
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: Jun 03, 2024

Enzymatic hydrolysis cocktail optimization for the intensification of sugar extraction
from sugarcane bagasse

Moya, Eva Balaguer; Syhler, Berta; Manso, Julen Ordeñana; Dragone, Giuliano; Mussatto, Solange I.

Published in:
International Journal of Biological Macromolecules

Link to article, DOI:
10.1016/j.ijbiomac.2023.125051

Publication date:
2023

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Moya, E. B., Syhler, B., Manso, J. O., Dragone, G., & Mussatto, S. I. (2023). Enzymatic hydrolysis cocktail
optimization for the intensification of sugar extraction from sugarcane bagasse. International Journal of
Biological Macromolecules, 242(3), Article 125051. https://doi.org/10.1016/j.ijbiomac.2023.125051

https://doi.org/10.1016/j.ijbiomac.2023.125051
https://orbit.dtu.dk/en/publications/01ce479e-4d45-40ff-a38f-7ee3ce68223c
https://doi.org/10.1016/j.ijbiomac.2023.125051


International Journal of Biological Macromolecules 242 (2023) 125051

Available online 26 May 2023
0141-8130/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Enzymatic hydrolysis cocktail optimization for the intensification of sugar 
extraction from sugarcane bagasse 

Eva Balaguer Moya, Berta Syhler, Julen Ordeñana Manso, Giuliano Dragone, 
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A B S T R A C T   

Lignocellulosic biomasses have a very important role as a raw material to produce biofuels and biochemicals. 
However, a sustainable, efficient, and economically competitive process for the release of sugars from such 
materials has still not been achieved. In this work, the optimization of the enzymatic hydrolysis cocktail was 
evaluated as an approach to maximize sugar extraction from mildly pretreated sugarcane bagasse. Different 
additives and enzymes, including hydrogen peroxide (H2O2), laccase, hemicellulase and the surfactants Tween 
80 and PEG4000 were added to a cellulolytic cocktail with the aim of improving biomass hydrolysis. An increase 
of 39 % and 46 % of glucose and xylose concentrations, respectively, compared to the control (when only the 
cellulolytic cocktail (20 or 35 FPU g− 1 dry mass), was obtained when H2O2 (0.24 mM) was added at the 
beginning of the hydrolysis. On the other hand, the addition of hemicellulase (81–162 μL g− 1 DM) increased the 
production of glucose up to 38 % and xylose up to 50 %. The findings of this study reveal that it is possible to 
increase the extraction of sugars from mildly pretreated lignocellulosic biomass by using an appropriate enzy
matic cocktail supplemented with additives. This opens up new opportunities for the development of a more 
sustainable, efficient, and economically competitive process for biomass fractionation.   

1. Introduction 

Biorefinery processes based on lignocellulosic biomass play a key 
role in the production of biofuels and bioproducts, as they help to ach
ieve the sustainable development goals that are targeted for the transi
tion to a circular and biobased economy [1,2]. Lignocellulosic biomass is 
a low-cost, widely available and renewable material, which potentially 
balances the carbon footprint of bioproducts by CO2 fixation through 
photosynthesis [3]. It presents a complex and recalcitrant structure, 
difficult to depolymerize and break down into simpler units that can be 
used as a product or as raw material for conversion into other products 
[4]. To overcome this constraint, an efficient fractionation process 
should be used, where the biomass is separated into its main components 
(cellulose, hemicellulose, and lignin). This part constitutes one of the 
most important processes of a biorefinery because of the high costs 
involved due to the high energy, water and chemical demand [5,6]. 

Several strategies for biomass pretreatment have been developed to 
enhance the accessibility of enzymes to cellulose and hemicellulose. 
These methods include steam explosion or ammonia fiber expansion 

(AFEX), which aim to cause the swelling of biomass, increasing surface 
area and pore size; chemical processes that use acids, alkaline solutions 
or hot water, which degrade the biomass structure removing hemicel
lulose and lignin; and biological processes that degrade cell wall com
ponents through the action of enzymes or microorganisms [7]. However, 
most of conventional pretreatment methods are economically unviable 
to be implemented industrially because they present disadvantages, 
such as the need of strong chemicals that are difficult and expensive to 
remove in subsequent steps [5]. Thus, it is still needed to develop an 
economical and environmentally friendly method that allows a com
plete biomass fractionation [8,9]. As an alternative to conventional 
fractionation methods, the use of CO2 for pretreatment under mild 
conditions could be a promising pretreatment. CO2 is non-toxic, low 
cost, extensively available, easy to recover and recycle, has a high 
diffusion rate and does not generate chemical waste [10]. In presence of 
water and critical conditions, CO2 can form carbonic acid, which could 
disrupt the chemical bonds of lignocellulose, and subsequently 
removing hemicellulose from the biomass. Thus, the effect of this pre
treatment could be comparable to the one of diluted acid pretreatment 
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[11]. In this work, the purpose of using a mild CO2 pretreatment using 
conditions below the critical point was to cause biomass swelling and 
facilitate the access of hydrolytic enzymes in the subsequent stage, while 
avoiding the degradation of biomass components. This would not only 
avoid the expensive steps related to removal of inhibitors and chemicals 
before enzymatic hydrolysis, but the full utilization of the lignocellulosic 
fractions for sugar monomers production would be achieved. 

