was evaluated as described above.

2.12. Statistical analysis

Statistical significance within plant germination experiments was evaluated by Kruskal-
Wallis test, followed by Dunn’s test, while the impact of caffeine spraying and watering on
plant heights was assessed with the Tukey’s test (HSD). p < 0.05 was utilized.

3. Results and discussion

3.1. Effect of soil and plant extract on the antibacterial activity of caffeine

The growth dynamics of Dsol, Cms, Pba, Pcc, Pst, Rsol, and Xcc in soil extract media
and plant extract media supplemented with 0, 5, 10 and 0, 1, 3 mM caffeine, respectively,
was evaluated. Caffeine still reduced bacterial growth in such conditions (Figure 1).
Interestingly, caffeine was the most effective against Xcc, Rsol, and Cms both in the case
of soil and plant extract supplemented media (Figure 1). Observed inhibition pattern for
all the tested pathogens was similar to the one reported by Sledz et al. [12]. It needs to be
taken into account that the examined plant or soil extracts were autoclaved prior to use,
and the metabolic activity of soil and plant microflora has also an impact on vastness and
diversity of substances naturally occurring in the environment. Further research is needed
to exclude possible inactivation of caffeine via complex formation with polyphenols or
sequestration into chlorogenic acid complex [19]. Likewise, the impact of species capable
of caffeine degradation, e.g. Pseudomonas cepacia, Pseudomonas putida, and Serratia marc-
escens, needs to be taken into consideration. In addition, the metabolites present in the
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Figure 1. Influence of soil and plant extract on the antibacterial activity of caffeine against the following phytopathogens: (A)
Dickeya solani, (B) Ralstonia solanacearum, (C) Pectobacterium atrosepticum, (D) Pectobacterium carotovorum subsp. carotovorum, (E)
Pseudomonas syringae pv. tomato, (F) Xanthomonas campestris pv. campestris, and (G) Clavibacter michiganensis subsp. sepedonicus.
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implemented plant and soil extracts are in more oxidized state than those enclosed inside
plant tissue.

3.2. Influence of caffeine on plant cell division

To evaluate the effect of exogenous caffeine supplementation on plant cell division, we
used Vicia faba L. model, widely utilized in studies on environmental mutagens [20]. The
mitotic index in broad bean apical meristems was increased by 8 mM caffeine treatment
in comparison with the non-treated controls (Table 1). This resulted mainly from higher
percentage of cells undergoing the prophase state. Lack of caffeine treatment resulted in
higher percentage of cells in later stages of cell division process, namely, metaphase, ana-
phase, and telophase. Besides, micronuclei were observed more frequently in the caffeine-
treated cells than in the non-treated samples. Altogether, our results indicate that caffeine
treatment resulted in higher frequency of cells undergoing earlier phases of cell divi-
sion and having visible micronuclei, which points into symptoms of genome instability.
Premature chromosome condensation resulting in apoptosis-like programmed cell death
was postulated by Rybaczek et al., while investigating caffeine action on root meristems of
Vicia faba [21]. Interestingly, Friedman and Waller [22] reported repression of mitosis and
cell plate formation in coffee seeds exposed to 10 mM caffeine, while Valster and Hepler
[23] observed that caffeine allows initiation of the cell plate formation but prevents its
completion in living Tradescantia stamen hair cells. According to Valster and Hepler, the
cytokinesis is affected by the inhibition of cytoskeletal torus formation during phragmo-
plast expansion [23].

Cell division parameter Caffeine concentration

0mM 8 mM
Mitotic index (%) 727+0.5 9.53 +0.34
Prophase index (% 43.83 £8.67 68.57 £2.76

) # £
&4
-

Metaphase index (%) ' :1' E % 35.19 + 6.46 26.69 +5.98

Anaphase index (%) '-4. ’! P 11.40 +0.47 297 +3.43
NN
Telophase index (%) ‘ 9.57 +1.91 1.77 £2.28
*
Micronuclei frequency (%) 0.39+0.12 2.71+1.18
An.‘ s

~3800 and ~1600 cells were analyzed for 0 and 8 mM caffeine treatment, respectively. Presented values are means + SD.

Table 1. Influence of exogenous caffeine application on broad bean cell divisions.
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3.3. Effect of caffeine on seed germination and plant development

In order to evaluate possible ways of applying caffeine against bacterial phytopathogens, the
effect of caffeine on seed germination and early plant development in vitro was assessed. Caffeine
reduced the germination rate of lettuce and tomato seeds on caffeine-moistened Whatman paper
in a dose-dependent manner (Figure 2). Application of caffeine in concentrations higher than
5 and 8 mM significantly reduced the germination rate of lettuce and tomato, respectively, in
comparison with the non-treated controls. This observation corresponds with studies on cof-
fee seeds, as caffeine released from fallen, decomposing leaves of mature trees was proven to
inhibit seed germination in the coffee plantations [22]. On the contrary, Avery et al. [7] found
that caffeine did not reduce the germination of rice seeds under field conditions. We attribute

[}

Figure 2. Effect of caffeine on seed germination of (A) lettuce cv. Queen of May and (B) tomato cv. Betalux. Germinated
lettuce and tomato seeds were counted after 3 or 7 days of incubation, respectively.

Cabbage cv. First harvest Tomato cv. Baron Tomato cv. Betalux

Caffeine (mM) 0 1 5 8 0 1 5 8 0 1 5 8
14 days

Growth and 1u 2U 3P
development

4DW 1U 20 5 5 10 20

30 days

Growth and 10
development

2DpP

3DW 4W 1u

2DP 5 5 1U 1DS 3DW 4W

Growth rate grading: 1—normal, 2—slower, 3—slow, 4—no growth, 5—no sprouted seeds. Development grading: U—
uniform plant growth, D—darkening of the leaves, W —wilting, P—weaker plants, S—shed leaves. Photographs show
growth and development of the representative plant for each treatment.

