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The covalent binding of cellulase enzyme complex to magnetic (Fe3O4) nanoparticles via carbodiimide
activation was investigated. The size, structure, and morphology of the magnetic nanoparticles were
determined using transmission electron microscopy (TEM). The micrographs revealed a mean diameter of
13.3 nm and showed that the magnetic particles remained discrete with no significant change in size after
binding of the enzyme complex. Fourier transform infrared (FTIR) spectroscopy and X-ray photoelectron
spectroscopy (XPS) indicated binding to the magnetic nanoparticles and suggested a possible binding

53}1‘:12 rSdES: mechanism. Maximum binding (~90%) occurred at low enzyme loadings (1-2 mg) and the enzyme-to-
Cellulose support saturation point occurred at a weight ratio of 0.02. Thermal measurements for the nanoparticles

indicated increased stability over a broader range of temperatures, with a peak relative enzyme activity
at 50 °C. The ionic forces between the enzyme and support surface caused a shift in the optimum pH from

Immobilization
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4.0 to 5.0.
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1. Introduction

Cellulase enzyme complex, composing of endoglucanases, cel-
lobiohydrolyases, and 3-glucosidase, is an essential component in
the degradation of lignocellulosic residues by various species of
fungi, bacteria, and protozoans. Harnessing the hydrolytic prowess
of these enzymes allows for efficient conversion of renewable
natural resources into fermentable sugars. Unfortunately, the
hydrophilic nature of the cellulase complex hinders its practi-
cal feasibility when subjected to the complexity of the reactions
involved [1].

Immobilization of biomolecules onto insoluble supports is an
important tool for the fabrication of a diverse range of functional
materials or devices [2]. It provides many distinct advantages
including enhanced stability, easy separation from reaction mix-
ture, possible modulation of the catalytic properties, and easier
prevention of microbial growth [3]. Of particular interest is the use
of magnetic supports for immobilization. Magnetic carrier parti-
cles fulfill two functions in that they contain a magnetic material
which confers the desired magnetic properties to the ensembles
formed with the species to be separated and they can have surface
properties which enable a selective separation [4].
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In recent years, nano-sized magnetic particles have received
increasing attention in various fields, including biomedical and
environmental applications, due to their small size, high specific
surface area, and low toxicity [5]. More specifically, magnetite
(Fe304)nanoparticles are one of the most prevalent magnetic mate-
rials in common use. They are biocompatible super-paramagnetic
materials with low toxicity and strong magnetic properties [6],
finding applications in intracellular uptake and separation [7-10],
drug delivery [11], hyperthermia [9,12], magnetic resonance
imaging contrast enhancement [9,13], enzyme and protein immo-
bilization [14-19], and protein purification [20]. Additionally, other
fields which benefit from the utilization of magnetic nanoparti-
cles in general and magnetite nanoparticles in particular include
waste-water treatment [21,22] and textile processing [23,24].

One of the key factors for utilization of magnetite nanoparticles
in biomedical applications is the opportunity to bind biomolecules
to their surface. The binding of bioactive substances, such as
enzymes, proteins, or antibodies, is commonly accomplished
through surface adsorption, covalent bonding, cross-linking with
bi-functional reagents, inclusion in a gel phase, or encapsulation
[25]. A more recent method involving binding via carbodiimide
activation has increased in popularity and is notable due to its
simplicity and high efficiency [26].

Immobilization of the cellulase enzyme complex on magnetic
supports has also been reported previously [25,27]. However, no
studies have been found involving immobilization of the cellu-
lase system on magnetic particles less than 1wm in size. The
purpose of this study was to characterize the cellulase complex
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after direct binding to iron oxide nanoparticles via carbodiimide
activation and determine optimum operating conditions. The size
and structure of the resultant nanoparticles were characterized by
transmission electron microscopy (TEM). The binding of cellulase
to magnetite nanoparticles was confirmed using Fourier transform
infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy
(XPS). Operating parameters for immobilized cellulase were eval-
uated using varying pH and thermal conditions, in addition to the
binding efficiency of enzyme to support, for determination of con-
ditions which would allow for optimum hydrolysis reactions.

Immobilization of enzymes can have a wide variety of applica-
tions. Of particular interest for this and future research is to develop
a method for reducing the overall costs which the expensive
cellulase enzymes contribute to the ethanol production indus-
try. Cellulase-bound particles could potentially be recovered and
recycled to further extend their use for processing of cellulosic
materials.

