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Abstract Poly(ethylene glycol) (PEG 4000) and bovine serum albumin (BSA) were
investigated with the purpose of evaluating their influence on enzymatic hydrolysis of
sugarcane bagasse. Effects of these supplements were assayed for different enzymatic
cocktails (Trichoderma harzianum and Penicillium funiculosum) that acted on ligno-
cellulosic material submitted to different pretreatment methods with varying solid (25
and 100 g/L) and protein (7.5 and 20 mg/g cellulose) loadings. The highest levels of
glucose release were achieved using partially delignified cellulignin as substrate, along
with the 7. harzianum cocktail: increases of 14 and 18 % for 25 g/L solid loadings
and of 33 and 43 % for 100 g/L solid loadings were reached for BSA and PEG
supplementation, respectively. Addition of these supplements could maintain hydroly-
sis yield even for higher solid loadings, but for higher enzymatic cocktail protein
loadings, increases in glucose release were not observed. Results indicate that syner-
gism might occur among these additives and cellulase and xylanases. The use of these
supplements, besides depending on factors such as pretreatment method of sugarcane
bagasse, enzymatic cocktails composition, and solid and protein loadings, may not
always lead to positive effects on the hydrolysis of lignocellulosic material, making it
necessary further statistical studies, according to process conditions.
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Introduction

Enzymatic hydrolysis (EH) is one of the main bottlenecks concerning technological use of
lignocellulosic materials [1, 2]. Major problem is associated to production costs of
lignocellulolytic enzymes and their efficiencies in converting feedstock into its respective
monosaccharides [3, 4]. One reason is because hemicellulosic and lignin fractions hinder
enzyme access to cellulose [S]. Also, lignin, besides representing a physical barrier for
cellulase action, has been pointed as a pivotal factor responsible for non-productive bindings
of enzymes, leading to reductions in hydrolysis yield, and therefore, requiring addition of
greater amount of enzymes, which raises process costs [5-9].

Researches concerning pretreatment of lignocellulosic materials have been developed
aiming at increasing both accessibility of cellulolytic enzymes and hydrolysis efficiency with
the purpose of making the process viable for industry [10]. Also, with the objective of
enhancing hydrolysis yield and reducing enzyme loadings, addition of supplements such as
surfactants (tween 20 and tween 80), non-hydrolytic proteins (bovine serum albumin, BSA),
and polymers (Poly(ethylene glycol), PEG, also used as surfactant) has been studied and their
effects have been reported in literature [11-13]. Use and action of additives for improvement
of cellulose conversion might involve the following mechanisms: (1) adsorption on lignin,
minimizing non-productive bindings of cellulase; and (2) possible increase in enzymatic
activities of cellulase and assistance in enzyme stabilization [5].

Positive effects regarding addition of these supplements for hydrolysis of different
substrates such as newsprint [14], avicel, corn stover subjected to various pretreatment
methods [15, 16], and bamboo [17] have been reported. Nevertheless, inhibitory
effects due to addition of surfactants have also been observed in the hydrolysis of
pure cellulose, while positive effects have been reported as being dependent on
several factors, such as hydrolysis conditions, structural characteristics of cellulose,
and the enzymatic cocktail used [18].

This work intends to study the addition of PEG 4000 and BSA in the enzymatic hydrolysis
of pretreated sugarcane bagasse, evaluating influence of these supplements and their depen-
dence on solid loading, enzyme cocktail, and its protein loading, as well as material
composition.

Materials and Methods
Pretreatment

Sugarcane bagasse was subjected to different pretreatment techniques. For acid pre-
treatment, a dilute sulfuric acid solution (1.09 % v/v) with a solid to liquid ratio of
1:2.8 (w/v) was used, and the lignocellulosic biomass was subjected to 121 °C for
27 min, as described by Betancur and Pereira Jr. [19]. For alkaline pretreatment,
sodium hydroxide 4 % (w/v) was added with a solid to liquid ratio of 1:20 and the
material was submitted to 121 °C for 30 min, as established by Vasquez et al. [20].
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The solid fraction obtained after acid pretreatment is denominated cellulignin (CL),
while, after alkaline pretreatment, due to partial removal of lignin promoted by this
process, it is named partially delignified cellulignin (PDCL) [21]. In natura sugarcane
bagasse composition, as well as those of CL and PDCL, were determined according
to Sluiter et al. [22].

