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carbohydrate-binding modules

Pierre-Louis Bombeck', Vinay Khatri>*', Fatma Meddeb-Mouelhi?**, Daniel Montplaisir*, Aurore Richel'
and Marc Beauregard®*”

Abstract

Background: Lignocellulosic biomass will progressively become the main source of carbon for a number of prod-
ucts as the Earth's oil reservoirs disappear. Technology for conversion of wood fiber into bioproducts (wood biorefin-
ing) continues to flourish, and access to reliable methods for monitoring modification of such fibers is becoming an
important issue. Recently, we developed a simple, rapid approach for detecting four different types of polymer on the
surface of wood fibers. Named fluorescent-tagged carbohydrate-binding module (FTCM), this method is based on the
fluorescence signal from carbohydrate-binding modules-based probes designed to recognize specific polymers such
as crystalline cellulose, amorphous cellulose, xylan, and mannan.

Results: Here we used FTCM to characterize pulps made from softwood and hardwood that were prepared using
Kraft or chemical-thermo-mechanical pulping. Comparison of chemical analysis (NREL protocol) and FTCM revealed
that FTCM results were consistent with chemical analysis of the hemicellulose composition of both hardwood and
softwood samples. Kraft pulping increased the difference between softwood and hardwood surface mannans, and
increased xylan exposure. This suggests that Kraft pulping leads to exposure of xylan after removal of both lignin
and mannan. Impact of enzyme cocktails from Trichoderma reesei (Celluclast 1.51) and from Aspergillus sp. (Carezyme
1000L) was investigated by analysis of hydrolyzed sugars and by FTCM. Both enzymes preparations released cel-
lobiose and glucose from pulps, with the cocktail from Trichoderma being the most efficient. Enzymatic treatments
were not as effective at converting chemical-thermomechanical pulps to simple sugars, regardless of wood type.
FTCM revealed that amorphous cellulose was the primary target of either enzyme preparation, which resulted in a
higher proportion of crystalline cellulose on the surface after enzymatic treatment. FTCM confirmed that enzymes
from Aspergillus had little impact on exposed hemicelluloses, but that enzymes from the more aggressive Trichoderma
cocktail reduced hemicelluloses at the surface.

Conclusions: Overall, this study indicates that treatment with enzymes from Trichoderma is appropriate for gen-
erating crystalline cellulose at fiber surface. Applications such as nanocellulose or composites requiring chemical
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resistance would benefit from this enzymatic treatment. The milder enzyme mixture from Aspergillus allowed for
removal of amorphous cellulose while preserving hemicelluloses at fiber surface, which makes this treatment appro-
priate for new paper products where surface chemical responsiveness is required.

Keywords: FTCM, Carbohydrate-binding module, Fluorescent protein, LCB (lignocellulosic biomass), Cellulose,

Hemicellulose, Enzymes

Background

Global production of biofuels and bioproducts is
increasing steadily because such products are greener
alternatives to fossil fuels and their derivatives [1-3].
Concomitantly, numerous new products and tech-
nologies based on the conversion of biomass have been
developed over the last decade [4—9]. Securing sufficient
biomass as raw materials is a prerequisite to moving
from a petro-chemical to a bio-chemical economy. Using
feedstocks to support first-generation biofuel and bio-
products has shown its limits and produces certain unde-
sirable socio-economic and environmental outcomes [10,
11]. The use of lignocellulosic biomass (LCB, including
dedicated lignocellulosic crops, agricultural and forestry
residues and municipal and industrial wastes) to produce
second-generation biofuel and bioproducts would avoid
the negative impacts associated with first-generation
feedstocks use [12, 13].

Although LCB is a promising, abundant and renewable
resource, it is difficult to treat due to its complex struc-
ture consisting of cellulose fibrils wrapped in a network
of lignin and hemicelluloses. This network, collectively
referred to as the lignin-carbohydrate complex, is highly
recalcitrant and difficult to modify [8, 14—18]. Conse-
quently, several steps of pretreatments are needed to iso-
late each of the components before they can be used in
value-added applications.

For the production of biofuels based on carbohy-
drates from LCB, such as bioethanol, the principal goal
is the complete hydrolysis of polysaccharide components
(mainly cellulose) of the raw material into monomers for
subsequent fermentation [18-22]. Utilization of all other
lignocellulosic components is not as well developed but
is the focus of intensive research efforts [8, 9, 23, 24].
This “integrated biorefinery” concept involves a succes-
sion of steps for transforming the entire lignocellulosic
biomass into biofuels and bioproducts. This concept has
been demonstrated using a variety of physical, chemical
and biological treatments [25-27] in a range of configu-
rations [28—31]. Total utilization of LCB will permit com-
mercial exploitation of the entire lignocellulosic biomass
in a wide spectrum of bioproducts and bioenergy [5, 32,
33]. In this context, new bioproducts (e.g. biomaterials,
biocomposites, biomembranes and biofilms) from previ-
ously unused components of LCB are receiving growing

interest because they are also biodegradable, produced
from a renewable carbon source and can have a wide
variety of applications [5, 7, 34—36]. Unlike bioethanol,
specific bioproducts based on lignocellulosic fibers do
not require complete separation or deconstruction of the
raw lignocellulosic polymers. Removal of some specific
components or alteration of structural features of fib-
ers leading to modulation of their physical and chemical
properties is often sufficient [5, 7, 32, 37-39].

A largely used green process for the removal or altera-
tion of specific structural features of the biomass is the
enzymatic hydrolysis or biocatalysis. Enzymes have been
used for improving papermaking processes (for fiber
cutting action, peeling, delamination, weakening effect,
bleaching, refining) [40—42] and also for the deconstruc-
tion of lignocellulosic biopolymers [7, 43—51]. Actually,
cellulases from Trichoderma reesei are subject to many
studies and have been used to efficiently hydrolyze cellu-
lose for decades [40, 52]. Enzymes have high selectivity
and turnover frequency, permitting processes with high
selectivity and increased productivity on a variety of sub-
strates [53]. For example, enzymatic hydrolysis avoids or
drastically decreases the production of degradation prod-
ucts that are generated by classical acid hydrolysis (e.g.
5-hydroxymethylfurfural, 2-furfural) [54, 55]. Many types
of enzyme can catalyze LCB hydrolysis: endo- and exo-
glucanase, cellobiase, xylanase, mannanase and many
others. Synergy between several enzymes in a mixture
of their lignocellulosic substrates has also been demon-
strated, but are not yet completely known [52, 56-58].
In addition to this, enzymes are costly, and accordingly,
real-time dosage control is an important parameter in
most industrial processes [57, 59-63].

The effectiveness and impact of enzymatic processes on
a substrate can be quantified using physical and chemi-
cal methods. Among them, the most commonly used
are: compositional analysis of the substrate after treat-
ment (using FTIR, XPS) or of the hydrolysates (hydrolysis
products content, using GC or HPLC), surface imaging
(using SEM, TEM and AFM), index of crystallinity (using
XRD and NMR) and mass balance calculations [64—66].
However, current methods of analysis cannot directly
monitor enzymatic action. It is not possible to determine
the precise order in which components of the substrate
were hydrolyzed as the enzymes penetrate the materials
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and what components are left exposed on fibers after
treatment. While direct chemical characterization of the
surface is possible with XPS, it remains that this method
is expensive and does not distinguish between different
polysaccharides because they harbor similar functional
groups [67].

The ability to directly monitor changes to the surface
of LCB fibers during enzymatic treatment is essential
for controlling and optimizing processes according to
the final bioproducts targeted. To this end, a rapid and
low-cost method to directly monitor the deconstruc-
tion of heterogeneous LCB during enzymatic hydrolysis
has been developed [67, 68]. Called fluorescent-tagged
carbohydrate-binding module method, or FTCM, this
method is based on the use of four specific ready-to-use
probes made of fluorescent-tagged recombinant car-
bohydrate-binding modules (named ft-CBM or probes
throughout the text). In these probes, the recombinant
CBM part binds to a specific component of the sub-
strate surface. The fluorescence of the probe permits
rapid quantification of the probes bound to the surface.
The fluorescence can be measured by using an ordinary
fluorescence plate reader. This new approach allows for
specific surface changes to be tracked and for changes to
biopolymers, in this case mannan, xylan, crystalline and
amorphous cellulose, to be monitored. FTCM can detect
these polymers at the surface of the substrate before and
after any given treatment, be it mechanical, chemical or
enzymatic [67, 68].

In this study, we use FTCM to characterize how the
surfaces of a variety of lignocellulosic biomass are modi-
fied by two different commercial enzyme cocktails. The
substrates include two chemical-thermo-mechanical
pulps, referred to as CTM pulps, and two Kraft wood
pulps. This investigation provides information on which
combination of enzyme treatment and biomass substrate
is best suited for industrial applications in which various
levels of fiber deconstruction and precise control of fiber
surface composition are desirable, such as the production
of nanocellulose, fiber-reinforce composites, or paper.

