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Abstract The effects of lignosulfonate (LS) on
enzymatic saccharification of pure cellulose were
studied. Four fractions of LS with different molecular
weight (MW) prepared by ultrafiltration of a commer-
cial LS were applied at different loadings to enzymatic
hydrolysis of Whatman paper under different pH.
Using LS fractions with low MW and high degree of
sulfonation can enhance enzymatic cellulose sacchar-
ification despite LS can bind to cellulase nonproduc-
tively. The enhancing effect varies with LS properties,
its loading, and hydrolysis pH. Inhibitive effect on
cellulose saccharification was also observed using LS
with large MW and low degree of sulfonation. The
concept of “LS-cellulase aggregate stabilized and
enhanced cellulase binding” was proposed to explain
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the observed enhancement of cellulose saccharifica-
tion. The concept was demonstrated by the linear
correlation between the measured amount of bound
cellulase and saccharification efficiency with and
without LS of different MW in a range of pH.
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Introduction

Producing biofuel and chemicals from lignocelluloses
can be a sustainable practice to reduce our dependence
on petroleum (Goldemberg 2007; Zhu and Zhuang
2012). The sugar platform that utilizes enzymes to
saccharify structural carbohydrates is a preferred path-
way for its flexibility in using sugars as building blocks
to produce biofuel and a variety of chemicals (Bozell
and Petersen 2010). The natural resistance of plant
biomass to enzymatic deconstruction of structure car-
bohydrate is a major barrier to lignocelluloses sacchar-
ification. Factors affecting enzymatic hydrolysis of
lignocellulose can be classified into enzyme, substrate,
and interface related (Leu and Zhu 2013). The enzyme-
related factors include performance characteristics of
catalytic and cellulose binding domains, synergies
among different enzymes in cellulase formulation
(Henrissat 1994; Himmel et al. 2007). The substrate-

@ Springer



1352

Cellulose (2014) 21:1351-1359

related factors include cellulose accessibility to cellu-
lase (Rollin et al. 2011; Wang et al. 2012), substrate
lignin and hemicellulose content and structure (Lou
et al. 2013; Nakagame et al. 2011a, b; Wang et al.
2013b). The interface-related factor is defined as those
affecting the driving force and the amount of cellulase
bound to cellulose, including additives such as surfac-
tants (Ooshima et al. 1986), pH (Lan et al. 2013; Lou
et al. 2013), temperature, ionic strength (Eriksson et al.
2002; Liu and Zhu 2010; Liu et al. 2010).

Previously, we reported that the application of
lignosulfonate (LS) as an additive can enhance enzy-
matic saccharification of pretreated lignocelluloses
(Wang et al. 2013a, b; Zhou et al. 2013a). While, LS
can bind cellulase nonproductively, we suggested that
it can act as a surfactant to reduce nonproductive
cellulase binding to solid substrate lignin to result in a
net gain in cellulose activity and therefore saccharifi-
cation. We also found that the binding of cellulase to
lignin on substrate can be mediated by pH. An elevated
pH around 5.5, higher than 5.0 commonly used for
saccharification, can significantly reduce nonproduc-
tive cellulase binding to lignin on solid substrate to
enhance cellulose saccharification (Lan et al. 2013;
Lou et al. 2013). Because LS is a commercial product
from sulfite wood pulping and available in large
quantities, its application for enzymatic saccharifica-
tion of lignocelluloses may have less unintended
consequences for downstream processing than using
surfactants. It is also more cost effective than most
common surfactants. Furthermore, LS is naturally
present in the hemicellulose sugar streams from sulfite
pretreatments such as SPORL (Zhu et al. 2009)
that has demonstrated robust performance for biocon-
version of a variety of lignocellulosic biomass (Leu
et al. 2013; Zhou et al. 2013b; Zhu et al. 2011).
Therefore, understanding the mechanism of LS
enhancement of enzymatic saccharification has signif-
icant implications to sulfite pretreatments, i.e., wash-
ing of solid substrates can be eliminated, and
simultaneous enzymatic saccharification and com-
bined fermentation of enzymatic and pretreatment
hydrolysates can be implemented to improve biofuel
yield.

