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ABSTRACT: The systematic evaluation of the degradation of
an amorphous cellulose ﬁlm by a monocomponent endoglucanase (EG I) by using a quartz crystal microbalance with
dissipation monitoring (QCM-D) identiﬁed several important
aspects relevant to the study the kinetics of cellulose degradation by enzymes. It was demonstrated that, to properly evaluate
the mechanism of action, steady state conditions in the experimental set up need to be reached. Rinsing or diluting the
enzyme, as well as concentration of the enzyme, can have a
pronounced eﬀect on the hydrolysis. Quantiﬁcation of the
actual hydrolysis was carried out by measuring the ﬁlm thickness reduction by atomic force microscopy after the enzymatic
treatment. The values correlated well with the frequency data obtained by QCM-D measurement for corresponding ﬁlms. This
demonstrated that the evaluation of hydrolysis by QCM-D can be done quantitatively. Tuning of the initial thickness of ﬁlms
enabled variation of the volume of substrate available for hydrolysis which was then utilized in establishing a correlation between
substrate volume and hydrolytic activity of EG I as measured by QCM-D. It was shown that, although the amount of substrate aﬀects
the absolute rate of hydrolysis, the relative rate of hydrolysis does not depend on the initial amount of substrate in steady state
system. With this experimental setup it was also possible to demonstrate the impact of concentration on crowding of enzyme and
subsequent hydrolysis eﬃciency. This eﬀort also shows the action of EG I on a fully amorphous substrate as observed by QCM-D.
The enzyme was shown to work uniformly within the whole volume of swollen ﬁlm, however being unable to fully degrade the
amorphous ﬁlm.

1. INTRODUCTION
Cellulose, the main structural component of higher plants, is
seen as a major potential source of glucose for the subsequent
production of biofuels, bioethanol in particular. However, the
recalcitrance of cellulose to hydrolytic degradation1,2 has been a
major impediment in such technology and the facilitation of
degradation has recently been subject to intense research eﬀorts.
Enzymatic hydrolysis with cellulase enzymes is currently regarded as the most viable option for industrial degradation of
cellulose. Fundamental research on enzymatic hydrolysis of
cellulose is therefore instrumental for its eﬃcient exploitation.
In this context, physical features of the cellulosic substrates
aﬀecting hydrolysis have been identiﬁed,3,4 including crystallinity, pore size, and chemical heterogeneity. Similarly, enzyme
related features inﬂuencing the eﬃciency of hydrolysis have been
investigated.47 Despite all these eﬀorts, the mechanisms of
enzymatic cellulose hydrolysis are still not fully understood.
Since typical biomass is chemically heterogeneous, fundamental research on enzymatic hydrolysis is often carried out with pure
cellulose substrates of diﬀerent origin and characteristics. However, as the morphology of the substrate also plays a signiﬁcant
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role in the reactivity of cellulose, model ﬁlms have proved very
useful in fundamental cellulose research. They essentially reduce
the morphology to the level of a smooth ultrathin ﬁlm and enable
the use of various surface analytical techniques which are not
applicable for bulk samples. In this contribution, an amorphous
cellulose model ﬁlm with well-deﬁned characteristics has been
applied in fundamental, quantitative studies of cellulose degradation by various cellulase enzymes. In particular, we have studied
two of the major cellulases from Trichoderma reesei, namely EG I
and CBH I. Both enzymes have a modular structure typical for
cellulases. In this arrangement a catalytic domain (CD) is linked
to a smaller cellulose-binding domain (CBD). This structure
apparently helps to anchor the CD to the cellulose and thereby
increase its catalytic eﬃciency. Functional studies on the two
domain structure of cellulases show that binding is critical for
catalysis to occur but binding and catalysis are not necessary
concurrent events.8
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The quartz crystal microbalance with dissipation monitoring
(QCM-D) is a recently developed methodology for in situ
studies of phenomena at the solidliquid interface. In essence,
it is a very sensitive balance, where frequency changes are
indicative of, and proportional to, the changes of mass deposited
on the crystal. Simultaneously, dissipation monitoring provides
useful information on viscoelastic properties of the ﬁlm. The
technique is well established in studying adsorption of, for
example, polyelectrolytes or proteins on a variety of model
substrates.913 Recent advances in the preparation of cellulose
ultrathin model ﬁlms have allowed utilization of QCM-D to
obtain valuable information on the behavior of cellulose, such as
swelling and the adsorption of polyelectrolytes. The exceptional
sensitivity of QCM-D makes it suitable for studies on the
enzymatic degradation of cellulose that consist of adsorption
(binding) and degradation (hydrolysis) stages. Previous investigations have included evaluations of the treatment conditions
(enzyme concentration, temperature and pH)1417 and model
ﬁlm characteristics (cellulose II, nanoﬁrillar cellulose and cellulose nanocrystals)18 on the rate of hydrolysis. The technique has
also been used to demonstrate the diﬀerence in mode of action
for two individual cellulases and their synthetic mixtures.19 The
common features of these eﬀorts were utilization of semicrystalline cellulose ﬁlms and/or usage of a commercial cellulase
mixture. Only indirect quantiﬁcation of the degradation was
attainable in QCM-D by using the Sauerbrey equation that
correlates the change in frequency to the change of mass on
the crystal.20 Although visual AFM analysis of surfaces before and
after hydrolysis demonstrated removal of deposited cellulose,18
the method could not reliably quantify the extent of hydrolysis. A
modiﬁed method (measurement of density and viscosity of
hydrolysate) of utilizing QCM-D to quantify hydrolysis has been
described,21 however a quantiﬁcation of cellulose degradation by
analyzing the ﬁlms after hydrolysis and correlation with the data
obtained by QCM-D testing has not been achieved.
In this contribution, we attempted to investigate several issues
that have not been properly addressed by previously cited
accounts. The model substrate used in this investigation was a
ﬁlm of amorphous cellulose prepared by spin coating from
trimethylsilyl cellulose (TMSC) and subsequently regenerated
by acid hydrolysis. The ﬁlms were extensively characterized,
particularly their crystallinity and swelling behavior.22 The use of
an amorphous substrate circumvents the ambiguous interpretation resulting from semicrystalline cellulose where the contributions of crystalline and disordered cellulose are often diﬃcult, if
not impossible, to distinguish. Furthermore, this amorphous ﬁlm
has been shown to exhibit uniform swelling in water,22 enabling
uniform binding of the enzyme throughout the whole ﬁlm. Then,
as opposed to a cellulase mixture, the action of individual
monocomponent cellulases was evaluated, with a focus on
endoglucanase (EG I) that acts on amorphous part of the
cellulose structure.5,23,24 Investigation of the action of EG is
slowly gaining momentum. The monocomponent EG is ﬁnding
its application, for instance, in increasing solubility25 and
reactivity26,27 of dissolving pulps, or in modiﬁcation of deligniﬁed
wood pulp ﬁbers prior to preparation of nanoﬁbrillated
cellulose.28 Another objective of this eﬀort was to assess the
impact of the amount of substrate on the rate of hydrolysis
measured by QCM-D technique. Finally, we attempted a direct
quantiﬁcation of the mass reduction by hydrolysis of the ﬁlm and
correlate the data with the data obtained in QCM-D measurements. Contrary to the bulk monitoring of enzymatic hydrolysis
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of cellulose, this approach does not employ the characterization
of the hydrolysate by, e.g., released sugar analysis. Instead, we are
applying QCM-D as an in situ tool for following the hydrolysis
and thickness measurements as an ex situ tool for validating the
quantiﬁcation. In other words, changes in the residual cellulose
substrate are followed instead of monitoring of the hydrolyzed
sugars from solution.

