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Abstract 

Background Pulp refining is an energy consuming, but integral part of paper production with the aim to increase 
tensile strength and smoothness of paper sheets. Commercial enzyme formulations are used to lower the energy 
requirements by pre‑treatment of pulp before refining. However, a high number of different commercial enzyme 
products are available on the market containing enzymes of varying origin and composition, which complicates the 
prediction of their behavior, especially using different pulp types.

Results Endoglucanase‑rich enzyme formulations were characterized regarding enzyme activity at different temper‑
atures, resulting in a significant decrease of activity above 70 °C. Some enzyme preparations additionally contained 
arabinosidase, xylanase and β‑glucosidase activity consequently resulting in a release of xylose and glucose from pulp 
as determined by high‑performance liquid chromatography. Interestingly, one enzyme formulation even showed 
lytic polysaccharide monooxygenase (LPMO) activity of 3.05 nkat  mg−1. A correlation between enzyme activity using 
the endoglucanase specific derivatized cellopentaose (CellG5) substrate and enzyme performance in laboratory PFI 
(Papirindustriens forskningsinstitut) refining trials was observed on softwood pulp resulting in a maximum increase in 
the degree of refining values from 27.7°SR to 32.7°SR. When added to a purified endoglucanase enzyme (31.6°SR), syn‑
ergistic effects were found for cellobiohydrolase II (34.7°SR) or β‑glucosidase enzymes (35.7°SR) in laboratory refining. 
Comparison with previously obtained laboratory refining results on hardwood pulp allowed differences in enzyme 
performance based on varying pulp types to be elucidated.

Conclusions Interestingly, the individual enzymes indeed showed different refining effects on softwood and hard‑
wood pulp. This difference could be predicted after development of an adapted enzyme activity assay by combina‑
tion of the derivatized cellopentaose CellG5 substrate with either softwood or hardwood sulfate pulp.
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Background
The refining of pulp is a crucial step during paper pro-
duction, as it gives paper its defined properties such as 
increased tensile properties and improved smoothness. 
The refining process consists of a mechanical treat-
ment, which generates internal and external fibrillation. 
Internal fibrillation leads to breakage of hydrogen bonds 
between cellulose microfibrils, thus enabling water mol-
ecules to enter the interior of the fibers, causing swelling 
and an increase in fiber flexibility and plasticity, resulting 
in increased fiber bonding. During external fibrillation, 
fibrils are peeled off from the surface, which enhances 
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the tensile strength through mechanical interlocking [1–
3]. However, the refining process is energy-demanding, 
requiring up to 30% of the total energy needed for paper 
production. Therefore, any means to reduce energy con-
sumption are appreciated, considering a total amount of 
412.5 million tons of paper and board products were pro-
duced in 2019, which required a total amount of 94 354 
GWh of electricity [4, 5]. Enzymes like cellulases increas-
ingly came into focus to lower the power consumption by 
pre-treatment of pulp before the refining process, thereby 
allowing the implementation of sustainable production 
systems. Depending on the used enzyme, between 10 and 
40% of energy can be saved, however, the high number of 
different enzyme formulations on the market containing 
enzymes of different origin and composition, makes the 
prediction of the enzyme behavior among various formu-
lations and pulp types difficult and thereby the selection 
of the most efficient enzymes a challenge [6, 7].

Cellulase is an umbrella term for several individual 
enzymes, which in combination synergistically degrade 
cellulose into the main building block glucose. Cellulases 
comprise endoglucanases (EC 3.2.1.4), cellobiohydro-
lases (EC 3.2.1-), β-glucosidases (EC 3.2.1.21) as well as 
oxidative enzymes such as lytic polysaccharide monoox-
ygenases (EC 1.14.99-). Endoglucanases (endo-1–4-β-
glucanases) are cutting cellulose chains randomly and 
internally by hydrolysis of β-1–4 bonds in the amorphous 
region of cellulose. Cellobiohydrolases function as exo-
glucanases and attack the cellulose chain at reducing and 
non-reducing ends, ultimately releasing cellobiose units, 
while β-glucosidases transform cellobiose units released 
by endoglucanases and cellobiohydrolases into glucose 
[8–10].

Endoglucanases are primarily the enzymes used for 
the reduction of energy consumption during the refining 
process. Endoglucanases introduce weak points within 
the cellulose fiber, thereby causing the loosening of the 
entire cellulose structure, which enables water molecules 
to enter and break the hydrogen bond network connect-
ing the fibers [11–14]. However, β-glucosidases may still 
be required to prevent product inhibition of endoglu-
canases and cellobiohydrolases (CBH) through accumu-
lation of cellobiose [15]. The role of cellobiohydrolases in 
pulp refining is still contradictory. For example, a study 
examining the effect of CBH I on pulp refining showed 
no effect on hardwood pulp [16]. Similar observations 
were made in a study investigating the cellobiohydro-
lases CBH I and CBH II, resulting in no effect in refining, 
while the combination of CBH I with endoglucanase EG 
I had similar effects as the treatment with endoglucanase 
alone [17]. However, it was also reported in another 
study that the addition of cellobiohydrolase I can indeed 
lead to energy savings during pulp refining [18]. Lytic 

polysaccharide monooxygenases (LPMOs) are enzymes 
that aid other cellulase enzymes in the degradation of 
cellulose fibers through oxidative action on the tightly 
packed crystalline structure, which is usually recalcitrant 
to enzymatic degradation. Through oxidative cleavage of 
cellulose by these copper containing enzymes, the highly 
ordered crystalline structure is disrupted, becomes less 
ordered and para-crystalline, which improves the acces-
sibility to other enzymes like endoglucanases that act 
mainly in the amorphous region of cellulose [19, 20].

The origin of pulp (e.g., softwood or hardwood spe-
cies) is expected to have a strong influence on the effect 
of enzymes. For example, softwood pulps comprise coni-
fer species such as spruce (Picea abies), while hardwood 
pulps are derived from species like birch (Betula spp.) or 
eucalyptus (e.g., Eucalyptus grandis) [21–23]. However, 
also the pulping process has an effect, which removes 
lignin from wood, thereby enriching the cellulose content 
[24]. Today two different pulping processes are estab-
lished, the sulfate (kraft) and the sulfite process. The sul-
fate process uses sodium hydroxide and sodium sulfide to 
cook the wood chips and is the dominant form because 
of improved tensile properties [25, 26]. The sulfite pro-
cess, on the other hand, utilizes sulfite in the cooking 
liquor such as sodium sulfite or calcium, magnesium, or 
ammonium bisulfite and can be used over a broad pH 
range [27–29].

In our previous studies, endoglucanase activity on deri-
vatized cellopentaose (CellG5) was successfully corre-
lated to enzyme performance in laboratory refining using 
hardwood pulp [30–32]. However, the enzyme behavior 
on other pulp types such as softwood pulp still needs to 
be studied when dosed according to CellG5. In addition, 
considerably less is known about the individual effect of 
different endoglucanases and the necessity of accessory 
enzymes (e.g., arabinosidases, cellobiohydrolases and 
β-glucosidases) in refining, which was further elucidated 
in this study. Finally, an adapted activity assay was devel-
oped and evaluated with the aim to improve the predic-
tion of enzyme behavior in pulp refining by combination 
of the endoglucanase specific derivatized cellopentaose 
substrate (CellG5) with either softwood or hardwood 
pulp.

