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Coffee's carbohydrates. A critical review of scientific literature
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Abstract: Only two species have gained economic importance in coffee production: Coffea arabica L. (Arabica coffee) &
Coffea canephora Pierre ex A. Froehner var. Robusta, with 65 and 35% of world production attributed to C. arabica L. &
C. canephora P. respectively. In general, it is estimated that 6 mt of fresh and ripe fruits produce approximately 1 mt of raw
and dry grains. The grain endosperm is mainly composed of cellulose, hemicelluloses, proteins, minerals and lipids, but
starch and tannins are absent. However, the seed's chemical composition of C. arabica and C. canephora, before roasting,
differs concerning their primary and secondary metabolites content, which serve as precursors for the synthesis of volatile
compounds during the roasting process. For this reason, there are marked organoleptic differences between both species'
roasted and ground grain. However, the evidence suggests that such differences can also be attributed to other factors
since coffees grown in cool, highland areas generally have better sensory attributes than their counterparts grown in hot,
lowland areas. It has been speculated that environmental conditions in cool, highland areas induce the slow accumulation
of primary and secondary metabolites during the endosperm development resulting in sensorial differences after roasting.
This essay focuses on the study of coffee beans' carbohydrates (primary metabolites) before and after roasting, their
influence on cup quality, biosynthesis and differences linked to the involved species, their metabolism, solubility and
extraction, as well as a discussion on the analytical techniques used for its determination.

Key words: Sucrose synthase, sucrose phosphate phosphatase, sucrose phosphate synthase, aploplasm, cytoplasm,

Manan synthase, Galactosyl transferase.

|
Introduction

Carbohydrates (mono, di, oligo, & polysaccharides)
constitute the most considerable fraction of the coffee bean
composition and are responsible for ~ 50% of its dry wei-
ght (Table 1), a concentration calculated once all the other
constituents of the raw grain are removed from the total wei-
ght (Formula 1)'. Additionally, the bean carbohydrates are
responsible for approximately 29% of the high molecular
weight material in the coffee beverage®.

Small amounts of pectins and xyloglucans have been
reported in coffee. Also, small amounts of free monosac-
charides [eg, arabinose (the only pentose present in the
raw grain in significant amounts), fructose, glucose (aka
dextrose), galactose, mannose, mannitol, raminose, ribo-
se, & xylose], disaccharides (sucrose), and water-soluble
oligosaccharides [eg, raffinose (trisaccharide) & stachyose
(tetrasaccharide)]' 5%,

However, it should be noted that arabinose, galactose,
mannose and glucose are weak acids 9 and in turn, the
constitutive monomers of the three main high molecular
weight polysaccharides of the coffee bean: galactoman-
nans, arabinogalactans and cellulose, which being reserve
carbohydrates, in their refractory form, are part of the cell
wall*1%1% and together constitute between 47-60% of the
raw coffee bean dry weight®14.20.21,

Grain weight — (protein + fat + water + ash + fiber)

On the other hand, polysaccharides (soluble and inso-
luble) are responsible for ~ 43, and 54% of the dry weight
of C. arabica and C. canephora, respectively'¢?? and these
can be identified by studying their constitutive monosaccha-
rides through chemical hydrolysis usually with dilute acids
(eg, H2S0O4, HCI)?>*%, or alkaline treatments (eg, NaOH,

KOH)2.

Biosynthesis

During fruit development, carbohydrates are synthesi-
zed in the leaves and in the fruit pericarp. The type and
concentra-tion of soluble sugars present in the endosperm
varies during its development. In the early stages, glucose
and fructose (reducing sugars) prevail with a higher con-
centration of the former one? and range between 16.5 and
1.6% on a dry matter basis, respectively'.

However, their levels begin to decline as soon as en-
dosperm expansion begins, and by the end of grain develo-
pment, their concentrations plummet to 0.03 and 0.04% on
a dry matter basis, respectively?*?°. However, the sucrose
concentration increases by 5-12%'%%426 and is used as a
precursor for synthesizing lipids and proteins?.

In C. arabica, the biosynthesis and accumulation of su-
crose takes place in the grain endosperm and perisperm?,

Carbohydrate content = |

] x 100 (1)

grain weight
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processes that is carried out in two stages: a) the sucrose
degradation by sucrose synthase and invertases & b) the
sucrose synthesis by the action of sucrose phosphate phos-
phatase and sucrose phosphate synthase, the latter being
the most important enzyme in the coffee bean's sucrose
production (Figure 1).

A sucrose fraction dissolved in the intercellular fluid ma-
nages to cross the cell membrane with the help of speciali-
zed transporters. In contrast, another fraction is hydrolyzed
into its constitutive hexoses and transported into the cyto-
plasm (Figure 1).