Methods

Lignocellulosic biomass

Four wood pulps were selected to evaluate the effect of
woody biomass composition and pretreatment on the
experiment. Hardwood mix Kraft pulp (here referenced
as HK) was kindly provided by Burgo Ardennes S.A. (Vir-
ton, Belgium). Softwood from spruce chemical-thermo-
mechanical pulp (referenced as SM) and hardwood from
poplar chemical-thermo-mechanical pulp (referenced
as HM) were kindly provided by SAPPI Lanaken N.V.
(Lanaken, Belgium). Softwood mix Kraft pulp (referenced
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as SK) was kindly provided by Kruger Wayagamac Inc.
(Trois-Rivieres, Canada). All pulps used in this study were
unbleached. The chemical composition of the of the pulps
was determined according to the NREL-TP-510-42618
standard method [69]. The length, width, fine percentage
and zero span breaking length of wood pulp fibers were
analyzed with a fiber quality analyzer (FQA) (LDA02-090
HiRes, OpTest Equipment Inc, Hawkesbury Canada) fol-
lowing the TAPPI T271 om-12 and T231 standard methods.

Enzyme solutions

Two different commercial enzyme mixtures were used
in this study, CelluClast 1.5L (Cat No #C2730) and
Carezyme 1000L (Cat No #C2605), which were pur-
chased from Sigma-Aldrich. CelluClast 1.5L (named “T”
in this study) is a mixture of fungal hydrolytic enzymes
from T. reesei and principally consists of two cello-
biohydrolases and two endoglucanases, as well as small
amounts of other cellulases and also various accessory
enzymes which function as hemicellulases [40, 57, 70].
Carezyme 1000L (named “A” in this study) consists of
a mixture of several hydrolytic enzymes mixture from
Aspergillus sp.

Both enzyme mixtures are widely employed for hydrol-
ysis and deconstruction of lignocellulosic biomass. Both
enzymes mixtures contain cellulase (CMCase), xylanase,
and mannanase enzymes, whose activities were tested
using carboxymethyl cellulose, xylan from birch wood,
and galactomannan as substrates, respectively. The activ-
ities of cellulase, mannanase, and xylanase were assayed
quantitatively using the 3,5-dinitrosalicylic acid (DNS)
method which measures the reducing sugars generated
by enzymatic hydrolysis from their absorption at 540 nm)
as described by Miller [64]. Protein content was quanti-
fied using the assay developed by Bradford [71].

Enzymatic treatments of pulp

Three samples of each pulp were prepared in suspension
for three different treatments: one without enzyme addi-
tion (control sample, called “Std”), a second to which Cel-
luClast 1.5L was added (called “T”), and third to which
Carezyme 1000L was added (called “A”). Prior to enzyme
addition, each sample was disintegrated in citrate buffer
(having a concentration of 0.05 M and pH 4.8) at 1.2%
consistency (24 grams of pulp on an oven dry matter
basis in 2 L of buffer) with a standard pulp disintegrator
and transferred into a 4-L Erlenmeyer flask. Suspensions
were pre-heated until 50 °C using a controlled-environ-
ment incubator-shaker (New Brunswick Scientific Inc.).
Enzyme solutions were then added to a final loading of
1275 mg of enzyme per gram of oven dry pulp. Hydrol-
ysis was carried out in the incubator at 50 °C for 4 h
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under continuous orbital agitation (150 rpm). Enzymatic
hydrolysis was stopped by incubating the pulp on ice for
15 min. Each sample was filtered and filtrate was boiled in
a 95 °C water bath for 10 min and kept frozen at — 20 °C
until sugars analysis. Filtration of untreated and enzymes
treated pulps produced paper sheets, of 60 + 2 g m™>2
in basis weight, as per the TAPPI T205 sp-02 standard
methodology. The pH was measured before and after
enzymatic treatment.

Optimization of hydrolysis conditions, such as dura-
tion and enzymes loading, was done on a small scale at
high throughput using 96-wells microtiter plates with
3 mm diameter paper discs. After enzymatic digestion of
the discs, FTCM test was applied to detect the optimal
condition required for enzymes to promote the efficient
degradation in cellulose and hemicellulose.

Handsheet and paper disc preparation

Four different pulps were used for the preparation of
handsheets and paper discs. Handsheets of 60 + 2 g m ™2
basis weight were prepared as per the TAPPI T205 sp-02
standard. 3-mm paper discs were punched from hand-
sheet [67].

Construction of recombinant probe expression systems

All  carbohydrate-recognition probe genes were
inserted into pET1la expression vectors. CBM 372 3a
(Clostridium thermocellum CipA, NZYTech), CBM15
(Cellvibrio japonicas, Z48928), CBM17 (Clostridium cel-
lulovorans, U37056), and CBM27 (Thermotoga maritima,
NP_229032) genes were synthetized by GenScript. The
fluorescent protein genes (eGFP, mOrange2, mCherry,
and eCFP) were cloned into the Dralll and BamHI sites
while the CBM genes were introduced into the BsrGI
and BamHI sites. All encoding genes were sequenced
to ascertain the integrity and fidelity of the probes. The
resulting probes GC3a, OC15, CC17, and CC27 [67, 68]
were used to detect crystalline cellulose, xylan, amor-
phous cellulose, and mannan, respectively.

Expression and purification of probes

All probes were produced in E. coli BL21(DE3) Gold
pLysS cells and purified as described by Hébert-Ouellet
et al. [68].

Quantification of the carbohydrates on the surface of fiber
paper discs using FTCM

Tracking of the variation of carbohydrate on the surface
of paper discs using the four different probes was done
as described by Khatri et al. and Hébert-Ouellet et al. [67,
68]. Note that lignin fluorescence was subtracted from
total fluorescence and that affinity of all probes used here
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for their respective substrates was previously character-
ized, as detailed in [67, 68].

Sugar analysis

After enzymatic hydrolysis, a filtered hydrolysate was
analyzed for cellobiose, glucose, xylose, and mannose
concentrations using a HPAEC-PAD (Dionex ICS-
5000-+) and a GC-FID (Agilent Technologies 7890B) fol-
lowing methods from the work of Vanderghem et al. [72,
73]. Results were processed using Chromeleon 7® and
OpenLAB CDS ChemStation software.

Scanning electron microscope (SEM) images

Scanning electron microscope (SEM) images were used
to analyze surface morphology and to characterize the
effect of the pulping process on paper fibers. Samples of
dried handsheets having a basis weight of 60 g + 2 g m™>
were coated with gold in a Quorum SC-7620 sputter-
coater. Images were produced of several different loca-
tions on the surface of SM and SK pulp samples with a
scanning electron microscope (JEOL, JSM-5500).

Statistical analysis
Minitab 17© and Microsoft Excel 2010© software were
used for statistical analysis of data.

Results and discussion

Enzyme characterization

Two commercial enzyme mixtures produced by T. reesei
and by Aspergillus sp. were used for this study. Under our
specific assay conditions, both commercial preparations
contained cellulase (CMCase), xylanase, and moderate
mannanase activities. Enzyme mixture T was character-
ized by higher cellulase and xylanase activities, although
its low mannanase activity was roughly equal to mixture
A (Additional file 1).

Pulp fiber characterization

Pulp fiber characteristics prior to treatments are pre-
sented in Table 1, which show how the pulp grades
used in this experiment differed from one another. As
expected, softwood fibers were longer and wider than

Table 1 Pulp fibers properties before enzymatic treat-
ments

Fibers characteristics (average values) HM SM HK SK

Length (mm) 0.71 131 076 235
Fines (0-0.2 mm) (%) 1531 1325 1364 3.01
Width (um) 226 274 17.7 26.0

HM hardwood CTM pulp, SM softwood CTM pulp, HK hardwood Kraft pulp, and
SK softwood Kraft pulp
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hardwood fibers [17]. All of the grades contained simi-
lar quantities of fine fibers except for the softwood Kraft
pulp. These fine fibers could impair hydrolysis yield on
full fibers because finer fibers have a greater susceptibility
for hydrolysis, so hydrolysis yield is altered by the quan-
tity of fine fiber in a sample during our 4-h hydrolysis
[74]. Hardwood pulp was only slightly affected by Kraft
pulping, while for softwood pulp, the Kraft treatment
had an obvious impact on length and fines, but none on
width. SEM images showed that softwood Kraft pulp has
lower fibrillation and greater homogeneity than softwood
CTM (Fig. 1) as observed earlier [75, 76] and which is
fully compatible with a decreased content in fines.
Mechanically treated pulps contained more lignin
than the Kraft pulps (Fig. 2). The Kraft process dissolves
lignin from wood raw material to liberate fibers, while by
contrast mechanical separation of wood fibers does not
involve the extraction of lignin [76]. Lignin protects the
other components of the biomass against degradation,
so the absence of lignin in Kraft pulp permits enzymatic
hydrolysis to occur more effectively [77]. As expected,
softwood hemicelluloses were glucomannan-rich, while
hardwood hemicelluloses were xylose-rich [17, 78, 79].
HK and SK pulps yield the greatest quantity of glucose,
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Fig. 2 Lignin and carbohydrate monomer content of pulps. HM
hardwood CTM pulp, SM softwood CTM pulp, HK hardwood Kraft
pulp, and SK softwood Kraft pulp

making them the most promising of the samples as a
potential biofuel substrate.

