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The enzymatic hydrolysis is a determinant step for the efficiency of a lignocellulosic biorefinery and it is 
important to find the best possible enzyme mixture. 
In previous studies, high dosages of a commercial enzyme mixture (CEM) were used to hydrolyse 
lignocellulose but the removal of carbohydrates was not complete. In the present study the enzymatic 
hydrolysis of corn stover, Miscanthus and wheat straw, previously pretreated with a hydrothermal treatment, 
was done with the CEM supplemented by selected hemicellulases to improve the sugar yields and obtain a 
pure lignin fraction. The accessory enzymes were added to the CEM with a replacing enzyme strategy which 
assured that the total dosage of enzymes was always the same. 
A purified glucuronidase (GH115) did not show a higher release of glucuronic acid but a slight increase of 
the total reducing sugars was observed. Four different arabinofuranosidases were also tested and one of 
them (GH51) showed an increase on the arabinose release yield, even though no improvement was 
observed in the glucose or xylose yields. An acetylxylan esterase and a feruloyl esterase, with and without 
the help of the GH51 arabinofuranosidase, showed no improvement in the glucose or xylose yields for either 
of the mixtures. Finally a chimeric enzyme composed by a xylanase, an arabinofuranosidase and a feruloyl 
esterase was studied with similar results except for corn stover that had a slight increase on the xylose 
release yield.  
This results could be related with loss or not enough accessory enzyme activity or lack of other activities.  
Key-words: biorefinery; lignin; hydrothermal pretreatment; lignocellulosic biomass; hemicellulose; 

accessory hemicellulases. 
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Introduction 
The world is currently facing major changes due to the 
large expansion of human societies. The environment, 
the climate, the food supply and the energy supply are 
some examples of sectors that are suffering a crisis due 
to such expansion. This is why there is a rising concern 
and need for sustainability. Thus, society is moving 
towards a bio-based economy that may be the key 
development and the solution for this crises and where 
biomass, in all its diversity, make up the basis of food, 
feed, chemicals, materials and fuels.1,2 
 

Biorefinery Concept 
The IEA (International Energy Agency) Bioenergy Task 
42 has the following definition: “Biorefinery is the 
sustainable processing of biomass into a spectrum of 
marketable products (food, feed, materials, chemicals) 
and energy (fuels, power, heat)”. The concept of 
biorefinery should always take into account the entire 
value chain, the whole life cycle of the project and the 
economic and environmental impact.1,2 
One of the most investigated type of biorefinery is the 
sugar platform which is the conversion of any biomass’ 
carbohydrates into monosaccharides that are later 
fermented to any kind of product. In this project the 
focus will be on lignocellulosic materials as feedstock. 
These materials are expected to become the most 
important source of biomass in the future due to their 
high availability and low cost. Lignocellulosic biomass is 
mainly constituted by cellulose, hemicellulose and lignin 

and is the largest known renewable carbohydrate 
source, composed by up to 75% carbohydrates.1,3 
 

Biomass – Lignocellulosic materials 
Lignocellulose is a complex matrix of polymers mainly 
composed of cellulose, hemicellulose and lignin but also 
pectin, extractives and ash. These three main 
components are present in every plant cell wall where 
they form a complex structural lignocellulosic matrix: the 
cellulose is like a skeleton that is surrounded and coated 
by hemicelluloses and lignin, all strongly interlinked and 
bonded by both covalent and non-covalent bonds. 
Usually cellulose is linked to hemicellulose by hydrogen 
bonds and hemicellulose is linked to lignin by covalent 
bonds. The amount of each component varies a lot 
between species but also between parts of the plant, 
age and growth conditions. Usually cellulose is the most 
abundant polysaccharide followed by hemicellulose and 
lignin.3 
A plant cell wall consists of multiple layers: the outside 
layer is the middle lamella, in the middle there is the 
primary cell wall and in the inside the secondary cell 
wall. The composition and structure of these wall layers 
change depending on cell type, tissue, and location in 
the plant. The mature secondary cell wall contains most 
of the lignocellulosic biomass, but its structure and 
organization begins in the primary wall.4 
Plants can be divided in 3 groups: Gramineae (grass 
and cereals), Gymnosperms (softwoods) and 
Angiosperms (hardwoods).3,5 
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Cellulose 

Cellulose is the main component of the cell wall and it is 
a high molecular weight linear homo-polysaccharide. It 
is formed entirely by D-glucose units linked by β-1,4-
glucosidic bonds. Its degree of polymerization can go up 
to 15000. The formation of intra- and intermolecular 
hydrogen and van der Walls bonds is very common in 
cellulose and due to its linear structure the chains tend 
to arrange in parallel, which leads to the formation of 
elementary crystalline microfibrils. These hydrogen 
bonds give high tensile strength to cellulose, making it 
insoluble in most solvents and resistant to microbial 
degradation. However there are also amorphous 
regions that comprise a minor part of the cellulose and 
occur because it does not crystalize.3 
 

Hemicellulose  

Hemicelluloses are very heterogeneous polymers that 
can have multiple monosaccharides, glycosidic linkages 
and side chains and vary both in structure and in 
composition from one species to another as well as from 
a part of the plant to another. They are composed 
mainly by monomeric units of the hexoses D-glucose, 
D-galactose, D-mannose, D-glucuronic acid, D-
galacturonic acid and 4-O-methyl-D-glucuronic acid and 
the pentoses D-xylose and D-arabinose. There are also 
some hemicelluloses that have sugar units of rhamnose 
and fucose although this is less common.3,6,7  
Usually hemicelluloses are sorted into four main 
categories: xylans, mannans or mannoglycans, 
xyloglucans and β-glucans. Xylans are the most 
abundant type of hemicellulose. They have a 
xylopyranosyl backbone with 1,4-β-linkages and usually 
form side chains in the C-2 or/and C-3 positions.6,7 
Mannans are usually divided in two types which are 
galactomannans and glucomannans. Galactomannans 
have a D-mannopyranosyl backbone linked by 1,4-β-
linkages and D-galactopyranosyl units as side groups of 
some of the mannan units at position C-6. The 
glucomannans have a D-mannopyranosyl backbone 
with β-D-glucopyranosyl units randomly inserted in the 
backbone chain, connected by 1,4-β-linkages. Some of 
them also carry D-galactopyranosyl substituents and 
are usually called (galacto)glucomannans6,7 
Xyloglucans have a backbone of 1,4-β-linked D-
glycopyranose units and xylopyranosyl groups α-linked 
to the C-6 position of some of those glucopyranosyl 
units.6,7 
β-glucans are linear hemicelluloses with backbones 
made of β-D-glycopyranosyl units with a mixture of 1,3 
and 1,4-linkages between monomers.6,7 
The hemicelluloses from cereal stalks, maize or rice 
(from Gramineae family) are mainly xylans with L-
arabinofuranose and/or uronic acids residues 
substituted. They can also be acetylated and more or 
less branched. For example, the wheat straw xylans 
consist mainly of β-D-xylopyranosyl backbone with L-
arabinofuranosyl, D-xylopyranosyl and uronic acids side 
groups where more or less 1 of 15 xylose backbone 
units carry an arabinose group in the C-3 position and 1 
of 19 xylose units carry a xylose pendant group in 
position C-2.  
In Figure 1 there is a schematic representation of the 
three main hemicelluloses found in grasses.7 