Furthermore, it can be inferred that sucrose synthesis is
the product of the metabolic action of two enzymes opera-
ting at different stages of grain development. For example,
sucrose phosphate synthase reaches its point of maximum
expression (transcription) approximately 60-90 days after
anthesis while sucrose synthase reaches its maximum ex-
pression approximately 120-150 days after anthesis?®.

The continuous flow of sucrose and its monomers from
the aploplasm into the cytoplasm concomitantly to the me-
tabolic action of sucrose phosphate synthase and sucrose
synthase explains why the sucrose concentration increases
significantly at 150 days after anthesis, and after this point,
its synthesis decreases but does not stop.

There is a wide sucrose content variation between di-
fferent species within the genus Coffea (Table 2), which can
be used in coffee breeding programs?’. However, sucrose
concentrations are always higher in C. arabica than in C.
canephora'®?22828; On average, coffee beans of C. arabica
and C. canephora display a concentration that varies be-
tween 8.2-8.3% and 3.3-4%, respectively (Figure 2)%% al-
though other authors have reported 7.3-11.4%25%3" and

4-5%, respectively?3!,

In general, Robusta varieties tend to accumulate 30%
less sucrose than Arabica varieties. The evidence suggests
that the synergistic effect of a higher metabolic activity of
sucrose synthase and acid invertase, in the early stages
of seed development in Robusta varieties, is the main rea-
son why Arabica varieties have higher sucrose concentra-
tion?2.25,

On the other hand, during grain filling, the metabolic
activity is oriented toward the systematic accumulation of
storage polysaccharides; However, the grain polysacchari-
de constitution also varies as it develops. In the early stages
of endosperm development, cellulose and arabinogalactans
predominate; while the galactomannans concentration,
which at this stage are characterized by a greater degree
of lateral branching, is barely 10% of the total polysaccha-
rides®.

In contrast, as the grain reaches maturity, galactoman-
nans prevail, but their number of lateral branches is redu-
ced??2,

Regardless of the species, two genes have been propo-
sed as being responsible for galactomannans biosynthesis
in coffee beans. During the coffee bean endosperm deve-
lopment, ManS1 and GMGT1 encode two glycosyl transfe-
rases: Manan synthase (ManS) and Galactosyl transfera-
se (GMGT), respectively. Both enzymes are located at the
Golgi vesicles membranes and fulfill different functions'®.
For instance, ManS catalyzes the coupling of D-mannose
monomers form-ing the galactomannans backbone while
GMGT catalyzes the coupling of D-galactose units at the
C-6 position of D-mannose monomers'®-%,

In the end, the number of D-galactose units coupled

Saccharides Oestreich-Janzen Farah @ Poisson ef al. ®
C. arabica® | C. canephora® | C. arabica C. canephora C. arabica | C. canephora

Monosaccharides: - - 0.1 04 0.2-0.5 0.2-0.5

= Glucose. 9.35 8.93 - - - -

=  Fructose. 0.09 0.13 - - - -

=  Galactose. 10.37 12.76 - - - -

=  Mannose. 19.85 18.96 - - 10-20 10-20

=  Arabinose. 3.92 482 - - - -

= Xylose. 0.22 0.27 - - - -

Oligosaccharides: - - - - 6-9 3-7

=  Saccharose. 3.63 1.68 6.0-9.0 0.9-4.0 - -

=  Raffinose. - - - - 0-0.9 0-0.9

= Stachyose. - - - - 0-0.1 0-0.1

Polysaccharides. - - - - 3-4 34

=  Mannitol. 0.43 0.35 - - - -

Soluble carbohydrates: - - - 9-12.5 6-11.5

Insoluble carbohydrates: - - - 46-53 34-44

Table 1. Raw coffee bean's carbohydrate content (%).
* Percentages calculated based on a dry matter basis.

The observed discrepancies reported by different authors can be attributed to the species involved and the techniques
used for the extraction & determination (identification and quantification) of analytes.
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Figure 1. Sucrose biosynthesis in coffee. Adapted from Cheng et al.?®.
HT: Hexose transporter, ST: Sucrose transporter, INV: Invertase, SS: Sucrose synthase, SP: Sucrose phosphatase, SPS:
Sucrose phosphate synthase, Sucrose-6P: Sucrose-6-phosphate, Fructose-6P: Fructose-6-phosphate, Glucose-1P:

Glu-cose-1-phosphate & Glucose-6P: Glucose-6-phosphate.

to the main polymer axis is determined by a third enzyme
called a-galactosidase®?, but based on the evidence compi-
led through multiple studies, it has been concluded that the
number of D-galactose units incorporated into the mannan
backbone in the mature coffee bean is quite low.

