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h i g h l i g h t s

� Water-soluble extractives from wheat straw enhance enzymatic cellulose hydrolysis.
� Promotional effect from unpurified extract, no additional processing required.
� Possibly positive effect on enzyme deactivation and cellulose accessibility.
� Up to 85% relative increase in digestibility of organosolv pretreated pulp.
� Promotional effect caused by components larger than 1 kD, possibly proteins.
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a b s t r a c t

Enzymatic cellulose hydrolysis of pretreated wheat straw pulp to glucose is enhanced when the hydrol-
ysis is performed in the presence of an aqueous extract of the wheat straw. A relative digestibility
increase of about 10% has been observed for organosolv, alkaline and dilute acid pretreated wheat straw
pulp (enzyme dose 2.5 FPU/g pulp). At lower enzyme doses, the extract effect increases leading to an
enzyme dose reduction of 40% to obtain a glucose yield of 75% within 48 h using organosolv wheat straw
pulp. Possibly, cellulase deactivation by irreversible binding to pulp lignin is reduced by competition with
proteins in the extract. However, since the extract effect has also been demonstrated for lignin-lean sub-
strates, other effects like improved accessibility of the pulp cellulose (amorphogenesis) cannot be
excluded. Overall, this contribution demonstrates the positive effect of biomass extractives on enzymatic
cellulose digestibility, thereby reducing costs for 2G biofuels and bio-based chemicals.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The valorization of lignocellulose into bio-based platform
chemicals and biofuels is one of the most important developments
to meet concerns over global climate change and fossil fuel deple-
tion. Efficient enzymatic conversion of (hemi)cellulose into mono-
meric sugars is one of the major challenges for an economically
feasible lignocellulosic biorefinery (Wyman, 2007; Klein-
Marcuschamer et al., 2012). The highly crystalline fibrillary struc-
ture of the cellulose encased in a matrix of lignin and hemicellulose
renders it resistant to enzymatic depolymerization. Therefore, pre-
treatment of lignocellulosic biomass is required to increase the
accessibility of the cellulose for (hemi)cellulolytic enzymes (Park
et al., 2010; Hall et al., 2010). Lignin removal or redistribution is
one of the most important factors for improving the accessibility,

enhancing the hydrolysis rate and sugar yield (Van Dyk and
Pletschke, 2012; Mansfield et al., 1999).

Residual lignin in pretreated biomass can negatively affect
enzymatic hydrolysis by reducing enzyme activity due to non-
productive binding of enzymes to its surface (Gao et al., 2014;
Varnai et al., 2010; Yang and Pan, 2016). Several possible measures
have been reported for minimizing enzyme deactivation by non-
productive adsorption to lignin including addition of surfactants
such as polyethylene glycol (Kristensen et al., 2007; Borjesson
et al., 2007), Tween 20 (Zheng et al., 2008), Tween 80 (Tu and
Saddler, 2010), metal ions (Akimkulova et al., 2016), and proteins
such as the model protein BSA (Yang and Wyman, 2006; Pan
et al., 2005; Brethauer et al., 2011) or biomass proteins (Han and
Chen, 2007, 2010). Addition of non-hydrolytic proteins may not
only minimize enzyme deactivation, but could possibly also loosen
the highly ordered and tightly packed regions of the cellulose by
amorphogenesis leading to increased access of cellulase enzymes
to the cellulose (Arantes and Saddler, 2010; Han and Chen, 2007;

http://dx.doi.org/10.1016/j.biortech.2017.07.072
0960-8524/� 2017 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: a.t.smit@ecn.nl (A.T. Smit).

Bioresource Technology 243 (2017) 994–999

Contents lists available at ScienceDirect

Bioresource Technology

journal homepage: www.elsevier .com/locate /bior tech

http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2017.07.072&domain=pdf
http://dx.doi.org/10.1016/j.biortech.2017.07.072
mailto:a.t.smit@ecn.nl
http://dx.doi.org/10.1016/j.biortech.2017.07.072
http://www.sciencedirect.com/science/journal/09608524
http://www.elsevier.com/locate/biortech


Coughlan, 1985). Han and Chen (2007) isolated a non-hydrolytic
protein (Zea h) from fresh postharvest corn stover which was
found to increase the cellulose hydrolysis rate and glucose yield
substantially. However, the use of purified proteins is costly, which
might negate the overall net cost savings generated by the lower
enzyme dosage requirements.

