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Abstract Spent coffee ground (SCG), a present waste stream from instant coffee production,
represents a potential feedstock for mannooligosaccharides (MOS) production. MOS can be
used in nutraceutical products for humans/animals or added to instant coffee, increasing
process yield and improving product health properties. The SCG was evaluated for MOS
production by steam pretreatment and enzymatic hydrolysis with a recombinant mannanase
and a commercial cellulase cocktail (Acremonium, Bioshigen Co. Ltd, Japan). The mannanase
was produced using a recombinant strain of Yarrowia lipolytica, used to produce and secrete
endo-1,4-3,D-mannanase from Aspergillus aculeatus in bioreactor cultures. Endo-1,4-f3,p-
mannanase was produced with an activity of 183.5 U/mL and 0.23 mg protein/mL. The
enzyme had an optimum temperature of 80 °C, and the activity in the supernatant was
improved by 150 % by supplementation with 0.2 % sodium benzoate and 35 % sorbitol as
a preservative and stabiliser, respectively. The steam pretreatment of SCG improved the
enzymatic digestibility of SCG, thus reducing the required enzyme dosage for MOS release.
Combined enzymatic hydrolysis of untreated or steam-pretreated (150, 190 and 200 °C for
10 min) SCG with mannanase and cellulase cocktail resulted in 36-57 % (based on mannan
content) of MOS production with a degree of polymerization of up to 6. The untreated material
required at least 1 % of both mannanase and cellulase loading. The optimum mannanase and
cellulase loadings for pretreated SCG hydrolysis were between 0.3 and 1 and 0.4 and 0.8 %,
respectively. Statistical analysis suggested additive effect between cellulase cocktail and
mannanase on MOS release, with no indication of synergism observed.
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Introduction

The application of prebiotic products with potential benefits for immunity seems to be a
promising alternative as growth promoter in animal feed, as well as a component of
nutraceutical supplements for humans. Prebiotic compounds are nondigestible carbohy-
drates that stimulate the growth and/or activity of beneficial bacteria in the digestive
system. Oligosaccharides with a degree of polymerization (DP) between 2 and 12 has
been attributed to have prebiotic effect [1]; some probiotic microorganisms such as
Bifidubacterias are grown preferentially using low DP oligomers (DP 2 and 3) [2].
Several prebiotics have been studied, including frutooligosaccharides [3, 4],
xylooligosaccharides [5, 6], galactooligosaccharides [7] and mannooligosaccharides
(MOS) [8-11]. According to this property, oligosaccharides are widely applied in animal
feed to improve gastrointestinal health, growth performance, reduce hepatosomatic index
and modulate the intestinal microbiota [12—15]. Such prebiotics could replace antibiotics
as a growth promoter in livestock nutrition, where the misuse of antibiotics for nonther-
apeutic purposes has arisen to increase the resistant microorganism [16], resulting in its
prohibition in EU [17].

MOS can be extracted from the SCG by means of enzymatic hydrolysis of the mannan
polysaccharides. Mannan polysaccharides can be found in the structure of spent coffee ground
(SCQ), a residue generated in the production of instant coffee, with an estimated worldwide
annual production of 6 million tons [18]. Mannan in green coffee beans is water insoluble and
showed a crystalline structure, corresponding approximately 20-30 % of dry weight of SCG
[19]. These polysaccharides comprise a backbone containing mannose (homo-polymer) or
a combination of glucose and mannose residues (hetero-polymer, glucomannan) that are
linked by f-1,4-linkages [20, 21]. The backbone can be substituted by «-D-
galactopyranosyl (1,6-« linked) and O-acetyl groups at C-2 and C-3 positions [22].
The complex structure of mannan polysaccharides requires a mixture of enzymes for
the extensive hydrolysis required for MOS production. The main enzyme involved in
MOS release from SCG is endo-f3-1,4-mannanase (3-mannanase; 1,4-f-D-
mannanmannohydrolase, EC 3.2.1.78), which has an endo-action on the polysaccharides,
thus cleaving the backbone at random locations to release MOS from galactomannan,
glucomannan, galactoglucomannan and mannan [23, 24].

The structural organisation of mannan and cellulose is likely to impact on SCG recalci-
trance and hence in the MOS production by enzymatic hydrolysis. The SCG carbohydrate
fraction are composed of galactomannan, arabinogalactan and cellulose structures [23, 25],
suggesting a structure of galactomannan—cellulose linked in the carbohydrate fraction of SCG
[26]. Cellulose is composed of 3-1,4-linked glucose residue forming a linear structure
characterised by crystalline and amorphous regions based on intra- and intermolecular
hydrogen bonds [27]. In addition to the intrinsic characteristic of each polysaccharide,
the structural organisation between mannan and cellulose can play an important effect
on the material recalcitrance. The application of a pretreatment to disrupt this structure
could improve MOS release by enzymatic hydrolysis, as well as reduce the enzyme
requirements.

MOS can be obtained from industrial residues such as SCG, which is attractive because of
its abundance and high mannan content. In this context, the main aim of this work was to
evaluate the production of MOS by a combination of mannanase and cellulase for hydrolysis
of untreated and steam-pretreated SCG. Mannanase and cellulase cocktail loadings were
evaluated for improvement of MOS release, taking into account the biochemical properties
of the heterologous mannanase produced by recombinant Yarrowia lipolytica.
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Methodology
Chemicals

All chemicals, media components and supplements were of analytical-grade standard.
Cellulase was purchased from Acremonium (Bioshigen Co.Ltd - China) and MOS standards
from Megazyme (Ireland). Acremonium cellulase cocktail was purchased from Bioshigen Co.
Ltd (Japan). Lignin and carbohydrate contents were determined based on NREL standard
procedures [28]. Monosaccharide quantification (glucose, mannose, galactose, arabinose and
xylose) from untreated and pretreated SCG was carried out by high-performance liquid
chromatography (HPLC) in a Dionex Ultimate 3000 system using an Aminex HPX-87P
column.

