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ABSTRACT

The enzymatic hydrolysis of cdlulose is still consid-
ered as a main limiting step of the biological produc-
tion of biofuels from ligno-cellulosic biomass. Glyco-
side hydrolases from Trichoderma reesei are currently
used to produce fermentable glucose units from deg-
radation of cellulose packed in a complex assembly of
cellulose microfibrils. The present work describes the
structural evolution of two prototypical samples of
cellulose (a micro-crystalline cellulose and a bleached
sulfite pulp) over 5 length scale orders of magnitude.
The results were obtained through wide angle, small
angle and ultra-small angles synchrotron X-ray scat-
tering, completed by Small Angle Neutron Scattering
and particle size analyzers. These structural evolu-
tions were followed as a function of enzymatic con-
version. The results show that whereas there is no
change at the nanometer scale, drastic changes occur
at micron. The observed decrease of the size of the
cellulose particles is accompanied by a smoothing of
the crystalline surfaces that can be explained by a
two-step mechanism of the enzymatic hydrolysis.

Keywords: Cellulose; Cellulase; Trichoderma reesei,
Synchrotron X-Ray Scattering; Neutron Scattering;
Particle Size

1. INTRODUCTION

Whereas the biological production of ethanol from bio-
mass is currently investigated as an alternative to liquid
fossil fuels exclusively used in transport [1], the re-
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quirement for high-yield, low cost efficient deconstruc-
tion of the plant material is critically needed. Plant bio-
mass exhibits extreme recalcitrance, i.e. resistance to
breaking down the complex combination of material pro-
perties and structural organisation into constituent units.
This is a major issue in the generation of bioethanol from
cellulosic substrates sugars using glycoside hydrolases
produced by industrial strains of Trichoderma reesei [2].
In the process of bioethanol production, enzymatic hy-
drolysis is still considered as one of the main limiting
step in which the large amount of enzymes required. The
enzymatic breakdown and degradation of cellulose re-
quire a complex of enzymes working together. The syn-
ergetic action of at least three types of enzymes is re-
quired for efficient digestion of crystalline cellulose into
glucose [3,4]. These are: 1) endoglucanases (EG; EC
3.2.1.4) which cleave the chains randomly, 2) cellobio-
hydrolases (CBH; EC 3.2.1.91) which recurrently cleave
cellobiose from the chain end of cellulose and 3) fS-glu-
cosidases (EC 3.2.1.21) which hydrolyse cellobiose.
Other complementarities are found among these enzymes,
as exemplified by the synergistic action of two cello-
biohydrolases, namely Cel6A and Cel7B from organ-
isms such as Trichoderma reesei and Humicola insolens
[5,6]. The Carbohydrate Binding Module (CBM) of cel-
lulases also plays a fundamental role in the hydrolysis of
the solid substrate. Even if the exact function of this
CBM is still controversial [7], the specific planar binding
surface of the CBM allows the enzyme to adhere to the
hydrophobic face of the sugar molecules thus enhancing
the activity of the linked catalytic module toward crystal-
line cellulose [8]. After a first step of adsorption onto the
microfibrils, the cellulolytic enzymes are then able to
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cleave cellulose chains leading to substrate morphologi-
cal changes. The reaction rate decreases dramatically
with the extent of conversion and this slowdown could
be explained by enzyme related factors such as enzyme
inactivation [8,9] and product inhibition [10,11] or by
changes in substrate reactivity [12-14].

The molecular level can be mainly described by the
degree of polymerization, the nanostructure is character-
ized by the crystallinity or the porosity and finally, the
microstructure can be associated to the fibre network
[15-20]. Mansfield ef al. [21] detailed the existing sub-
strate factors limiting the hydrolysis at different struc-
tural levels. Several factors, such as crystallinity [13,22,
23] and degree of polymerization [24] have been proved
to have an influence on the initial hydrolysis rate of cel-
lulose. However, few studies have been devoted to the
morphological changes occurring during the enzymatic
hydrolysis. Several hypotheses are developed in the lit-
erature to explain the mechanisms of cellulose disruption
such as swelling, pitting or decrystallization of the cellu-
losic complex [25].

The latest mechanistic studies suggest an erosive ac-
tion of the cellulases during which exoglucanases such as
Cel7A processively hydrolyze cellulose chains from the
reducing end by removing successive cellobiose units,
whereas endoglucanases Cel6A interacts with the surface
of the microfibril with an allosteric coupling effect [26].
Wang et al. [27] have visualized by AFM the topographic
changes caused by Cel6A, including the swelling of the
crystalline microfibrils and its capacity to expose single
microfibrils.

As for molecular changes, acid hydrolysis pre-treat-
ment was shown to dramatically decrease the degree of
polymerisation compared to enzymatic hydrolysis [28,
29]. Other studies [30,31] pointed out a correlation be-
tween reduction of the degree of polymerization and the
conversion rate, but this change seems to be weak com-
pared to the conversion rate [32,33] but enzymes could
not penetrate the dense cellulose structure whereas acid
could lead to a dramatic reduction of the degree of po-
lymerization [21].