 

 

Figure 1 - Schematic drawing of the three main types of 
hemicelluloses in grasses’ cell walls. The letters under 
xyloglucan illustrate the symbols used for the most common 
side chains. 'Fer' represents esterification with ferulic acid and 
‘Ac’ represents acetylation.6  

Lignin Carbohydrate Complexes 

Lignin Carbohydrate Complexes (LCC) are stable 
covalent bonds formed between lignin and 
polysaccharides present in the plant cell wall, but mainly 
hemicelluloses. There are some phenolic compounds 
like p-coumaric, ferulic and diferulic acids, typically 
found in grasses, that are not lignin compounds but 
contribute to crosslinking with hemicelluloses and are 
esterified to arabinoxylans and ether or ester-linked to 
lignin. There are different types of bonds such as esters, 
benzyl ethers and phenyl glycosides.9 The most 
common are stable ether bonds formed between lignin 
and arabinose or galactose side groups of xylans and 
mannans.3,8 
These complexes make it very complicated to separate 
lignin from cellulose and hemicellulose and are also 
responsible for the difficulty of fully hydrolyse 
lignocellulosic materials since it seems that they are not 
easily accessible to enzymatic attack due to the intimate 
association of the three cell wall components.16 
Among the LCCs, the ester bonds can be broken by 
carbohydrate esterases (CE) that are cosecreted with 
cellulases by some fungi. These enzymes include 
acetylxylan esterases, feruloyl esterases and p-
coumaroyl esterases.10 
 

Lignin 

Lignin is a heterogeneous, cross-linked, three-
dimensional highly aromatic biopolymer formed mainly 
by p-coumaryl alcohol, coniferyl alcohol and sinapyl 
alcohol units linked by alkyl-aryl, alkyl-alkyl and aryl-aryl 
ether bonds. Their main functional groups are the 
phenolic and aliphatic hydroxyl groups and the carbonyl 
and carboxyl groups. It is the most abundant non-
polysaccharide polymer present in lignocellulosic 
materials and it coats cellulose, protecting the plant from 
microbial and chemical degradation. It also gives the 
structural integrity to lignocellulosic biomass.3,8,10  
 

Feedstocks 

In this project three different feedstocks were studied 
and they are corn stover, Miscanthus and wheat straw. 
All of them belong to the Gramineae family. 
Corn stover is all the above the ground biomass that 
comes from the crop of corn except the grain. This 
include stalk, leaves, tassel, husk and cob. The U. S. 
Department of Energy estimates that every year over 76 
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million tons of corn stover are produced (data from 
2005).11 Miscanthus is a relatively recent candidate 
energy crop but it is also abundant and has high energy 
content. It is a non-wood rhizomatous tall grass native 
from subtropical and tropical regions. In this project the 
studies were made with the hybrid genotype Miscanthus 
giganteus that comes from the species Miscanthus 
sacchariflorus and Miscanthus sinensis.12 Wheat straw 
is the waste product of wheat crop and is composed by 
the stalks after the grain has been removed. Like corn, 
wheat is one of the largest cereal crops in the world with 
an annual harvest of nearly 700 million tons, which 
produces a high amount of residual straw that is a 
potential feedstock for a biorefinery. Wheat straw has 
two main fractions which are leaves and stem, with a 
share of 20-40% and 60-80% of the straw, 
respectively.13 
 

Pretreatment 
The pretreatment disrupts the close inter-component 
links between the main components of the plant cell 
wall, clearing both the physical and chemical barriers 
that make biomass recalcitrant and making cellulose 
amenable to enzymatic hydrolysis.3,8 
There are several different technologies that focus on 
different strategies to increase enzymatic convertibility. 
Removing hemicellulose and lignin, increasing available 
surface area, altering lignin structure and decreasing 
the crystallinity of cellulose are some of them.3 
 

Hydrothermal pretreatment 

This was one of the first pretreatment methods used in 
a large-scale on lignocellulosic biomass. In the present 
work the biomasses were pretreated with this type of 
treatment and it was used a mini Integrated Biomass 
Utilization System (IBUS) process developed by Inbicon 
A/S. In this process the biomass at a high matter content 
is treated with steam and afterwards washed. In the end 
there is a fibre fraction that contains almost all the 
cellulose, lignin and some hemicelluloses and a liquid 
fraction that contains the sugars from the rest of the 
hemicelluloses, almost all the alkali chlorides comprised 
in the biomass and the majority of the inhibitors 
formed.14,15 During this specific pretreatment the by-
products formed are mainly acetic acid from the 
solubilisation of hemicelluloses, and small amounts of 
furan aldehydes resulted from the carbohydrate and 
lignin degradation.8 
 

Enzymatic Hydrolysis 
Enzymatic hydrolysis is the most complex step on a 
sugar platform biorefinery and is also a critical step for 
the cost efficiency of the whole process. The high cost 
of enzymes together with the high dosage required to 
obtain the desired yields are considerable drawbacks to 
the implementation of an economically feasible 
biorefinery. Since lignocellulose has a high complexity 
and a recalcitrant nature, to achieve a complete 
enzymatic hydrolysis into monosaccharides a variety of 
cellulolytic and hemicellulolytic enzymes are required.16 
 