On the other hand, an analysis of the raw coffee bean's
polysaccharides content and structure suggests there is a
50% mannans and galactomannans?5'9, 22% arabinogalac-
tans, and 20% cellulose?. However, despite the similarities
be-tween C. arabica and C. canephora regarding polysac-
charide composition, Robusta varieties have approximately
3% more arabinogalactans than Arabica varieties?.

Finally, there is evidence suggesting the presence of
enzymes associated with starch biosynthesis during the
early stages of seed development', indicating a brief starch
accumulation followed by its metabolism (catabolism).
This would explain the absence of starch in the raw coffee
bean2163¢ which is why its use in the food industry is limited.

The most important structural polysaccharides of the
coffee bean are described below.

Cellulose

Cellulose is a non-water-soluble polysaccharide 1 that
is part of the cell wall and represents ~ 8% of the grain dry
weight in C. arabica and C. canephora”'>'%;, Additionally, it
also constitutes ~ 20% of the polysaccharide composition of
the raw coffee bean; and ~18% of the roasted one®.

Cellulose is a polymer with a rigid and linear structure
(that is, without branches) made up of glucose units linked
through B-type glycosidic bonds (1—4) (Figure 3), which
makes it indigestible for humans. It is considered part of the
dietary fiber. In addition, its indigestibility is also attributed
to the strong bonds with hydrogen and the intricate network
of fibers that block direct contact with acids and digestive
enzymes®,

From a structural point of view, cellulose can also be
defined as a polymer of cellobiose, which in turn is defined
as glucose dimers linked through B-type glycosidic bonds®.
Cellulose alone has great economic value as it is the main

constituent of various industrial products such as cotton and
paper.

On the other hand, the cellulose molecular structure
presents crystalline (organized) and amorphous (less or-
ganized) regions®3¢, which impart rigidity and softness to
the molecule, respectively®®. The crystalline and the amor-
phous regions remain practically unchanged during and af-
ter toasting, which is why cellulose is not part of the soluble
polysaccharides in the beverage?8343940,

The cellulose resistance to thermal degradation during
roasting could be attributed to the fact that the fibers of this
polymer are closely associated with the cell wall, forming a
dense and complex matrix with galactomannans and arabi-
nogalactans, which isolates and protects from heat*’. Ce-
llulose fibers make up ~ 15% of the high molecular weight
polysaccharides in the cell wall.

Galactomannans

The current scientific literature is somewhat ambiguous
regarding the name of these polymers, as some authors
describe them as mannans while others refer to them as
galactomannans. The discrepancy stems from the very low
number of D-galactose monomers coupled to the molecular
structure. For this reason, it has been suggested to name
all D-mannose polymers that have a concentration of D-ga-
lactose units = 5% as galactomannans®.

In the coffee bean, the central galactomannans axis is
similar to that of cellulose since it is also composed of a
chain of monomers (D-mannose) linked through glycosidic
bonds type B(1—4), but with substitutions of a-D-galactose
or L-arabinose in the sixth position581.163%41 |ocated in the
main axis approximately every 100 monomers®'7'8, Althou-
gh substitutions of acetyl groups are also observed in the
2nd, 3rd and 5th position (Figure 4)'3:34,

All organic compounds occur in two isomeric forms.
Each isomer contains the same number and type of atoms,
but they are arranged in such a way that one is the reverse
image of the other. Depending on the direction in which the
isomers refract the light when dissolved in an aqueous solu-
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Species Sucrose Content”

Average content (%) Range (%)
C. pocsii. 10.10 8.95-10.87
C. arabica. 9.32 7.99-11.0
C. salvatrix. 8.96 7.21-10.64
C. liberica liberica. 8.28 7.30-9.13
C. psendozanguebariae. 7.95 5.94-9.25
C. eugenioides. 7.70 5.83-8.87
C. kapakata. 7.51 7.12-7.83
C. stenophylla. 7.50 6.41-8.56
C. humilis. 6.89 6.11-8.02
C. racemosa. 6.44 5.26-7.04
C. heterocalyx. 6.22 5.59-6.66
C. canephora. 6.10 5.94-6.47
C. congensis. 6.06 5.22-7.25
C. liberica Kofto. 5.86 -
C. humblotiana. 5.73 5.00-7.20
C. liberica dewevrei. 5.33 3.76-6.24
C. brevipes. 4.68 4.12-5.14

Table 2. Sucrose content in several species of the genus Coffea.
* Contents are calculated based on dry matter. Adapted from Campa et al.?’.
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Figure 2. Raw coffee bean's sucrose content was calculated
Adapted from Stredansky et al.®.

tion, one is said to be oriented to the right or Dextrorotatory
(D) and the other to the left or Levorotatory (L).

