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bstract

The interfacial and interphasic behavior of enzyme plays an important role in heterologous biocatalysis, such as the enzymatic hydrolysis of
ignocellulose. The solid-solution partition of the major cellulases from a highly effective Trichoderma reesei cellulolytic system was evaluated
uring the enzymatic cellulolysis of a pretreated corn-stover substrate. Upon mixing with the insoluble substrate, almost all of the enzymes
including CBH-I, CBH-II, EG-I, EG-II, and BG) were adsorbed, as shown by the protein and activity assay of the solution fraction. No significant
esorption was detected during as well as after the cellulolysis, indicating the enzymes’ ability to function at the lignocellulose surface. The
dsorption was attributed to the specific binding to and activating of cellulose during the cellulolysis, and to the non-specific binding to lignin,

articularly after the cellulolysis. The presence of several representative cellulolysis enhancers, substances capable of enhancing the cellulase
ction on lignocellulosic substrate, led to a significant desorption of the adsorbed cellulases. The effect might be related to the enhancing effect of
hese substances on the cellulases.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Creating valuable materials (such as fuel or chemicals)
rom renewable biomass as well as transforming biomass-
erived substances are of strategic importance for our effort in
eveloping alternative energy source, reducing pollution, con-
erting agricultural waste into value-added products, and other
ustainable/green industries (for recent review, see [1,2]). Com-
osed with complex carbohydrates, polyphenolics, proteins, and
ther compounds, biomass materials are highly heterogeneous
nd resilient towards many conventional processing techniques
nless they are under extraordinary conditions (e.g. high
emperature, pressure, acidity or basicity). However, current
esearch effort in biotechnology has shown promising potentials

or economical utilization of biomass feedstocks. In particu-
ar, applying enzymes to hydrolyze the polymeric/recalcitrant
arbohydrates in biomass into simple/fermentable sugars,
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nder ambient conditions, is of great interest and importance
3–7].

In nature, plant materials can be degraded/transformed by an
rray of cellulases and other enzymes/accessories produced by
icrobes (for recent reviews, see [4–6]). An archetypical micro-

ial cellulolysis system is that of Trichoderma reesei (Hypocrea
ecorina), which contains at least two cellobiohydrolases (CBH),
ix 1,4-�-endoglucanases (EG), and two �-glucosidases (BG)
8]. These cellulases, many of them modularly structured with
catalytic core and one or more carbohydrate-binding modules

CBM), can target different kinds of cellulose and act in syn-
rgism [4–6,8,9]. The CBM may, via its hydrophobic affinity,
nchor the enzymes onto the surface of cellulose. To effectively
ydrolyze cellulose, some cellulases (in particular CBH) apply a
processive” mechanism so that the enzymes may grab and slide
long a cellulose chain while hydrolyzing it, to reduce nonpro-
uctive detachment/reattachment [9,10]. However, hydrolyzing

biomass substrate with such enzymatic mix is still slow and

nefficient in general, due to many factors such as accessibility,
nstability, and inhibition. How to accelerate the hydrolysis with
ufficiently low enzyme dose is one of the major challenges in

mailto:fxu@novozymes.com
dx.doi.org/10.1016/j.molcatb.2007.10.004
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he commercialization of a viable biotechnology to convert raw
iomass feedstock into valuable chemicals [4,7].

The hydrolysis of lignocellulosic substances (the main com-
onent of biomass) by cellulases is a heterogeneous catalysis.
he insolubility of the substrate requires the soluble enzymes to
ave affinity and reactivity on interface. The cellulase adsorption
nto insoluble cellulose or accompanying non-reactive sub-
tances (e.g. lignin) plays a major role in the performance of the
nzymes. The restriction of the enzymes to two-dimensional sur-
ace of cellulose microfibril or one-dimensional cellulose chain
ay lead to a significant deviation from the conventional kinet-

cs of soluble enzymes [11]. The hydrophobic affinity of CBM,
eeded for binding a cellulase onto cellulose, may enhance the
onproductive, and often irreversible or inactivating adsorption
f the enzymes onto lignin, resulting in decreased efficiency in
ellulose hydrolysis [12–18].