Materials and methods
Pulps, enzyme formulations and chemicals
Bleached softwood sulfate pulp (approx. 80% spruce, 
20% pine and larch) and bleached hardwood sulfate pulp 
(eucalyptus) as well as commercial enzyme formulations 
(EnzA, EnzB, EnzC) were provided from the Austrian 
pulp and paper industry. Bleached softwood sulfate pulp 
is composed of 6.6% hemicelluloses, while bleached hard-
wood sulfate pulp contains 12.2% hemicelluloses based 
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on 13C NMR. The commercial endoglucanase FiberCare 
R was kindly provided by Novozymes A/S (Bagsværd, 
Denmark). All other chemicals were obtained from 
Sigma-Aldrich (Austria) in HPLC grade if not stated oth-
erwise. The β-glucosidase E-BGLUC from Aspergillus 
niger, the microbial cellobiohydrolase II (E-CBHIIM) as 
well as the CellG5 cellulase and XylX6 xylanase enzyme 
activity assays were obtained from Megazyme (Bray, 
Ireland).

Endoglucanase purification
The endoglucanases EndoA, EndoB and EndoC were 
purified from the enzyme formulations EnzA, EnzB 
and EnzC using a combination of hydrophobic interac-
tion (HIC) and anion exchange chromatography (AEX) 
as described in previous studies [30]. In brief: enzyme 
formulations were suspended in 70 ml binding buffer A 
(10 mM acetate buffer + 1.5 M  (NH4)2SO4 at pH 4.8) and 
applied to the HIC column. Endoglucanases were eluted 
after column washing with buffer A. EndoA was eluted 
by a 30% buffer B (10  mM acetate buffer pH 4.8) step 
followed by a linear gradient of 30–80% B. EndoB was 
obtained by using a 50% B step, followed by a linear gra-
dient from 50 to 100% B and EndoC by a 45% B step, fol-
lowed by a linear gradient of 45%-90% B. Desired enzyme 
fractions were identified by SDS-PAGE, concentrated 
using Vivaflow 50 membranes (Sartorius, Germany) and 
buffer exchanged to anion exchange buffer A (10  mM 
Tris pH 7.5) with PD-10 columns (Cytiva, USA). AEX 
was performed using a HiTrap DEAE FF 5  ml column. 
A total sample volume of 25 ml was applied, and elution 
started after a column wash with buffer A. EndoA and 
EndoB were eluted with a 0–7% buffer B (10 mM Tris pH 
7.5 + 1  M NaCl) and EndoC using a 0–1.5% B gradient. 
Desired fractions were concentrated after SDS-PAGE 
using Vivaspin 20 centrifugal concentrators (Sartorius, 
Germany) and buffer exchanged to 50 mM citrate buffer 
(pH 4.8) with PD-10 columns (Cytiva, USA).

Laboratory refining trials using softwood and hardwood 
pulp
Laboratory refining experiments were conducted using 
130  g dry softwood or hardwood sulfate pulp. Pulps 
were pre-soaked overnight and disintegrated for 10 min. 
Enzyme treatment was conducted using a 4% w/w pulp 
concentration in 50% tap water + 50% deionized water 
(adjusted to pH 7) at 45 °C for 30 min under continuous 
agitation and stopped through addition of 30% hydrogen 
peroxide. Enzyme treatment using enzyme formulations 
and pure endoglucanases was performed at an enzyme 
dosage of 5.06 nkat according to the Megazyme CellG5 
activity assay. For the study of enzyme synergisms, cel-
lobiohydrolase II from Megazyme was added at a dosage 

of 0.17 nkat, while β-glucosidase from Megazyme was 
added using a dosage of 16.7 nkat. Refining experiments 
were subsequently performed utilizing a PFI (Papirindus-
triens forskningsinstitut) laboratory mill type Mark IV 
(Hamjern Maskin AS, Norway) at 4000 and 6000 revolu-
tions according to ISO 5264–2:2011. The achieved degree 
of refining was determined using the Schopper–Riegler 
method (ISO 5267–1:1999). Handsheets were formed 
using a RK4-KWT sheet former from Frank PTI (Aus-
tria) according to Rapid–Köthen (ISO 5269–2:2004). The 
tensile strength of the paper sheets was evaluated accord-
ing to ISO 1924–2:2008 and air permeability Bendtsen 
according to ISO 5636–3:2013 after conditioning the 
samples for at least 24 h in a climate room at 23 °C and 
50% relative humidity. A total number of 13–15 paper 
samples were tested. Tensile index values are available 
in Additional file 1: Fig. S1. Error bars indicate the meas-
ured standard deviation.

Enzyme activity assays
Endoglucanase activity on derivatized cellopentaose (CellG5)
Endoglucanase activity was measured at 45  °C, 55  °C 
and 70  °C. For this purpose, the endoglucanase spe-
cific CellG5 assay from Megazyme (Bray, Ireland) 
was used. The CellG5 substrate comprised 4,6-O-(3-
ketobutylidene)-4-nitrophenyl-β-D-cellopentaoside 
(BPNPG5) and a thermostable β-glucosidase. The assay 
was conducted similarly as described in [33]. A volume 
of 100  µl CellG5 substrate was placed in a 15-ml glass 
tube. Enzymes were diluted in 50 mM citrate buffer (pH 
4.8) or 50% tap water + 50% deionized water (adjusted to 
pH 7) and 100 µl of diluted enzyme solution was added 
after equilibration of the glass tube at the respective tem-
perature. The glass tube was subsequently incubated for 
10 min. The enzyme reaction was stopped using 3 ml of 
2% Tris solution (pH 10). The reaction mixture was then 
transferred to 3  ml cuvettes and the absorbance meas-
ured at 400  nm using a Hitachi U2900 spectrophotom-
eter (Chiyoda, Japan). Enzyme activity was calculated in 
nkat  ml−1. Measurements were performed in duplicates 
and error bars indicate the measured standard deviation.

β‑Glucosidase activity
ß-Glucosidase activity was determined at 45  °C, 55  °C 
and 70  °C using the substrate 4-nitrophenyl β-d-
glucopyranoside (Sigma-Aldrich, Austria) similar as 
described in [34]. Therefore, a 2  mM 4-nitrophenyl 
β-D-glucopyranoside substrate solution was prepared. 
Enzymes were diluted in 50  mM citrate buffer (pH 4.8) 
and a volume of 50  µl was added to 200  µl of substrate 
solution in 15-ml glass tubes, which were equilibrated in 
a water bath at the respective temperature before enzyme 
addition. The enzyme reactions were stopped after 0, 10, 
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20, 30, 40, 50 and 60  min using 500  µl of methanol. A 
volume of 750  µl of 500  mM  NaPO4 buffer (pH 7) was 
added for colorization and 200  µl were transferred into 
a 96-well plate. The absorbance was measured at 410 nm 
using an Infinite M200 Pro plate reader (Tecan, Switzer-
land). Enzyme activity was calculated in nkat  ml−1. Meas-
urements were performed in duplicates and error bars 
indicate the standard deviation.