Microorganism and Cellulases Production

Two different strains of filamentous fungus, Trichoderma harzianum 10C 3844 and
Penicillium funiculosum ATCC 11797 were used. Cellulases production was carried
out in a 10-L (nominal volume) bioreactor (Biostat B, B. Braun Biotech International,
Germany) with 8 L (working volume) of Mandels and Weber medium [23] with
optimum concentrations of nitrogen sources, as optimized by Maeda et al. [24] and
Rocha et al. [25] for P. funiculosum and T. harzianum, respectively. A pre-inoculum,
corresponding to 10 % of the working volume and to which 10° conidia/mL was
inoculated, was added to the bioreactor. Pre-inoculum and cellulase production times
were 30 and 42 h, respectively, for 7. harzianum and 72 h for both steps for
P funiculosum. PDCL (15 g/L) was used as carbon source and the process was
performed at 30 °C and pH 5.

After cellulase production, the medium was filtered through 0.2-um porosity
columns and concentrated using a membrane of 10 kDa with tangential-flow filtration
in hollow fiber columns (QuixStand QSM-03SP bench top system, GE Healthcare) at
room temperature.

Quantification of Enzymatic Activities

Filter paper (50 mg, Grade 1 Whatman Filter Paper), carboxymethyl cellulose sodium salt
(ultra-low viscosity) 2 % w/v (CMC), avicel (cellulose microcrystalline) 2 % wf/v, cellobiose
2 % w/v, and xylans from beechwood 2 % w/v were used as substrates for determination of
FPase, CMCase, Avicelase, [3-glucosidase, and xylanase activities, respectively.

FPase, CMCase, Avicelase, xylanase, and (3-glucosidase activities were determined
using the enzymes previously diluted and the respective substrates at 50 °C for
60 min for FPase quantification and for 15 min for the other activities. At the end
of the reactions, total reducing sugars released during FPase, CMCase, avicelase, and
xylanase determinations were quantified through 3,5-dinitrosalicylic acid (DNS) meth-
od [26], while glucose released during (3-glucosidase activity quantification was
determined through colorimetric method using glucose oxidase (Katal).

Total protein concentration was quantified using Bradford reagent (Bio-Rad, CA, USA)
with BSA as standard [27].

Enzymatic Hydrolysis

In order to evaluate influence of PEG 4000 and BSA in cellulose conversion, several
hydrolysis of sugarcane bagasse (CL and PDCL) were carried out at 50 °C and pH 5 for
48 h using enzymatic cocktail protein loadings of 7.5 and 20 mg/g cellulose and solid loadings
of 25 and 100 g/L. Supplementation with PEG and BSA was done in a ratio of 1:1 with respect
to the enzymatic cocktail protein loading.
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Glucose and xylose release at the end of the process was analyzed using high-performance
liquid chromatography (HPLC, Shimadzu, Refractive Index Detector 10, Hiplex-H column)
with H,SO,4 (0.5 mM) as the mobile phase at a flow-rate of 0.6 mL/min at 60 °C.

Synergism Degree Calculation

Considering synergism as the relationship between released glucose once substrate is hydro-
lyzed by the enzymatic cocktail along with the additive and the sum of released glucose when
the enzymatic cocktail and the additives act individually, the degree of synergism was
calculated according to the equation below:

glucose released (by enzymatic cocktail with the additive)

SD = (1)

i=n
> glucose released (by the enzymatic cocktail and the additive individually)
i=1
Where: SD = synergism degree.
It must be noticed that the additives alone do not promote glucose release, being their terms
equivalent to zero.

Results and Discussion
Pretreatment

Sugarcane bagasse was submitted to two different pretreatments, one of them with dilute acid
with the purpose of solubilizing the hemicellulose fraction, reducing it from 25.2 to 14.6 % (w/
w), and the other one with dilute acid followed by alkali solution (combined pretreatment)
aiming at partial removal of lignin. The latter promoted a reduction in the obstruction
represented by both physical barriers (hemicellulose and lignin), increasing enzymatic access
to cellulose [6]. At the end of the consecutive pretreatments, hemicellulose was reduced from
25.2 to 12.5 %, while the lignin content decreased from 19.2 to 5.5 % (w/w), resulting in an
increase of cellulose content from 34.7 to 67.1 % (w/w). Table 1 presents sugarcane bagasse
composition after the different pretreatments.

