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Abstract It is important to understand the interac-
tions between the carbohydrate-binding module of
fungal cellulases (CBM1) and the surface of cellulose
because those interactions play an important role in the
degradation of the crystalline regions of cellulose. In
this investigation, interactions between isolated
CBMI1 and nanofibrillar and nanocrystalline cellulose
(NFC and NCC, respectively) films were monitored
with a quartz crystal microbalance with dissipation
(QCM-D) in situ and in real time. The adsorption
isotherms were employed to obtain the thermody-
namic parameters of the interactions. Both Langmuir
and Freundlich models appropriately describe the
adsorption process of CBM1 on both types of films.
Values of the Gibbs free energy associated with the
adsorption of CBM1 on the NCC and NFC films were
— 25.6 and — 23.7 kJ/mol, respectively. The results
implied that the CBM1 binds spontaneously to both
films but preferentially to NCC, with the differences
attributed to variations in crystallinity and porosity of
these substrates.
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Introduction

The interaction between cellulolytic enzymes and
their substrates is of central importance to several
technological and scientific challenges because it
plays an important role in converting pretreated solid
cellulosic materials into soluble fermentable sugars
(Hervé et al. 2010; Nussinovitch et al. 2002). Specific
interaction between cellulases and cellulose may
generate some advanced materials (Laaksonen et al.
2011; Mittal et al. 2017). A typical cellulolytic
enzyme contains one catalytic domain (CD) and one
or more cellulose binding domains (CBDs) or modules
(CBMs) connected by an inter-domain linker peptide
(Linder and Teeri 1997; Mattinen et al. 1997). The
primary function of CBMs is to facilitate the associ-
ation of the parent enzyme with the substrate. This
involves targeting the enzyme to the appropriate
substrate and increasing the local concentration of
the enzyme and hence enhancing enzyme activity
(Eriksson et al. 2005; McGuffee and Elcock 2006;
Mittal et al. 2011; Notenboom et al. 2001). According
to the amino acid sequence similarity and the 3D
structure of binding module, cellulases are classified
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into more than 70 families (http://www.cazy.org/
CBMI1_all.html). CBM1 is the CBM from family 1
and is found almost exclusively in fungi. CBM1 con-
sists of 36 amino acid residues and exhibits a wedge-
shaped structure (Linder and Teeri 1997; Mattinen
et al. 1997).

Numerous experiments have been performed to
understand the interactions between CBM and cellu-
lose substrate using different techniques, such as
electron microscopy (Lehtio et al. 2003), single
molecule fluorescence (Dagel et al. 2011), and atomic
force microscopy (Liu et al. 2011), suggesting that the
CBM of Family 7 cellobiohydrolase from Tricho-
derma reesei (CBM-Cel7A, one type of CBM1) binds
preferentially to the hydrophobic faces of cellulose Io.
Palonen et al. (1999) found that enzyme affinity is also
relevant to the linkage between CDs and CBMs and
Cel6A and Cel7A are different in binding reversibility.
The research conducted by Arola and Linder (2016)
demonstrated that the substrate has a great impact on
the exchange rate of the CBM. The CBM-Cel7A
appears to have different modes of binding on wood
derived cellulose from cellulose originating from
bacterial source.

Computer simulation sheds some light on the
detailed mechanisms of CBM-cellulose interactions.
Yui et al. (2010) conducted a computer docking study
using combined Brownian dynamics (BD) and molec-
ular dynamics (MD) simulations. The study suggested
that the CBM-Cel7A binds preferentially to the
hydrophobic faces of cellulose Io. Alekozai et al.
(2014) characterized the binding of CBM to the
cellulose IP fiber. Their results confirmed that CBM
prefers to dock to the hydrophobic than to the
hydrophilic fiber faces, revealing that both electro-
static (ES) and van der Waals (VDW) interactions are
required for achieving the observed binding prefer-
ence. Beckham et al. (2010) built a fully atomistic
model and probed the molecular-level behavior of
CBM-Cel7A on the hydrophobic face of crystalline
cellulose. They found that the CBM can anchor the
Cel7A enzyme at discrete points along a cellulose
chain and thus aid in both recognizing cellulose chain
ends for initial attachment to cellulose as well as aid in
enzymatic catalysis by diffusing between stable wells
on a length scale commensurate with the catalytic,
processive cycle of Cel7A during cellulose hydrolysis.
They determined the residues that are responsible for
the observed processivity length scale of the CBM:
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Y5, Q7, N29, and Y32. Nimlos et al. (2012) demon-
strated that there is a thermodynamic driving force for
CBM-Cel7A to bind preferentially to the hydrophobic
surface of cellulose relative to hydrophilic surfaces. In
addition, their simulations demonstrated that the CBM
can diffuse from hydrophilic surfaces to the hydropho-
bic surface, whereas the reverse transition is not
observed.