This study is focused on the understanding of the
application of LS on enzymatic hydrolysis of pure
cellulosic substrates to provide better understanding of
the effects of LS on bioconversion of lignocellulosic
biomass. The objectives are: (1) to investigate the
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effect of LS structures, i.e., molecular weight (MW)
and sulfonic acid group content on enzymatic sac-
charification of pure cellulose; (2) to understand the
mechanisms of the observed enhancement or inhibi-
tive effects on saccharification by LS. The under-
standing developed in this study can help to develop
potential approaches and strategies for effective
application of LS to improve bioconversion of ligno-
cellulosic biomass.

Materials and methods
Materials

Commercial cellulase enzyme Cellic® CTec2 (abbre-
viated CTec2) was generously provided by Novo-
zymes North America (Franklinton, NC). Bio-Rad
(Bradford) protein assay kit and Bovine serum albumin
(BSA) were obtained from Bio-Rad Laboratories
(Hercules, CA). BSA was used as a standard to
calibrate the protein content of CTec2 by the Bradford
method (Bradford 1976). The protein concentration of
CTec2 was 73.6 mg/mL with cellulase activity of
147 FPU/mL. All chemicals were ACS reagent grade
and used as received from Sigma-Aldrich (St. Louis,
MO).

Whatman filter paper (grade 1, catalogue number
1001 150, Whatman International, UK) was first torn
into small pieces of 1 x 1 cm and then disintegrated
using a disintegrator (Model 73-06-01,TMI, Ron-
konkoma, New York, USA) for 5,000 revolutions at
312 rpm and 5 % solids consistency at room temper-
ature. The resultant pulp was filtered using a nylon
membrane with pore size of 0.45 pm. The pulp cake
was used as a pure cellulose substrate.

A commercial sodium LS (D748) from softwood
was donated by LignoTech USA (Rothschild, WI).
Another commercial sodium LS (SXSL) from poplar
wood was produced by Shixian papermaking Co. Ltd.
(Yanbing, Jilin province, China). SXSL consists of
70 wt% sodium LS, approximately 10 wt% reductive
substances, and 20 wt% low MW organic acid and
inorganic salts.

Fractionation of LS

SXSL was fractionated using polyether sulfone (PES)
ultrafiltration membranes with cut-off MW of 50,000,
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Table 1 Molecular weight and sulfonate group content of
lignosulfonates used in this study

Sample Weight MW Sulfonic acid group
label percentage (Da) (mmol/g)

D748 100 22,000 1.87 £ 0.015
SXSL 100 9,900 2.11 £ 0.041

SX1 42 19,900 1.67 £ 0.005

SX2 22 6,000 1.98 &+ 0.020

SX3 18 4,300 2.44 £ 0.073

SX4 18 2,360 2.96 £+ 0.050

10,000, and 2,500 Da in an ultrafiltration apparatus
(Wuxi Membrane Science and Technology Co.,
China). The resultant four fractions were labelled as
SX1, SX2, SX3 and SX4 in the order of high to low
MW. Table 1 lists the MW and sulfonic acid group
content of all LSs used in this study.

Enzymatic hydrolysis

Enzymatic hydrolysis was conducted at 2 % solids
(w/v) in a flask on a shaker/incubator (Thermo Fisher
Scientific, Model 4450, Waltham, MA) at 50 °C and
200 rpm. Whatman paper of 0.5 g oven dry (od) weight
was added into a 25 mL acetate buffer solution along
with CTec2. The buffer solutions were prepared by
using different ratios of sodium acetate and acetic acid to
resultin a pH range of 4.5-6.0. The buffered suspension
of Whatman paper was adjusted to a desired pH using
dilute NaOH of 5 % or acetic acid before adding CTec2.
The amount of glucose in the enzymatic hydrolysate
was determined using a biochemistry analyzer (YSI
2700S, Yellow Springs, OH). Substrate enzymatic
digestibility (SED), defined as the percentage of
substrate glucan enzymatically saccharified to glucose,
was used to represent the enzymatic saccharification
efficiency. Duplicate runs of enzymatic hydrolysis were
carried out and the averages were reported.

Cellulase binding

Cellulase binding experiments were conducted in
acetate buffer solutions of pH 4.5, 4.8, 5.0, 5.2, 5.5,
and 6.0 at 50 °C using Whatman paper powder of 40
mesh (Wiley milled) at solids consistency of 2 %
(w/w). The initial concentration of CTec2 was 500 mg
protein/L. After incubation for 30 min (kinetic exper-
iments were not conducted), the solution (10 mL) was

centrifuged at 35,000g for 10 min. The supernatant
was then centrifuged at 150,000g for 10 min. An
aliquot of the final supernatant was diluted with the
corresponding buffer solution and placed into a
sampling cuvette. The amount of free cellulase in the
sample was quantified using UV-vis absorption at
280 nm (Liu et al. 2011) by a spectrophotometer
(Model 8453, Agilent Technologies, Palo Alto, CA).
The LS solution containing Whatman paper powder
(without CTec2) was used as a blank to correct for
spectral absorption from LS present in the LS-
cellulase solution. The amount of CTec2 bound to
Whatman paper powder was calculated by subtracting
the amount of free CTec2 measured in the supernatant
from the total amount of CTec? initially applied.