2. EXPERIMENTAL SECTION
Materials. Trimethylsilyl cellulose (TMSC, degree of substitution
2.2; Mw = 231 320 g mol1, Mn = 82 660 g mol1, Mw/Mn = 2.80) was
synthesized from cellulose powder from Spruce (Fluka) as described
previously.29 Toluene was p.a. grade from Aldrich. The HCl solution was
prepared from a VWR stock solution (11.76 M as determined by
titration with NaOH). Milli-Q (Millipore Corporation) purified water
was used throughout the experiments. Substrates used for model film
preparation were silica QCM-D crystals (Q-sense AB, V€astra Fr€olunda,
Sweden) and smooth silicon wafers (Okmetic, Espoo, Finland). Acetate
buffer solution (50 mM, pH 4.5) for enzyme dilution, film swelling, and
rinsing was prepared using p.a. grade anhydrous sodium acetate (Fluka)
and glacial acetic acid (p.a. Merck).
Enzymes. The enzymes used were EG I and CBH I from Trichoderma reesei. EG I was purified from culture filtrates lacking CBH I and
CBH II, as described by Suurn€akki et al.30 Briefly, culture supernatant
was desalted on a Sephadex G-25 coarse column (GE Life Science),
equilibrated with 6 mM sodium phosphate buffer, pH 7.0, and then
loaded on a DEAE Sepharose FF (GE Life Science). EG I was eluted
using a NaCl gradient and then loaded on a Phenyl Sepharose FF (GE
Life Science) column equilibrated with 25 mM sodium phosphate at pH
6.0 with 0.4 M (NH4)2SO4. EG I was eluted by a decreasing gradient of
20 mM pH 6.0. EG I containing fractions were further concentrated by
ultrafiltration with 25 mM sodium acetate, pH 4.5, and applied to a
DEAE Sepharose FF column, and eluted by a NaCl gradient. Finally the
protein was desalted and concentrated by ultrafiltration.
CBH I was puriﬁed from culture ﬁltrate devoid of EG I and EG II as
described by Rahkamo et al.31 Brieﬂy, bentonite treated and concentrated culture was desalted on Sephadex G-25 (GE Life Science) using
10 mM sodium phosphate buﬀer, pH 7.0 and applied on DEAE
Sepharose FF (GE Life Science). Elution was with a NaCl gradient.
The CBH I fraction was then aﬃnity puriﬁed using p-aminobentzyl
1-thio-B-D-cellobioside linked Sepharose (GE Life Science) column.
The CBH I pool was then applied on Phenyl Sepharose FF equilibrated
with 20 mM sodium acetate pH 5.0 containing 0.4 M (NH4)2SO4.
Elution was performed with a decreasing gradient of (NH4)2SO4 20 mM
sodium acetate. The protein was ﬁnally desalted and concentrated by
ultraﬁltration.
Commercial cellulase mixture, NS50013 cellulase complex from
Novozymes (Celluclast) was used for complementary evaluation.
Model Films Preparation. Ultrathin model films of cellulose of
different thickness were prepared by spin coating from TMSC solutions
of different concentrations. TMSC was dissolved in toluene to obtain
solutions in concentration range from 1 to 20 g dm3 (1, 2.5, 5, 7.5, 10,
12.5, 15, 17.5, and 20 g dm3). Silicon wafers were cut to ca. 1  1 cm2
squares and cleaned in an UV/ozonator (Bioforce Nanosciences, Ames,
IA) for 15 min. The cleaned wafers were rinsed twice with toluene
(4000 rpm for 15 s) right before spin coating with the TMSC solutions.
Spin coating was carried out at 4000 rpm (acceleration of 2200 rpm s1)
for ca. 45 s. The TMCS films for QCM-D studies were prepared in a
similar manner using silica QCM-D crystals (Q-Sense AB, Gothenburg,
Sweden) as substrates. The spin coater used was a WS-400B-6NPP/
LITE (Laurell Technologies Corporation, North Wales, PA). The spin
coated TMSC films were then converted to cellulose by exposure to the
vapor of 2 M HCl for 2 min.29
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Quartz Crystal Microbalance with Dissipation Monitoring
(QCM-D). Enzyme interactions including enzyme adsorption and
enzymatic hydrolysis with cellulose model films were studied using a
Q-Sense E4 instrument (Q-Sense AB, Gothenburg, Sweden). The
QCM-D technique enables in situ studies of mass change at solid/liquid
interface due to adsorption, desorption20 and swelling.32 The piezoelectric quartz crystal oscillates at a resonant frequency f0 which is
lowered or increased when mass changes are sensed on the surface of the
crystal. If the layer on the crystal surface is evenly distributed, rigidly
attached, fully elastic and small compared to the mass of the crystal, the
shift in the resonant frequency is related to the mass change by the
Sauerbrey equation,33
Δm ¼ 