However, the nature of the CBM-cellulose binding
is still not well understood. Creagh et al. (1996)
concluded that the binding of the CBM of the
exoglucanase Cex from Cellulomonas fimi to insoluble
crystalline cellulose is entropically driven. In the work
by Boraston (2005), however, it was suggested that the
interaction of the CBM with non-crystalline cellulose
is mainly enthalpically driven. The exact role of the
CBM in the hydrolysis of crystalline cellulose remains
to be elucidated (Alekozai et al. 2014; Hu et al. 2018).

Adsorption is a reflection of the interfacial proper-
ties. Many adsorption theories including Henry
adsorption theories, Freundlich adsorption theories,
Langmuir adsorption theories and BET adsorption
theories are applied to fit the adsorption data (Tsiamis
and Taylor 2017). Freundlich and Langmuir adsorp-
tion theories are often used to describe the interactivity
between CBM and cellulose (Pellegrini et al. 2014;
Seo et al. 2011; Xu et al. 2013). Based on the
adsorption isotherms, the thermodynamics of CBM-
cellulose can be assessed. To evaluate the thermody-
namics of CBM-substrate, isothermal titration
calorimetry (ITC) was performed essentially for
soluble oligosaccharides (Boraston et al. 2002, 2003;
Flint et al. 2004; Lammerts van Bueren and Boraston
2004; Sakka et al. 2003). The binding isotherms of
CBM from different origins were performed by *H-
labled protein (Arola and Linder 2016) and affinity
electrophoresis (Tomme et al. 2000) as well. Based on
the thermodynamics evaluated by titration, free energy
diagram for the heterogeneous enzymatic hydrolysis
of glycosidic bonds in cellulose was established by
Sorensen et al. (2015a, b).

The traditional analytical methods are able to detect
only the final products of the interactions between
CBM/cellulase and substrate, but they are not able to
monitor the adsorption process dynamically and in
real time. Recently, quartz crystal microbalance
(QCM) has become a very useful method for studying
the interfacial phenomena in different scientific fields
(Ahola et al. 2008a, b; Hu et al. 2009, 2018; Jiang et al.
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2017; Josefsson et al. 2007; Turon et al. 2008). Quartz
crystal microbalance with dissipation (QCM-D) tech-
nique can give in situ information about the adsorption
kinetics and adsorption mass as well as the viscoelastic
properties of the adlayer at the solid/liquid interface
(Félt et al. 2003; Martin-Sampedro et al. 2013; Rodahl
et al. 1995; Shen et al. 2016; Song et al. 2017;
Tammelin et al. 2006, 2007).

Our study was to identify the impact of supramolec-
ular arrangement of cellulose chains on the binding
preference of CBM. The interactions between the
isolated CBM1 and nanocrystalline cellulose (NCC)
and nanofibrillar cellulose (NFC) films were investi-
gated by QCM-D. Our study focused on only the
CBM1, instead of the entire enzyme because the initial
binding of enzyme to the substrate is mainly mediated
by the CBM (Boraston et al. 2004; Guillen et al. 2010;
Hervé et al. 2010). It has also been shown experimen-
tally that an isolated CBM can bind to cellulose
crystals (Dagel et al. 2011; Lehtio et al. 2003; Liu et al.
2011). Therefore, studying only the adsorption of
CBMI1 on substrates can eliminate the influences of
the CD portion and the linker. The changes of the
frequency and dissipation in QCM-D determined the
conformational changes of the CBM1 adlayer on NFC
and NCC films under the different concentrations. The
adsorption isotherms of CBM1 on the two substrates
were described by Langmuir and Freundlich models.
The binding preference was assessed by thermody-
namic parameters.