Substrate

The SCG was supplied by National Brands Limited (Isando, South Africa). The SCG, with an
initial moisture content of 75 %, was pressed to remove the excess water. The resulting cake
(50 % dry matter (DM); w/w) was dried at 30 °C up to 90 % DM and stored in air-tight
containers at 4 °C until use.

Inoculum and Culture Medium for 3-mannanase Production

The development of the Y. lipolytica ManA/HmA strain for expression of the endo-1,4-f3,D-
mannanase from Aspergillus aculeatus was reported elsewhere [29] and was obtained from
CSIR Biosciences (Pretoria, South Africa). Conical flasks (2 L) containing 200 mL medium
consisting of 15 g/L yeast extract, 8.9 g/L malt extract and 6.67 g/L glucose (pH 5.5) were
inoculated with the Y. lipolytica ManA/HmA and incubated on a rotary shaker at 220 rpm for
18 h. The 200-mL culture from the flask was then used to inoculate 10 L of medium in the
NBS BioFlo (14 L) fermenters. The fermentation medium consisted of the following: 20 g/L
yeast extract and 40 g/L glucose. The fermentation was run at 28 °C with an initial stirrer speed
of 200 rpm. The pH was maintained at 6.8 with either 20 % (v/v) (NH4)OH or 25 % (v/v)
H,SO,. The airflow rate was set at 1.0 (v/v) for the NBS BioFlo fermenters. The pO, was
controlled at 30 % by cascading to the agitation speed. Samples (2 mL) were taken every 3 h
and centrifuged, and the supernatant was analysed for enzyme activity. The pellet was used for
dry cell weight determination by drying (overnight) to a constant weight at 110 °C.
Supernatant from the Y. lipolytica fermentation was purified and concentrated by ultrafiltration
(Millipore) using a 0.22-um and 5 kDa cut-off membranes, respectively.

Enzyme Assays and Protein Determination

Mannanase activity was determined using the DNS method [30]: 50 uL 3-mannanase solution
diluted in 50 mM sodium citrate buffer (pH 4.8) was mixed with 450 puL of 0.25 % locust bean
gum at 60 °C for 5 min. The hydrolysis was terminated after 5 min by adding 750 uL DNS
solution (1 % 3,5-dinitro-salicyclic acid, 20 % potassium sodium tartrate, 1 % NaOH, 0.2 %
phenol and 0.05 % Na,SOs3). The reactions were boiled at 100 °C in a water bath for 5 min,
and colour development in cooled samples was measured as absorbance at 540 nm. The
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reducing sugars released at 5 min were determined from standard curves, which were plotted
using mannose as standard. One unit (U) of enzyme activity is defined as the amount of
enzyme producing 1 pmol of reducing sugars (mannose)/min under the given conditions.

The enzyme activity of commercial cellulase (Acremonium, Bioshigen Co. Ltd, Japan) was
measured in a similar procedure but using 1 % carboxymethyl—cellulose or beech wood xylan
as substrate for endo-glucanase and endo-xylanase activities determination, respectively.
Additionally, cellulase activity in terms of filter paper units (FPU) was determined according
to [UPAC [31]. Protein concentration in mannanase and cellulase cocktail was carried out by
BCA method using bovine serum albumin as protein standard (Kit BCA-Compact-Able
Protein Assay kit, ref 23229, Pierce, Rockford, IL).

Effect of Temperature and Various Reagents on 3-mannanase Activity

The effect of temperature on 3-mannanase activity was determined by incubating the purified
enzyme with the substrate at temperatures ranging from 30 to 90 °C in 50 mM citrate buffer at
pH 4.8 for 30 min. Thermal stability of the enzyme was determined by assaying for residual
enzyme activity after incubation. The assays were performed in duplicates, and average values
of residual activity are shown. The standard deviation was between 1.5 and 10 %.

The effect of stabilising/preservative reagents on the thermal stability of 3-mannanase was
determined by assaying for residual activity after incubating the enzyme with reagents
dissolved in 50 mM sodium citrate buffer (pH 4.8). [3-mannanase solution was incubated in
a 0.2 % (w/v) solution of sodium benzoate or potassium sorbate with either 30 to 40 % sorbitol
or 30 to 40 % glycerol from 30 to 80 °C, according to a previous optimization study [32].
Samples of the enzyme were collected every 30 min to measure the residual enzymatic activity.

Steam Explosion Pretreatment

The steam explosion pretreatment was performed at 150 °C/10 min, 190 °C/12 min and
200 °C/10 min. For each batch, about 700 g (dry weight) was weighed and fed into a 19-L
pressure reactor (“steam gun”); saturated steam at 30 bar was then injected into the pressure
reactor, and the temperature of the vessel was controlled through manipulation of the vessel
pressure by means of a steam injection control valve. Following injection of steam, the
pressure reactor took approximately 2 min to heat up, upon which the timing of the pretreat-
ment commenced. At the end of the residence time, an automatic ball valve capable of opening
within less than 0.5 s was automatically opened. Subsequently, an explosive expansion of the
steam occurred, and exploded samples were collected in a cyclone-type vessel with the excess
steam escaping to the atmosphere. After pressing, the liquor fraction was analysed for MOS
content. The solid fraction was thoroughly washed with deionised water and vacuum filtered to
remove water-soluble solids, which was also considered for total MOS production. The
pretreated material, water-insoluble solids (WIS), was dried at 40 °C for 3 days and stocked
until use in enzymatic hydrolysis.