Cellulase adsorption by lignocellulose has been the target
or active study in the past two decades. Traditionally, the phe-
omenon has been investigated by Langmuir-type isotherms,
easuring the overall protein adsorption under the assumption of

niform adsorbent surface and independent adsorption of indi-
idual cellulases, although it is well known that the cellulases
an be synergistic partners for biomass hydrolysis. Temporal
rofiles of the adsorption during hydrolysis have also been semi-
uantitatively probed by monitoring selected cellulase activities
n the supernatant of hydrolysis suspensions [19–23]. Various
nterfacial-prone agents, such as surfactants and binding pro-
eins, have been studied for their cellulase-desorbing effect
24–37].

In this study, we investigated the partition of a “complete”
. reesei cellulase mix during the hydrolysis of a pretreated
orn-stover (PCS) substrate. Using electrophoresis, protein
equencing, protein assay, and cellulase activity measurement,
e monitored the temporal adsorption profile of the major cel-

ulases, and correlated it with the effect of two representative
ellulase enhancers.

. Experimental

.1. Materials and instruments

Chemicals used as reagents or buffers were commercial
roducts of reagent or purer grade unless specified other-
ise. Low molecular weight (MW) gelatin was obtained from
igma–Aldrich (FreAlagin M type, MW 0.2–10 kD). Diluted
cid-pretreated corn-stover (PCS) preparations (∼53% or 59%
lycan and 32% or 28% lignin) were kindly provided by US
ational Renewable Energy Laboratory, and were washed exten-

ively and sieved before use. Carboxymethyl cellulose (CMC)
as from Hercules (7L2 type). Phosphoric acid-swollen cel-

ulose (PASC) was prepared from Avicel (FMC, PH101) by
published method [38]. The lignaceous residue of PCS was

btained from 7-day shake-flask PCS hydrolyses (∼70%–100%

xtent) by T. reesei cellulases, followed by extensive washing
ith water and 50 mM Na-acetate of pH 5. Part of the lignaceous

esidue was heated in boiling water for 5 min to inactivate the
dsorbed cellulases.

e
v
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An experimental “complete” T. reesei cellulases preparation
rom Novozymes was used to hydrolyze the PCS. T. reesei
ulture broths in which the Cel7A (CBH-I) or Cel6A (CBH-
I) protein was genetically removed were prepared by Dr. S.

erino and S. Maiyuran of Novozymes. Purified wt T. ree-
ei Cel7A and A. oryzae Cel3A were prepared at Novozymes
11,39].

Electrophoresis was carried out either on a Bio-Rad SDS-
AGE Criterion device/gels (stained by Bio-Rad BioSafe
ethod) or a Bio-Rad Experion device in accordance to the man-

facturer’s instruction. Spectrophotometric measurement was
arried out on a Molecular Devices SpectraMax 340PC reader
ith Costar 96-well microplates. In-gel protein tryptic diges-

ion, needed for mass spectrometry-based sequencing/peptide
apping, was made on a Perkin Elmer MultiPROBE II liquid-

andling robot. Tandem mass spectrometry was run on a
aters Micromass Technologies Q-ToF micro hybrid orthog-

nal quadrupole mass spectrometer, coupled with a Dionex
ltimate capillary/nano-flow HPLC system. Sample concentra-

ion was made with either Millipore Ultrafree-0.5 filters or a
abconco Freezone 12 L lyophilizer.

.2. Hydrolysis of pretreated corn stover

PCS hydrolysis was carried out in either 125-mL shake-flasks
r 1.7-mL tubes (“mini-scale”), in at least duplicates.

In a typical shake-flask hydrolysis, 10% (w/v) PCS (dry
eight) was reacted with 0.5 g/L (corresponding to 5 mg pro-

eins or 3 “filter-paper-unit” (FPU) cellulases per gram of PCS
olid, or 9 mg proteins or 6 FPU cellulases per gram of cel-
ulose) cellulases in 50 mM Na-acetate of pH 5, at 50 ◦C and
nder 130 rpm shaking. In a typical mini-scale hydrolysis, 5%
CS was reacted with 0.25 g/L (corresponding to 5 mg pro-

eins or 3 FPU cellulases per gram of PCS solid, or 9 mg
roteins or 6 FPU cellulases per gram of cellulose) cellulases.
liquots of the suspension were sampled, and their supernatants
ere analyzed for soluble reducing sugars by p-hydroxybenzoic

cid hydrazide (PHBAH), based on a published method [40].
ydrolysis extent was estimated based on the glycan content of

he PCS.