At the nanostructural level, one of the most studied
parameters has been the alteration of the degree of crys-
tallinity during enzymatic hydrolysis [34]. The role of
crystallinity during enzymatic hydrolysis is still contro-
versial and may not directly explain the slowdown of the
reaction. Chen et al. [33] and Wang et al. [35] found only
a slight increase of conversion whereas some authors did
not find any increase of the crystallinity index [14,36].
Other techniques were recently used to characterize
nanometer changes in cellulose structure such as small-
angle X-ray scattering (SAXS) [36] or small-angle neu-
tron scattering (SANS) [37] which are suitable for the
interface characterization. Investigating the changes at
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low q reveals a slight increase in the surface area during
enzymatic hydrolysis probably due to surface erosion or
agglomerate breakup [37]. Evolution of the cellulose
surface morphology was recently investigated by SANS
[38] which has the advantage to be a non-destructive and
more penetrating technique than SAXS. This was also
investigated by scanning electron microscopy (SEM) and
results showed a clear decrease in the length of cotton
linters and a non-uniformity of particle size after several
hours of enzymatic hydrolysis [29,35]. Using Fiber
Quality Analyser Park ef al. [39] showed a clear decrease
in particle size and other authors [3,37] correlated the
particles size decrease to the increase in surface area.

However, more surface area suggests an increase of
the cellulose accessibility to the enzymatic attack, which
should cause an increase in the hydrolysis rate but not a
slowdown. Restarting hydrolysis with fresh enzyme is an
adequate experiment to measure the losses of substrate
reactivity [35,40-42]. It is still difficult to explain the de-
crease of the reaction rate vis a vis the evolution of mor-
phological features of the substrate. The present work
aims at characterizing the evolution of structure of cellu-
losic substrates along with their reactivity as a function
of conversion. To do so, two different cellulosic sub-
strates differing in their degree of polymerization were
investigated; these are Avicel crystalline cellulose, and a
bleached sulfite pulp (BSP) having a degree of poly-
merization more representative of substrates from lingo-
cellulosic biomass. Partially hydrolysed substrates were
prepared to investigate the structural and morphological
changes occurring at different scales using various ana-
lytical methods such as viscosity measurement, WAXS,
SAXS, SANS and particle size analyser. The changes of
reactivity as a function of conversion were monitored by
testing substrate reactivity with fresh enzymes and cor-
relation between morphological and structural changes
occurring during enzymatic hydrolysis of these cellulosic
substrates were investigated.

2. EXPERIMENTAL SECTION
2.1. Materials

Two cellulosic substrates were used in this study: 1) a
microcrystalline cellulose (AVICEL PHI101), and 2)
bleached sulphite pulp (BSP) form soft wood with a cel-
lulose content of 96% produced by TEMBEC Tartas
(France).

Cellobiose was purchased from Sigma-Aldrich (Sig-
ma-Aldrich, Lyon, France). Glucose was obtained from
Prolabo (Prolabo, Fontenay sous bois, France); cello-
triose, cellotetraose, cellopentaose and cellohexaose were
purchased from Seikagaku (Seikagaku, Japan). All buffer
components and salts used were reagent grade and pur-
chased from Sigma-Aldrich and GE Healthcare (GE
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Healthcare, Saclay, France). Purified water (18 MQ;
Milli-Q Plus Water Purification System; Millipore, Bed-
ford, MA, USA) was used to prepare all solutions. D,O
was purchased from EURISTOP (D,0 100%; D215H).

Enzymatic cocktails were obtained from a crude en-
zyme preparation produced by the hyper cellulolytic
strain 7. reesei CL847 [43]. The production followed the
procedure previously described by Herpoel-Gimbert [44].
Commercial p-glucosidase preparation was purchased
from Novozymes (SP188; Novo Nordisk A/S, Bagsvaerd,
Denmark).

2.2. Methods

Partially hydrolysed substrate preparation. Cellulose
at a concentration of 2% w/v was hydrolysed at enzyme
loadings ranging from 1 to 10 mg/g cellulose for differ-
ent times in a 2 L reactor (50°C, pH 4.8, 50 mM citrate
buffer) under mechanical stirring. Additionnal f-gluco-
sidase from SP188 was added to avoid cellobiose accu-
mulation. The remaining cellulose residues were recov-
ered by centrifugation (15°C/13,000 g/5 min). The solid
residue was first washed at pH 10 using NaOH (2 N) and
further with distilled water to remove all bound en-
zymes. The solid was freeze-dried to be recovered as a
powder. For each substrate, a control substrate was pre-
pared under the same conditions but without any en-
zyme.

Enzymatic hydrolysis. For initial kinetic tests, ex-
periments were performed in 7 mL tubes (50°C, pH 4.8,
50 mM of citrate buffer) under magnetic stirring (400
rpm; Variomag 15.40 Fisher Scientific, Illkirch, France).
Cellulose at concentration of 1% w/v was submitted to
the action of enzymes at concentrations ranging from 3
to 15 mg/g in a final volume of 1 mL. Assays were car-
ried out in duplicate for 5, 10, 20 and 30 minutes. Reac-
tions were stopped by boiling in water bath (95°C, 5 min)
and then cooled on ice and filtered (0.2 um nylon acro-
disc 13). Glucose and cellobiose concentrations were de-
termined by high performance liquid chromatography
using a method previously described [45,46].

For global kinetic tests, duplicates were performed in
100 mL flacon (50°C, pH 4.8, 50 mM citrate buffer) us-
ing magnetic stirring (1200 rpm). Cellulose at concentra-
tion of 1% w/v was hydrolysed by the enzymes (at 20
mg/g of cellulose) in a final volume of 70 mL. One mL
samples were taken at 1, 2, 4, 6, 24, 48, 72, 144 h, then
boiled and centrifuged. Sugar formed in the supernatant
was measured using a glucose analyzer YSI.