Hydrolysate analysis

Hydrolysate sugar content of the control samples (i.e.
without enzyme addition) was negligible (data not
shown). This demonstrates that hydrolysis did not occur

>

A}

m (SM) untreated softwood CTM pulp (@, b), and from (SK) untreated softwood Kraft pulp (¢, d) at two levels

Fig. 1 SEM micrographs obtained fro
of resolution
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in the absence of enzymes. Figure 3 shows cellobiose, glu-
cose, xylose, and mannose concentration of hydrolysate
solutions recovered after treating pulps with T and A
enzyme cocktails.

Figure 3 presents the amounts of selected mono- and
disaccharides which were liberated by enzymatic hydrol-
ysis of pulp fibers. The quantity of sugar detected in
the hydrolysate was better related to pulp grade than to
the enzyme cocktail used. Kraft pulps released more of
each sugar, indicating they are more susceptible to enzy-
matic hydrolysis in the relevant conditions. This can be
explained by the difference in lignin content, since the
presence of lignin protects polysaccharides from enzy-
matic hydrolysis [60, 80-84]. As discussed earlier and
in the literature, pretreatments which remove lignin and
hemicellulose expose a greater proportion of the cellu-
lose in the substrate and increase pore volume and sur-
face area, which results in increased hydrolysis rate [85].
The high glucose content of the Kraft pulps presented in
Fig. 2 suggests that these pulps are composed primarily of
cellulose, an inference that is consistent with the compo-
sition of the hydrolysate produced from their enzymatic
hydrolysis. Hydrolysate sugar content also demonstrated
that enzyme “A” was less effective than “T” under same
hydrolysis conditions. More xylose was released from
hardwood pulp in the presence of T enzyme cocktail,
which again corresponds with the abundance of xylose
monomers in the substrate, as shown in Fig. 2. The cel-
lobiose yield from hydrolysis of SK was greater than that
from hydrolysis of HK, although HK hydrolysis produced
more glucose when catalyzed by T treatment. Finally,
hydrolysate composition suggests that the mannanase
activity of both enzyme cocktails is low. Such results
may indicate that mannans are not as accessible as other
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polymers, or that mannanase activity is too low (consist-
ent with activity measurements for both enzyme prepa-
rations; see Additional file 1). The sugar content of the
hydrolysates is a good indicator of enzyme activity with
respect to specific carbohydrates, but does not provide
any information on the surface chemistry of the treated
fiber.

Effect of enzymatic treatment on pulp fibers

Biofuel production from LCB depends on polymer acces-
sibility during enzymatic treatment, but many other
applications require specific surface functionality linked
to distribution of polymers left after treatment at the
surface of fibers. One way to obtain information about
the outcome of an enzymatic treatment on LCB is by
investigating properties of its fibers and of paper formed
using these fibers. Enzyme hydrolysis used here only
affected the length of Kraft pulp grade. Treatment of
hardwood Kraft pulp with T enzymes decreased length
by 20%. Enzymes, A and T, decreased softwood Kraft
fiber length by 15 and 25%, respectively (Additional file 2:
Figure S1). These results suggest a fiber cutting action,
ascribed to endoglucanase activity in enzyme cocktails
[57, 70]. While Kraft pulp fiber length decreased as a
consequence of treatment, fines increased (Additional
file 2: Figure S2). This phenomenon has been suggested
as a consequence of the combination of cutting, peeling,
delaminating, and weakening effects on the surface of
the fibers by enzymatic hydrolysis [40—-42]. Although the
enzymatic hydrolysis reduced the length of some fibers,
it did not affect the average width of any samples, regard-
less of pulping or enzymes used (Additional file 2: Figure
$3). Concerning zero span breaking length, a measure of
the average strength of individual fibers (Additional file 2:
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Figure S4), treatment had no effect on mechanical CTM
pulps but both enzymes degraded chemical Kraft pulp
strength. The higher lignin content of the mechanical
pulps may explain why their mechanical strength was not
affected by the treatment. Analysis of these paper proper-
ties corroborates previous studies of simple sugars release
by hydrolysis of paper pulp and confirms that Kraft pulps
are more susceptible to enzymatic treatments [47, 50, 86,
87]. For applications where strength properties are very
important, such combination pulp-enzymatic treatments
(Kraft pulps treated with cellulase mixtures) would be
deleterious.

Detection of pulp fiber polymers using FTCM analysis
before and after enzymatic treatments

Fluorescent-tagged  carbohydrate-binding = module
method probes provide a rapid and cost-effective method
to map the surface of LCB samples in terms of compo-
sition. Running 96 experiments requires a simple plate
reader, is currently performed in less than 3 h, and would
cost a few dollars when scaled up. Here this analysis was
performed using the four probes in order to characterize
pulp fibers prior to enzymatic treatments (Figs. 4 and 5).
A probe (GC3a) which indicates the presence of crystal-
line cellulose regions (referred to here as CC) indicated
greater CC exposure on hardwood surfaces than on soft-
wood. CC made up a greater proportion of CTM pulps
surface than of Kraft pulps surface, despite the higher
lignin content of CTM pulps. This result is counterintui-
tive, since lignin is thought to act as protective barrier
around cellulose, but the higher proportion of fibrils and
fines in CTM pulps may explain the result since fine fib-
ers tend to have greater specific area and, therefore, offer
the most accessible polymers for the probes [68]. Fibrils
and fines are partially removed by Kraft pulping, which
may explain such results.

Figure 4 also shows the FTCM performed using the
amorphous cellulose (referred to as AC) specific probe
(named CC17). Mechanical pulps had the strongest AC-
binding signal, also in accordance with the explanation of
its higher content in high specific surface areas such as
fibrils. Although three of the four pulps exposed much
less AC than CC, the opposite was observed for SK pulp,
where twice as much AC was detected compared to CC.
Clearly, the distribution of AC did not parallel CC distri-
bution on the surface of untreated fibers. The total cellu-
lose (CC and AC) detected at the surface was the lowest
for SK pulp, where the fibrillations are almost nonexist-
ent as was observed in Fig. 1. This leads to a decrease
in high surface area fibrils or fiber fragments, which are
primary targets for CBMs binding to fiber polymers.
Despite containing more cellulose than CTM pulps, the
Kraft pulps returned a weaker binding signal for both CC
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and AC. Even if the abundance of glucose in the Kraft
pulp hydrolysates is consistent with higher cellulose con-
tent (Figs. 2 and 3), FTCM shows that CTM pulp fiber
surface has a greater number of exposed binding sites for
cellulose-specific probes, despite containing less cellulose
than Kraft pulps overall. One has to consider that the size
of probes used here, with diameters of few nanometers, is
closer to water than to most fibrous material. Any probe
used here has access to all interstices detectable by elec-
tronic microscopy.

OC15 probe, which was used to signal the presence
of xylan, returned a more intense signal from untreated
hardwood pulps than for softwood (Fig. 5), which is
consistent with the previously reported tendency of
hardwoods to have a greater xylan content than soft-
woods [17, 78], and with the monosaccharide content of
the samples already shown in Fig. 2. This phenomenon
resembles the one observed for CC (Fig. 4), with higher
signal for hardwood pulps than for softwood.

The signal produced by the mannan-specific probe
(CC27) does not follow the trend described by the probes
that have already been described in this section. Man-
nans were detected in greater abundance on the surfaces
of the CTM pulps and were nearly absent from the Kraft
pulps. Mechanical pulping of softwoods has been known
to partially dissolve mannans [88], but the dearth of man-
nan on the probe-accessible surface of Kraft pulps sug-
gests that some element of the Kraft process removes
mannans even more extensively [89], while by contrast
the mechanical treatment leaves them available for probe
binding. The disparity in mannan detected on SK and HK
corresponds to the relative abundance of mannose con-
tained in the samples as determined in Fig. 2. Compari-
son of the four pulps’ signals suggests that mannans are
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Fig. 5 CBM binding to the surface of untreated pulps. The quantity
of probe attached to xylan and mannan are shown in orange and
cyan, respectively

strongly associated with lignin. These observations con-
firm other studies on the lignin—carbohydrate complex
organization and changes according to the pulping pro-
cess [17, 90-93].

The impact of enzymatic treatments on the amount of
each polymer present on the surface of paper discs was
characterized using FTCM. In Fig. 6, the signal inten-
sity from each probe is presented in terms of its change
relative to the intensity of the corresponding probe on
untreated (Std) pulps shown in Figs. 4 and 5. Generally,
enzymatic treatments resulted in a decrease in the num-
ber of bound probes, although there were some excep-
tions. This decrease can be a consequence of the preferred
degradation of high specific surface components such
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as fines, filaments and fibrils by enzymes as discussed
above. The overall diminution of probe signal intensity
may also indicate that the enzymatic treatment results in
an increase in the proportion of substances on the sub-
strate surface which are affected neither by the enzymes
nor by the probes (e.g. lignin). AC detection invariably
decreased after enzymatic treatments, which supports
the hypothesis that this component was degraded pref-
erentially by cellulases in both enzymatic cocktails during
short-time hydrolysis suggested by several studies [17,
56, 94, 95]. In our assay, changes in AC probe binding did
not directly correlate to the yield of hydrolysis products
of cellulose (cellobiose and glucose, Fig. 3). Generation
of simple sugars such as glucose or cellobiose is a conse-
quence not only of AC but of CC hydrolysis, and the pro-
portions of AC and CC hydrolysis may vary for different
pulps and enzyme cocktails.

