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Received 17 September 2002; accepted 26 February 2003

ABSTRACT: The mode of action of monocomponent pu-
rified Trichoderma reesei cellobiohydrolases (CBHI and CB-
HII) and endoglucanases (EGI and EGII) on cotton fabrics
was studied by analyzing the weight loss of the fabric, the
reducing sugars, the soluble oligosaccharides and the mo-
lecular weight of the cotton powder formed. The impact of
mechanical action on these factors was also evaluated. EGI
and EGII released the highest amounts of reducing sugars
and soluble oligosaccharides in both treatments with or
without additional mechanical action. After cellulase treat-
ment without additional mechanical action, all of the cellu-

lases were found to have reduced the molecular weight of
cotton poplin powder. When mechanical action was com-
bined with enzyme treatments, only EGII reduced the mo-
lecular weight. The weight loss of EG-treated fabrics was
clearly higher than the weight loss of CBH-treated fabrics
with both low and high mechanical action levels. © 2003
Wiley Periodicals, Inc. J Appl Polym Sci 90: 1917–1922, 2003
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INTRODUCTION

Enzymatic hydrolysis of cotton cellulose has been
studied in great detail since the 1980s, when enzymes
were introduced to replace pumice stones in stone-
washing cotton softening.1–3 Currently approximately
26% of all textile enzymes are used in biofinishing
processes, and the total textile enzyme market is esti-
mated to be worth about US$ 200 million.4 Enzymatic
finishing processes result in the reduction of produc-
tion costs, increased environmental friendliness of the
process, and improved quality and functionality of the
products. However, some undesired effects of the en-
zymatic processes have also been reported.

Traditionally, cellulases used in the textile industry
have been crude preparations. Producers of textile
enzymes recommend cellulase preparation dosages of
approximately 0.05 to 6% of the garment weight, de-
pending on the desired result, the treatment method
and the activity of the enzyme product. Enzymatic
treatments are generally carried out with concomitant
mechanical action in a drum washing machine or a jet.
This mechanical action, together with unoptimized
cellulase compositions and high enzyme dosages, may
cause significant weight and strength losses in the
cotton fabric. A suitable biofinishing effect without

excessive loss of fabric strength is generally obtained
with 3–5% weight loss of fabric.5 In addition to weight
and strength losses, dust also causes problems in the
process. Repeated inhalation of enzyme-containing
dust or mist can cause respiratory allergies in some
individuals.6 The fine cotton dust formed in the biofin-
ishing process can also cause problems for employees.

Trichoderma reesei cellulases are without question the
most extensively studied of all cellulolytic enzymes,
and the action of cellobiohydrolases (CBHs) and en-
doglucanases (EGs) has been evaluated against vari-
ous textile substrates.7–14 CBHs cleave cellobiose units,
either from the reducing or the non-reducing end of
the cellulose chain, and they can act on crystalline
regions of cellulose, whereas EGs randomly attack the
amorphous regions in cellulose substrates, resulting in
a rapid decrease in cellulose chain length.15 Many
mechanistic studies of individual cellulases of T. reesei
have focused on the analysis of soluble products
formed from insoluble cellulose substrates and on the
analysis of physical fabric properties such as weight
loss, tensile strength and pilling. Furthermore, in sev-
eral studies with T. reesei enzymes, the investigations
have been carried out using commercial total cellu-
lases (TCs), or possibly enriched or gene-deleted mix-
tures.7,13,16–18 Since dosage of the enzyme prepara-
tions is usually specified in grams or milliliters of
enzyme preparation per gram of fabric, it is very dif-
ficult to make comparisons among different cellulase
preparations and their effects on cotton fabrics.

The impact of cellulases on the molecular weight
distribution of cellulose after enzyme attack has been
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investigated by Kleman-Leyer and associates,11 Aze-
vedo and associates,16 Rouselle and associates,18 and
Rahkamo and associates.19-20 Kleman-Leyer and asso-
ciates11 reported the changes in the molecular size
distribution of insoluble cotton fragments after hydro-
lysis with Trichoderma reesei EGI cellulase. The weight-
average degree of polymerization (DPw) of the cellu-
lose was reported to have decreased from 3,718 to 212
when the maximum weight loss of 35% was reached
after 192 h of incubation, whereas CBHII did not affect
the molecular size distribution of cotton cellulose.
Similar results were obtained by Rahkamo and asso-
ciates19-20 using dissolving pulp as a substrate. On the
other hand, Rousselle and associates18 did not observe
any reduction in MW of cotton cellulose after three
hours of treatment with total cellulase (Cellusoft L,
Trichoderma origin) in a Launderometer despite the
high weight loss (20%) and breaking load reduction
(77%) of cotton printcloth fabric. In addition to inves-
tigations of substrate degree of polymerization (DP),
the molecular weight of the cotton powder formed
after treatment with different T. reesei cellulase prep-
arations, or the total crude, EG-rich and CBH-rich
mixtures, was investigated by Azevedo and associ-
ates.16 They produced cotton powder (insoluble cellu-
lose powder collected in liquor baths) from cotton
poplin using a long treatment time (24 h), mechanical
agitation and an enzyme dosage of 100 mg protein per
gram fabric. Their results showed that the EG-rich
preparation reduced the DP more than the other prep-
arations. However, the crude TC and CBH-rich prep-
arations produced a finer cellulose powder than that
produced by the EG-rich preparation.