M easurement of the degree of polymerization. The
degree of polymerisation (DP) of all cellulosic samples
was determined by measuring the intrinsic viscosity of
the cellulose after dissolution in cupri-ethylene-diamine
(CED) following ISO 5351-1 and Tappi T230 om-94
norms. Measurements were performed on an automatic
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viscosimeter RHEOTEK RPV-1 following the norm ISO
5351-1. DPs were evaluated following the equation es-
tablished by Evans [47].

DP*® =1.65-[7] (1

where 7 is the viscosity in mL/g.

Wide Angle X-ray Scattering (WAXS) measure-
ment. The samples were prepared by pressing cellulose
powder by hand into PVC rings having diameter of 2
mm and thickness of 1 mm. An X-ray generator (Philips
PW 3830) working with a voltage of 30 kV and a CuKa
radiation (A = 0.15418 nm) was used. The scattered in-
tensity was recorded on an image plate detector (Fujifilm)
and measured using a bio-imaging analyser (Fujifilm
BAS 1800 II). Each sample was exposed for 30 minutes
at room temperature under vacuum. The instrumental
broadening was determined by measuring a sample of
calcite.

Scattering experiments. A series of scattering ex-
periments investigated the degree of the organisation of
cellulose when it is in aqueous environment. Suspen-
sions were prepared by immersing cellulose powder in
the solvent for at least one night to achieve the swelling
of cellulose.

Small and Ultra Small X-ray Scattering measure-
ments. To probe the relevant length scales of cellulose
modifications, a series of scattering experiments was
performed. The combination of Ultra Small Angle X-ray
Scattering (USAXS), Small Angle X-ray Scattering
(SAXS) and Wide Angle X-ray Scattering (WAXS) al-
lows coverage of a broad range of q corresponding to
length scales going from microns down to angstrom.
These experiments were performed at the ID02 beam
line of the European Synchrotron Radiation Facility in
Grenoble, France. Suspensions of water-swollen cellu-
lose were centrifuged in order to recover the slurry (10 -
20 wt% of particles in water). The slurries were loaded in
cells of 0.125 cm optical path closed by two mica win-
dows. The same preparation was used for every experi-
mental setup (USAXS, SAXS and WAXS). There was no
attempt to accurately measure the cellulose concentration
in the X-ray beam for these experiments.

Combined SAXS/WAXS: SAXS and WAXS measure-
ments were performed simultaneously. The SAXS
detector is a Frelon 4M CCD camera with a 2048 x 2048
pixels chip of a total 10 x 10 cm® surface. Two sample-
to-detector distances were used: 1 m and 10 m along
with a 0.1 nm wavelength X-ray beam, giving values of
the scattering vector q ranging from 8.8 x 102 nm ' to
4.8 nm'. The WAXS detector is an Aviex PCCD-4284
camera. This detector is mounted in an erected configur-
ation without requiring any special geometrical or dis-
tortion corrections. The WAXS g-range lies from 3.4
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nm ' to4 x 101 nm .

During the acquisition, standard corrections are made
for X-ray beam transmission and monitor, detector ef-
ficiency and distortion and applied to the recorded CCD
image. A measurement of pure water is done to calibrate
the instrument. Para-bromo-benzoic acid was used to
calibrate WAXS angles. SAXS 2-D images are then azi-
muthally regrouped after applying a mask to remove
faulty regions of the image (essentially due to the beam-
stop). A final subtraction of the mica windows and a nor-
malization by the sample thickness gives the scattering
cross section I(g) in absolute units (cm ™).

Ultra Small Angle X-ray Scattering. A Bonse-Hart
camera [48] equipped with an avalanche photodiode de-
tector was used on the ID02 beam line to measure the
Ultra Small Angle X-ray Scattering corresponding to ¢
values ranging from 5.5 x 10 nm™ to 2 x 10™" nm™".
The scatttering of the mica windows was subtracted from
the sample signal and the resulting intensity was nor-
malized by sample thickness to obtain the scattering
cross section in absolute units (cm ™).

Small Angle Neutron Scattering (SANS) measure-
ments. SANS measurements were performed at the
Laboratoire Léon Brillouin (LLB, Saclay, France) on the
PAXE instrument. The PAXE detector is a XY multi-
detector filled by BF;. Two different configurations
(wavelength 4y = 1.7 nm, Sample-to-Detector distance =
5 m; and wavelength 4y = 0.6 nm, Sample-to-Detector
distance = 2 m) were used to cover q values ranging from
2.8 x 102 nm' to 1.8 nm". Data processing was per-
formed using the standard PAXE procedures (software
available free of charge at http://didier.lairez.fr/) [49].
For high q values, absolute intensity was obtained by
measuring the incident flux. Scattered intensities were
normalized by the thickness of the sample and the
transmission. Finally, the signal of an empty cell and the
incoherent background, mainly coming from the hydro-
gen atoms of the cellulose and the physiosorbed H,O,
were subtracted. The incoherent contribution was cal-
culated by estimating the total amount of hydrogen of the
cellulose sample. Data obtained for low q values were
normalised with high ¢ values data (software available
free of charge at http:/didier.lairez.fr/). The cellulose
suspension was then introduced in 2 mm Hellma quartz
cells for the analysis and the excess of solvent was re-
moved by centrifugation to avoid any particle sedimen-
tation. The operation has been repeated until the cell is
full. The dry matter content was measured after the
SANS analysis to determine exactly the volume fraction
of cellulose in the cell. Solvents were also analysed in 2
mm Hellma cells.