In the raw coffee bean, 43% of the mannans extracted
with hot water are acetylated in the 2nd (O-2) and 3rd (O-
2) positions®32%41 and to a lesser extent, doubly acetylated
and contiguous acetylated monomers®#'. Likewise, 27% of
hot-water extracted mannans from roasted coffee samples
are acetylated, doubly acetylated, or have contiguous ace-

4
via HPLC (A) & Biosensors (B).

1 I T T T 1
n 0 2

tylated monomers*'.

However, the degree of acetylation of galactomannans
in coffee changes during the roasting. The evidence indica-
tes that the number of acetyl groups incorporated into the
polymer structure is reduced when the grain is roasted®,
suggesting a modification in the chemical composition of
the polymer.

Likewise, in raw coffee beans it has been possible to
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verify (through the analysis of glycosidic bonds, enzyma-
tic and chromatographic analyses) the presence of glucose
monomers incorporated into the galactomannans main axis
through B(1—4) bonds (Figure 4)®. Interestingly, the evi-
dence suggests that in roasted coffee beans, glucose mole-
cules are located only at the reducing end of the polymer®,
which reinforces the hypothesis that changes induced by
heat treatment are not limited to galactomannans fragmen-
tation (depolymerization and debranching) but also to struc-
tural rearrangements.

On the other hand, galactomannans represent 22-24%
of the dry weight of the raw coffee bean for C. arabica and
C. canephora™ 2183243 which in turn represents ~ 46% of
the high molecular weight polysaccharides of the raw coffee
bean. For this reason, galactomannans and arabinogalac-
tans constitute the most abundant high molecular weight
polysaccharides in raw coffee beans, regardless of the spe-
Cies13'44'45.

Likewise, galactomannans are storage carbohydrates
that represent ~ 48% of the high molecular weight polysac-
charides present in the roasted coffee bean® and their
concentration in the coffee cup is even higher (68-70%)5 134!
due to their water solubility’. It should be noted that wa-
ter-soluble galactomannans added to type Il arabinogalac-
tans, which are also water-soluble, represent the majority of
the polysaccharides in the coffee beverage® and together
constitute between 15-25% of the dry matter present in the
infusion’.

The slight percentage increase in galactomannans
observed in the roasted grain is the product of a relative
increase, that is, its concentration increases due to the de-
naturation of other polysaccharides more susceptible to

thermal degradation. For instance, arabinogalactans are
more susceptible to thermal degradation than galactoman-
nans*.

Thermal degradation implies that the polymer's consti-
tutive monomers have been destroyed or chemically modi-
fied by high temperatures since the missing carbohydrates
(monosaccharides and oligosaccharides) cannot be detec-
ted in the roasted coffee. For that reason, we can say that
the galactomannans concentration in the roasted grain fluc-
tuates depending on the degree of roasting®.

Additionally, the galactomannans concentration in the
cup of coffee is also conditioned by the species involved.
For instance, according to Simoes et al.’ "the beverage pre-
pared from Arabica coffee contains a higher concentration
of galactomannans (62-80%) than that found in the one pre-
pared from Robusta coffee (44-67%)". Likewise, according
to Moreira et al.®? beverages prepared from Arabica coffee
beans contained higher levels of galactomannans than tho-
se prepared from Robusta coffee beans, regardless of the
degree of roasting.

However, it has also been observed that in Robusta co-
ffees, as the degree of roasting increases, the water-solu-
ble galactomannans concentration also increases; Conver-
sely, in Arabica coffees, the water-soluble galactomannans
con-centration remains practically unchanged regardless of
the degree of roasting®*2.

This phenomenon is attributed to a cell wall with a
weaker structure, possibly due to a greater porosity that
causes its rapid degradation, which is why when Arabica
coffees are roasted they quickly release their hidrosoluble
galac-tomannans.

It has usually been suggested that Robusta coffees' ga-
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lactomannans have a greater number of lateral branches
than those found in Arabica coffees, which is why they are
more hidrosoluble. Such side branches are usually linked
to the main chain at different intervals through a(1—6) type
glycosidic linkages'®.

Experiences reported by Fischer et al.’® reported that
Robusta coffees (var. ROM) galactomannans present in
aqueous solution have a greater number of lateral branches
than those found in Arabica coffees (var. Caturra), which in
turn would explain their more excellent water solubility, thus
facilitating its extraction.

The evidence reinforces the correlation between co-
ffee's galactomannans water solubility and the number of
side branches (D-galactose monomers) since galacto-
mannans samples with a low level of side branches have
been found in the precipitated fraction of aqueous coffee
extracts®.

Finally, thanks to their physical-chemical properties
and their innocuousness, galactomannans are used in the
textile, cosmetic and pharmaceutical industries, but also in
the food industry as stabilizers, in the formulation of dairy
products, in confectionery, dietetic products, creams, sea-
sonings, sauces, etc.