.3. Cellulase adsorption onto the lignaceous residue of
CS

A washed and re-buffered PCS lignaceous residue prepara-
ion (with ∼10% initial cellulose remaining), with or without
eating in boiling water, was incubated at 3.2% level with a new
atch of cellulases (0.5 g/L, corresponding to 16 mg proteins
r 10 FPU cellulases per gram of solid, or 140 mg proteins
r 95 FPU cellulases per gram of cellulose) for 3 days under
he conditions used to hydrolyze the initial PCS. Aliquots of
he suspensions were sampled daily, and the supernatants were

ither directly assayed, or lyophilized and redissolved in smaller
olumes of the buffer to make ≥0.3 mg/mL in predicted start-
ng proteins (if all soluble) for SDS-PAGE analysis. Cellulases
ncubated in the absence of the PCS served as controls.
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2.5 mg proteins or 1.7 FPU cellulases per gram of solid, or
4.5 mg proteins or 3 FPU cellulases per gram of cellulose) cel-
lulases, a ∼34%, 51%, 64%, and 68% hydrolysis was observed
at days 1, 3, 5, and 7, respectively. Almost all of the PASC-,
4 F. Xu et al. / Journal of Molecular C

Another washed and re-buffered PCS lignaceous residue
reparation (with ∼20% initial cellulose remaining) was incu-
ated at 3.2% level with either cellulases from a Cel7A-deletion
. reesei broth (0.2 g/L, corresponding to 6 mg proteins g−1 of
olid, or 31 mg proteins g−1 of cellulose), cellulases from a
el7A/Cel6A-double-deletion T. reesei broth (0.1 g/L, corre-

ponding to 3 mg proteins g−1 of solid, or 16 mg proteins g−1

f cellulose), or A. oryzae BG (0.05 g/L, corresponding to
.6 mg proteins g−1 of solid, or 8 mg proteins g−1 of cellulose).
he levels of the cellulases corresponded approximately to those

n the PCS hydrolysis by the “complete” cellulases.

.4. Protein assays

Protein profiling was made on either SDS-PAGE or Bio-Rad’s
xperion electrophoresis system. Diluted samples were concen-

rated prior to the electrophoresis when needed. Purified T. reesei
el7A of different amount served as controls for estimating the
and density on SDS-PAGE. Total protein determination was
ade with either Pierce BCA kit or Molecular Probes EZQ

rotein quantification kit, which could avoid interference from
educing sugars. Aliquots of hydrolysis suspensions were either
ltered or centrifuged, and the supernatants were subjected to

he assays. Protein identification via peptide mapping was done
y mass spectrometry.

.5. Cellulase assays

PASC hydrolysis was carried out with 2 g/L PASC, 0.5 g/L (or
.25 g/(g PASC)) bovine serum albumin (BSA), and 50 mM Na-
cetate, at pH 5 and 50 ◦C in 96-well plate. CMC hydrolysis was
arried out with 5 g/L CMC and 50 mM Na-acetate, at pH 5 and
0 ◦C. After 30 min, 20 �L supernatant samples were mixed with
80 �L 0.16 M Na-carbonate of pH 10 to stop the hydrolysis,
efore being assayed for produced sugars with PHBAH. Glucose
as used for the calibration, and mixtures omitting either the

ellulases or the cellulose served as controls. Hydrolysis of p-
itrophenyl-�-d-glucopyranoside (pNPG) was carried out with
mM pNPG, 0.01% Tween 20, and 89 mM Na-citrate, at pH
and 40 ◦C in 96-well plate. After 20 min, 100 �L of 1 M Na-

arbonate buffer of pH 10 was mixed with 225 �L hydrolysis
olution to stop the reaction, and the mixture was measured for
ts absorption at 405 nm.