Cellulases and LPMOs 

The cellulases are very well characterized due to the 
simple and homogeneous structure of cellulose chains. 
Most of the cellulases carbohydrate hydrolases are 
modular proteins with a catalytic and a carbohydrate-
binding module (CBM) which are also divided in families 

similarly to the enzymes. These modules have the 
function of bringing the catalytic site in close contact 
with the substrate and ensure a correct orientation.3 
The cellulolytic enzymes are divided into three main 
classes: the cellobiohydrolases (CBH) (EC 3.2.1.91) 
that move along the cellulose chain and cleave off 
cellobiose units (two D-glucose units) from the ends; the 
endo-1,4-β-D-glucanases (EG) (EC 3.2.1.4) that 
hydrolyse random intern β-1,4-glucosidic bonds from 
the cellulose chain and consequently release cello-
oligosaccharides; and the 1,4-β-D-glucosidases (EC 
3.2.1.21) that hydrolyse cellobiose to glucose units. This 
three types of enzymes work synergistically to 
hydrolyse cellulose by creating new accessible sites for 
each other and relieving product inhibition.3,17 
With the research for new enzymes to fully hydrolyse 
lignocellulose, the lytic polysaccharide 
monooxygenases (LPMO) were found to boost the 
activity of cellulases, leading to a reduction in enzymes 
load for polysaccharide deconstruction. These enzymes 
are oxygen-dependent and use a small-molecule 
reductant and a metal co-factor to oxidatively induce 
polysaccharides chain cleavage. It is believed that the 
LPMO’s oxidation lead to chain cleavage, increasing 
cellulases activity due to the introduction of new chain-
ends upon which this enzymes can act.18,19 
 

Hemicellulases 

The hydrolysis of hemicellulose is a challenge since 
each biomass has different types and amounts of 
hemicelluloses and it is necessary to find the enzymes 
needed for each one. Another issue is the accessibility 
of the enzymes to the substrate which can be difficult 
due to steric hindrances caused by the side chains. For 
example, some endo-enzymes that cleave 
polysaccharide backbones are inhibited by the 
presence of side chains whereas some exo-enzymes 
that remove the side chains are more active on short-
chain oligomeric substrates than on polymers. This 
means that one solution could be using a combination 
of complementary endo- and exo-enzymes that would 
work synergistically, creating binding sites for each 
other.20  
It has been reported that the solubilisation of 
hemicelluloses clearly increases the hydrolysis yield of 
cellulose. Since hemicelluloses are heterogeneous and 
with various side groups, the hemicellulolytic system is 
more complex. Usually it includes, among others: endo-
1,4-β-D-xylanases (EC 3.2.1.8) which hydrolyse internal 
bonds in the xylan chain; 1,4-β-D-xylosidases (EC 
3.2.1.37) which attack xylooligosaccharides from the 
non-reducing end and liberate xylose; endo-1,4-β-D-
mannanases (EC 3.2.1.78) which cleave internal bonds 
in mannan; and 1,4-β-D-mannosidases (EC 3.2.1.25) 
which cleave mannooligosaccharides to mannose.3  
The biomasses used in the present work are from the 
Gramineae family and, as stated before, its main 
hemicelluloses are glucuronoarabinoxylans, 
xyloglucans and β-glucans. The accessory enzymes 
used in the study are focused on the degradation of 
glucuronoarabinoxylans, more specifically its 
substituted residues. All of them are described below.  
The glucuronidases remove glucuronic acid residues 
from xylans. The glucuronidase used in this project is 
from the GH115 family and has the advantage over the 
commercial glucuronidases of being able to remove (4-
O-methyl)-glucuronic acid residues from both inner and 
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terminal substituted xylosyl units in both oligo- and 
polymeric glucuronoarabinoxylans.20  
The arabinofuranosidases occur in the glycoside 
hydrolase (GH) families 3, 43, 51, 54 and 62 and, as the 
name suggests, they release α-1,2 or α-1,3 linked 
arabinofuranose from singly or doubly substituted xylan 
residues.21 In this project were studied four 
arabinofuranosidases. The α-L-arabinofuranosidase 
B17 from GH43 family and Bacteroides ovatus 
hydrolyses the terminal, non-reducing α-1,3 linked L-
arabinofuranose from doubly substituted xylose 
residues in arabinoxylan and it does not hydrolyse 
singly substituted xylose residues.22 The α-L-
arabinofuranosidase from GH62 family and Aspergillus 
nidulans hydrolyses terminal, non-reducing α-L-
arabinofuranose from singly substituted xylose residues 
in arabinoxylan (α-1,2 > α-1,3).23 The α-L-
arabinofuranosidase from GH43 family and 
Bifidobacterium adolescentis removes arabinose from 
C-2 and C-3 positions from singly substituted xylose 
residues and its activity is much higher towards 
substrates with low amount of arabinose substitutions.24 
The α-L-arabinofuranosidase from GH51 family and 
Aspergillus nidulans also works on singly substituted 

xylose residues.  
To remove the esterified acids from xylans it is required 
carbohydrate esterases (CE) like acetylxylan esterase 
and feruloyl esterase that were also studied in this 
project. The acetylxylan esterase removes O-acetyl 
groups from the C-2 and C-3 positions of xylose 
residues in both xylan and xylooligomers and releases 
acetic acid. Feruloyl esterases release ferulic acid from 
arabinoxylans.25  
The activities of these enzymes are represented in 
Figure 2. 

Figure 2 - Hemicellulases responsible for the degradation of 
glucuronoarabinoxylan.26 

Background and Aim of the project 
It was observed before that a commercial enzymes 
mixture (CEM), with mainly cellulases, LPMO’s, some 
xylanases and xylosidases and maybe other 
hemicellulases, was not able to completely remove the 
carbohydrates from lignocellulosic materials even when 
repeated hydrolysis with high loadings were performed. 
The biomasses used (corn stover, Miscanthus and 
wheat straw) were pretreated with different severity 
hydrothermal treatments and the goal was to get a pure 
lignin fraction.27 Since the CEM was not able to 
hydrolyse all the sugars, one hypothesis was that some 
enzyme activities were missing on this mixture, 
especially hemicellulases.   
This project aims to improve the hydrolysis and the 
removal of hemicellulose in lignocellulosic materials, 
including the possibility of removing LCC’s, to obtain a 
better sugar yield and a pure lignin fraction by adding 
accessory hemicellulases to the CEM on hydrothermal 

pretreated lignocellulose. Three biomasses were 
chosen, corn stover, Miscanthus and wheat straw, and 
pretreated with the lowest severity from the three tested 
in the previous work. The enzymes to be tested will 
belong to the glycoside hydrolase (GH) family 10, 43, 
51, 62 and 115 and the carbohydrate esterases (CE) 
family 1 and 6. The main point is to elaborate a final 
mixture of hemicellulases to be used together with the 
CEM, in a replacing enzyme strategy so the load does 
not increase, that maximizes the hydrolysis yield and 
minimizes the number and amount of enzymes added. 
The end goal is that the final mixture will imply only a 
low increase of costs for the higher increase of sugar 
yield possible, leading to their use in a larger scale. 
 