Data analysis: WAXS Analysis. The crystallinity index
was calculated using the classical peak intensity method:

Copyright © 2013 SciRes.

Crt = Je =t )
Cr
where I, is the intensity at 26 = 22°, and [, is the inten-
sity at 260 = 18°. The I, peak corresponds to the crystal-
line fraction whereas /,, corresponds to the amorphous
fraction.
SANS and SAXS Analysis. For mono-disperse, ho-
mogeneous, spherical particles suspended in a solvent,
the scattered intensity can be written as:

1(9)= (Do~ P ) NV2F*(0)S(q) ()

where N, is the average number density of particles; V), is
the average volume of one particle and N, V), is the vol-
ume fraction ¢ of particles; F*(q) is the form factor giv-
ing information relative to the size, shape and internal
structure of the particles; and S(g) is the structure factor
describing the interaction between particles.

Neutron contrast variation experiments measure the
scattering length densities (SLD) of particles. For that,
different H/D solvent mixtures are used and the resultant
solvent SLD is the volume fraction weighted sum of p of
each constituent. For any ¢ value, the expression (3) can
be expressed as follows:

12
I(q
((T)J o« ppan - psolv.

A plot of the left hand side of (3bis) as a function of
Psolv- Yi€lds an estimation of ppay.

The ¢ domain measured by X-ray scattering is from
0.001 to 40 nm™"; it determines the length scale (~1/g) of
detectable features between 0.2 and 1000 nm. This length
scale is one or two orders of magnitude lower than the
cellulose particle size as seen by microscopic methods.
Consequently, the correct description of the form and
structure factor is not possible in this ¢ range. By con-
trast the water/microfibril and/or the water/particle inter-
face can be characterized giving insight into the result of
the mechanism of actions of enzymes. In the ¢ domain
where ¢ is much smaller than the particle size R, and if
the SLD vary sharply from particle to solvent, the inten-
sity displays a q power law.

I(q) = A(D_y)q’“, q > R;

where o is related to the surface fractal dimension D by
a = 6 — D,. If the particle/solvent interface is smooth (D;
= 2), this equation can be simplified to give the Porod
law:

(3bis)

(3ter)

_ S _ _
I(q)qu 4 :2nAp2;q 4 q> Rg1 4)

where S is the developed surface in the volume ¥ and S/V
is the so called surface to volume ratio. For a suspension
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of particles at volume fraction ¢, the S/V of the solution
is related to the average surface to volume ratio of one
particle s/v by :

2ol (5)

Particles sizes. Two different analytical methods were
used to determine the sizes of the particles. The first
method used the MorFi analyser (TechPap, France)
which is able to analyse the size of particles ranging
from 15 pum to several millimeters.

An amount of 0.3 g of dry cellulose was suspended in
water. The suspension passing throughout and in the vi-
cinity of 3000 fibers per a couple of minutes were de-
tected with a high resolution CCD (CCD: Charge-cou-
pled device). Data were directly analysed yielding in-
formation about the size and the shape of particles such
as length, width and circularity.

Particle size distribution was also determined using a
Flow Particles Image Analyser (Sysmex FPIA3000,
Malvern) which makes size and shape analysis of parti-
cles in suspension having size ranging from 1 to 300 pm.
A sample is taken from a dilute suspension of particles
which travel through a flow cell. Pictures of particles are
imaged by a CCD. Random orientation is avoided and
the largest area is presented to the camera. Pictures of
10,000 particles were taken, and length and width were
determined for each particle. The arithmetic average
length and width is computed for each substrate

3.RESULTS

3.1. Preparation of Partially Hydrolysed
Substrate

Two cellulosic substrates having either a low- or high

Table 1. Properties of prepared cellulosic substrates.

1099

degree of polymerisation (DP) were prepared respect-
ively from Avicel PH-101 (series I) and a cellulosic pulp
named BSP (series II) respectively. The hydrolysis was
interrupted at 10%, 30% and 70% of glucan conversion.
For both substrates, a control was prepared without the
enzymatic step to evaluate the influence of post-treat-
ment. Hydrolysis of Avicel is accompanied by the accu-
mulation of irreversibly adsorbed enzyme even after mild
or extensive washing procedure as previously reported
[50,51]. Several washing procedures have already been
described in the literature and extensive alkaline wash
was ascribed as being the most efficient [52]. Neverthe-
less, the use of harsh conditions such as high thermal
denaturation under acidic conditions followed by an or-
ganic solvent washing, can dramatically alter the cellu-
lose surface. To ensure the maximum removal of residual
cellulase without affecting the surface properties, several
mild alkaline wash steps, using a 2 M NaOH buffer and a
thermal denaturation at 45°C, were carried out. This was
performed until no more protein was detectable by SDS-
PAGE analyses of washed buffers (data not shown). Us-
ing freeze-drying, the solid residue recovered is higher
than 98% and the main features of the partially hydro-
lysed substrates are detailed in Table 1.