The hydrolysis of the hemicellulosic fraction into fermentable sugars 
by enzymes is, along with biomass pretreatment, an important 
contributor to the economic and technological constraints of a bio
refinery process. Due to the number of factors that are responsible for 
low biomass hydrolysis (high recalcitrance, low access of enzymes 
[12,13], unproductive enzyme-lignin bonding [14], competitive and 
feedback inhibition [12], etc.), considerable amounts of expensive en
zymes are commonly required to achieve high hydrolysis yields [15]. 
Finding the optimum combination of enzymes and enzyme stabilizers is 
therefore required to achieve the highest yield while using the minimum 
enzyme dosage [16]. Enzymes can act in cooperation, providing each 
other positive features that can enhance biomass hydrolysis. In addition, 
different enzyme cocktails, but with the same enzymatic activity, may 
have a different efficiency depending on the accessory enzymes or 
substrates that are added [17]. 

The discovery of lytic polysaccharide monooxygenases (LPMOs) 
demonstrated the idea that oxidative processes also contribute to the 
conversion of cellulose [18]. For this reason, their use as accessory en
zymes has received increased attention in academia and industry [19]. 
LPMOs are monocopper [20] enzymes that bind to the crystalline 
portion of cellulose [21]. These enzymes catalyse the hydroxylation of 
either the C1 or C4 carbon of the glycosidic bond and, by the oxidation 
of the chain ends of cellulose, they generate new cavities for the access of 
enzymes [22]. Some LPMOs from the AA9 family may also participate in 
the degradation of hemicellulose as they can cleave some hemicellulose 
polysaccharides [23–25]. They require to reduce their metal ion from Cu 
(II) to Cu (I) to become catalytically active [26]. Moreover, LPMOs can 
use H2O2 as co-substrate [19,20,27], and, with a controlled addition of 
it, the reaction can arrive to higher rates than the ones observed in re
actions driven by O2 [28]. Some studies reported increased activity of 
LPMOs with the addition of H2O2 [19,26,29,30], which may positively 
affect the industrial use of biomass. On the other hand, LPMOs are 
sensitive to inactivation by oxidative damage [22], fact that increases 
the complexity of the process and depends on the amount of substrate 
and H2O2 used [19,26,31]. Therefore, the addition of exogenous re
ductants needs to be carefully regulated in biomass systems to maintain 
the catalytically active LPMO-Cu(I) state, while avoiding adverse side 
reactions among the LPMOs, reductant and components from the 
substrate. 

Reducing agents can originate from the biomass itself, such as those 
derived from lignin or phenolic compounds [32,33], from other redox 
enzymes [34–36], and from light-activated photosynthetic pigments 
[37]. Importantly, lignin and low-molecular-weight lignin-derived 
compounds (LMWLDC), which can be obtained from the plant cell wall 
with the use of lignin active enzymes, can deliver electrons to LPMOs 
and activate them, alleviating the need to add an external reducing 
agent. However, there are still few studies focused on the interplay be
tween different oxidases in relation to lignocellulose degradation [38]. 
Laccases are multicopper-containing oxidases which have phenol oxi
dase activity, they catalyse the oxidation of phenolic compounds using 
one electron from molecular oxygen [39]. When using substrates that 
contain lignin, these enzymes can act by oxidation, via an electron 
transfer process where LMWLDC act as shuttles or mediators between 
the enzyme and the polymer [40]. While this happen, lignin is removed, 
creating micropores in the biomass where the other enzymes can access 
to hydrolyse hemicellulose and cellulose [41]. However, their efficiency 
has shown to be different according to the type of pretreatment used: 
while laccase showed to have a positive effect in diluted acid pretreated 
wheat straw [12], it had no effect when this biomass was pretreated 

using steam explosion [15]. 
The addition of hemicellulases to cellulolytic enzyme cocktails has 

