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Abstract Glucanases provide an excellent option
for pre-treatment of cellulose and improvement
in properties of microfibrillated cellulose. In our
research, we have used two different enzyme for-
mulations, a purified f-1,4-endoglucanase, and an
B-1,4-exoglucanase rich mixture and the focus of
the study is on effect of high protein applications on
PFI refined-microfibrillated cellulose (2,500 rev).
At high protein applications, cellulose fibers showed
improved fibrillation after endoglucanase treatment
with 20.4% improvement over PFI-only refined fibers
while the exoglucanase mix showed 6.8% improve-
ment. At low protein applications, the purified endo-
glucanase treatment resulted in improved tensile,
compression, Scott ply bond, extensional stiffness of
microfibrillated cellulose compared with the exoglu-
canase mix or untreated refined fibers. Scott Ply Bond
measurements are an indicator of hydroxyl groups on
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the fiber surface whose value increased with enzyme
pre-treatment. Mechanical properties changed with
enzyme treatment and suggest the bonding between
fibers increases with endoglucanase treatment provid-
ing improved surface functionalization.

Keywords Exoglucanase - Endoglucanase - PFI
refining - Microfibrillated cellulose - Aspect ratio -
Handsheet properties

Introduction

With the current population reaching close to almost
eight billion and the consequential depletion of read-
ily available fossil fuels, humanity is forced to look
into greener alternatives for sustainable materials
(Zheng et al. 2019; Wigley et al. 1996). With almost
10'" tonnes being produced annually, cellulose is an
obvious choice (Puranen et al. 2014) and improve-
ments have been made to the strength (Boufi et al.
2017) and other functional properties (Jorfi and Foster
2015) to broaden the use of cellulose as biodegrada-
ble alternatives in many fields. Production of isolated
forms of cellulose such as microfibrillated cellulose
(MFC) consumes a very high amount of energy input
in the range of 3000-20,000 kWh/ton fiber (Ang et al.
2019) to reverse all the low entropy that the cellulose
structure has taken years to achieve in higher plants.
A PFI (Papirindustriens Forskningsinstitutt) refiner
applies shear forces on the surface of fibers thereby
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releasing microfibrils from long bundles of macrofi-
brils (Borjesson 2015). A beneficial by-product of
this mechanical action is the production of secondary
fines which enhances fiber—fiber bonding (Seth 2003).

To lower the amount of mechanical energy con-
sumption, enzymatic pre-treatment is a much-needed
method to assist refining for MFC production and
since some of the early research conducted using
enzymes to manufacture MFC (Kim et al. 2006; Hen-
riksson et al. 2007) there has been limited research
on glucanase assisted mechanical treatment which
focuses on energy reduction measurements (Cui et al.
2015; Wu et al. 2020). There has been no research
found on enzyme surface behaviour on cellulose
at high protein applications and assessing the pre-
ferred enzyme formulations to deliver the best MFC
properties.

The effect of p-1,4-glucanases to weaken differ-
ent types of papermaking pulp fibers has been stud-
ied extensively (Gurnagul et al. 1992) and provided
the necessary groundwork for how they break the
recalcitrance of cellulose and assist in mechani-
cal shearing to produce MFC (Tripathi et al. 2008;
Wang et al. 2018; Yuan et al. 2019). Buzala et al.
(2016) employed cellulases from Aspergillus sp. to
show that there is a reduction in PFI refining energy
by normalising the MFC to a drainage index at
30°SR. Cui et al. (2015) applied five different com-
mercially available enzymes containing glucanases/
xylanases/B-glucosidase activities on softwood kraft
pulp and actioned different levels of PFI refining
and several pH adjustments to observe the impact on
MEFC handsheet properties. In addition, a study has
shown that commercial glucanases produced more
sugar and aggressively lowered the degree of poly-
merisation compared to pure endoglucanase, which
was also better at retaining fiber length post micro
fluidization (Wang et al. 2015). Moreover, a different
approach that combined PFI refining and enzymatic
pre-treatment using mannanase, xylanase and glu-
canase enzymes was examined which resulted in the
combined hemicellulases releasing the fibrils from
the fiber surface and offered a different mechanism
compared with the fiber cutting mechanism observed
in glucanase action (Tian et al. 2017). To our knowl-
edge, the differences between endoglucanases and
other cellulases have not been examined from their
effect on mechanical properties as a function of pro-
tein application.
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Our study investigated the difference in MFC prop-
erties as a result of endoglucanase or exoglucanase
pre-treatment on kraft fibers. Handsheet proper-
ties were assessed in addition to pulp properties to
examine differences induced by different levels of
pre-treatment.

