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a b s t r a c t

The recovery of cellulases from lignin, lignocellulosic hydrolysates and cellulose by alkaline washes at pH
9 and 10 was examined. The effect of the pH on the structural stability of purified Cel7A was analyzed by
circular dichroism. Purified Cel7A showed conformational changes at pH 9 and 10 that were reversible at
pH 4.8. Temperature influenced the enzymatic hydrolysis of wheat straw and may be critical for the effi-
ciency of cellulase recycling from wheat straw hydrolysates. Operation at moderate temperatures (37 �C)
resulted in a rate of saccharification 19% higher than that obtained at 50� C, improving cellulase recycling
by 49%. Over 60% of the enzyme activity on the synthetic substrate 4-methylumbelliferyl-b-D-cellobioside
(MUC) may be recovered by using a simple alkaline wash. This is thus a promising strategy for enzyme
recycling that is simple to implement at industrial scale, economical and effective.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Bioconversion of lignocellulosics to produce bioethanol pre-
sents an attractive opportunity for the production of renewable,
environmentally friendly biofuels. Although there have been re-
cent advances towards improving the efficiency of the bioconver-
sion process, the cost of hydrolytic enzymes required for the
hydrolysis step remains a significant obstacle to the application
of this bioconversion technology at commercial scale (Tu et al.,
2007a).

Cellulolytic enzymes, such as those obtained from Trichoderma
reesei (Palonen et al., 2004; Rosgaard et al., 2007), must be added
to the pre-treated lignocellulosic biomass, hydrolyzing and subse-
quently releasing the soluble fermentable sugars. Herein resides
one of the major cost expenditures of the process, accounting for
almost 50% of the cost of the hydrolysis process (Wingren et al.,
2003), and so there is a significant need for viable enzyme recy-
cling systems in order to reduce overall ethanol production costs.

The need for pretreatments, such as steam explosion, stems
from the recalcitrant nature of lignocellulosic material. Lignin, cel-
lulose and hemicelluloses are intertwined in the cell wall; the
steam explosion process breaks down many of the existing bonds
between the cell wall components, freeing cellulose so that cellu-
lase adsorption can occur and consequently hydrolysis (Palonen
et al., 1999, 2004). Though steam-explosion is cost efficient based
on chemical consumption, the severity of the pretreatment affect
ll rights reserved.
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both the structure of cellulose and lignin (Schevechenko et al.,
2001; Eriksson et al., 2002; Lu et al., 2002). Enzymes strongly
and irreversible bind lignin, preventing cellulases from reaching
cellulose, thus becoming a barrier for efficient hydrolysis (Palonen
et al., 1999; Ramos et al., 1992). Deshpande and Eriksson (1984)
showed that lignin does not inactivate these cellulolytic enzymes,
but rather a large amount of enzymes, up to 40%, bind unspecifi-
cally to lignin after complete hydrolysis of wheat straw (Palonen
et al., 2004).

Several methods have been proposed to minimize enzyme
adsorption to lignin, such as introducing surfactants such as Tween
80 (Tu et al., 2007b), proteins like BSA (Yang and Wayman, 2006)
or encapsulation of the cellulases (Li et al., 2008). Other methods
have attempted to remove or reduce the amount of lignin in the
lignocellulosic material by dissolving it with Organosolv (Zhao
et al., 2009), DMSO (Fasching et al., 2008), COSLIF (Rollin et al.,
2011) or the use of ionic liquids (Tan et al., 2009).

However, due to the cost of some of these pretreatments or sur-
factants, their potential for actual application is low. Given the high
thermal and pH stability of cellulolytic enzymes (Bajaj et al., 2009)
and considering that up to 88% of enzymatic activity is retained
after desorption from lignin (Tu et al., 2007a), it appears that a
cost-efficient method of enzyme recycling from the leftover lignin
biomass is not only viable but important in reducing production
costs.