Experimental
Materials

CBMI1 was obtained from Nzytech Corp. (Ribbens,
Portugal). Microcrystalline cellulose was provided by
Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Polyethyleneimine (PEL, Mw = 7.5 x 10°, 50
wt% in H,O) solution was purchased from Sigma-
Aldrich Co., Ltd. (Shanghai, China). Other chemicals
were ordered from Nanjing Chemical Reagent Co.,
Ltd. (Nanjing, China). All chemicals were used as
received. QCM-D sensors with silica surface were
supplied by Q-Sense AB (Biolin Scientific Co. Ltd,
Sweden).

Modification of QCM sensors with NFC/NCC
films

Nanofibrillar cellulose (NFC) films were prepared
using the method adopted from Ahola et al. (2008a).
The NFC was obtained from the microfluidization
(M110P Microfluics Corp., Newton, U.S.) of bleached
sulphite birch pulp. It (~ 0.1 wt% NFC in Milli-Q-
water) was dispersedly spin-coated (WS-650SX-
6NPP spin coater, Laurell Technologies, North Wales,
PA, USA) at 3000 r/min on QCM crystals with a pre-
adsorbed polyethyleneimine (PEI) layer. The NFC-
coated QCM crystals were stored in a desiccator until
use. Prior to QCM-D measurements, the NFC-surfaces
were allowed to stay overnight in buffer solution.

The procedures of nanocrystalline cellulose (NCC)
film preparation were addressed in detail elsewhere
(Jin et al. 2016, 2017). Pristine NCC was initially
hydrolyzed from microcrystalline cellulose by sulfuric
acid followed the method described previously (Beck-
Candanedo et al. 2005). The obtained cellulose
suspension contained mainly nano-sized cellulose
crystals with polymorph I. The contents were then
neutralized and dialyzed with cellulose dialysis film
with MWCO 14000 until the conductivity reached a
constant close to pure water. QCM sensors coated with
NCC were prepared followed the same procedures as
addressed in NFC film.

By comparing the frequency drop before and after
film deposition, the thickness of NFC and NCC films
on QCM sensors was calculated to be in the range of
26-29 and 19-21 nm, respectively, given that the
density of films was 1400 kg/m® and the porosity of
films was ~ 10% (Niinivaara et al. 2015).

Characterization of NFC and NCC films

The morphology of NFC and NCC films on QCM
sensors was characterized using an atomic force
microscopy (AFM, Dimension Edge, Brucker Co.,
Ltd., Germany). Images were obtained in a tapping
mode by commercial silicon cantilevers with a spring
constant of 20-80 N/m and a resonance frequency of
300-340 kHz. The scan size of 5 x 5 or 2 x 2 um?*
was conducted and images were scanned at least three
different locations on each sample. The obtained
images were flattened without further modifications.
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Adsorption of CBM1 under different
concentrations on model cellulose films monitored
by Quartz Crystal Microbalance with Dissipation
(QCM-D) technique

The CBM1 solutions with a range of concentrations
(100, 80, 60, 40, 20 ppm based on protein content) in
acetic acid/sodium acetate buffer (0.1 M, pH 4.8) were
prepared initially. The NFC and NCC coated QCM
sensors were mounted in the chambers and the buffer
was loaded to remove impurities of the surfaces and
stabilized the films. The temperature in the chambers
was kept at 25 °C during the entire measurements.
CBM1 solutions with two different concentrations
were loaded into four chambers of QCM at the rate
0.1 mL/min for 10 min after the QCM system was
stabilized. Each experiment was repeated at least
twice. The resulting frequency and dissipation
changes of QCM crystals at 5 MHz fundamental
resonance frequency and their 3rd, Sth, 7th, 9th, and
11th overtone data were recorded. The pump was not
restarted (at a constant flow rate of 0.1 mL/min) with
the buffer solution to flush the system until the
frequency and dissipation values reached a steady
state.