Filter paper cellulase activity (FPU)
The cellulase activity using Whatman No. 1 filter paper 
was determined according to the standard procedure of 
the International Union of Pure and Applied Chemis-
try (IUPAC) with minor modifications [35]. Therefore, 
7.5  cm × 0.75  mm strips of filter paper were prepared 
and suspended in 800 µl citrate buffer (50 mM, pH 4.8) 
using 15-ml glass tubes. The glass tubes were equili-
brated at the respective temperature and a volume of 
200 µl enzyme solution was added. The enzyme reaction 
was stopped by addition of 1000 µl 1 M NaOH after 0, 5, 
10, 20, 40 and 60 min. For colorization, 1000 µl of DNS 
(3,5-dinitrosalicylic acid) solution was added and the 
glass tubes were boiled in a boiling water bath for 5 min. 
A volume of 200  µl was then transferred to a 96-well 
plate and the absorbance was measured at 540 nm using 
an Infinite M200 Pro plate reader (Tecan, Switzerland). 
Measurements were performed in duplicates and enzyme 
activity was calculated in nkat  ml−1. Error bars indicate 
the standard deviation.

Xylanase activity
Xylanase activity was determined using the xylanase-
specific XylX6 activity assay from Megazyme (Bray, Ire-
land) similar to that described in [36]. Therefore, the 
XylX6 substrate was used, which comprised 4,6-O- (3-
ketobutylidene)-4-nitrophenyl-β-D-45-glucosyl-
xylopentaoside and a β-xylosidase. The sample was 
diluted in 50 mM citrate buffer (pH 4.8) and 50 µl diluted 
enzyme solution was added to 50 µl of XylX6 substrate in 
a 15-ml glass tube. The reaction was incubated for 10 min 
at 45 °C in a water bath and stopped by addition of 1.5 ml 
of 2% Tris solution (pH 10). The solution was then trans-
ferred to 3-ml cuvettes and the absorbance measured at 
400  nm using a Hitachi U2900 photometer (Chiyoda, 
Japan). Measurements were performed in duplicates and 
enzyme activity was calculated in nkat  ml−1. Error bars 
indicate the standard deviation.

Arabinosidase activity
Arabinosidase activity was determined using 
4-nitrophenyl-α-L arabinopyranoside as substrate simi-
lar as described in [37], but with some modifications. 
Therefore, a 2 mM 4-nitrophenyl-α-L arabinopyranoside 

substrate solution was prepared in 50 mM citrate buffer 
(pH 4.8) or 50% tap water + 50% deionized water at pH 7 
(refining conditions). A volume of 200 µl substrate solu-
tion was placed in 15-ml glass tubes and equilibrated at 
45 °C in a water bath. The enzyme reaction was started by 
addition of 50 µl of diluted enzyme solution and stopped 
after 0, 5, 10, 20, 40 and 60  min by addition of 500  µl 
methanol. For colorization, 750  µl of 500  mM  NaPO4 
buffer (pH 7) was added and 200 µl were transferred into 
a 96-well plate. Absorbance was measured at 410  nm 
using an Infinite M200 Pro plate reader (Tecan, Switzer-
land). Measurements were performed in duplicates and 
the enzyme activity was subsequently calculated in nkat 
 ml−1.

Lytic polysaccharide monooxygenase (LPMO) activity
The activity of lytic polysaccharide monooxygenases 
was determined using a 10  mM 2,6-dimethoxyphe-
nol substrate solution similar to that described in [38]. 
Therefore, a volume of 1720 µl of 50% tap water and 50% 
deionized water (adjusted to pH 7) was placed in a 3-ml 
cuvette and 200  µl of 2,6-dimethoxyphenol substrate 
solution was added. The cuvette was incubated at 45  °C 
for 15 min after addition of 40 µl of 5 mM  H2O2 solution. 
Enzymes were diluted in 50% tap water + 50% deionized 
water (adjusted to pH 7) and the reaction was started by 
addition of 40 µl of enzyme solution. A blank with 50% 
tap water and 50% deionized water (pH 7) instead of 
enzyme solution was measured along with all samples. 
The absorbance at 469 nm was recorded using a Hitachi 
U2900 spectrophotometer (Chiyoda, Japan) for 300 s and 
the enzyme activity was calculated from the recorded 
slope using the extinction coefficient of the produced 
product coerulignone (53.200  M−1  cm−1). Measurements 
were performed in duplicates.

Cellobiohydrolase II activity
Cellobiohydrolase II activity was measured using a 2 mM 
1,4-β-D-cellopentaitol substrate solution. A volume of 
200 µl substrate solution was placed in a 15-ml glass tube 
and equilibrated at 45 °C in a water bath. Enzymes were 
diluted in 50% tap water + 50% deionized water (adjusted 
to pH 7) and a volume of 50 µl was added to the glass tube 
to start the enzyme reaction. The reaction was stopped 
after 0, 10, 20, 40 and 60 min by addition of 250 µl 1 M 
NaOH. For colorization, 250  µl of DNS (3,5-dinitrosali-
cylic acid) solution was added and the glass tube boiled 
in a boiling water bath for 5 min. A volume of 200 µl was 
transferred to a 96-well plate and the absorbance was 
measured at 540  nm using an Infinite M200 Pro plate 
reader (Tecan, Switzerland). Measurements were per-
formed in duplicates and the enzyme activity was calcu-
lated in nkat  ml−1.
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Activity assay after adsorption of derivatized cellopentaose 
(CellG5) on pulp
Endoglucanase activity was measured using the endo-
glucanase specific activity assay CellG5 from Mega-
zyme, which is based on derivatized cellopentaose [33]. 
To test if this substrate can also be used in combination 
with pulp to consider potential sorption effects, a vol-
ume of 100 µl of CellG5 substrate was mixed with 5 mg 
of hardwood or softwood pulp in 15-ml glass tubes and 
incubated for 15  min. The CellG5 substrate was subse-
quently removed, and the pulps were washed 3 × with 
MQ water. After suspension of the pulps in 100  µl 50% 
tap water + 50% deionized water (pH 7), the glass tubes 
were equilibrated in a water bath at 45 °C and a volume 
of 100 µL diluted enzyme solution was added to start the 
enzyme reaction. The reaction was conducted for 10 min 
and stopped by addition of 3  ml of Tris solution (pH 
10). The solution was then transferred to 3-ml cuvettes 
and the absorbance measured at 400 nm using a Hitachi 
U2900 spectrophotometer (Chiyoda, Japan). Enzyme 
activity was calculated in nkat  ml−1. Measurements 
were performed in duplicates and error bars indicate the 
standard deviation.