Table 2. Impact of caffeine on plant germination, growth and development in vitro.
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this conclusion to ample water conditions required for rice cultivation that diminished the local
concentration of caffeine.

Caffeine also impeded the germination, subsequent growth, and development of cabbage and
tomato plants cultured on %2 MS medium (Table 2). Supplementation of the medium with caf-
feine in higher concentrations than 5 mM resulted in complete growth impairment of the tested
plants (Table 2). In the case of plants growing on the 1 mM caffeine-enriched medium, they
were weaker, exhibited slower growth rate, and certain darkening of the leaves after 30 days
of incubation.

3.4. Effect of caffeine treatment on in vitro-grown and soil-grown plants

MS medium containing caffeine at concentrations higher than 5 mM completely inhibited
in vitro regeneration of potato explants (cv. LB-6 and LB-12) (Table 3). Even application of 1
mM caffeine resulted in shorter potato plants of 5.3 + 2.5 cm, in comparison with 10.7 + 2.9
cm high controls. Similar pattern was shown in research on Oryza sativa L. by Smyth [24]
who reported 2.5 mM caffeine suppression of shoot elongation by 50% and root elongation
by 90%. Also in mung bean (Phaseolus aureus), Batish et al. [25] reported that caffeine reduced
root number and length produced by hypocotyl cuttings.

Contrarily, spraying with 0, 1, 5, or 8 mM caffeine cabbage, lettuce, and tomato plants grown
in soil did not significantly affect their growth or development as expressed by the plant
heights measured after 6 weeks post planting (Table 3). Likewise, watering with 0, 1, 5, and 8
mM caffeine of lettuce and tomato plants grown in soil did not affect their heights that were

Plant Plants heights (cm)

Caffeine concentration (mM)

0 1 5 8
Potato! 10.7+2.9 53+25 NG NG
Tomato? 3.71+0.62 3.33+0.59 3.38+0.53 3.26+0.75
Cabbage? 6.56 +1.07 6.47 +1.07 6.32+1.47 6.75+1.13
Lettuce? 8.04+1.40 8.58 +£2.00 8.00+1.21 8.36 +1.97
Tomato® 10.16 +1.53 10.23 +1.87 8.94+1.83 8.46 +0.95
Lettuce® 10.35+0.68 10.77 £1.50 9.88 +0.82 10.18 £1.00

Micropropagation: Plants were grown on MS medium containing caffeine. Plants heights were measured after 6 weeks
of incubation at 24°C (16/8 h light/dark photoperiod).

*Spraying: The seeds were germinated on moistened Whatman paper. After 2 weeks, they were planted in pots with
autoclaved soil. Plants were grown at 20°C (16/8 h light/dark photoperiod) and were watered every 3 days. After 10 days,
they were sprayed (10 ml per pot) with an aqueous solution containing caffeine. The caffeine was applied seven times
over 6 weeks before the plant heights were measured.

*Watering: Seeds were planted in autoclaved soil. The plants were grown at 20°C (16/8 h light/dark photoperiod). Each
pot was watered every 3 days with 30 ml of caffeine solution. After 4 weeks, plant heights were measured.

NG—no growth. Values are means + SD.

Table 3. Effect of caffeine treatment on the heights of potato, tomato, cabbage, and lettuce plants.
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measured after 4 weeks of continuous growth (Table 3). This corresponds with Hollingsworth
et al. [4] stating that 2% caffeine caused no phytotoxicity symptoms when it was sprayed on
four varieties of 4-week-old lettuce plants growing in the greenhouse. They also observed no
lesions on leaves or roots of any of the oncidium orchids. The only serious symptoms like
yellowing of the leaves followed by necrosis appeared after several days on excised leaves of
lettuce and cabbage after being dipped in caffeine solutions ranging from 0.5 to 2.0% [4].

3.5. Caffeine accumulation in plant tissue

HPLC analysis revealed that caffeine is accumulated in plants that have been treated with
this compound (Table 4). The accumulation of caffeine was much greater if the plants had
been exposed to caffeine on Whatman paper or on MS medium rather than in soil (Table
4). Interestingly, the amount of caffeine accumulated in tomato leaf tissue was much higher
than in the stem or root tissues. Contrarily, lettuce leaves did not exhibit higher caffeine
accumulation level than the corresponding sprouts (Table 4). In conclusion, the level of caf-
feine accumulation depends strongly on caffeine application method and varied between
the investigated plant organs. The latter observation corresponds with unequal distribu-
tion of caffeine within plant species capable of synthesizing caffeine. For example, Camellia
sinensis var. sinensis contains 2.8% caffeine in its foliage, while Coffea arabica seedlings con-
tain caffeine mainly in the leaves and cotyledons at concentrations ranging from 0.8 to 1.9%.
Caffeine is absent, however, in roots and in older, brown parts of C. arabica shoots [26].
Besides, an interesting observation was reported by Bustos [27] that stated caffeine accu-
mulation in aromatic herbs like sage or oregano when they were intercropped with coffee.

3.6. Impact of peeling and/or cooking on caffeine accumulation

The concentration of caffeine in dry potato tissue was determined after tubers were incubated
in a 100 mM caffeine solution at room temperature without subsequent cooking or with the

Plant Plant organ Caffeine concentration in plant tissue (mg g™)

Caffeine concentration in the medium

0mM 1mM 5 mM 8§ mM

Tomato Leaves' 0.0559 0.0756 0.3467 0.3906
Stems! 0.0072 0.0069 0.0613 0.0214

Roots! 0.0040 0.0666 0.0786 0.0334

Lettuce Sprouts? 0.0001 0.2651 1.8485 2.9674
Leaves! 0.0354 0.0188 0.1580 0.0708

Potato Plants® 0.1865 1.1396 3.9577 2.5106

'Plants grown in soil at 20°C (16/8 h light/dark photoperiod).
*Seeds sprouted on Whatman paper at 24°C (16/8 h light/dark photoperiod).
*Plants grown in vitro on MS medium at 24°C (16/8 h light/dark photoperiod).