A general inspection of Fig. 6 reveals that differences in
signal intensity from probes bound to the substrate were
due to a combination of the disparity in pulp properties
and the character of the enzyme cocktails used for their
treatment (which both have cellulase, xylanase, and man-
nanase activity). The results of Fig. 6 show that removal
of surface hemicelluloses appeared to be more substan-
tial with T enzymes treatment. This corroborates chro-
matographic analyses showing higher liberation of xylose
and mannose after T enzyme treatment and may be
attributed to a superior cellulase and xylanase activities
in T enzyme preparation. Also, it can be seen that CTM
softwood pulp (SM) responded differently to enzymatic
treatments compared to HM. After enzymatic treatment,
more CC was detected on the surface of the SM sub-
strate, but less on the surface of the HM substrate. The
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concurrent increase in CC and decrease in AC indicate
that the glucose and cellobiose recovered from the hydro-
lysate (shown in Fig. 3) are principally the products of AC
hydrolysis, as opposed to CC hydrolysis. CC hydrolysis
cannot be ruled out, however, since FTCM detects CC
probe-binding sites left after treatment. Hydrolysis of
first polymers on the surface (including CC) can lead to
exposure of previously buried CC.

When treated by A enzymes, the increase in CC at the
surface of SM pulp was not as significant as after treat-
ment with T enzymes. AC was decreased with similar
efficacy, but other polymers were removed with differ-
ent intensity. The signal from xylan-binding probes was
found to be unaffected at the fiber surface after treatment
with A enzymes, while that from mannan-binding probes
decreased by 15%. As shown in Fig. 3, no xylose was
detected in the hydrolysate from treatment with enzymes
A, while the hydrolysate produced by T enzymes cocktail
contained some xylose. The absence of xylose in A hydro-
lysate is consistent with the hypothesis that xylan was not
consumed in this treatment, as shown in FTCM results,
although xylanase activity was measured in this enzyme
cocktail.

Despite major differences in fiber properties and pulp-
ing conditions, the proportion of HK-binding sites is
modified in a similar way to SM when HK pulp was
exposed to enzymatic hydrolysis. More CC was exposed
at the surface of HK after T enzyme treatment, despite
results on fiber length (Additional file 2) and simple sugar
analysis (Fig. 3) that suggest extensive cellulose hydroly-
sis. Although more CC was exposed on the surface of SM
after treatment with T enzymes, this was not accompa-
nied either by fiber length reduction or by substantial
hydrolysate sugar yields, which suggests that enzyme
treatment was less severe with SM than with HK. The
change in CC exposure was limited to 46% for HK (less
CC was left on the surface of HK after T enzyme than on
SM). Regarding HK pulp, Fig. 6 shows that both AC and
xylan decreased on the surface of HK paper discs after
either enzymatic treatment, but mannan variations were
not significant. These results were suggested by chroma-
tographic analyses but were confirmed by FTCM, which
also reveals that CC exposure increased after T treat-
ment, information that cannot be obtained by any other
method discussed here.

Enzymatic hydrolysis of SK and HK Kraft pulps occurred
in an approximately similar pattern, although both
enzymes A and T lead to a smaller change in CC on the
fiber surface of SK pulp than on HK pulp. AC decreased
after both treatments by about 30%. Hydrolysis with cock-
tail T leads to a 33% decrease in xylan binding in FCTM
but treatment with A enzyme left xylan unchanged. This
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observation is compatible with the detection of free xylose
in the hydrolysate. Mannans were consumed to a greater
extent in the softwood pulp. Changes in mannan surface
coverage observed by FTCM for SK with T enzymes (a
decrease of 40%) were not indicated by hydrolysate anal-
ysis, although a decrease in surface polymers does not
necessarily lead to simple sugar release if the enzymes
involved are also of endo- type. In this case, a drop in rela-
tive abundance of mannan at the fiber surface cannot be
revealed by a chromatographic analysis of simple sugars
but is easily detected using FTCM.

Surface polymer distribution after enzymatic treatments
Here the quantity of each probe bound to surface is
expressed as a percent of the total number of probes
detected, removing from our assessment any general
change in surface binding or availability for binding
(such as the decrease in binding due to loss of high sur-
face fragments in Kraft pulps or change in sheet den-
sity as hypothesized earlier [68]). There might be some
cross-reactivity among substrates and CBM15 (i.e. OC15
binding mainly to xylan, but having some affinity toward
cellulose). We found that the affinity of each probe for its
main target surpassed affinity for a similar target by ten-
fold or more [67, 68].

The proportions of polymers on the surface of pulps
prior to enzymatic treatment are shown in Fig. 7. As
expected, given the nature of Kraft pulping, the propor-
tion of AC and CC on the surface of Kraft pulps is higher
than in CTM pulps, and although the number of cellu-
lose-binding probes detected on the Kraft pulps surface
is less than what was detected on mechanical pulps, a
greater proportion of the probes detected on the Kraft
pulps were cellulose binding. Also, softwood exposed
proportionally more mannan and hardwood more xylan,
although the difference between hardwood and softwood
was less pronounced for the mechanical pulps. Such dis-
tribution of hemicelluloses on the surface is compatible
with bulk composition of fibers, and also compatible with
the generally accepted understanding of softwood and
hardwood hemicellulose composition [17, 78]. In gen-
eral, CC exposure detection was greater than that of AC
regardless of wood or pulping, except for SK pulp, where
amorphous regions’ exposure was twice the exposure of
CC (the same trend was observed in Fig. 4).

Treatment with enzyme cocktail T consistently left
a larger proportion of CC on substrate surfaces, at the
expense of AC at the fiber surface. An exception was for
SK pulp, where relative amount of AC probe remained
stable regardless of enzymatic treatment. SK pulp had
the most balanced proportions of probe binding, and this
equilibrium between various fractions was barely affected
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by hydrolysis with T enzyme cocktail. Because analysis of
hydrolysates (Fig. 3) revealed a significant release of sim-
ple sugars for SK pulp treated with T enzyme, all of the
components must have been degraded equally during
hydrolysis. Conversely, the relatively small yield of hydro-
lysate sugars from SK pulp after A enzyme treatment,
correlated with nearly same balanced proportion of
probe binding, means that SK pulp was not significantly
degraded after A enzyme hydrolysis.

Inspection of proportions, and not individual probe
binding, allows reconciliation of apparent contradictions
between the increase in CC in the SM pulp, shown in
Fig. 6, and the low release of sugar after T enzyme treat-
ment (Fig. 3), because the proportion of CC for SM is
lower than in HK and HM pulps.

Treatment with enzyme cocktail T results in decreased
hemicellulose binding (in proportion to total binding) for
all pulps, while treatment with enzyme cocktail A results
in probe signal proportions that are in between the con-
trol and enzyme T treated substrates. Enzyme A also left

larger proportions of hemicelluloses on the surface of fib-
ers at the expense of AC or CC.

The results presented here can be useful in predicting
whether an enzymatic treatment of a given biomass is
well suited for a given application of wood biomass. For
biofuel production, for example, the hydrolysate analy-
sis suggests that best conditions would involve using
the most aggressive enzyme (T) with the most exposed
fibers (Kraft pulp). Absolute change in probe binding
observed by FTCM confirmed the reduction of cellulose
at the surface of fibers. FTCM analysis can also be use-
ful for biofuel production, because it can provide pre-
cious information about the deconstruction of complex
substrates and can monitor the progressive removal of
polymers, which permits the optimization of enzymatic
treatments. For example, treatment with T enzymes left
a higher number of CC-binding sites on all pulps tested
here. FTCM would be instrumental in determining the
operating conditions which allow for total digestion of
CC with minimal costs.
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Fluorescent-tagged  carbohydrate-binding ~ mod-
ule method could also provide information for partial
hydrolysis of fibers for specific applications. Unlike other
methods, such as hydrolysate analysis, chemical analysis,
or XPS, FTCM can characterize the surface after treat-
ment. This information can be used to select biomass
stock and treatment that will yield the surface properties
or composition needed for a given application.

Enzyme T was the most effective for increasing the
crystalline cellulose surface proportion and decreasing
amorphous cellulose and hemicelluloses. A high produc-
tion of CC was observed for CTM pulps but Kraft hard-
wood harbored the highest proportion of CC at surface
after treatment. Treatment of HK with T enzymes would
be more appropriate for production of purified cellu-
lose products, such as nanocellulose. Treatment with
enzyme T would promote generating fiber surfaces that
are mechanically stronger, more chemically resistant, and
less sensitive to humidity. These characteristics suggest
applications like reinforcement in composite materials
(in industries like transport, furniture or construction).