HPLC analysis of sugar release
An amount of 50  mg of hardwood or softwood sulfate 
pulp was incubated with enzyme formulations at a dosage 
of 166.7 nkat for 48 h in 1250 µl of 50 mM citrate buffer 
(pH 4.8). For the study of the synergistic effect of cellobi-
ohydrolase II, a CBH II activity of 0.83 nkat was added to 
0.83 nkat of EndoC endoglucanase activity and the reac-
tion subsequently incubated for 4 h in 1250 µl of 50 mM 
citrate buffer (pH 4.8). The supernatant was removed 
and diluted 1:10 with MQ water after inactivation of 
the enzyme reaction by incubation at 99  °C for 5  min 
on a thermomixer. Proteins and lipids were removed by 
Carrez precipitation. Therefore, 20  µl of 2% potassium 
hexacyanoferrate(II) trihydrate solution and 20 µl of 2% 
zinc sulfate heptahydrate solution was added and the 
samples were centrifuged for 30 min at 12,500 rpm using 
a Eppendorf 5427 R centrifuge equipped with an FA-45–
48-11 rotor (Hamburg, Germany). Afterwards, the super-
natant was filtrated through a 0.45-µm filter into glass 
vials, which were subsequently applied to an Agilent 
1260 Infinity LC system (Santa Clara, USA), equipped 
with an ICSep ION-300 (Transgenomic Inc) column 
and a refraction index detector. HPLC analysis was per-
formed for 45 min at a flow rate of 0.325 ml  min−1 using 
0.01  M  H2SO4 as the mobile phase at a temperature of 
45  °C. Glucose and xylose standards ranging between 
0–0.96  mg   ml−1 were measured along with the samples 
for calculation of the sample concentration in mg  ml−1. 

Measurements were performed in duplicates and error 
bars indicate the standard deviation.

Scanning electron microscopy of refined sample sheets
Formed paper handsheets were analyzed using scanning 
electron microscopy (SEM) after laboratory refining. 
Therefore, small pieces were cut-off and sputter coated 
with 1 nm platinum using the Leica EM ACE 200 sputter 
coater (Wetzlar, Germany). Sputter-coated samples were 
subsequently visualized using the Hitachi 3030 scanning 
electron microscope (Chiyoda, Japan) at 1000 × magni-
fication. SEM pictures of refined handsheets after 4000 
and 6000 revolutions are shown in Additional file 1: Figs. 
S2–S5.

Determination of protein content
Protein content was determined by measuring the 
absorbance at 280  nm using the NanoDrop NP80 
(Implen, Germany). A volume of 2  µl of 50  mM citrate 
buffer (pH 4.8) was used as a blank, after which the sam-
ples were measured in duplicates. For the calculation 
of the protein concentration in mg  ml−1, the extinction 
coefficient of BSA was used: 44.289  [M−1*cm−1].

Results and discussion
Enzyme activity of enzyme formulations
A high number of different commercial enzyme formu-
lations is available on the market while knowledge about 
individual enzyme activities is essential for their correct 
dosing in refining. This is achieving the desired effect 
(e.g., energy savings) while, on the other hand, avoiding 
fiber damage due to excessive hydrolysis. For pulp refin-
ing, endoglucanase activity is of major importance, as 
these enzymes are responsible for reduction of energy 
consumption [30]. Endoglucanase activity on the endo-
glucanase-specific derivatized cellopentaose substrate 
CellG5 showed a high variation between the commer-
cial enzyme formulations (Fig.  1a). The highest activ-
ity at 45 °C was determined for FiberCare R (13.08 nkat 
 mg−1), which is reasonable, considering it is marketed 
as an endoglucanase only formulation. EnzC showed 
a slightly lower activity at 45  °C, while both EnzA and 
EnzB, exhibited the lowest activities on derivatized cel-
lopentaose (CellG5). Endoglucanase activity increased at 
55 °C for most enzyme formulations (except EnzB), while 
at 70  °C enzyme activities decreased considerably (low-
est for EnzA: 0.52 nkat  mg−1). However, for Fiber Care 
R, this decrease was only minor, which suggests a high 
temperature stability for this enzyme, while activity of 
EnzC decreased to a large extent (Fig. 1a). Similar behav-
ior is known for cellulases such as EGI of Trichoderma 
reesei, which exhibits only a short half-life above 50  °C. 
On the other hand, endoglucanases of organisms like 



Page 6 of 15Nagl et al. Energy, Sustainability and Society           (2023) 13:19 

Thermoascus aurantiacus exhibit high thermostability 
even at 70  °C and above [39–41].β-Glucosidase activity 
was highest for the EnzC formulation (1.08 nkat  mg−1) 
at 45  °C (Fig.  1b), while the lowest activity was deter-
mined for EnzB (0.21 nkat  mg−1). β-Glucosidase activity 
increased at 55° for most formulations, with EnzC having 
more than a two times higher activity (2.47 nkat  mg−1). 
At 70  °C, the β-glucosidase activity of EnzA decreased, 
while that of EnzC resulted in the highest measured value 
(3.43 nkat  mg−1). Therefore, more cello-oligosaccharides 
released from endoglucanases would be hydrolyzed to 
glucose at higher temperatures, which is not desired in 
refining since it potentially requires extensive wastewater 
treatments. On the other hand, high β-glucosidase activ-
ity could enhance endoglucanase performance by pre-
venting product inhibition through processing released 
cellobiose units into glucose [31, 42].

The filter paper activity assay is a common determi-
nation method for cellulase activity and was therefore 
previously used for dosage in pulp refining or recycling 
processes [11, 43]. Interestingly, the highest activity was 
measured for FiberCare R, as this assay is also influenced 
by synergistic action in conjunction with β-glucosidases, 
which are only present in neglectable amounts in this 
formulation (Fig.  1c). EnzC and EnzB exhibited similar 
activity at 45 °C on filter paper (1.56 and 1.31 nkat  mg−1, 
respectively) and EnzA the lowest effect. However, the 
activity of EnzC increased considerably at 70 °C, despite 

of having only a slightly higher endoglucanase activity, 
which suggests the increase is mainly related to the ele-
vated β-glucosidase activity (Fig. 1b). This is also appar-
ent for 70  °C, with EnzC still showing a high activity. 
This synergistic nature of the filter paper assay compli-
cates prediction of processes that require only endoglu-
canase activity like pulp refining. Inaccuracies of the filter 
paper assay through varying amounts of β-glucosidases 
were previously reported with the recommendation to 
add additional β-glucosidases for complete conversion 
to glucose. However, the addition of β-glucosidases also 
influences the activity of endoglucanases by causing a 
synergistic effect [15, 44, 45]. Comparison of the filter 
paper assay with determined endoglucanase activity also 
confirms the synergistic nature of the filter paper assay 
caused by additional enzymes as the activity of EnzB was 
much higher on filter paper possibly through contribu-
tion of xylanases and ß-glucosidases (Fig. 1a vs. c).