Arabinogalactans (AGs)

AGs are heterogeneous polymers of D-galactose and
L-arabinose that constitute between 14 and 17% of the dry
weight of the coffee bean”®' of C. arabica and C. canepho-
ra, respectively'®, which in turn represents ~ 36% of the high
molecular weight polysaccharides of the raw grain; Howe-
ver, this proportion is further reduced during roasting since
~ 34% of them correspond to type Il arabinogalactans®.

Generally, arabinogalactans, especially type Il arabino-
galactans, are found covalently bound to proteins forming
AGs-protein complexes* 17344546 which have an average
molecular weight of ~ 600 kDa within a range that varies
from 150 to 2000 kDa'2s.

The AGs heterogeneity is manifested by the number of
lateral branches attached to their main axis as well as by the
degree of polymerization and monosaccharide composition
of such branches344.

The molecular structure of coffee's AGs was first pro-
posed by Wolfram & Patin in 1965* and consists of a bac-
kbone composed by a D-galactose monomers chain cova-
lently linked through B(1—3) bonds with lateral branches
in the sixth position linked through 3(1—6) bonds (Figure
5)+1.163948 |t js in the lateral branches where the monomers
of D-galactose or L-arabinose are located!6:394849,

The architecture of the side branches is designed in
such a way that their main axis is made up of a chain of
D-galactose monomers covalently linked through ((1—6)
bonds with short side chains of L-arabinose linked to the
main axis through a(1—3) bonds'*2. However, the L-ara-
binose monomers are linked to each other through a(1—5)
bonds (Figure 5)%.

On the other hand, the lateral branches' central axis
and the short chains of L-arabinose linked to it usually end
with monomers of L-rhamnose or glucuronic acid*’, and the
latter one can constitute up to 8% of the monomers present
in the structure*’.

Experiences reported by Fischer et al.'é, reveal that the
AGs present in Robusta coffees (var. ROM) have a greater
number of lateral branches compared to those found in Ara-
bica coffees (var. Caturra), which in turn would explain their
greater hydrosolubility and preference, by the industry, in

the manufacture of instant coffees.

AGs-protein complexes

The AGs-protein complexes, also known as proteogly-
cans, are amphipathic molecules*” which represent 90% of
the coffee bean's AGs and are characterized by their low
level of extraction since approximately 92% of them are part
of the cell wall'? in addition to displaying hydrocolloid pro-
perties, that is, they increase the viscosity of the medium in
which they are found?.

AGs-protein complexes are responsible for ~ 25% of
the cell wall structural constitution*® and also represent ~
15% of the dry weight of the raw grain3447:0,

They have a tripartite composition: the AGs (the ma-
jority and carbohydrate fraction); the protein fraction that
constitutes 0.5-2.0%*"'* and the glucuronic acids incorpo-
rated as terminal monomers linked to the side chains of the
AGs*™ which represent the remaining 6-10%*1246.

Likewise, AGs-protein complexes have a heteroge-
neous molecular structure. Such heterogeneity is condi-
tioned by the number of lateral branches which are usua-
lly spaced, on the main axis, at intervals of three or four
D-galactose monomers*®°. Likewise, its lack of uniformity is
conditioned by the chemical composition of the lateral bran-
ches*. The lateral branches usually present, in their mole-
cular structure, a Galactose/Arabinose ratio of 3:1 or 9:1,
that is, for each arabinose monomer there are three to nine
galactose monomers®.

Its water solubility is increased by its high number of
lateral branches as well as by the degradation (depolymeri-
zation) of the main axis and its branches during grain roas-
ting®°. Finally, coffee's AGs-protein complexes are attributed
with a series of pharmacological properties, such as the abi-
lity to lower blood cholesterol levels and immunoregulatory
activity®°.

Solubility and extraction of coffee polysaccharides

The polysaccharide's insolubility is the result of their
high level of polymerization. The larger the molecule, the
lower its hidrosolubility; polysaccharides are linked to each
other through hydrogen bonds, further decreasing their
hidrosolubility. However, according to Simoes et al.® "the
polysaccharides water solubility increases with the number
of side branches and the polymer's degree of acetylation".
That is, the more lateral branches and acetyl groups incor-
porated into the molecule structure, the greater its water
solubility.

For this reason, chemically induced acetylation is an
avenue to increase the solubility of coffee beans' high mo-
lecular weight polysaccharides. Interestingly, artificially ace-
tylated polysaccharides differ in their structural conforma-
tion from naturally acetylated ones.

According to Moreira et al.*?, in naturally acetylated ga-
lactomannans the acetyl groups are directly attached to the
main axis of the molecular structure; usually at the O-2 po-
sition®; While the artificially acetylated show the new acetyl
groups incorporated into the side branches of the polymer.