Enzyme A is more selective than T. Its use resulted in
a significant reduction of the proportion of AC on sub-
strate surfaces while leaving mannan and xylan pro-
portions relatively untouched. This enzyme mixture
also hydrolyzed CTM more efficiently than Kraft pulp.
Enzyme A allowed the relatively reactive xylan and man-
nan polymers to be preserved, yielding a product which
could be used to develop specialty paper products or
insulation materials. The enzymatic treatment of Kraft
softwood pulp appears more relevant for applications
where an equilibrated distribution of amorphous cellu-
lose and hemicelluloses is preferred. This includes paper
products with controlled physical properties, although
the strength of these paper products may be decreased by
either enzyme.

Conclusions

Fluorescent-tagged  carbohydrate-binding = module
method can be used as a rapid, affordable, and direct
method to evaluate the surface composition of lignocel-
lulosic substrates, thereby permitting processes to be
understood in terms of compositional changes on the
substrate surface which could not otherwise have been
observed. Comparable methods for fiber analysis such
as compositional analysis of the substrate after treat-
ment (using FTIR, XPS) or of the hydrolysates (hydrolysis
products content, using GC or HPLC), surface imaging
(using SEM, TEM, and AFM), index of crystallinity (using
XRD and NMR) and mass balance calculations [64—66]
cannot directly monitor processing by enzymatic action.
The FTCM analysis presented here directly provided
valuable information about the quantification of exposed
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amorphous and crystalline cellulose, xylan, and man-
nan, which could then be used to determine the effects
of pulping and enzymatic hydrolysis on the surface com-
position of substrates. The variation of these components
at surface before and after treatment can guide strategies
for preparation of wood fiber derived products.

Additional files

Additional file 1: Table S1. Protein content and activities of the two
commercial enzyme mixtures. Enzyme cocktail T refers to CelluClast 1.5L
from Trichoderma reesei and enzyme cocktail A refers to Carezyme 1000L
from Aspergillus sp.

Additional file 2: Figure S1. Weighted average values of fiber lengths
(mm) and standard deviations for control Std, T, and A enzymes treated
pulps of different grades. (HM) hardwood CTM pulp; (SM) softwood CTM
pulp; (HK) hardwood Kraft pulp, and (SK) softwood Kraft pulp. Figure

S2. Weighted proportion (%) and standard deviations of fines (fiber with
length <0.2 mm) for control Std, T, and A enzymes treated pulps of dif-
ferent grades. (HM) hardwood CTM pulp; (SM) softwood CTM pulp; (HK)
hardwood Kraft pulp and (SK) softwood Kraft pulp. Figure $3. Arithmetic
average values (um) and standard deviations of fiber widths for control
Std, T, and A enzymes treated pulps of different grades. (HM) hardwood
CTM pulp; (SM) softwood CTM pulp; (HK) hardwood Kraft pulp, and

(SK) softwood Kraft pulp. Figure S4. Zero span breaking length (km)

for control Std, T, and A enzymes treated pulps of different grades. (HM)
hardwood CTM pulp; (SM) softwood CTM pulp; (HK) hardwood Kraft pulp,
and (SK) softwood Kraft pulp.

Abbreviations

AC: amorphous cellulose; AFM: atomic force microscopy; CC: crystalline cel-
lulose; CMCase: carboxymethyl cellulase; CTM: chemical-thermo-mechanical;
DNS: 3,5-dinitrosalicylic acid; FQA: fiber quality analyzer; FTCM: fluorescent
tagged carbohydrate-binding module method; ft-CBM: fluorescent-tagged
recombinant carbohydrate-binding module; FTIR: Fourier transform infrared
spectroscopy; GC: gas chromatography; HK: hardwood Kraft pulp; HM:
hardwood chemical-thermo-mechanical pulp; HPLC: high-performance
liquid chromatography; LCB: lignocellulosic biomass; NMR: nuclear magnetic
resonance; NREL: national renewable energy laboratory; SEM: scanning
electron microscopy; SK: softwood Kraft pulp; SM: softwood chemical-thermo-
mechanical pulp; TAPPI: technical association of the pulp and paper industry;
TEM: transmission electron microscopy; XPS: X-ray photoelectron spectrom-
etry; XRD: X-ray diffraction.

Authors’ contributions

PLB carried out all the experiments and drafted the manuscript. VK contrib-
uted to experiments related to the construction of ft-CBM probes and drafted
the manuscript. FMM drafted the manuscript. VK and FMM have contributed
equally to this work. DM, AR, FMM and MB participated in its design and
coordination, and helped to draft and revise the manuscript. All authors read
and approved the final manuscript.

Author details

! AgroBioChem Department, Laboratory of Biomass and Green Technolo-
gies, University of Liege, Gembloux Agro-Bio Tech, 5030 Gembloux, Belgium.
2 Université du Québec a Trois-Rivieres, Centre de Recherche sur les Matériaux
Lignocellulosiques, C.P. 500, Trois-Riviéres, QC G9A 5H7, Canada. > PROTEQ,
Université Laval, Québec, QC G1V 0A6, Canada. Département de Chimie,
Biochimie et Physique, Université du Québec a Trois-Rivieres, C.P. 500,
Trois-Rivieres, QC GOA 5H7, Canada.

Acknowledgements

This work was supported by Wallonie-Bruxelles International through the WB8I
World program and by grants awarded by the Consortium de recherche et
innovations en bioprocédés industriels au Québec (CRIBIQ) and Kruger inc.


https://doi.org/10.1186/s13068-017-0980-0
https://doi.org/10.1186/s13068-017-0980-0

Bombeck et al. Biotechnol Biofuels (2017) 10:293

The skillful technical assistance of Nikolas Beauchesne and Virginie Byttebier is
acknowledged. The authors would like to thank Glenn Bousfield (University of
Liege) for his valuable support and editorial contributions.

Competing interests
FTCM is patent pending (Buckman International, USA). The authors declare
that they have no competing interests.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Consent for publication
Not applicable.

Ethic approval and consent to participate
Not applicable.

Funding

This work was supported by Wallonie-Bruxelles International through the WBI
World program and by grants awarded by the Consortium de recherche et
innovations en bioprocédés industriels au Québec (CRIBIQ) and Kruger Inc.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 29 August 2017 Accepted: 26 November 2017
Published online: 06 December 2017

References

1. Naik SN, Goud VV, Rout PK, Dalai AK. Production of first and second
generation biofuels: a comprehensive review. Renew Sustain Energy Rev.
2010;14:578-97.

2. Nigam PS, Singh A. Production of liquid biofuels from renewable
resources. Prog Energy Combust Sci. 2011;37:52-68. https://doi.
0rg/10.1016/j.pecs.2010.01.003.

3. Scheffran J. The global demand for biofuels: technologies, markets and
policies. In: Vertés A, Qureshi N, Blaschek H, Yukawa H, editors. Biomass
to biofuels: strategies for global industries. Hoboken: Wiley; 2010. p.
27-54.

4. Agbor VB, Cicek N, Sparling R, Berlin A, Levin DB. Biomass pretreatment:
fundamentals toward application. Biotechnol Adv. 2011;29:675-85.
https://doi.org/10.1016/j.biotechadv.2011.05.005.

5. Zhu H, Luo W, Ciesielski PN, Fang Z, Zhu JY, Henriksson G, et al. Wood-
derived materials for green electronics, biological devices, and energy
applications. Chem Rev. 2016;116:9305-74. https://doi.org/10.1021/acs.
chemrev.6b00225.

6.  WegnerTH, Ireland S, Jones JPE. Cellulosic nanomaterials: sustainable
materials of choice for the 21st century. In: Postek M, Moon R, Rudie A,
Bilodeau M, editors. Production and applications of cellulose nanomateri-
als. Peachtree Corners: TAPPI Press; 2013. p. 3-8.

7. Dufresne A. Nanocellulose: from nature to high performance tailored
materials. Berlin: de Gruyter; 2012.

8. Christopher L. Integrated forest biorefineries: current state and develop-
ment potential. In: Christopher L, editor. Integrated forest biorefineries:
challenges and opportunities. Cambridge: The Royal Society of Chemis-
try; 2013. p. 1-66.

9. Zhang X, Paice MG, Deng J. Modify existing pulp and paper mills for
biorefinery operations. In: Zhu J, Zhang X, Pan X, editors. Sustainable
prodution of fuels, chemicals, and fibers from forest biomass. American
Chemical Society; 2011. p. 395-408.

10. Fargione J, Hill J, Tilman D, Polasky S, Hawthorne P. Land clearing and the
biofuel carbon debt. Science. 2008;319:1235-8.

11. Runge CF, Senauer B. How biofuels could starve the poor. Foreign Aff.
2007,86:41-53.

17.
18.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

Page 12 of 14

Eisentraut A. Sustainable production of second-generation biofuels:
potential and perspectives in major economies and developing coun-
tries. Paris: OECD; 2010. https://doi.org/10.1787/20792581.