Results and discussion
The characterizations of NFC and NCC films

The morphology of NFC and NCC films coated on
QCM sensors was shown in Fig. 1a, b, respectively. It
appeared that both cellulose covered the entire surface
of the sensors. It is known that NFC has multiscale
characteristics ranging from their nano-structure to
macro-structure (Song et al. 2017). It was observed
that nanofibrils were evenly distributed on the sensor
surfaces and some fibril bundles were present but in a
relatively small amount. The width of the cellulose
nanofibrils was in the range of 30-100 nm and the
voids between nanofirbrils exhibited diameters of
10200 nm. In the case of NCC, the film was smoother
than NFC film. A number of needle-like whiskers with
a size of around 10 nm in width and 100-300 nm in
length were found evenly on QCM sensors, forming a
compact layer on silica sensors. Both NFC and NCC
films exhibited porous structures due to the rigid
nature of NFC and NCC as well as the cross-linked
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Fig. 1 The AFM images of a NFC and b NCC films coated on
QCM sensors

network. The surface roughness (expressed in RMS)
of NCC and NFC films was 4.7-5.0 and 5.0-5.6 nm,
respectively. The results are in good agreement with
our previous observations (Hu et al. 2018; Jin et al.
2017; Song et al. 2017).

The adsorption behaviors of CBM1
on the substrates of NFC and NCC monitored
by QCM

The adsorption behaviors of CBM1 on NFC and NCC
substrates were monitored by QCM-D in situ and in
real time. Figure 2a showed both frequency (left axis,
data presented in solid symbols) and dissipation (right
axis, data presented in open symbols) changed after
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Fig. 2 Frequency and dissipation changes after loading CBM1
with varied concentrations (20—100 ppm) on a NCC and b NFC
model films

CBM1 loaded with different concentrations (100, 80,
60, 40, 20 ppm) on NCC film. Multiple overtone data
were recorded in this investigation. Because all
overtone data followed the similar trend and differed
slightly, only the 3rd overtone data were reported in
Fig. 2. It was seen that the adsorption of CBM1 on
NCC surface developed quickly. Dissipation values
reached their equilibrium state in less than 50 min for
all five concentrations. The change in frequency
consisted of two stages. The fast adsorption process
suggested by a fast frequency drop, was finished in
50 min. However, after the fast adsorption process the
frequencies continued to drop gradually even when the
energy dissipation values reached their stable state.
Because in general enzyme adsorption accomplishes
quite fast, the slowed adsorption process observed in

this study may be attributed to the diffusion of CBM in
the cellulose film. In addition, it was found that a
higher frequency drop and a higher dissipation value
were gained by a higher concentration of CBM.

The adsorption curves of CBM1 with different
concentrations (100, 80, 60, 40, 20 ppm) on NFC films
were presented in Fig. 2b. The curves demonstrated
distinct behaviors from those on NCC film. First, the
adsorption mass of CBM1 on NFC film was much
higher than that on NCC film, especially at a high
concentration. Their frequency drops were more than
double NCC film did. The corresponding energy
dissipation values were in accord with the frequency
change, to a higher value. Second, the time required to
reach the stable state on NFC film was much more than
that on NCC film. It was found that the dissipation
values reached a stable state in about 600 min, while
for all monitored frequency changes, they kept
increasing till the end of experiments. It hints that
the diffusion of CBMI in NFC film is more pro-
nounced than that observed on the NCC film. This is
correlated and consistent with the porous structure and
roughness of NFC and NCC films as shown in Fig. 1.

In order to elucidate the conformations of the
adsorbed CBMI1 layer on NCC and NFC films, the
plots of frequency change against energy dissipation
for each CBM1 concentration are shown in Fig. 3a, b,
respectively. In Fig. 3a, all AD/Af curves for different
CBMI concentrations exhibited the similar behavior:
a straight slope for initial adsorption followed by a
horizontal adsorption, at last a slope again. The slope
for each concentration was quite similar at the initial
adsorption, indicating that the conformations of
CBM1 layer on NCC surface with different concen-
tration were the same. At the second stage of
horizontal adsorption, the frequency changed (mass
increases), but the dissipation value of the adsorbed
layer remained constant, suggesting that the adsorbed
CBM1 layer became compact and a rearrangement of
CBM1 conformation occurred in this stage. In addi-
tion, the thickness of CBMI1 layer required for the
conformation rearrangement correlated strongly with
the CBMI1 concentration. The conformation rear-
rangement in a thick CBMI1 layer required a high
CBMI1 concentration. At the last stage of adsorption, a
small slope is observed for all experiments in a
comparison of the initial adsorption slope, indicating
that the conformation of adsorbed CBM1 layer at the
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Fig. 3 Plots of energy dissipation against frequency change of
the adsorbed CBM1 layer on a NCC and b NFC model films

last stage was even more compact than that in the
initial adsorption.