In this study, we examined the effect of adding an unpurified
protein-containing aqueous extract of biomass directly to the
enzymatic saccharification of pretreated biomass pulp (Fig. 1).
Extraction prior to pretreatment prevents the degradation of pro-
teins caused by the high severity generally used for pretreatment
of biomass. In this study, we explore whether similar effects as
reported with purified proteins can be obtained with an unpurified
extract in spite of possible inhibiting effects of matrix components
such as salts. This paper focuses on EtOH organosolv, dilute acid
and alkaline pretreatment of wheat straw. For various other com-
binations of herbaceous feedstocks, pretreatment processes and
extracts tested, we refer to Smit and Huijgen (2014) and the Sup-
porting Information.

2. Materials and methods

2.1. Materials

For compositional analysis the following chemicals were used:
H2SO4 from Boom 72% p.a, BaCO3 (Merck, EMSURE� ACS grade),
and the sugar standards glucose (Sigma >99.5%), xylose (Fluka
>98%), mannose, arabinose, galactose and rhamnose monohydrate
(all Fluka, HPLC grade, >99%).

Ethanol 96% v/v was obtained from Nedalco, sodium azide
99.5%, sulfuric acid 98%, sodium hydroxide 98% from Sigma,
sodium acetate trihydrate and glacial acetic acid 100% from Merck,
o-toluidine 99% from Aldrich, Avicel PH-101, thiourea 99% and
sodium chlorite 80% from Sigma-Aldrich and PierceTM BCA protein
assay kit from Thermo Scientific. The commercial enzymemixtures
Accellerase TRIO and 1500 were obtained from DuPont Industrial
Biosciences (Leiden, NL) for (hemi)cellulose hydrolysis. Wheat
straw was grown and harvested in 2013 in The Netherlands.

2.2. Biomass pretreatment

Ambient dry wheat straw was cut using a Retsch SM2000 cutter
mill equipped with a 1 cm sieve. The moisture content of the straw
was determined using a halogen moisture analyzer (Mettler Toledo
HR83, Columbus, OH). 1.5 kg of wheat straw (moisture content

11.5% w/w) was placed in a glass pipe fitted with an 185 mm filter
supported by a glass frit. 2 kg of demineralized water (50 �C) was
added and the sample was heated in a convection oven at 50 �C
for 60 min. The glass pipe was placed in vertical position and dem-
ineralized water (50 �C) was added to the top until 2 parts by
weight of extract was obtained per part of dry weight straw from
the bottom (i.e., 3 kg). A subsample of the extract was concentrated
using a 1 kD Pall Minimate ultrafiltration module. The extract, con-
centrate and filtrate were preserved with sodium azide (0.02% w/v
final concentration) and stored at 4 �C.

Organosolv pretreatment was performed (Table 1) with the wet
extracted straw (moisture content 75.0% w/w) in an autoclave
reactor (20 L Kiloclave, Büchi Glas Uster AG, Switzerland) using
conditions based on earlier work (Wildschut et al., 2013). A mix-
ture of extracted straw, 60% (w/w) aqueous ethanol (taking into
account the straw moisture content) and 24 mM sulfuric acid (liq-
uid/solid ratio of 10 L/kg dry weight extracted straw) was heated to
190 �C and kept isothermal for 60 min while stirring with an
anchor stirrer at 500 rpm. After cooling below 25 �C, the slurry
was measured for pH and filtered over a Whatman GF/D filter.
The solids were first washed with 60% w/w aqueous ethanol (5 L/
kg initial dry weight straw) followed by a wash with water to
remove ethanol from the solids. A subsample was dried at 50 �C
to determine pulp yield, moisture content and composition.
550 g of wet pulp (100 g dry weight) was bleached with 10 g of
sodium chlorite and 6.6 mL glacial acetic acid in 1.5 L of deminer-
alized water at 70 �C while stirring. The pulp was filtered over a
256 mm Whatman GF/D filter and the bleaching step repeated
twice to a total of 3. The bleached pulp was extensively washed
with demineralized water and stored at 4 �C.