2. Materials and methods
2.1. Materials

Cellulase enzyme complex preparation was provided by Genen-
cor (Rochester, NY). Ammonium hydroxide, Rochelle salts (Na-K
tartrate), Na-metabisulfite, citric acid monohydrate, and p-glucose
were purchased from Fisher (Fair Lawn, NJ). Ferrous chloride
tetrahydrate and ferric chloride were the products of Fluka (Buchs)
and Sigma (St. Louis, MO), respectively. 3,5-Dinitrosalicylic acid and
microcrystalline cellulose substrate were the guaranteed reagents
of Sigma. Sodium hydroxide and 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) were supplied by E. M.
Science (Cherry Hill, NJ) and Merck (Germany), respectively.
Bio-Rad reagent for protein assay was obtained from Bio-Rad Lab-
oratories (Hercules, CA). The water used throughout this study was
de-ionized and filtered using a U.S. Filter purification system.

2.2. Preparation of magnetite nanoparticles

Magnetite nanoparticles (Fe3O4) were prepared by co-
precipitating FeZ* and Fe3* ions by ammonia solution and treating
under hydrothermal conditions [14,28]. A 2:1 molar ratio of ferric
and ferrous chlorides was dissolved in water under inert conditions.
Chemical precipitation was achieved at 25 °C under vigorous stir-
ring by adding 28% NH4OH solution. The precipitates were heated
to 80°C for 30 min, and then washed three times with water and
one time with anhydrous ethanol. The particles were then dried by
purging with nitrogen for 24 h and recovered.

2.3. Cellulase immobilization

For binding of the cellulase enzyme, 50mg of magnetic
nanoparticles were added to a 5ml solution containing 8 mg/ml
carbodiimide (EDC). The mixture was then sonicated for 3 min and
refrigerated for 30 min until the temperature reached 4°C. 1 ml of
enzyme solution (0-25 mg/ml in water) was then added and fol-
lowed with sonication for an additional 3 min. The reaction mixture
was stored at 4°C and sonicated at 1 h intervals to ensure uniform
dispersion. After 2 h, the mixture was sonicated a final time and
heated to 25 °C. The cellulase-bound nanoparticles were recovered
by placing the container on a strong permanent magnet. They were
washed two times in water and the resultant supernatants were
used for protein analysis. The remaining precipitates were then
analyzed for enzymatic activity and stability.

2.4. Characterization

The size and morphology of iron oxide nanoparticles before and
after enzyme immobilization were determined by TEM using a
JEOL 100-CX electron microscope. The binding of cellulase to the
nanoparticle surface was determined using the Bradford protein
assay. The protein found in the removed supernatant was mea-
sured by a colorimetric method involving the binding of Coomassie
Brilliant Blue G-250 to the protein and then measuring the concen-
tration across a wavelength of 595 nm [29]. Bio-Rad dye reagent
was used for the protein assay and bovine serum albumin as the
standard. The binding of the enzyme was confirmed by Fourier
transform infrared spectroscopy using a Thermo Nicloet Nexus 670
FTIR model and by X-ray photoelectron spectroscopy (XPS) using a
Kratos Axis 165 XPS/Auger.

3,5-Dinitrosalicylic acid (DNS) is an aromatic compound which
reacts with reducing sugars and other reducing compounds to
form 3-amino-5-nitrosalicylic acid, which absorbs light strongly
at 540nm [30]. The DNS method was used in this study to
determine the amount of glucose formed as reducing sug-
ars resulting from a reaction with dinitrosalicylic acid reagent.
Sugars that are contained in polysaccharides, such as cellu-
lose and starch, or other complex organic compounds, are not
accounted for by this method. p-Glucose was used as the stan-
dard.

