Comparative study of cellulose
fragmentation by enzymes
and ultrasound
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The stability in aqueous suspensions of two particulate celluloses, Sigmacell type 100 and Avicel PHI101, was
analyzed. The effect of the presence of a cellulase from Trichoderma reesei, ionic strength, and ultrasonic
agitation on the fragmentation/aggregation phenomena was studied.

Particle size distributions of the powders were obtained with three different particle sizers: the Galai CIS 100,
the Coulter Multisizer I1, and the Malvern 2600c. The differences in the obtained absolute values are discussed
according to the measuring principles of each technique; however, the overall conclusions are independent of the
particle sizer used. The enzyme breaks up the Avicel aggregates more effectively than ultrasound while the
Sigmacell particles are stable under the present experimental conditions.

The stabilizing effect of cellulases was tentatively explained using the DLVO (Derjaguin, Landau, Verweye,
and Overbeek) theory. The adsorbed enzyme did not change significantly the zeta potential of the fibers; hence,
the stabilizing effect was attributed to a reduction in the attractive van der Waals forces and hydration effects.
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Introduction

Cellulose powders used as pharmaceutical excipients are
widely utilized in the study of cellulolytic systems; how-
ever, some of their properties are difficult to characterize
because of their irregular geometry and size polydispersity.
Two types of particulate cellulose are recognized. One is the
microcrystalline cellulose (e.g., Avicel PH101) which is a
partially hydrolyzed cellulose prepared by heat-treating
a—cellulose from wood with strong mineral acids, vigor-
ously agitating the slurry, and spray drying. The other is the
powdered cellulose (e.g., Sigmacell type 100) obtained by
mechanically disintegrating purified a—cellulose (dry or wet
grinding and drying) generally from wood containing both
broken fibers and irregularly shaped particles. The mechani-
cal treatment results in partial amor?hous character and lim-
ited depolymerization of cellulose.'*

When placed in water, like virtually all materials, cellu-
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lose becomes electrically charged due to ionization of the
carboxyl groups on the surface and specific adsorption of
ions from solution. The resulting charges on the surface of
the material induce a redistribution of the mobile ions in the
solution and an electrical double layer is produced. The
mutual interaction of the electrical double layers of two
approaching particles originate repulsive and attractive
forces—Coulombic and van der Walls, respectively. The
strength of this interaction might also be influenced by
steric effects and the existence of a hydration layer.’

The understanding of the electrokinetic properties of cel-
lulosic materials may provide important clues for textile and
papermaking industries, namely, to control the retention of
pigments and dyes and drainage and flocculation pro-
cesses.* The implication of cellulases, xylanases, and other
enzymes on the electrokinetic and aggregation properties of
the cellulose fibers is also of relevant interest.”™ Several
researchers have reported a fragmentation effect of cellulases
on cottons, microcrystalline celluloses, and pulps.®*~'

The aim of the present work is to characterize the Avicel
and Sigmacell particles and study their stabilization by cel-
lulases. The techniques adopted to investigate the effect of
cellulase were particle sizing and electrophoretic mobility.
The latter was used to allow the interpretation of the results
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in terms of the DLVO (Derjaguin, Landau, Verweye, and
Overbeek) theory. Additionally, sedimentation tests fol-
lowed by optical density attenuation were performed in or-
der to detect the formation of aggregates.

Regarding particle sizing, several techniques have been
used to measure the particle size distribution of microcrys-
talline cellulose. Rather different values have been reported
in the literature. The discrepancies mainly are attributed to
the irregularity of the cellulose particles and their tendency
to agglomerate.'® In this work, a comparative study will be
performed with and without previous ultrasonic agitation
using different particle sizers.

Materials and methods
Materials

The cellulase from Trichoderma reesei Multifect L-250 was a
kind gift from Finnish Sugar Co., Ltd., Finland. Two types of
cellulose were used: Sigmacell type 100 and Avicel PH101. The
crystallinity, surface area, degree of polymerization, and porosity
of these celluloses were characterized in previous works.'”'®

Enzymatic hydrolysis

The reaction mixture containing 50 mg of each kind of cellulose,
3.0 ml of 50 mm acetate buffer pH 5.0, and 1.0 ml of diluted
enzyme ( 1:100) was placed in a 50-ml flask and incubated at 50°C

in an end-to-end shaker for 0.5, 12, and 36 h. The reaction medium
was then centrifuged (5,000 rom for 3 min), the fibers were
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washed twice with distilled water, and resuspended in the same
initial volume. The particle size distribution, optical density at-
tenuation, and electrophoretic mobility were then analyzed as de-
scribed below.