Some authors have proposed that enzymes can be recovered by
re-adsorption onto fresh substrates (Lee et al., 1995; Ramos et al.,
1992). However, this strategy would result in an increased build up
of lignin rich residues that would ultimately have an adverse effect
on the hydrolytic ability of the recovered enzyme, in subsequent
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hydrolysis of fresh substrates (Lee et al., 1995; Tu et al., 2007a,
2007b; Qi et al., 2011). Other authors reported that alkaline media
(for example sodium hydroxide solutions with pH 9 and 10) were
very effective desorption agents (Otter et al., 1984; Zhu et al.,
2009). A protein mass balance performed by these authors showed
a recovery of up to 45% (Otter et al., 1984) or more than 90% of cel-
lulases (Zhu et al., 2009). However, these authors did not report on
the activity of the recovered protein.

In the present study, soluble low molecular mass fluorogenic
specific substrates were used for determining the activities of
adsorbed cellulases. Cel7A (or CBH I, cellobiohydrolase I from T.
reesei) retained its activity even when adsorbed onto lignin; fur-
thermore, a mild switch in pH from 4.8 to 9 is sufficient to induce
reversible conformational and structural changes, which may ex-
plain the desorption of a significant amount of the enzyme without
losing MUC activity when the pH is reset. Additionally, with an
alkaline wash at pH 9 or 10 it was possible to recover a large por-
tion of enzymatic activity from extensively hydrolyzed wheat
straw.
2. Methods

2.1. Lignin isolation

Lignin was obtained by extensive hydrolysis of steam pre-
treated wheat straw with a mixture of Celluclast 1.5 FG L and Nov-
ozym 188 (both from Novozymes A/S, Basgsværd, Denmark) in a
5:1 weight ratio – with an activity of 85 FPU/ml - and was provided
by the Inbicon pilot plant in Skorbok, Fredericia, Denmark (Laresen
et al., 2008), in the framework of the FP7 project KACELLE. The
resulting freeze dried material was further treated with 2% (v/v)
alcalase in 50 mM Tris–HCl (Sigma–Aldrich, 99%) pH 7 buffer for
24 h, washed and alkaline treated at pH 10 for 2 h followed by
pH change to 2 by addition of 18% HCl (Sigma–Aldrich) in order
to precipitate dissolved lignin. Lignin was washed and placed in
50 mM sodium acetate (NaAc) (Sigma–Aldrich) buffer pH 4.8. The
resulting material had minimal protein content and assumed as a
pure lignin fraction.

2.2. Cel7A purification

An enriched preparation of Cel7A was obtained in a one-step
Fast Protein Liquid Ion Exchange Chromatography process using
a Mono Q HR 5/5 ion exchange column from Amersham Biosci-
ences (GE Healthcare). The enzyme mixture of Celluclast 1.5 FG L
and Novozym 188 (both from Novozymes A/S, Basgsvaerd, Den-
mark provided by the Inbicon pilot plant (Denmark) in the frame-
work of the FP7 project KACELLE) was buffer exchanged into
50 mM Tris–HCl pH 8 buffer and injected into the aforementioned
column at a flow rate of 0.5 ml/min. The elution buffer was a
50 mM solution of Tris–HCl with 1 M NaCl (Sigma–Aldrich) at pH
8. The fraction corresponding to Cel7A was found to be substan-
tially pure, and buffer exchanged using an ultrafiltration device
(Amicon, 10 kDa polysulfone membrane, Omega 25 mm) to
50 mM NaAc buffer at pH 4.8. Purity was confirmed by SDS–PAGE
analysis (data not shown). Enzyme concentration of Cel7A stock
was assessed using the Bradford protein (Bio-Rad) assay and stocks
were stored at �4 �C.