also been suggested as an strategy to improve the production of 
fermentable sugars [42–44], as they boost the saccharification efficiency 
of both cellulose and hemicellulose, by improving the cellulose acces
sibility with the removal of xylan coating [17,44]. The use of surfactants 
such as Tween 80 and polyethylene glycol (PEG) has also shown bene
ficial effects on the hydrolysis of cellulose by enzymes [16,45,46]. When 
using a surfactant in a cellulosic solution, its hydrophobic part adheres 
to lignin, helping to remove the hydrophobic molecules (that will be 
prove to cellulase adhesion) and to the hydrophobic parts of cellulases, 
also hindering hydrophobic sites where enzymes could bind to lignin 
[13]. Thus, these additives act by lowering the non-productive adsorp
tion of cellulase on lignin (which is considered as one of the main ob
stacles during enzymatic hydrolysis) and form a network at the liquid- 
air interface that reduces the surface available for the enzymes pre
venting their deactivation [47]. 

With the aim of obtaining a further insight on how the enzymatic 
hydrolysis of lignocellulosic biomass could be optimized, this work 
evaluated four different strategies to improve sugar extraction when 
using a commercial cellulolytic enzyme cocktail. This cocktail was 
supplemented with different enzymes or additives to enhance the hy
drolysis yield when processing mildly pretreated sugarcane bagasse. 

2. Materials and methods 

2.1. Biomass pretreatment and composition 

Sugarcane bagasse was kindly supplied by Raízen (São Paulo, Brazil). 
It was ground with a hammer mill (Polymix, PX-MFC 90 D, Kinematica 
AG, Switzerland) into particles of size 2 mm, remoisturized to 50 % (w/ 
w) moisture, and pretreated with CO2 under mild subcritical conditions 
using a SFE Lab 500 mL supercritical CO2 extraction equipment (SFE 
Process, France). Cellulose, hemicellulose, lignin, and ash composition 
was determined using the NREL protocols [48,49]. 

2.2. Enzymatic hydrolysis 

The enzymatic hydrolysis of pretreated sugarcane bagasse was per
formed in 24 deep-well plates (Enzyscreen, Netherlands). For the re
actions, moisture of samples was initially measured using a Touch 
moisture analyser (VWR International bvba, Belgium). Then, 0.05 M 
sodium acetate buffer at pH 4.8 was added until the amount of dry mass 
in the enzymatic hydrolysis was 10 % (w/w). Enzyme loads of 20 and 35 
FPU g− 1 dry matter (DM) of the cellulolytic cocktail Cellic® CTec3 HS 
(CC3, provided by Novozymes, Denmark) were used. The hydrolysis was 
carried out at 150 rpm, 50 ◦C, for 72 h. Control samples without enzyme 
were prepared and analysed regarding the sugar content released to 
verify whether the spontaneous degradation of biomass occurred over 
time. Samples were taken after 6, 24, 48 and 72 h of hydrolysis and 
heated at 100 ◦C for 10 min to deactivate the enzymes. Then, the 
remaining solids were separated by centrifugation at 5000 rpm for 6 min 
and filtered through 0.45 μm syringe filter (Millipore, MA, USA). All 
hydrolysis experiments were performed in duplicate; mean values and 
average deviations are shown. 

2.3. Enzyme and additive supplementation 

The study included 52 different approaches of supplementation to 
the cellulolytic cocktail CC3. This involved testing different scenarios 
using (for most of them) different CC3 loads (20 and 35 FPU g− 1 DM) 
together with H2O2, laccase, hemicellulase or two different surfactants 
(Table 1). A 30 % (w/w) H2O2 solution (Sigma Aldrich) was diluted in 
Milli-Q® water to the desired concentrations and added at the beginning 
of hydrolysis (0 h) or three times along the process (0, 24 and 48 h of 
hydrolysis) to boost the LPMO activity present in CC3 (Strategy 1). The 
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commercial laccase Novozym 51,003 (Sigma-Aldrich, USA) was 
employed using different loads (Strategy 2). Hemicellulase NS22244 
(Novozymes, Denmark) was also supplemented using different loads 
(Strategy 3). The surfactants PEG4000 (Cas number 25322–68-3 Sigma- 
Aldrich, USA) and Tween 80 (CAS number 9005-65-6, Sigma-Aldrich, 
USA) were also added to enzymatic hydrolysis using 20 and 35 FPU 
g− 1 DM of CC3 (Strategies 4a and b). Control experiments with only CC3 
were performed by using 20 or 35 FPU g− 1 DM for the enzymatic 
hydrolysis. 