.6. Effect of cellulase “enhancers”

Representing the surfactant/polymer and the protein sub-
tances able to enhance cellulases’ action on lignocellulose,
olyethylene glycol (PEG) 4000 and gelatin (MW of 0.2–1 kD)
ere tested, at 50 g/L (or 1 g/(g PCS solid)) level, by the mini-

cale PCS hydrolysis with cellulases. The gelatin was chosen

o that its electrophoretic profile would not interfere with those
f the cellulases (MW > 25 kD) on SDS-PAGE. The hydrolysis
as run for 5 days, and was sampled/analyzed daily. Mixtures
mitting either PCS, PEG4000, or gelatin served as controls.
he hydrolysis as well as the soluble proteins was analyzed.

F
P
p
c
s

sis B: Enzymatic 51 (2008) 42–48

. Results

.1. Hydrolysis of pretreated corn stover by cellulases

Under the conditions of this study, the PCS substrate was
eadily hydrolyzed by the T. reesei cellulases. As exemplified in
ig. 1, the hydrolysis proceeded relatively fast at the beginning,
eaching ∼40%–50% extent in the first day, but then slowed
own, reaching ∼85% hydrolysis after 6 days. At the mini-scale,
he hydrolysis also proceeded relatively fast at the beginning,
eaching ∼50%–60% extent in day 1, then ∼100% extent in
ay 4.

.2. Cellulase adsorption onto pretreated corn stover

Upon the mixing, the cellulases were quickly adsorbed onto
he PCS substrate. As shown by SDS-PAGE, almost all of the
ellulases were absent from the supernatant fraction of the sus-
ension, most likely due to their binding to the cellulose in PCS.
he cellulases remained insoluble even when the majority of

he cellulose in PCS was hydrolyzed, indicating an adsorption
y the lignin. Fig. 2 shows the result obtained for a shake-flask
CS hydrolysis by the cellulases (lanes 2–9). The very faint

riple bands of the size ∼50–70 kD became more visible when
0 times more supernatants samples were loaded (after 10-fold
oncentration), although their density was still ∼1/5 or less than
hat of the cellulases incubated in the absence of PCS (lane 2).
imilar results were seen with the mini-scale PCS hydrolysis.

In addition to the SDS-PAGE assay, the supernatant of the
CS hydrolysis suspension was also analyzed by the cellu-

ase activity on typical substrates PASC, CMC, and pNPG.
hen 10% PCS was reacted with 0.25 g/L (corresponding to
ig. 1. PCS hydrolysis by T. reesei cellulases. Initial concentrations: 10% (w/v)
CS (dry weight), 0.5 g/L (corresponding to 5 mg proteins or 3 FPU cellulases
er gram of PCS solid, or 9 mg proteins or 6 FPU cellulases per gram of cellulose)
ellulases, 50 mM Na-acetate of pH 5. Incubation conditions: 50 ◦C, 130 rpm
haking. Detection of released reducing sugar: PHBAH method.
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Fig. 2. Cellulase solubilization during PCS hydrolysis. Supernatants of the
hydrolysis suspensions sampled at different time: lane 3, day 1; lane 4, day
2; lane 5, day 3; lane 6, day 4; lane 7, day 5; lane 8, day 6; lane 9, day 7. Samples
in lanes 2–9 were from the PCS hydrolysis by T. reesei cellulases (whose time
profile is shown in Fig. 1). Other samples: lanes 1 and 10, MW markers (in kD);
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ane 2, cellulase solution in the absence of PCS. Major protein bands: CBH-I,
70 kD; CBH-II and EG-II, ∼60 kD; EG-I, ∼50 kD; BG, ∼130 kD. Sample

olume: 30 �L. SDS-PAGE: 8%–16% gel.

MC-, and pNPG-hydrolysis activities (>90%) were lost in the
upernatant in day 1, and the loss maintained through day 7.
ased on the BCA assay, the loss of soluble proteins was ∼90%
t day 1, and ∼80% from days 3 to 7. Similar results were
lso observed for the hydrolysis of 5% PCS with 0.25 g/L (cor-
esponding to 5 mg proteins or 3 FPU cellulases per gram of
olid, or 9 mg proteins or 6 FPU cellulases per gram of cellulose)
ellulases.