Determination of MW of LS

The MW and distributions of LS were determined by
gel permeation chromatography (GPC) using Ultra-
hydrogel TM 120, TM 250, and TM 500 columns.
A NaNOj aqueous solution of 0.10 mol/L with pH 8
was used as eluent at a flow rate of 0.5 mL/min. The
effluent was monitored at 280 nm using a Waters 2487
UV detector (Waters Corp., USA). Polystyrene sulfo-
nates (PSS) with MW from 2,000 to 100,000 Da were
employed as standard for calibration. All samples
were prepared by double distilled water and filtrated
by a 0.22 pum filter.

Sulfur content analysis

Sulfur content of LS was analyzed using ICP-MS
(Ultima model, Horiba Jobin—-Yvon, Edison, New
Jersey, USA). Samples were weighted and then
transferred to Teflon digestion flasks. All samples
were digested at 145 °C for 15 min in a microwave
oven (MDS-2000, CEM Corp., Matthews, North
Carolina, USA) using approximately 5 mL of 70 %
HNOj; and 3 mL of 30 % H,0, before ICP analysis.

Results and discussion

Effect of LS on enzymatic saccharification of pure
cellulose

Previously, we reported that the application of a
commercial LS D748 at 5 g/L. reduced enzymatic
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saccharification of pure cellulose in an acetate buffer
of pH 4.8 (Liu et al. 2010; Wang et al. 2013b). The
application of a LS of a poplar wood from the same
source of SXSL had negligible or slightly enhancing
effect on enzymatic saccharification of the same
Whatman paper used in this study (Zhou et al.
2013a). Similar results were observed in this study at
LS loading of 5 g/L, i.e., D748 inhibited (by 8
percentage point) while SXSL enhanced saccharifica-
tion (by 15 percentage point) as shown in Fig. 1.
Similar trends were also observed at a cellulase
loading of 10 FPU/g glucan. The acetate buffer
concentration was 50 mmol/L  with pH of
4.80 £ 0.02 at the beginning (0 h) before adding
cellulase and ending pH (72 h) of 4.80 £ 0.05. SXSL
had a higher sulfonic acid group content and lower
MW than D748 (Table 1), suggesting both sulfonic
acid group content and MW probably affected enzy-
matic hydrolysis of pure cellulose, in agreement with
our previous study (Zhou et al. 2013a).

The different effect on cellulose saccharification by
different LS was further observed at different load-
ings. As stated above, lignosulfonate can bind cellu-
lase  nonproductively to  reduce  cellulose
saccharification. Previously, we reported that D748
inhibited cellulose saccharification, however, cellu-
lose saccharification did not decrease continuously
beyond D748 loading of approximately 0.5 g/L
(Wang et al. 2013b). This suggests that the competi-
tion between productive binding to cellulose and
nonproductive binding to lignosulfonate reached an
equilibrium. At low loadings of SXSL (<0.5 g/L),
inhibition of cellulose saccharification was also
observed (Fig. 1b). The reduction in saccharification
reached maximum at SXSL loading of 0.1 g/L and
then gradually recovered. Enhancement of
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LS loading (g/L)