2.5. Activity measurements

The enzymatic activity was determined by measuring glu-
cose production after a reaction of nanoparticle-bound cellulase
with microcrystalline cellulosic substrate [31]. After initial bind-
ing, 0.5 ml of solution containing the enzyme-bound particles was
added to 50 mg of cellulosic substrate and 1 ml of buffer (0.05M
citrate buffer, pH 5.0). The resulting mixture was allowed to incu-
bate at 50°C for 1h, after which 3 ml of DNS reagent was added
to stop the reaction [32]. The samples were heated in a boil-
ing water bath for 5min to allow color formation. They were
then cooled and centrifuged for an additional 5min. The reduc-
ing sugar concentration in the resulting supernatant was then
measured at 540nm on a Genesys 20 single beam spectropho-
tometer. In order to compensate for any interference, a series of
blanks were measured in the same manner, one containing enzyme
alone and another containing substrate alone. Any absorbance
responses measured by the spectrophotometer from these blanks
were subtracted from the primary hydrolysis reaction to obtain
an accurate measurement. For the purposes of this study, enzy-
matic activity was measured as the amount of glucose produced
(in pmol) per milligram of enzyme used over time, and is stated as
IU/mg.

Unless otherwise stated, the activity of free enzyme was mea-
sured following similar procedures and conditions as stated for
the bound cellulase. In addition, all samples performed in this
study were measured in triplicate to obtain an average and pro-
mote accuracy. It should be noted, however, that few samples
contained outliers which amplified the resulting standard error.
These outliers were omitted, resulting in duplicate measurements,
in order to minimize error deviations. Contamination is one possi-
ble explanation for the reduced quality of the mentioned samples
as the sterility of the laboratory environment was not ideal. At
the time of this study, the said lab was also being used as a
teaching laboratory and was known to contain additional airborne
microorganisms. That being said, however, all proper sanitary pre-
cautions were taken to produce the most accurate data possible
throughout this study and the overall results are believed to reflect
this.
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2.6. Optimization

The binding efficiency of enzyme to magnetic particles was
determined by first evaluating the saturation of cellulase enzyme
on the surface of the precipitates. Subsequently, the ideal weight
ratio (weight enzyme:weight of nanoparticles) was then deter-
mined in order to find the optimum condition allowing for
maximum activity. Weight ratio was determined by measuring the
mass of immobilized enzyme as indicated by Bradford [29] and
associating this value with the mass of corresponding nanoparti-
cles. The mass of Fe304 nanoparticles was kept constant at 50 mg.

The effect of pH on activity was evaluated using buffers of vari-
ous pH values. For pH 3, 0.1 M potassium phthalate buffer was used.
For pH 4, 0.1 M sodium acetate buffer was used. For pH 5, citrate
buffer was used. For pH 6, potassium phosphate buffer was used;
and sodium phosphate buffers were used for pH 7 and 8. Hydrol-
ysis reactions were performed using 8.57 mg of cellulase-bound
nanoparticles, 50 mg of microcrystalline cellulose, and 1 ml buffer.

For the optimum temperature study, various temperatures were
examined spanning a range from 25 °C to 80 °C and the correspond-
ing activity was measured for each. Similar reactor conditions were
implemented for this study as were demonstrated with the pH opti-
mization, except that 1 ml of 0.1 M citrate buffer (pH 5.0) was used
for all hydrolysis reactions. The pH 5.0 was decided based on results
from pH optimization experiments. For both temperature and pH
studies, an equal amount of free cellulase enzyme (0.23 mg), as was

immobilized on the Fe304 nanoparticles, was tested for activity
comparisons.

2.7. Reusability assay

Cellulase enzyme complex (4.3 mg) immobilized on 120 mg of
Fe304 nanoparticles were subjected to a hydrolysis reaction with
microcrystalline cellulose for 96 h. After the specified reaction time,
the enzyme-bound nanoparticles were magnetically separated and
introduced into solution containing fresh substrate. Activity was
determined following each 96 h recycle until the activity had fallen
below 10%.

Additionally, a series of controls were measured in order to com-
pensate for any interference, one containing enzyme alone and
another containing substrate alone. Any responses measured by the
spectrophotometer from these controls were subtracted from the
primary hydrolysis reaction to aide in increasing accuracy among
measurements. All samples were measured in triplicate.