.3. Cellulase adsorption onto the lignaceous residue of
CS

When two washed and re-buffered PCS lignaceous residue
reparation (with ∼0% or 10% of the initial cellulose remain-
ng), with or without a heat treatment, were incubated at ∼32 g/L
evel with a new batch of cellulases at 0.5 g/L level (correspond-
ng to 16 mg proteins or 10 FPU cellulases per gram of solid),
he remaining cellulose from one lignaceous residue prepara-
ion was hydrolyzed. About 90% of the Cel7A and ∼100%
f the other cellulases were adsorbed, most likely onto the
ignin.

When another washed and re-buffered PCS lignaceous
esidue preparation (with ∼20% of the initial cellulose
emaining) was incubated at ∼32 g/L level with ∼0.2 g/L (cor-
esponding to 6 mg proteins g−1 of solid, or 31 mg proteins g−1

f cellulose) of the cellulases from a Cel7A-deletion T. ree-
ei broth, almost all of the proteins, including Cel6A, Cel7B
EG-I), and Cel5A (EG-II), were adsorbed during the 3-day
ncubation, except a minor band of ∼60 kD (∼1/20 of the initial

roteins based on the band density). When the PCS lignaceous
esidue preparation was incubated with ∼0.1 g/L (corresponding
o 3 mg proteins g−1 of solid, or 16 mg proteins g−1 of cellulose)
f the cellulases from a Cel7A/Cel6A double-deletion T. reesei
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roth, almost all of the proteins, including Cel7B and Cel5A,
ere adsorbed during the 3-day incubation, except the minor
and of ∼60 kD. When the lignaceous residue preparation was
ncubated with ∼0.05 g/L (corresponding to 1.6 mg proteins g−1

f solid, or 8 mg proteins g−1 of cellulose) of A. oryzae Cel3A,
bout half of the BG was adsorbed.

The SDS-PAGE bands were identified by mass spectrometry.
he result showed that Cel6A, Cel7B, Cel5A, Cel12A EG (EG-

V, ∼45 kD), Cel74 xyloglucanase (∼100 kD), and swollenin
∼70 kD) were among the proteins adsorbed by the liganaceous
esidue.

When another washed and re-buffered PCS lignaceous
esidue preparation (with ∼30% of the initial cellulose remain-
ng) was incubated at ∼4 kg/L level for 24 h with either

18 g/L (corresponding to 4.4 mg proteins g−1 of solid, or
4 mg proteins g−1 of cellulose) T. reesei Cel7A, 12 g/L (cor-
esponding to 3 mg proteins g−1 of solid, or 10 mg proteins g−1

f cellulose) cellulases from Cel7A-deletion T. reesei broth,
4 g/L (corresponding to 6 mg proteins g−1 of solid, or
9 mg proteins g−1 of cellulose) cellulases from Cel6A-deletion
. reesei broth, 6 g/L (corresponding to 1.5 mg proteins g−1

f solid, or 5 mg proteins g−1 of cellulose) cellulases from
el7A/Cel6A double-deletion T. reesei broth, or 0.3 g/L (corre-

ponding to 0.07 mg proteins g−1 of solid, or 0.2 mg proteins g−1

f cellulose) A. oryzae Cel3A, results similar to those stated
bove were observed.

.4. Cellulase desorption from PCS by PEG4000 and
elatin

As tested at the mini-scale, the PCS hydrolysis by T. ree-
ei cellulases was enhanced by both PEG4000 and gelatin. The
ydrolysis extent at day 1 increased from 64% to ∼80% or
0%, respectively, when 50 g/L (corresponding 1 g/(g PASC) or
.8 g/(g cellulose)) of PEG4000 or gelatin was present. After

days, the hydrolysis was essentially complete. Based on
DS-PAGE of the supernatants, almost all the cellulases were
dsorbed onto the PCS shortly after the mixing. After day 1,
owever, significant amounts of the cellulases were resolubi-
ized. With both PEG4000 and gelatin, nearly all of the cellulases
ere desorbed after the hydrolysis (Fig. 3).
The supernatants from the day 5 hydrolysis were concentrated