Table 4. Influence of application method on the accumulation of caffeine in plant tissue.
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cooking (+prior peeling) at 100°C. The caffeine concentration in uncooked potatoes was higher
in the peel than in the middle or transitional zone of the tuber (Figure 3). Also, subjecting
potatoes to cooking significantly reduced the overall caffeine content in the tuber tissue. We
observed that total caffeine concentration was the lowest when potatoes were peeled before
cooking (Figure 3). Importantly, Solanum tuberosum L. cv. Irga was used in this study, but we
suspect differences in effectiveness of caffeine washing during cooking between potato cul-
tivars, because their pectins vary in branching, methylation, and acetylation level, which can
have an effect on potent caffeine removal [28].

35 -
3.0 4
254
201 Il Not subjected to cooking
| I Cooked in peel

Cooked without peel

Caffeine in potato dry mass, mg/g

0.5 4

00~
P FC T TC TCW M MC  MCW

Figure 3. Caffeine concentration in the tissue of caffeine-treated potato tubers. Caffeine accumulated in the tissue
originating from the following tuber zone after the indicated treatment: P—peel, without cooking; PC—peel, after
cooking; T—transitional zone, without cooking; TC—transitional zone, after cooking; TCW —transitional zone, cooked
without the peel; M—middle zone, without cooking; MC—middle zone, after cooking; MCW —middle zone, cooked
without the peel.

4. Conclusions

World population is growing with an annual rate of 1.2%, meaning 77 million people per year
[29], thus providing for food security and its safety appears crucial nowadays. Caffeine seems
to be an attractive alternative for crop protection as it eradicates or repels molluscs, insects,
frogs, birds, and phytopathogens [4-7, 12]. Even in the presence of compounds appearing in
soil or plant extracts caffeine retained its inhibitory effect against Dsol, Pba, Pcc, Pst, Rsol, and
Xcc, all mentioned by Mansfield et al. [30] in the list of top 10 plant pathogenic bacteria based
on scientific and/or economic importance. So far, little is known about the possible ways to
apply caffeine in agriculture. By now we have demonstrated that caffeine implementation on
crop seeds could interfere with plant cell division and might inhibit the germination process.
Thus, caffeine may be implemented before placing the potato seeds in storage, where inhibi-
tion of germination is an additional advantage. Importantly, watering and spraying of sprouts
and the whole plants were proven not to interfere with further plant growth and development,
so could be applied to agriculture in this form. Furthermore, our results showed that caffeine
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accumulated mainly in the peel of potato tuber and cooking significantly reduced the final
caffeine content in all the tuber zones (especially while potatoes were peeled prior to thermal
treatment).

As caffeine is obtained in commercial quantities by synthesis or as a by-product of the decaf-
feination process, the cost of the proposed treatment would not be high. Avery et al. calculated
that rice treatment with 1% caffeine would cost the producers about 4$ ha™ [7]. Not without
importance is the fact that caffeine is readily soluble in water, which prevents its environmen-
tal accumulation. Moreover, caffeine is a common food additive of generally regarded as safe
(GRAS) status, ingested directly in beverages such as tea or coffee throughout the world and
even now it remains the fourth most frequently detected organic wastewater contaminant in
the U.S. streams [31].

In conclusion, we think caffeine as a natural compound could be implemented effectively
in agriculture in order to protect economically important crops and ornamentals from plant
pathogenic bacteria.
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Abstract

Coffee is one of the most consumed infusion drinks in the world and contains a large
variety of chemical compounds responsible for their sensory qualities and their effects on
the body. The beneficial effects of coffee have been attributed only to its most important
and researched ingredient, caffeine, but now it is known that other components have also
contributed to its properties. Due to a huge demand for this product, large amounts of
waste are generated in the coffee industry, which are toxic and represent serious environ-
mental problems. During the process of mechanical extraction of the coffee seed, residues
generated are: pulp, mucilage and parchment, mainly. Coffee cherry consists of soluble
carbohydrates, insoluble polysaccharides, lipids, nitrogenous components, caffeine and
minerals. More than 50% is considered a waste; it no longer has any commercial applica-
tion, knowing that its components could be exploited for the production of inputs and
energy. This chapter presents the chemistry and biotransformation of by-products and
coffee residues into second-generation biofuels, which can be bioethanol, biogas and bio-
diesel by fermentation, anaerobic digestion and trans-esterification, respectively. Biofuels
offer greater energy security, lower emissions of greenhouse gases and particulate mat-
ter, rural development, reduced demand for oil, among others.

Keywords: coffee cherry components, green coffee, roasted coffee, caffeine,

biotransformation
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1. Introduction

1.1. Coffee cherry

The coffee is the fruit and dried seed of the coffee plant regardless of whether it has been
toasted or ground of the plant of the genus Coffea (Figure 1), generally of the cultivated spe-
cies, and the products of these in their different stages of the process and use intended for
human consumption. The fruits of coffee are often called cherries, since their appearance is
like these and each one contains two hemispherical seeds. Coffee cherry is the set of non-dried
fruits of Coffea plants after harvest [1].

According to the International Coffee Organization (ICO), in the period 2015-2016, countries
around the world produced 147,997 in thousands of bags of 60 kg of coffee, of which two main
varieties are produced: arabica and robusta. On the other hand, the consumption of coffee was
151,303 in thousands of bags of 60 kg of coffee. Data of global coffee production and consump-
tion are summarized in Table 1.

Mexico contributed more than 2800 in thousands of bags of 60 kg, the most of the production
is distributed in 13 states, including Chiapas, Veracruz, Puebla and Oaxaca, where more than
80% of production is concentrated. Approximately 402,099 tons of coffee cherry was grown in
Chiapas, giving it the first place in national production; due to this, Mexico is the ninth largest
coffee producer in the world [2].