3. Results and discussion
3.1. Nanoparticle size and morphology
The TEM images of magnetic nanoparticles without (a) and

with (b) immobilized cellulase enzymes are shown in Fig. 1 along
with their corresponding size distributions. Unbound Fe304 par-
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Fig. 1. Transmission electron microscopy (TEM) images of magnetic nanoparticles without (a) and with (b) immobilized cellulase. Weight ratio (enzyme

solution/Fe304)=0.028 (w/w).
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Fig. 2. FTIR spectra of magnetite nanoparticles without (a) and with (b) bound
cellulase, and free cellulase enzyme complex (c).

ticles appear to be somewhat polydisperse ranging from 6 to
20 nm in diameter, respectively. The particles have an overall mean
diameter of 13.28 + 3.9 nm. After binding of the cellulase enzyme,
the nanoparticles remained discrete and had a mean diameter of
13.31+3.2 nm. A total of 150 particles were randomly chosen from
both images for statistical analysis to determine if there was any
significant difference in size between the bare iron oxide nanopar-
ticles and the nanoparticles containing the bound cellulase enzyme
complex. A 95% confidence interval was constructed indicating
that the difference between the two population means was most
likely in the range (—0.402, 0.432). Statistical analysis suggests
that the binding process did not cause any significant change in
size (o =0.05, p-value =0.976); and, from physical inspection of the
images, it is noticeable that no additional aggregation occurred as
aresult.

3.2. Mechanism for enzyme immobilization

The binding of the cellulase enzyme complex to magnetite
nanoparticles was confirmed by FTIR and XPS. Fig. 2 shows the FTIR
spectra for the naked Fe304 nanoparticles, enzyme-bound Fe304,
and the solid state crude enzyme preparation. The characteristic IR
frequencies at 1653 and 1542 cm~! on the cellulase enzyme com-
plex are also present on the nanoparticles containing immobilized
cellulase, therefore suggesting attachment of the enzyme to Fe304
nanoparticles. These particular frequencies most likely represent
the stretching of C=0 and C-O groups. A shift in frequency from
1542 cm~! to 1522 cm~! on the immobilized enzyme s likely due to
the formation of an amide bond (Fig. 3) resulting from the reaction
between a carboxyl group on the enzyme and an amine group on the
nanoparticle surface (specifically, the C-O to C-N conversion). The
naked Fe304 nanoparticles also show a characteristic frequency at
1618 cm~! which may be due to N-H stretching of the amine func-
tional group. This peak is no longer present with the immobilized
cellulase enzyme, further indicating an amide bond formation. The
weaker bands for the immobilized cellulase are essentially a result
of low enzyme loading on the nanoparticle surface.

Fig. 4 displays an XPS spectrum for samples containing pure
Fe304 nanoparticles and Fe304 nanoparticles with the cellulase
complex attached. Characteristic peaks at 398.6 and 284.6 eV on the
enzyme-bound nanoparticles indicate a heavy loading of nitrogen
and carbon which are not present on the unbound nanoparticles.
These peaks suggest attachment of the enzyme complex as this
increase in nitrogen and carbon can be attributed to the amine and
carboxyl groups found on the cellulase enzyme.
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Fig. 3. Synthesis involving amide bond formation via carbodiimide activation.

Of particular interest are the concentrations of the individual
elements which are shown in Table 1. An atomic concentration of
39.51% for carbon on the enzyme-bound nanoparticles results in a
33.27% increase from the unbound nanoparticles. The atomic con-
centration of nitrogen increased to 8.13% on the enzyme-bound
nanoparticles, whereas there was none detected on the unbound
nanoparticles.

3.3. Binding efficiency

By assaying the amount of protein found in the supernatant
after the enzyme binding process, it was determined that when
the amount of Fe304 nanoparticles was kept constant at 50 mg,
the results displayed a higher level of bound enzyme (measured
as protein) when low enzyme loadings were administered. The
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Fig. 4. XPS analysis of pure Fe304 nanoparticles (a) and cellulase-bound Fe3;04
nanoparticles (b).
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Table 1
Elemental analysis of pure and enzyme-bound Fe304 from evaluation by XPS.
Peak Position BE FWHM Raw area RSF Atomic Atomic Mass
(eV) (eV) (CPS) mass concentration (%) concentration (%)
Pure Fe304 Fe 2p 709.1 4.570 36688 2.957 55.85 54.74 81.38
Cls 283.6 1.638 466.5 0.278 12.01 6.240 2.000
N1s nd? nd nd nd nd nd nd
01s 528.7 1.376 7554 0.780 16.00 39.02 16.62
Enzyme-bound Fe;04 Fe 2p 709.8 4.607 29652 2.957 55.85 22.74 54.46
C1ls 284.6 3.259 5742 0.278 12.01 39.51 20.34
N1s 398.6 1.815 1962 0477 14.01 8.130 4.880
O1s 529.1 2711 11156 0.780 16.00 29.61 20.31