10-fold and then analyzed on Experion (whose microchannel
lectrophoresis would in general yield electrophoregrams dif-
erent from those of SDS-PAGE). The electrophoregram of the
ellulases showed three major bands of referenced MW of ∼68,
12, and 158 kD, with relative density of ∼11%, 87%, and 2%,
espectively. The “112 kD” band represented Cel7A. When the
ydrolysis was made by T. reesei cellulases alone, the super-
atant sampled after the hydrolysis contained only one major
rotein band corresponding to that of Cel7A. Comparing with
he control (PCS-omitting incubations), ∼90% of the cellulases
as lost, most likely due to the adsorption on the lignin in PCS.

hen the hydrolysis was made by the cellulases along with

EG4000 or gelatin, the supernatant contained all three major
rotein bands. Comparing with the controls (PCS-omitting incu-
ations), essentially all of the cellulases were recovered, most
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Fig. 3. Cellulase solubilization during PCS hydrolysis. Effect of (A) 50 g/L PEG4000 (corresponding to 1 g PEG/(g PCS solid), or 1.8 g PEG/(g cellulose)) and
(B) 50 g/L gelatin (corresponding to 1 g gelatin/(g PCS solid), or 1.8 g gelatin/(g cellulose)). Mini-scale PCS hydrolysis by T. reesei cellulases. Supernatants of the
hydrolysis suspensions sampled at different time: lane 3, ∼0.5 h; lane 4, day 1; lane 5, day 2; lane 6, day 3; lane 7, day 4; lane 8, day 5. Other samples: lane 1,
MW markers (in kD); lane 2, cellulase solution in the absence of PCS (the major bands at ∼130, 70, 60, and 50 kD corresponded to BG, CBH-I, CBH-II and EG-II,
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nd EG-I, respectively, and the smear between ∼10 and 15 kD in (B) corresp
omposed from different gels.

ikely due to the desorption from PCS after the completion of
he hydrolysis.

. Discussion

.1. Cellulase adsorption on lignocellulose

Adsorption of soluble cellulases onto insoluble cellulose
ubstrate or non-reactive substances (such as lignin) has been
tudied in terms of its effect on the hydrolysis rate, enzyme inhi-
ition, or enzyme stability. It has been observed that cellulases
ould bind to cellulose (often with measurable reversible on/off
inetics), hydrolyze it, and then redissolve in solution when
he polymeric substrate is depolymerized/hydrolyzed [21,41].

hen lignin is present, however, cellulases may be irreversibly
dsorbed by the substance, decreasing their activity on cellu-
ose. The detrimental adsorption may depend on the content,
tructure, or pretreatment of lignin [12,14–21,42–47].

Among various cellulases, those secreted by T. reesei are the
ostly studied [8,13,16,43,48,49]. Under conventional hydrol-

sis conditions for pretreated biomass substrates (e.g. corn
tover, hard wood, soft wood, Kraft fiber, or reconstituted
ellulose–lignin mix), the majority (often > 90%) of the CBHs
nd EGs could be adsorbed by lignin, likely enhanced by CBM
15,16,50]. The cellulase adsorption might correlate with the
ignin content in a lignocellulosic substrate [23]. Lignin could
revent cellulase resolubilization at the completion of cellulose
ydrolysis [51]. The nonproductive cellulase adsorption onto
ignin was postulated as the main reason that the hydrolysis
ate decreases when the hydrolysis progresses, or with elevated
ubstrate levels [23,47]. Adding new cellulases may “restart”

he hydrolysis that had been slowed-down due to the lack of
vailable, active enzymes [15].

Cellulase partition in a lignocellulose suspension has been
easured with the supernatant for the remaining soluble pro-

p
a
c
b

to gelatin). Sample volume: 40 �L. SDS-PAGE: 4%–20% or 8%–16% gels.

eins as well as hydrolytic activities on Avicel, filter paper,
MC, pNPG, or other substrates indicative for CBH, EG, or
G [19–23]. However, the previous investigations were mainly

emi-quantitative, often lacking the information on the temporal
ehavior of individual members in a synergistic enzyme system
uring the hydrolysis. In this study, we monitored the major
. reesei cellulases, i.e. CBH-I, CBH-II, EG-I, EG-II, and BG,
n a “complete” mixture during the hydrolysis of a PCS sub-
trate. As shown by the electrophoregrams of the supernatants,
lmost all of the cellulases were adsorbed shortly after being
ixed with PCS, likely onto the cellulose in PCS. The enzymes