Particle size characterization

The particle size distribution of the samples was first measured
using the Galai CIS 100. This is a recently developed laser instru-
ment based on the time of transition theory'® where the size of
each individual particle is calculated from the time of interaction
bct"vv’eei‘l inc Pﬂlllblcb aud th {dbcl bccuu ThC Pa.lll\.lcb WCIC sus-
pended in a magnetically stirred cuvette and the size range was
scanned from 0.5-150 pm.

In order to compare the results obtained and also to study the
influence of the sizing technique, the size distribution was mea-

csured with a Coulter Multisizer IT hased on the Coulter nrincinle20
sured with a Coulter Multisizer I based on the Coulter principle

and a laser diffractometer, the Malvern 2600c.*’

Since the operation principle on which the Coulter Multisizer is
based required the use of an electrolyte, this was adopted as the
suspending medium for the remaining techniques.

Samples were previously diluted, sonicated when mentioned (5
min), and kept under magnetic agitation. From these stock suspen-
sions, aliquots were withdrawn for the various particle sizers until
the concentration level required for each technique was achieved.
It should be mentioned that these values are dependent on the
instrument utilized.

The Coulter Multisizer was calibrated with polymer latex
spheres of 13.5 pm nominal size (supplied by Coulter Electronics).
The aperature sizes used were 100 and 140 pm (the laiier was
utilized to characterize Avicel without vltrasonic agitation). The
electrolyte was 0.9% (w/v) NaCl aqueous solution (commercially
known as ISOTON). The instrument was operated in the siphon

mode with a constant sampled volume of 500 pl. Both the Galai
and Malvern do not require calibration.

In the experiments with the Malvern (and similarly with the
Galai), the suspension under analysis was contained in a small cell
which was magnetically agitated. The resultant scattering pattern
was converted to a particle size distribution using the Fraunhofer
diffraction theory.?! The inversion algorithm was implemented in
the system sofiware. All the measurements were performed with a
100 mm focal length giving a nominal range of 1.9-188 pm.

Electrophoretic mobility measurements

The PlP{"h’nnhanh(‘ mnhllltv of cellulose nm‘tmlec in agueous sus-

pension was measured in a Zeiss Zeta-Meter 3.0+ by applying a
potential of 300 V across the electrophoresis cell. The measured
electrophoretic mobility allows the calculation of the zeta potential
according to the equation of Helmholtz-Smoluchowski.>*

Avicel and Sigmacell celluloses were submitted to ultrasonic
agitation or enzymatic digestion during 0.5 h as described. These
suspensions were prepared with a cellulose concentration of 0.5
mg/mi in distilied water or 0.01 M NaCi. The pH varied between
2.5-10.0 using HCl or NaOH. Samples were allowed to equilibrate
for about 1 h in an orbital shaker.

Optical density measurements

Suspensions of each type of cellulose were prepared in order to
obtain an initial optical density of 1.0 at 400 nm. Some of these
samples were then treated by ultrasonic agitation or enzymatic
digestion which resulted in a higher optical density. In the latter
case, the narhr‘ch were washed as described nrpwnnc]y and resng-

pended in the same volume of distilled water. In order to study the
effect of the ionic strength, additional experiments using the soni-
cated samples were conducted at 0.05 m NaCl solution. These
samples (2 ml) were transferred to a glass cuvette and the optical
density was recorded as a function of time using a Jasco 7850
spectrophotometer.