Materials and methods
Enzymes and chemicals

Virgin never-dried unrefined bleached eucalypt kraft
(BEK) pulp was provided by Australian Paper Mary-
vale. BEK fibers compose of 78.7% cellulose, 17.7%
hemicellulose and 3.2% lignin. Solid content of BEK
was measured by the oven drying method (Ther-
moline BTC-9090) at 105 °C for a minimum of 3 h
whereby the mass of the wet sample was recorded
before and after drying. A commercially available
cellulase mixture originating from Trichoderma ree-
sei was received from Opal Ltd. Dinitrosalicylic
acid, phenol, sodium sulphite, Rochelle salt, sodium
hydroxide, glucose, Bradford reagent, purified endo-
glucanase (Product number: C9748, source organ-
ism: Trichoderma longibrachiatum), Bovine Serum
Albumin (BSA) and Sodium-carboxymethyl cellulose
(CMC) were purchased from Sigma Aldrich, Aus-
tralia. Sodium dodecyl sulphate—polyacrylamide gels
were purchased from GenScript. SeeBlue™ Plus2
Pre-Stained Protein standard ladder was purchased
from ThermoFisher Scientific.

Protein separation, detection, and enzyme activities

Sodium dodecyl sulphate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) was performed on both
enzyme samples to separate protein bands by size
and proteins were visualised in the gel by staining. A
pre-stained protein ladder from 3 to 198 kDa was also
entered in the wells to allow the estimation of cellu-
lase molecular weight. Stained protein bands were cut
from the gel and peptide mass sequencing was per-
formed using a QExactive Plus 2 Mass Spectrometer
(Thermo Scientific). All protein bands were digested
with trypsin before sequencing was performed and
mass sequencing scoring was conducted using the
Mascot V2.4 search engine.
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The protein concentration of each formulation
was determined by performing the Bradford Pro-
tein quantification method using bovine serum albu-
min (BSA) as known standard (Bradford 1976). The
protein concentration was performed on a Costar 96
flat bottom transparent polystyrene plate which was
adapted for measurement on the Infinite 200 Pro mul-
timode microplate reader (TECAN). The CMC activ-
ity assay of enzymes was performed as per (Wood
and Bhat 1988). A 0.5 mL sample of CMC solution
(2%) in sodium citrate buffer was heated to 50 °C and
incubated with 0.5 mL enzyme solution (0.02% w/v)
for 30 min. Several dilutions of protein stocks were
made so that at least one dilution released more than
0.5 mg of glucose. The enzyme reaction was stopped
via the addition of 3,5-dinitrosalicylic acid solution
(DNS) and heating the mixture in boiling water-
bath for 5 min, then cooled in an ice bath. Samples
(200 pL) of enzyme reaction solution were measured
at 540 nm (Tecan InfinitePro). Dilutions of samples
were performed to ensure they measured within the
detection range of the glucose standard calibration
curve generated between 0 and 0.2 g/L.

Enzymatic pre-treatment of BEK pulp and reducing
sugar measurement

BEK stocks were disintegrated in deionised water
(2.4% wiv) at 15,000 revolutions using a pulp disinte-
grator 3 L Mavis Engineering (Model No. 8522). The
effect of enzymatic pre-treatment on pulp properties
was studied on 1 L batches of pulp containing 24 g
oven dry fiber. After adding enzymes at varying pro-
tein applications, the solutions were incubated for 1 h
at 50 °C in 2 L flasks stirred at 110 rpm in an Infors
HT Ecotron incubator. Enzymes were applied to pulp
at concentrations ranging from 0.3 ug protein/g sub-
strate to 300 pg protein/g substrate. There was no pH
adjustment of the solution. Post enzymatic treatment,
a sample of reaction supernatant was collected for
measurement of total reducing sugars measured via
the DNS method (described above).