Enzymatic Hydrolysis of Spent Coffee Ground

About 2 g of dried untreated or steam-pretreated SCG was pre-wetted at 60 °C for 5 h with
agitation using 100 mL sodium citrate buffer (50 mM, pH 4.8), resulting in a solid loading of
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2 % (w/v). Enzymes were added for hydrolysis with dosages according to protein weights (in
milligrammes protein) and/or enzyme activity. Sodium azide (0.02 %) was added to enzymatic
hydrolysis reactions to prevent microbial contamination. SCG was hydrolysed by incubation
with agitation of 100 rpm at temperatures of 60 °C for 18 h. Supernatant was filtered through
filter papers (Whatman paper No. 1) to separate the spent ground from the liquid fraction
(filtrated). The filtrate was subjected to protein precipitation by addition of perchloric acid and
KOH and filtered by a 0.22-um filter prior to HPLC analysis. The samples were analysed for
MOS content by high-performance anion exchange chromatography using a Dionex Ultimate
3000 Series chromatograph with pulsed amperometric detection (Coulochem III electrochem-
ical detector) and a CarboPac PA1 column (4 %250 mm and precolumn 4 x50 mm). Samples
(10 uL) were eluted at 1 mL/min using the following sodium acetate (NaOAc) gradient in
100 mM NaOH: 0-2.5 min, 100 mM NaOH; 2.5-23 min, slow linear gradient of 0—50 mM
NaOAc; 23-23.1 min sharp gradient 50-500 mM NaOAc; 26-26.1 min, sharp down gradient
500-0 mM NaOAc; and 26.1-34 min, 100 mM NaOH. Enzymatic hydrolysis yield was
reported based on untreated and pretreated substrate used on reaction (g/100 g WIS) and based
on mannan content (in per cent).

Statistical Analysis of Enzymatic Hydrolysis

An experimental design with two-level, two-variable, mannanase (X;) and cellulase (X3)
loadings was applied to determine the best combination of enzymes for the MOS release from
pretreated and untreated SCG. Three assays at the centre point of the experimental design were
carried out to estimate the random error for the analysis of variance and to check the presence
of curvature in the response surface. The total MOS yield (in per cent; g/100 g WIS) was taken
as dependent variable or response of the experimental design. STATISTICA (Version 10) was
used for regression and graphical analyses of the data obtained. The fitness of the polynomial
model equation was expressed by the coefficient of determination R* and its statistical
significance was checked by probability (p) of 0.1 and 0.05 (90 and 95 % of confidence,
respectively).

Results and Discussion
Enzyme Production and Thermal Stability

The maximum biomass concentration in cultures of recombinant Y. lipolytica was observed at
24 h, while glucose depletion occurred after 48 h (Fig. 1). The supernatant was harvested after
48 h and filtered (0.22 um), with the latter having an endo-mannanase ([3-mannanase) activity
of 183.5 Ul/mL (0.23 g protein/mL). After concentration/washing of the enzyme using a 5-
kDa membrane, the endo-mannanase activity was increased to 930.9 UI/mL. The enzymatic
activities of commercial cellulase cocktail (Acremonium, Bioshigen Co. Ltd, Japan) were:
endo-glucanase 770 Ul/g, mannanase 86.4 Ul/g and xylanase 30.6 Ul/g of powder and
350 FPU/g, with 80 % of protein content in the powder extract.

The activity of the purified endo-mannanase was measured at various temperatures, from
30 to 100 °C for 5 min, according to the assay described elsewhere. The maximum activity
was found at 80 °C (Fig. 2), indicating that the enzyme is thermoactive and similar temperature
optima were previously reported for other fungal mannanases. Endo-1,4-3-mannanase from
Sclerotium rolfsii has been reported to have optima temperature range of 72 to 74 °C [33]. The
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Fig. 1 Change in the biomass concentration of Y. lipolytica (diamonds) in the media and residual glucose
(squares)

optimum temperature of mannanases from 4. aculeatus was 75 °C, while mannanase from
Thermotoga neapolitana displayed a higher activity at 92 °C [34, 35]. Overall, most
mannanases have been reported to be active at pH 5-7 and temperature between 30 and
60 °C [36].

Effect of Additives on the Mannanase Activity

Enzyme processes are generally more productive when applying high temperatures that favour
higher conversion rates. Although the maximum mannanase activity was displayed at 80 °C
(Fig. 2), the experimental assay used to determine optimum temperature for activity was
determined for short periods of time (5 min). However, the enzyme may be deactivated when
operating at longer incubation periods required in industrial processes. The addition of
preservatives in enzyme preparations and during the industrial process is a common approach
to preserve enzyme stability. Furthermore, the addition of stabilisers could be of benefit for
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Fig. 2 Effect of temperature of the reaction on the purified mannanase preparation. The enzyme was incubated at

different temperatures for 30 min in 50 mM sodium citrate buffer, pH 4.8. The relative mannanase activity was
measured and expressed as percentage of the highest activity
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reducing enzyme dosage and enzyme recycling [36]. Thermal stability of the purified
mannanase enzyme was therefore determined at 50, 60, 70 and 80 °C, in the presence of
various potential stabilisers/preservatives (glycerol, potassium sorbate/sodium benzoate and
sorbitol) that would typically be added to industrial enzyme products (Figs. 3 and 4). Results
are expressed in terms of relative mannanase activity calculated as percentage of the activity
determined in the control enzyme solution with no additives.