CΔf
n

ð1Þ

where Δm is the adsorbed or desorbed mass per unit surface, Δf = f  f0
is the frequency shift, n is the overtone number (n = 1, 3, 5, 7, ...), and C is
a constant that describes the sensitivity of the device to changes in mass.
For the crystals used, C ≈ 0.177 mg m2 Hz1.34
The resonant frequency of the crystal depends on the total oscillating
mass, including water coupled to the oscillation. By measuring several
frequencies and the dissipation, it becomes possible to determine
whether the ﬁlm on the sensor surface is rigid or water-rich and mobile
(soft) which is not possible by looking only at the frequency response. If
the ﬁlm on the sensor surface is not fully elastic, frictional losses occur
that lead to a damping of the oscillation with a decay rate of amplitude
that depends on the viscoelastic properties of the material. With the
QCM-D instrument the change in the dissipation factor, ΔD = D  D0,
can be measured. D is deﬁned by
D¼

Ediss
2πEstor

ð2Þ

where Ediss is the total dissipated energy during one oscillation cycle and
Estor is the total energy stored in the oscillation.
The spin-coated and acid hydrolyzed crystals were left to swell in
buﬀer solution overnight. The crystals were then rinsed with water and
thoroughly dried with nitrogen before being mounted in the measurement chamber. Prior to the measurement, the cells (40 μL volume above
sensor) were ﬁlled with buﬀer solution to allow the ﬁlms fully swell, as
indicated by stabilized frequency and dissipation values. The measurement commenced by running buﬀer solution for ca. 5 min (0.1 mL
min1) to attain the measurement baseline, and then the buﬀer solution
was replaced by enzyme. The enzyme was pumped for a total of 60 min,
and then the eluent was switched back to buﬀer solution for another
60 min (both at the same 0.1 mL min1 ﬂow rate). The pump was then
turned oﬀ, and the measurement continued for an additional 2 h.
Frequency and dissipation changes were recorded as a function of time
and the total time of measurement was 4 h. All measurements were
recorded at the 5 MHz fundamental resonance frequency and its
overtones 15, 25, 35, 55, and 75 MHz. The third overtone (15 MHz)
was used in the evaluation of the data. The temperature inside the
measurement chamber was maintained at 25 °C.
Hydrolysis of Films on Silicon Wafers. The films deposited on
silicon wafers were treated similarly as those on the quartz crystals. The
cellulase treatment followed the same protocol as the QCM-D measurement, using the same pump at the same flow rate. The outlets of the
tubes were placed directly above the films, so that eluent could
continually flow on the film surface. To further simulate the continuous
flow as in the QCM-D cell, the excess of the eluent was periodically
(5 min intervals) suctioned from the film by micropipet.
Film Thickness Analysis by AFM. Cellulose model film (on
silicon wafers) thickness was determined using a Nanoscope IIIa
Multimode scanning probe microscope (Digital Instruments, Inc., Santa
Barbara, CA). The images were scanned in tapping mode with J-scanner

and silicon cantilevers (NSC15/AIBS from Ultrasharp μmasch, Tallinn,
Estonia). The radius of curvature for the tip according to the manufacturer was less than 10 nm and typical resonance frequency of the
cantilever was 325 kHz. Relatively soft tapping (5070% of the free
oscillating amplitude) was applied in the imaging. The films on silicon
wafers, freshly prepared and the films after enzymatic hydrolysis were
dried in oven at 80 °C for 15 min. Then the films were scratched using a
sharp needle and the scratched area was scanned by the AFM (10 μm 
10 μm). The height difference between the revealed substrate and the
intact areas of the film determined the film thickness. A minimum of
three scans were imaged for each film sample and at least three points in
the image were measured. All quantitative data were extracted from the
height images. No image processing except flattening was performed.
Detailed description of the thickness measurements complete with
exemplary scratched AFM images are available in the Supporting
Information (Figure S1).
X-ray Photoelectron Spectroscopy (XPS). A Kratos Analytical
AXIS 165 electron spectrometer with a monochromatic A1KR X-ray
source was used to analyze the elemental and chemical compositions of
the sample surfaces in a manner reported previously.35 All spectra were
collected at an electron takeoff angle of 90° from sample areas less than 1
mm in diameter. Survey spectra were recorded at 1 eV intervals at a pass
energy of 80 eV. Higher resolution regional spectra were recorded at 0.1
eV intervals at a pass energy of 20 eV. The spectra were recorded at three
different spots on each sample and the analysis vacuum was monitored
during the experiments with an in situ reference sample. No X-ray
induced degradation was detected during the experiments.

3. RESULTS AND DISCUSSION
3.1. Cellulose Degradation by Endoglucanase: Impact of
Concentration. QCM-D is a useful technique for providing

information on the mechanism and kinetics of cellulose degradation by cellulases. In previous studies, however, the semicrystalline nature of the films used, coupled with the complexity of the
used enzyme (cellulase mixture), did not allow proper assessment of cellulase action, providing mostly qualitative information
on the hydrolysis.1419 The commercial cellulose mixtures are
not suited for fundamental studies by QCM-D. The complete
composition of these enzymes is often not available, and the
enzyme usually contains other components (e.g., preservatives)
that may have an influence on the measurement, particularly
when using highly sensitive techniques such as QCM-D. In this
investigation, we selected an experimental system consisting of
well-defined and noncomplex components that would allow a
clear analysis of the enzyme action. More specifically, the
substrate used was a homogeneous film of amorphous cellulose,
whose characteristics and swelling behavior have recently been
described.22 The cellulases used in this investigation were
purified monocomponent cellulases. The more detailed and
systematic study was carried out using endoglucanase (EG I),
which is known to act on amorphous cellulose.5 In addition, we
decided to use markedly lower concentrations of the enzyme as
that used in the previous studies, which would allow finer
distinction in the action of cellulase. QCM-D data of the action
of EG I on amorphous cellulose and the impact of the enzyme
concentration is shown in Figure 1. It should be noted that
hydrolysis occurs under a continuous flow of enzyme. Only at the
position marked “rinse” was the liquid changed to plain buffer.
This leads to conditions where the load of enzyme is constant
during hydrolysis. This approach is different from typical hydrolysis setups where an initial amount of enzyme is introduced in
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Figure 1. Dependence of hydrolytic activity on enzyme concentration.
Change in frequency (top) and dissipation (bottom) measured by
QCM-D for ﬁlms of amorphous cellulose (18 nm thick) exposed to
EG I of diﬀerent concentrations. (f0 = 5 MHz, n = 3, f3/n).