The plots of AD/Af of adsorbed CBM1 layer for
different CBM1 concentrations (100, 80, 60, 40,
20 ppm) on NFC film were shown in Fig. 3b. They
exhibited quite different behaviors comparing those
on the NCC film. A soft initial adsorption (steep slope)
followed by a conformation rearrangement was
observed for all concentrations. The slopes for differ-
ent concentrations for initial adsorption did not
overlap, unlike that on the NCC film. It may attribute
to the heterogeneity of NFC film structure as shown in
Fig. 1b.

Adsorption isotherms
The adsorption isotherm is significant information that

can represent the equilibrium process of the adsorbate
molecules between liquid and solid phases (Hasan
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et al. 2008). Many kinds of isotherms can describe the
equilibrium characteristics of adsorption. Langmuir
and Freundlich adsorption isotherms are employed
widely.

QCM-D measures frequency change and dissipa-
tion which units are different from those used in
isothermal fitting. Sauerbrey equation suggests a
relationship between the frequency change and the
adsorbed mass (Sauerbrey 1959) (Eq. 1):

_ A
Am—CT (1)

where n is the overtone number (n = 1, 3, 5, and 7) and
c is a constant representing the mass sensitivity at
5 MHz. For the used crystals the mass sensitivity is
— 0.177 mg m~*Hz"' (Song et al. 2009, 2010). It is
noted that the Sauerbrey relation does not apply to
viscoelastic or soft adlayers because they may not
fully couple with the motion of the sensor. The
frequency change might be affected by the mechanical
properties of the film such as shear modulus and
viscosity. In such cases, Sauerbrey equation tends to
underestimate the calculated mass and hence vis-
coelastic models such as Voigt model have been
recommended in the study (Garg et al. 2008; Voinova
et al. 1999). Here the viscoelastic system is concep-
tualized as a spring and dashpot corresponding to the
elastic (storage) and inelastic (damping) behavior of
the material. Energy loss (dissipation D) and fre-
quency shift at different overtones are therefore
collected and fitted to film viscosity, shear modulus,
thickness, and density of the adsorbed layer using
QTools software (Q-Sense). The method can be found
elsewhere (Garg et al. 2008; Song et al. 2017; Voinova
et al. 1999). The calculation of the mass of NCC and
NFC in adsorption assumes that all the cellulose
covered on QCM crystals involved in the adsorption
process.

The equation of Langmuir isotherm can be
expressed as Eq. 2.

Qe=K. - C-Qu/(1+K.-C) (2)

where @, is the amount of adsorbed CBMI in
equilibrium (expressed in frequency change, Hz, or
calculated adsorption mass by QTools, nmol g~ '), 0,
is the maximum amount of CBMI1 which can be
adsorbed on substrate (unit same as Q,), K; is the
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equilibrium  adsorption  constant (L mol™');
C (mg L_l) is the equilibrium concentration of
CBM1 in the solution.

The linear form of Langmuir isotherm is repre-
sented as Eq. 3.

1/Qezl/Qm‘f‘l/(KL'C'Qm) (3)

where K; and Q,, can be obtained from the slope and
intercept of Langmuir isotherm linear form.

The fitting of Langmuir isotherms of NCC and NFC
at 25 °C is shown in Fig. 4a. The effectiveness of fit
for the isotherms is rated by coefficient 7. The results
show that the coefficients of Langmuir isotherms for
the adsorption of CBM1 on NFC and NCC films are all
over 0.98, indicating a monolayer of CBM1 adsorbed
on either NCC or NFC film. Langmuir constants K;
and Q,, are calculated from the figures and summa-
rized in Table 1.