Mohr A, Raman S. Lessons from first generation biofuels and implications
for the sustainability appraisal of second generation biofuels. Energy
Policy. 2013;63:114-22. https://doi.org/10.1016/j.enpol.2013.08.033.
Hendriks ATWM, Zeeman G. Pretreatments to enhance the digestibility of
lignocellulosic biomass. Bioresour Technol. 2009;100:10-8.

Goldsworthy G, Chandrakant S, Opuku-Ware K. Adipokinetic hormone
enhances nodule formation and phenoloxidase activation in adult
locusts injected with bacterial lipopolysaccharide. J Insect Physiol.
2003;49:795-803. https://doi.org/10.1016/50022-1910(03)00118-5.
Fengel D, Wegener G. Wood: chemistry, ultrastructure, reactions. Berlin:
de Gruyter; 1984.

Stevanovic T, Perrin D. Chimie du bois. Lausanne: PPUR; 2009.

Himmel ME, Ding S-Y, Johnson DK, Adney WS, Nimlos MR, Brady JW,

et al. Biomass recalcitrance: engineering plants and enzymes for biofuels
production. Science. 2007;315:804-7.

Sun'Y, Cheng J. Hydrolysis of lignocellulosic materials for ethanol produc-
tion: a review. Bioresour Technol. 2002;83:1-11. https://doi.org/10.1016/
50960-8524(01)00212-7.

Kumar P, Barrett D, Delwiche M, Stroeve P. Methods for pretreatment of
lignocellulosic biomass for efficient hydrolysis and biofuel production.
Ind Eng Chem Res. 2009;48:3713-29.

. ChaturvediV, Verma P. An overview of key pretreatment processes

employed for bioconversion of lignocellulosic biomass into biofuels and
value added products. 3 Biotech. 2013;3:415-31. https://doi.org/10.1007/
$13205-013-0167-8.

Limayem A, Ricke SC. Lignocellulosic biomass for bioethanol production:
current perspectives, potential issues and future prospects. Prog Energy
Combust Sci. 2012;38:449-67. https://doi.org/10.1016/j.pecs.2012.03.002.
Zhang X, Tu M, Paice MG. Routes to potential bioproducts from lignocel-
lulosic biomass lignin and hemicelluloses. BioEnergy Res. 2011;4:246-57.
https://doi.org/10.1007/512155-011-9147-1.

FitzPatrick M, Champagne P, Cunningham MF, Whitney RA. A biorefinery
processing perspective: treatment of lignocellulosic materials for the pro-
duction of value-added products. Bioresour Technol. 2010;101:8915-22.
https://doi.org/10.1016/j.biortech.2010.06.125.

Huang H-J, Ramaswamy S, Tschirner UW, Ramarao BV. A review of separa-
tion technologies in current and future biorefineries. Sep Purif Technol.
2008;62:1-21. https://doi.org/10.1016/j.seppur.2007.12.011.

Gupta VK, Potumarthi R, O'Donovan A, Kubicek C, Sharma G, Tuohy M.
Bioenergy research: an overview on technological developments and
bioresources. In: Gupta V, Tuohy M, Kubicek C, Saddler J, Xu F, editors.
Bioenergy research: advances and applications. Amsterdam: Elsevier Ltd;
2014, p. 23-47.

Sims REH, Mabee W, Saddler JN, Taylor M. An overview of second genera-
tion biofuel technologies. Bioresour Technol. 2010;101:1570-80. https://
doi.org/10.1016/j.biortech.2009.11.046.

Budarin VL, Shuttleworth PS, Dodson JR, Hunt AJ, Lanigan B, Marriott R,
et al. Use of green chemical technologies in an integrated biorefinery.
Energy Environ Sci. 2011;4:471-9. https://doi.org/10.1039/COEE00184H.
Clark JH, Budarin V, Deswarte FEI, Hardy JJE, Kerton FM, Hunt AJ, et al.
Green chemistry and the biorefinery: a partnership for a sustainable
future. Green Chem. 2006;8:853-60. https://doi.org/10.1039/B604483M.
Sheldon RA. Green and sustainable manufacture of chemicals from
biomass: state of the art. Green Chem. 2014;16:950-63. https://doi.
org/10.1039/C3GC41935E.

. Alvira P Tomds-Pejo E, Ballesteros M, Negro MJ. Pretreatment technolo-

gies for an efficient bioethanol production process based on enzymatic
hydrolysis: a review. Bioresour Technol. 2010;101:4851-61. https://doi.
0rg/10.1016/j.biortech.2009.11.093.

Ragauskas AJ, Williams CK, Davison BH, Britovsek G, Cairney J, Eckert

CA, et al. The path forward for biofuels and biomaterials. Science.
2006;311:484-9.

Yang ST, Yu M. Integrated biorefinery for sustainable production of fuels,
chemicals, and polymers. In: Yang ST, EI-Enshasy HA, Thongchul N, edi-
tors. Bioprocessing technologies in biorefinery for sustainable production
of fuels, chemicals and polymers. First. Hoboken: Wiley; 2013. p. 1-26.
https://doi.org/10.1002/9781118642047.


https://doi.org/10.1016/j.pecs.2010.01.003
https://doi.org/10.1016/j.pecs.2010.01.003
https://doi.org/10.1016/j.biotechadv.2011.05.005
https://doi.org/10.1021/acs.chemrev.6b00225
https://doi.org/10.1021/acs.chemrev.6b00225
https://doi.org/10.1787/20792581
https://doi.org/10.1016/j.enpol.2013.08.033
https://doi.org/10.1016/S0022-1910(03)00118-5
https://doi.org/10.1016/S0960-8524(01)00212-7
https://doi.org/10.1016/S0960-8524(01)00212-7
https://doi.org/10.1007/s13205-013-0167-8
https://doi.org/10.1007/s13205-013-0167-8
https://doi.org/10.1016/j.pecs.2012.03.002
https://doi.org/10.1007/s12155-011-9147-1
https://doi.org/10.1016/j.biortech.2010.06.125
https://doi.org/10.1016/j.seppur.2007.12.011
https://doi.org/10.1016/j.biortech.2009.11.046
https://doi.org/10.1016/j.biortech.2009.11.046
https://doi.org/10.1039/C0EE00184H
https://doi.org/10.1039/B604483M
https://doi.org/10.1039/C3GC41935E
https://doi.org/10.1039/C3GC41935E
https://doi.org/10.1016/j.biortech.2009.11.093
https://doi.org/10.1016/j.biortech.2009.11.093
https://doi.org/10.1002/9781118642047

Bombeck et al. Biotechnol Biofuels (2017) 10:293

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Mohanty AK, Misra M, Hinrichsen G. Biofibres, biodegrad-

able polymers and biocomposites: an overview. Macromol

Mater Eng. 2000;276-277:1-24. https://doi.org/10.1002/
(SICN1439-2054(20000301)276:1<1:AID-MAME1>3.0.CO;2-W.

Mohanty AK, Misra M, Drzal LT. Sustainable bio-composites from
renewable resources: opportunities and challenges in the green
materials world. J Polym Environ. 2002;10:19-26. https://doi.org/10.102
3/A:1021013921916.

John MJ, Thomas S. Biofibres and biocomposites. Carbohydr Polym.
2008;71:343-64. https://doi.org/10.1016/j.carbpol.2007.05.040.

Xu'Y, Rowell R. Biofibers. In: Zhu J, Zhang X, Pan X, editors. Sustainable
production of fuels, chemicals, and fibers from forest biomass. Washing-
ton, DC: American Chemistry Society; 2011. p. 323-66.

Jiang L, Tsai M-H, Anderson S, Wolcott M, Zhang J. Development of
biodegradable polymer composites. In: Zhu J, Zhang X, Pan X, editors.
Sustainable production of fuels, chemicals, and fibers from forest bio-
mass. Washington, DC: American Chemistry Society; 2011. p. 367-91.
Orts WJ, Shey J, Imam SH, Glenn GM, Guttman ME, Revol J-F. Application
of cellulose microfibrils in polymer nanocomposites. J Polym Environ.
2005;13:301-6. https://doi.org/10.1007/510924-005-5514-3.

Oksanen T, Pere J, Buchert J, Viikari L. The effect of Trichoderma reesei
cellulases and hemicellulases on the paper technical properties of never-
dried bleached kraft pulp. Cellulose. 1997;4:329-39. https://doi.org/10.10
23/A:1018456411031.

Bajpai P. Application of enzymes in the pulp and paper industry. Biotech-
nol Prog. 1999;15:147-57. https://doi.org/10.1021/bp990013k.

Cui L, Meddeb-Mouelhi F, Laframboise F, Beauregard M. Effect of com-
mercial cellulases and refining on kraft pulp properties: correlations
between treatment impacts and enzymatic activity components. Carbo-
hydr Polym. 2015;115:193-9.