the system which leads to changing ratios of free and bound
enzyme as hydrolysis proceeds and cellulose is disintegrated.
The action of EG I on amorphous ﬁlms leads to rapid
degradation of the ﬁlm (Figure 1). This is demonstrated by the
changes in frequency which were not observed when the ﬁlm was
exposed to pure buﬀer solution. The hydrolysis commences
almost immediately after contact of EG I with the substrate,
indicated by a rapid increase in frequency. The rate of degradation starts to slow after ca. 30 min. Interestingly, after continuous
exposure to the enzyme (60 min), the introduction of a buﬀer to
the system (rinse stage) resulted in a rapid short burst of mass
loss from the ﬁlm, in particular at higher concentrations. It
appears that rinsing frees the activity of the enzyme, as replacement of enzyme solution with pure buﬀer reduces crowding
of the enzyme on cellulose surface. In addition, it is possible that
the hydrolyzed cellulose is more readily dissolved in pure buﬀer
solution. Possible removal of cellulose fragments released from
the ﬁlm by the action of enzyme should not be enhanced by the
exchange of enzyme to pure buﬀer in the cell, considering the
properties (pH and ionic strength) of EG I solution in buﬀer and
pure buﬀer are very similar, and the ﬂow was constant during
both hydrolysis and rinsing stages. When compared to the
previously described investigation of EG I hydrolysis of semicrystalline cellulose model ﬁlms studied with QCM-D,19 EG I
exhibits markedly diﬀerent action here. In that investigation, the
interaction of the EG I with a partially crystalline ﬁlm and at
higher enzyme loads resulted in adsorption of EG I on the
substrate and subsequent swelling of the ﬁlm. However, no
detachment of the cellulose from the ﬁlm was detected over
extensive periods of exposure of the ﬁlm to the enzyme.
The enzyme concentration was shown to be a factor in the
hydrolysis as monitored by QCM-D. The comparison in Figure 1
showed that very low concentrations (0.01 μM) and particularly
high (1 μM) concentrations have a diﬀerent impact on the
hydrolysis. At low concentration, a slower rate and a lower extent
of hydrolysis were observed. The concentration in the middle
range showed an increase in both the rate and the extent of
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hydrolysis. The high concentration, however, behaved diﬀerently. At this concentration a transient drop in frequency within
ca. 2 min from the initial contact was noticeable, indicating rapid
adsorption of the enzyme that was aﬀected to a lesser extent by
the concurrent hydrolytic action of EG I. The adsorption at
0.2 μM enzyme dosage or less resulted in a drop in frequency of
less than 2 Hz, whereas the high enzyme concentration (1 μM)
measured a drop in frequency of ca. 7 Hz. The adsorption was
rapidly surpassed by the hydrolytic action denoted by the rapid
increase in frequency. At the initial stage, the rate of hydrolysis
was among the fastest from the concentrations evaluated, when
considering the initial adsorption. Shortly afterward, however,
the hydrolysis starts to rapidly level oﬀ and appears to stop within
30 min of exposure. Introduction of the buﬀer to the system
resulted in a burst of hydrolytic activity of the EG I. The
frequency jumps almost 20 Hz within a minute after beginning
the rinsing stage. This frequency increase is likely enhanced by
the desorption of EG I. At this concentration, both adsorption
and desorption after rinsing were more pronounced when
compared to measurements at lower EG I concentrations. Then
the rate of hydrolysis starts to level oﬀ again, and gradually
continues until the end of the measurement. Overall, the extent
of cellulose ﬁlm degradation is lower than that observed for lower
concentrations, even that of the 100 times weaker enzyme
concentration. This indicates that once the ﬁlm is saturated with
the enzyme, overcrowding starts to impact the hydrolysis probably because the dense binding of the enzyme molecules hinder
each other from accessing the cellulose with their catalytic
domains. The impact of overcrowding on the eﬃciency and
kinetics evaluation of cellulose hydrolysis by cellobiohydrolase
(CBH) has recently been reported.6,36,37 Although no data is
available for EG I and an amorphous model ﬁlm, it appears that
overcrowding is also associated with the endoglucanase hydrolysis of cellulose. Already at 1 μM concentration it appears that
the excess of the enzyme signiﬁcantly reduces the hydrolysis, and
even leads to its apparent stopping of the hydrolysis. However,
dissipation data in Figure 1 indicate that, despite no change in
frequency after 30 min of exposure, the action of EG I leads to
change in rheological properties of the ﬁlm. Positive changes in
dissipation indicate the formation of viscoelastic, gel-like material. Thus, the rigid and fully elastic cellulose ﬁlm became soft and
mobile due to the partial degradation and simultaneously increased water uptake. The available surface for EG I binding
appears to be fully saturated at that point. Therefore this increase
in dissipation is most likely due to continuous loosening of the
swollen ﬁlm and while no signiﬁcant amount of cellulose is
released as indicated by the lack of frequency change, the
hydrolytic activity of the enzyme continues. Previous ﬁndings
on the action of monocomponent EG I on a semicrystalline
cellulose model ﬁlm investigated by QCM-D showed a similar,
continuous increase of dissipation while a relatively stable
frequency was maintained.19
The data also suggest that hydrolysis at lower concentrations
was aﬀected by overcrowding, but to a much lesser extent. The
overcrowding is likely related to the burst of activity at the
beginning of the rinse stage, where removal of the excess of
enzyme frees further enzyme activity. As mentioned above, the
exchange of enzyme solution to buﬀer should not have an impact
on the conditions in the system since the properties of pure
buﬀer and enzyme solution are comparable. Interestingly, at the
lowest concentration (0.01 μM) the rinsing stage had no eﬀect
on the rate of hydrolysis, indicated by the smooth progression in
8822

dx.doi.org/10.1021/la2014418 |Langmuir 2011, 27, 8819–8828

Langmuir

ARTICLE

Table 1. XPS Data for the Amorphous Films Exposed to the
EG I and CBH I Treatment for 60 min and Subsequent
Rinsinga
atomic concentrations
sample