2.3. Activity of lignin-bound Cel7A

Cel7A concentrations of 0.5; 0.3 and 0.156 mg/ml were added to
a 2% (w/v) lignin suspension in 50 mM NaAc buffer at pH 4.8 and
placed on a turning wheel at 20 rpm (Rotator SB3-Stuart) at room
temperature. Samples were taken at 2, 24, 48, 72 and 168 h, centri-
fuged at 4480g for 10 min (microcentrifuge Sigma, modell 113),
washed with one volume of supernatant, and enzymatic activity
of the suspension, supernatant and solid fraction was assayed
using 4-methylumbelliferyl-b-D-cellobioside as substrate (MUC as-
say; Sigma–Aldrich). For the purpose of the MUC assay these sam-
ples were diluted 1:100 so as to fall inside the calibration curve.

All experiments were performed in duplicate and were repeated
twice, and mean values and standard deviations are presented.

2.4. Assays for enzyme activity – MUC assay

Cel7A activity was measured by fluorescence spectroscopy with
a Biotech Synergy HT Elisa plate reader, using 4-methylumbellife-
ryl-b-D-cellobioside (MUC) as a substrate (Sigma–Aldrich). Upon
hydrolysis of MUC by Cel7A, free 4-methylumbelliferone (4MU,
Sigma–Aldrich) caused a shift in the fluorescence spectra (excita-
tion maximum/fluorescence maximum). Enzyme activity was
measured by the fluorescence of 4-methylumbelliferone with an
excitation and emission wavelengths of 360 and 460 nm respec-
tively. A 1 mM stock solution of 4-methylumbelliferone was di-
luted from 0.0001 mM to 0.01 mM and used to prepare a
calibration curve by plotting 4-methylumbelliferone concentration
(mM) versus relative fluorescence units (RFU) and to determine the
least squares regression equation for the line generated by the
standard 4MU samples. To quantitatively assay the samples for
Cel7A activity, a solution of 1 mM 4-methylumbelliferyl-b-D-cello-
bioside was prepared in 0.1 M sodium acetate buffer pH 4.8. A test
sample (37.5 ll) was added to the reaction mixture (300 ll MUC)
and incubated at 50 �C for 15 min, 375 ll of 1 M Na2CO3 buffer
was added to the mixture to stop the reaction and measured on
a black bottom 96-well UV fluorescence microplate. The amount
of MUC hydrolyzed was determined by inserting the relative fluo-
rescence (RFU) into the linear equation obtained using MU stan-
dard solutions (RFU = 151,254�[4-MU concentration] + 31.102,
R2 = 1.00). Whenever the sample readings fell outside the standard
curve, the enzyme sample was diluted and the experiment re-
peated. All assays were performed in triplicate. The amounts of
MUC hydrolyzed (mM) were converted to enzyme activity units,
where enzyme activity units (U/L) is defined as the amount of en-
zyme that catalyzes the transformation of one micromole of sub-
strate per minute under specified conditions.

The above described methodology was further validated. The
correlation between the enzyme concentration and the release of
4-methylumbelliferone under the conditions of the MUC assay
was analyzed. For this purpose, various dilutions of enzyme were
prepared. MUC assays were performed for each enzyme concentra-
tion, and it was found that with increasing concentration of
enzyme the release of 4-methylumbelliferone increased, in a
linear way (RFU = 481,811 � [enzyme concentration] + 349.78;
R2 = 0.99).

2.5. Activity on filter paper fibers

Activity on filter paper fibers was used to verify whether the
enzyme recovered after the alkaline treatment (after different tem-
peratures hydrolysis) remained active on insoluble and crystalline
cellulose, and to compare its activity with the initial one at an iden-
tical dilution.

The filter paper fibers assay was performed according to the Na-
tional Renewable Energy Laboratory protocol LAP-006 (Adney and
Baker, 1996). Whatman No. 1 Filter Paper was cut into 6 � 1 cm
strips (weighing 50 mg). The strips where placed in 1 ml of 0.1 M
NaAc pH 4.8 buffer and equilibrated at 50 �C. Afterwards, 0.5 ml
of enzyme samples were added and incubated for 1 h. After 1 h,
each tube was taken and used for quantification of total reducing
sugars by the DNS assay, using glucose as standard. Samples of
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100 ll from each incubated tube were added to 100 ll of DNS re-
agent and placed in boiling water for 5 min. One ml of distilled
water was added and 200 ll pipetted into a well of a 96-well
microplate in triplicate and absorbance measured at 540 nm. The
results of this assay are presented as the concentration of sugars
hydrolyzed after 1 h incubation and are expressed in mg/ml of to-
tal reducing sugars using glucose as standard.