PFI Refining

Post enzymatic treatment and filtering of the pulp
solution under vacuum, the filter cake was adjusted to
contain 24 g oven dry pulp in 240 g DI water solution
(10 wt% pulp consistency) as per the standard TAPPI

T248 (TAPPI. 2001a) and the refined. A NORAM
PFI Mill (Noram quality control & research equip-
ment Limited, Quebec, Canada) with high shearing
ability was used (Gharehkhani et al. 2015) and a light
loading setting was employed for 2,500 revolutions
per sample.

Handsheet preparation

The refined pulp was first disintegrated at 7250 revo-
lutions and 120 gsm handsheets were made follow-
ing the TAPPI T205 standard method (TAPPI 2002)
using an Automatic British Handsheet Maker. Pulp
solution was prepared in a stock divider and checked
for grammage three times. Thirteen sheets were made
per batch of fiber and each sheet was pressed twice by
a manual sheet press system. Sheets were conditioned
for 24 h at 23 °C and 50% Relative Humidity.

Characterisation

Fiber length distributions were obtained using a Val-
met Fiber Image analyzer (Valmet FS5, Espoo, Fin-
land). PFI-refined fiber solutions (0.02% solution w/v)
were thoroughly mixed in the analyzer and measure-
ments were conducted in triplicate per sample.

Gel point measurements were conducted via the
sedimentation method using dilutions of MFC sam-
ples (0.1, 0.08, 0.06, 0.04, 0.03, 0.02, 0.01% w/v) and
consistent volume (250 mL per cylinder) as described
previously (Varanasi et al. 2013). Results were ana-
lysed as described previously by Ang et al. (2019)
employing a MATLAB spline function. Briefly, the
y-intercept of the first differential of concentration
against sedimentation height over solution height pro-
vided the gel point, and aspect ratio was calculated
from the Effective Medium Theory equation (Celzard
et al. 2009).

Non-destructive tests for handsheet grammage
(AS1301.405 s) and thickness (AS1301.426 s)
were conducted to provide density. After speci-
mens specific to each test were cut using dye cut-
ters, destructive tests were actioned including Tear
(AS1301.400 s), Tensile (AS1301.448 s), STFI Com-
pression (AS1301.450rp), Scott ply Bond (ARTC-
D4-200) and Paper Burst (AS1301.438 s).

Hydrogen Bond density was calculated using the
method outlined for hydrogen bond dominated solids
by (Nissan 1976). The equation was rearranged for
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hydrogen bond density for one-dimensional stretching
in Eq. 1:

N, = 3(E/k)? ¢))

where Np=Hydrogen bond density (bonds/
cm?). E=Young’s Modulus (dyn/cmz). k=constant
for cellulose (8 x 10°).

Statistical methodology

All Valmet Analysis and mechanical handsheet tests
were conducted independently in a minimum of trip-
licates. A one-way analysis of variance (ANOVA)
was performed in Microsoft Office Excel 365 on the
control versus the enzyme-treated and refined sam-
ples for statistical significance at an alpha value of
0.05. Data is presented as means with standard devia-
tions indicated by error bars.