Similar to the above mentioned extraction, extraction at smaller
scale was performed on wheat straw cut to <4 mm. The filtrate was
preserved with sodium azide and stored at 4 �C without a concen-
tration step. Smaller scale dilute acid and alkaline pretreatments
with the extracted straw were performed in 125 mL batch reactors
(acid digestion bomb type 4748, SS 316 with Teflon liner, Parr
Instrument Company, Moline, IL) as described in Table 1. 23.3 g
(6 g dry weight) extracted wet straw was mixed with water and
catalyst to a final liquid/solid ratio of 10 L/kg dry weight extracted
straw. The batch reactors were placed in a heating block for
180 min (roughly equals a time on target temperature of 60 min,
see Huijgen et al. (2011)), while being stirred using a magnetic
bar (500 rpm). The solids were recovered by filtration, washed
with water (10 L/kg initial dry weight straw) and stored at 4 �C.
A subsample was dried at 50 �C to determine pulp yield, moisture
content and composition.

Table 1
Substrates: applied pretreatment processes.

Substrate code Pretreatment T (�C) t (min) Solvent Catalyst

OS-190 Organosolv 190 60 60% w/w aqueous ethanol 24 mM H2SO4

DA-140 Dilute acid 140 60 Water 80 mM H2SO4

DA-160 160 60 Water 40 mM H2SO4

DA-180 180 60 Water 20 mM H2SO4

AL-121 Alkaline 121 60 Water 2.5 wt% NaOH

Fig. 1. Schematic representation of the process.
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2.3. Lignocellulose composition analysis

The summative composition of wheat straw and pulps was ana-
lyzed using procedures described in earlier work (Wildschut et al.,
2013). These procedures are modified versions of the NREL stan-
dard biomass analytical procedures (National Renewable Energy
Laboratory (NREL), 2009). In short, the content of lignin, hemicellu-
loses, and cellulose was determined in duplicate by hydrolysis (for
wheat straw, extractives were removed first with two successive
Soxhlet extractions using water and ethanol (NREL/TP-510-
42619)). The sample was milled with a cutting mill and hydrolyzed
in two steps: (1) 12 M (72% w/w) H2SO4 (30 �C, 1 h) and (2) 1.2 M
H2SO4 (100 �C, 3 h). The solid residue was determined gravimetri-
cally and its ash content was measured. The acid-insoluble lignin
(AIL) content was based on the amount of ash-free residue. Finally,
the hydrolysate was analyzed for monomeric sugars using HPAEC-
PAD and acid-soluble lignin (ASL) using UV–VIS absorption. The
elemental composition (C, H, N, and O) of wheat straw was mea-
sured with an elemental analyzer (Carlo Erba Instruments FLA-
SHEA1112, Wigan, UK).

2.4. Enzymatic hydrolysis

Enzymatic hydrolysis was performed at 50 �C for 72 h on a
rotary shaker at 140 rpm with 0.05 M sodium citrate buffer (pH
5.0) and 0.02% w/v sodium azide. 5 g (dry weight) of wet pre-
treated material was added per 50 mL hydrolysis liquid according
to NREL/TP-510-42629. The commercial enzyme mixture Acceller-
ase TRIO (DuPont Industrial Biosciences, Leiden, NL) was used for
(hemi)cellulose hydrolysis. The enzyme activity of the Accellerase
TRIO batch used was 33 FPU/mL and 2103 CMC U/mL, determined
according to Ghose (1987). After 0, 6, 24, 48 and 72 h samples were
taken for colorimetric determination of the glucose concentration
(Yee and Goodwin, 1973). In short, 2 mL of reagent (9% v/v o-
toluidine, 1.5% w/v thiourea in glacial acetic acid) was added to
20 ml of (diluted) sample and heated in a water bath to 90 �C for
8 min. After cooling in tap water for 4 min the absorbance was
measured at 635 nm. Glucose yield is expressed as percentage of
the pulp glucan converted to glucose.