The purpose of this study is to analyze the type and
molecular weight distribution of the hydrolysis prod-
ucts obtained after the treatment of cotton poplin with
monocomponent T. reesei EGI, EGII, CBHI and CBHII
cellulases. The effect of mechanical action on cotton
poplin hydrolysis is also evaluated.

EXPERIMENTAL

Materials

The cellulases CBHI, CBHII, EGI and EGII were puri-
fied from culture filtrate of T. reesei, as described pre-
viously by Pere and associates21 and Rahkamo and
associates.19 Protein concentrations of the enzyme
preparations were assayed by the method used by
Lowry and associates.22

The fabric used for the enzyme treatments was com-
mercially scoured and bleached plain woven 100%
cotton poplin (60 ends/cm, 32 picks/cm, 0.2 mm
thickness, 100 g/m2 weight). No optical brightener or
softener was applied.

Methods

Enzymatic Treatments

For the enzyme treatment of woven poplin fabric,
samples of about 2 g were placed in stainless steel pots
(500 mL) in a Linitest machine for 4 h at 50°C. The
enzymatic treatments were carried out in 0.05M ace-
tate buffer. With a pH of 5.0, at a liquor-to-fabric ratio
of 25:1. The total enzyme dosage of purified cellulase
was 10.0 mg of protein per gram of substrate. Addi-
tional mechanical agitation was achieved by adding
five stainless steel discs (of mass 20 � 2 g, supplied
with the Linitest machine) to the pots. Two duplicate
tests were performed for each treatment. Reference
treatments were carried out under the same condi-
tions but without enzyme in the buffer solution. Ter-
mination of the enzyme reaction was achieved by
adding 2.5 mL of 2% Na2CO3 to the pots, after which
the fabric samples were removed. The fabrics were
rinsed in 5% Na2CO3 solution (1 L) for about 1 min
and rinsed under hot and cold water. Cotton powder
was obtained after sedimentation and centrifugation
from the liquid fraction remaining after enzyme treat-
ment.

Analyses

Poplin fabric weight loss was measured as the differ-
ence in the weight of the fabric sample before and after
treatment, after sample conditioning for 24 h at 20°C at
65% relative humidity. The degree of hydrolysis was
monitored by measuring the amount of solubilized
reducing sugars by the dinitrosalicylic acid method
with glucose as a standard23 and by HPLC by mea-
suring the solubilized oligosaccharides liberated.24

The molar mass distributions of cotton powder were
determined using two PLgel Mixed-B columns and
dimethylacetamide (DMAC)/0.8% LiCl as an eluent,
at a flow rate of 1 mL/min and a column temperature
of 79°C. Detection was with a Viscotek 200 differential
refractometer/viscometer coupled in series with a
Knauer UV detector measuring at 290 nm. The col-
umns were calibrated using monodisperse pullulan
samples. The samples were dissolved in the eluent
using a liquid exchange method described earlier by
Westermark and associates.25

RESULTS AND DISCUSSION

Poplin fabric was treated with monocomponent T.
reesei cellulases with a dosage of 10 mg/g fabric, after
which the cotton powder formed was isolated and its
molecular weight distribution was analyzed by GPC.
In addition the soluble oligosaccharides formed in the
treatment solution were analyzed by HPLC.
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Treatment with Low Mechanical Action

After cellulase treatments with low mechanical action,
it was observed that weight loss and solubilization of
the reducing sugars of the reference and CBHII-
treated samples were negligible (Figs. 1 and 2). Treat-
ment with EGI and EGII caused more weight loss than
CBHI treatment, with values of 1.9, 3.1 and 1.5%,
respectively. The different modes of action of the cel-
lobiohydrolases and endoglucanases (exo- and en-
doenzymes) were reflected in the oligosaccharides sol-
ubilized from the fabric (Table I). All cellulases solu-
bilized cellobiose (G-2), whereas only EGII also
solubilized cellotriose. The amount of larger oligosac-
charides (cellotetraose and cellopentaose) was below
the quantification limit. The results obtained from the
HPLC measurements correlated well with our previ-
ous study of the action of T. reesei cellulases on cotton

interlock fabric.10 The difference between weight loss
and soluble reducing sugars was assumed to provide
an estimate of the cotton powder produced during the
treatment. With low mechanical action, the amount of
cotton powder formed was less than 3% of the initial
fabric weight [Fig. 1(b)].