saccharification was observed when SXSL loading
was increased over 0.5 g/L, indicating the surfactant
effect of lignosulfonate dominates at increased dos-
ages. Furthermore, saccharification efficiency SED
was increased linearly as SXSL loading increased
(Fig. 1b). When a low MW fraction SX3 (Table 1)
fractionated from SXSL was applied, similar effects
on saccharification of Whatman paper were observed,
i.e., saccharification reduced at low dosages and then
recovered and increased linearly with dosage
(Fig. 1b). Cellulose saccharification enhancement by
SX3 was approximately 3 times greater than applying
SXSL at 5 g/L. However, the enhancement was
plateaued when SX3 loading reached 5 g/L. When
the lowest MW fraction SX4 of SXSL was applied,
cellulose saccharification was also linearly increased
with dosage up to 3 g/ with almost the same
effectiveness as SX3 but with negligible reduction in
saccharification at very low dosages. This is because
SX4 is highly sulfonated (Table 1) with much lower
affinity to cellulase than SX3 and SXSL. However,
enhancement in cellulose saccharification was
reduced at SX4 dosage beyond 3 g/L. The inhibition
of cellulose saccharification at low LS dosages using
SXSL and its fractions SX3 and SX4 shown in Fig. 1b
suggests that LS can bind cellulase nonproductively,
in agreement with our previous study using a large
MW LS D748 (Wang et al. 2013b). The inhibitive
effect by SX4, the smallest MW fraction, at high
dosages is probably due to impurities in this smallest
molecular fraction. Furthermore, SX4 is highly sulfo-
nated (Table 1) with high negative charges. Although
the formation of LS-cellulase aggregates can stabilize
and enhance cellulase binding to cellulose as will be
discussed later, the highly negatively charged SX4-
cellulase aggregates can produce strong enough
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Fig. 2 Effects of different SXSL fractions on enzymatic saccharification efficiency SED of Whatman paper at CTec2 loading of
10 FPU/g glucan. a Acetate buffer pH = 4.8; b acetate buffer pH = 5.5

electrostatic repulsion between the aggregates and
cellulose fibers that are also negatively charged to
reduce the overall amount of cellulase bound to
cellulose.

MW and pH effects on enhancement
of saccharification of pure cellulose by LS

Comparisons of enzymatic hydrolysis of Whatman
paper were made when different fractions of SXSL
were applied but at the same LS loading of 5 g/L. UV
measurements were used to determine LS concentra-
tion to account for the difference in LS purity among
different fractions. At pH 4.8, the small MW LS
fractions of SX2, SX3, SX4 all enhanced pure
cellulose saccharification with identical degree
throughout the entire process, while the large MW
fraction SX1 slightly inhibited saccharification
(Fig. 2a). This agrees with our previous study (Zhou
et al. 2013a). When the buffer pH was elevated to 5.5
(Fig. 2b), SX1 also enhanced cellulose enzymatic
saccharification like the other three fractions. The
order of enhancement at 72 h is SX3 ~ SX2 >
SX4 > SX1. This suggests that the effects of LS with
different MW on enzymatic hydrolysis of pure cellu-
lose were influenced by pH.

Saccharification of Whatman paper with and with-
out the application of different fractions of SXSL at
5 g/ were carried out in a pH range of 4.5-6.0 to
further investigate the pH effect. As can be seen from
Fig. 3a, SX1 inhibited the cellulose enzymatic sac-
charification in a low pH range of 4.5-4.85 but
enhanced saccharification in a high pH range of
5.0-6.0. In contrast, SX4 enhanced saccharification in

a low pH range of 4.5-5.85 and inhibited saccharifi-
cation in a narrow range of high pH of 5.9-6.0. SX2
and SX3 enhanced cellulose saccharification in the
entire pH range of 4.5 — 6.0 examined. There is an
optimal pH for maximal enhancement of saccharifi-
cation for each fraction investigated. The optimal pH
for different SXSL fractions at LS loading of 5 g/L fits
to the logarithmic MW of the fractions well (Fig. 3b).
The optimal pH for achieving maximum saccharifica-
tion of Whatman paper without the application of LS
(control run) was between 4.5 and 4.8 (Fig. 3a), in
agreement with our previous study (Lan et al. 2013;
Lou et al. 2013). The enhancement of saccharification,
ASED, when compared with that of the control run at
the same pH optimal for the application of SX1, SX2,
SX3 and SX4 was 11.5,30.8,32.2 and 21.2 percentage
point, respectively (Fig. 3b), or 5.0, 28.0, 30.5, 21.0
percentage point, respectively, when compared with
the maximal saccharification of Whatman paper
achieved at optimal pH between 4.5 and 4.8 without
LS fractions.