The residual activities of endo-mannanase at various concentrations of additives (30 to
40 % glycerol, 30 to 40 % sorbitol, 0.2 % potassium sorbate and 0.2 % sodium benzoate) were
determined at 60 °C for an incubation period of 30 min (Fig. 3). This temperature was selected
based on the optimum temperature for Acremonium cellulase which will be combined with
mannanase in the hydrolysis reactions of SCG. As shown in Fig. 3, only 40 % sorbitol did not
decrease the mannanase activity, whereas the rest of the additives exerted deactivation effects.
The performance of 40 % sorbitol could be attributed to the stabilisation effects of the enzyme
structure benefiting the commercial extract preparation for stocking. While some researchers
have shown that sorbitol may improve the stability of enzymes [37], the additive might also
have negative influence on other proteins if added at higher concentration [38]. The fact that
sorbitol did not deactivate the endo-mannanase activity motivated new experiments combining
additives for stabilisation effects at a wider range of temperatures and longer incubation
periods.

Several works have shown that a combination of additives in some cases can improve the
activity much better than a single additive [32, 37]. The mannanase activity was evaluated in
the presence of combined additives. Six different combinations of additives were obtained
using 0.2 % sodium benzoate, 30 to 40 % glycerol and 30 to 40 % sorbitol. As shown in
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Fig. 3 Influence of stabilisers on activity of purified mannanase. Enzyme solution containing stabiliser (as
indicated) was assayed by the standard method. The mixtures were incubated for 30 min at 60 °C in 50 mM
sodium citrate buffer, pH 4.8. The relative activity was expressed as percentage of the original activity of enzyme
(without stabiliser)
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Fig. 4 a Stability of purified mannanase in sodium benzoate mixtures incubated at 60 °C for 240 min. b Stability
of purified mannanase in potassium sorbate mixtures incubated at 60 °C for 240 min. ¢ Stability of purified
mannanase in sodium benzoate mixtures incubated at 80 °C for 240 min. d Stability of purified mannanase in
potassium sorbate mixtures incubated at 80 °C for 240 min. The residual activity in each mixture was measured
every 30 min in 50 mM sodium citrate buffer, pH 4.8. The relative activity expressed as percentage of the original
activity of enzyme (without stabiliser) at the beginning of the incubation

Fig. 4a, the combination of mannanase with 0.2 % sodium benzoate and 30 or 35 % sorbitol
presented the highest relative activity of about 150 % when incubated at 60 °C for 4 h, while
the control retained 63 % of the initial activity. The enhancement in mannanase activity could
be explained as the synergistic effect between the two additives, which finally led to stable
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enzyme structure. Based on these results, it could be observed that the combination of additive
agents have better preservative effect on the enzyme activity than the single-additive agents
because more stabilisation is promoted in the enzyme structure [32].

In terms of combining stabilisers/preservatives, substituting sodium benzoate with potassi-
um sorbate strongly enhanced the enzyme activity at 60 °C (Fig. 4b). The relative activity after
4 h was 180, 200 and 220 % with 0.2 % potassium sorbate when combined with sorbitol at 30
or 35 % or with 35 % of glycerol, respectively. This result might certainly indicate that the
improvements of mannanase activity are directly related with increasing amounts of sorbate
ions. When increasing the incubation temperature to 80 °C (Fig. 4, d), the mannanase activity
was strongly reduced regardless of the stabiliser combination. This result suggests that the
effect of stabilisers is only adequate at reasonable temperatures and unable to protect the
enzyme in very harsh temperature conditions.
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Kinetics of Thermal Deactivation of Mannanase in the Presence of Stabilisers

The experimental profiles (not shown) achieved for the residual activity of endo-mannanase
after incubation for 4 h were fitted to the first-order Arrhenius model (4),/4,=exp(—k,) for the
calculation of the deactivation constant (k) and half-life (#,,). Table 1 summarises the values
obtained for the endo-mannanases in the presence of various stabilisers at different tempera-
tures including 50, 60 and 70 °C. At 50 °C, endo-mannanase in the presence of the stabilisers
showed similar deactivation profiles to that of the control (mannanase without stabiliser) with
estimated half-life of 2,310 min. The stabilisers slightly increased the half-life of endo-
mannanase at 70 °C. The more pronounced effect was observed at 60 °C, where the half-
life for the stabilised and control were 1,732.5 and 533.1 min, respectively.

Spent Coffee Ground Steam Pretreatment

The steam pretreatment was performed at temperature similar of instant coffee extraction
(150 °C) and temperatures over this industrial range (190 and 200 °C). The aim of this
pretreatment was to increase the enzymatic digestibility of the SCG, a recalcitrant material.
The insoluble solids recovery and the carbohydrates composition of the pretreated solids from
the different conditions are listed in Table 2. It can be observed that the recovery of pretreated
solids was similar among the three pretreatment conditions, ranging from 90 to 95 %.
Regarding the carbohydrates content, only the arabinan and galactan contents were reduced
in the pretreated solids with respect to the untreated material for the harshest conditions tested.