The amount of extract added to the hydrolysis, replacing dem-
ineralized water, was set at the maximum allowed by the feed-
stock used. This maximum was calculated using the formula:
extract dose (g) = (substrate used (g dry weight)/pulp yield (incl.
extraction)) * weight percentage extract obtained per part of the
feedstock.

2.5. Protein assay

Protein concentrations were determined with bicinchoninic
acid as coloring agent using the BCA protein assay kit (see Sec-

tion 2.1). Because the reagent also reacts to some degree with other
extract components, the absorbance of the extract was corrected
for the absorbance of the protein-free extract resulting from the
1 kD ultrafiltration. Protein concentration in the cellulase cocktail
was measured directly.

3. Results and discussion

3.1. Biomass pretreatment

Table 2 shows the composition of the wheat straw used and the
(bleached) pulps obtained from the applied pretreatment pro-
cesses. All the percentages presented in this section are expressed
as % w/w (on dry basis). Protein content of the wheat straw used
was 2.9% determined by N-content � 6.25. Extraction of the wheat
straw prior to organosolv fractionation removed 4.9% of the initial
wheat straw as extractives (including soluble minerals). From the
total amount of proteins present in the wheat straw 21.5% was
removed resulting in a protein concentration in the extract of
2.7 g/l.

Wheat straw fractionation using organosolv pretreatment solu-
bilizes most of the hemicellulose and lignin. As a result, the solid
pulp after fractionation is enriched in cellulose with an increased
accessibility to cellulases. The optimum wheat straw fractionation
conditions using an acid-catalyzed ethanol-based organosolv
(Table 1) were selected from Wildschut et al. (2013). Pre-
extraction and subsequent organosolv pretreatment of wheat
straw resulted in a 95.5% removal of hemicellulose sugars, a delig-
nification of 72.3% and a glucan recovery of 95.4%. Bleaching the
pulp removed 55.8% of the residual lignin in the pulp resulting in
an overall delignification of the wheat straw of 84.5%.

Wheat straw fractionation using dilute acid pretreatment
results in effective hemicellulose removal. Lignin does not dissolve
in the acidic aqueous liquid but its characteristics are altered by
depolymerization, condensation and relocation (Trajano et al.,
2013). Fractionation conditions for the dilute acid pretreatments
were selected to obtain a similar level of wheat straw fractionation
with possible differences in pulp (pseudo-) lignin characteristics. It
was hypothesized that pretreatment at low temperature could
yield a pulp with less-condensed lignin and thus a higher affinity
for cellulase adsorption, possibly enhancing the positive effect of
adding extractives to the enzymatic hydrolysis of the pulp. Extrac-
tion of the wheat straw used for the dilute acid and alkaline pre-
treatment experiments removed 4.6% as extractives. Pulp yield
(including extraction) from the dilute acid pretreatment at
140 �C/80 mM H2SO4, 160 �C/40 mM H2SO4 and 180 �C/20 mM
H2SO4 was 62.1, 62.5 and 63.3% respectively. The selected fraction-
ation conditions resulted in a similar degree of hemicellulose
removal and lignin content of the pulp. The lignin recovery in the
pulp was 109, 115 and 116% for the dilute acid pretreatment at

Table 2
Feedstock and pulp composition.

(% dry weight) Extractivesa Carbohydrates Lignin Ash Sum

Glucan Xylan Arabinan Galactan AIL ASL

Wheat straw 7.8 29.8 ± 2.4 20.6 ± 1.7 2.0 ± 0.2 0.7 ± 0.1 14.4 ± 0.1 1.2 ± 0.0 13.7 ± 0.0 92.6
Pulp OS-190 NAb 59.2 ± 0.9 2.0 ± 0.0 <DTLc <DTL 8.7 ± 0.4 0.3 ± 0.0 23.9 ± 0.0 94.1
Bleached pulp OS-190 NA 64.1 ± 1.3 1.9 ± 0.1 <DTL <DTL 4.1 ± 0.2 0.3 ± 0.0 23.4 ± 0.1 93.8
Pulp DA-140 NA 48.1 ± 0.1 2.7 ± 0.0 0.1 ± 0.2 0.3 ± 0.0 27.2 ± 0.2 0.9 ± 0.0 15.3 ± 0.7 94.0
Pulp DA-160 NA 47.2 ± 0.7 2.4 ± 0.0 <DTL 0.3 ± 0.1 28.6 ± 1.3 1.0 ± 0.0 13.9 ± 0.2 92.2
Pulp DA-180 NA 47.4 ± 0.3 2.5 ± 0.1 <DTL 0.3 ± 0.0 28.5 ± 0.2 1.0 ± 0.0 14.1 ± 1.0 94.0
Pulp AL-121 NA 54.5 ± 0.1 23.1 ± 0.1 2.1 ± 0.1 0.5 ± 0.0 5.9 ± 0.2 0.9 ± 0.0 2.2 ± 0.4 89.3