In the historic part, coffee arrived in Mexico more than 200 years ago, entering Veracruz from
Cuba. During the time of 1876-1911 (the Government of Porfirio Diaz), coffee plantation grew
importantly in large specialized farms and later became an activity of small producers, mostly
of indigenous origin.

A total of 97% of the coffee produced in Mexico is under the shade of trees, which respects
the balance of the environment and protects many varieties of plants and animals. The strong
harvest season covers the months from October to March.

Due to the characteristics of Mexican soils where coffee grows, mostly of volcanic type, its
flavour is very characteristic, and its aroma is intense and with notes of chocolate, spices and
flowers. This has served the Mexican coffee to receive two appellations of origin: Veracruz
coffee and Chiapas coffee.

1.2. Biofuels—characteristics and advantages

Most economic scenarios are based on growth in global energy demand over the next 20
years. In this sense, nuclear and renewable energy as biomass, wind, hydropower, solar, pho-
tovoltaic, geothermal, etc., although do expansion, will remain secondary compared to fossil
fuels, rising from 23.7 to 30% by 2040, concentrated in transportation sector and the oil indus-
try mainly [3, 4].

In this context, the use of biofuels (fuels of biological origin) has huge potential and has a
stronger expansion compared to other renewable alternatives. Biofuels are produced from
biomass, a renewable resource provided that the crop cycle is respected [5].



Chemistry and Biotransformation of Coffee By-Products to Biofuels
http://dx.doi.org/10.5772/intechopen.68598

Figure 1. Coffee cherry fruit (source: Authors).

Crop year (2015-2016) Production Y%total Consumption %total
Africa 16,831 11.37 10,815 7.15
Asia & Oceania 47,428 32.05 31,609 20.89
Mexico & Central 16,739 11.31 5257 3.47
America

South America 66,997 45.27 24,717 16.34
Europe 50,870 33.62
North America 28,035 18.53

Table 1. Data of global coffee production and consumption.

Biofuels offer several advantages. It is considered that by reducing the demand for fossil
fuels, biofuels could make the energy supply safer. Its use would also reduce import costs to
countries with energy deficits and provide better trade balance and balance of payments. The
emissions of greenhouse gas, carbon monoxide and particulate matter can be significantly
reduced. Biofuels can also improve vehicle performance; in fact, the lubricity of biodiesel
prolongs the life of conventional diesel engines [6].
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Business will be generated and an increase in economic activity will be allowed with the tran-
sition to biofuels. Biofuels are renewable and both bioethanol and biodiesel are clean combus-
tion. Another important aspect is that they can be marketed easier than other alternatives,
because they can be stored and distributed using existing infrastructure. Biofuels should play
a significant role in climate change policies and this will certainly open up opportunities for
the development of biofuels in developing countries [7].

2. Main varieties of coffee

Robusta coffee (Coffea canephora) comes from Central Africa, which grows in dry areas and
is a little digestive with a bitter taste. It has a lot of body with little fragrance and contains
about twice as much caffeine as Arabica. The robusta plants usually have a size that can
reach up to 6 m, and according to ICO, their cultivation represents 42% of the world pro-
duction; it is more resistant to attacks of parasites, diseases and high temperatures (hence
its name).

Robusta grains are smaller than those of arabica. Depending on the variety of plant, the seed
shape is round, oval or elliptical with sharp tips. Robusta varieties include Comilon, Kouilloi,
Niaouli and Uganda.

The other variety is arabica coffee (Coffea arabica), a native species of Ethiopia, which also
grows in other countries that are between 500 and 2400 m above sea level. This variety rep-
resents 58% of world production and has a caffeine concentration of up to 1.7%. The result
of this is that arabica coffee origin is considered to be of much higher quality, not because
of its much lower caffeine content, but because of its intrinsic, more aromatic and aromatic
organoleptic qualities; therefore, it has more aroma and softness. The arabica seed is flat-
tened and elongated and its green colour is more intense. Some subspecies of arabica are
Moka, Maragogype, Bourbon, Mundo Novo, Caturra, Icatu, Catuai, Catimor, Creole, among
others.

3. Methods of characterization of coffee

Many authors that carry out investigations with coffee use different methodologies to char-
acterize. Proximate composition, reducing and total sugar contents are evaluated on the basis
of standard methodologies [8]. The contents of cellulose, hemicellulose and lignin are deter-
mined by crude fibre analysis [9].

Sugars, ethanol, glycerol and volatile fatty acids are determined by HPLC with a refractive
index detector [10]. The concentration of glucose, xylose, arabinose, mannose and galactose
also can be determined by HPLC using a refractive index detector. Furfural and hydroxy-
methylfurfural (HMF) are determined by HPLC using a UV detector [11]. Minor volatile com-
ponents are analysed in a GC-MS with capillary-coated column [12].
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Important studies of gas chromatography coupled to mass spectrometry (GC-MS) have been
performed to determine which and how many compounds are responsible for coffee aroma.
Volatile compounds can be extracted by the simultaneous distillation and extraction (SDE)
method and analysed in a GC-MS system. This tool allows determining the presence of com-
pounds of the families of pyrazines, furan derivatives, ketones, pyrroles, acids, phenolic
derivatives, pyridines, aldehydes and thiophenes [13] (Authors).

There are standards (ISO) for the quality of green coffee and its derivatives for domestic and
international marketing; determination of the moisture content, routine method, olfactory
and visual examination, determination of foreign matter and defects, analysis of grain size
manual screening, determination of insect-damaged dams, sample preparation for sensory
analysis, storage and transport, to name a few.

4. Coffee cherry components

The cherry coffee (C. arabica) structure consists of the outer skin (pericarp), pulp (exocarp),
mucilage (mesocarp), parchment (endocarp), silverskin (perisperm) and coffee seed (endo-
sperm) as shown in Figure 2.