3.2. Molecular Structure

The molecular structure of cellulose was investigated
using viscosity measurement. The average DP was
determined both for the control and the partially hydro-
lysed substrates (Table 1). No significant change was
observed for both low- and high-DP substrates indicating
that the global molecular structure of cellulose remains
constant during the saccharification. This result is in total
agreement with those reported in the literature showing
that enzymes are unable to penetrate microcrystalline

Substrate ﬁz& ]V]l)e;n CUZI an]n urrzn ];1;1:: Linrith “ﬁﬂ:h
% %
Seriel: Avicel
Control 0.0 347 (17) 64 3.4 1.2 98.5 11.6 7.2
A10 10.0 359 (18) - 3.4 0.8 96.9 10.7 5.4
A30 27.2 382 (19) 64 3.6 0.8 98.1 10.4 4.9
A70 76.3 369 (18) 63 3.0 0.3 99.3 11.0 3.9
Seriell: BSP
Control 0 1916 (96) 56 3.8 1.2 59.3 - -
BSP10 20.1 1884 (94) - 6.1 1.4 62.5 - -
BSP30 32.0 1869 (93) 62 5.2 1.0 - - -
BSP70 71.1 2108 (105) 60 4.0 0.5 92.0 - -
Copyright © 2013 SciRes. OPEN ACCESS
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celluloses having a low DP [53-55] and act at the sur-
faces of the microfibrils [51,56,57]. Cellulases bind to
the hydrophobic faces of crystalline cellulose and hydro-
lyze, progressively from the reducing end or randomly,
the most exposed polysaccharide chains are located at
the surface of the microfibrils. Our results demonstrate
that irrespective of their degree of polymerization, cel-
lulose crystals undergo an erosive action of enzymes,
which results in a constant average degree of polymer-
ization. This is contrary to what is observed in the case
of amorphous substrates such as phosphoric acid swollen
cellulose [57].

3.3. Crystallinity

Crystallinity is one of the several parameter used to
characterize the ordered structure of cellulose. The de-
termination of the crystallinity index is highly dependent
on the characterisation method [39]. It has been recog-
nized that the actual values of the crystallinity differ ac-
cording to the measurement principles and analysis tech-
niques used, and that the highest crystallinity index is
realized by the X-ray diffraction peak height method, and
is bulk measurement performed in the dry state. This
deficiency can be avoided by solid state *C nuclear mag-
netic measurement because the analysis can be con-
ducted in wet state. Nevertheless, there is some evidence
that NMR measured crystallinity changes would be sim-
ilar, the total crystallinity might differ. The characteristic
wide angle X-ray scattering patterns were obtained for
the “control” and two hydrolysed substrates (not shown
in this article). They did not reveal any significant

change from the non-hydrolysed substrate for both series.

The present results do not indicate an increase of the
crystallinity even after more than 70% of conversion.
The most readily accessible molecules are located at the
crystal surface, so the macromolecules are hydrolysed
one by one and the proportion of amorphous content re-
mains constant during the course of the enzymatic action.
This observation supports the erosion mechanism as al-
ready described in the literature.

Further structural information can be obtained from
neutron contrast variation experiments where the scat-
tering length density (SLD) describes the sum of scatter-
ing lengths of all atoms in a volume. The celluloses used
in these experiments are Avicel and BSP controls as well
as the corresponding 70% hydrolysed substrates. After
swelling in H;O/D,0 mixtures (with volume fractions of
H,0: 0, 0.25, 0.5 and 0.6), the cellulose samples and
their slurries were measured in the high ¢ range. The
volume fraction of slurries in the cells was determined «
posteriori.

Figure 1 represents the square root of scattering inten-
sity for ¢ = gmin = 0.28 nm ™', normalised by the cellulose
volume fraction, as a function of the volume fraction of

Copyright © 2013 SciRes.
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Figure 1. Determination of SLD, at ¢ = 0.28 nm !, of A and
BSP celluloses according to Equation (3bis); grey symbols are
for “control” and yellow for 70% hydrolysed substrates.

H,O in the water mixture. According to Equation (3bis),
a linear behaviour is observed for all the celluloses. The
scattering data around the regression line is attributed to
the occurrence of heterogeneities in the cell, leading to
small discrepancies between the volume fraction in the
cell and in the beam. The water composition at which
scattering intensity tends to zero is 65% - 70% H,O. The
corresponding scattering length density is 1.6 - 1.8 x 10'°
cm 2 In the following sections of the article, we will
adopt a unique value of 1.7 x 10" cm™. Two conclusions
may be drawn from this result: 1) the two cellulosic sam-
ples are found to have the same scattering length density,
2) No definitive trend towards hydrolysis is found, which
means that the hydrolysed and remaining parts of cellu-
lose particles have the same composition.

The length scale at which cellulose modifications oc-
cur is provided by the joint use of the X-ray scattering
experiments which cover a broad range of ¢g. The scat-
tering curves of the two celluloses and their correspond-
ing partially hydrolysed substrates are shown on Figure
1. The control substrates behave the same way and their
scattering curves may be divided as follows:

Region |: at 10 < q < 0.2 nm™', the intensity displays
a g power law (Equation (3ter)) with an exponent of
—3.58 for Avicel and —3.59 for BSP. This power law be-
havior over two orders of magnitude of q is reminiscent
of a surface fractal behaviour. The particle surface fractal
dimension is found to be 2.42 for Avicel and 2.41 for
BSP.

Region I1: at 0.2 < ¢ <3 nm', an excess of scattering
ending with a ¢~* dependence is observed. This behav-
iour is ascribed (Equation (4)) to smooth interfaces be-
tween water and small objects: the microfibrils.

Region I11: at 3 < ¢ < 10 nm™', the intensity is very
low (few 102 cm™") and nearly constant. This part of the
curve is due to the solvent and is related to its isotherm
compressibility.
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Region IV: at 10 < ¢ <40 nm ', Bragg peaks of cellu-
lose superimposed on the classical peak of water. The
relative intensities of the Bragg peaks are similar to those
recorded by X-ray diffraction for the powder samples.
This observation shows that cellulose nanocrystals are
not affected by water, somehow in agreement with the
finding reported recently showing a minimal effect from
two solvation shells on the diffraction patterns of mod-
elled cellulose crystals [58].