Results and discussion
Enzyme characterisation

The result of de novo peptide sequencing using mass
spectrometry on both enzyme formulations is shown
in Table S1. The highest ranked proteins were mainly
exoglucanases with the highest absolute log prob-
abilities which is indicative of the p-value obtained
for a peptide generated from an organism’s proteome.
The protein sequence coverage, which is the number
and sequence of the peptide sequence that were iden-
tified in the trypsin digested protein, were sufficient
to identify the exoglucanases and endoglucanase from
Trichoderma reesei and only the endoglucanase from
Trichoderma longibrachiatum. Exoglucanases work

in a processive nature from the reducing end of the
cellulose chain (VrSanskad and Biely 1992) whereas
endoglucanases acts at random points on the cellulose
surface to provide reducing ends (Jalak et al. 2012).
Hence, an exo- and endo-glucanase mixture using
two different modes of action on cellulose produces
a different result to a pure endoglucanase. The pro-
tein concentrations of the pure endoglucanase and the
exoglucanase mix were 17.52 mg/mL and 12.66 mg/
mL respectively while the CMC activities were 6031
U/mL and 2096 mg/mL respectively. The pure endo-
glucanase was slightly more concentrated than the
mix and had about three times more CMC activity.

The effect of exoglucanase rich mix can be seen
in total reducing sugars released in Fig S1. At the
lowest protein application, the sugar release is very
similar between the exoglucanase mix and the endo-
glucanase. While the endoglucanase leads sugar pro-
duction at the lower protein applications, at 300 pg/g
substrate, the exocellulase mix produces three times
more sugar. This result is in agreement with Jalak
et al. (2012) where endoglucanases provide enough
cleavages for exoglucanase to “escape blockages” and
we see a synergy in endoglucanase and exoglucanase
mode of action delivering a higher amount of reduc-
ing sugars.

MEC fiber characterisation

The aspect ratios of fibers estimated from gel point
measurements are shown in Table 1. An important
observation is that there is an initial reduction in gel
point at the lowest enzyme treatment, then a steady
increase from 3 ug/g substrate with both enzymes.
This indicates that a continuous networks of fibers
were formed at lower enzyme applications allow-
ing an increase in aspect ratio. At 300 pg/g, the gel

Table 1 Aspect ratio

. . Sample Gel point Aspect ratio

estimated from gel point

of untreated and enzyme Untreated 0.2715 98

treated and refined fibers . o
Protein application (ug Endo-glucanase Exo-glu- Endo-glucanase Exo-
protein/g substrate) canase mix glucanase

mix

0.3 0.234 0.243 107 105
3 0.256 0.289 102 95
30 0.266 0.297 99 93
300 0.745 0.427 55 76
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Fig. 1 BEK Fiber Length 4
Distributions of MFC

from Valmet FS5 follow-
ing pre-treatment with
endoglucanase (a) and
exoglucanase mix (b).
Protein applications (ug/g
substrate)—0 (Black), 0.3
(Red), 3 (Green), 30 (Blue),

% Distribution
N

% Distribution
N

300 (Dark Pink) 0 . .
0.0 0.5 1.0

Length Bins (mm)

Table 2 Summary of length distribution of untreated and
enzyme treated, refined fibers based on Valmet FS5 data

1.5 20 0.0 0.5 1.0 1.5 2.0
Length Bins (mm)

Table 3 Fibrillation% + Std Dev. from Valmet FS5 of enzyme
pre-treated and refined fiber against control

Sample Kurtosis Skewness
Untreated —-0.28 1.10
Protein applica-  Endoglucanase Exoglucanase mix
tion (ug protein/g - -
Kurtosis Skewness Kurtosis Skewness
fiber)
0.3 —-045 1.02 -031 1.09
3 -030 1.07 -031 1.09
30 -139 040 -0.55 097
300 -152 031 -156 038

point is found at higher concentrations and results
in lower aspect ratios. To explain the differences in
aspect ratio, the effect fiber length must be taken into
consideration.