O 1s

C 1s

Si 2p

N 1s

EG

40.4%

57.6%

1.7%

0.3%

CBH

38.1%

57.8%

0.1%

4.1%

The initial thickness of the ﬁlms was 60 nm. The XPS spectra are
available in the Supporting Information (Figure S7).
a

frequency change. This could indicate that the enzyme concentration is low enough for the enzyme to work eﬃciently without
the impact of overcrowding. Thus it appears that the optimal
concentration for the maximal hydrolytic eﬃciency would be
somewhere between 0.2 and 1 μM. For the purpose of this
investigation, however, 0.2 μM was selected as the enzyme
concentration for further experiments. Because rinsing, i.e.,
dilution of the EG concentration, clearly alters the kinetics of
hydrolysis, the results also demonstrate that for a proper evaluation of hydrolysis it is important to maintain the same enzyme
load to obtain a system with steady state conditions.
The impact of rinsing was further investigated in detail. For a
constant ﬂow of 0.2 μM EG I solution, the time of the exposure of
the ﬁlm to the enzyme was varied from 5 to 90 min followed by
rinsing for 90 min (Supporting Information, Figure S2). The
time of exposure proportionally aﬀects the overall extent of the
degradation and led to an initial increase in the rate of hydrolysis.
It appears that the enzyme is gradually washed away, and the
hydrolysis eventually stops within 20 min after the rinsing
commences. This time lag corresponds to the oﬀ-rate for EG I
to desorb from the amorphous cellulose and shows the reversibility of the proteinsubstrate interaction. The XPS analysis of
the QCM-D crystals after endoglucanase exposure and subsequent rinsing conﬁrmed the absence of protein within the ﬁlm as
indicated by the absence of surface nitrogen (protein marker) as
shown in Table 1. The data measured for CBH I treated ﬁlm are
included in the table and are discussed below.
In summary, both concentration (Figure 1) and time of
exposure (Figure S2 in Supporting Information) were shown
to have a pronounced eﬀect on the hydrolysis of the cellulose
ﬁlms by EG I. Too high a concentration of the enzyme can lead to
self-inhibition of the enzyme activity. This also shows that the
mode of enzyme action is aﬀected by the experimental conditions. The hydrolysis of the model ﬁlms has previously been
investigated using various experimental protocols. Some explored a batch mode, where enzyme is added for a short time,
in a pulse-like fashion, followed by rinsing, thus letting only the
initially adsorbed enzyme degrade the cellulose in the ﬁlm.19
Others, similarly to this investigation, used continuous mode
with a constant enzyme ﬂow.17 The constant ﬂow of the enzyme
ensures that the concentration of the enzyme is constant
throughout the hydrolysis, therefore the ratio between free and
bound enzyme is also constant. In addition, the homogeneous
ﬁlm maintains its characteristics during the hydrolysis, thus
morphology of the ﬁlm and the type of interaction do not change
during the hydrolysis. In this investigation we demonstrated that,
for a proper quantitative investigation of enzymatic action, a
steady state system should be achieved by maintaining the same
enzyme load. The rinsing sequence that leads to dilution of the

Figure 2. Frequency and dissipation change development during
hydrolysis of the ﬁlms of diﬀerent thickness. Time 0 indicates the start
of enzyme (EG I) addition (f0 = 5 MHz, n = 3, f3/n).

enzyme can alter the rate of the degradation, making a proper
kinetic evaluation of the process diﬃcult.
Many models have been proposed to describe the kinetics of
cellulose degradation by cellulases and the majority of them are
based on the MichaelisMenten kinetics.4,5 Despite controlled
and simpliﬁed conditions, the enzyme load applied and dilution
(rinsing) of the enzyme indicate additional factors that may have
an impact of the rate of hydrolysis and subsequently on kinetic
evaluation of the process. This demonstrates that the kinetic
evaluation based on MichaelisMenten equation should not be
applied for this system in particular.
3.2. Impact of Film Thickness on Rate of Hydrolysis. The
next step in evaluating the action of EG I on amorphous cellulose
film was to assess the impact of the amount of substrate available
for hydrolysis on the rate of hydrolysis as detected by QCM-D. In
our recent characterization, we quantitatively demonstrated that
the regenerated cellulose model films prepared from spin coated
TMSC swell extensively in water and that this swelling is homogeneous throughout the whole film.22 During the swelling, the film
doubles its volume while remaining stable over a long period of
time.38 Spin coating, on the other hand, allows for the preparation
of homogeneous amorphous films of different thickness. The
thickness of these homogeneous films can be controlled by the
concentration of the TMSC solution used in spin coating. The
correlation between the concentrations of the solutions of TMSC
and resulting thickness of the spin coated regenerated cellulose
films in a dry state is shown in the Supporting Information (Figure
S3 and Table S1). Because of the homogeneous swelling, we are
able to control the amount of cellulose that is susceptible to
enzymatic attack by casting films of different thickness values.
Previous fundamental studies of the enzymatic degradation of
cellulose model films1419,39 have not addressed the issue of
substrate available for hydrolysis, and as such, a direct comparison
with previous work is not possible. The ability to control the film
thickness, or volume of available substrate, however, can be
valuable for obtaining additional information pertinent to the
kinetic evaluation of cellulose degradation by cellulases.
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Figure 3. Correlation between initial ﬁlm thickness and the change of
frequency as measured by QCM-D after 60 min EG I treatment. Positive
frequency change indicates mass reduction on the sensor surface.