Although steam pretreatment solubilised 5 to 10 % of the SCG (Table 2), no MOS were
detected in the liquid fraction (including wash water) after any of the pretreatment conditions
studied. No oligomers were detected even when the pretreatment was performed at low

Table 1 Summary of the thermal deactivation constants (k) and half-lives (¢;,) of endo-mannanase with and
without protective additives

Test temperature Stabiliser conjugate kg/min 1) o/min
70 °C Control 0.0088 78.7
0.2 % sodium benzoate+30 % sorbitol 0.008 86.6
0.2 % sodium benzoate+35 % sorbitol 0.0085 81.5
0.2 % potassium sorbate+30 % sorbitol 0.0095 72.9
0.2 % potassium sorbate+35 % sorbitol 0.0094 73.7
60 °C Control 0.0013 533.1
0.2 % sodium benzoate+30 % sorbitol 0.0004 1,732.5
0.2 % sodium benzoate+35 % sorbitol 0.0004 1,732.5
0.2 % potassium sorbate+30 % sorbitol 0.0015 462.0
0.2 % potassium sorbate+35 % sorbitol 0.0014 495.0
50 °C Control 0.0003 2,310.0
0.2 % sodium benzoate+30 % sorbitol nd nd
0.2 % sodium benzoate+35 % sorbitol 0.0003 2,310.0
0.2 % potassium sorbate+30 % sorbitol 0.0006 1,155.0
0.2 % potassium sorbate+35 % sorbitol 0.0009 770.0

nd not determined
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Table 2 Insoluble solids recovery (in per cent) and carbohydrate content of the untreated spent coffee ground
(SCG) and pretreated solids (per cent water-insoluble solids (%WIS)) generated under different conditions of
steam pretreatment

Pretreatment conditions

Temperature (°C) 150 190 200
Time (min) 10 12 10
Water-insoluble solids (WIS) recovery (%) 95.7 89.8 91.9

Carbohydrate composition
Untreated (%) Pretreated solids (% WIS (g/100 g SCG))

Glucan 24.17 23.13 (22.14) 25.19 (22.62) 24.91 (22.89)
Mannan 24.67 2234 (21.38) 2203 (19.78) 21.56 (19.81)
Arabinan 1.28 1.15(1.10)  0.80(0.72)  0.84 (0.77)
Galactan 2.17 221 211 1.90(L71) 159 (1.46)

Results in parentheses show the corresponding g/100 g SCG

temperature, i.e. 150 °C. The temperature of steam treatment (150, 190 and 200 °C) probably
caused degradation of oligomers in the liquid fraction, which can also be associated with
longer reaction time. It has been reported that the increase of pretreatment temperature release
preferentially low DP oligomers and monosaccharides from lignocellulosic materials [39].
According to Carvalheiro et al. [40], for oligomer release, the steam pretreatment should be
conducted from seconds to a few minutes. However, depending also on the materials used,
oligomers were released by steam explosion of wood chip at 180 °C/10 min [39] and at 175 °C
for 7.5 min [41]. Early studies showed oligomers are released from SCG using a thermal plug
flow reactor catalysed with acid (1 %) during seconds to 8 min [42]. However, the use of steam
explosion for oligomer production from SCG has received little attention.

Enzymatic Hydrolysis of Pretreated SCG

Both untreated and steam-pretreated SCG were subjected to enzymatic hydrolysis with
combinations of mannanase and cellulase to evaluate if the pretreatment favours oligomers
release by means of enzymes. Enzymatic hydrolysis yield was reported based on untreated and
pretreated substrate used on reaction (g/100 g WIS) and showed on tables based on mannan
content (in per cent). The DP of the MOS released is an important factor to consider, as it is the
determinant in the beneficial health effects or in the stimulation of the probiotic microorgan-
isms [43]. For example, Bifidubacterias are grown preferentially using low DP oligomers, such
as DP 2 and 3 [2]. Oligomers with DP of more than 6 were not observed in the chromatograms
(data not shown). The enzymatic hydrolysis of untreated SCG released MOS with a DP of up
to 6. The main oligosaccharide present in the supernatant was with a DP of 2, followed by DP
of 3, 4 and 5 (Table 3). MOS with a DP of 6 was found only in the hydrolysis of untreated
SCG, whereas oligomers with a DP of 5 was found in lower percentage (<2.7 g/100 g WIS) in
the hydrolysis of untreated and steam-pretreated SCG. The pretreatment temperature increases
improved the material for enzymatic hydrolysis related to the amount of MOS with a DP of 5.
MOS with a DP of 6 was not found from enzymatic hydrolysis of pretreated materials.
Moreover, MOS with a DP of 5 was found on hydrolysis mainly of the pretreated material
at 190 °C. The release of MOS with a DP of 5 was only observed at low enzyme loading; it
was not detected when applying intermediate and higher loading of enzymes. Oligomers with
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Table 3 Mannooligosaccharides production from enzymatic hydrolysis of untreated and steam-pretreated spent
coffee ground (SCG) with different combinations of mannanase and cellulase (in per cent; w/w)