Moreover, the xylanase activity is of interest as xyla-
nases have shown to also increase pulp refining perfor-
mance [46, 47]. The highest xylanase activity using the 
xylanase-specific XylX6 activity assay was by far found 
for EnzB at 45 °C (45.06 nkat  mg−1), the lowest for EnzA 
with a value of 1.69 nkat  mg−1 (Fig.  1d). Interestingly, 
xylanase activity decreased considerably at 55  °C for 
all enzyme formulations with EnzB showing the high-
est activity (10.04 nkat  mg−1). At 70  °C, xylanase activ-
ity decreased even further with EnzA having the highest 

Fig. 1 Endoglucanase, β‑glucosidase, filter paper as well as xylanase activity in nkat  mg−1 of commercial enzyme formulations EnzA, EnzB, EnzC 
and the commercial endoglucanase formulation FiberCare R at 45 °C, 55 °C and 70 °C using 50 mM citrate buffer (pH 4.8). Statistical significance was 
tested using a single factor ANOVA test with a significance level of 0.05 (significantly different results are indicated by the letter s, not significantly 
different results by the letter n)
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residual activity (0.42 nkat  mg−1). Therefore, the xylanase 
enzymes in the enzyme formulations exhibit almost no 
activity at higher temperatures, which needs to be con-
sidered in the selection of enzyme formulations for pulp 
refining.

Additional enzymes that could be present in complex 
formulations are arabinosidases which are able to liberate 
arabinose from side groups of xylans [48, 49]. The highest 
arabinosidase activity using 4-nitrophenyl-⍺-L arabino-
pyranoside was measured for EnzC (0.12 nkat  mg−1), the 
lowest for EnzA (0.017 nkat  mg−1) in citrate buffer pH 
4.8 (Table 1). The activity was lower under refining con-
ditions (50% tap water + 50% deionized water pH 7) for 
most enzyme formulations and a different pattern could 
be observed, with EnzA being the enzyme with the high-
est activity (0.019 nkat  mg−1) and EnzB with the lowest 
(0.0061 nkat  mg−1). It was reported that some hemicel-
lulases such as the xylosidase Dictyoglomus thermophi-
lum have an arabinosidase side activity, while a GH43 
⍺-L-arabinofuranosidase showed activity towards ara-
binopyranoside as well as arabinofuranoside. However, 
also an individual GH27 family arabinosidase enzyme 
was isolated from the bacteria Streptomyces avermitilis 
exhibiting high activity on arabinopyranoside, which was 
able to hydrolyse arabinogalactan that is present in plants 
such as coniferous woods [37, 50, 51].

The presence of enzymes such as arabinosidases could 
explain differences between the effects of enzyme formu-
lations in pulp refining, as these enzymes could improve 
accessibility for endoglucanases through synergistic deg-
radation of xylans in conjunction with xylanases. Moreo-
ver, it was also described, that the presence of arabinosyl 
residues is impairing adsorption of xlyan to cellulose and 
therefore, the reduction of xylan substitutions is increas-
ing pulp strength through improvement of xylan–cel-
lulose interaction via rearrangement of the connecting 
hydrogen bond network [52–54].

In addition, the activity of lytic polysaccharide 
monooxygenases (LPMOs) was determined. These 
enzymes were until now mainly associated with lignocel-
lulose degradation, during which they oxidatively cleave 
glycosidic bonds of cellulose and act as auxiliary enzymes 
to cellulases [55]. Thereby, the presence of such enzymes 

in enzyme formulations could enhance or decrease the 
refining performance. Indeed, no lytic polysaccharide 
monooxygenase activity was measured for most enzyme 
formulations and endoglucanases, however, an LPMO 
activity of 3.05 nkat  mg−1 was determined for EnzC. 
LPMOs assist cellulases by disrupting the crystalline cel-
lulose packaging, which results in the transformation of 
these areas into less-ordered or para-crystalline regions 
that are better accessible to enzymatic treatment. The 
presence of LPMOs could therefore be beneficial for pulp 
refining, as a higher susceptibility of LPMO-treated cel-
lulose fibers to mechanical treatment was reported in a 
previous study [19].

Laboratory refining of enzyme formulations on softwood 
sulfate pulp
In contrast to hardwood pulp, there is only little known 
about the effect of individual enzymes in refining of 
softwood pulp, especially when dosed according to 
derivatized cellopentaose (CellG5). Nevertheless, more 
information would be important considering that soft-
wood pulps have different characteristics such as varying 
types and amounts of hemicelluloses [6, 56]. Laboratory 
PFI refining trials on softwood sulfate pulp were there-
fore conducted to elucidate differences compared to 
refining on hardwood pulp. One of the major properties 
for the assessment of the outcome of the refining process 
is the drainability of pulp, which is characterized by the 
Schopper–Riegler degree (°SR). The Schopper–Riegler 
degree is expected to increase during refining due to the 
increased fiber bonding. Laboratory refining was per-
formed at two different intensities, 4000 and 6000 PFI 
revolutions, while the highest effect was observed using 
6000 PFI revolutions.

At 6000 PFI revolutions, the reference without enzyme 
addition resulted in a degree of refining value of 27.7°SR. 
Indeed, enzyme addition increased the degree of refining, 
with EnzC achieving the highest effect (32.7°SR), followed 
by FiberCare R (31.2°SR), although to an already much 
lower extent. Thereby, a lower amount of refiner revo-
lutions is required to reach a certain degree of refining 
using these two enzymes, which corresponds to a lower 
energy consumption. However, the enzyme formulations 

Table 1 Arabinosidase activity of enzyme formulations EnzA, EnzB, EnzC and the commercial endoglucanase formulation FiberCare R 
at pH 4.8 (50 mM citrate buffer) and pH 7 (50% tap water + 50% deionized water)

Enzyme Activity [nkat  mg−1]
50 mM citrate buffer pH 4.8

Standard deviation
50 mM citrate buffer pH 4.8

Activity [nkat  mg−1]
water pH 7

Standard deviation
water pH 7

EnzA 0.017 0.0014 0.019 0.0022

EnzB 0.031 0.00095 0.0061 0.000020

EnzC 0.12 0.0052 0.0093 0.00041

FiberCare R 0.00016 0.00041 – 0.00010
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EnzB (29.9°SR) and EnzA (27.2°SR) showed no, or only 
minor improvement compared to the reference, which 
emphasizes the need for more accurate prediction meth-
ods (Fig. 2a).

EnzC is also the only enzyme formulation with LPMO 
activity; therefore, these enzymes could explain the high 
refining performance of this formulation. Another prop-
erty for the characterization of refined paper sheets is 
the air permeability. The air permeability is expected to 
decrease during pulp refining as the sheet density and 
compactness is increased through enhanced fiber bond-
ing, which limits air flow [57, 58]. EnzC and FiberCare 
R decreased the measured air permeability the most 
by showing a value of 222  ml   min−1 and 254  ml   min−1 
(Fig.  2b), respectively, while the reference achieved a 
value of 262 ml  min−1. This in accordance with the meas-
ured degree of refining value after 6000 revolutions, how-
ever, for EnzB (284 ml  min−1) and EnzA (351 ml  min−1), 
the obtained values were even higher than the reference 
(262  ml   min−1). This suggests a negative impact by the 
enzymes present in these formulations, possibly through 
disruption and degradation of the cellulose structure, 
which decreases paper density.