The ﬁlms swollen in buﬀer solution were exposed to the
solution of EG I (0.2 μM) in the QCM-D chamber for a period of
60 min. Preliminary investigation (see previous section) showed
that this time is suﬃcient for achieving the bulk of hydrolysis of
cellulose in the ﬁlms. The development of frequency and
dissipation during the hydrolysis of the ﬁlms with diﬀerent
thickness (2, 8, 18, 37, and 60 nm) is shown in Figure 2. The
measurements of ﬁlms of additional thicknesses (i.e., 14, 32, and
48 nm) are included in the Supporting Information (Figure S4).
Except for the thinnest ﬁlm (2 nm), all other ﬁlms of diﬀerent
thicknesses showed a rapid degradation almost immediately
following contact with the enzyme. The initial adsorption is rapidly
surpassed by the concurrent hydrolytic action. The minimum
frequency is reached for ﬁlms of all thickness (except for the
thinnest ﬁlm) within ca. 2 min from the initial contact, followed by
a rapid increase in frequency indicating the removal of the cellulose
from the ﬁlm. Development of the dissipation values showed a
similar overall trend (Figure 2). The initial response appeared to
be delayed proportionally to increasing thickness, but in later
stages the rate and extent of dissipation change increases proportionally with ﬁlm thickness. The thinner ﬁlms (2 and 8 nm) were
readily saturated with the EG I faster and were also more sensitive
to the viscoelastic change due to adsorbed enzyme, thus the faster
initial response (increase in dissipation). The adsorption of the EG
I did not aﬀect the thicker ﬁlms (18, 37, and 60 nm) to the same
extent, but later the rate of dissipation change of the ﬁlms increased
proportionally with the ﬁlm thickness. The thinnest ﬁlm (2 nm)
exhibited an anomaly in both frequency and dissipation development (Figure 2) compared to the thicker ﬁlms. A clearly visible and
more pronounced adsorption stage and an instant increase in
dissipation diﬀer from the trends observed for the thicker ﬁlms.
The reason for this diﬀerence has not yet been identiﬁed, although
it is possible that the cellulose in close contact with the silica
substrate form an arrangement that cannot be disrupted by the EG
I treatment. Nonspeciﬁc binding of the EG I onto possibly exposed
base substrate (silica) can be excluded, as indicated by a very small
change in frequency values measured for blank silica crystals
exposed to EG I (Supporting Information Figure S5). In the case
of the thinnest ﬁlm, however, the eﬀect of water uptake is minimal,
and it is possible that its behavior reﬂects the true expected
interaction between EG and cellulose. In other words, both stages
can be distinguished: rapid adsorption and hydrolysis. At the
hydrolysis stage, a detectable decrease in dissipation occurs, which
is indicative of detachment of cellulose. However, slight swelling is
also visible in this curve, seen as the diﬀerent rates of change in
frequency and dissipation curves.
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The comparison in Figure 2 clearly demonstrates the impact of
the ﬁlm thickness on the rate of hydrolysis. The larger amount of
available cellulose substrate (ﬁlm thickness) showed faster rates
of hydrolysis, represented by the slope of frequency change.
Despite diﬀerent behavior of the 2 nm ﬁlm (adsorption), the
hydrolytic part of the EG I action correlates well with the rest of
the ﬁlms. A correlation between the initial ﬁlm thickness (mass of
cellulose) and the absolute increase in frequency change (due to
mass reduction) after 60 min of EG I hydrolysis is shown in
Figure 3.
The frequency change correlates well with the initial ﬁlm
thickness, indicating that a greater amount of available cellulose
on the model surface results in a proportionally greater frequency
change after 60 min of EG I exposure. This shows that the
swollen amorphous cellulose ﬁlm creates a freely diﬀusible
system. We previously demonstrated that upon swelling
the thickness of the ﬁlm increases to reach almost twice that of
the original dry ﬁlm, and that despite this marked swelling the
ﬁlm retained its substantial supramolecular cellulose network.22
This allows the EG I to readily diﬀuse into the whole volume of
the swollen ﬁlm of amorphous cellulose. Indeed, it appears that
EG I readily penetrates into the whole volume of the cellulose in
the ﬁlm and that the cellulose is released from the whole volume.
In general, this ﬁnding should be considered when a direct
comparison of diﬀerent cellulose model ﬁlms, particularly their
rate of hydrolysis, is evaluated with QCM-D. Although the
correlation is well-deﬁned due to the homogeneity of the
cellulose in these ﬁlms, it is reasonable to assume that the amount
of available substrate for hydrolysis should be comparable to
obtain proper data on the kinetics of hydrolysis.
3.3. Quantification of the Extent of Hydrolysis. The measured change in frequency can be under some conditions
converted to actual mass change of the substrate deposited on
the crystal.20 Previous investigations have utilized various models
to express the kinetics of the hydrolysis.16,17,19 In this investigation, we attempted a direct quantification of the data obtained by
QCM-D measurement. Parallel to the experiments carried out by
QCM-D, experiments using identical model films deposited on
silicon wafers were conducted. This was necessary because the
quartz crystal sensors used in the actual QCM-D measurement
could not be used in thickness profiling by AFM. The silicon
layer on the top of the blank QCM-D crystal is deposited on gold
and is affected by scratching with the sharp needle. As such, the
thickness of the films on QCM-D crystals could not be analyzed
by this technique. Identically prepared films deposited on silicon
wafers were exposed to the flow of the enzyme. We tried to
closely simulate the conditions in the QCM-D measurements by
using the same pump, tubing, and experimental conditions
(flow). The enzyme, at the same rate as that in the QCM-D
measurement, was introduced on top of the film, and the excess
of the liquid (enzyme) was periodically removed from the top of
the films by suctioning with a micropipet. To measure mass
reduction, the thickness of the film was measured before and after
the EG I treatment. The mass reduction was then determined
from the difference between the initial thickness and that after
the enzymatic treatment. This thickness difference can be
considered a viable indicator of the mass reduction, based on
the homogeneous characteristics of the films used in this
investigation.22 We emphasize that the residual thickness was
analyzed from dry films after the EG hydrolysis, thereby omitting
the possible artifacts arising from nonuniformities that may result
in the swollen film during the hydrolysis. The correlation
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Figure 4. Correlation between measured QCM-D decrease and decrease of ﬁlm thickness after 60 min EG I treatment.

Figure 5. Correlation between relative decreases of the ﬁlm thickness
after 60 min EG I treatment and initial ﬁlm thickness. The solid points
are measured AFM data, and white points are calculated form the QCMD frequency change (Figure 2) and the correlation of Figure 4.

between the change of frequency and the decrease in film
thickness after treatment is shown in Figure 4.
The ﬁlms of 8, 18, 37, 49, and 60 nm thicknesses were included
in the evaluation for thickness change. The tabulated measured
data are included in the Supporting Information (Table S2). The
data for the thinnest ﬁlm (2 nm) is not included because the
experiments showed that it was too thin for reliable measurements. The AFM images of ﬁlms after hydrolysis did not reveal
visible changes in morphology (Supporting Information Figure
S6). In addition, variation of the thickness measurements taken
from diﬀerent spots of the ﬁlm were within an acceptable range,
conﬁrming that the degradation is even over the whole ﬁlm
surface. Both QCM-D frequency change and the thickness
reduction measured by the AFM correlated very well with each
other (Figure 4). This shows that the QCM-D frequency change
reliably measures the mass loss of the cellulose model ﬁlms for
these ﬁlms and conditions. These measured mass reduction data
were used to determine the overall extent of hydrolysis for the
ﬁlm of diﬀerent thicknesses. The relative mass reduction by EG I
treatment (mass decrease of initial mass) plotted against the
initial thickness of the corresponding ﬁlms is shown in Figure 5.
The ﬁgure also contains data on mass reduction calculated from
the frequency change measured by QCM-D using the correlation
shown in Figure 4.
Although an inadequate amount of data points is available in
the lower ﬁlm thickness region, it appears that the relative
amount of cellulose that is degraded by the action of EG I is
similar for all ﬁlms thicker than ca. 20 nm. This indicates that the
cellulose layer in close contact with the base substrate possesses
diﬀerent characteristics that prevent its eﬃcient hydrolysis and
subsequent detachment from the crystal. This is probably also
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Figure 6. Correlation between relative degradation of the ﬁlm and
hydrolysis time is linear and does not depend on initial ﬁlm thickness for
ﬁlms over 8 nm initial thickness. This shows that the cellulose ﬁlm allows
free diﬀusion of EG I and hydrolysis is uniform except close to the base of
the cellulose ﬁlm.