Additionally, the evidence reported by Simdes et al.*®
suggests that chemically induced acetylation causes prefe-
rential coupling of new acetyl groups to L-arabinose mono-
mers which in turn are laterally and covalently linked to the
galactomannan backbone.

On the other hand, it has been speculated that as a
result of the chemically induced acetylation the D-galacto-
se monomers, laterally attached to the main polymer axis,
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should also be acetylated; However, since they have the
same molecular weight as the D-mannose monomers, it is
difficult to differentiate both sugars once they have been
acetylated®®.

However, depending on the degree of roasting and poly-
saccharides resistance to thermal degradation, between 12

L-Arabinose

. Glucuronic Acid

&

a Petkowicz*? & (B) Moreira et al.™.

and 40% of the high molecular weight polysaccharides are
degraded (depolymerization and debranching) during gra-
in roasting®®®23 thus reducing their molecular weight as a
result of their depolymerization, fragmenting them into sma-
ller molecules, which increases their water solubility®20.2132
and ability to interact with free amino acids, peptides and
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pro-teins during the non-enzymatic Maillard reaction and in
the process forming compounds that affect the beverage's
color and aroma.

The non-enzimatic Maillard reaction is named after the
French chemist Louis Camille Maillard (1878-1936), who in
1912 was the first to report how free amino acids derived
from peptides and proteins interact with reducing sugars to
form heterocyclic nitrogen compounds and melanoidins. It
is considered as the most important reaction in the field of
food chemistry since, through it the sensory characteristics
are produced (eg, color, aroma and flavor) as well as a se-
ries of compounds at the expense of a significant reduction
in nutritional value due to the essential amino acids degra-
dation.

According to Moreira et al.*? the degree of resistance
to thermal degradation varies depending on the type of
high molecular weight polysaccharides. For example, when
these are well roasted, when black coffee is produced, the
galactomannans and arabinogalactans are thermally frag-
mented up to 36 and 60%, respectively®2.

The galactomannans' higher degree of resistance to
thermal degradation compared to arabinogalactans is attri-
buted to the thermal resistance of their constituent mono-
mers, which is described by the following gradient: D-Man-
nose > D-Galactose > L -Arabinose®.

According to Moreira et al.*?, as a consequence of grain
roasting, losses of D-mannose monomers of 6 and 36% are
recorded in lightly and well roasted grains (black coffees),
respectively, thus evidencing the thermal degradation of ga-
lactomannans.

On the other hand, coffee polysaccharides (galacto-
mannans, & arabinogalactans) are partially extracted by hot
water (~ 6-12%) (Figure 6)°2 and although higher propor-
tions can be extracted through more rigorous conditions,
it would not be representative of what happens when the
customer makes a cup of coffee.

Although arabinogalactans constitute the larger fraction
extracted, through hot water, from raw coffee beans, galac-
tomannans are the most abundant polysaccharides in the
coffee beverage, thus increasing the infusion sedimenta-
tion>32 and viscosity®'3'517 which is perceived in the mouth
as a creamy sensation>?', This characteristic is known as
the body of the drink'".

However, approximately 70% of the polysacchari-
des present in roast and ground coffee are retained in the
remains recovered after the extraction of soluble com-
pounds'™'. The polysaccharide's insolubility is a conse-
quence of their close association with the cell wall, which is
a matrix with a very dense architecture.

One of the disadvantages of the reduced solubility of
coffee polysaccharides is their limited availability for the
study of their structural conformation, which is why many

molecular structures published in the scientific literature are
based on studies of the soluble fraction, which are not re-
presentative of most of the structural polysaccharides asso-
ciated with the cell wall.

In summary, in coffee, the hidrosolubility of high mole-
cular weight polysaccharides associated with the cell wall is
the product of the synergic effect of: the number of lateral
branches, the number of acetyl groups incorporated into its
molecular structure, its thermal degradation (depolymeriza-
tion and debranching) during roasting, the destabilization of
the cell wall during roasting which causes its dilation and
increases in the diameter of its pores and, the particle size
to which the roasted bean is reduced by grinding. In gene-
ral, the smaller the particle, the greater its exposure surface,
which facilitates the removal of water-soluble compounds.

Quantification and structural characterization of
polysaccharides

Carbohydrate determination analysis can be carried
out by quantifying total carbohydrates in aqueous solutions
and/or their structural characterization through chromato-
graphic, spectroscopic, and spectrophotometric techniques,
among others:

Quantification

There is a diversity of colorimetric methods for quantif-
ying total carbohydrates in a biological sample, which inclu-
de reagents such as anthrone, phenol, orcinol or resorcinol;
However, the most widely used colorimetric method for de-
termining carbohydrate concentration is the phenol-sulfuric
acid method with its different variations.