Mannanase Cellulase Mannooligosaccharides (g/100 g WIS; %, base mannan content)® mg/mL
%o; wiw)*  (%; wiw)?
M2 M3 M4 M5 M6
Untreated SCG  0.01 0.01 320 (13.24) — 024 (0.99) — 0.10 (041) 129
1 0.01 351 (14.52) 0.13(0.54) 004 (0.17) 0.03 (0.12) 0.12 (0.50) 1.32
0.01 1 171 (7.07)  3.59 (14.85) 043 (1.78) — 037 (1.53) 147
1 1 542 (22.42) 243 (10.05) 0.12 (0.50) 029 (1.20) 050 (2.07) 2.9
0.505 0.505 392 (1622) 043 (1.78) 0.78 (3.23) 0.69 (2.85) 030 (1.24) 2.04
150 °C 0.01 0.01 122 (546) - - - 032
(10 min) 4 0.01 261 (11.68) 0.05(0.22) — 0.06 (027) - 0.69
0.01 1 7.04 3151) 137(6.13) 049 (2.19) - - 250
1 1 8.80 (39.39) 0.88 (3.94) 043 (1.92) - - 1.69
0.505 0.505 6.65 (29.77) 1.04 (4.96) 046 (2.06) — - 2.06
190 °C 0.01 0.01 273 (12.39) — 040 (1.82) 270 (12.26) — 2.18
(10 min) 4 0.01 7.62 (34.59) 0.18 (0.82) - 025 (1.13) - 275
0.01 1 726 (32.96) 149 (6.76) — - - 254
1 1 740 (33.59) 0.63 (2.86) 046 (2.09) — - 211
0.505 0.505 936 (42.49) 0.62 (2.81) 052 (2.36) — - 2.08
200 °C 0.01 0.01 4.17 (19.34) — 0.61 (2.83) 075 (3.48) - 1.90
(10 min) 0.01 6.51 (30.19) — 0.60 (2.78) 130 (6.03) - 1.90
0.01 1 7.64 (35.44) 157 (7.28) 0.63 (2.98) — - 2.90
1 1 8.85 (41.05) 1.05(4.87) 0.55(2.55) — - 230
0.505 0.505 10.84 (50.28) 1.00 (4.64) 0.67 (3.11) — - 2.65

Standard deviation of assays was less than 5 %

M?2 mannooligosaccharides with degree of polymerization of 2, M3 mannooligosaccharides with degree of
polymerization of 3, M4 mannooligosaccharides with degree of polymerization of 4, M5 mannooligosaccharides
with degree of polymerization of 5, M6 mannooligosaccharides with degree of polymerization of 6

? Per cent (w/w) protein/SCG
® Values in parentheses represent conversion based on mannan content

a DP of 3 and 4 were not influenced by mannanase and cellulase loadings, allowing
maximisation of the MOS yield from SCG hydrolysis within the studied range.

The steam pretreatment generated a SCG substrate that was more susceptible to enzymatic
hydrolysis for MOS release, compared with untreated SCG. The enzymatic hydrolysis of
untreated SCG released a total of 8.76 % (g/100 g WIS-36.24 % based on mannan content) of
MOS (DP of 2 to 6) applying 1 % loadings of mannanase and cellulase (Table 4). The
enzymatic hydrolysis of SCG pretreated at 150 °C for 10 min released 10.1 % (g/100 g WIS—
45.21 % based on mannan content) of MOS when applying the same loadings (1 %) of
mannanase and cellulase.

The steam pretreatment was also effective in decreasing the loading of needed enzymes for
MOS release. The enzymatic hydrolysis of pretreated SCG at 190 and 200 °C released 10.45
and 12.46 % (g/100 g WIS—47.44 and 57.79 % based on mannan content, respectively) of
MOS, respectively, applying intermediate loading of enzymes (0.51 % for both mannanase and
cellulase) (Table 3). A higher pretreatment temperature increased MOS yield only by 2 %.
However, this yield was reached by half amounts of enzymes required to release the same
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Table 4 Central composite design for mannanase and cellulase cocktail hydrolysis of untreated and stem-
exploded SGC for mannooligosaccharides release

Assay Coded value Real value Mannooligosaccharides g/100 g WIS (%, base mannan content)”

X, X5 X, X Untreated SCG 150 °C (10 min) 190 °C (10 min) 200 °C (10 min)

1 -1 -1 001 001 3.54(14.65) 1.22 (5.46) 5.83 (26.50) 5.53 (25.65)
2 1 -1 1 001 3.83(1585) 272 (12.18) 8.06 (36.54) 8.41 (39.01)
3 11 0.01 1 6.11 (25.28) 8.9 (39.84) 9.23 (41.95) 9.84 (45.64)
4 1 1 1 1 8.76 (3624)  10.11 (45.26) 8.49 (38.59)  10.45 (48.47)
5 0 0 051 051  6.75(27.93) 828 (37.06) 1045 (47.50) 1246 (57.79)
6 0 0 051 051 549 (22.71) 732(3277)  10.02 (45.55) 1163 (53.94)
7 0 0 051 051 6.12(2532) 8.85(39.62)  11.07(50.32) 1244 (57.70)
8 -1 - 001 0 1.6 (6.62) 3.27 (14.64) 2.99 (13.59) 3.12 (14.47)
9 0 - 051 0 2.58 (10.67) 4.23 (18.93) 3.63 (16.50) 5.15 (23.89)
10 1 - 10 22 (9.10) 2.54 (11.37) 7.43 (33.77) 7.87 (36.50)
n - -1 0 001 222(9.18) 5.03 (22.52) 3.47 (15.77) 3.83 (17.76)
| 0 0 051 3.09(12.78) 6.53 (29.23) 7.07 (32.17) 7.04 (32.65)
13 - 0 1 3.12 (12.91) 5.77 (25.83) 8.7 (39.55) 9.05 (41.98)

Real value of enzyme load per cent (w/w protein). Standard deviation of assays was less than 5 %
SCG spent coffee ground, X; mannanase, X, cellulase cocktail, “— not added

#Values in parentheses represent conversion based on mannan content

amounts of MOS from SCG without or with lower temperature treatments. The SCG is
generated after thermal treatments (roasting and thermal extraction) where there is a partial
degradation and depolymerisation of polysaccharides [25], and partial extraction of
arabinogalactan proteins [43], compared with the unprocessed green beans. However, further
modification of the SCG structure by steam explosion pretreatment was effective to improve
accessibility of the substrate to enzymatic hydrolysis.