All experiments were performed in triplicate and were repeated
twice, and the mean values and standard deviations are presented.

2.6. Enzyme desorption assay

Cel7A was added to a 2% (w/v) lignin suspension or 2% cellulose
CF11 (Whatman) to a final concentration of 0.3 mg/ml and incu-
bated at room. The samples (total volume of 10 ml in Falcon tubes
were placed on a turning wheel rotating at 20 rpm). Time points
for sampling were 24, 48, 72 and 168 h for lignin. With cellulose
CF11 (Whatman) only two time points (24 and 48 h) were
sampled.

The concentration of hydrolyzed sugars in the assays with cel-
lulose CF11 (Whatman) was determined at 2, 6, 12, 24, 29, 36
and 48 h by the DNS assay.

At each time point, a sample of the suspension was taken and
centrifuged at 4480g for 10 min (microcentrifuge Sigma, modell
113), the supernatant removed, and the solid fraction was sub-
jected to an alkaline wash treatment.

All experiments were performed in triplicate and were repeated
twice, and the mean values and standard deviations are presented

2.6.1. Alkaline wash treatment
The solid fraction was re-suspended in 50 mM Tris–HCl buffer

at pH 9 or 10 and left for 2 h at room temperature (on a turning
wheel at 40 rpm, Rotator SB 3 - Stuart). The suspension was centri-
fuged at 4480g for 10 min (microcentrifuge Sigma, modell 113) to
separate the supernatant from the solid fraction. The samples, both
supernatant and solid fraction, were diluted in 0.1 M NaAc buffer at
pH 4.8 and left at room temperature for 1 h, then assayed by MUC
assay to determine enzymatic activity.

2.7. Enzymatic hydrolysis of steam pretreated wheat straw and
enzyme recovery

Wheat straw was pretreated by steam pretreatment in the Inbi-
con pilot plant and stored at 4 �C. Unless otherwise stated, all enzy-
matic hydrolysis experiments were performed in 10 ml of 0.1 M
NaAc buffer at pH 4.8 with a solid suspension of 5% (w/v) total
dry matter. The reaction medium was incubated at 30, 37, 40, 45,
or 50 �C, using a turning wheel at 20 rpm (Rotator SB 3 – Stuart).
At 24 and 48 h of hydrolysis each tube was centrifuged at 3219g
for 1 h (Heraeus Megafuge 1.0 R); the supernatant was removed
and fresh buffer and a cellulase loading of 2.1 FPU/ml (Celluclast
and Novozym 188 mixture) was added. From this moment on, at
each 24 h interval, up to 168 h, the tubes were centrifuged at
3219g for 1 h (Heraeus Megafuge 1.0 R); The supernatant was re-
moved and concentrated ten-fold, using an ultrafiltration device
(Amicon, 10 kDa polysulfone membrane, Omega 25 mm) and
‘‘washed’’ with 5 ml of fresh 0.1 M NaAc, pH 4.8 buffer to remove
any sugars and other low molecular weight compounds that may
interfere with enzyme activity. The retentate was collected and
added to the substrate and fresh buffer to carry out the subsequent
rounds of hydrolysis. The process was repeated every 24 h after the
initial 48 h up to the final 168 h point.