emained apparently adsorbed while hydrolyzing the cellulose
nto mostly glucose and a small amount of cellobiose, mak-
ng the hydrolysis a virtual interfacial enzymatic reaction. The
dsorption was likely dynamic, allowing the enzymes to move
round, or briefly on/off the cellulose, to act on different part of
he insoluble substrate. At the completion of the hydrolysis, only
minor amount (<10%) of the initial Cel7A desorbed into solu-

ion, indicating that the majority of Cel7A as well as others CBH,
Gs, and BG were adsorbed by the lignin in PCS. The activity
easurements in the supernatants also showed the adsorption

f the CBHs, EGs, and BG during and after the hydroly-
is of the cellulose in PCS, consistent with previous studies
19–21,51].

.2. Desorption of adsorbed cellulases by cellulase
nhancers

It has been reported that many surfactants, mostly nonionic
nes, could enhance cellulase performance in hydrolyzing lig-
ocellulosic substrates. The effect seemed more profound in the

resence of lignin, and has been attributed to the surfactants’
bility to reduce the nonproductive cellulase adsorption, widen
ellulose accessibility for cellulase, or improve cellulase sta-
ility [24–35,52]. Tween 20, Tween 80, and Triton X100 were
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mong the best enhancers, whose effect might come from their
olyalkoxylate structure, because PEG, a group of polyalkoxy-
ate polymers not considered as surfactants, could enhance
ellulases equally well [53–55]. It has been postulated that PEG-
ike polymers and Tween-like surfactants might bind to lignin via
ydrogen bonding and hydrophobic interactions, thus reducing
he nonproductive binding of cellulases [47,54].

In addition to surfactants and polymers, proteins such as
SA and gelatin have also been reported to enhance cellulase
erformance in hydrolyzing lignocellulosic substrates [35–37].
he effect has been attributed to a binding of the proteins on

ignin, whose competition with cellulase could lead to a reduc-
ion of the enzyme’s nonproductive adsorption, similar to that
f the enhancing surfactants/polymers [37,56]. Indeed, no addi-
ive effect was seen when both Tween 20 and BSA was present,
lthough either compound showed an enhancement on cellulase
35].

In this study, PEG4000 and gelatin were chosen as repre-
entatives of the cellulase-enhancing polymers/surfactants and
roteins, respectively, and were investigated for their effect on
he adsorption of cellulases during PCS hydrolysis. Adding
EG4000 or gelatin led to fasted PCS hydrolysis by T. reesei cel-

ulases. The electrophoregrams of the supernatants showed that
either compounds prevented the cellulase adsorption during the
ellulose hydrolysis. However, after the hydrolysis, almost all of
he starting cellulases, including the major CBHs, EGs, and BG,
ere desorbed from the PCS lignaceous residues in the presence
f PEG4000 or gelatin. Thus PEG4000 and gelatin might reduce
he nonproductive adsorption of cellulases by lignin, and conse-
uently enhance the cellulases’ action on cellulose. The results
ere consistent with the previous reports on the non-binding
f the enhancers on pure cellulose (e.g. Avicel) as well as the
levated recovery of cellulase activity in supernatants when the
nhancers were present [37,47].

Understanding the partition of cellulases during their hetero-
eneous catalysis on the hydrolysis of lignocellulosic substances
s of great importance for the development of viable biotechnolo-
ies to convert biomass feedstocks into valuable chemicals. The
nzymatic reaction is interfacial in nature and requires enzyme
dsorption onto its insoluble substrate. Adsorptions that are
tatic, irreversible, nonproductive, inhibitory, or inactivating are
f concern. Effective mitigation of the detrimental adsorptions
ay enhance the hydrolysis or reduce the enzyme dosing/cost

17,23,26,47,51,52]. This may be achieved by genetically or
hemically modifying cellulases [48,57,58], modifying lignin or
ellulose [12,59], optimizing hydrolysis conditions (pH or ionic
trength change), or adding enhancers such as non-ionic poly-
ers. Future studies should focus on systems/conditions more

elevant to real biomass hydrolysis, and apply various biophysi-
al, biochemical, and genetic techniques to further elucidate the
echanistic aspects.
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