Materials and Methods 
 
Materials 
Three pretreated biomasses were studied in this 
project: wheat straw (Triticum aestivum L.), Miscanthus 
giganteus and corn stover. The first two were harvested 
at AU Foulum in the autumn of 2014 and corn stover 
was harvested in AU Jyndevad in the autumn of 2014. 
They were all previously pretreated with a hydrothermal 
pretreatment at 190ºC (and 12.5 bar) for 10 minutes 
using the Mini-IBUS equipment at the Center for 
BioProcess Engineering at DTU-Risø. The severity 
factor of the pretreatment is 3.65 and it was obtained by 
equation (1) and calculated with the temperature and 
time of the process. In the equation R0 is the severity 
factor, t is the time in minutes and T is the temperature 
in ºC.28 The biomass compositions were assessed in the 
Center for BioProcess Engineering at DTU-Lyngby 
using the strong acid hydrolysis procedure.29 The 
results of the composition analysis are listed in Table 1. 

log 𝑅0 = log (𝑡 × 𝑒𝑇−
100

14.75)     (1) 

 
For all the hydrolysis experiments, a CEM was used as 
well as several accessory enzymes that are described 
in Table 2. The enzymes from Casper’s metagenome 
library (personal communication, March 15, 2016) were 
produced in the Center for BioProcess Engineering at 
DTU-Lyngby and their genes were isolated from 
Frederica wastewater treatment plant. The 
quantification of protein in the CEM was made 
previously by the Ninhydrin Protein Assay and for the 
other enzymes the A280 method was used. 
 

Methods 

Hydrolysis Experiments 

The three pretreated biomasses, which were previously 
stored frozen after the pretreatment, were defrosted and 
washed with distilled water with the help of a Buchner 
funnel (without filter paper or filtration apparatus). In 
these step, the biomass was thoroughly mixed in a 1L 
beaker with distilled water, enough to immerse the 
solids, and then filtered in the funnel. After washing, the 
dry matter content of the biomass was measured in a 
moisture analyser (Mettler Toledo, HR82 Halogen) and 
the biomass was stored in the freezer again (-20 ºC). 
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Table 1 - Composition of the three low severity pretreated biomasses.  

 

 
  
 
 
 
 
 
 
 

 
*AIL: Acid insoluble (Klason) lignin; **ASL: Acid soluble lignin 
 
 
Table 2 - Characteristics of the enzymes used in the present thesis. 

*literature 

Biomass 
Arabinan 

(%) 
Galactan 

(%) 
Glucan 

(%) 
Xylan 
(%) 

Mannan 
(%) 

AIL* 
(%) 

ASL** 
(%) 

Ash 
(%) 

Total 
(%) 

CS 
0.75 ± 
0.05 

0.36 ± 
0.03 

55 ± 3 
14.7 
± 0.7 

0.19 ± 
0.01 

23 ± 2 
1.11 ± 
0.09 

4.0 ± 
0.5 

99.4 

MS 
0.64 ± 
0.04 

0.31 ± 
0.03 

54 ± 3 
11.3 
± 0.4 

0.29 ± 
0.01 

32 ± 2 
0.42 ± 
0.02 

1.14 
± 

0.01 
99.8 

WS 
0.69 ± 
0.00 

0.31 ± 
0.03 

54.8 ± 
0.6 

14.7 
± 0.0 

0.49 ± 
0.00 

28.4 ± 
0.7 

0.85 ± 
0.01 

1.4 ± 
0.1 

101.6 

Enzyme (Cat. No.) Family Microorganism Source 

Amount 
of 

Protein 
(mg/mL) 

Optimum 
pH 

Optimum 
Temperature 

(ºC) 

Commercial Enzyme 
Mixture (CEM) 

  Novozymes 
205.52 
(mg/g) 

5 50 

Acetylxylan esterase, 
E-AXEAOB 

CE6 
Orpinomyces sp

. 
Megazyme 6.61 7.0 40 

α-L-
Arabinofuranosidase, 

B17, E-ABFBO17 
GH43 

Bacteroides 
ovatus 

Megazyme 3.89 6.5 40 

α-L- 
Arabinofuranosidase, 

E-ABFAN 
GH62 

Aspergillus 
nidulans 

Megazyme 8.05 4.5 40 

α-L-
Arabinofuranosidase, 

E-AFAM2 
GH43 

Bifidobacterium 
adolescentis 

Megazyme 7.30 6.0 40 

α-L-
Arabinofuranosidase, 

E-AFASE 
GH51 

Aspergillus 
nidulans 

Megazyme 4.36 4.0 40 

Feruloyl esterase, E-
FAEZCT 

CE1 
Clostridium 

thermocellum 
Megazyme 9.64 6.0 (7.0*) 50 (60*) 

α-glucuronidase 
GH115 
(maybe 

67) 
 

Casper- 
metagenome 

library 
12.7 6 37 

Chimeric enzyme 
CE1 

GH62 
GH10 

 
Casper- 

metagenome 
library 

23.7 (µM) 6 37 

Feruloyl Esterase 
(from chimera) 

CE1  
Casper- 

metagenome 
library 

64.0 (µM) 6 37 

Arabinofuranosidase 
(from chimera) 

GH62  
Casper- 

metagenome 
library 

21.8 (µM) 6 37 

Xylanase (from 
chimera) 

GH10  
Casper- 

metagenome 
library 

311.7 
(µM) 

6 37 
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The next step was the milling of the biomasses which 
needs to be performed immediately before the 
hydrolysis. After defrosting, the biomass was cut using 
a scissor to reduce the size of the fibres (approximately 
1cm) and buffer was added, roughly the amount needed 
to have a final dry matter content of 2%. The mixture 
was then milled in a kitchen juicer in a medium velocity 
and during 3 minutes, with pauses between each 
minute, and a biomass slurry/smoothie was obtained. 
After milling, the dry matter of each biomass was 
measured again. 
Afterwards, the samples were prepared in eppendorfs 
(2 mL, LoBind) with a final working volume of 1mL. The 
standard conditions of each sample, unless otherwise 
stated, were a dry matter content of biomass of 1%, a 
total enzyme concentration – including the accessory 
enzymes - of 10 mg/g dry matter (DM) and either 
acetate (50 mM, pH 5) or phosphate (50 mM, pH 6) 
buffer. The standard amount of each single accessory 
enzyme added to each tube was 5 nmol/g DM. The 
biomass slurry obtained after milling was pipetted to the 
eppendorfs while it was being magnetically stirred. 
Triplicates were made for each combination of biomass, 
enzyme mixture and time point. The hydrolysis was 
performed at 40ºC in Thermomixers (Eppendorf 
Thermomixer Comfort) agitated at 1250 rpm and for 3, 
6, 24 and 72 hours. 
After each time point, the samples were boiled in a 
water bath (Julabo, SW22) at 97ºC for 10 minutes and 
centrifuged (Eppendorf, Centrifuge 5424) for 5 minutes 
at 10000 rcf. The supernatants were collected (around 
750 µL) in 1.5 mL eppendorfs and stored frozen (-20 
ºC). 
Later the supernatants were analysed by HPLC (High-
Performance Liquid Chromatography) or reducing 
sugars assay for the quantification of sugars release 
and the glucuronic acid kit from Megazyme was used to 
determine the amount of glucuronic acid released. 