The conversion of steam-pretreated wheat straw at different
temperatures was estimated by determining the reducing sugar
content of the supernatant after enzymatic hydrolysis, using the
3,5-dinitrosalicylic acid reagent (DNS) method and glucose as the
standard. The conversion of lignocellulosic material was deter-
mined as follows:

Conversion ¼mg reducing sugar produced� 0:8875
mg of dry straw

where 0.8875 is the factor considering the mass molecular ratio be-
tween anhydroglucose contained in cellulose and free glucose.Then

total conversion ðtimeÞ ¼
X168h

24h

conversion

In the thermal stability assay, a test tube with 2.1 FPU/ml
(Celluclast and Novozym 188 mixture) in 10 ml of 0.1 M NaAc buf-
fer at pH 4.8, without lignocellulosics, was processed in parallel
and the MUC activity was measured every 24 h .

After a week of hydrolysis the solid fraction was alkaline
washed with 50 mM Tris–HCl buffer at pH 9 and 10, as described
in Section 2.6.1, for 2 h. The supernatant recovered and activity
measured by both the MUC and the filter paper fibers assay.

All experiments were performed in duplicate and were repeated
twice, and mean values and standard deviations are presented.

2.8. Enzyme pH stability

Intrinsic tryptophan fluorescence (ITF) was used to determine
structural changes of Cel7A at pH 4.8, 9 and 10. Cel7A samples
were diluted, to a final concentration of 0.5 mg/ml at the desired
pH’s, in 50 mM NaAc buffer pH 4.8 and 50 mM Tris–HCl buffer
pH 9 and 10, for 2 h before ITF spectrum measurements. The di-
luted samples, 1:5 in respective buffers, were analyzed with an
excitation wavelengths of 270 nm and recorded over a spectrum
of emission wavelengths from 290 to 450 nm. The samples at pH
9 and 10 were diluted (1:5) in 50 mM NaAc buffer at pH 4.8 and
measured again, under the same conditions, in order to determine
if the structural changes were reversible. Additionally, circular
dichroism (CD) was carried out at the University of Coimbra. Spec-
tra were obtained on an Olis DSM CD spectrometer. CD spectra
were obtained at 20 �C over a range between 260 and 190 nm. This
test was performed in the absence of lignin.

2.9. Statistical analysis

All statistical analyses were performed using analysis of vari-
ance One-Way ANOVA.

3. Results and discussion

3.1. Activity of lignin-bound Cel7A

Cel7A is the most abundant protein among the cellulases se-
creted by T. reesei (Rosgaard et al., 2007). The Cel7A interaction
with lignin was shown by Palonen et al. (2004) to affect the bind-
ing domain of the enzyme, while not altering the structure of the
catalytic domain.

This seems to be supported by findings that when cellulases
previously adsorbed to lignin are recovered by re-adsorption onto
fresh substrate, there is no loss of activity, at least during the initial
rounds of hydrolysis (Tu et al., 2007a,b). The questions that arises,
is whether lignin-bound Cel7A’s activity is diminished. The MUC
assay was used since 4-methlyumbelliferyl-b-D-cellobioside is
small enough so that it can be hydrolyzed while Cel7A remains ad-
sorbed to lignin.

In this week-long experiment Cel7A was left at room tempera-
ture in a 2% (w/v) suspension of purified lignin so that the enzyme
could adsorb onto the lignin exclusively. In accordance with other
authors (Deshpande and Eriksson, 1984; Palonen et al. 2004), it
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could be shown for different enzyme loadings that the presence of
lignin does not influence MUC activity of Cel7A (Fig. 1) since no
statistically significant differences (p > 0.05) were detected be-
tween the results for Cel7A in the presence and absence of lignin
(Cel7A+L and Cel7A).

3.2. Enzyme desorption assay

It has been shown that by addition of fresh lignocellulosic sub-
strate it is possible to recover and recycle cellulases and that addi-
tion of surfactants to the reaction solution can increase the total
amount of recoverable enzyme (Tu et al., 2007b; Yang and
Wayman, 2006). This kind of recycling strategy intends to mini-
mize the amount of cellulases that adsorbs irreversibly to lignin
and consequently constitute the portion of enzyme that is
ultimately lost. Possible recovery of these cellulases would
significantly contribute to lowering production costs of second
generation bioethanol production.