The cotton powder was isolated and subsequently
subjected to GPC analysis after solubilization in
DMAC. A value of 85% of the cotton powder formed
from the reference fabric could be solubilized, and this
solubilization degree was increased to 93–100% after
cellulase treatments (Table II). All cellulase treatments
reduced the weight-average molecular weight (Mw) of
the cotton poplin powder, and the peaks of the mo-
lecular weight distribution curves were slightly
shifted to a lower molecular weight compared to the
powder produced in the reference treatment [Table II,
Fig. (3)]. The value of Mw was particularly sensitive to

Figure 1 (A) Weight loss (%) and (B) cotton powder
formed (% of fabric weight) from cotton poplin after treat-
ment with purified cellulases CBHI, CBHII, EGI and EGII
with low and high levels of mechanical action (4 h, 50°C,
enzyme dosage of 10 mg/g).

Figure 2 Liberation of (A) reducing sugars and (B) soluble
oligosaccharides from cotton poplin with purified cellulases
CBHI, CBHII, EGI and EGII with low and high levels of
mechanical action (4 h, 50°C, enzyme dosage of 10 mg/g).
Oligosaccharides are the sum of low-DP oligosaccharides as
analyzed by HPLC.
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the presence of high-molecular weight species. The
number-average MW (Mn) was slightly increased after
all cellulase treatments (Table II). This parameter is
sensitive to species at the low end of the molecular
weight distribution curve. Polydispersity (Pd, the ratio
of Mw to Mn) was decreased by all cellulases, indicat-
ing narrower distribution curves.

Treatment with High Mechanical Action

Mechanical action did not have a significant effect on
the weight loss and solubilization of reducing sugars
in the control and CBHII treatments [Figs. (1) and (2)].
Weight loss in the CBHI treatment was increased from
1.5% to 4.0% by mechanical action. By contrast, me-
chanical action with EGI and EGII treatments resulted

in high weight loss values, 22.1 and 51.8%, respec-
tively [Fig. (1)]. We obtained similar results earlier
with purified T. reesei cellulases acting on cotton twill
and poplin fabrics when high mechanical action was
used.8 These results are analogous to observations by
Cavaco-Paulo and associates17 on the same cotton
poplin. They showed that the effect of endocellulases
in the cellulase mixture increases with mechanical ac-
tion. The data in Figures 1 and 2 show that the me-
chanical action affects hydrolysis by EGII more than
by EGI, measured as weight loss and solubilization of
reducing sugars.

HPLC analysis showed that the higher mechanical
action increased the amount of solubilized oligosac-
charide, especially when CBHI, EGI and EGII were
used (Table I). The predominant hydrolysis product

TABLE I
Oligosaccharide Production in Hydrolysis of Cotton Poplin

by T. reesei Purified Cellulases

Sample
Mech.
Action

Glc
(% of f.w.)

G-2
(% of f.w.)

G-3
(% of f.w.)

Total
(% of f.w.)

CBHI � x 0.30 x 0.30
CBHII � x 0.08 x 0.09
EGI � 0.11 0.28 x 0.39
EGII � x 0.30 0.07 0.37
Ref � x X x �
CBHI � 0.14 1.33 0.03 1.49
CBHII � 0.01 0.15 0.02 0.18
EGI � 0.55 1.28 0.04 1.87
EGII � 0.65 1.28 0.63 2.56
Ref � x X x �

Reaction conditions-4 h, 50°C, enzyme dosage of 10 mg/g with low or high mechanical
action (5 discs added)

f.w. � fabric weight
Glc � glucose
G-2 � cellobiose
G-3 � cellotriose
x � below quantification level

TABLE II
Effect of Purified Cellulases and Mechanical Action

on Molecular Weight of Cotton Poplin

Sample
Mech.
Action

Solubilization
% Mn

Mw
(� 1000) Mw/Mn

CBH I — 100 283,100 1,609 5.68
discs 100 337,700 1,517 4.49

CBH II — 93 349,500 1,756 5.02
discs 84 313,000 1,561 4.98

EG I — 100 292,100 1,716 5.87
discs 100 280,600 1,544 5.50

EG II — 100 288,600 1,716 5.94
discs 100 218,000 1,347 6.18

Ref. — 85 249,300 1,980 7.94
discs 71 218,800 1,538 7.02

Reaction conditions: 4 h, 50°C, enzyme dosage of 10 mg/g
Mn: number-average molecular weight
MW: weight-average molecular weight
MW/Mn: polydispersity (Pd)
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was again cellobiose and the amounts of longer oligo-
saccharides (cellotetraose and cellopentaose) were be-
low the quantification limit. EGI and EGII also solu-
bilized considerable amounts of glucose. Glucose is
probably produced by the cellulases as a hydrolysis
product from solubilized cello-oligomers. Glucose for-
mation from cellotriose by EGI and EGII has been
reported,26 and it has been shown that glucose is
formed from cellotriose and cellotetraose by CBHI27

and from cellotriose by CBHII.28 Corresponding glu-
cose formation from microcrystalline cellulose by
CBHI and EGII29 and by EGI26 has also been reported.