a H2O and ethanol extractives combined, corrected for soluble ash.
b NA: not applicable.
c <DTL: below detection limit.

996 A.T. Smit, W.J.J. Huijgen / Bioresource Technology 243 (2017) 994–999



140, 160 and 180 �C respectively, suggesting pseudo-lignin
formation.

Alkaline pretreatment solubilizes most of the lignin as well as a
part of the hemicellulose fraction depending on reaction severity
(McIntosh and Vancov, 2011). One set of conditions was selected
without optimizing reaction conditions for optimal pulp digestibil-
ity. The pretreatment resulted in a pulp yield (including extraction)
of 51.7% and a delignification of 77.5%.

3.2. Enzymatic hydrolysis

3.2.1. Wheat straw pulp from ethanol-based organosolv pretreatment
The enzymatic digestibility of pulp obtained from organosolv

pretreatment of wheat straw is presented in Fig. 2. Using an
enzyme dose of 5.0 FPU/g, there is sufficient cellulase activity to
reach full cellulose conversion to glucose within 72 h. A plateau
is observed after 48 h when all the pulp cellulose has been hydro-
lyzed to monomeric glucose. The o-toluidine colorimetric assay
slightly overestimates sugar concentrations as compared to HPLC
sugar analysis (Huijgen et al., 2010) causing the glucose yield to
exceed 100% when all pulp glucan has been converted to glucose.
At lower enzyme doses, there is insufficient enzyme activity to
reach full pulp cellulose conversion within 72 h.

Addition of wheat straw extract as described in Section 2.4
increases the initial hydrolysis rate slightly (enzyme dose
5.0 FPU/g) before reaching a plateau after 48 h. For 2.5 FPU/g,
extract addition resulted in a 10.1% relative increase in glucose
yield after 72 h. The positive effect further increases at lower
enzyme doses up to 84.8% relative increase in glucose yield at
0.5 FPU/g. The reduction in enzyme dose required to reach a speci-
fic glucose yield was determined by plotting the glucose yield after
48 h of incubation against the applied enzyme dose. Addition of the
extract reduces the enzyme dose with 26% to obtain a 90% glucose
yield and with 40% to obtain a 75% glucose yield after 48 h. As dis-
cussed in the introduction, possibly irreversible binding of
enzymes to residual lignin in the pulp leads to deactivation of
these enzymes. Addition of proteins or other components solubi-
lized in the extract would decrease the deactivation by the mech-
anism of competition.

However, addition of the extract was also found to promote
enzymatic hydrolysis when the substrate was further delignified
by bleaching the pulp (Fig. 2) or using Avicel as substrate. In the
latter case, using an enzyme dose of 5.0 FPU/g, a glucose yield of
47.8% increased to 50.4% when the extract was added. Overall, it
seems that decreased enzyme deactivation, enhanced pulp

accessibility by amorphogenesis as described by Arantes and
Saddler (2010) and possibly also other effects play a role.

A series of control experiments was performed to exclude the
possibility that (polymeric) sugars or any cellulase activity was
present in the extract (Table 3). Using an enzyme dose of
1.0 FPU/g, the added extract increases the organosolv pulp glucose
yield with 24.2 absolute percentage points (entry 2 and 5). The
control experiments presented in Table 3 show that the extract
itself does neither contain cellulytic activity nor significant concen-
trations of (polymeric) glucose (entry 3). In addition, no glucose
was detected in the cellulase mixture used (entry 4). Finally, no
glucose was released from the pulp when no cellulase was added
(entry 1).