2.4. Analytical methods 

The quantification of soluble sugars in the hydrolysates after enzy
matic hydrolysis was carried out by High Performance Liquid Chroma
tography (HPLC) using a Dionex Ultimate 3000 high-performance liquid 
chromatography UHPLC+ Focused system (Dionex Softron GmbH, 
Germany) with a Bio-Rad Aminex column HPX-87H (300 mm × 7.8 mm) 
at 60 ◦C, a Shodex RI-101 refractive index detector, 5 mM H2SO4 as 
mobile phase at a flow rate of 0.6 mL min− 1, and injection volume of 20 
μL. 

3. Results and discussion 

3.1. Composition of raw and pretreated biomass 

The purpose of the mild pretreatment of biomass with CO2 was not to 
release sugars but recover as much of the original biomass fraction as 
possible, while increasing as much as possible the surface area available 
for the adsorption of enzymes in the next step. Thus, the aim of this work 

was to avoid the degradation of cellulose and hemicellulose fractions 
during pretreatment. As can be seen in Table 2, pretreated sugarcane 
bagasse showed a very similar composition to the raw material. The 
recovery of hemicellulose and lignin was around 98 and 97 %, respec
tively, after the process. On the other hand, the contents of cellulose and 
acetyl groups were slightly increased due to the little reduction of 
hemicellulose and lignin contents after pretreatment. This decrease in 
hemicellulose content and increase in acetyl groups can be attributed to 
the hydrolysis of hemicellulose during pretreatment, which released the 
acetyl groups present in the hemicellulose side chains. 

3.2. Effect of H2O2 supplementation on biomass hydrolysis by cellulolytic 
cocktail containing LPMOs 

The recent discovery that H2O2 can be used to activate LPMOs rather 
than O2 brings an essential element toward the development of opti
mized enzymatic cocktails for the hydrolysis of lignocellulosic biomass: 
the reductant will only be needed to activate the enzyme, in contrast to 
the previous thinking that it should be added following the amount of 
generated products [20]. Fig. 1a-d shows the production of glucose and 
xylose obtained after 72 h of hydrolysis when feeding H2O2 at the 
beginning of the reaction (Fig. 1a,b) or with a stepwise addition during 
times 0, 24 and 48 h of reaction (Fig. 1c,d). 

In both approaches for adding H2O2 (just at the beginning and three 
times addition), and up to 0.24 mM there was a linear relationship be
tween the amount of H2O2 dosed and the sugar production, suggesting 
that low concentrations of H2O2 were able to boost the efficiency of the 
LPMOs present in the cellulolytic cocktail. The maximum sugar extrac
tion was obtained when adding 0.24 mM of H2O2 in one or three pulses, 

Table 1 
Load of cellulolytic cocktail (CC3), concentration of H2O2 and number of H2O2 doses used, load of laccase and hemicellulase, and dosages of PEG 4000 and Tween 80 
used in the different strategies evaluated for biomass hydrolysis.  

Experiment 1 2 3 4 5 6 7 8 9 10 11 12 

Strategy 1. Addition of H2O2 

CC3 (FPU g− 1 DM) 35 35 35 35 35 35 35 35 35 35 35 35 
H2O2 (mM) 0.02 0.24 1.18 2.35 11.75 23.5 0.02 0.24 1.18 2.35 11.75 23.5 
Number of H2O2 doses 1 1 1 1 1 1 3 3 3 3 3 3  

Strategy 2. Addition of laccase 
Experiment 13 14 15 16 17 18 19 20     
CC3 (FPU g− 1 DM) 20 20 20 20 35 35 35 35     
Laccase (μL g− 1 DM) 10 30 50 100 10 30 50 100      

Strategy 3. Addition of hemicellulase 
Experiment 21 22 23 24 25 26 27 28 29 30 31 32 
CC3 (FPU g− 1 DM) 20 20 20 20 20 20 35 35 35 35 35 35 
Hemicellulase (μL g− 1 DM) 3.38 6.75 13.5 40.5 81 162 1.92 11.83 23.67 71 142 284 
NS:CC3 ratio 24:1 12:1 6:1 2:1 1:1 2:1 24:1 12:1 6:1 2:1 1:1 2:1  

Strategy 4a. Addition of PEG 4000 
Experiment 33 34 35 36 37 38 39 40 41 42   
CC3 (FPU g− 1 DM) 20 20 20 20 20 35 35 35 35 35   
PEG 4000 (mg− 1 g− 1 DM) 10 55 100 150 200 10 55 100 150 200    

Strategy 4b. Addition of Tween 80 
Experiment 43 44 45 46 47 48 49 50 51 52   
CC3 (FPU g− 1 DM) 20 20 20 20 20 35 35 35 35 35   
Tween 80 (mg− 1 g− 1 DM) 10 55 100 150 200 10 55 100 150 200    

Table 2 
Chemical composition of raw sugarcane bagasse and CO2 pretreated sugarcane bagasse.  