In the course of the hydrolysis, the high ¢ region (g >
0.2 nm ") does not vary. By contrast, the exponent power
law in the small ¢ region (g < 0.2 nm ') changes from
—3.59 for BSP control to —4.0 for BSP 70% hydrolysed
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(Figure 2). This behaviour indicates clearly a smoothing
of the rough surfaces [59,60]. A “Porod” plot, i.e. a ¢*I(¢)
versus ¢ plot, is shown for BSP substrates on Figure 2(d).
For clarity, the WAXS data are not taken into considera-
tion and the plateau value of region III has been sub-
tracted to small ¢ data. Intensities of partially hydrolysed
substrates have been scaled in the high ¢ region to the
one of control cellulose by applying a multiplication
factor between 0.7 and 1.1. As the hydrolysis proceeds, a
clear plateau appears, ending at decreasing g values
noted ¢y, ¢» and g3 for 10%, 30% and 70% of hydrolysis,
respectively. These ¢, values are related to the length
scale &, at which cellulose/water interface is considered
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Figure 2. SAXS log/log plot or “Porod” plot of “control” or partially hydrolysed celluloses ((a) and (b)
Avicel; (c) and (d) BSP); The different configurations appear in the representations: hollow triangles:
USAXS, hollow circles: SAXS1, full squares: SAXS2 and lines: WAXS.
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as smooth. The order of magnitude of ¢ is 10, 25 and 100
nm for 10%, 30% and 70% hydrolysis respectively. The
same trend is observed for Avicel cellulose but to a lower
extent. These observations demonstrate that most of the
enzyme action occurs at the water particle interface,
smoothing more and more the rough cellulose surfaces.
Unfortunately, the measurement of surface area using the
SAXS data is made difficult because the volume fraction
in the beam is not accurate.

The variation of the surface area of the substrates oc-
curring in the course of the enzymatic degradation can be
characterized from the results of the SANS experiments
performed in strong contrast conditions (100% D,0O) is
used. The SANS curves of Avicel (Figure 3) display two
q power laws as evidenced by SAXS.

At large ¢ values, ¢ * behaviour are observed, allow-
ing a determination of the pre-factor A of Equation (4).
The knowledge of both the accurate volume fraction of
particles and the cellulose scattering length density
(Pectisose = 1.7 % 10" em™?, py, o = 637 x 10" cm™?)
provides a way to estimate the Surface/Volume ratio of
one average particle. Modelling microfibrils as infinite
cylinders (radius Ry, length L;, L; >> R,) allows estima-
tion of an approximate size R; from Surface/Volume (=
2/R;). Calculated radius values are reported in Table 1.
Mean values of 3.3 and 5 nm respectively for Avicel and
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BSP are in close agreement with the diameter of wood
microfibrils estimated at 3.5 nm by Pérez and Samain
[18]. Moreover, each value remains rather constant dur-
ing the course of the hydrolysis, indicating that there is
no modification of the surface area of the microfibrils.

At small ¢ values (¢ < 0.1 nm™"), a ¢* behaviour is
observed for 30% and 70% hydrolysis while smaller expo-
nents are recorded for control and 10%. For sake of sim-
plicity, this q region has been fit to Porod’s law (Equa-
tion (4)) whatever the conversion is. The same approach
has been applied to determine the approximate sizes R,
of cellulose particles, providing particles as infinite cyl-
inders. The reported values in Table 1 are in the micron
range in accordance with the measurements performed
with the Flow Particles Image Analyser. A clear decrease
of the particle radius with conversion is observed both
for Avicel and BSP substrates, confirming that enzyme
action occurs at water/particle interface. These results
may contain some experimental errors. The main source
of error comes from the determination of the volume
fractions of cellulose in the measurement cells. The dry
matter content was determined after the measurement
and it is likely that there is some evaporation during the
analysis. Moreover, it is not guaranteed that the sample
was totally homogeneous in the cell. We also used the
same scattering length density for the microfibrils and
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Figure 3. Neutron scattering data from control and hydrolysed substrates from Avicel.
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the fibers. However, water cannot penetrate into the mi-
crofibrils which are very crystalline whereas water can
penetrate into the amorphous part of microfibrils and can
modify cellulose scattering length density. The global
error was estimated to ~12%. There is no significant
change in the microfibril radius between the “control”
substrate and the partially hydrolysed substrates from
both Avicel and BSP, which indicates that there is no
evolution in cellulose nanostructure. These results con-
firm the unaltered degrees of crystallinity. Finally, en-
zymes degrade cellulose layer by layer, microfibril by
microfibril and the observation of the surface at the
nanometre scale does not reveal any change during the
reaction.

The micrometer size structure can be observed on
SEM images (Figure 4) for enzymatically hydrolysed
substrates at different conversions. Comparing both

1103

Avicel and BSP “control” substrates, Avicel has signifi-
cantly smaller particles than BSP. A decrease of the par-
ticle size between intact and hydrolysed cellulose was
also observed but must be confirmed by measuring cel-
lulose particle size. The MorFi analyser was used to dis-
tinguish between BSP fibers, having dimensions greater
than 80 um, and fine elements with a length below 80
um. Figure 5 presents the evolution of particle length for
control and 70% hydrolysed BSP substrates. There is a
clear decrease of fiber length for particles which are
longer than 80 um as well as there is a decrease of the
percentage of particles measuring more than 80 um.
Even if small angle scattering analyses have shown that
enzymes cannot penetrate the cellulose structure, cellu-
lose may contain easily hydrolysable fractions which are
initially hydrolysed, leading to a decrease of average par-
ticle length.

b
PT 70%

2N WA :
BlancPT  SE 100 um
MAG: 200 x —

MAG: 200 x

Figure 4. SEM picture of partially hydrolysed cellulose at various conversion for two dif-

ferent cellulosic substrates.
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Figure 5. Evolution of particle size for hydrolysed substrate
from BSP.