In this method, adding sulfuric acid to aqueous carbo-
hydrate solutions causes dehydration, favoring dehydration
to furfural in the case of pentoses and 5-hydroxymethylfur-
fural (HMF) in hexoses. Furthermore, the added phenol in-
teracts with the HMF facilitating the formation of complexes
that allow the solution's coloration, enabling the quantifica-
tion of carbohydrates through spectrophotometry.

This quantification method has advantages such as:
easily applicable, sensitivity, speed of results and is appro-
priate for quantifying monosaccharides, oligosaccharides
and polysaccharides'52,

Structural characterization

The general steps for carbohydrate characterization
involve:

a. The degreasing. The degreasing of plant mate-
rial using apolar solvents such as n-hexane via the Sox-
hlet technique®®5® allows the removal of the lipid from the
heterogeneous matrix, which otherwise acts as interfering
compounds in the analysis.

b. The removal. The degreased sample is subjected

Fraction A: insoluble proteins + high molecular weight polysaccharides (e.g., cellulose).

Fraction A:
68.50%

Fraction B:

25.20%

Fraction C: 6.30%

Fraction B: low molecular weight compounds (e.g., sucrose, chlorogenic acids, peptides,
& amino acids) soluble in 80% EtOH.

Fraction C: water-soluble proteins + arabinogalactans.

Figure 6. Coffee bean fractions are based on their degree of solubility. Adapted from Wang et al.%".



to extraction to recover the coffee beans' polysaccharide
fraction. Extraction with hot water, ethylenediaminetetraace-
tic acid (EDTA), EDTA/NaOH, and NaOH at concentrations
of 0.05, 1 and 4 M, among others, have been reported?®3949,

c. The purification. The recovered extracts are subse-
quently subjected to processes of centrifugation, filtration,
concentration, and purification by ultrafiltration, dialysis and
lyophilization to retrieve fractions rich in purified polysac-
charides6:5:5053,

d.  The structural characterization. Once the purified
extracts have been isolated, it is necessary to know the mo-
nomers' identity that makes it up, so basic, enzymatic*' or
acid hydrolyses are performed®, which reveals the identity
of the neutral sugars present in the purified fractions.

The hydrolysis of neutral sugars is carried out with
H,SO, or trifluoroacetic acid (TFA), using specific times and
temperatures according to the analysis protocols. Hydroly-
sis allows the monomers to be released and subsequently
transformed into their corresponding alditol acetate deriva-
tiVeS41'4g’50’53’54.

Techniques such as high-performance liquid chroma-
tography (HPLC) or gas chromatography (GC) are used to
identify the released and derivatized monosaccharides.

e. Chain sequencing analysis. To know the posi-
tions of the bonds that the monomers present, the methyla-
tion technique is used, this allows the conversion of all the
free hydroxyl groups into methoxyl groups, followed by a
hydrolytic rupture of the glycosidic bonds, with subsequent
conversion of the monomers into derivatives partially me-
thylated acetylated, which are identified by gas chromato-
graphy coupled to a mass detector (GC-MS), high-perfor-
mance ion exchange chromatography®®#! and subsequent
GC quantification6-3549.50,

f. The distribution of carbohydrates molecular wei-
ghts in the extract is performed by high-performance size
exclusion chromatography monitored by a refractive index
detector, which allows distinguishing molecule populations
based on their molecular weight'6:53.54,

Another powerful technique for characterizing carbo-
hydrate polymers is one-dimensional and two-dimensional
Nuclear Magnetic Resonance (NMR); This has many ad-
vantages over the abovementioned techniques®®%. It is a
non-destructive technique used to identify the carbon and
anomeric proton sugar signals, allowing the monomers to
be assigned their anomeric configurations. Correlations and
chemical shifts obtained by NMR can be used as finger-
prints to identify monomers and binding sequences®.

Most of the consulted literature reference is made to
the study published by Oosterveld et al.®, which is used as
a basis to carry out carbohydrate's structural characteriza-
tion, while other authors have made process modifications
to improve the efficiency of the analysis.

Metabolism and bioactive capacity

Human digestive enzymes do not metabolize most
polysaccharides present in the coffee drink, so they become
part of the dietary fiber®'53032 which reaches concentrations
ranging between 0.14-0.65 g 100 ml"' or 0.47-0.75 g 100
ml" of infusion depending on the species (C. arabica vs.
C. canephora), the degree of roasting, the particle size, the
beverage preparation technique and the employed determi-
nation method®32.