Sugarcane bagasse Composition (wt%) 

Cellulose Hemicellulose Lignin Acetyl group Ash Extractives 

Raw 44.87 ± 0.35 22.20 ± 0.39 24.83 ± 0.40 2.60 ± 0.02 1.80 ± 0.12  3.69 
Pretreated 46.10 ± 1.37 21.73 ± 0.83 23.76 ± 0.30 2.93 ± 0.29 1.80 ± 0.03  3.68  
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where 229.4 and 215 mg glucose g− 1DM were released, corresponding 
to an increase of 39 and 30 %, respectively, compared to the control 
(where no H2O2 was added). Interestingly, the increase in xylose pro
duction was more prominent, being 46 and 38 % for one and three 
pulses, and releasing 95.3 and 90.1 mg xylose g− 1 DM, respectively. It 
was also observed that the boosting effect of H2O2 on sugars release was 
reduced when it was added in concentrations higher than 0.24 mM. 
Furthermore, three doses of 23.5 mM H2O2 resulted in a production of 
glucose and xylose even lower than the control, revealing that an excess 
of H2O2 is detrimental to the performance of LPMOs as the damage of 
their active site by self-inactivation occurs. 

Recent studies have also reported that H2O2 supplementation to 
enzymatic cocktails containing LPMOs improved the extraction of 
sugars from lignocellulosic biomasses other than that used in the present 
study. Costa et al. (2019) [50] studied the hydrolysis of sulfite-pulped 
Norway spruce using Cellic® Ctec 3 and obtained 33 % higher glucan 
conversion when H2O2 was added (a continuous pumping of 200 μMh− 1 

starting after 20 h of hydrolysis) than the reaction carried out without 
H2O2, at 60 h. In addition, their maximum conversion was observed at 
100 h of hydrolysis, while this maximum was not achieved when H2O2 
was not added, even after 165 h of hydrolysis. Müller et al. (2018) also 
studied the hydrolysis of sulfite-pulped Norway spruce as well as steam- 
exploded birchwood using the cellulolytic cocktail Cellic® Ctec 2 and 
observed a 10 % increase in the glucan conversion from sulfite-pulped 
Norway spruce compared to the control when using a constant feeding 
rate of 300 μMh− 1 for 48 h. Steam-exploded birchwood hydrolysis 

showed a maximum glucan conversion around 15 % higher than the 
control when using a feeding rate of 90 μMh− 1; however, when the 
feeding rate was increased, the glucan conversion reduced being even 
lower than the control. It is worth highlighting that in both studies 
presented by Costa et al. (2019) and Müller et al. (2018), an extra 
reducing agent (such as ascorbic acid) was added to the hydrolysis. 
When using an external reducing agent, more H2O2 can be supple
mented until reaching an inhibitory concentration. Müller et al. (2018) 
also stated that the efficiency of the conversion of H2O2 by LPMOs de
creases when increasing the lignin content in the substrate. Thus, the 
effect of accumulation and inhibition of H2O2 is higher when using 
substrates with higher lignin content. It is demonstrated then the posi
tive effect of lignin to reduce the amount of reducing agent needed and 
to increase the sugars yield during enzymatic hydrolysis. Thus, it is 
pointed out another reason for believing that mild pretreatments (as that 
used in our work), in which lignin is not removed from the substrate, 
could be a better option than conventional ones. 

3.3. Effect of laccase supplementation on biomass hydrolysis by 
cellulolytic cocktail containing LPMOs 

Previous studies have shown that laccases have the potential to boost 
LPMOs contained in cellulase cocktails. Laccases can depolymerize 
lignin and the released LMWLDC can deliver electrons to activate LPMOs 
[51]. In contrast, when used together with cellulases, they can compete 
for the oxygen present in the media and a negative effect may be 

Fig. 1. Glucose (a,c) and xylose (b,d) release during the enzymatic hydrolysis of sugarcane bagasse using the cellulolytic cocktail and adding H2O2 at the beginning 
of the process (0 h) (a,b) or adding three doses of H2O2 during times 0, 24 and 48 h (c,d). H2O2 was supplemented adding dosages of 0.02, 0.24, 1.18, 2.35, 11.75 or 
23.5 mM. The data shown is the average of two replicates of the same experiment. Error bars indicate the average deviation. 