4.1. Pericarp

The pericarp is composed of outer three layers of the fruit: the exocarp, mesocarp and endo-
carp (Figure 3).

= Exocarp

* Mesocarp

= Endocarp

= Perisperm

= Endosperm

Figure 2. Coffee cherry structure (source: Authors).
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Figure 3. Coffee cherry: exocarp, mesocarp bound endocarp (source: Authors).

4.1.1. Exocarp

The exocarp, also known as pulp, is the outer layer of cherry coffee. A single layer of cells of
the compact parenchyma forms it. The colour of exocarp at the beginning of fruit growth is
green due to the presence of chloroplasts that then disappear as the fruit matures. The colour
of the ripening of the cherry depends on the variety of coffee that can be red or yellow. Red
colour of the skin comes from anthocyanin pigments, whereas the yellow colour of the skin
is due to luteins [14].

The coffee pulp when is discarded in the environment causes contamination. Due to this,
many studies have been carried out to take advantage of it and reduce its toxic effect on the
environmental process [15]. Among the ways of using it include silage for animal feed, cof-
fee pulp cake, and juice treated with microorganisms for animal consumption [16]. The cof-
fee pulp contains dry matter (92%), ethereal extract (2.6%), raw fibre (20.8%), crude protein
(10.7%), ash (8.8%), nitrogen (49.2%), organic acids (12%), caffeine, trigonelline and tannins
(1.8%) [17].

4.1.2. Mesocarp

The mesocarp or mucilage (a type of soluble and viscous fibre) is present in unripe coffee
fruit. With maturation, pectolytic enzymes break down pectic chains, resulting in an insoluble
hydrogel that is rich in sugars and pectins. Studies have shown that the mucilage/water ratio
increases as altitude increases [14].

Coffee mucilage is a viscous liquid residue produced in the coffee industry that is disposed
of without treatment directly into watercourses, causing serious contamination problems.
The mucilage is composed of water (84.2%), protein (8.9%), reducing sugar (4.1%), pectates
(0.91%) and ash (0.7%) [18].

Carbohydrates are the most important constituents in coffee mucilage. Also, syringaldehyde,
which is produced by lignin hydrolysis, is found in low concentrations. Coffee mucilage (CM)
contains several minerals; potassium is the most abundant element, followed by phosphorus,
calcium, sulphur and magnesium (Table 2). Other compounds are also found, such as glyc-
erol, caffeine, acetates, lactates, phenol, as well as 2,6 and 3,4-dimethoxyphenol.



Chemistry and Biotransformation of Coffee By-Products to Biofuels

http://dx.doi.org/10.5772/intechopen.68598

Minerals (mg/L) Minerals (mg/L)
Aluminium 0 Manganese 0.07
Arsenic 0.47 Molybdenum 0
Sulphur 30.19 Sodium 7.18
Boron 0.16 Nickel 0.01
Barium 0.02 Phosphorus 41.55
Beryllium 0 Lead 0
Calcium 37.08 Antimony 0
Cadmium 0 Selenium 0
Cobalt 0 Silicon 1.58
Chrome 0 Tin 0
Copper 2.45 Strontium 0.07
Iron 0.65 Thallium 0
Potassium 239.8 Vanadium 0
Lithium 0.01 Zinc 0.14
Magnesium 10.05

Table 2. Minerals composition of coffee mucilage [10] (Authors).

4.1.3. Endocarp

The endocarp, or parchment, is the hard layer that surrounds the coffee seed. It consists of
three to seven layers of sclerenchyma cells. These cells harden during the ripening of the coffee
fruit, delimiting the size of the coffee seed [14].

In processing of coffee, parchment or husks are the major solid residues and it is estimated
that for every kilogram of coffee seeds produced, approximately 1 kg of husks is generated.
It is mainly composed of cellulose (40-49%), hemicellulose (25-32%), lignin (33-35%) and ash
(0.5-1%) [19].

4.2. Seed

The perisperm, the endosperm and the embryo compose the coffee seed. The size of seeds
vary according to the variety of coffee, usually the average can be between 10 mm long and
6 mm wide.

Quality of the coffee seed has a high and direct influence on the success of the crop and is
directly dependent on viability, identity, health and appearance.

The health of the seed influences its germination, appearance and vigour, related to the
health of the plants, depending on its management and the environmental conditions. The
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appearance of the seed has to do with its colour, and it must be a homogeneous amber yel-
low colour, without spots, without blows, without signs and symptoms of diseases, and
without the remains of coffee by-products. Viability is the ability of the seed to germinate
properly, giving rise to healthy and vigorous plants. To the genetic correspondence of plants
to variety [20].

4.2.1. Perisperm

The perisperm or silverskin is the outer layer that surrounds the seed. It is formed from the
nucellus (the central cell mass of the ovule's body). Usually some remnants of the silver skin
remain in the seed, but when being roasted they are detached. The silverskin can be polished
off the grain; however, this decreases the coffee flavour. Some authors claim they have pro-
posed that the presence of a large amount of silver skin in the ground coffee is a sign that the
coffee was cut before its ideal maturity to be processed [14]. The main component is cellulose
and others.

4.2.2. Endosperm

The endosperm is the tissue produced inside the seed. The chemical content of the endosperm
is very important as it precedes the taste and aroma of roasted coffee. Water-soluble com-
pounds are caffeine, trigonelline, nicotinic acid (niacin), chlorogenic acids, monosaccharides,
disaccharides, oligosaccharides, proteins, minerals and carboxylic acids [14]. Components
insoluble in water include cellulose, polysaccharides, lignin and hemicellulose, as well as
some proteins, minerals, vitamins and lipids (triglycerides and esters of diterpene alcohols
and fatty acids). The most abundant amino acids are 17, and glutamic acid, aspartic acid,
leucine and valine stand out among them.