Hydrolysis experiment with accessory GH115 
In this experiment there was only one accessory 
enzyme, GH115. There were 4 different combinations 
of enzyme: only the CEM, the CEM and the GH115 (5 
nmol/g DM), only 5 nmol/g DM of GH115 and only 50 
nmol/g DM of GH115. The experiment was performed 
at pH 6 using sodium phosphate buffer (50 mM, pH 6). 

Hydrolysis experiment with accessory α-
arabinofuranosidases 
For this hydrolysis the four arabinofuranosidases 
described on Table 2 were tested. There were 6 
combinations of enzymes in these experiment: only 
CEM, CEM and each one of the four 
arabinofuranosidases, and CEM and all the four 
arabinofuranosidases. For this experiment acetate 
buffer (50 mM, pH 5) was used. 

Hydrolysis experiment with accessory acetylxylan 
esterase, feruloyl esterase and arabinofuranosidase 
In this experiment the accessory enzymes used were 
acetylxylan esterase (AE), feruloyl esterase (FE) and 
the GH51 arabinofuranosidase. The enzyme mixtures 
were 8: CEM with GH51 and FE; CEM with GH51 and 
AE; CEM with GH51 and FE and AE in 2 different 
concentrations (5 and 10 nmol/g DM of each accessory 
enzyme); CEM with FE; CEM with AE; CEM with FE and 
AE; and only CEM (8.7 mg/g DM). The buffer used was 
acetate buffer (50 mM, pH 5) and the only time point 
was 72h. 

Hydrolysis experiment with accessory chimeric enzyme 
There was 6 enzyme mixtures: only CEM, the CEM and 
the chimera, the CEM and the three individual domains, 
the chimera alone, the three individual domains alone 
and only the CEM but with the lowest concentration 
(same used when together with the chimera). In this 
case the amount of each individual enzyme added 
(chimera and each one of the three domains) was 10 
nmol/g DM. The buffer was phosphate buffer (50 mM, 
pH 6) and there was only one time point, 72h. 
 

Determination of Glucuronic Acid and Arabinose 
Concentrations 

Glucuronic acid concentration was measured by the 
Megazyme’s D-glucuronic acid & D-galacturonic acid 
assay.30 The glucuronic and the galacturonic acids that 
are present in the sample are oxidized by the enzyme 
urinate dehydrogenase (UDH) in the presence of 
nicotinamide-adenine dinucleotide (NAD+) to glucarate 
and galactarate, respectively, with the formation of 
reduced nicotinamide-adenine dinucleotide (NADH). 
The amount of NADH formed in the reaction is 
stoichiometric with the amount of glucuronic and 
galacturonic acid and it is the NADH that is measured 
by absorbance at 340nm. The procedure used was the 
one for microplate described on the kit’s assay 
procedure.30 The assay was performed at 37ºC for at 
least 10 minutes. 
Arabinose concentration was measured by the 
Megazyme’s L-arabinose & D-galactose assay.31 In 
these kit 2 enzymes are used: galactose mutarotase 
(GalM) that catalyse the interconversion of the α-and β-
anomeric forms of L-arabinose and D-galactose and β-
galactose dehydrogenase (β-GalDH) that oxidize β-L-
arabinose and β-D-galactose to L-arabinonic acid and 
D-galactonic acid, respectively, in the presence of 
NAD+. Similarly to the glucuronic acid assay, this 
reaction results also in the formation of NADH in a 
stoichiometric amount with arabinose and galactose 
and it is the NADH that is measured by absorbance at 
340nm. The procedure used was the one for microplate 
described on the kit’s assay procedure.31 The assay 
was performed at 37ºC for at least 13 minutes. 

 

Determination of CEM activities 

Four dilutions, from 10 to 10000 times, of the CEM 
solution were made and a 1% substrate solutions were 
prepared with acetate buffer (50 mM, pH5). The 
substrates were beechwood xylan or aldouronic acids, 
both from Megazyme, to test glucuronidases that cleave 
the polymer or oligomers, respectively. Wheat 
arabinoxylan or XA2XX/XA3XX and A2+3XX (the 
oligomers substrate solution had a concentration of 10 
mM), all from Megazyme, were used analogously for 
arabinofuranosidases. Then 80 μL of each substrate 
solution and 20 μL of each dilution of the enzymes 
solution (40 μL of substrate and 10 μL of enzyme for the 
arabinose oligomers) were mixed and incubated for 10 
minutes at 37ºC. To end the reaction the samples were 
boiled for 2 or 3 minutes in a Thermomixer at 
approximately 93ºC and then centrifuged for 2 minutes 
and 14100 rcf. Triplicates were made for each dilution 
of CEM. After that the Glucuronic Acid assay or the 
Arabinose Assay from Megazyme were performed to 
determine the amount of glucuronic acid and arabinose, 
respectively, released.  
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Reducing Sugars Assay 

For this procedure a 0.5% w/v of PAHBAH (4-
hydrobenzhydrazide, Sigma Aldrich) solution was 
prepared fresh in 0.5 M NaOH. Glucose standards were 
prepared from 0 to 3 mM in water. After proper dilution, 
0.1 mL of the samples were mixed with 0.9 mL of the 
PAHBAH solution in 1.5 mL tubes and incubated at 
99ºC in a water bath for 10 minutes. In the end 250 µL 
of each sample was pippeted to a 96 well-plate and the 
absorbance is read at 410 nm. 
 

Determination of sugar concentration by 
HPLC/HPAEC 

Glucose, xylose and arabinose monosaccharides in 
liquid fractions were quantified by high performance 
anion exchange chromatography with pulsed 
amperometric detection (HPAEC coupled with PAD) 
using a Dionex ICS-5000 system (DionexCorp, 
Sunnyvale, CA) equipped with a CarboPac PA1 
analytical column (250 x 4 mm2) and a CarboPac PA1 
guard column (250 x 4 mm2) operated at a flow rate of 
1mL/min. Isocratic elution took place at 25°C, with 
water, for 30 min. The column was then washed for 10 
min with 500 mM NaOH and equilibrated with water for 
10 min. Detection was done by post-column addition of 

500 mM NaOH at 0.5mL/min. Standards of D-

glucose, D-xylose, L-arabinose, D-galactose and D-

mannose were used for quantification. The samples 
were properly diluted in water, fucose was added as an 
internal standard to all standards and samples and they 
were all filtered with a 0.22 μm filter before the analysis. 
 