Interestingly, the comparison with reported data on 
laboratory refining of hardwood sulfate pulp revealed 
differences in enzyme behavior between both pulps 
(Fig.  2e.). It is apparent that EnzC performed most effi-
cient on both pulps, followed by FiberCare R, although 
the latter was already much less effective on softwood 
pulp. Moreover, EnzA and EnzB, which exhibited a minor 
effect on hardwood pulp, were almost not effective at all 
on softwood pulp [30]. The air permeability according 
to Bendtsen decreased significantly as well for most of 
the enzyme formulations on hardwood pulp with EnzC 
exhibiting the lowest value (149 ml  min−1) and EnzA the 
highest (213  ml   min−1). However, all enzyme formula-
tions achieved a better result than the reference on hard-
wood pulp, which was not the case for softwood pulp 
for EnzA and EnzB (Fig.  2b). This emphasizes the need 
for prediction methods that can project the diverging 
enzyme behavior on different pulp types.

Differences in enzymatic behavior between pulp types 
can also be related to varying content of hemicelluloses or 
lignin. Indeed, used bleached hardwood sulfate pulp con-
tains a higher fraction of hemicelluloses (12.2%), while 
bleached softwood sulfate pulp only exhibits 6.6%. Usu-
ally, a higher content of hemicelluloses corresponds to 
lower enzyme activity of cellulases because of inhibitory 
effects. However, despite hardwood pulp having a higher 
hemicellulose content, the increase in degree of refining 
and pulp density was higher on hardwood pulp compared 
to softwood pulp, therefore, varying hemicellulose con-
tent cannot explain the differences in enzymatic behavior 

for pulp refining. For example, the EnzB enzyme formu-
lation exhibited the highest xylanase activity, but could 
not achieve a higher refining performance on softwood 
pulp. This could be explained by excessive degradation of 
hemicelluloses. This is supported by a study investigating 
the effect of xylanases on refining, which concluded that 
the best paper properties are obtained by xylanases caus-
ing the smallest decrease in hemicellulose content [46].

Another factor that can inhibit enzyme activity is the 
lignin content, which is usually higher for softwood 
plants compared to hardwood plants [59–61]. How-
ever, for bleached pulp, residual lignin is only present 
at neglectable levels, as any remaining lignin from the 
pulping process is almost completely removed by the 
pulp bleaching process. For example, bleached softwood 
sulfate pulp only contains a maximum lignin fraction of 
0.30%, while industrial bleached hardwood eucalyptus 
pulp typically contains 0.27% lignin based on kappa num-
ber of 1.8% [6, 62, 63].

Laboratory refining of pure endoglucanases and possible 
enzyme synergisms
The refining effect of the purified endoglucanases EndoA, 
EndoB and EndoC was studied on softwood pulp to 
potentially identify the contribution of other enzymes 
present in the complex formulations that can limit refin-
ing performance (Fig.  2c). The purified endoglucanase 
EndoC reached the highest effect in terms of the degree 
of refining after 6000 revolutions with a value of 33.7°SR 
(Fig.  2b), while the endoglucanases EndoA (28.2°SR) 
and EndoB (29.0°SR) showed almost no improvement 
when compared to the reference without enzyme addi-
tion (27.7°SR), which is in accordance with their respec-
tive enzyme formulations. The obtained results are also 
in line with the prediction of enzyme behavior using car-
bohydrate binding modules, which were used to moni-
tor changes in amorphous and crystalline regions upon 
enzyme treatment, resulting in EndoC and FiberCare R 
being the most effective enzymes on softwood pulp fibers 
[32]. However, the enzyme formulation EnzC achieved a 
higher degree of refining than its purified endoglucanase 
EndoC (32.7 vs. 31.6°SR after 6000 revolutions), which 
might be related to the presence of rather high xylanase 
(1.72 nkat  mg−1), arabinosidase (0.0096 nkat  mg−1) or 
LPMO activity (3,05 nkat  mg−1) in this formulation. The 
purified endoglucanases resulted in a decrease of the air 
permeability on softwood pulp as well for some enzymes 
(Fig.  2d). The air permeability was least affected by 
EndoA and EndoB (both: 288 ml   min−1), which showed 
no significant difference to the reference. However, using 
the endoglucanase EndoC yielded the highest effect 
(191 ml   min−1). This suggests the formation of a higher 
paper density by EndoC, nonetheless a lower tensile 
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Fig. 2 Laboratory refining data examining commercial enzyme formulations as well as enzyme synergisms using endoglucanase, β‑glucosidase 
and cellobiohydrolase II enzymes after 4000 and 6000 PFI refiner revolutions. a–d Show the results of the degree of refining and air permeability 
Bendtsen measurements of the complex enzyme formulations EnzA, EnzB, EnzC and the commercial endoglucanase FiberCare R on softwood 
pulp. In addition, the pure endoglucanases EndoA, EndoB, EndoC and synergistic effects through addition of β‑glucosidase and cellobiohydrolase 
II to EndoC were investigated, e–h show the results of the degree of refining and air permeability Bendtsen of enzyme formulations and pure 
endoglucanases on hardwood sulfate pulp. Degree of refining measurements were conducted according to ISO 5267–1:1999 and therefore no 
standard deviation is given. Data of hardwood pulp were modified from [30]. Statistical significance was tested using a single factor ANOVA test 
with a significance level of 0.05 (significantly different results are indicated by the letter s, not significantly different results by the letter n)
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index was achieved when compared to the reference 
(Additional file 1: Fig. S1b).

Comparison of the degree of refining results with 
reported hardwood pulp values (Fig. 2g) showed an even 
higher effect of EndoC on hardwood pulp compared to 
the respective EnzC formulation after 6000 PFI revolu-
tions (45.0 vs. 47.8°SR).

However, on softwood pulp the formulation EnzC 
resulted in a slightly higher degree of refining value than 
its purified endoglucanase EndoC (32.7 vs. 31.6°SR). 
Nevertheless, EndoC still achieved a better refining per-
formance on softwood pulp by decreasing the air perme-
ability value to 187 ml  min−1 compared to 222 ml  min−1 
by EnzC (Fig. 2d). This could be explained by additional 
enzymes such as LPMOs or ß-glucosidases in the com-
plex enzyme formulation EnzC, which work synergisti-
cally in conjunction with endoglucanases, but result in 
the degradation and destabilization of cellulose, a process 
that is not beneficial for paper production. Interestingly, 
the purified endoglucanases EndoA and EndoB increased 
the degree of refining on hardwood pulp, although to a 
much lower extent than FiberCare R and EndoC, how-
ever, on softwood pulp no positive effects were achieved 
by these enzymes. Furthermore, the EndoA endoglu-
canase resulted in a higher degree of refining on hard-
wood pulp than its corresponding enzyme formulation 
EnzA (42.7°SR vs 40.7°SR), which might be related to 
additional enzymes in the formulation as well, thereby 
affecting the drainability of pulp negatively. Indeed, EnzA 
exhibited the highest arabinosidase activity at refining 
conditions, which could have led to degradation of stabi-
lizing xylan in conjunction with xylanases.