Subsequently, the extract was filtered over an 1 kD ultrafiltra-
tion membrane. Addition of the filtrate (fraction < 1 kD) resulted
in a negligible extra conversion of organosolv pulp glucan of 0.2%
as compared to an increase of 10.2% absolute (10.1% relative) per-
centage points using a whole extract at an enzyme dose of 2.5 FPU/
g. Therefore, we conclude that the extract effects are the result
from components larger than 1 kD, possibly proteins.

A third set of experiments was performed to assess how the
effect of the extract compares to the effect of bovine serum albu-
min (BSA) addition. Secondly, the extract dose was increased to
determine the maximum promotional effect of wheat straw
extractives on the cellulose digestibility of organosolv pretreated
wheat straw. It is important to note that the extraction of wheat
straw cannot supply enough proteins needed for the studied
increase in extract dose. For example, 5 g of organosolv pulp orig-
inated from 10.4 g of wheat straw (47.9% pretreatment pulp yield
incl. extractions). 20.8 g of extract was obtained from wheat straw
extraction with a protein concentration of 2.7 g/l. Thus, total

Fig. 2. Effect extract on enzymatic digestibility of (bleached) organosolv pulp at different cellulase loadings in FPU/g dry substrate. Data labels at t72 show the relative
increase in glucose yield when extract is added.

Table 3
Control experiments.

Entry Substrate1 Cellulase Extract Glucose yield (%)

1 Yes No No 0.0
2 Yes Yes2 No 48.0
3 Yes No Yes 0.2
4 No Yes3 Yes 0.34

5 Yes Yes2 Yes 72.2

1 Pulp OS-190.
2 1.0 FPU/g.
3 5.0 FPU/g.
4 Glucose concentration converted to theoretical increase in OS-190 glucose

yield.
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protein yield is 56 mg (data label 1.0 in Fig. 3). The extract, concen-
trated over a 1 kD ultrafiltration module, was added to the
(bleached) pulp at different doses expressed in mg protein added
per 5 g of dry pulp. The relative increase in conversion after 48 h
was calculated from the conversion difference between hydrolysis
experiments with and without extract added to the (bleached)
pulp. For comparison, the model protein BSA was added to the
unbleached pulp. As demonstrated by Yang and Wyman (2006),
the addition of BSA enhances enzymatic hydrolysis of cellulose.
In the experiment with wheat straw pulp, it leads to a maximum
conversion increase of 16% at 48 h using 250–500 mg protein at
an enzyme dose of 2.5 FPU/g. Based on the amount of proteins
added, the wheat straw extract shows a stronger promotional
effect than BSA on the enzymatic digestibility of organosolv pulp.
It is unclear whether the proteins differ from BSA in composition
leading to a greater affinity for adsorption to lignin or have a larger
amorphogenetic effect on the substrate. In addition, other non-
protein components larger than 1 kD in the extract could play a
role in both mechanisms. The delignified pulp having the largest
relative conversion increase is partly due to substrate availability
at 48 h. In absolute values, the glucose yield increase is similar
for the extract (0–228 mg protein added) and BSA addition (0–
500 mg protein added), i.e. 80.6–99.9% and 80.6–93.3% respec-
tively. For the bleached pulp, the glucose yield is 62.6% when no
extract is added, increasing to 87.1% when the extract contained
228 mg of wheat straw proteins.

3.2.2. Wheat straw pulp from other pretreatment processes
Development of the organosolv technology towards applying

milder process conditions and different solvents could impact pulp
cellulose enzymatic digestibility. The effect of adding water-
soluble extractives might be influenced by, for example, pulp resid-
ual lignin content and characteristics. Therefore, the promotional
effect of water-soluble extractives on enzymatic hydrolysis of
wheat straw pulp was also demonstrated for other organosolv pro-
cesses, i.e. low-temperature acetone-based organosolv (Smit et al.,
2015) and the acetic acid/formic-acid organosolv process of CIMV
(Snelders et al., 2014). Additional delignification after organosolv
treatment of the CIMV pulp resulted in a pulp with a very low lig-
nin content (Snelders et al., 2014). In spite of this, glucose yield

upon addition of the extract increased from 68 to 78% after 72 h.
For the data we refer to the Supplementary Information.