5. Chemical composition of green coffee and roasted coffee

The green coffee seed is the fruit obtained from the trees of the genus Coffes; peeled, decaffei-
nated and ready for roasting, it is called raw coffee or gold coffee. Roasted coffee is the product
obtained from the roasting of green coffee. The green coffee is roasted with heat at 180-230°C
for 15-20 min leading to increase in size due to the production of carbon dioxide inside, which
acts as a preservative until released by grinding.

Generally, raw green coffee contains water, protein, caffeine, lipids, soluble carbohydrates,
insoluble polysaccharides, acids (soluble and non-volatile), trigonelline, amino acids and
minerals (Table 3). Roasted coffee contains reducing sugars, caramelized sugars, insoluble
polysaccharides, fibre, proteins, minerals, non-volatile acids (caffeic, chlorogenic, citric, malic,
oxalic, quinic, tartaric), caffeine, lipids, trigonelline and ash, in which the main constituent
elements are potassium, phosphorus and magnesium (Table 4).

The protein volatiles obtained by pyrolysis have some relevance in relation to the coffee fla-
vour. Amino acids containing sulphur, methionine and cysteine have been identified along
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Component Arabica’ Constituents

Soluble carbohydrates 9-12.5

Monosaccharide 0.2-0.5

Oligosaccharide 69 Fructose, glucose, galactose, and

arabinose (traces)

Polysaccharides 34 Sucrose (>90%), raffinose (0-0.9%),
stachyose (0-0.13%), and glucose
(0-2%)

Insoluble polysaccharides 46.53

Hemicellulose 5-10 Polymers of galactose (65-75%),
arabinose (25-30%), and mannose
(0-10%)

Cellulose 41-43

Volatile acids 0.1

Non-volatile aliphatic acids 2-2.9 Citric acid, malic acid, and quinic
acid

Chlorogenic acid 6.7-9.2 Mono-, dicaffeoyl- and feruloylquinic
acid

Lignin 1-3

Lipids 15-18

Wax 0.2-0.3

Oil 7.7-17.7 Main fatty acids: 16:0 and 18:2 (9,12)

N compounds 11-15

Free amino acids 0.2-0.8 Main amino acids: Glu, Asp and
Asp-NH,

Proteins 8.5-12

Caffeine 0.8-1.4 Traces of theobromine and
theophylline

Trigonelline 0.6-1.2

Minerals 3-54

* Values in percent dry-weight basis.

Table 3. Chemical composition of green coffee [13].

with indole and tryptophan. Volatile matter includes numerous compounds such as acids,
alcohols, aldehydes, diacetyl, furfural, hydrogen sulphide, ketones, mercaptans and phenols
[21].

On the other hand, because of caffeine, drinking coffee can significantly affect the nervous
system, cardiovascular, respiratory, among others. However, caffeine does not accumulate in
the body, so its effects become short-lived. The body can become accustomed to caffeine and
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Component Average’
Cellulose 8.6
Hemicellulose 36.7
Xylose 0
Arabinose 1.7
Galactose 13.8
Mannose 21.2
Protein 10
Lipids 11-16
Ashes 1.6

No volatile acids 0.4
Soluble 24
Insoluble 4
Organic matter 90.5
Nitrogen 2.3
Carbon/nitrogen 22/1
Caffeine 12-24
Trigonelline 04
Protein 9
Minerals 4

* Values in percent dry-weight basis.

Table 4. Chemical composition of roasted coffee ground (seed) [24, 25].

make regular users less sensitive to its stimulating effects than others. Among all the effects of
coffee, the best known is to be a stimulant to the nervous system. Consuming coffee can make
one feel more awake, alert and able to concentrate. Caffeine has been shown to counteract
fatigue and wake up the mood, but it can also cause anxiety, nervousness and irritability. In
some people caffeine can delay sleep, but it all depends on how much has been consumed
[22, 23].

Tables 3 and 4 show the chemical composition of green coffee and roasted coffee.

In samples of catuai (variety of Arabica coffee) roasted coffee, 111 compounds were isolated
and identified, among which 7 pyrazines and 10 furan derivatives were outstanding. The
pyrazines are important contributors in the coffee aroma, 2-ethyl-3,5-dimethyl-pyrazine was
the most abundant followed by 2-ethyl-5-methylpyrazine in this sample.

Many furanic compounds are common in samples of roasted coffee. In samples of roasted bit-
ter coffee, 119 isolates and 16 compounds were obtained. Of which 8 are pyrazines and 15 are
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furan derivatives. Of the pyrazines, the 2-ethyl-3,5-dimethyl-pyrazine was found in greater
abundance followed by 2-ethyl-6-methylpyrazines. Similarly, in roasted catuai coffee, furanic
derivatives such as 2-furancarboxaldehyde, 2-furanmentol and 5-methyl-2-furancarboxyalde-
hyde were found [13] (Authors).

In robusta coffee, 122 compounds were found and 120 compounds were identified. Of
which only 18 are pyrazines and 11 are furanic derivatives. Among pyrazines, 3,5-dimethyl-
2-propylpyrazine is the most abundant derivative in this coffee and compared to the other
varieties is the only sample that is presented and is followed by 2,5-methyl-pyrazine.

2-furancarboxyaldehyde is one of the most abundant compounds found in all the varieties
and provides a sweet aroma to the coffee and is a very penetrating caramel in the coffee vari-
ety of Kilimanjaro [26].

The 5-methyl-2-furancarboxyaldehyde and 2-furanmentol compounds were found in dif-
ferent concentrations in the three analysed varieties, of which the specific contribution they
have in the coffee aroma has not yet been reported. But it belongs to the group of furanic
derivatives that provide the note of roasted coffee. It is known that phenolic compounds
are products of the thermal degradation of carbohydrates, chlorogenic acids and lignin
substances [27].