The results presented in Fig. 1 Cel7A adsorbed onto lignin
retains activity. Zhu et al. (2009) and Otter et al. (1984) showed
that it is possible through alkaline wash to recover a large portion
Fig. 1. Enzymatic assay in the presence of lignin. For all three enzyme loadings, (A) 0.5 m
and after addition to a 2% (w/v) lignin suspension (Cel7A+L). The enzyme activity of the s
expressed as the mean ± SD (error bars) of two independent experiments performed in
of adsorbed cellulases but it remains to be shown if the enzymes
remain active after exposure to alkaline pH.

Through intrinsic tryptophan fluorescence (ITF) and circular
dichroism (CD) we tested the conformational stability of Cel7A in
alkaline medium and its recovery after resetting the pH to our stor-
age conditions of pH 4.8 (Fig. 2A–C). ITF measures conformational
changes by taking advantage of tryptophan’s sensitivity to its sur-
rounding environment. As can be seen in the ITF spectra, when pH
was altered from pH 4.8 to pH 9 or 10 (Fig. 2A), significant confor-
mational changes occured, that were reversed at pH 4.8 (Fig. 2B).
This finding is supported by CD results which showed that at pH
4.8 Cel7A has a secondary structure consisting of roughly the same
amount of a-helixes and b-sheets (Fig. 2C). This structure is par-
tially lost at pH 10, but is regained at pH 6. According to results ob-
tained using the MUC assay, the pH switch does not induce any
loss of MUC activity of Cel7A (as shown ahead, please see Figs. 3
and 5).

Since pH 9 did not appear to affect the structural integrity of the
enzyme, desorption assays into pure lignin were conducted at this
pH. Results show that it was possible to recover a significant
amount of previously adsorbed enzyme Cel7A by altering the pH
g/ml, (B) 0.3 mg/ml and (C) 0.156 mg/ml. The activity of Cel7A in solution (Cel7A)
eparated fractions - supernatant (Cel7A+L S) and solid fraction (Cel7A+L P). Data are
duplicate.
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Fig. 3. Enzyme desorption assay – enzymatic activity of Cel7A adsorbed to lignin before (Pre-T) and after alkaline wash (Post-T). (Post-T S) correspond to Cel7A in solution
and (Post-T P) activity present in the solid fraction of the suspension. Data are expressed as the mean ± SD (error bars) of three independent experiments performed in
duplicate.
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(Fig. 3). The amount of enzyme recovered was lowered due to
washing of the solid fraction with buffer before the pH change
(Fig. 3 columns Post-T 9).

The results also showed that the time the cellulase was in con-
tact with lignin did not influence the recoverable amount of en-
zyme since no statistically significant differences (p > 0.05) were
detected between the recovery of enzyme exposed to lignin for
24 or 168 h (Fig 3 Post-T S 9).

3.3. Enzymatic hydrolysis of steam pretreated wheat straw and
enzyme recovery

Since alkaline wash at pH 9 seems to be a promising method to
promote enzyme desorption and subsequent recovery of active and
viable Cel7A from a lignin substrate, this method was applied to an
enzyme mixture, Celluclast 1.5 FG L. Wheat straw pretreated by
steam pretreatment was used as a substrate for hydrolysis with
Celluclast 1.5 FG L and Novozym 188, to determine if it was possi-
ble to recover enzyme after an extensive hydrolysis of a substrate
used in second generation bioethanol production (Petersen et al.,
2009).