The fiber length distributions of enzyme treated,
and refined fibers are shown in Fig. 1 and the kurto-
sis and skewness of those are displayed in Table 2.
The fiber length distributions are largely asymmet-
rical with positive skewness values. Such unimodal
distributions are characterised by a long right-tail-
end. An analysis of kurtosis reveals that the length
distributions are increasingly platykurtic (Kurto-
sis < 3) with increasing protein application. Percent-
ages of length distribution peaks are lowered from
3.5 to 2.5% as can be seen in the protein applica-
tions of 30 and 300 pg/g substrate for the endoglu-
canase enzyme and at the 300 ug/g substrate pro-
tein application of the exoglucanase mix. At the
30 pg/g substrate protein addition, loss in fiber
length accelerates for endoglucanase treated fibers
with a loss of almost 27% but with the exoglucanase
rich mix, length reductions are smaller at 7%. At
low protein applications, the length distributions

Sample Fibrillation%

Untreated (control) 1.03+0

Protein application (ug Endoglucanase
protein/g substrate)

Exoglucanase mix

0.3 1.07£0.004 1.04+£0.007
3 1.08 £0.004 1.04£0.004
30 1.13+£0.011 1.07£0.004
300 1.24+0.025 1.1£0.004

overlapped. Aspect ratio declines sharply at the
highest protein applications (Table 1) in agree-
ment with the length distributions in Fig. 1. Here,
we can make some important conclusions about the
behaviour of the two different enzymes on the cel-
lulose surface. The exoglucanase-initiated proces-
sive cleavage of cellulose surface is less efficient
in causing reduced aspect ratio since the decline
in fiber length is slower, while the endoglucanase
makes random scissions on the surface resulting in
higher fibrillation but also more breakdown of fib-
ers in the PFI mill. Therefore, the loss of length in
endoglucanase treated fibers results in higher gel
points and reduced aspect ratios.

Fibrillation plays a role in the mechanical prop-
erties of handsheets by aiding the fiber network.
Fibrillation% as detected by the solution-based fiber
analyser is shown in Table 3. Fibrillation improves
in fibers treated by both enzymes although the endo-
glucanase enzyme is more effective at each protein
application.

The experiment was performed in triplicate and
mean values and standard deviations were calcu-
lated. One way ANOVA analysis resulted in a p-value
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of <0.05 making the differences created by enzyme
pre-treatment significant.

A shorter fiber decreases the number of potential
contact points available for improving fiber—fiber
bonding. A second contributor to improving fiber—
fiber bonding is fines shown in Fig. 2a, b which act
as fillers in MFC (Taipale et al. 2010). Fines A are
particles smaller than 0.2 mm in length (also known
as primary fines from parenchyma cells of wood) and
Fines B are small ribbon-like structures that result
from a breakdown of fibrils by the shearing action of
the refiner (also known as secondary fines) and results
obtained here are in agreement with Seth (2003)
where the fines occupy space between fibers during
dewatering. Here, fines also contain a high density

Fig. 2 aFines A% and b 70 (a)
B% (with std. dev as error 60
bars) released during PFI
refining. Endoglucanase
(black bars), Exoglucanase
mix (grey bars). The x-axis
shows protein application
(ug protein/ g substrate)

50
40
30
20

Fines A%

of surface hydroxyl groups due to glucanase action
and therefore have enhanced capability to improve
fiber—fiber bonding.

The experiment was performed in triplicate and
mean values and standard deviations were calcu-
lated. One way ANOVA analysis resulted in a p-value
of <0.05 making the differences created by enzyme
pre-treatment significant.

Impact of enzyme pre-treatment on MFC handsheet
properties

The mechanical properties of handsheets are shown
in Fig. 3a—d. Tensile Index increases by almost 2%
for treatment with the exoglucanase mix over control

3.0 (b)
25 I

20
1.5

Fines B%

1.0

Untreated0.3 3

Fig. 3 Handsheet proper-
ties (with std. dev as error
bars) with untreated and
refined to 2,500 revolutions
handsheet used as control
(dark pink) with each test a
Tensile Index, b STFI Com-
pression Index, ¢ Scott Ply
Bond, d Extensional Stiff-
ness Index. Endoglucanase
(black bars), Exoglucanase
mix (grey bars). The x-axis
shows protein application
(ug protein/g substrate). The
experiment was performed
in triplicate and mean val-
ues and standard deviations
were calculated. One way
ANOVA analysis resulted
in a p-value of < 0.05 mak-
ing the differences created
by enzyme pre-treatment
significant in all handsheet
properties

Tensile Index (N.m/g)

Untreated 0.3 3

800
(c)
600

400 A

200 A

Scott Ply Bond(J/m?)