DLVO caiculations

In order to explain the enzymatic fragmentation of the Avicel
particles, the DLVO theory of colloid stability® was used. The van
der Waals attraction energy (V,) and the energy of electrostatic

interaction (‘/ \ were calculated hvy

INETAclion v WCIC CaiCiliaiC Oy

V, = —(4,, - a(12-d) (1)
and
Ve = 2meal’e™ (2)

where a is the particle radius and d is the distance between the
particles surface; { is the zeta potential; € is the permittivity of the
solution; k is the Debye-Huckel parameter which depends on the
ionic strength of the solution; and A, is the Hamaker constant for
the interacting media. Two exireme cases were considered in the
calculations which used either the Hamaker constant

AN 1020 7
A, =40 x 107

for cellulose particles interacting across water or
Ay =0

which corresponds to the absence of van der Walls forces between
the hydrated protein layers.>>

This methodology is valid for spherical particles It represents,
lUI U]C prbClll Case, an th‘:fsu‘npuﬁcatwn [lUWCVCl', ll Sh0u1u pe
noted that the cellulose particle size measured by any of the uti-
lized sizers is expressed in terms of a spherical equivalent diameter

which therefore had to be used in the calculations.
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Results and discussion
Particle size characterization

Particle size distribution was measured with the three par-
ticle sizers mentioned earlier for both Avicel and Sigmacell
before and after enzymatic treatment. In the former case,
measurements were performed with and without ultrasonic
agitation which was denoted by nontreated (NT) and soni-
cated (US). The enzymatically treated samples were ana-
lyzed without previous sonication since this could mask the
enzyme effect. Several incubation times were tested.
Samples were designated by Ezl, Ez2, or Ez3 which cor-
responded to 0.5, 12, and 36 h of digestion, respectively.

The results presented in Table ! are in terms of the
median size (dsp) of volume distributions. Each value is an
average of at least five independent measurements.

The results obtained for the NT and US samples (Table
I and Figure I) suggest the following remarks:

The Sigmacell particles are clearly smaller than those of
Avicel;

The values of ds, are, in general, dependent on the measur-
ing technique although they are within the same order of
magnitude. The Malvern always gives the largest values
and the Galai shows the lowest reproductivity;

Regarding the effect of ultrasonic agitation (Figure 1), the
size reduction is much more evident for Avicel (about
50%). Although the curves obtained with the other two
techniques do not overlap, they exhibit the same trend;

It is also of interest to mention that the US Avicel sample
presented a bimodal histogram whereas that of the NT
sample was unimodal.

From these results, it can be concluded that direct com-
parisons of the size distributions obtained with the various
instruments are not possible. This was somehow expected,
since each technique measures a different particle parameter
which for nonspherical particles (like those of cellulose),
may lead to different results.®* Indeed, while the Coulter
measures the particle volume and expresses the results as
equivalent volume diameter, the Galai measures the average
length of the particles crossing the laser beam at various
angles. On the other hand, the Malvern produces a size

Table 1 Median sizes {dgg in pm, on a volume basis) obtained
for the various sampies with different particle sizers

Particle sizer

Sample Galai Maltvern Coulter
NT 10.1 £ 0.7 15.1 = 0.1 10,8+ 0.5
us 9.4+ 05 14.8 + 0.1 10.4 + 0.5

Sigmacell Ez1 9.5+ 0.3 15.1 £ 0.1 11.2+0.2
Ez2 10.3+ 0.4 16.7 £ 0.1 12.3:0.3
Ez3 13.9+0.6 215+ 0.2 16.1+ 0.6
NT 50.6 + 2.4 51.4+0.2 306 1.1
us 20.4 £ 3.1 26.3+0.1 15.6 0.8

Avicel Ez1 16.8 + 3.0 20.9 + 0.1 14.7 = 0.6
Ez2 200+ 3.8 235+ 0.2 173+ 0.4
Ez3 220z 4.1 27.5+0.2 19.7 £ 0.9
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distribution which is suppose to represent a volume distri-
bution of the projected area diameter in random orienta-
tion.?>

The sampie handling system of the instruments used are
also different. As stated before, a magnetically stirred small
cell was used to hold the suspension in the Galai and Mal-
vern whereas in the Coulter Multisizer, a totally different
configuration was employed. In the Coulter, the particles
were suspended in a mechanically agitated beaker (200-ml)
and forced to flow through a small orifice. This arrangement
could eventually break agglomerates that might exist in the
Avicel sample (not previously sonicated) which were not
destroyed by the magnetic stirring used in the remaining
techniques. This would explain, at least partially, the low
values obtained with the Coulter. Besides, the meaning of
an equivalent volume diameter applied to fibers may also be
questionable.