Fig. 4A shows the temperature dependence of reducing sugars
production from wheat straw. As expected, the rate of reducing
sugars production dropped over the time course of the experiment
(Fig. 4A). The thermostability of Cel7A was analyzed by MUC assay,
and the enzyme did not lose any MUC activity at 30, 37 and 40 �C
Fig. 4B. However, MUC activity significantly decreased above 45 �C.
Only 37.5% of the original activity remained at 50 �C, and 89.7% at



Fig. 5. Enzyme activity on MUC substrate at different temperatures and percentage of enzymatic recovery after alkaline washes– enzymatic activity adsorbed to
lignocellulosic hydrolysates, before alkaline wash (Pre-T), enzymatic activity recovered after alkaline wash at pH 9 (Post-T S 9) and pH 10 (Post-T S 10) and activity adsorbed
to lignocellulosic hydrolysates, present in the solid residue after wash (Post-T P 9 and Post-T P 10). Data are expressed as the mean ± SD (error bars) of two independent
experiments performed in duplicate.

Fig. 4. (A) Evaluation of total conversion of lignocellulosic material over course of a weeklong steam pretreated wheat straw hydrolysis a different temperature. (B) Effect of
temperature on enzymatic activity along a week of hydrolysis. Progression of enzymatic hydrolysis ( )�30 �C, ( )�37 �C ( )�40 �C, ( )�45 �C, ( )�50 �C.
Data are expressed as the mean ± SD (error bars) of two independent experiments performed in duplicate.

Table 1
Activity on filter paper fibersa– activity in the pellet before alkaline wash at different
pH at the end of a weeklong hydrolysis (Pre-T) and total recovered enzymatic activity
after alkaline wash at pH 9 (Post-T 9) and pH 10 (Post-T 10).

Pre-T Post-T 9 Post-T 10

30 �C 1.09 ± 0.03 1.93 ± 0.01 1.78 ± 0.04
37 �C 1.40 ± 0.10 2.57 ± 0.07 2.28 ± 0.07
40 �C 1.02 ± 0.01 1.72 ± 0.1 1.79 ± 0.07
45 �C 0.47 ± 0.00 1.23 ± 0.05 1.24 ± 0.05
50 �C 0.00 ± 0.00 0.68 ± 0.03 0.67 ± 0.01

a The results of this assay are presented as the concentration of sugars hydro-
lyzed after 1 h incubation and are expressed in mg/ml ± SD of total reducing sugars,
glucose as standard. Data are expressed as the mean ± SD (error bars) of two
independent experiments performed in duplicate.
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45 �C, after incubation for 168 h (Fig. 4B). According to Ma et al.
(2008), denatured protein binds the substrate irreversibly, thus
occupying part of the surface, which limits the access of other
functional proteins and thus decreases the rate of hydrolysis
of the substrate. Indeed, as observed in Fig 4A, the higher the
temperature – in the range of values used – the lower the
conversion.

The straw residue obtained after the 168 h digestions was pro-
cessed by alkaline wash, to estimate the amount of enzyme that
may be recovered after a long period of incubation with the ligno-
cellulosic substrate.

The results show that a higher MUC activity was detected in so-
lid residue obtained using the lower temperature during the
hydrolysis stage (Fig. 5, columns Pre-T). Cellulose conversion ap-



Fig. 6. Enzyme desorption assay and percentage of enzymatic recovery after alkaline washes and after 24 and 48 h of hydrolysis of cellulose CF11 (Whatman) – enzymatic
activity of Cel7A adsorbed to cellulose CF11 (Whatman) before (Pre-T) and after alkaline wash at pH 9 (Post-T S 9) and pH 10 (Post-T S 10) and activity present in the solid
residue after wash (Post-T P 9 and Post-T P 10). Data are expressed as the mean ± SD (error bars) of two independent experiments performed in duplicate.
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pears to be related to the amount of active enzyme adsorbed on the
solid fraction obtained after 168 h of hydrolysis, in accordance to
the findings of Medve et al. (1998) and Karlsson et al. (1999). Prob-
ably due to denaturation, lower amounts of active enzyme were
found in the straw residues obtained using higher temperature
(Fig. 5, columns Pre-T).

Both pH 9 and 10 allowed for substantial desorption of the en-
zymes from the solid residue. Interestingly, there is a clear reduc-
tion of the recoverable active enzyme as the reaction temperature
increased (Fig. 5, columns Post-T S 9 and Post-T S 10) despite the
low enzyme activity remaining in the solid fraction.