Mechanical action increased the amount of cotton
powder formed in the EGI and EGII treatments,
whereas the impact was significantly less pronounced
in the case of CBHI and CBHII [Fig. 1(b)]. As much as
20 and 50% of the fabric was converted to cotton
power in the EGI and EGII treatments, respectively.
The molecular weight distribution of the powder was
subsequently analyzed. When the mechanical action
was combined with enzymatic treatment, the differ-

ences among CBHI, EGI and CBHII treatments were
diminished. Only in the case of EGII was a clear
decrease in the molecular weight of cotton powder
observed (Figs. 3 and 4). The DP of cotton may be as
high as 14 000, but it can be easily reduced to 1000–
2000 by different purification treatments with alkali.30

DPs of the cotton powders were estimated by calcu-
lating DP from the molecular weight of the powder.
When low mechanical action was applied, the DP of
the reference sample was 10 990 and this was reduced
to 9525 by EGII. Additional mechanical action reduced
the DP of the reference sample to 8537 and of the
EGII-treated sample to 7477. Mechanical action in-
creased only the polydispersity of EGII-treated cotton
powder, indicating a wider distribution. This is in
agreement with other findings that the EGs cause
more decrease of DP and molecular weight than the
CBHs.13,16 Of the endoglucanases tested, EGII had the
most pronounced effect on cotton.

Many studies have been carried out in order to
improve understanding of the mechanism of cotton

Figure 3 Molecular mass distribution of the cotton powder
formed in T. reesei EGI, EGII, CBHI and CBHII treatment of
cotton poplin fabric with (A) low or (B) high mechanical
action (4 h, 50°C, enzyme dosage of 10 mg/g). Y-axis: weight
change per logarithmic molar mass change.

Figure 4 Effects of mechanical action on molecular mass
distribution of cotton powder formed in T. reesei EGI, EGII
and reference treatments of cotton poplin fabric (4 h, 50°C,
enzyme dosage of 10 mg/g). Y-axis: weight change per
logarithmic molar mass change.
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hydrolysis. Azevedo and associates16 reported that the
insoluble material produced during enzymatic hydro-
lysis of cotton with high enzyme dosage (100 mg/g
fabric) presents a high specific surface area for cellu-
lose adsorption. Furthermore, Cavaco-Paulo31 showed
that adsorption of enzymes onto insoluble cellulose
powders is about six to seven times higher than onto
the cellulose of the main fabric structure. Thus, the
produced powder is hydrolyzed faster than the orig-
inal fabric. In short treatment times only the most
accessible and external glycosidic bonds of fabrics are
hydrolyzed leaving the molecular chain of cellulose
intact (measured as MW), as shown by Rouselle and
associates18 with total cellulase and by Morgado and
associates13 with TC and EG-enriched enzymes. We
did not measure the molecular weight distribution of
the cellulose of the cotton fabric used as substrate in
cellulase treatments. However, it can be expected that
the effects would be in accordance with the findings of
Rouselle and associates18 and Morgado and associ-
ates13 with short treatment time. EGs first attack the
part of the substrate that is more exposed, such as pills
or microfibrils at the fabric surface.

CONCLUSIONS

The purified cellulases EGI, EGII, CBHI and CBHII
reduce the molecular weight of cotton powder formed
during treatments of cotton poplin fabric when low
mechanical action is used. However, with high me-
chanical action, EGII was the only enzyme that re-
duced the molecular weight of cotton powder. Me-
chanical abrasion has been indicated to cooperate syn-
ergistically with EG activity.17,32-33 According to our
results, mechanical agitation affected EGII more than
EGI when enzyme action was measured as weight loss
of the fabric and as molecular weight of cotton pow-
der. However, when the amount of solubilized oligo-
saccharides liberated was measured, there were no
significant differences in the mode of action between
EGI and EGII. CBHII did not cause any significant
weight loss or solubilized oligosaccharides. Mechani-
cal action had less a pronounced effect on CBHI treat-
ments.
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27. Harjunpää, V.; Helin, J.; Koivula A.; Siika-aho, M.; Drakenberg,

T. FEBS Lett 1999, 443, 149–153.
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