Table 1 Sugarcane bagasse composition before and after pretreatments

Fractions Sugarcane bagasse
In natura Acid pretreated (CL*) Acid and Alkaline pretreated
(PDCL**)
Cellulose (%) 347 % +2.1 % 478 % +0.1 % 67.1 % +0.1 %
Hemicellulose (%) 252 % +0.8 % 14.6 % +0.3 % 125 % + 0.6 %
Lignin (%) 192 % +02 % 257 % +£0.5 % 55%+0.8%
Ashes (%) 1.0 % + 0.1 % 0.1 % +0.04 % HEE
*Cellulignin

**Partially delignified cellulignin
*#*Not determined
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Addition of Supplements on the Enzymatic Hydrolysis of Sugarcane Bagasse
Influence of Pretreatment Method and Enzymatic Cocktail

Enzymatic hydrolysis of sugarcane bagasse was performed with and without PEG 4000 and
BSA supplementation for two distinct enzymatic cocktails produced by 7. harzianum and
P funiculosum, each of them with different enzymatic activities (Table 2), for enzymatic
cocktail protein and solid loadings equivalent to 7.5 mg/g cellulose and 25 g/L, respectively.
Glucose released after 48 h of enzymatic hydrolysis with and without supplementation of the
additives is presented in Fig. 1.

For CL hydrolysis using cellulase from 7. harzianum, increases in glucose release were not
observed with BSA and PEG 4000 supplementation. However, for PDCL hydrolysis, positive
effects of these additives were noticed, promoting increases in glucose concentrations of 14
and 18 %, respectively. Positive effects were also observed when P, funiculosum cocktail was
used for hydrolysis of both substrates, CL and PDCL. In these cases, hydrolysis efficiencies
increased 16 and 28 % for CL and 15 and 10 % for PDCL with the addition of BSA and PEG
4000, respectively. Differences in the results might be related to distinct compositions of the
enzymatic cocktails used and the synergism between these components in the hydrolysis
process. Researches have indicated that the use of these supplements affects adsorption of
cellobiohydrolases and endoglucanases, increasing the levels of free enzymes [28-32].
Borjesson et al. [8] proposed that the hydrophobic part of surfactants bind to the lignin, while
the hydrophilic part acts as a steric hindrance, preventing the enzymes from adsorbing and
binding unproductively to lignin, leading to more free enzymes that could adsorb to the
cellulosic substrate. This situation enhances synergism among the enzymes, and hence, the
glucose release.

Even though PDCL presents lower lignin levels, the supplementation loadings are calcu-
lated with respect to cellulose levels, which are higher for this material. Also, the action of
these additives is not only related to the reduction of non-productive binding of the enzymes to
lignin, but they also exhibit other properties. They have been pointed out due to their ability to
improve the stability and activities of the enzymes [5, 12]. This, along with the structural
modifications promoted by the pretreatments, could explain the increases of released glucose
levels observed for this material.

In this study, for both cocktails, higher hydrolysis efficiencies were achieved when using
PDCL as substrate, indicating that lignin presents negative effects on glucose release.

Table 2 Enzymatic activities and . ) -
protein content of 7. harzianum and Enzymatic activity and protein content Filamentous fungus

P, funiculosum cocktails
T harzianum P, funiculosum

FPase (U/mL) 51.1+0.5 8.7+1.3
CMCase (U/mL) 5162+1.0 1554+0.3
{3-glucosidase (U/mL) 32.6+0.1 37.0+ 0.6
Avicelase (U/mL) 21.5+£0.2 20.7 £0.8
Xylanase (U/mL) 587 £23 260 £ 26
Protein (mg/mL) 142+ 1.6 9.6 +0.3
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Fig. 1 Glucose released from 121
sugarcane bagasse (cellulignin and 10- s
PDCL) enzymatic hydrolysis after
48 h at 50 °C using different
enzymatic cocktails (T. harzianum
and P, funiculosum) with and
without BSA and PEG 4000
additions. Solid loading 25 g/L,
enzymatic cocktail protein loading
7.5 mg/g cellulose 21
A=V "=l
T. harzianum | P. funiculosum | T. harzianum | P. funiculosum
CL ‘ PDCL

Glucose (g/L)
2

MCocktail 4Cocktail + BSA ®Cocktail + PEG 4000

Increments of up to 623 and 677 % in glucose release levels were achieved using 7. harzianum
and P, funiculosum, respectively, for PDCL hydrolysis when compared to CL hydrolysis.