Statistical Analysis of Enzymatic Hydrolysis

A statistical analysis of enzymatic hydrolysis of untreated and steam-pretreated SCG was
performed, to determine optimum enzyme loadings for MOS release. The effect of mannanase
and cellulase loadings on the enzymatic hydrolysis of SCG for MOS release was evaluated by
Pareto charts (Fig. 5), where the bars length beyond the vertical line correspond to effects
statistically significant at 90 % confidence level.

The variable cellulase was positive and significant for enzymatic hydrolysis of untreated
(Fig. 5a) and pretreated SCG (Fig. 5b—d). The effect of enzymes was more pronounced by
increasing the temperature of the pretreatment. However, the Pareto of the 190 °C does
not follow this trend, and the effect of the enzymes is even lower than the pretreat-
ment at 150 °C. The variable mannanase was positively significant only in the
hydrolysis of steam-pretreated SCG at 200 °C for 10 min (Fig. 5d). The significance
of mannanase at highest pretreatment condition shows the effect of steam explosion in
exposing the polysaccharides.

The cellulase cocktail showed composition of cellulase enzymes (endoglucanase, exo-
glucanase and (3-glucosidase) and lower mannanase. The lower content of mannanase
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Fig. 5 Pareto chart of the effects of mannanase and cellulase loading in the enzymatic hydrolysis of untreated
and steam-pretreated SCG

associated to higher cellulase enzymes activities was beneficial for MOS release. However,
application of a single enzyme, mannanase or cellulase cocktail, generated lower yield in MOS
than when applied both enzymes (Table 4; assays 8 to 13). For SCG untreated and pretreated at
150 °C for 10 min, the intermediate loading of mannanase or cellulase (0.51 %) was enough
for reaching the highest yield of MOS (Table 4; assay 9 compared with assays 8 and 10, lower
and higher loading, respectively). The hydrolysis of SCG pretreated at 190 °C/10 min and
200 °C/10 min with single enzyme showed better hydrolysis at higher level of mannanase or
cellulase cocktail (Table 4; assays 10 and 13, respectively), although the increase in the
enzyme loading did not justify the improved yield.

As central point condition (0.51 % mannanase and cellulase cocktail) showed a higher yield
of MOS release from enzymatic hydrolysis of SCG pretreated at 190 °C/10 min and 200 °C/
10 min, a full-factorial design was evaluated to determine the best combination of mannanase
and cellulase cocktail for MOS release. Moreover, curvature analysis was significant for
enzymatic hydrolysis of SCG pretreated at 150 °C/10 min, 190 °C/10 min and 200 °C/
10 min, indicating that a second-order model could fit the experimental data better.

Enzymatic hydrolysis of untreated SCG indicated only linear terms and interaction between
variables that were significant in the model (Table 5). This result confirmed the observation of
no significant curvature from statistical analysis of the standard design (Fig. 5). For enzymatic
hydrolysis of SCG pretreated at 150 °C/10 min, only the linear term for the cellulase loading
was significant. These results indicated that higher loading of enzymes would always provide a
higher yield. However, the statistical analysis was limited to maximum enzyme dosage of 1 %
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Table 5 Analysis of variance variables to the effects on mannooligosaccharides release by enzymatic hydrolysis

of untreated and steam-exploded coffee spent ground

SCG Factor SS DF MS p value

Untreated Model* 45.58 5 45.58 0.0030
Mannanase (L)** 11.41 1 11.41 0.0229
Mannanase (Q) 0.9 1 0.9 0.4415
Cellulase (L)* 30.39 1 30.39 0.0021
Cellulase (Q) 0.32 1 0.32 0.6376
X Xo** 6.17 1 6.17 0.0739
Lack of fit 12.07 5 1.72 0.2001
Error 0.80 2 0.40
Total 56.45 12
R*=0.83

Steam gun (150 °C/10 min) Model*** 77.94 5 15.59 0.0789
Mannanase (L) 7.35 1 7.35 0.2567
Mannanase (Q) 1.67 1 1.67 0.575
Cellulase (L)* 39.6 1 39.6 0.0241
Cellulase (Q) 5.4 1 54 0.3249
XX 12.04 1 12.04 0.1578
Lack of fit 32.53 5 6.51 0.0867
Error 1.2 2 0.6
Total 111.67 12
R*=0.86

Steam gun (190 °C/10 min) Model** 73.25 5 14.65 0.0100
Mannanase (L)**" 7.50 1 7.50 0.0930
Mannanase (Q)** 18.32 1 18.32 0.0189
Cellulase (L) 0.02 1 0.02 0.9773
Cellulase (Q) 11.57 1 11.57 0.0464
XX 5.91 1 591 0.1280
Lack of fit 13.31 5 2.66 0.1
Error 0.57 2 0.29
Total 87.86 12
R*=0.83