Statistical Analysis 

The statistical analysis was performed on JPM 12. The 
ANOVA analysis was done with a t-Student test and an 
error of 5%. 
 

Results and Discussion 
The abbreviation CEM will be used to address the 
commercial enzyme mixture used in this study and the 
accessory enzymes are addressed by their family 
name. The two GH43 used are addressed as GH43a, 
for the arabinofuranosidase B17 from Bacteroides 
ovatus, and GH43b, for the arabinofuranosidase from 
Bifidobacterium adolescentis. 

 

Determination of Activities 
The CEM is a mixture of cellulases and some 
hemicellulases but it is not known exactly which 
enzymes are present and in which concentrations.  
Arabinofuranosidases and glucuronidases are two 
important groups of enzymes needed for the 
degradation of the xylans present in this type of 
lignocellulosic materials. To better understand the 
substrate specificity of these enzymes and their 
presence in the CEM, several substrates, both poly- and 
oligosaccharides, were tested on the CEM and the 
release of arabinose or glucuronic acid was measured. 
All the activities were low and could only be calculated 
in the lowest dilutions of the CEM suggesting that there 
is not a significant amount of these enzymes in the 
mixture. It can be said that on substrates more similar 
to the real biomass rather than on pNP, the activity of 
the enzymes is much lower, which was expected since 
only a fraction of them have specificity for each different 
substrate. The enzymes that cleave the double 

substituted xylan have the lowest activity, suggesting 
that they are present in a very limited amount in the 
CEM. The activity on the oligomers is also lower than 
the one achieved on polymers. 
 

Hydrolysis Experiment with accessory 
Glucuronidase (GH115) 

In this experiment a purified accessory glucuronidase 
from the glycoside hydrolase (GH) 115 family was used 
to hydrolyse the three biomasses studied, either alone 
or with the CEM. A stability test was made by Casper 
Wilkens (personal communication, June 15, 2016) on 
the GH115 and it was concluded that after 78 hours, at 
37ºC and pH 6, the enzyme retains 82% of its initial 
activity. The temperature chosen was also a 
compromise between the optimums of GH115 and the 
CEM. The glucuronic acid released was measured by 
the Megazyme kit. The results from its release over time 
for corn stover are given in Figure 3.  
Since the amount of glucuronic acid in the biomass is 
not known, only the amount released was measured 
and assessed.  

Figure 3 - Concentration of glucuronic acid released during the 
hydrolysis of corn stover with an accessory glucuronidase (5 
nmol/g DM) together with the CEM and alone (with an enzyme 
concentration of 5 and 50 nmol/g DM) at 40ºC, pH 6 and 1% of 
biomass. Error bars are the standard deviation of three 
replicates. 

For both series where the CEM was added, it is clear 
that the release of glucuronic acid is much faster in the 
beginning and starts to slow down. This was expected 
since the substrate starts to run low after some time and 
if there are some left it is probably less accessible. 
For all the three biomasses of the present study, it was 
observed that there is no release of glucuronic acid 
when the glucuronidase was added alone, even when a 
higher dosage of enzyme was used. This can mean that 
the substrate is inaccessible since there are no other 
enzymes degrading the cellulose matrix and making 
biomass more reachable, leading to a low release that 
may not be detectable. Furthermore, the addition of the 
glucuronidase with the CEM does not seem to increase 
the release of glucuronic acid.  
In corn stover it was observed for the 6h point a higher 
release of glucuronic acid when the glucuronidase was 
present (Figure 3). However, similar concentrations of 
released glucuronic acid were measured in both CEM 
series (with and without the glucuronidase) for the next 
time points. This may suggest that the presence of the 
glucuronidase makes the hydrolysis faster since it 
would need less time to reach the same final yield. 
However, further studies are required to assess this 
theory. 
To better understand if the addition of the glucuronidase 
lead to the formation of more mono- and 
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oligosaccharides due to possible increase of cellulose 
and hemicellulose accessibility, the reducing sugars 
assay was performed. It was done only for the 72h time 
point samples to assess the formation of other 
monomeric and oligomeric sugars. The results are in 
Figure 4 and they suggest that for corn stover and wheat 
straw there is a slight increase of the reducing sugars 
yield when the glucuronidase is added. This could mean 
that, for these two biomasses, the addition of the GH115 
leads to a slightly extended hydrolysis. It could be 
because, although it was not detectable, there was 
some more release of glucuronic acid that helped both 
the hemicellulases and cellulases to reach sites that 
were not accessible, which lead to the release of more 
mono- and oligosaccharides.  
 

Figure 4 - Theoretical yield of reducing sugars detected after 
72 hours of hydrolysis of corn stover (CS), Miscanthus (MS) 
and wheat straw (WS) with accessory glucuronidase, together 
with the CEM (5 nmol/g DM) and alone (5 and 50 nmol/g DM) 
at 40ºC, pH 6 and 1% of biomass. Error bars are the standard 
deviation of three replicates. 

Hydrolysis Experiment with accessory 
Arabinofuranosidases 

The arabinofuranosidases experiment was performed 
with four different commercial arabinofuranosidases.  
The results for the amount of glucose released from 
hydrolysis with accessory arabinofuranosidases over 
time were obtained by HPLC. 
For both glucose and xylose release, it was clear that 
the hydrolysis was faster in the beginning and it slowed 
down over time. This makes sense since in the starting 
point of the hydrolysis there are a lot of binding sites 
available for the enzymes while, as the reaction goes 
on, this spots start to run low due to lack of accessibility 
and shortage of substrate.  
In the present experiment, for both glucose and xylose, 
in each biomass, all the different enzyme mixtures gave 
similar yields. It seems that the addition of each 
arabinofuranosidase and even all of them together does 
not affect the yield of release of these sugars as was 
expected. When an accessory enzyme is added the 
amount of CEM is lowered and the comparison with the 
CEM series is not direct because of that. This means 
that the accessory enzymes are at least boosting the 
hydrolysis in the same extent of the same amount of 
CEM.  
Arabinose release was also measured by HPLC but 
only for the end point of the experiment. The results for 
the release of arabinose are presented in Figure 5. The 
percentage of arabinose released is much lower than 
the yields obtained for glucose and xylose suggesting 
that there is still a lot of arabinose to be released from 
the biomass. In the arabinose release, for all the three 
biomasses, there are two enzyme mixtures that 

improved the yield. One is the addition of GH51 with 
CEM and the other is the addition of all the four 
arabinofuranosidases. Since the two of them give 
similar yields, one can conclude that only GH51 is 
improving the yield. Even though the yield of arabinose 
was improved, the same enzymes did not improve 
glucose or xylose yields as was expected. Maybe 
because the amount of arabinose that was further 
released is not big enough for an effect to be noticed on 
the other sugars yields.  