The adsorption mass of CBM1 on NFC film is
significantly greater than that on NCC film at the same
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Fig. 4 Isothermal adsorption of CBM1 on NFC and NCC films
fitting by a Langmuir and b Freundlich models

concentration. The values of Q,, in Table 1 offer
another confirmation that they are — 144.7 and
— 482.3 Hz for NCC and NFC films, respectively,
which are equivalent to 24.69 and 59.88 umol g™ ".
These latter two values expressed in traditional unit
are apparently greater than those literature values
reported previously. For example, Ciolacu et al.
(2010) reported that the adsorption of cellulase on
dissolving pulp, linters cellulose and cotton cellulose
was in a range of 1.677-2.361 pumol g~' and it
increased to 4.960-5.862 pumol g~ for cellulose
fibers after polymorphic conversion (Ciolacu et al.
2014). It is apparent that the maximal adsorption
amount of CBM is strongly correlated with the surface
area of substrate accessible for adsorption. In our
study, the cellulose substrates of both NCC and NFC
are in nanoscale size. Therefore, it is reasonable that
the Q,, obtained from isotherms acquired by nanocel-
lulose is greater than that obtained by macro fibers. If
partial substrate had been considered in the calcula-
tion, a greater Q,, value would be obtained. From this
aspect, the great Q,, obtained by QCM technique
substantially supports our assumption that the entire
layer of cellulose substrate on the QCM sensors is
fully involved in the adsorption process because
CBMI1 can diffuse into the porous NCC and NFC
films.

A big difference is found in the Q,, between NCC
and NFC. It may be attributed to the accessible surface
area of the films some extent. AFM images show that
there are some large fiber bundles in the NFC film,
resulting in a porous structure. The porous structure of
NFC film offers a plenty of space for the CBM to
access and hence a great adsorption capacity is
achieved. On the other hand, although the size of
NCC is small compared to NFC, the NCC film is
compact as shown in Fig. 1, resulting in an adsorption
capacity that is less than NFC but much higher than
normal fibers.

K, derived from Langmuir model is 0.03056 and
0.01412 L mg~" for the adsorption of CBM1 on NCC
and NFC ultrathin films, respectively when the
adsorbed amount expressed in frequency. For com-
parison, K; is 0.03089 and 0.01441 L mg~', respec-
tively, when the adsorbed amount expressed in mass.
Obviously, the affinity parameter, K;, derived from
two sets of data expressed in frequency (left axis) and
mass (right axis) is almost identical. The dissipation
value acquired in this investigation was comparative
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Table 1 Isothermal adsorption models and fitting parameters

Adsorption model Substrate Fitting equation Fitting parameters
Langmuir Q. (Hz) Kp (L mgfl) r2
(umol g™
NCC 1/Q. = — 0.006909 — 0.2261/C — 1447 0.03056 0.984
(1/Qe = 40.51 + 1311.24/C) (24.69) (0.03089) (0.997)
NFC 1/Q. = — 0.002073 — 0.1468/C — 4823 0.01412 0.994
(1/Qe = 16.6990 + 1158.47/C) (59.88) (0.01441) (0.993)
Freundlich Kp (Hz mg~"L'™) 1/n ?
(umol g—l—l/nLI/n)
NCC 12Q. = 0.47341gC + 1.1246 13.32 0.4734 0.996
(1gQ. = 0.47771gC — 2.6486) (2.246) 0.4777) (0.995)
NFC 1gQ. = 0.70001gC + 1.108 12.91 0.7000 0.98
(1gQ. = 0.69481gC — 2.7818) (1.653) (0.6948) (0.98)

low (no more than 14 x 10_6), which was substan-
tially lower than that formed by the entire enzymes
(~ 40 x 1076) as addressed elsewhere (Song et al.
2017), suggesting the adlayer caused by CBMI1 on
cellulose substrate is quite compact or rigid. There-
fore, the linear relationship between frequency and
mass (i.e. Sauerbrey equation) remains true in our
study. A comparison of K; values in the two substrates
suggests that the affinity parameter of CBM1 on NCC
and NFC films is significantly different. The former is
almost three folds over the latter, which may be
attributed to the difference of porosity and roughness
of cellulose films, and crystallinity of two cellulose
substrates. Previous studies (Alekozai et al. 2014)
have shown that CBM 1 is more easily adsorbed on the
hydrophobic surface of crystalline cellulose. Our
results also confirmed that cellulose substrate with
higher crystallinity (i.e. NCC) has a higher affinity to
CBM1.

In a conclusion, the surface area or roughness of the
films that provides the accessible area for CBM1
adsorption may contribute more to Q,,, while the
affinity between CBM1 and substrate contributes more
to K;. It explains why NCC has a better affinity but
with a lower maximum adsorption amount than NFC
does.