To confirm this mechanism in the case of Avicel, par-
ticle sizes were determined using a Flow Particles Image
Analyser (FPIA) which is most adequate to assess the
dimensions of small particles having length between 1 to
100 pm). Calculated arithmetic average length and width
are presented in Table 1. Particles of the control sub-
strates from BSP were not measured due to their rela-
tively large sizes. Results for partially hydrolysed sub-
strates prepared from Avicel are presented in Figure 6.
A clear decrease of the average width of particles is ob-
served whereas the length seems to remain unchanged.
Enzymatic hydrolysis occurs at particle surfaces leading
to a decrease in particle width. This mechanism is dif-
ferent from the hydrolysis of BSP substrates because a
decrease in particle length is not observed.

As microfibrils are surrounded by non-crystalline or
para-crystalline chains distributed in their outer wall, a
two-phase mechanism, already illustrated in the literature
[25] can be proposed to explain this observation. During
the first phase, the most reactive parts of cellulose (amor-
phous and para-crystalline) are hydrolysed and cellulose
may be cut into small segments. During the second phase,
enzyme attack mainly occurs at the exposed crystalline
surface leading to the erosion of particles.

3.4. Reactivity of Cellulosic Substrates
during Saccharification

The reactivity of partially hydrolysed substrates was
evaluated throughout initial apparent kinetic assays. Re-
start activity was determined by measuring the amount of
glucose released after 30 min using fresh enzymatic
cocktails. Relative reactivity was calculated for both se-
ries of partially hydrolysed substrates by comparison
with the untreated controls (Table 2).

For both substrates a slight decrease of restart activity,
from 10% to 30%, was correlated to the level of partial
hydrolysis rate for partial hydrolyses of 10% to 70%, re-
spectively. These results may be explained by the occur-
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Figure 6. Evolution of fibre length and width for partially hy-
drolysed substrate from Avicel.

Table 2. Evolution of substrate reactivity during conversion of
Avicel and BSP cellulosic substrates.

Substrate (Seriel) BA A10 A30 A70
Initial hydrolysis rate
. 4 39 3.6 3.4 2.7
(gglucosc'h *Eenzyme )
Hydrolysis rate of BA
at the corresl_)ondmg 39 30 18 03
conversion
(gglucosbhil'genzyme?l)
Substrate
. BSP BSP10 BSP30 BSP70
(Seriell)
Initial hydrolysis rate
o B 3 2.5 22 2.0
(gglucose'h *enzyme )
Hydrolysis rate of BSP
at the corresponding 3 15 1 0.25

conversion

-1 -1
lucose enzyme
(Betucose " Benryme )

rence of several levels of interactions in the fiber net-
work. The most reactive fractions of cellulose may be
located at the surface of the cellulose architecture re-
vealing a more resistant substrate during the enzymatic
hydrolysis.
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The loss of substrate reactivity was assessed by the
global kinetic tests. Table 2 shows the evolution of the
hydrolysis rate during uninterrupted and restart experi-
ments for Avicel and BSP cellulosic substrates. Results
indicate a systematically higher degradation rate for
Avicel than for BSP. This may be explained by the ten-
fold lower average DP for Avicel resulting in the forma-
tion of smaller particles and higher surface area. The rate
for interrupted experiments dropped rapidly with around
50% of loss after only 25% of conversion. However, by
comparing uninterrupted and restart experiments, the loss
of substrate reactivity cannot fully explain the decrease
of the conversion rate suggesting that others factors such
as enzyme deactivation and product inhibition are also
involved [55].

4. DISCUSSION

In this work, the evolutions of cellulosic substrate mor-
phology and reactivity were studied as a function of en-
zymatic conversion. Partially hydrolysed substrates have
been prepared to investigate the structural and morpho-
logical changes at different length scales using various
characterization methods such as viscosity measurement,
WAXS, SAXS, SANS and particles size analyser.

In agreement with previous reports [28,29] the vis-
cosity measurements did not indicate any change of the
degree of polymerization in the course of enzymatic hy-
drolysis. With regard to the cellulose nanostructure, the
crystallinity of partially hydrolysed samples remained
unaltered during hydrolysis. SANS measurements con-
firmed the unmodified size of cellulose microfibrils all
along the course of the enzymatic reaction. Earlier results
already showed that the crystallinity remains unchanged
during hydrolysis [14,36]. Based on these results, we
surmise that the microfibrillar architecture remains intact
during hydrolysis. As for the cellulose microstructure,
small angle scattering results have shown an increase of
surface area with the conversion whereas the particle size
analyses showed decreases in particles size. It appears
clearly that enzymatic hydrolysis occurs at particle sur-
faces and that enzymes are not able to penetrate the cel-
lulose crystalline structure.