E.B. Moya et al.                                                                                                                                                                                                                                 



International Journal of Biological Macromolecules 242 (2023) 125051

5

observed [38]. Furthermore, their inhibitory effect toward B-glucosi
dase activity has also been studied [52]. Some works have reported that 
laccase treatment increased the efficiency of biomass hydrolysis. For 
instance, Gutiérrez et al. (2012) [53] observed 61 % and 12 % increased 
glucose yield during the enzymatic hydrolysis of Eucalyptus and Pen
nisetum compared to the cases without laccase treatment. Also, Moila
nen U et al. (2011) [54] reported a 12 % increase in hydrolysis of steam 
pretreated spruce; however, they reported a 17 % decrease in hydrolysis 
of steam exploded giant reed when laccase was added. Thus, it can be 
expected that different substrates with different composition and 
chemical structures may respond in a different way to the supplemen
tation with laccase. 

In this work, Myceliophthora thermophila laccase was added to the 
cellulolytic cocktail at different doses ranging from 10 to 100 μL g− 1 DM 
(equivalent to 10 to 100 U g− 1 DM). It was observed (Fig. 2) that during 
the first 48 h of hydrolysis, the production of glucose and xylose took 
place at higher rates when using laccase. The maximum glucose 
extraction of 153 mg g− 1 DM was obtained when adding 35 FPU g− 1 DM 
and a laccase dosage of 10 μL g− 1 DM; while for xylose, 64 mg were 
extracted per g DM when using the same cellulase load and 100 μL of 
laccase per g DM, which corresponded to a 12.9 % and 26.5 % of in
crease compared to the control, respectively. However, the release of 
sugars stopped after 48 h. Although during this study the structure and 
composition of lignin has not been evaluated after enzymatic hydrolysis, 
it is hypothesized that a reason for this fact could be related to the 
changes on the structural characteristics of lignin during the process. 

With the laccase action, lignin should have been oxidized (increasing its 
ramification degree) and subsequently converted into smaller mole
cules. With this, the probability and space available for cellulases to bind 
non-productively to the resulting lignin structure would be enhanced. 
Also, a depletion of O2 during the process could have occurred causing a 
competition between laccases and cellulases for it. When comparing the 
experiments containing different cellulase loads, 20 and 35 FPU g− 1 DM, 
while both supplemented with the same laccase load, the decreasing 
production effect was higher when using lower cellulase load (Fig. 2a,b 
vs Fig. 2c,d). As an example, when using 100 μL g− 1 DM of laccase, the 
production of glucose was 15.5 % lower than the control when 20 FPU 
g− 1 was used (Fig. 2a), while it decreased 10.1 % when the cellulase load 
was 35 FPU g− 1. When the proportion of cellulases to ramified lignin is 
higher, it could result in a higher amount of active cellulases that could 
be degrading cellulose. In general, it seems that the previously explained 
effect in hemicellulases was lower because of two reasons, the first is 
that results for xylose are generally more promising than for glucose 
production - the enhanced production of xylose (Fig. 2b,d) was more 
prominent than for glucose (Fig. 2a,c) after 48 h, compared to the 
control. And the second, when using 35 FPU g− 1 DM, the maximum 
production after 48 h for xylose was obtained when dosing the highest 
load of laccase, while for the glucose, the maximum was obtained when 
using the lowest dose. 

Fig. 2. Glucose (a,c) and xylose (b,d) release in enzymatic hydrolysis of sugarcane bagasse with different loads of laccase and 20 FPU of cellulase g− 1 DM (a,b) or 35 
FPU cellulase g− 1 DM (c,d). Laccase doses were 10, 30, 50 or 100 μL g− 1 DM. The data shown is the average of two replicates of the same experiment. Error bars 
indicate the average deviation. 
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3.4. Effect of hemicellulase supplementation on biomass hydrolysis by 
cellulolytic enzymes 

As during mild CO2-pretreatment the hemicellulose content 
remained almost intact, it was hypothesized that adding extra hemi
cellulase to the cellulolytic cocktail would be important to increase the 
xylose release. In addition, as a higher degradation of hemicellulose 
would occur in that case, a higher glucose release would also be ex
pected, as the hemicellulose degradation would expose more the cellu
lose fibers to the attack of cellulases [55]. To confirm whether this 
strategy would work, the addition of different hemicellulase loads to the 
cellulolytic cocktail were tested: 3.38 to 162 μL hemicellulase g− 1 DM 
for 20 FPU cellulase g− 1 DM, and 5.92 to 284 μL hemicellulase g− 1 DM 
for 35 FPU cellulase g− 1 DM (Fig. 3a-d). 

For 20 FPU cellulase g− 1 DM the highest glucose production was 220 
mg g− 1 DM after 72 h when adding 162 μL hemicellulase g− 1 DM 
(Fig. 3a). That glucose production was 38 % higher in comparison to the 
highest glucose production obtained without hemicellulase addition 
(control). On the other hand, a lower dosage of hemicellulase (81 μL g− 1 

DM) was enough to reach the highest xylose production (89 mg g− 1 DM), 
representing a 50 % increase of xylose in relation to the hydrolysis using 
cellulase only. 