Although studies have reported supplementation of PEG and BSA as strategies to reduce
non-productive bindings of the enzymes to the lignin [16], problems related to presence of this
component are not only associated to inactivation of the enzymes, but also to the physical
barrier represented by lignin that hampers enzymatic access to cellulose [33], the reason why
PDCL hydrolysis, along with BSA and PEG addition, which can interact with reduced lignin
surface area, releases higher glucose concentrations, providing increased levels of hydrolysis
efficiency. Hence, pretreatments, along with delignification, are of extreme relevance for a
proper and efficient use of the lignocellulosic biomass [21]. Table 3 summarizes hydrolysis
efficiencies for each situation studied.

Influence of Solid Loadings

In order to evaluate the effect of the additives with respect to solid loadings, enzymatic hydrolysis
of PDCL was carried out for two different solid concentrations (25 and 100 g/L) using the cocktail
of T. harzianum. Figure 2 presents glucose release and hydrolysis efficiency after 48 h.

When raising solid loading from 25 to 100 g/L, an increase in the levels of glucose released
was observed (7.5 to 25.5 g/L). On the other hand, hydrolysis efficiency was reduced from 40
to 34 %. This situation has been reported by previous studies, which explained this reduction

Table 3 EH yields of cellulignin and PDCL using enzymatic cocktails of 7" harzianum and P. funiculosum, with
and without BSA and PEG 4000 addition

Substrate Protein Enzymatic hydrolysis (EH) yield
T harzianum P, funiculosum
Cellulignin Cocktail 7.99 £ 0.6 9.25+0.03
Cocktail + BSA 7.91+£0.3 10.76 + 0.02
Cocktail + PEG 4000 7.20£0.2 11.88 0.1
PDCL Cocktail 40.6 £ 1.1 50.5+2.6
Cocktail + BSA 462+ 14 57.8+0.6
Cocktail + PEG 4000 48.0£0.6 55.6+0.3

Solids loading, 25 g/L; enzymatic cocktail protein loading, 7.5 mg/g cellulose
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(=23
o
)

Fig. 2 Glucose release and
hydrolysis efficiency after 48 h of
enzymatic hydrolysis of PDCL.
Solid loading, 25 and 100 g/L;
protein loading (7. harzianum),
7.5 mg/ g cellulose with and
without BSA and PEG 4000
addition in a 1:1 ratio (w/w)
between enzymatic cocktail
protein and additive

Glucose (g/L) or EH yield (%)
- N w » (33
e 2 ° 2 2

o
L

Glucose (g/L) EH yield (%)

= Cocktail z Cocktail + BSA m Cocktail + PEG 4000

due to several factors, such as lack of available water that leads to mass transfer problems,
substrate and product inhibition, and low enzymatic accessibility to the substrate, among
others [34]. Hence, to reach desirable efficiencies in these cases, it is necessary to increase
enzymatic cocktail protein loading, which might make the process costly [5, 35].

Nevertheless, once BSA and PEG 4000 were supplemented, hydrolysis efficiencies for both
solid loadings were maintained, achieving 46.2 and 45.6 % with BSA addition and 47 and 49 %
with PEG 4000 addition, for 25 and 100 g/L of solids, respectively. These results denote that
these supplements might play an important role in making it possible to use lignocellulosic
biomass as a feedstock for the production of value-added products in a viable process.

Higher increments concerning released glucose were observed for the higher solid loading
evaluated (100 g/L) once PEG and BSA were added. When increasing solid loadings, higher
amounts of residual lignin are present due to material composition. This might be responsible
for the formation of non-productive bindings of the enzymes, an effect that is minimized by the
addition of the supplements. Also, at higher solid loadings, viscosity, a parameter that has been
reported as an obstacle to biomass hydrolysis, is higher; this is ascribed to mass transfer issues.
The viscosity-reducing effect of these additives, along with their ability to reduce formation of
non-productive bindings of the enzymes to lignin, could explain the positive effects on glucose
release at high solid loading [34].

This situation may have effects on the synergism between the enzymatic cocktail and the
additives, which is shown in Fig. 3. For a solid loading equivalent to 100 g/L, a higher
synergism degree was reached: 1.33 and 1.43 with BSA and PEG addition, respectively,

Fig. 3 Synergism degree among 2004
supplements (BSA and PEG 4000)
and cellulase from 7. harzianum
cocktail for different solids g
loadings 5, 1.50 1
3
£
2
2
[
€ 1.00 -
(2]
0.50 -

25giL 100 g/L
4Cocktail + BSA  ®Cocktail + PEG 4000
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against 1.14 and 1.18 for 25 g/L solid loading. In these conditions, BSA and PEG influence is
more evident and their supplementation act more synergistically with the enzymatic cocktails.