The Freundlich isotherm is often used to describe
the multilayer adsorption of multiphase systems. The
equation is as Eq. 4:

0, = KpC'/" (4)
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where Q, is the amount of the CBM1 adsorbed on the
cellulose in equilbrium, K is the equilibrium adsorp-
tion constant, C is the equilibrium concentration of
cellulose in the solution, I/n is the heterogeneity
coefficient between 0 and 1.

The linear form of Freundlich isotherm is repre-
sented as Eq. 5:

1gQ, = 1gKr + 1/n 1gC (5)

The constant K and 1/n can be obtained from the
slope and intercept of the linear form of Freundlich
isotherms. Figure 4b showed the Freundlich isotherms
of CBM1 on NFC and NCC films at 25 °C. The values
of constant K and 1/n were calculated and summa-
rized in Table 1. The Ky values expressed in fre-
quency, were 13.32 and 12.91 Hz mg~'"L'™",
respectively for the adsorption on NCC and NFC
films, which  equivalent to 2.246 and
1.653 pmol g~ '~""L"™ The 1/n value for the adsorp-
tion on NCC was 0.476 £ 0.002, which was signif-
icantly lower than that of NFC 0.697 &+ 0.003. The
goodness-of-fit for the adsorption of CBM1 on NFC
and NCC films fitted by Freundlich model is all above
0.98.

Evaluation of the preferential binding

Free energy changes (AG) can be calculated from the
following equation Eq. 6.

AG = —RTInK; (6)
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where T is the temperature (K), R is gas constant
(J Kmol™Y), K, is the constants (L mg_l) obtained
from Langmuir model. The Gibbs free energy for
adsorption of CBM1 on NCC and NFC films is
calculated to be — 25.60 £ 0.01 and
— 23.70 £ 0.03 kJ mol ', respectively.

The Gibbs free energy calculated for the two
cellulose substrates were both negative, suggesting the
spontaneous nature of the interaction between CBM1
and cellulose film. In addition, the Gibbs free energy
of NCC is more negative than that of NFC, indicating
that CBM1 prefers to bind on NCC rather than on
NFC. It is because NCC contains mainly the crys-
talline regions of cellulose and NFC contains both
crystalline and amorphous regions of cellulose and
with a more porous structure.

Arola and Linder (2016) measured the AG for the
CBM from Cel6A and Cel7A for both NFC and
bacterial cellulose by determining the free *H-labled
protein after adsorption via liquid scintillation. Their
results are in the range of — 30 to — 25 kJ mol™".
They also measured the AG for the enzymes with two
CBMs and reported a range of — 34 to
— 30 kJ mol™'. Regard to the CBMs from other
families, the AG of CBM17 binding to cello-oligosac-
charides for soluble polysaccharides for wild-type and
mutants is in the range of — 17 to — 27 kJ mol™"
(Tomme et al. 2000); the AG of CBM27 binding to
mannooligosaccharides at 25 °C in 50 mM Potassium
Phosphate Buffer (pH 7.0) is in the range of — 21.36 to
— 34.99 kJ mol~! (Lammerts van Bueren and Boras-
ton 2004). Our results on Gibbs free energy obtained
from the isotherms by QCM technique are in a good
agreement with the literature values.

Conclusions

This study investigated the adsorption behaviors of the
isolated CBM1 with a range of concentrations onto
NCC and NFC films using a QCM-D technique. All
the adsorption curves can be fitted by both Langmuir
and Freundlich models. In the Langmuir fitting, Q,, is
— 144.7 Hz (0.02469 mmol gfl) and — 482.3 Hz
(0.05988 mmol g~ ') for the adsorption of CBM1 on
NCC and NFC films, respectively, while K, is
0.03072 £ 0.00017 and 0.01427 £+ 0.00014
L mg~!, accordingly. In the Freundlich fitting, K is

13.32 Hz mg~""L"™  (0.002246 nmol g~ '~ L")
and 12.91 Hz mg~""L"" (0.001653 nmol g~'~""L"
", while parameter 1/n is 0.476 + 0.002 and
0.697 £ 0.003, respectively. Gibbs free energy
derived from the K; of Langmuir model,
—25.60 + 0.01 and — 23.70 £ 0.03 kJ mol™". In
view of the K; in the Langmuir fitting, the 1/n in the
Freundlich fitting and Gibbs free energy obtained, the
results show that CBM1 has a preferential binding to
the NCC film than NFC film.
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