Additionally, the enzyme activity of the recovered enzyme was
also characterized using the filter paper fibres assay which, in con-
trast to the MUC assay, allows evaluation of the complete perfor-
mance of the enzymes such as ability to adsorb, presence of
synergistic endo- and exo- like activities, and others. When the so-
lid residual fraction was mixed with filter paper, (without previous
alkaline treatment) the adsorbed enzyme showed the ability to
hydrolyze filter paper (Table 1, column Pre-T). Therefore the en-
zyme is able to desorb from one substrate onto another (Lee
et al., 1995; Kumar and Wyman, 2009). This result was not found
when the experiment was carried out at 50 �C, because the enzyme
activity in the solid fraction was already very low. It should be
noted that both alkaline treatments, for 2 h, allowed recovery of
activity in the filter paper fibers assay. The results confirmed that
a higher straw hydrolysis obtained at lower temperature allows
for increased enzyme recovery after alkali treatment of the residue
(Table 1, columns Post-T 9 and 10). However, the activity of Cellu-
clast on filter paper was preserved to some extent, and further
work will be necessary to quantify the FPase activity of the recov-
ered enzyme. When comparing pH 9 with pH 10 there are no sig-
nificant differences (p > 0.05), which is consistent with the fact that
recovery rates of enzyme were similar.

These results demonstrate that it is possible to recover a signif-
icant portion of adsorbed enzyme from complex heterogeneous
substrates by a simple alkaline wash. However, contrarily to what
was found using purified lignin, in the case of pre-treated straw,
after alkaline treatment, some enzyme still remained adsorbed
on the residue (Fig. 5, columns Post-T P 9 and 10). A solubilization
of up to 66% of total straw dry mass was achieved at 37 �C.
Although most cellulose should have been hydrolyzed, it is possi-
ble that a small portion still remained in the solid residue, in higher
amount in the assays carried out at higher temperatures, since the
conversion yield was lower in those cases. We speculate that the
more effective the digestion, the more effective the enzyme recov-
ery, using this methodology.

In order to clarify whether cellulose could interfere on the enzy-
matic desorption, we performed a desorption assay using pure cel-
lulose CF11 (Whatman). The results show that, contrary to what
was observed with pure lignin, although recovering more than
50% (Fig. 6, columns Post-T S 9 and 10), the final pellet still con-
tained a substantial amount of enzyme (Fig. 6, columns Post-T P
9 and 10). In this case the alkaline treatment was performed after
only 24 and 48 h of incubation, because, as opposed to the case
where lignin is used, the substrate is being hydrolyzed. However,
the assay clearly demonstrates that alkaline treatment is more effi-
cient in removing the enzymes from lignin than from cellulose.

With these results we demonstrate that optimizing the hydroly-
sis (careful selection of temperature is necessary) of the lignocellu-
losic substrate will directly impact the amount of recovered
enzyme. By achieving higher hydrolysis the presence of cellulose
in the final residue will be reduced, and subsequently recovery will
be ameliorated.
4. Conclusion

Cel7A adsorbed on lignin retains 4-methylumbelliferyl-b-D-
cellobioside activity. In the range of temperatures (37–50 �C), an
inverse relation between hydrolysis and temperature, correspond-
ing to a correlation between the conversion yield and the recover-
ability of the active enzyme, was verified. We hypothesize that
better recovery of the enzyme in alkaline pH depends on better
cellulose hydrolysis since it was harder to wash the enzymes off
cellulose than it is from lignin. The present work, confirms that
the substantial amount of enzyme can be recovered from lignin
and straw hydrolysates using a simple alkaline wash. Furthermore
we show using low molecular mass fluorogenic specific substrates
for determining the activities of desorbed cellulases that a modest
pH switch does not lead to loss of catalytic activity of Cel7A, open-
ing very good prospects towards enzyme recycling at an industrial
scale.
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