The mechanisms involved during the enzymatic hy-
drolysis remain to be clarified. As for the hydrolysis of
BSP, a decrease of particle length was observed whereas,
for Avicel, particle length remains constant and particle
width decreases. The main differences between these two
substrates are their initial sizes; the BSP particles are ten-
fold larger than those in Avicel. In their studies, Thyge-
sen et al. [61] and Clarke et al. [62] observed a mecha-
nism of fiber cutting, on pre-treated wheat straw as well
as on bleached softwood Kraft pulp. For both substrates,
major changes in particle size occur during the 6 - 8 first
hours of the reaction and then particle length decreases

Copyright © 2013 SciRes.

very slowly or remains constant. It should be noted that
enzymes can also cause the well-known levelling-off
phenomenon. Both studies show that the fiber cutting
occurs at dislocation sites yielding a more reactive sub-
strate [62]. Our results on BSP do confirm the fiber-cut-
ting phenomenon, but in the case of Avicel particles,
only a decrease in particle width occurred. A possible
mechanism for the enzymatic hydrolysis consists in a
two-step process of fiber cutting and particle erosion.
During the first part of the reaction, long cellulosic fibers
are first cut in small segments mainly in dislocation
points and this action leads to small particles. Then, en-
zyme attack occurred at the surface of the particles with
an erosive mechanism. In this case, particle length re-
mains relatively constant whereas the width decreases. In
our experiments, BSP particles follow this two-step me-
chanism whereas only particle erosion can be observed
for Avicel particles.

The evolution of substrate reactivity during enzymatic
hydrolysis is considered to have a negative impact on the
rate of hydrolysis. The present study indicates a decrese
of the substrate reactivity for both low- and high-degree
of polymerisation. By comparing reaction rates of unin-
terrupted and restart experiments the loss of substrate
reactivity cannot explain the global decrease of the reac-
tion rate. It is nevertheless important to consider the loss-
es in substrate reactivity as they represent 20% for a sub-
strate that has been 70% converted. Substrate morphol-
ogy analysis has shown that partially hydrolysed sub-
strates have smaller particles and higher surface area.
Increasing the surface area should lead to an increase of
enzyme adsorption and a concomitant increase of the
reaction rate. However, a decrease of the reactivity is
found for partially hydrolysed substrates and the mor-
phological changes cannot explain this observation. It
may be advocate that the edge of the particles are more
reactive than the core, which is more organized. Wang et
al. [35] proposed that changes in the packing of microfi-
brils may be responsible for the decrease of the reaction
rate. Small angle scattering results have revealed a smooth-
ing of the rough cellulose surface and even if there is an
increase in the available surface its smoothing can lead to
a decrease of cellulose accessibility thereby impacting
the reactivity of the substrate. Igarashi et al. [4] have
highlighted the capacity of CBHI (Cel7A) from Tricho-
derma reesei to cause morphological changes to bacterial
cellulose. Real-time AFM imaging has revealed the se-
lective hydrolysis of the hydrophobic faces of bacterial
cellulose by this exo-cellulase. The action of endoglu-
canase CeL7B on cellulose architecture was also recently
investigated by real-time AFM [27] yielding similar re-
sults.

As the reaction proceeds, conversion should also be
correlated with a loss in volume. The volume losses
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measured by SANS and FPIA, for the partially hydro-
lysed substrates prepared from Avicel, and only meas-
ured by SANS, for the BSP, are presented in Figure 7.
The black line represents the loss of volume considering
that it is proportional to the conversion rate. Interestingly,
for both substrates, a large decrease of the volume is ob-
served at the first stage of the reaction compared to what
was expected. Then, the decrease of the volume seems to
follow the rate of the conversion. One hypothesis should
be that, at the beginning, enzymes are disrupting the par-
ticle agglomerates before really starting to erode particles.
Another explanation could be a difference of density
between the core and the edge of the particles, with a
better organisation in the core even if this explanation
seems less likely regarding density measurement.

5. CONCLUSIONS

It was the aim of the present work to understand the
mechanisms involved in cellulose degradation by cellu-
lolytic enzymes. A particular emphasis was given to the
identification of the changes in substrate morphology and
reactivity during the course of the reaction. Partially hy-
drolysed of a low- and a high DP cellulosic substrates
were used to follow the evolution of substrate properties.
Results showed that there is no change at the nanometer
scale whereas the structural features at the micron scale
are clearly impacted. A decrease in particles size, and
consequently an increase in the surface area is observed
and ascribed to a smoothing of the cellulose surface. A
two-step mechanism for the enzymatic hydrolysis is
proposed to explain the observed phenomena: 1) fibers
are cut into small particles which have a minimum size, 2)
particles are eroded at the surface as enzymes are unable
to penetrate the cellulose structure.

A decrease in the reactivity of cellulose has been ob-
served which cannot explain totally the loss in reaction
rate during the enzymatic hydrolysis. A correlation be-
tween the substrate morphology and the changes in reac-

Volume (%)
8
Om
o
o
o

0 20 40 60 80 100
Conversion (%)

Figure 7. Loss of volume as a function of conversion substrate
from Avicel measured by FPIA (m) and measured by SANS (D).
Substrate from Pate de Tartas measured by SANS (0).
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tivity does not stand as the surface area increase does not
lead to an increase of the reactivity but to a decrease.
Moreover, the volume loss during the conversion is more
important than initially expected by considering a linear
relationship between conversion and particles volume.
The smoothing of cellulose surface may explain the de-
crease of cellulose accessibility. The edge of the particles
is more reactive and less dense whereas the core is less
reactive and denser. However, this question needs more
investigation to better understand the impact of the sub-
strate properties during enzymatic hydrolysis.
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