For the investigation of synergistic enzyme effects on 
softwood pulp, β-glucosidase or cellobiohydrolase II 
(CBH II) enzymes were added individually to EndoC. 
Indeed, addition of β-glucosidase from Aspergillus niger 
increased the degree of refining value to 35.7°SR when 
compared to treatment with EndoC alone (31.6°SR) after 

6000 PFI revolutions on softwood pulp (Fig. 2c). Similar 
results were achieved after addition of CBH II, leading to 
a degree of refining value of 34.7°SR.

However, treatment with only cellobiohydrolase II 
resulted in no effect and even led to lower the degree of 
refining value (26.4°SR) than the reference (Fig. 2c). This 
confirms the synergistic nature of this enzyme requiring 
endoglucanases to boost refining performance.

A similar observation was made in a previous study, 
showing no effect after CBH II treatment, with even a 
slight decrease in paper strength [17]. The air permeabil-
ity according to Bendtsen was decreased significantly by 
either ß-glucosidase or cellobiohydrolase II addition on 
softwood pulp (Fig. 2d). The highest effect was achieved 
by addition of β-glucosidase to EndoC (132  ml   min−1) 
after 6000 PFI revolutions, suggesting that the paper den-
sity was increased even further compared to the treat-
ment using only EndoC endoglucanase (187  ml   min−1), 
while the addition of CBH II improved the density only 
slightly (141 ml  min−1). Analogous to the degree of refin-
ing, treatment with CBH II alone showed an even higher 
air permeability value (290 ml  min−1) than the reference 
(262  ml   min−1), suggesting a disruption of the cellulose 
structure.

Release of sugars from pulps at high enzyme dosage
Analysis of the sugar concentration at high enzyme dos-
age resulted in high levels of released glucose and xylose 
by most complex enzyme formulations, suggesting the 
degradation of surface layers by the combination of 
endoglucanases, xylanases, and β-glucosidases (Fig.  3). 
The improvement of paper smoothness by partial deg-
radation of the surface layers of the fibers is also one of 
the main advantages of pulp refining. Scanning electron 
microscopy pictures of refined handsheets indeed sug-
gest a higher smoothness of the cellulose fibers through 
fiber shortening (Additional file 1: Fig. S2–S5). However, 
excessive fiber degradation can decrease pulp strength. 

Fig. 3 Glucose and xylose concentrations determined by HPLC in mg  ml−1. Statistical significance was tested using a single factor ANOVA test with 
a significance level of 0.05 (significantly different results are indicated by the letter s, not significantly different results by the letter n)
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Therefore, the selection of the appropriate enzyme mix-
ture is important to avoid excessive fiber degradation, 
which can be assessed through the release of glucose 
and xylose monomers cause by synergistic degrada-
tion of cellulose. [3, 11, 64]. The highest release of glu-
cose was found for EnzC on both pulp types (hardwood: 
2.98 mg  ml−1, softwood: 2.81 mg  ml−1). The commercial 
endoglucanase formulation FiberCare R also released 
low levels of glucose (hardwood: 0.44 mg  ml−1, softwood: 
0.52 mg   ml−1), which might be related to a low level of 
residual β-glucosidase in this formulation. Interestingly, 
the release of glucose was higher on softwood pulp com-
pared to hardwood pulp using a lower enzyme dosage of 
0.83 nkat, as determined in a previous study [32]. This 
suggests a major influence of ß-glucosidases at higher 
enzyme dosages, which usually prevent product inhibi-
tion of endoglucanase enzymes by converting cellobiose 
to glucose [65]. This is beneficial for recycling processes, 
depending on the complete degradation of cellulose to 
glucose, but can be disadvantageous for processes that 
relay mainly on endoglucanases such as pulp refining, 
as a high amount of ß-glucosidases can cause excessive 
degradation of cellulose fibers. This highlights the impor-
tance of correct enzyme dosage and accurate prediction 
methods.

While the glucose release was similar between hard-
wood and softwood pulp at high enzyme dosage, the 
pattern was different for xylose. The highest xylose 
concentration on hardwood pulp was caused by EnzC 
(3.14 mg  ml−1) and EnzB (3.10 mg  ml−1), while the xylose 
concentration was slightly lower after treatment with 
EnzA (2.12 mg  ml−1). As expected, on softwood pulp the 
released xylose concentrations were much lower (highest 
for EnzC: 1.56  mg   ml−1). The lower amount of released 
xylose from softwood can be related to lower xylan con-
tent in this pulp (6.6% compared to 12.2% present in 
hardwood pulp). Generally, hardwood pulp is composed 
of a higher xylan content, although it also depends on 
the used organism und pulping method [66, 67]. The 
high levels of glucose emphasize the need for wastewater 
treatments due to the conversion of cello-oligosaccha-
rides to glucose by β-glucosidases due to machine mal-
functions or wrong dosage during pulp refining. This is 
clearly avoided by formulations containing only endoglu-
canases, but may come with a cost increase as an addi-
tional purification step is required [68].

Interestingly, the high sugar release did correlate to the 
refining performance of EnzC, which showed the highest 
effect as well, however, this was not the case for all the 
other enzymes, as both EnzA and EnzB exhibited poor 
refining performance.

Similarly, FiberCare R with the lowest sugar release 
had a comparably high refining performance as EnzC. 

Therefore, the use of reducing sugar assays is not suitable 
for enzyme dosage in pulp refining. Nonetheless, analy-
sis of the sugar release can give important information 
about synergistic enzyme effects, as glucose and xylose 
are released by the combined action of endoglucanases, 
ß-glucosidases, and xylanases.

The synergistic effect of CBH II was investigated 
through its addition to purified endoglucanase EndoC to 
mimic the conducted laboratory refining trials on soft-
wood pulp. Indeed, treatment with only CBH II resulted 
in a low cellobiose formation (0.025 mg  ml−1). Similarly, 
treatment of softwood pulp using only EndoC resulted in 
a low amount of cellobiose (0.019 mg  ml−1). However, the 
combination of both enzymes synergistically enhanced 
the action of both enzymes, as the release of cellobiose 
from softwood increased considerably to 0.071 mg  ml−1. 
Thereby, the addition of cellobiohydrolases can boost 
the performance of endoglucanases, which might benefit 
industrial refining or saccharification processes. Indeed, 
the refining performance was increased after addition of 
cellobiohydrolase II to EndoC endoglucanase. This syn-
ergistic effect is referred to as exo–endo synergism and it 
is proposed to be based on the action of endoglucanases 
on the cellulose fibers leading to the creation of new free 
ends that can be attacked by cellobiohydrolases [69]. A 
synergism between endoglucanases and cellobiohydro-
lases was reported for the degradation of cotton in the 
case of EG I and CBH II of Trichoderma reesei, resulting 
in an increased release of reducing sugars by combined 
action, which was not observed with individual CBH II 
treatment [70].