the reason why the thinnest ﬁlm exhibited markedly diﬀerent
adsorption and dissipation patterns when compared to the
thicker ﬁlms. In general, the ﬁlms with thicknesses above
20 nm appear to yield a similar relative extent of degradation
of ca. 50 to 60% range. The lower amount of available substrate
may be aﬀecting the quantitative evaluation of the hydrolysis of
cellulose model ﬁlms by QCM-D.
The thickness measurements and quantiﬁcation of the extent
of hydrolysis also clearly demonstrates that the complete hydrolysis of the ﬁlm by EG I after 60 min is not achieved. Although it
has been shown that the individual, pure monocomponent
cellulases do not fully degrade the insoluble cellulose substrate
(e.g., bacterial, acid hydrolyzed and phosphoric acid swollen
cellulose),4042 it was interesting to notice that even under these
optimal conditions, the extent of degradation did not exceed
60%. Although mostly identiﬁed for cellobiohydrolases and
cellulase mixtures, the main factors responsible for inhibition
of hydrolytic action include enzyme deactivation, inhibition by
cellobiose, jamming or overcrowding, and substrate related
limitations.3,6,43,44 Our experimental setup allows very good
control of these factors, since fresh enzyme was constantly
available, low concentration should prevent enzyme overcrowding, constant ﬂow continuously removed dissolved or detached
cellulose, and the homogeneous swollen amorphous cellulose
does not present any limitations in substrate accessibility.
Although reduction of the mass, represented by the ﬁlm thickness reduction, demonstrated the hydrolysis of the ﬁlms, this
information does not elucidate the causes of this limited hydrolysis. Detailed investigation of structural changes in the hydrolyzed ﬁlms was not within the scope of this initial investigation
and will be evaluated in future investigations.
Next, we attempted to assess the rate of hydrolysis for ﬁlms of
diﬀerent thicknesses. Using the correlation of frequency and
mass reduction (Figure 4) and the measured frequency development (Figure 1), the time dependent rate of hydrolysis was
compared. The comparison of the rate of hydrolysis for ﬁlms of
diﬀerent thicknesses (8, 18, 37, and 60 nm) is shown in Figure 6.
The linear relationship demonstrated in Figure 6 implies that
the contribution of the enzyme binding is over after the ﬁrst
10 min, that is, a steady state is rapidly reached between free and
bound enzymes. Substantial additional binding during the cellulose degradation would render the relative rate of degradation
diﬀerent, i.e., the mass reduction would not be linear against time.
Moreover, the slopes of the correlation were similar for ﬁlms of
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Figure 7. QCM-D evaluation of EG I and CBH I action on amorphous
cellulose model ﬁlms with diﬀerent thickness. Change in frequency (left)
and dissipation (right). Enzyme (0.2 μM) introduced at t = 0, rinsing
after 60 min of treatment. (f0 = 5 MHz, n = 3, f3/n).