6. Biotransformation of the main coffee components for biofuels
production

Since more than 50% of the coffee fruit is not used for the production of commercially avail-
able green coffee, it is therefore discarded during processing. So far, most of the advances
have been made in its use for industrial purposes other than the food industry, such as energy
production, adsorption of compounds and the manufacture of industrial products such as
particle boards, ethanol, gibberellic acid and a-amylase [28].

With 14% of a total of 18%, bioenergy is the largest source of renewable energy. In contrast
to other sources of renewable energy, biomass can be transformed into solid, liquid and gas-
eous fuels. This is shifting from an unusual source of energy to an increasingly globalized
market [29].

Bioethanol and biogas production by fermentation has received great importance in the last
years due to its increase of the demand of fuels. Fermentation is one of the most important
processes for agro-waste reuse producing yeast and clean fuels. This process does not require
the use of toxic substances; this makes it an environmentally friendly process.

The outer layers of coffee cherry (pulp, skin, mucilage, etc.) are removed by various processes,
including washing, drying and fermentation. Useless waste products, grains and coffee are
classified. During these processes are generated different residues that being rich in sugar
and compounds with functional properties do not receive adequate treatment and become
sources of contamination of rivers and streams, mainly [30].
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In order to carry out the extraction of the coffee components to be used as substrate to pro-
duce biofuels, among the different methods of extraction, the mechanical extraction of the
coffee seeds reduces the amount of water used, and consequently allows the recovery of the
fraction of mucilage, pulp and seed of coffee [10, 31].

Some applications of cherry coffee residues such as pulp, mucilage, parchment and coffee
seed are processed through fermentation, anaerobic digestion and trans-esterification to pro-
duce chemicals (Figure 4).

6.1. Fermentation

Fermentation is a biological process in which complex molecules are degraded to transform
them into simpler molecules, generating liquid products. Bioethanol is produced by alcoholic
fermentation of sugars; this biofuel is considered as a good candidate to replace conventional
fossil fuels. The advantages of biofuel over fossil fuels are that it is clean, renewable and fully
combustible and generates less waste. However, the implementation of biofuel technology is
intended to solve the energy problem that is presented, in order to reduce the current depen-
dence on fossil fuels [32].

In the investigation of Pérez-Sarifiana et al., a response surface design was performed to
obtain the optimal operating conditions of fermentation system using coffee mucilage as a
substrate and Saccharomyces cerevisiae, the aim being to obtain a maximum bioethanol produc-
tion. The conditions were pH of 5.1, temperature of 32°C and initial sugar concentration of
61.8 g/L. With this, the estimated production of bioethanol was 15.02 g/L and the experimental
production was 16.29 g/L + 0.39 g/L. It was demonstrated that carbohydrates are the most
important constituents in coffee mucilage; for samples analysed here, the sugar composition

Coffee cherry

Extraction

! ' ! v

Pulp Mucilage Parchment Seed
l (Spent coffee

ground)
¥ ¥ l

Anacrobic Hydrolvsis —» Sugars <— Hydrolysis
digestion Triglyeerides
i Fermentation l
Biogas, CH,,
) Transesterification
H,, CO,, e | anse: ator
: i VFA, bioethanol, T
among olhers l
B glyvcerol, proteins,
vitamins, aminoacids Biodiesel

Figure 4. Applications for pulp, mucilage, parchment and seed of coffee using three processes—fermentation, anaerobic
digestion and transesterification (Source: Authors).
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in coffee mucilage was 37.67 g/L galactose, 35.65 g/L glucose, 1.06 g/L lactose and 0.1193 g/L
proteins. The fermentation medium used to propagate the yeast was YPD (yeast extract, pep-
tone and dextrose) agar, 1% yeast extract, 2% peptone, 2% glucose and 2% agar. The medium
was pasteurized at 65°C for 30 and 20 min on ice and was supplemented with 0.5 g/L ammo-
nium sulphate as a nitrogen source. Subsequently, the required volume was transferred to
each serological bottle previously sterile. The strain was cultured in serological flasks, stirred
at 200 rpm and 28°C [10] (Authors).

The use of the mucilage of coffee as a substrate by its chemical composition in sugars such as
glucose and galactose allows or favours an adequate management of agro-industrial residues
in the coffee-growing,.

Harsono et al., carried out research on how to use coffee residues to produce value-added
products and reduce the impacts of pollution on the environment, as well as to evaluate the
bioethanol production potential (estimated optimum conditions) using S. cerevisiae yeast.
They obtained a yield of 77.29% of bioethanol, which they consider may be a viable alterna-
tive for obtaining second generation bioethanol specifically in rural areas and for plantations
of small coffee producers. They also assessed the cost of producing bioethanol that was evalu-
ated from the processing of residual coffee [33].

Thnari et al. have used coffee residues for the potential they manifest with a dual-purpose in
the production of ethanol and the preparation of activated carbon. A direct method of hydro-
lysis and direct fermentation is considered as the main option used in this study for the gen-
eration of ethanol fuel from biomass residues. Factors such as S. cerevisiae fillers, temperatures
and substrate content were investigated to maximize ethanol yield. Coffee extract residue was
also used to prepare activated carbons using chemical and physical activation methods. The
effects of process parameters such as temperatures and acid concentrations were varied and
determined in terms of yield, BET surface areas and porosity of the final product [34].

Other research points to the analysis of the carbohydrate content of coffee residues waste for
fermentable sugars such as glucose, galactose and mannose, which can be fermented by S.
cerevisiae. The rate of enzymatic conversion of coffee residues waste into fermentable sugars
was 85.6%. The concentration of ethanol and yield (based on sugar content) after enzymatic
hydrolysis, by simultaneous saccharification and by fermentation were 15.3 g/L and 87.2%,
respectively [35].

6.2. Anaerobic digestion

Anaerobic digestion is a biological process in which organic matter is decomposed into different
gaseous products by the action of a consortium of microorganisms.