Steam gun (200 °C/10 min) Model* 107.27 5 107.27 0.0023
Mannanase (L)** 15.26 1 15.26 0.0206
Mannanase (Q) 2.28 1 2.28 0.2875
Cellulase (L)* 31.38 1 31.38 0.0037
Cellulase (Q)*** 9.15 1 9.15 0.0547
XX 2.84 1 2.84 0.2398
Lack of fit 11.61 5 232 0.0904
Error 0.45 2 0.22
Total 119.33 12
R*=0.96

SCG spent coffee ground, X; mannanase, X, cellulase cocktail, SS sum of squares, DF degree of freedom, MS

means square

*p<0.01, significant at 99 % confident level; **p<0.05, significant at 95 % confident level; ***p<0.1,

significant at 90 % confident level
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< Fig. 6 Response surface representative of the models of enzymatic hydrolysis of untreated and
steam-pretreated SCG (a) and respective counter plot (b) (MOS, g/100 g; enzymes protein, g/100 g
substrate)

(in grammes protein per grammes substrate) considering the enzyme cost and typical loadings
for industrial enzymes. The model obtained for enzymatic hydrolysis of pretreated SCG at
150 °C/10 min was not reliable because only one variable (cellulase loading) was significant;
however, it was used to compare the effect of steam pretreatment of SCG in the enzymatic
hydrolysis considering the loading of enzymes used.

The enzymatic hydrolysis of pretreated SCG at 190 °C/10 min and 200 °C/10 min indicated
that both the mannanase and cellulase terms in the model were significant. The models for
hydrolysis of pretreated SCG at 190 °C/10 min and 200 °C/10 min were significant at 95 and
99 % confidence level with correlation coefficients of 0.83 and 0.96, respectively (Table 5).
Considering that the lack of fit was not significant, the models were accepted as representative
of the enzymatic hydrolysis of pretreated SCG for comparing the enzyme loading applied.

The response surface of enzymatic hydrolysis of untreated SCG showed a combination of
1 % loading for both mannanase and cellulase to reach the maximum yield (Fig. 6). The
surface response for pretreated SCG at 150 °C/10 min showed the best combination of
loadings between 0.5 and 1 % for mannanase and between 0.6 and 1 % of cellulase, thus
confirming a reduction in the enzyme dosage requirements for pretreated SCG. For pretreated
SCG at 190 °C/10 min, the best combination of enzyme was between 0.3 and 0.7 % of
mannanase and 0.7 and 1 % of cellulase. For pretreated SCG at 200 °C/10 min, the best
combination of enzyme was between 0.8 and 1 % of mannanase and 0.4 and 0.8 % of
cellulase. For practical implementation, the ratio between enzymes can be varied within the
range proposed by the response surface, to achieve the minimum overall cost of hydrolysis
(Fig. 6).

The combination of cellulase cocktail and mannanase showed additive effect, i.e. no
interaction was observed (Fig. 5a—c), except for pretreated material at 200 °C/10 min
(Fig. 5d). However, the interaction among enzymes at several pretreatments was negative,
indicating that the enzyme level should be lower than 1 % to maximise the MOS release from
this material. Furthermore, the negative interaction between enzymes for pretreated material at

Table 6 Range of possible combination of mannanase and cellulase cocktail; model and predicted yield for
enzymatic hydrolysis of untreated and steam-pretreated spent coffee ground (SCG) for mannooligosaccharides
release

Steam pretreatment Mannanase Cellulase Model Predicted
SCG (% (Ww) (% (W/w) yield®
protein) protein)
SCG untreated >1 >1 y=5.87+2.5X,+4.17X, 10 (41.37)
150 °C/10 min 0.5t0 1 0.6to1 y=8.16+1.12X,+5.84X, 10 (44.76)
190 °C/10 min 0.3 t0 0.7 0.7 to 1 y=10.44-5.49X,2+3.87X; 10 (45.39)
200 °C/10 min 0.8to1 0.4 t0 0.8 y=12.22+1.81X,+4.72X,-7.89X,2— 12 (55.66)
2XX

X; mannanase, X> cellulase cocktail

# Mannooligosaccharides yield for respective pretreatment (g/100 g WIS and percentage based on mannan
content (values in brackets))
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200 °C/10 min confirms that the higher enzyme loading (1 %) is not the best enzyme
combination.

A resume of possible conditions of enzyme combination, models and predicted yields is
shown in Table 6. The significance of the variables was determined at least at 90 % confidence
level for all the studied cases, except for the pretreated at 150 °C. This was done to minimise
the error of determination by considering more variables in the model. The statistical analysis
confirmed the effectiveness of steam pretreatment in generating a substrate easily hydrolysable
needing lower enzyme loading for MOS release from SCG.

Conclusions

SCG, a residue from instant coffee production, is a source of cellulose and galactomannans,
polysaccharides that remain unextractable during the process for instant coffee production.
These polysaccharides can be hydrolysed to oligosaccharide molecules, such as MOS, which
have potential application as prebiotic products in human and animal feed. The addition of
MOS, obtained from SCG, to instant coffee can be suggested, collaborating to a health product
and reducing the amount of SCG generated as residue.

The action of endo-mannanase for MOS release from mannan present in SCG could be
enhanced by the use of enzyme stabilisers and pretreatment of SCG to improve accessibility.
Up to 12 % (g/100 g WIS—55.66 % based on mannan content) of MOS could be released from
untreated SCG by enzymatic hydrolysis using 1 % of mannanase and cellulase loading. The
steam pretreatment was effective in generating a substrate amenable to enzyme action and
allowed the reduction of the mannanase and cellulase cocktail loading while keeping the same
yield obtained with higher enzyme loadings for hydrolysis of untreated SCG.
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