Untreated 0.3 3
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Untreated0.3 3 30

30 300 300

30 300

Untreated0.3 3 30 300

STFI Compression Index (N.m/g)

(d)

30 300

Untreated0.3 3 30

300

Extensional Stiffness Index (kN.m/g)
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but the improvement is increased with the endo-
glucanase by almost 9% at 0.3 pg/g substrate. At
higher protein applications, the tensile index further
improves by 3.5% and 13% for the exoglucanase mix
and endoglucanase, respectively. Above this protein
application, the tensile index starts declining below
the control for the endoglucanase (— 3.7%) while the
exoglucanase mix handsheet maintains strength until
a 100-fold increase in protein application where it
declines below the control (— 10.8%). Tensile Index
is a test of paper failure and is strongly dependent
on fiber length. These results are consistent with the
length distribution results (Fig. 1) where the loss in
fiber length dictates a reduction in Tensile Index. As
the fiber length distribution changes between 30 and
300 pg/g substrate protein application for the pure
endoglucanase, and the 300 pg/g substrate for the
exoglucanase mix (Fig. 1), the Tensile Index reduces
below that for the control refined fibers. The effect of
length distribution and fibrillation can also be seen
in sheet density and thickness (Fig S2 (a), (b)) where
increase in protein application causes the handsheets
to get denser with the pure endoglucanase providing
enhanced improvements at every application over the
exoglucanase mixture. Burst Index and Tear Index
(Fig S3 (a), (b)) are also sensitive to fiber length and
show a declining trend at mid-protein-level applica-
tions. There is an initial increase in Tear and Burst
Index for enzyme treatments at 0.3 ug/g substrate,
however, endoglucanase treatments above this con-
centration led to sharp reductions in Burst and Tear
indices, steeper than is the case for exoglucanase
mix which retains fiber length better. Longer fibers
can make more bonds with neighbouring fibers and
enhance connectivity, but shorter fibers are detrimen-
tal to Tear and Burst index benefits and these results
are in agreement with earlier findings (Oksanen et al.
1997; Cui et al. 2015).

STFI compression index shows an improvement
of almost 4% over the control with exoglucanase mix
pretreatment and 8.5% with the endoglucanase at the
lowest protein level of 0.3 pg/g substrate (Fig. 3b).
With increasing protein concentration, compression
index increases up to 15.3% for the exoglucanase
rich fibers and 23.7% for the endoglucanase. STFI
Compression is a test of compressive forces that a
specimen can tolerate before failing. Compression
is directly related to increase in fibrillation and den-
sity of contact points for bonding along with sheet

density (Wink et al. 1984). Compression is therefore
independent of fiber length and a direct measure of
fiber—fiber bond improvement towards the geometric
centre of the specimen. Compression index associates
very well with fines production trends (Fig. 2).

The effect of enzymatic pretreatment on BEK is
noteworthy for changes in Scott Ply Bond (Fig. 3c).
Maximum detection limits of the test were observed
for fibers treated at the lowest endoglucanase appli-
cation while exoglucanases reached that limit at
300 pg/g substrate treatment. This result shows a
minimum of 52.1% improvement in internal bond
energy of fibers that have been endoglucanase treated
while the exoglucanase reaches that improvement
stepwise with increasing protein addition (13.8, 18.5,
47.3, 52.1%) which are similar improvements seen
by Cui et al. (2015). Internal bond energy measures
the number of bonds, average area per bond and their
specific strength (Niskanen 2008). This result implies
that endoglucanase has created a denser network of
hydrophilic ends which are available to bond with the
test binding tape and provide maximum resistance.