Mechanistic understanding of LS enhancement
of enzymatic saccharification of pure cellulose

Effects of surfactants on enhancing enzymatic cellu-
lose saccharification have been extensively studied.
Preventing nonproductive binding of cellulase to
substrate lignin by surfactant is one of the major
suggested mechanisms. However, consensus on the
mechanism of surfactant enhancement of pure cellu-
lose saccharification is still lacking. Three mecha-
nisms have been proposed: (1) Surfactant could hinder
the immobilization of the enzymes on solid substrate
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Fig. 3 Effects of pH and LS MW on enzymatic saccharification of Whatman paper. a pH effect on SED; b MW effect on optimal
hydrolysis pH and SED gain ASED at optimal pH with the application of LS

by reducing the binding strength and facilitate desorp-
tion before inactivation occurs (Castanon and Wilke
1981; Helle et al. 1993). (2) Surfactant could increase
enzyme stability and prevent its denaturation during
hydrolysis (Kim et al. 1982). (3) Surfactant could
disturb adsorption of endoglucanase and vary the
adsorption balance of endo- and exoglucanase to
enhance enzymatic saccharification of cellulose (Li
et al. 2012; Ooshima et al. 1986). However, these
proposed mechanisms were negated by other studies
(Eriksson et al. 2002). As a result, interpretation of the
observed enhancement of cellulose hydrolysis by LS is
difficult because LS has surface activities like a
surfactant but is also a lignin.

Most cellulases contain distinct cellulose binding
modules (CBMs), which is connected through a linker
peptide with the catalytic domain (CD) (Igarashi et al.
2011; Lehtio et al. 2003). CBMs do not possess any
catalytic function but recognize crystalline cellulose
surface to lead a CD to the substrate to result in an
increased cellulase concentration on the surface (Shi-
iba et al. 2013; Varnai et al. 2013). A recent study
indicated that at high solids processing, there was no
difference in hydrolysis performance between cellu-
lase with and without CBM (Varnai et al. 2013). This
suggests CD contribute to cellulase binding (Igarashi
et al. 2011). We hypothesize that CD is primarily
bound to the hydrophobic sites of cellulose just like
CBM. Therefore, CD should contain some hydropho-
bic domains. As a result, CD would make the binding
between CBM and hydrophobic cellulose sites in an
aqueous solution unstable because of the incompatible
interface between hydrophobic domains in CD and
cellulose that is mostly hydrophilic in nature and
associated with water. The unstable cellulase binding

@ Springer

may have reduced the efficacy of cellulase catalytic
activities, especially at low solids loadings under
which cellulase binding through CBM is important as
in the present study. Therefore, unstable binding can
be treated as less effective binding or less specific or
nonproductive binding. LS could be adsorbed to
cellulase through hydrophobic interactions to form
aggregates like “oil-in-water micelles”, as evidenced
by our recent study (Wang et al. 2013a) where we used
the term “LS-cellulase complex”. When a LS-cellu-
lase aggregate binds to a hydrophobic cellulose site,
the hydrophilic group of LS faces toward water to
produce a stable binding between cellulase and
cellulose. Therefore, we propose that the LS effect
can be described as “LS-cellulase aggregate stabilized
and enhanced cellulase binding to cellulose”. This
mechanism of LS enhancement of enzymatic sacchar-
ification of pure cellulose can be pictorially illustrated
using a carton shown in Fig. 4. Larger MW LS is often
less sulfonated with lower sulfonic acid group content
to result in a lower hydrophilicity in the hydrophilic
domain. Therefore larger MW LS such as SX1 in the
present study or unfractionated LS D748 has less
stabilization effect for cellulase binding. Furthermore
as shown in Fig. 4, they form a different kind of LS-
cellulase aggregate that is less hydrophilic and larger.
Therefore, it can be easily precipitated to result in non-
productive binding because of its lower water-
solubility.

To demonstrate that “LS-cellulase aggregate sta-
bilized and enhanced cellulase binding” is responsible
for the observed LS enhancement of saccharification
of Whatman paper, the saccharification efficiencies,
SEDs, at CTec2 loading of 10FPU/g glucan in a range
of buffer pH from 4.5 to 6.0 were plotted (Fig. 5)
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against measured total cellulase binding (to both
cellulose and LS) with and without the application of
different SXSL fractions. Most cellulase enzymes
though mixtures have isoelectric point (pI) around 4.8
(Lou et al. 2013; Nakagame et al. 2011b). For the
controls runs without LS, increasing pH beyond pl
(=4.8) result in repulsion between cellulase and filter
paper fibers as the fibers are also negatively charged.
Consequently, increase pH reduced cellulase binding
to cellulose, agree with classic protein binding studies
(Haynes et al. 1994). Despite nonproductive cellulase
binding existed with the application of LS fractions,
the results indicate that SED of Whatman paper at 72 h
increased linearly with the increases in measured total
CTec2 binding, except for the data point at pH 4.8 with
the application of the largest MW fraction SX1. This
suggests nonproductive cellulase binding to LS (LS-
cellulase aggregate is not considered nonproductive
binding as it actually stabilized cellulase binding to
cellulose) is negligible for the small MW fractions of
SX2, SX3, SX4, even for the large MW fraction SX1
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Fig. 5 Correlation between enzymatic saccharification effi-
ciency SED of Whatman paper and measured cellulase binding
with and without LS in a pH range of 4.5-6.0. CTec2 loadings
were 10 FPU/g glucan and 500 mg protein/L in hydrolysis and
binding tests, respectively