all measured thicknesses. The kinetics of hydrolysis for the 18 nm
ﬁlm appears to be closer to the thicker ﬁlms in the initial stage,
but with time (of hydrolysis) it inclines toward the kinetics of the
8 nm ﬁlm. This comparison indicates that the relative rate of
hydrolysis for EG I hydrolysis of amorphous cellulose in the ﬁlm
is independent of ﬁlm thickness (Figure 6), although the absolute
rate is thickness-dependent (Figure 2). This shows that hydrolysis occurs throughout the cellulose ﬁlm (except close to the
base) and EG I diﬀuses throughout the ﬁlm layer.
3.4. Comparison of EG I and CBH I Action. For a broader
understanding of cellulosesubstrate interactions, we compare
the action of monocomponent cellobiohydrolase (CBH I) to EG
I using 18 and 60 nm thick films. This comparison was carried out
to obtain the initial information on action of CBH I on
amorphous cellulose film and to compare it to the action of
EG I. The comparison is shown in Figure 7.
The diﬀerences in action of CBH I and EG I were observed on
two levels: extent of hydrolysis and the impact of ﬁlm thickness.
The ﬁlms exposed to CBH I exhibited a rapid drop in frequency
(ca. 25 Hz), that reached a minimum within ca. 10 min and
remained constant over the period of enzyme exposure (60 min).
This indicates that no or a limited decrease of mass occurred
during that time. In addition, the ﬁlm thickness did not appear to
have an impact on the extent of frequency change. In contrast,
the hydrolytic action of EG I, as shown previously, commenced
almost immediately after the contact with the substrate, indicated
by an instant rapid increase in frequency. Contrary to the action
of CBH I, the impact of the ﬁlm thickness is clearly evident; the
change in frequency after 60 min of exposure markedly increases
with the ﬁlm thickness. Replacement of the enzyme with buﬀer
solution (at 60 min) resulted in a gradual increase in frequency
observed for CBH I treated ﬁlm, while EG I treated sample
exhibited a rapid increase in frequency followed by gradual
leveling oﬀ. It appears that the CBH I initially tightly adsorbs
on the surface of the ﬁlm, forming a thin, rigid layer of adsorbed
enzyme, as indicated by no change in measured dissipation
(Figure 7). The fact that the thickness of the ﬁlm (initial volume
of cellulose available) does not aﬀect the extent of the adsorption,
nor the subsequent hydrolysis, would suggest that the adsorption
of CBH I takes place on surface only. The gradual increase of the
frequency after switching to buﬀer solution is a result of either
desorption of the enzyme or limited hydrolysis of cellulose. It is
possible that both, desorption and hydrolysis, take place simultaneously. The XPS analysis of the hydrolyzed ﬁlms (Table 1)
indicated the presence of protein in the ﬁlm. Based on the
nitrogen content, the amount of CBH I is approximately ten
times higher that that of EG I. This would support the assumption that limited hydrolysis indeed takes place, whereas the CBH
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I irreversibly adsorbs on the cellulose and proceeds with limited
hydrolysis. The bound CBH I is not removed even by extensive
washing after the hydrolysis, which also supports the ﬁnding of a
strongly bound rigid layer of CBH I on cellulose detected by
QCM-D. Irreversible adsorption of CBH I on a crystalline
substrate and its impact on the hydrolysis rate has been
demonstrated.37 It was reported that, despite preference for
crystalline cellulose, this irreversible adsorption takes place also
on amorphous cellulose.45 Comparison of the ﬁlms of diﬀerent
thickness (initial thickness of 8 and 60 nm) showed that the
amount of protein is similar for the ﬁlm of both thicknesses,
supporting the assumption that the binding takes place on
surface of the ﬁlms (Supporting Information, Figure S7 and
Table S3). In contrast, the protein was not detected in the ﬁlms
(18 and 60 nm thick) treated with EG I under identical
conditions, indicating a much quicker desorption rate for EG I.
The previously reported comparison of the action of monocomponent CBH and EG cellulases in the degradation of
semicrystalline cellulose ﬁlms showed diﬀerent trends.19 The
exposure of the ﬁlm to EG resulted in a rapid decrease in
frequency and continuous increase of dissipation, attributed to
increased water uptake of the ﬁlm due to ﬁlm swelling. However,
no mass reduction was observed during the extended period of
measurement. In contrast, the action of CBH resulted in rapid
hydrolysis, indicated by an increase in frequency. In this investigation, the opposite trend was observed for both enzymes. A
signiﬁcant degradation of an amorphous cellulose ﬁlm was
observed in the EG I treatment of the ﬁlm, while only marginal
hydrolysis was observed for CBH I. This agrees with the
preference of EG I toward the amorphous parts of cellulose.5,23,24
Dissipation development also showed extensive continuous
swelling of the ﬁlm. It appears that the cellulose released from
the volume was replaced by water, resulting in a softer ﬁlm. The
swelling had a markedly greater impact on the dissipation
measurement than the detachment of cellulose, which would
be indicated by decrease in the dissipation values. The limited
activity of CBH I is also diﬀerent to that measured using
semicrystalline ﬁlms. Although CBH I preferentially acts on
the crystalline part of cellulose, partial activity on amorphous
cellulose has been reported.40,44 In fact, experiments with bulk
amorphous cellulose and CBH I indicate activity which is in
comparable quantities with the present results.44 It appears that
the action of CBH I on swollen amorphous cellulose ﬁlms is very
limited.
The action of both EG I and CBH I on amorphous cellulose
diﬀers from the action of cellulase mixture as described in
previous QCM-D evaluations.18 In those studies, a rapid removal
of cellulose was observed, and the enzyme was able to degrade
and eventually remove the whole cellulose ﬁlm. The dissipation
development showed an increase as the ﬁlm becomes more
diﬀuse, reaching a dissipation maximum (at the maximum
hydrolysis rate) when the thickness of the ﬁlm has decreased
enough and it starts to become more compact, and ﬁnally the
dissipation reduces to zero when the whole ﬁlm is removed.
Similar trend was observed for this ﬁlm of amorphous cellulose
when exposed to the same commercial cellulose mixture at
comparable concentration, as shown in the Supporting Information (Figure S8). Therefore, the diﬀerent dissipation proﬁle
measured for this system and EG I is not due to ﬁlm characteristics. We showed that even the fully amorphous cellulose ﬁlm
cannot be completely degraded by EG I alone. That could explain
why the dissipation value does not reach maximum with
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subsequent rapid drop in value that would indicate the complete
removal of the ﬁlm.
With this comparison we intended to demonstrate the diﬀerence in action of CBH I and EG I in hydrolysis of amorphous
substrates. Further investigation and more detailed study of the
hydrolysis by CBH I are necessary to properly evaluate the
mechanism of action of CBH I on the substrate.

4. CONCLUSIONS
The systematic evaluation of the degradation of amorphous
cellulose ﬁlm by a monocomponent endoglucanase identiﬁed
several important aspects relevant to the study of the kinetics of
cellulose degradation. We have shown that QCM-D together with
speciﬁcally prepared surfaces oﬀer a tool to study such aspects of
cellulose hydrolysis for which otherwise tools are not available.
Quantiﬁcation of the actual hydrolysis was carried out by
measuring the ﬁlm thickness reduction by AFM after the enzymatic treatment. The values correlated well with the frequency
data obtained by QCM-D measurement for corresponding ﬁlms,
which shows that the QCM-D frequency change reliably measures the mass loss of the hydrolyzed cellulose model ﬁlms for
these ﬁlms and conditions, and thus that the evaluation of the
hydrolysis by QCM-D can be done quantitatively.
Explicitly, it was demonstrated that to properly evaluate the
mechanism of action, steady state conditions in the experimental
set up need to be reached. Rinsing, or diluting the enzyme, as well
as concentration of the enzyme have a pronounced eﬀect on the
hydrolysis. Furthermore, substrate (cellulose) volume does not
have an impact on relative rate of hydrolysis. The absolute rate of
hydrolysis, as observed by the rate of frequency response
measured by QCM-D, varies according to the thickness
(volume) of the ﬁlm. However, when expressed as a relative
mass reduction, it was shown that the relative rate of ﬁlm
hydrolysis is not aﬀected by the amount of the substrate available.
This was considered to support the presumption that the ratio of
free to bound enzyme stays constant during cellulose degradation, i.e., that the system meets steady state conditions.
This experimental setup allowed the study of the impact of
enzyme concentration on the eﬃciency of hydrolysis. The data
clearly shows that high loads of enzyme easily lead to overcrowding and results in markedly slower rate of degradation.
Also, with this experimental setup, the conditions at which
crowding occurs can be controlled.
A speciﬁc ﬁnding with respect to amorphous cellulose and EG was
that EG I alone was not able to hydrolyze the whole ﬁlm of
amorphous cellulose, reaching a maximum degradation of around
60% for ﬁlms thicker than 20 nm. Moreover, EG I works uniformly
within the whole volume of cellulose ﬁlm. The model ﬁlm of
amorphous cellulose, upon swelling, forms a freely diﬀusible substrate.
The model ﬁlm of fully amorphous cellulose used in this
investigation does not entirely correspond to native cellulose.
Native cellulose is morphologically complex and experiments with
several model systems are required to put down the pieces of
information for that would form a bigger picture leading to resolving
the nature of enzymatic hydrolysis of native cellulose. This eﬀort
using a well-deﬁned model substrate represents such a piece.
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