Sabo R, Zhu J. Integrated production of cellulose nanofibrils and cellu-
losic biofuels by enzymatic hydrolysis of wood fibers. In: Postek M, Moon
R, Rudie A, Bilodeau M, editors. Production and applications of cellulose
nanomaterials. Peachtree Corners: TAPPI Press; 2013. p. 191-4.

Duran N, Lemes A, Duran M, Freer J, Baeza J. A minireview of cellulose
nanocrystals and its potential integration as co-product in bioethanol
production. J Chil Chem Soc. 2011,56:672-7.

Paakkd M, Ankerfors M, Kosonen H, Nykdnen A, Ahola S, Osterberg M,

et al. Enzymatic hydrolysis combined with mechanical shearing and
high-pressure homogenization for nanoscale cellulose fibrils and strong
gels. Biomacromolecules. 2007;8:1934-41. https://doi.org/10.1021/
bm061215p.

Siqueira G, Tapin-Lingua S, Bras J, da Silva Perez D, Dufresne A. Morpho-
logical investigation of nanoparticles obtained from combined mechani-
cal shearing, and enzymatic and acid hydrolysis of sisal fibers. Cellulose.
2010;17:1147-58. https://doi.org/10.1007/510570-010-9449-z.
GehmayrV, Schild G, Sixta H. A precise study on the feasibility of enzyme
treatments of a kraft pulp for viscose application. Cellulose. 2011;18:479-
91. https://doi.org/10.1007/510570-010-9483-x.

Qing, Sabo R, Zhu JY, Agarwal U, Cai Z, Wu Y. A comparative study of
cellulose nanofibrils disintegrated via multiple processing approaches.
Carbohydr Polym. 2013;97:226-34. https://doi.org/10.1016/].
carbpol.2013.04.086.

de Campos A, Correa AC, Cannella D, de M Teixeira E, Marconcini JM,
Dufresne A, et al. Obtaining nanofibers from curaud and sugarcane
bagasse fibers using enzymatic hydrolysis followed by sonication. Cel-
lulose. 2013;20:1491-500. https://doi.org/10.1007/510570-013-9909-3.
Torres CE, Negro C, Fuente E, Blanco A. Enzymatic approaches in paper
industry for pulp refining and biofilm control. Appl Microbiol Biotechnol.
2012;96:327-44. https://doi.org/10.1007/500253-012-4345-0.

Yarbrough JM, Zhang R, Mittal A, Vander Wall T, Bomble YJ, Decker SR,

et al. Multifunctional cellulolytic enzymes outperform processive fungal
cellulases for coproduction of nanocellulose and biofuels. ACS Nano.
2017;11:3101-9. https://doi.org/10.1021/acsnano.7b00086.

Mansfield SD, Mooney C, Saddler JN. Substrate and enzyme characteris-
tics that limit cellulose hydrolysis. Biotechnol Prog. 1999;15:804-16.

Ho DP, Ngo HH, Guo W. A mini review on renewable sources for

biofuel. Bioresour Technol. 2014;169:742-9. https://doi.org/10.1016/j.
biortech.2014.07.022.

Larsson S, Palmqvist E, Hahn-Héagerdal B, Tengborg C, Stenberg K, Zacchi
G, et al. The generation of fermentation inhibitors during dilute acid

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

Page 13 of 14

hydrolysis of softwood. Enzyme Microb Technol. 1999;24:151-9. https.//
doi.org/10.1016/50141-0229(98)00101-X.

Palmqvist E, Hahn-Hagerdal B. Fermentation of lignocellulosic hydro-
lysates. II: inhibitors and mechanisms of inhibition. Bioresour Technol.
2000;74:25-33. https://doi.org/10.1016/50960-8524(99)00161-3.

Hall M, Bansal P, Lee JH, Realff MJ, Bommarius AS. Cellulose crys-
tallinity—a key predictor of the enzymatic hydrolysis rate. FEBS J.
2010;,277:1571-82.

Hu J, Arantes V, Saddler JN. The enhancement of enzymatic hydrolysis

of lignocellulosic substrates by the addition of accessory enzymes such
as xylanase: is it an additive or synergistic effect? Biotechnol Biofuels.
2011;4:36. https://doi.org/10.1186/1754-6834-4-36.

Vérnai A, Huikko L, Pere J, Siika-aho M, Viikari L. Synergistic action of
xylanase and mannanase improves the total hydrolysis of softwood.
Bioresour Technol. 2011;102:9096-104.

Merino ST, Cherry J. Progress and challenges in enzyme develop-

ment for biomass utilization. Biofuels. 2007;108:95-120. https://doi.
org/10.1007/10_2007_066.

Penttild PA, Varnai A, Pere J, Tammelin T, Salmén L, Siika-aho M, et al. Xylan
as limiting factor in enzymatic hydrolysis of nanocellulose. Bioresour
Technol. 2013;129:135-41.

Lee RA, Lavoie J-M. From first- to third-generation biofuels: challenges of
producing a commodity from a biomass of increasing complexity. Anim
Front. 2013;3:6-11. https://doi.org/10.2527/af.2013-0010.

Lennartsson PR, Erlandsson P, Taherzadeh MJ. Integration of the first

and second generation bioethanol processes and the importance of
by-products. Bioresour Technol. 2014;165:3-8. https://doi.org/10.1016/j.
biortech.2014.01.127.

Klein-Marcuschamer D, Oleskowicz-Popiel P, Simmons BA, Blanch HW.The
challenge of enzyme cost in the production of lignocellulosic biofuels.
Biotechnol Bioeng. 2012;109:1083-7. https://doi.org/10.1002/bit.24370.
Miller GL. Use of dinitrosalicylic acid reagent for determination of
reducing sugar. Anal Chem. 1959;31:426-8. https://doi.org/10.1021/
ac60147a030.

Berezin IV, Rabinovich ML, Sinitsyn AP. Applicability of quantitative kinetic
spectrophotometric method for glucose determination. Biokhimiia.
1977:42:1631-6.

Berlin A, Maximenko V, Bura R, Kang K-Y, Gilkes N, Saddler J. A rapid
microassay to evaluate enzymatic hydrolysis of lignocellulosic substrates.
Biotechnol Bioeng. 2006;93:880-6. https://doi.org/10.1002/bit.20783.
Khatri V, Hébert-Ouellet Y, Meddeb-Mouelhi F, Beauregard M. Specific
tracking of xylan using fluorescent-tagged carbohydrate-binding
module 15 as molecular probe. Biotechnol Biofuels. 2016;9:74. https.//doi.
org/10.1186/513068-016-0486-1.

Hebert-Ouellet Y, Meddeb-Mouelhi F, Khatri V, Cui L, Janse B, MacDonald
K, et al. Tracking and predicting wood fibers processing with fluores-
cent carbohydrate binding modules. Green Chem. 2017;. https://doi.
0rg/10.1039/C6GCO3581G.

Sluiter A, Crocker D, Hames B, Ruiz R, Scarlata C, Sluiter J, et al. Determina-
tion of structural carbohydrates and lignin in biomass. Lab Anal Proced.
2008;1617:1-6.

Gourlay K, Hu J, Arantes V, Penttila M, Saddler JN. The use of carbohydrate
binding modules (CBMs) to monitor changes in fragmentation and
cellulose fiber surface morphology during cellulase- and swollenin-
induced deconstruction of lignocellulosic substrates. J Biol Chem.
2015;290:2938-45.

. Bradford MM. A rapid and sensitive method for the quantita-

tion of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem. 1976;72:248-54. https://doi.
0rg/10.1016/0003-2697(76)90527-3.

Vanderghem C, Boquel P, Blecker C, Paquot M. A multistage process to
enhance cellobiose production from cellulosic materials. Appl Biochem
Biotechnol. 2010;160:2300-7. https://doi.org/10.1007/512010-009-8724-7.
Vanderghem C, Jacquet N, Danthine S, Blecker C, Paquot M. Effect of
physicochemical characteristics of cellulosic substrates on enzymatic
hydrolysis by means of a multi-stage process for cellobiose production.
Appl Biochem Biotechnol. 2012;166:1423-32. https://doi.org/10.1007/
$12010-011-9535-1.