Endoglucanase activity assay after adsorption 
of derivatized cellopentaose CellG5 on pulp
Despite the use of the endoglucanase-specific derivat-
ized cellopentaose (CellG5) substrate for enzyme dosage 
in pulp refining, minor differences between the enzyme 
formulations remained, especially if applied on differ-
ent pulp types. Therefore, an adapted activity assay was 
developed by combining the CellG5 substrate with either 
softwood or hardwood pulp through the formation of 
hydrogen bonds between the derivatized cellopenta-
ose substrate and pulp fibers. This could result in an 
enhanced activity assay that also takes pulp characteris-
tics such as varying pulp morphology, accessible surface 
area or hemicelluloses into account, which are known to 
impact enzyme adsorption and therefore enzyme activity 
[71, 72].

For comparison of the adapted assay, the endoglu-
canase activity needed to be determined using the 
standard assay protocol at refining conditions (50% tap 
water + 50% deionized water, pH 7). The highest activities 
were observed with EnzB (741.22 nkat  ml−1) and EnzC 
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(581.33 nkat  ml−1), while EnzA exhibited the lowest 
activity of 11.13 nkat  ml−1 (Fig. 4a). Indeed, the behavior 
of the enzyme formulations was different after combina-
tion of the CellG5 substrate with softwood pulp (Fig. 4b). 
The highest activity was measured with EnzC (4.82 
nkat  ml−1), while the lowest activity was determined 
for EnzA as well (0.56 nkat  ml−1). However, the activi-
ties of EnzB and FiberCare R were significantly lower 
after combination of CellG5 with softwood pulp (0.87 
nkat  ml−1 and 1.43 nkat  ml−1, respectively). This would 
also fit to the results of laboratory refining trials on this 
pulp, with EnzC showing the highest degree of refining 
value after 6000 PFI revolutions (32.7°SR), while all the 
other enzyme formulations had a lower refining perfor-
mance with FiberCare R being the second-best enzyme 
formulation (31.2°SR) and EnzB and EnzA having almost 
no effect (29.1 and 27.2°SR). The adapted enzyme assay 
would therefore indeed result in an improved correlation 
of enzyme activity with pulp refining outcome, although 
the CellG5 pulp combination did not entirely fit to EnzA, 
which showed a higher enzyme activity on softwood pulp 
as expected.

The adapted assay was also tested on hardwood pulp 
(Fig. 4c). The highest activities were measured for EnzC 
(3.04 nkat  ml−1) and FiberCare R (1.38 nkat  ml−1) as 
well. This fits to the results of the refining trials, with 
both enzymes showing the highest performance (45.0 
and 44.8°SR, respectively), although a higher activity of 
FiberCare R on the adapted assay was expected, con-
sidering the similar refining performance. However, the 
degree of refining is not the only factor for the assess-
ment of refining performance. Indeed, the measured air 
permeability value of FiberCare R was higher than that 
of EnzC, thereby indicating a lower paper density (EnzC: 
149 ml  min−1, FiberCare R: 173 ml  min−1 after 6000 PFI 
revolutions). EnzA and EnzB both exhibited the lowest 
refining effect and the lowest enzyme activities using the 
adapted CellG5 assay on hardwood pulp. Therefore, the 

use of the new adapted activity assay should translate to 
an improved enzyme dosage for refining especially for 
EnzB and thereby enhance energy savings by enabling the 
selection of the most efficient enzyme [30].

Despite the adapted assay not fitting entirely to the per-
formance of EnzA, it could achieve improved correlation 
for all the other enzyme formulations. The discrepancy 
might be related to derivatized cellopentaose (CellG5) 
being bound to the pulp surface and therefore being 
accessible to all enzymes as part of a “background” activ-
ity. Moreover, the endoglucanase activity on softwood 
pulp was higher than on hardwood pulp, suggesting that 
indeed varying pulp characteristics between softwood 
and hardwood pulp are now considered by the adapted 
assay (Fig. 4b vs. c). Similar observations were conducted 
in a previous study after analysis of released sugars via 
HPLC from softwood and hardwood pulp upon enzyme 
treatment, resulting in a higher sugar release from soft-
wood pulp at a lower enzyme dosage [32]. This could be 
explained by a generally higher binding of derivatized 
cellopentaose to softwood pulp, better accessibility to 
deeply bound CellG5 substrate or increased enzymatic 
separation of cellulose fibers with bound CellG5 from 
pulp surface, the latter would also fit to the increased 
sugar release measured by HPLC. A similar mechanism 
was proposed for cellulases that remove ink from waste-
paper by hydrolyzation of cellulose fibers on the paper 
surface, leading to loosening of fibers with attached ink 
[73].

Conclusion
The characterization of commercial enzyme formula-
tions revealed a varying enzyme composition. Identi-
fied enzymes include endoglucanases, β-glucosidases, 
xylanases and even arabinosidases. In case of the most 
effective enzyme formulation EnzC even LPMO activ-
ity was detected, the enzymes that are proposed to sup-
port endoglucanases in their function to attack cellulose. 

Fig. 4 Comparison of the results of the standard CellG5 activity assay a with the results of the combination of the CellG5 substrate with softwood b 
or hardwood pulp c under refining conditions (50% tap water and 50% deionized water at pH 7.0). The obtained degree of refining values (°SR) after 
refining of softwood or hardwood pulp using 6000 PFI revolutions are indicated above each bar for comparison. Statistical significance was tested 
using a single factor ANOVA test with a significance level of 0.05 (significantly different results are indicated by the letter s, not significantly different 
results by the letter n)
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Knowledge about enzyme behavior is therefore essential 
for most efficient pulp refining. Indeed, endoglucanase 
activity was at the highest level at 55  °C and decreased 
considerably at 70  °C. Interestingly, the β-glucosidase 
activity increased at higher temperatures with EnzC even 
having the highest measured activity at 70  °C, which 
would result in enhanced glucose formation. In addition, 
laboratory refining on softwood pulp showed a diverging 
enzyme behavior compared to hardwood pulp. Enzymes 
exhibiting a high efficiency on hardwood pulp were also 
very active on softwood pulp, while enzymes with low 
efficiency on hardwood pulp showed almost no reaction 
on softwood pulp. This emphasizes the need for inves-
tigation of each pulp type despite the use of the endo-
glucanase specific derivatized cellopentaose substrate 
(CellG5) for enzyme dosage. Therefore, the CellG5 sub-
strate was combined with either softwood or hardwood 
pulp, which indeed improved predictability, while simul-
taneously taking specific pulp characteristics such as 
enzyme accessibility into account. The adapted method 
thus offers the selection of the most effective enzymes 
for each pulp type, thereby maximizing energy savings in 
pulp refining.
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