Recent studies have reported that amphiphilic additives might increase the hydrolysis of
xylans present in the hemicellulose fraction [5, 36]. Considering that 7 harzianum cocktail, as
reported in Table 1, presents high xylanase activity, the observed increases in glucose levels
could be related to the hydrolysis of the hemicellulose fraction, which promotes an enhanced
enzyme access to cellulose. Table 4 displays xylose concentration for 7. harzianum with and
without supplementation for the two solid loadings evaluated.

For 25 g/L solid loading, with BSA and PEG addition, increases of 17 and 20 % in xylose
concentration, respectively, were reached, while for 100 g/L solid loading, increases were
equivalent to 27 and 31 % with BSA and PEG supplementation, respectively.

Therefore, these supplements, as indicated, seem to act synergistically with cellulase and
hemicellulase, mainly at high solid loadings, contributing to a more efficient use of the
lignocellulosic biomass.

Influence of Enzymatic Cocktail Protein Loading

Influence of the enzymatic cocktail protein loadings with BSA and PEG addition in the
hydrolysis of PDCL was also evaluated. Enzyme loading was increased from 7.5 to 20 mg/
g of cellulose for a solid loading equivalent to 100 g/L. Figure 4 displays glucose release and
hydrolysis efficiency after 48 h.

A 2.6-fold increase in the enzymatic cocktail, protein loading promoted an increase in
glucose release from 26 to 48 g/L. For the highest loading (20 mg/g cellulose), once PEG 4000
and BSA were supplemented, in a 1:1 ratio (w/w) between enzymatic cocktail protein and
additives, relevant increases in glucose levels were not observed, indicating that these sub-
stances are not always capable of enhancing hydrolysis yields. As reported by Eckard et al.
[37], at high enzyme concentrations, the improving effect promoted by the addition of
supplements can be masked, since a high-glucose release is expected, leaving no room for
increases in the enzymatic hydrolysis yield. Hence, in order to better investigate and evaluate
contribution of these additives to enzymatic hydrolysis of lignocellulosic materials, experi-
mental design for specific process conditions (solid loading, enzymatic cocktails and their
loadings, and type of material and supplements) ought to be carried out.

Conclusions

Increases in the hydrolysis efficiency of lignocellulosic biomass with the addition of
both PEG 4000 and BSA showed to be dependent on material composition, enzymatic

Table 4 Levels of xylose released using 7. harzianum with and without supplementation for 25 and 100 g/L
solid loadings

Solid loading T. harzianum T harzianum + BSA T harzianum + PEG
Xylose (g/L)

25 g/lL 1.78 £ 0.01 2.08 +0.03 2.14 £ 0.04
100 g/L 6.83 £ 0.4 8.65+0.02 8.92+0.2
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Fig. 4 Glucose release and — 80
hydrolysis efficiency after 48 h of &
enzymatic hydrolysis of PDCL. k] £ -
Solid loading, 100 g/L; protein -% 60 E 9
loadings (7. harzianum), 7.5 mg/g E - Jﬁ; /
cellulose and 20 mg/g cellulose 5 404 E 9 7 ’p_; %
with and without BSA and PEG o5 - o5
4000 addition in a 1:1 ratio (ww) 7 ‘ E/ = / » = /
between enzymatic cocktail o 204 i 4 ! o5 % o5 4 Ta %
protein and additive 2 s / =23 / o / =) /
s (270 20 720 7
S : . L = :
& L =B =7 =VA -V
7.5 mg protein/| 20 mg protein/ | 7.5 mg protein/| 20 mg protein/
g cellulose g cellulose g cellulose g cellulose
Glucose (g/L) EH yield (%)

= Cocktail zCocktail + BSA mCocktail + PEG 4000

cocktail, and solid and protein loadings. Delignification process is extremely relevant
for enhancing glucose release and better results for hydrolysis efficiency of PDCL
were achieved when cocktails of the filamentous fungus 7. harzianum and
P funiculosum were used. Increases in solid loading promoted higher synergism
degrees among the cellulolytic enzymes and the additives; nevertheless, depending
on the enzymatic cocktail protein loading and PEG and BSA concentration, these
supplements may not contribute to increase hydrolysis yields.
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