Figure 5 - Yield from the release of arabinose after 72 hours 
of hydrolysis of corn stover (CS), Miscanthus (MS) and wheat 
straw (WS) with accessory arabinofuranosidases at 40ºC, pH 
5 and 1% of biomass. Each accessory enzyme was added at 
a concentration of 5 nmol/g DM. Error bars are the standard 
deviation of three replicates and the series with the same 
letters are not statistically significant different based on Tukey’s 
correction test at a significance level of 5%. 

Hydrolysis Experiment with accessory 
Acetylxylan Esterase, Feruloyl Esterase and 
Arabinofuranosidase 

In this experiment one commercial acetylxylan esterase 
(AE) and one feruloyl esterase (FE) were studied as 
accessory enzymes with the CEM. The 
arabinofuranosidase GH51, that was the only enzyme 
that improved the arabinose yield in the previous 
experiment, was also used in this experiment. The 
purpose was to access its performance when put 
together with other accessory enzymes, especially the 
feruloyl esterase since the feruloyl acid is linked to 
arabinose residues. The results were obtained by 
HPLC. Since the comparison between the series with 
accessory enzymes and the ones with only CEM is not 
direct because the amount of CEM is different, in this 
experiment it was decided to do a control, represented 
by CEM<10, that corresponds to the lowest amount of 
CEM added to a mixture in the experiment. In this way 
the comparison is more accurate.  
For both of the sugars studied it was showed that, for 
the three biomasses, the yields obtained for different 
enzyme mixtures are similar and the statistical analysis 
confirms that. The enzymes could actually be active and 
degrading their substrates but their activity or the 
relative amount of the structures they hydrolyse in the 
biomass is not enough for an effect to be seen in the 
release yields of glucose and xylose.  
The arabinofuranosidase seems to have no effect on 
glucose or xylose yields when added with the esterases. 
In the results for release of xylose for corn stover it was 
possible to see that the series with lower amount of 
CEM is statistically lower than the other series and, 
even though it was only observed for this sugar and 
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biomass, it can mean that the lower amount of CEM that 
is added when accessory enzymes are added can 
influence the hydrolysis yield. This means that the 
accessory enzymes are in fact helping the release of 
glucose and xylose but not in a higher extent than the 
same amount of CEM.  
In the previous experiments it was observed that the 
accessory enzymes did not have an effect on the 
glucose or xylose yields and one possibility was that the 
dosage was too low so, in this experiment, one of the 
series had all the three accessory enzymes with a 
doubled dosage. However, it did not show an effect 
either in this case. 
 

Hydrolysis Experiment with accessory 
Chimeric Enzyme 

In this experiment a chimeric enzyme composed by a 
xylanase, an arabinofuranosidase and a feruloyl 
esterase was tested as an accessory enzyme. The 
chimera stability was previously assed by Casper 
Wilkens and it was concluded that, after 83 hours and 
at 37ºC and pH 6, 75% of the initial activity remained 
(personal communication, June 15, 2016). The three 
domains together and the chimera were tested with the 
CEM and the results obtained by HPLC for the glucose 
release are in Figure 6 and the ones for xylose in Figure 
7. There were two more enzyme mixtures which were 
the chimera alone and the 3 domains alone but both of 
them obtained very low results on both glucose and 
xylose release and they were not represented in the 
graphs.  
The chimera had the main goal of hydrolyse the three 
residues, feruloyl acid, arabinose and xylose, which are 
linked sequentially in glucuronoarabinoxylan. However, 
it is probably very difficult for all the three components 
to cleave the respective links at the same time, 
especially due to accessibility issues. It is more likely 
that they work on one link at a time. 
In the first graph (Figure 6) it can be seen that for corn 
stover and Miscanthus the glucose yield did not change 
between different enzyme mixtures. For wheat straw it 
also did not change much but the one with the chimera 
was lower, even though it has a large standard 
deviation. If the previous theory is considered, it can be 
due to the chimera only working at one link at a time 
which means that, compared with the 3 domains that 
have three times more enzymes working in three 
different parts of the substrate, it was expected that it 
obtained lower yields. For xylose (Figure 7), both 
Miscanthus and wheat straw did not show variance 

between the different mixtures but for corn stover it was 
observed that the addition of both the chimera and the 
3 domains to the CEM increased the yield. This could 
be due to the increase of dosage and, even though it 
was only observed in one biomass, it can mean that this 
three enzymes, linked or separated, are important in the 
hydrolysis of xylan and can substitute a part of the CEM 
with better results. Further studies are needed to better 
understand the benefits of the addition of the chimera 
for corn stover hydrolysis. For the other two biomasses, 
the chimera or the 3 domains did not seem to improve 
the hydrolysis a lot but they could compensate the lack 
of CEM in their series in most cases, which means that 
they are working in some extent but not better than the 
CEM.  
 

Figure 6 - Yield from the release of glucose after 72 hours of 
hydrolysis of corn stover (CS), Miscanthus (MS) and wheat 
straw (WS) with accessory chimeric enzyme at 40ºC, pH 6 and 
1% of biomass. Each accessory enzyme was added at a 
concentration of 10 nmol/g DM. CEM<10 represents 8.81 mg/g 
DM of CEM. Error bars are the standard deviation of three 
replicates and the series with the same letters are not 
statistically significant different based on Tukey’s correction 
test at a significance level of 5%. 

Figure 7 - Yield from the release of xylose after 72 hours of 
hydrolysis of corn stover (CS), Miscanthus (MS) and wheat 
straw (WS) with accessory chimeric enzyme at 40ºC, pH 6 and 
1% of biomass. Each accessory enzyme was added at a 
concentration of 10 nmol/g DM. CEM<10 represents 8.81 mg/g 
DM of CEM. Error bars are the standard deviation of three 
replicates and the series with the same letters are not 
statistically significant different based on Tukey’s correction 
test at a significance level of 5%. 