Extensional Stiffness Index is another property of
interest that has been developed further in this study
(Fig. 3d). Again, endoglucanase treatment results in a
superior effect with an 8.6% increase at 0.3 pg/g sub-
strate against a 3.6% increase with the exoglucanase
mix. The increases in extensional stiffness improve-
ments with increasing protein addition are shown to
be independent of fiber length as there is no decline
observed except for the exoglucanase mix at the high-
est protein addition while there is an improvement
of up to 32.9% for the endoglucanase pretreated fib-
ers at the highest protein treatment. Extensional stift-
ness is defined as the product of Young’s modulus
of a specimen and its thickness (Tan 2001). As the
enzyme dose is increased, the network improves, and
the amount of force required to create a displacement
in the test specimen is increased due to increased
contact points per fiber by fibrillation. The same con-
sistent improvement with dose is not seen by exoglu-
canase mix treatment.

Mechanical tests for handsheet properties and
fiber image analysis have allowed comparison of the
actions of two different cellulose-active enzymes.
Tear index mostly decreased in handsheets made with
enzyme pretreated BEK, and this effect worsened
with increased enzyme application. The decrease in
tear index is potentially due to the increased hydroxyl
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groups which are effectively now ruptured zones in
the fiber chain, allowing tear at the sheet edge. Since
Tear is administered on the cross-section of the speci-
men, the rupture zones created by enzyme action are
high at this position. The fibers on the surface layer of
the cross-section have no contact with another fibril/
fiber to consolidate those existing hydroxyl groups
and therefore are easier to tear. Hence Tear Index is
shown to decline with increasing protein levels with
increased rupture zones.

Paper burst is similarly dependent on fiber length
and therefore neither the number of contact points
via fibrillation nor fiber—fiber bonding provide an
improvement. The results from burst and tear, there-
fore, agree with the length distributions in Fig. la,
b) where the decline in fiber length is detrimental
to these two properties. Surface hydroxyl groups
promote inter-fiber bonding which provides strong
network connectivity and therefore benefits com-
pression tests.

Compression is the only measurement in this
suite of mechanical tests that seems entirely depend-
ent on the strength of the fiber network over small,
concentrated parts of the specimen. Hydrogen Bond
Density estimation derived from Young’s modulus
measurements (Fig S4) suggests why some mechan-
ical properties do not decrease with increased
enzyme application. Based on this estimation, the
hydroxyl groups on the cellulose surface increase
through glucanase action, increasing hydrogen bond
concentration which improves fiber—fiber bonding.
This indicates that compression and Scott Ply Bond
are dependent on local fiber—fiber forces. By study-
ing the common mechanical properties that bear
the highest potential for reinforcement like tensile,
compression, Scott ply bond and extensional stift-
ness (Hellstrom 2014; Ang et al. 2020), with enzy-
matic pre-treatment and low level refining, we have
been able to show from a mechanistic perspective,
the different impacts of enzyme action by com-
paring pure endoglucanase and an exoglucanase
mixture.

Conclusion
This study demonstrates that differences in MFC

properties arise due to enzyme action on fibers
where differing mechanisms affect properties; our
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approach and findings are distinct from previous
investigations done in the field of cellulose process-
ing with enzymes (Cui et al. 2015; Wang et al. 2018;
Liu et al. 2019; Yuan et al. 2019). Enzyme action
affects fiber length at mid-high protein applications;
endoglucanase treatment results in shortened fibers
at lower protein applications than the exoglucanase
mix indicating an increased number of weak points
created on the fiber surface with this enzyme. This
is due to the processive surface-revealing action
of exoglucanases as opposed to the endoglucanase
which performs random scission. Primary and sec-
ondary fines production is more pronounced at pro-
tein levels of 30 and 300 pg/g substrate and their
contribution to the strength of handsheets is signifi-
cant except for properties like tensile, tear and burst
index where fiber length is the key parameter. After
evaluation of fiber characteristics and handsheet
properties via pretreatment of fibers with two dif-
ferent glucanase formulations, the hypothesis of the
study is accepted since it allows assessment of the
difference between mechanisms of endoglucanases
and exoglucanases. The study also highlights the
importance of choosing the correct glucanase is
crucial for desired outcomes. Further studies includ-
ing enzyme cocktails could aid in providing further
knowledge in improving MFC production.
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