Mooney CA, Mansfield SD, Beatson RP, Saddler JN. The effect of fiber char-
acteristics on hydrolysis and cellulase accessibility to softwood substrates.
Enzym Microb Technol. 1999;25:644-50.


https://doi.org/10.1002/(SICI)1439-2054(20000301)276:1%3c1:AID-MAME1%3e3.0.CO;2-W
https://doi.org/10.1002/(SICI)1439-2054(20000301)276:1%3c1:AID-MAME1%3e3.0.CO;2-W
https://doi.org/10.1023/A:1021013921916
https://doi.org/10.1023/A:1021013921916
https://doi.org/10.1016/j.carbpol.2007.05.040
https://doi.org/10.1007/s10924-005-5514-3
https://doi.org/10.1023/A:1018456411031
https://doi.org/10.1023/A:1018456411031
https://doi.org/10.1021/bp990013k
https://doi.org/10.1021/bm061215p
https://doi.org/10.1021/bm061215p
https://doi.org/10.1007/s10570-010-9449-z
https://doi.org/10.1007/s10570-010-9483-x
https://doi.org/10.1016/j.carbpol.2013.04.086
https://doi.org/10.1016/j.carbpol.2013.04.086
https://doi.org/10.1007/s10570-013-9909-3
https://doi.org/10.1007/s00253-012-4345-0
https://doi.org/10.1021/acsnano.7b00086
https://doi.org/10.1016/j.biortech.2014.07.022
https://doi.org/10.1016/j.biortech.2014.07.022
https://doi.org/10.1016/S0141-0229(98)00101-X
https://doi.org/10.1016/S0141-0229(98)00101-X
https://doi.org/10.1016/S0960-8524(99)00161-3
https://doi.org/10.1186/1754-6834-4-36
https://doi.org/10.1007/10_2007_066
https://doi.org/10.1007/10_2007_066
https://doi.org/10.2527/af.2013-0010
https://doi.org/10.1016/j.biortech.2014.01.127
https://doi.org/10.1016/j.biortech.2014.01.127
https://doi.org/10.1002/bit.24370
https://doi.org/10.1021/ac60147a030
https://doi.org/10.1021/ac60147a030
https://doi.org/10.1002/bit.20783
https://doi.org/10.1186/s13068-016-0486-1
https://doi.org/10.1186/s13068-016-0486-1
https://doi.org/10.1039/C6GC03581G
https://doi.org/10.1039/C6GC03581G
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1007/s12010-009-8724-7
https://doi.org/10.1007/s12010-011-9535-1
https://doi.org/10.1007/s12010-011-9535-1

Bombeck et al. Biotechnol Biofuels (2017) 10:293

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Biermann CJ. 3-Pulping fundamentals. In: Biermann CJ, editor. Handbook

of pulping and papermaking. 2nd ed. San Diego: Academic Press; 1996. p.

55-100. https://doi.org/10.1016/B978-012097362-0/50007-8.

Sixta H. Fiber properties. In: Sixta H, editor. Handbook of pulp.
Weinheim: Wiley-VCH Verlag GmbH; 2006. p. 1269-80. http://doi.
0rg/10.1002/9783527619887.ch31.

Rahikainen J, Mikander S, Marjamaa K, Tamminen T, Lappas A, Viikari L,
et al. Inhibition of enzymatic hydrolysis by residual lignins from soft-
wood-study of enzyme binding and inactivation on lignin-rich surface.
Biotechnol Bioeng. 2011;108:2823-34. https://doi.org/10.1002/bit.23242.
Timell TE. Recent progress in the chemistry of wood hemicelluloses.
Wood SciTechnol. 1967;1:45-70. https://doi.org/10.1007/BF00592255.
Ek M, Gellerstedt G, Henriksson G. Wood chemistry and biotechnology.
Berlin: Walter de Gruyter; 2009.

Ohgren K, Bura R, Saddler J, Zacchi G. Effect of hemicellulose and lignin
removal on enzymatic hydrolysis of steam pretreated corn stover. Biore-
sour Technol. 2007;98:2503-10.

Mooney CA, Mansfield SD, Touhy MG, Saddler JN. The effect of initial
pore volume and lignin content on the enzymatic hydrolysis of
softwoods. Bioresour Technol. 1998;64:113-9. https://doi.org/10.1016/
50960-8524(97)00181-8.

Studer MH, DeMartini JD, Davis MF, Sykes RW, Davison B, Keller M, et al.
Lignin content in natural Populus variants affects sugar release. Proc Natl
Acad Sci. 2011;108:6300-5. https://doi.org/10.1073/pnas.1009252108.
Yu Z, Jameel H, Chang H, Park S. The effect of delignification of forest
biomass on enzymatic hydrolysis. Bioresour Technol. 2011;102:9083-9.
https://doi.org/10.1016/j.biortech.2011.07.001.

Zhang J, Tang M, Viikari L. Xylans inhibit enzymatic hydrolysis of lignocel-
lulosic materials by cellulases. Bioresour Technol. 2012;121:8-12. https://
doi.org/10.1016/j.biortech.2012.07.010.

Zhu L, O'Dwyer JP, Chang VS, Granda CB, Holtzapple MT. Structural
features affecting biomass enzymatic digestibility. Bioresour Technol.
2008;99:3817-28.

Yamada R, Yoshie T, Sakai S, Wakai S, Asai-Nakashima N, Okazaki F, et al.
Effective saccharification of kraft pulp by using a cellulase cocktail prepared
from genetically engineered Aspergillus oryzae. Biosci Biotechnol Biochem.
2015;79:1034-7. https://doi.org/10.1080/09168451.2015.1006568.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Page 14 of 14

Mittal A, Katahira R, Himmel ME, Johnson DK. Effects of alkaline or liquid-
ammonia treatment on crystalline cellulose: changes in crystalline struc-
ture and effects on enzymatic digestibility. Biotechnol Biofuels. 2011;4:41.
https://doi.org/10.1186/1754-6834-4-41.

Thornton J, Ekman R, Holmbom B, Orsé F. Polysaccharides dissolved
from norway spruce in thermomechanical pulping and peroxide
bleaching. J Wood Chem Technol. 1994;14:159-75. https://doi.
org/10.1080/02773819408003092.

Ragauskas AJ, Nagy M, Kim DH, Eckert CA, Hallett JP, Liotta CL. From
wood to fuels: integrating biofuels and pulp production. Ind Biotechnol.
2006;2:55-65. https://doi.org/10.1089/ind.2006.2.55.

Lawoko M, Henriksson G, Gellerstedt G. New method for quantitative
preparation of lignin-carbohydrate complex from unbleached softwood
kraft pulp: lignin-polysaccharide networks I. Holzforschung. 2003;57:69.
https://doi.org/10.1515/HF.2003.011.

Lawoko M, Rickard B, Fredrik B, Gunnar H, Géran G. Changes in the lignin-
carbohydrate complex in softwood kraft pulp during kraft and oxygen
delignification. Holzforschung. 2004;58:603. https://doi.org/10.1515/
HF.2004.114.

Lawoko M, Henriksson G, Gellerstedt G. Structural differences between
the lignin-carbohydrate complexes present in wood and in chemical
pulps. Biomacromolecules. 2005,6:3467-73.

Choi JW, Choi D-H, Faix O. Characterization of lignin-carbohydrate link-
ages in the residual lignins isolated from chemical pulps of spruce (Picea
abies) and beech wood (Fagus sylvatica). J Wood Sci. 2007;53:309-13.
https://doi.org/10.1007/510086-006-0860-x.

PuY, Ziemer C, Ragauskas AJ. CP/MAS 13C NMR analysis of cellulase
treated bleached softwood kraft pulp. Carbohydr Res. 2006;341:591-7.
Lynd LR, Weimer PJ, van Zyl WH, Pretorius IS. Microbial cellulose
utilization: fundamentals and biotechnology. Microbiol Mol Biol Rev.
2002;66:506—77. https://doi.org/10.1128/MMBR.66.3.506-577.2002.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



https://doi.org/10.1016/B978-012097362-0/50007-8
https://doi.org/10.1002/9783527619887.ch31
https://doi.org/10.1002/9783527619887.ch31
https://doi.org/10.1002/bit.23242
https://doi.org/10.1007/BF00592255
https://doi.org/10.1016/S0960-8524(97)00181-8
https://doi.org/10.1016/S0960-8524(97)00181-8
https://doi.org/10.1073/pnas.1009252108
https://doi.org/10.1016/j.biortech.2011.07.001
https://doi.org/10.1016/j.biortech.2012.07.010
https://doi.org/10.1016/j.biortech.2012.07.010
https://doi.org/10.1080/09168451.2015.1006568
https://doi.org/10.1186/1754-6834-4-41
https://doi.org/10.1080/02773819408003092
https://doi.org/10.1080/02773819408003092
https://doi.org/10.1089/ind.2006.2.55
https://doi.org/10.1515/HF.2003.011
https://doi.org/10.1515/HF.2004.114
https://doi.org/10.1515/HF.2004.114
https://doi.org/10.1007/s10086-006-0860-x
https://doi.org/10.1128/MMBR.66.3.506-577.2002

	Predicting the most appropriate wood biomass for selected industrial applications: comparison of wood, pulping, and enzymatic treatments using fluorescent-tagged carbohydrate-binding modules
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Lignocellulosic biomass
	Enzyme solutions
	Enzymatic treatments of pulp
	Handsheet and paper disc preparation
	Construction of recombinant probe expression systems
	Expression and purification of probes
	Quantification of the carbohydrates on the surface of fiber paper discs using FTCM
	Sugar analysis
	Scanning electron microscope (SEM) images
	Statistical analysis

	Results and discussion
	Enzyme characterization
	Pulp fiber characterization
	Hydrolysate analysis
	Effect of enzymatic treatment on pulp fibers
	Detection of pulp fiber polymers using FTCM analysis before and after enzymatic treatments
	Surface polymer distribution after enzymatic treatments

	Conclusions
	Authors’ contributions
	References