On the other hand, by not being absorbed through the
intestinal wall (duodenum), dietary fiber manages to reach
the colon, where mono-mannans and oligo-mannans are
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converted into short-chain fatty acids®?**; In addition, die-
tary fiber also contributes to the maintenance of beneficial
microorganisms in the colon, such as bifidobacteria’®32%,

However, the digestion of type Il arabinogalactans is
less efficient. This is especially observed in the L-arabinose
monomers in the polymer's side branches, which are co-
valently linked to each other through a(1—5) bonds®2. This
could be attributed to the presence of L-rhamnose units
located at the terminal positions of the side branches and
which are linked to the L-arabinose monomers through the
same type of glycosidic bond (Figure 5).

Carbohydrates and drink quality

Although the polysaccharides present in the coffee
drink do not affect its flavor, monosaccharides (glucose and
fructose) and disaccharides such as sucrose (glucose mo-
nomer + fructose monomer), are associated with the infu-
sion flavor.

Consequently, the higher the sucrose content in the co-
ffee beans, the more intense their flavor will be®. Interestin-
gly, when sucrose is thermally degraded during grain roas-
ting, it releases its constituent monomers, of which fructose
is almost twice as sweet as sucrose per se.

The best cup quality conferred to C. arabica is attri-
buted, in part, to its higher sucrose content in the dry and
raw bean®**, which is responsible for more than 90% of
the oligosaccharides present in it>. However, according to
Privat et al.* although a good part of the sucrose is degra-
ded during roasting, a fraction of it remains in the roasted
bean (0.4-2.8% on a dry matter basis), contributing to the
beverage flavor.

On the other hand, even when sucrose is largely degra-
ded during the early stages of grain roasting, the volatile and
non-volatile compounds generated from it, such as alipha-
tic acids (eg, acetic, formic and lactic acids), among others
(eg, furans, aldehydes, etc.) product of their interaction with
other compounds during the non-enzymatic Maillard reac-
tion (Figure 7) also contribute to the infusion flavor?'26:28,

|
Conclusions

Once roasted, the coffee grain is ground to fine parti-
cle size and exposed to hot water, thus inducing the par-
ticle's humidification and solubilization of water-soluble
solutes, concomitant with the hydrolysis of some insoluble
compounds due to the high temperature. Subsequently, the
aqueous extract is filtered to separate the insoluble mate-
rials (bagasse), thus recovering an aqueous solution rich in
water-soluble compounds, which imparts the typical coffee
beverage taste and smell.

Hydrosoluble carbohydrates constitute a major fraction
of the water-soluble compounds in the coffee infusion. In
general, Robusta coffees produce 10% more soluble solu-
tes than Arabica coffees, which causes an increase in their
demand since they are preferred in the production of instant
coffees; However, they are usually blended with Arabica
coffees to reduce production costs as well as improve the
quality of the final product.

Additionally, the arabinogalactans and galactomannans
extracted in aqueous solution from Robusta coffees have a
greater number of lateral branches than those found in Ara-
bica coffees, which in turn would explain their greater water
solubility, thus facilitating its extraction.

The synergic effect of polysaccharides' greater number
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Figure 7. Sucrose degradation and accumulation of derived compounds during grain roasting.
¢= Sucrose, A= acetic acid, O: formic acid, X: lactic acid. Adapted from Wei et al.?".

of lateral branches added to a greater degree of water so-
lubility would explain the greater percentage of extraction of
soluble solutes in Robusta varieties; even when they have
a lower content of galactomannans (19-22%) and arabino-
galactans (6-8%) compared to Arabica varieties (25-30% &
9-13% respectively).

On the other hand, during the soluble coffees manufac-
ture, after the extraction of the water-soluble compounds,
70% of the roasted and ground bean's polysaccharides re-
main in the bagasse. In addition, the undigestible bagasse'
polysaccharides are part of the total fiber, of which 16-35%
is soluble, and has an antioxidant capacity similar to that
observed in other products such as red wine and peaches,
which is why it can be considered as dietary fiber.

The bagasse is a low-density residue that remains after
the extraction of soluble materials during the coffee beve-
rage preparation. One ton of raw coffee seed is estimated
to produce ~ 650 kg of bagasse. Approximately 45.3% of
the bagasse's chemical composition corresponds to neu-
tral detergent fiber composed of hemicellulose, cellulose
and lignin, and 29.8% of acid detergent fiber composed of
cellulose and lignin; However, the bagasse also contains
other high molecular weight polysaccharides such as galac-
tomannans and arabinogalactans.

The world coffee bagasse production is estimated to be
~ 6 000 000 mt/year and since it is not edible, it does not
have a commercial value; thus, it constitutes a serious envi-
ronmental problem since it is usually discarded in large piles
which, due to its humidity, start the fermentation process
that can lead to spontaneous combustion.

In conclusion, despite the coffee grain's rich carbohy-
drate composition, it is not water-soluble and resistant to
human gastrointestinal digestive acids and enzymes limi-
ting its use in the food industry.
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