For 35 FPU cellulase g− 1 DM, the effect of adding 142 and 284 μL 
hemicellulase g− 1 DM was similar to that observed for 20 FPU cellulase 
g− 1 DM, obtaining around 227 mg of glucose g− 1 DM, while in the case 

of xylose, a 43 % increased release was observed, resulting in 93 mg of 
xylose g− 1 DM. Although during the first 24 h of hydrolysis the rate of 
sugar production was generally faster when using 35 FPU g− 1 DM, the 
maximum values of glucose and xylose released were very similar 
comparing both cellulase loads (20 and 35 FPU g− 1 DM), which suggests 
that the addition of hemicellulase can reduce the amount of cellulase 
needed for hydrolysis to achieve the same final sugars release. 

Also, with lower loads of hemicellulase (40.5 and 71.00 μL g− 1 DM, 
for 20 and 35 FPU cellulase g− 1 DM, respectively) an increase in the 
sugar release of around 30 % was observed. This proves the idea that the 
addition of hemicellulases, even in little amounts, helped to increase the 
degradation of hemicellulose and consequently, lead to a better acces
sibility of the enzymes to the cellulose fibers [17,56]. However, an 
economic analysis would be useful to assess if the outcome of the 
increased sugar production compensates the higher expenses related to 
the use of a higher enzyme load. 

Xu et al. [42] tested different loads of hemicellulase during the hy
drolysis of alkali pretreated sugarcane bagasse and obtained an increase 
in glucose release of 7.6 % after 48 h when using 150 U hemicellulase 
g− 1 DM (in the present study, around 25 μL hemicellulase g− 1 DM was 
needed to reach this dosage) and 4 FPU g− 1 DM of Cellic® Ctec3. This 
little increase compared to only using the cellulase cocktail was prob
ably due to the harsh conditions used during pretreatment, as it recov
ered only 63 % of the hemicellulose and removed 78.1 % of lignin, 
making the addition of hemicellulase less relevant than when higher 

Fig. 3. Glucose (a,c) and xylose (b,d) release during the enzymatic hydrolysis of sugarcane bagasse with different loads of hemicellulase: 3.38, 6.75, 13.5, 40.5, 81 
and 162 μL g− 1 DM for 20 FPU cellulase g− 1 DM (a,b); and 5.92, 11.83, 23.67, 71, 142 and 284 μL g− 1 DM for 35 FPU cellulase g− 1 DM (c,d). The data shown is the 
average of two replicates of the same experiment. Error bars indicate the average deviation. 
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proportion of hemicellulase compared to cellulase is present in the 
substrate, as in the present study. 

It is also interesting to note the lower sugar production rate observed 
during the first 24 h of hydrolysis (present study), which occurred 
mainly in the case of supplementation with 35 FPU g− 1 DM of cellulase 
and 142 and 284 μL hemicellulase g− 1 DM (Fig. 3c,d), could be related to 
feedback inhibition. In these cases, the highest dosage of cellulase and 
hemicellulase could have led to a rapid conversion of cellulose and 
hemicellulose to sugar monomers and oligosaccharides during the first 
minutes of hydrolysis, which might have accumulated, causing stress 
conditions to the enzymes [57]. Similarly, Sun et al. (2018) [58] tried 
different loads of xylanase (Cellic® Htec between 150 and 300 U g− 1 

polysaccharide) for hydrolysis of atmospheric glycerol organosolv- 
pretreated wheat straw and found that loads higher than 75 U g− 1 

polysaccharide did not increase the enzymatic hydrolysis yield, which is 
in line with the results observed in the present study. 

3.5. Effect of PEG4000 and Tween 80 supplementation on biomass 
hydrolysis by cellulolytic enzymes 

The non-ionic surfactants PEG4000 and Tween 80 are examples of 
additives that have shown to improve the enzymatic hydrolysis of 
biomass and enable the reduction of enzyme loads for hydrolysis 
[16,59–61]. In this study, different concentrations of PEG4000 (10, 55, 
100, 150 and 200 mg g− 1 DM) and Tween 80 (10, 55, 100, 150 and 200 
mg g− 1 DM) were added to 20 and 35 FPU cellulase g− 1 DM to verify 

their effect on the hydrolysis of mildly pretreated biomass. 
As can be seen in Fig. 4a-c, increased concentrations of PEG4000 had 

a positive effect on the release of glucose for both 20 FPU g− 1 DM and 35 
FPU g− 1 DM. The maximum glucose production obtained was 187 and 
192 mg of glucose g− 1 DM respectively, after 72 h of hydrolysis when 
using 200 mg PEG4000 g− 1 DM, which were 18 % and 17 % higher when 
compared to the control. The trend for xylose release (Fig. 4b,d) was 
similar; however, the effect of the surfactant was higher in this case, 
since an increase in xylose production of 24 % and 20 % was observed 
with a production of 73 and 78 mg xylose g− 1 DM, for 20 FPU g− 1 DM 
and 35 FPU g− 1 DM, respectively, when adding 200 mg PEG4000 g− 1 