The reducing sugars assay was done to assess the total 
monomeric and oligomeric sugars released. As it was 
observed before, the two series where the accessory 
enzymes were tested alone gave very low reducing 
sugars yields. The results are consistent with the ones 
presented before and the yield of reducing sugars did 
not change much between enzyme mixtures. For wheat 
straw, the mixture of CEM with the chimera led to a 
lower yield of sugars which has also been observed for 
glucose. A peculiar observation was made which is that 
for both corn stover and wheat straw the CEM<10 
obtained statistically higher yields than the one with 10 
mg/g DM. 
  

Overall Hydrolysis Discussion 

These hydrolysis studies with a CEM and substituted 
accessory enzymes were performed in the expectation 
that they would remove the hemicelluloses coating the 
cellulose and left by the pretreatment which would led 
to a higher release of sugars. The main observation was 
that in this set up and conditions, the accessory 
enzymes used do not improve the hydrolysis yield of this 
three biomasses. The first reason could be that the CEM 
used has already these enzymes and adding more does 
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not improve the yield further. The enzymes could have 
also been adsorbed to lignin since the major part of it is 
still in the biomass.32,33 Probably lignin is also coating 
some of the polysaccharides, making part of it 
inaccessible to enzymes, and is responsible for the 
incomplete hydrolysis that was always observed. In 
almost all the experiments the Miscanthus’ glucose and 
xylose yields were lower than the ones for corn stover 
and wheat straw. This may be due to its lower content 
of all the polysaccharides in general and higher content 
of lignin, when compared with the other two biomasses. 
This difference in the composition could be linked to the 
fact that Miscanthus is greener than the other two which 

means it is younger and the composition of the cell wall 
changes with the age of the plant. 
The glucose and xylose yields from the CEM hydrolysis 
of all the experiments were summed up in Table 3. The 
chimera experiment had lower values, for all the 
biomasses and for both of the sugars, compared with 
the other two which was expected since it was made at 
pH 6 that is not the optimal for the CEM. The other two 
were performed at the same conditions including the 
optimal pH 5. However they present different results 
and the biomass that obtained a higher yield changed 
between the two experiments. This suggests that the 
reproducibility of experiments is questionable. A part of 
the biomass is weighed before milling and the fractions 
taken in each experiment could contain different ratio of 
stalks and leaves which could affect the hydrolysis due 
to their different content of sugars and recalcitrance. 
However, within each experiment, the triplicates show 
similar values and low standard deviations which 
indicates that the milling process and pipetting of the 
slurry worked. 

 
Table 3 - Glucose and xylose yields of corn stover (CS), 
Miscanthus (MS) and wheat straw (WS) hydrolysis with CEM 
(10 mg/g DM) of the three experiments. The 
arabinofuranosidases and the esterases experiments were 
made at pH 5 while the chimera was at pH 6. 

Theoretical 
Glucose Yield 

(%) 

Theoretical 
Xylose Yield 

(%) 

CS MS WS CS MS WS 

Arabinofuranosidases 62 69 77 51 68 82 

Esterases 81 52 65 65 46 72 

Chimera 58 45 50 45 45 52 

 
In all the hydrolysis experiments described before the 
choice of pH and temperature was a compromise since 
there are more than one enzyme with different optimal 
conditions. For example, the temperature was always 
40ºC which is not optimal for the CEM leading to 
probably lower yields in general. The pH used was 5 or 
6, depending on the experiment, to be the best fit for all 
the enzymes but the majority of them was working out 
of its optimal pH, which also influences their activity and 
stability. The lack of optimal conditions could also mean 
that the loss of activity and stability was faster over time. 
The dosage of accessory enzyme could also be the 
reason, even though when a higher amount of enzyme 
was tested in the esterases and the glucuronidase 
experiments the yields did not improve. Yet if the 
proportion of accessory enzyme is improved too much, 
the amount of CEM could be too low for the general 
hydrolysis to happen properly. 

The enzymes also lose some activity over time due to 
shear stress34,35 (although in a low extent since its 
lowered by the milling procedure and the LoBind tubes), 
unproductive binding or adsorption to lignin. In a 72 hour 
hydrolysis is normal that some activity is lost. 

 

Conclusions and Future Prospects 
The present project aimed to improve the efficiency of a 
CEM on the hydrolysis of lignocellulosic biomass by 
supplementing this mixture with selected accessory 
enzymes to obtain higher sugar yields and a pure lignin 
fraction. A replacing enzyme strategy was used to add 
the accessory enzymes to the CEM and the three 
biomasses tested were corn stover, Miscanthus and 

wheat straw. 
It was concluded that, using this set up, the 
hemicellulases used as accessory enzymes did not 
improve the CEM efficiency on the hydrolysis of 
lignocellulosic materials. Since a complete hydrolysis 
was not observed in any of the experiments, a pure 
lignin fraction was not obtained either. In general, the 
activities from the enzymes tested could already be 
present in the CEM in the right amount and a higher 
proportion of this activities do not help the degradation 
of sugars. The enzymes could also not be working 
properly due to a range of possible aspects like lignin 
adsorption, low dosage or loss of activity over time.  
Further studies can be made to better understand why 
it did not work and to continue the search for possible 
ways of improving the efficiency of the enzyme mixture.  
One way is to test different enzymes like glucuronoyl 
esterases which degrade some LCC links that are 
probably present in the most recalcitrant part of the 
biomass.16 The arabinofuranosidase GH51 could also 
be considered for further studies since it improved the 
yield of arabinose, even though the xylose and glucose 
yields were not increased. Enzymes that have 
resistance to a broad range of both temperature and pH 
can also be investigated in the conditions of the study.43 
Testing more than one accessory enzyme at the same 
time and their possible synergistic interactions can also 
be done, both with the enzymes already tested and with 
others. The addition of the accessory enzyme after the 
hydrolysis with the CEM can be a possibility since the 
enzymes would be more active when only the most 
recalcitrant part of the biomass is left. In this case the 
temperature and pH conditions could be different in the 
two parts of the hydrolysis to better fit the optimum of 
the enzymes acting on each part. The dosage of each 
accessory enzyme and the proportion on the mixture 
can also be studied with one or more accessory 
enzymes at a time. 
There are a lot of possibilities to be explored due to the 
broad range of variables present in the experiments. 
The search for a more efficient enzyme mixture can be 
continued and the setup used has some highlights like 
the milling process which reduces the particle size and 
the preparation time and that showed good 
reproducibility due to the low standard deviations of 
triplicates. The feedstocks used are abundant and low 
cost and the pretreatment is efficient and 
environmentally friendly, meaning both are also good 
choices for large scale production and should be used 
in future experiments. 
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