Nonetheless, the values obtained here for the Avicel are
comparable to those reported in the literature for the median
Stokes diameter.'>?® These vary from 46-54 um for ag-
glomerated cellulose and 23-29 um after sonication. It
should be mentioned once again that these values were ob-
tained with another technique (photosedimentation) and
therefore a perfect coincidence would not be expected.

Regarding the results obtained after enzymatic treatment,
as can be seen in Table 1, the following comments can be
made:

Comparing the US and Ezl samples, it is clear that for
Sigmacell, the median values (dsy) are quite close.
Higher deviations are, however, detected for the corre-
spondent Avicel samples;

As far as incubation time is concerned, Table I indicates
that longer digestion periods lead to larger particle sizes.
Figure 2 illustrates these differences in terms of cumu-
lative size distributions (obtained with the Galai) for
various digestion times. As can be seen, the cumulative
curves are shifted to the right as the digestion periods
increase. Exactly the same tendency was found with the
other particle sizers;

For Avicel and similar to the behavior of the US sample, the
enzymatically treated samples also presented a bimodal
distribution. For longer digestion periods, this profile
tends to become unimodal (like the NT samples).

Concerning fragmentation, it can thus be concluded es-
pecially for Avicel that the effect of ultrasound is similar to
that of the enzymes for short incubation intervals. The
forces that keep the Avicel particles aggregated must there-
fore be of a physical nature (since ultrasound is not expected
to break covalent bonds). On the other hand, the larger
median values obtained for longer digestion periods for both
Avicel and Sigmacell can be explained by the conversion of
cellulose to soluble sugars where the smaller particles were
hydrolyzed faster. These results will be explained in a forth-
coming publication. Furthermore, it should be emphasized
that the results of Table 1 also reveal that the percent in-
crease in the median values of these samples using Ez1 as
reference is the same independently of the sizing technique
used.
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Figure 1 Volume cumulative undersize distributions given by the Malvern for Avicel {(a) and Sigmaceli (b) without (NT} and with (US})

ultrasonic agitation

Enzymatic fragmentation and stabilization of
the particles

Walker et al.'®*" studied the fragmentation of Avicel par-
ticles by purified enzymes from the Thermomonospora
fusca and T. reesei. They found that the different proteins

exhibit different fraomentation effectiveness. This is likelv

RIRDIL LRARARAN HepllCIRatiVIL CLRCRIVERLss, 108 15 KLY

related to differences in the core binding domain (CBD)
since, as shown by Din ef al.?® purified CBDs are able to
disrupt the structure of Ramie fibers.

The fragmentation of Avicel reported by Walker et al.’
was analyzed in this work. After 0.5 h of enzymatic activity
(Ez1), the dy, of Avicel drops by approximately half. These

values are lower than those obtained after ultrasonic agita-

tion (Table 1).

As discussed by Rabinovitch (cited by Kl_yosov29), the
dispersion of cellulose could result from either hydrolytic or
mechanical action. The latter would be induced by the ad-
sorption of the cellulases to disturbances of the crystalline
structure of cellulose, followed by their penetration into the
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of pores and cavities of cellulose would increase the me-
chanical pressure and allow the penetration of water into the
crevices which leads to the breaking of hydrogen bonds
between the cellulose molecules,

In the present study, we tentatively explain the fragment-

ing and stabilizing effect of cellulases on Avicel particles on
tha hagic Af tha MNT UN thanes nd onioaoag that thi
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phenomenon similar to that of defibrillation observed with
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other celluloses. In order to calculate the energy of the
electrical interaction, Vi, the zeta potential of the two types
of cellulose was determined. The results obtained with Avi-
cel for different pH values and ionic strength and for both
US and Ezi samples are shown in Figure 3. As can be seen,
the overall electrical charge of the US particles is always
T]’\F

1110

neoative under the present exnerimental conditions
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zeta potential is less negative at lower pH values. On the
other hand, the particles with adsorbed protein have zeta
potential values of the same order of magnitude as those of
the US sampie at neutral and alkaline media. At pH values
below approximately 3.5, they become positively charged.
This is because the main T. reesei cellulases have acidic

icoalectric nointe CRH T which amaonnte ta ahaut K00
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this cellulolytic system, has a pl between 3.6-4.1. Similar
results were found for Sigmacell.