As examples of non-organosolv pretreatment processes, dilute
acid and alkaline pretreatment was applied on wheat straw. For
the enzymatic hydrolysis of the dilute acid and alkaline pretreated
pulps using an enzyme dose of 2.5 FPU/g, the promotional effect of
the wheat straw extract is comparable to what has been observed
in case of organosolv pulp (Fig. 4). Generally, an increase in pulp
glucan digestibility of about 10% is observed. Different
temperature-acid dose combinations were applied for the dilute
acid pretreatment of wheat straw in order to produce pulp sub-
strates with similar yields, but potentially differing residual
(pseudo-) lignin characteristics (Hu et al., 2013; Rahikainen et al.,
2013). The differences observed in enzymatic digestibility are
rather small, with a glucose yield of 52.0, 57.3 and 57.2% for the
DA-140, DA-160 and DA-180 pulps, respectively. The relative
increase in enzymatic digestibility upon addition of the extract
was 11.0% (DA-140), 8.2% (DA-160) and 6.8% (DA-180). The extract
effects have also been demonstrated for the enzymatic hydrolysis
of alkaline pretreated pulps of which the final glucose yield
increases from 68.8 to 75.1% (relative increase of 9.2%). Although
the relative increase is around 10% for all pretreated pulps at an
enzyme dose of 2.5 FPU/g, the effect is larger for organosolv pulp
at similar levels of pulp glucan conversion. When comparing DA-
140 pulp (glucose yield: 52.0% using 2.5 FPU/g) and organosolv
pulp (glucose yield: 48.0% using 1.0 FPU/g), the relative conversion
increase is 11.0 and 50.6% respectively. The extract effect seems
therefore not directly correlated to the amount of lignin present
in the pulp but rather to depend on residual lignin characteristics
and affinity for cellulase adsorption (Meng et al., 2016).

3.2.3. Pulp from other herbaceous biomass
Assuming proteins play a decisive role in the promotional effect

on cellulose digestibility, the observed phenomenon would not be
limited to wheat straw, but hold for herbaceous biomass in gen-
eral. This was confirmed using rice straw (Smit and Huijgen,
2014) and corn stover. Addition of an aqueous extract from corn
stover to the enzymatic hydrolysis of organosolv pretreated corn
stover (20% w/w consistency) increased glucose yield based on
total pulp weight from 40 to 46% w/w. For the data we refer to
the Supplementary Information.

3.2.4. Extraction conditions
The influence of the extraction temperature on the promotional

effect on enzymatic cellulose digestibility was assessed. A negligi-

Fig. 3. Effect protein and extract addition on enzymatic digestibility after 48 h
using 2.5 FPU/g dry substrate. Data labels show the extract dose where 1.0 is the
maximum that can be obtained from the feedstock (see Section 2.4).

Fig. 4. Effect extract on enzymatic digestibility of organosolv, dilute acid and
alkaline pretreated pulp using 2.5 FPU/g dry substrate.
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ble influence of the extraction temperatures was observed in the
range 25–50 �C. However, the promotional effect declines when
applying an extraction temperature of 75 and 100 �C, which might
be due to protein denaturation given the assumed role of proteins
in the observed promotional effect.

In addition, the use of acid (0.1 M HCl), base (0.1 M Na2CO3) and
salt (0.5 M NaCl) during extraction was explored to extract other
classes of proteins than (only) the water-soluble proteins. The
use of acid, base and salts did neither increase the promotional
effect nor significantly eliminate it. For the data we refer to the
Supplementary Information.

4. Conclusions

Water-soluble extractives from wheat straw can enhance the
enzymatic hydrolysis of wheat straw pulp obtained by organosolv,
dilute acid and alkaline pretreatment. The promotional effect of
using the crude extract without purification has been demon-
strated. The positive effect originates from extract components lar-
ger than 1 kD, supporting the hypothesis that proteins play an
important role. Overall, this contribution demonstrates the posi-
tive effect that aqueous extractives can play on the enzymatic
hydrolysis of pretreated lignocellulose. Thus, the required enzyme
dose can be reduced resulting in lower production costs for 2G bio-
fuels and bio-based chemicals.
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