In this context, biogas from waste will play a vital role in the future, as biogas is a versatile
source of renewable energy that can be used to replace fossil fuels in energy and heat produc-
tion, and can also be used as a gaseous fuel for vehicles. Biogas rich in methane (biomethane)
can also replace natural gas and can also be used as raw material to produce chemicals and
materials. The production of biogas through anaerobic digestion through the use of locally
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available resources offers significant advantages over other forms of bioenergy production. It
has been evaluated as one of the most energy efficient and environmentally beneficial technol-
ogies [36]. It can drastically reduce GHG emissions compared to fossil fuels. Another advan-
tage is that it is produced as digestate residue that is an improved fertilizer for crops that can
substitute mineral fertilizer.

In the work of Pérez-Sarifana et al., pulper with desmucilating was used, a litre of water was
added to a kilogram of coffee cherry and the coffee mucilage extracted was stored in bottles
at —20°C to prevent degradation due to the sugar content it has. The concentrations of sugars
in the experimental design were (72, 65, 50, 35 and 27 g/L). Optimal conditions for the meth-
ane production from coffee mucilage using methanogenic sludge as an inoculum and buffer
solution (minerals) were estimated by the software as pH 8.2, temperature 37°C and sugar
concentration of 27 g/L. The experimental optimum conditions for the production of methane
from coffee mucilage were identified, which were pH 8.2, temperature 37°C, sugar concentra-
tion of 25.5 g/L and 313 mL methane .

On the other hand, Corro et al. mentioned that biogas could be produced by co-digestion of cof-
fee pulp and cow manure under solar radiation. They reported that the methane content in the
biogas reached 50% of the yield. This content increased to 60% and remained almost constant
for at least 8 months of additional digestion. By means of gas spectroscopy analysis, more than
70 chemical compounds were found in the biogas generated after 4 months of co-digestion [37].

Hernandez et al. used the coffee mucilage as a substrate for the production of hydrogen. The
study evaluated three proportions of mucilage manure by performing a co-digestion and also
increased the organic load to improve hydrogen production. The average rate of hydrogen
production reached 7.6 NLH_/Ld of coffee mucilage (parameters as the hydrogen production
rate), indicating a high potential for hydrogen compared to substrates such as palm oil and
wheat starch [38].

Luongo et al. (2015) indicated that methane-specific production reached 0.15 NLCH,/g TVS
using glucose as the most readily biodegradable carbon source, and a material rich in ligno-
celluloses (coffee seed skin). The application of multiple anaerobic digestion extracts more
energy from organic waste [39].

A continuous flow stirred tank reactor was started for the treatment of coffee residues at
thermophilic temperatures and long-term operation. In this experiment, the reactor was fed a
substrate mixture (total solids of about 70 g/L) of ground coffee, coffee wastewater, milk waste
and municipal sludge and was run at 55°C for 225 days. They show that the effectiveness of
the complete parameters (total volatile fatty acids, propionic acid, intermediate alkalinity/
partial alkalinity, intermediate alkalinity/total alkalinity and CH, content) controlled the ther-
mophilic system [40].

6.3. Trans-esterification

Trans-esterification is a chemical reaction in which there is an exchange of the alkoxy group of an
alcohol; the glycerol contained in the oils is replaced by an alcohol in the presence of a catalyst.
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Biodiesel from vegetable oils, animal fats or other materials is an alternative to petroleum die-
sel for use in compression ignition engines. The composition and quality of biodiesel depends
greatly on the composition of the raw material used. In the trans-esterification process for bio-
diesel, monoalkyl esters are produced from a glycerol-containing vegetable oil of long chain
fatty acids with a low molecular weight alcohol (methanol) [41].

Used or spent coffee seeds are currently being used to turn them into biodiesel. This process
produces 10-15% oil depending on the species of coffee (Arabica or Robusta). Kondamudi et
al. carried out research on coffee-derived biodiesel where it projects that 340 million gallons
of biodiesel can be produced from coffee residues around the world [42].

Rocha et al. presented a study of ultrasonic-assisted extraction; they used solid residues from
the coffee process as a substrate for the production of oils in order to produce biodiesel and
ethanol. The process for producing biodiesel showed a yield of 97% in methyl esters of fatty
acids. And the highest glucose yield (192 mg gSCG™) was obtained by hydrolysis with 0.4
mol/L sulphuric acid at 121°C for 15 min [43].

7. Conclusions

In this chapter, the characteristics of coffee from the production, main varieties, characteriza-
tion methods, components of cherry coffee and residues that were discarded after the extrac-
tion of the coffee bean were presented. These residues are used to produce energy as it is raw
material in the form of biomass; the products that can be obtained after being transformed
into energy with fermentation processes and anaerobic digestion are liquid and gaseous bio-
fuels (bioethanol, biodiesel and biogas).

The agro-industrial residues are generated by the fruit and vegetable sector primary activ-
ity that shows the need to propose alternatives to use of the residues with a very important
potential to be used as a source of chemical components that can be used for the production
of biofuels. Their energy potential allows it to know their usefulness in the production of
bioethanol, biogas and biodiesel, as well as the alternatives of using the by-products of the
processes elaborated in order to avoid the generation of residues that contaminate the soil,
water or the air.

Most of the research work has been done at laboratory scale and pilot scale; the next step
would be to assess the technical feasibility and energy efficiency of these processes to carry
out scaling at the industrial level.
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Appendices and nomenclatures

GC-MS gas chromatography-mass spectrometry
HPLC high performance liquid chromatography
ISO International Organization for Standardization
M coffee mucilage
VFA volatile fatty acids
CH, methane
H, hydrogen
CO, carbon dioxide
GHG greenhouse gas
gram
L litre
d day
SCG spent coffee grounds
H, hydrogen
CH, methane
NL H, parameters as the hydrogen production rate
NL CH, parameters as the methane production rate
TVS total volatile solids
BET Brunauer-Emmett-Teller
SDE simultaneous distillation and extraction
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