The calculation of the net energy of interaction for Avi-
cel US particles as a function of the distance d are shown in
Figure 4. Similar profiles were obtained for Sigmacell. The
attractive energy was lower than that calculated for Avicel
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Sigmacell). For the particles with adsorbed enzyme where
Vy = Vg, the net energy increases when the particles get
close to each other. On the contrary, at distances smaller
than 5 nm, an attraction exists in the sonicated particles. The
DLVO theory therefore predicts a stabilizing effect of the
particles by the adsorbed proteins
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ment with the results of the obtained optical density attenu-
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Influence of incubation time on particle size distribution of Avicel (a} and Sigmacell {b} given by the Galai
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Figure 3 Zeta potential values of Avicel particles pretreated by
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ation curves whose slope is directly related to sedimentation
velocity which in turn is related to particle (or aggregate)
size. These results are displayed in Figure 5 and show that
Avicel particles fragmented by enzymatic action (Ez1) sedi-
ment rather slower than those dispersed by ultrasonic agi-
tation (US); moreover, it can be seen that both the enzyme
and the ultrasound induce a similar increase in the initial
optical density of the Avicel suspensions owing to the in-
crease in the number of suspended particles. On the other
hand, much smaller deviations were found for the optical
attenuation curves of US and Ez1 samples of Sigmacell. It
must be stressed that besides the DLVO forces, other forces
are involved which contribute to particle stabilization.?! For
instance, steric effects can greatly enhance the stability;
moreover, the adsorbed proteins have large amounts of
bound water which take part in particle interaction by hin-
dering the approach of the particles. A different wettability
is likely the reason why Sigmacell and Avicel display dis-
similar optical density attenuation curves (Figure 5). In-
deed, while Avicel particles aggregate, thereby increasing
the sedimentation rate, Sigmacell particles do not aggregate
probably because they have a lower crystallinity (79% for
Sigmacell, 91% for Avicel).!” Sigmacell particles are more
hydrated and stable in aqueous medium; thus, small differ-
ences in the crystallinity index seem to correspond to quite
significant differences in surface properties such as the ag-
gregation ability.

Additional experiments were performed with the Avicel
US samples after addition of 0.05 M NaCl in order to study
the effect of increasing ionic strength (Figure 5). A consid-
erable increase in the sedimentation rate was found for Avi-
cel which is in agreement with the DLVO theory. On the
contrary for Sigmacell, no significant increase in the sedi-
mentation rate was detected after addition of NaCl.

Confirmation of these results was obtained using the
Galai to measure the particle (or aggregate) size of these
samples. In fact, larger particle sizes were obtained after
addition of NaCl to the US samples of Avicel (ds, changed
from 20 to 35 wm). No appreciable changes were detected
for Sigmacell.

16 Enzyme Microb. Technol., 1997, vol. 20, January
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These results suggest that, at least in the case of Avicel,
the cellulose fragmentation by cellulases implies a physical
stabilization of the particles by the adsorbed proteins. The
mechanism of stabilization does not seem to be dependent
on electrical interactions. As a matter of fact, the action of
hydrophilic colloids in stabilizing hydrophobic colloids was
recognized earlier by Freundlich (cited by Parfitt® ) as not

dependent on the enhancement of the charge of the hydro-
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Figure 5 Optical density attenuation curves of the following
Avicel and Sigmacell suspensions: nontreated {NT), sonicated
{US], sonicated in 0.05 M NaC! (US/NaCl), and enzymatically
treated (Ez1)
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phobic colloid, but rather on the strength of the adsorbed
polymers and the way they are anchored to the particles.

The underlying mechanism for the enzymatic stabiliza-

tion of cellulose probably requires a high surface coverage
of the particles by the enzyme, which by surface diffusion,
eventually would tear apart fibers attracted by van der Walls
forces in the more crystalline areas.
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