at pH 5.5 because elevated pH of 5.5 can reduce
cellulase nonproductive binding to sulfonated lignin
(SX4 in this case) according to our previous study
(Lou et al. 2013). Productive cellulase binding to
cellulose increased with the application of LS to result
in enhanced saccharification. The data set for the runs
with LS can be fitted with the data set for the control
runs (without LS) at different pH to the same slope
(Fig. 5).

This mechanism explains the observed inhibitive
effect by LSs of large MW shown in Figs. 1a, 3a, and
5. This mechanism can also be referred to as
“Surfactant-cellulase  aggregate  stabilized and
enhanced cellulase binding to cellulose” to explain
the surfactant enhanced enzymatic saccharification of
pure cellulose.

Effect of ionic strengthen on enhancement
of saccharification by LS

LS is a strong anion polyelectrolyte. LS-cellulase
aggregate is negatively charged under the conditions
examined because the LS concentration is much
higher than cellulase. Salt can change the ionization
of LS in solution and shield its negative charges
(Ouyang et al. 2011), which reduces electrostatic
repulsion between LS and cellulase to form a stable
LS-cellulase aggregate, and the electrostatic repulsion
among LS-cellulase aggregates adsorbed onto cellu-
lose. This effect can be seen from the increased
enzymatic saccharification efficiency of Whatman
paper at pH 4.8 when acetate buffer concentration was
increased from 25 to 100 mmol/L in hydrolysis with
the application of different LS fractions (Fig. 6).
However, this increment in saccharification was not
observed for the control run without the application of
LS. The reduced electrostatic repulsion by increased
buffer concentration or ionic strength between LS and
cellulase, and among LS-cellulase aggregates may
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Fig. 6 Effect of buffer concentration on enzymatic saccharifi-
cation of Whatman paper at pH 4.8 and 5.5 with and without the
application of SXSL fractions. CTec2 loading was 10 FPU/
g glucan

have improved cellulase binding to cellulose to result
in the observed increased saccharification. However,
this buffer concentration effect on saccharification
with the application of LS was not observed at
elevated hydrolysis pH of 5.5 (Fig. 6). At the elevated
pH of 5.5, higher than the bulk isoelectric point (pf) of
common cellulase cocktails, cellulase became nega-
tively charged while the negative charge of LS was
increased (Lou et al. 2013). This negated the shielding
effect of electrostatic interactions by the increased
buffer concentration to negatively affect cellulase
binding to cellulose. Furthermore, optimal pH for
saccharification of pure cellulose is around 4.8.
Elevated pH of 5.5 deviate the optimal pH for efficient
cellulase binding to cellulose which also contributes to
reduced saccharification efficiency as can be seen
from the control run without LS (Fig. 6).

Conclusions

This study discovered that LS with low MW and good
sulfonation can enhance enzymatic saccharification of
pure cellulose though LS can bind cellulase nonpro-
ductively to different degrees. The enhancement by LS
is affected by the MW of LS, LS loading, and
hydrolysis pH. The study proposed the concept of
“LS-cellulase aggregate stabilized and enhanced cel-
lulase binding to cellulose” to explain the observed
enhancement in enzymatic saccharification. LS-cellu-
lase aggregates act as “oil-in-water micelles” to
improve the binding stability of cellulase to cellulose.
LS with large MW are often less hydrophilic to form a
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large and precipitable LS-cellulase aggregate espe-
cially at high LS loadings to result in binding cellulase
nonproductively. pH affects LS enhancement of
saccharification is through the pH induced LS and
cellulase surface charge to affect the stability of LS-
cellulase aggregate by electrostatic interactions. This
“LS-cellulase aggregate stabilization and enhance-
ment” concept was indirectly demonstrated by the
linear correlation between the measured cellulase
binding and saccharification efficiency with and
without LS of different MW in a range of pH.
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