DM. The effect of PEG addition was higher when using the lowest 
cellulase load (20 FPU g− 1 DM). These results highlight the role that 
PEG4000 may have in reducing the cellulase load for biomass hydro
lysis. Also, when comparing the different doses of surfactant added, and 
observing the glucose and xylose released in each case, the difference 
between adding 55 and 200 mg g− 1 DM of surfactant was 5 % and 14 %, 
respectively. It can therefore be argued whether adding low concen
trations of PEG4000 would be effective to reach a desired positive effect, 
or if a dosage increase of almost 4 times would be required to get a 
higher sugar extraction regardless of the surfactant cost. 

Fig. 5a-d illustrate the results of the addition of Tween 80 when using 
20 FPU cellulase g− 1 DM and 35 FPU cellulase g− 1 DM. As can be seen, 
an increased concentration of Tween 80 supplemented to the cellulolytic 
cocktail resulted in a higher glucose release for both enzyme loads. The 
addition of 200 mg Tween 80 g− 1 DM gave the maximum final glucose 

Fig. 4. Glucose (a,c) and xylose (b,d) release during the enzymatic hydrolysis of sugarcane bagasse using different concentrations of PEG4000 (10, 55, 100, 150 or 
200 mg g− 1 DM) and 20 FPU cellulase g− 1 DM (a,b) or 35 FPU cellulase g− 1 DM (c,d). The data shown is the average of two replicates of the same experiment. Error 
bars indicate the average deviation. 
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release of 205 and 215 mg g− 1 DM after 72 h of hydrolysis, which were 
30 % and 31 % higher than the situation where no surfactant was added, 
for 20 FPU g− 1 DM and 35 FPU g− 1 DM, respectively. The highest xylose 
release was also reached when adding 200 mg Tween 80 g− 1 DM to 20 
FPU cellulase g− 1 DM and 35 FPU cellulase g− 1 DM, being released 84 
and 89 mg xylose g− 1 DM, respectively, which were 41 % and 38 % 
higher than the control. In contrast, lower doses of Tween 80 (10, 55, 
and 100 mg g− 1 DM) showed no effect for both cellulase loads (20 and 
35 FPU g− 1 DM). When comparing 150 mg Tween 80 g− 1 DM and 200 
mg Tween 80 g− 1 DM for 35 FPU g− 1 DM, no significant difference was 
observed for glucose or xylose production. It can also be noted that 
concentrations of Tween 80 higher than 150 mg g− 1 DM did not lead to 
higher release of glucose or xylose. These results are in line with those 
reported by other authors [62]. 

In general, higher glucose and xylose release was observed when 
using Tween 80 in comparison to PEG4000. The same trend was also 
reported by Xu et al. (2019) [42] with only a small increase of 4 % when 
adding PEG4000 compared to 6.7 % when using Tween 80. 

4. Conclusions 

This study revealed that different approaches can be used to improve 
the performance of enzymatic hydrolysis from mildly pretreated ligno
cellulosic biomass. A controlled addition of H2O2 showed to be benefi
cial for the overall performance of enzymatic cocktails containing 
LPMOs. Furthermore, lignin present in the biomass had a positive 

impact on LPMOs action, being beneficial the fact that lignin was not 
removed from the substrate during the pretreatment. However, its 
presence adds complexity to the supplementation approaches using 
H2O2, as they should be adapted according to the lignin content present 
in the biomass. Also, hemicellulase and non-ionic surfactants supple
mentation had a positive effect on both glucose and xylose yield. The 
results obtained in this study highlights two facts that are key in the 
development of sustainable fractionation processes, and regarding the 
optimization of enzymatic cocktails: 1) a comprehensive knowledge of 
the chemical and structural composition of lignocellulosic biomass 
before hydrolysis is needed, as the cocktail should be carefully adapted 
to it; and 2) economic and environmental analysis would be crucial to 
evaluate if the increase in sugar release due to the supplementation of 
more enzymes or additives balances the costs and emissions associated 
with the production and acquisition of these extra components. 
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