2 nd: none detected.

most efficient level of enzyme binding occurred when 1 mg of free
enzyme complex was added at the initiation of the reaction. At this
level, more than 90% had become immobilized. It was determined
that a limit existed for the amount of enzyme that could bind to the
nanoparticle surface as the percentage of bound enzyme decreased
exponentially as the amount of enzyme added was increased from
1mg to 18 mg. Fig. 5 depicts the saturation point for enzyme
binding. A number of reasons could be contributed to the satura-
tion limit in binding, but some of the most plausible explanations
include surface area saturation and limited availability of binding
sites. To confirm the level of enzyme binding the resulting analysis
of the Bradford assay is displayed in Table 2, indicating the mass of
measured protein found in the removed supernatant following the
binding process along with two additional washings of the final
product. An apparent level of error is associated with the analy-
sis which is evident from the mass of protein found at the initial
zero concentration. This error would also be associated with the
initial mass of protein for each subsequent concentration added to
the solution as the same protein analysis was performed to sig-
nify the amount of enzyme present; therefore, no correction factor
was assessed. It is evident that the majority of enzyme was lost
during extraction of the original supernatant (denoted as S1), how-
ever, trace amounts are also present in the wash (S2 and S3) which
become more distinct as the amount of initially added enzyme
increases.

3.4. Optimization for enzyme binding

By assaying the amount of unbound enzymes (measured as pro-
tein) in the supernatant after immobilization and measuring their
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Fig. 5. Binding efficiency for varying amounts of protein added to 50 mg of Fe304
nanoparticles.

Table 2

Unbound protein found in multiple supernatant washes determined via protein
assay. The remainder of the protein added was considered bound to the Fe304
nanoparticles.

Protein added (mg/ml) Supernatant removed Protein in wash (mg)

0 S1 0.211
S2 0.343
S3 0.142
1 S1 0.193
S2 0.008
S3 0.002
3 S1 1.908
S2 0.033
S3 0.007
6 S1 4.475
S2 0.113
S3 0.023
12 S1 9.791
S2 0.229
S3 0.019
18 S1 14.708
S2 0.490
S3 0.081

corresponding activity, the optimum weight ratio of bound enzyme
to nanoparticles was determined. An initial loading of 50 mg of
magnetic Fe304 was kept constant for this process and enzyme
loading was increased, as was carried out with the determination of
binding efficiency. The maximum weight ratio achieved was deter-
mined to be 0.16.

It has been proposed that enzyme which is too heavily saturated
upon the surface of the nanoparticles will, in effect, cause a steric
hindrance between enzyme molecules by blocking active binding
sites from reaching the substrate and, therefore, causing an overall
reduction in activity. As shown in Table 3, the point of saturation for
the enzyme complex on the nanoparticle surface appears to be 0.02

Table 3
Activity values for varying ratios of bound cellulase enzyme to Fe;04 nanoparticles.
Cellulase Cellulase Weight ratio (mg  Activity Relative
added (mg) bound (mg) bound (IU/mg) activity (%)
enzyme/mg
nanoparticles)
0 0 0 0 0
1 0.782 0.016 40.14 63.97
3 1.042 0.021 62.75 100
6 1.409 0.028 33.07 52.70
18 2.722 0.054 2542 40.51
21 4.181 0.084 22.96 36.59
25 7.973 0.159 12.16 19.37
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Fig. 6. Relative activity values corresponding to immobilized enzyme weight ratios.

as it attained a maximum activity value of 62.7 IU/mg. The relative
activity curve for the varying weight ratios is shown in Fig. 6.

The pH dependency of an enzyme is dependent on the nature
of its functional groups. The total charge on an enzyme’s active
sites determines if the enzymes optimum operability will result
from an acidic or basic microenvironment. However, coupling of an
enzyme to a support, whether charged or uncharged, will typically
cause a shift in the ideal pH. Generally, the greater the charge on
the support, the greater the effect, particularly if the substrate is
charged as well [33,34]. The binding protocol for this experiment
used positively charged amino groups forimmobilization, therefore
an alteration in the ionic atmosphere and total shift in the optimum
pH was expected. As shown in Fig. 7, the maximum activity for
immobilized cellulase complex occurred under a pH of 5.0, which
indicates an increase in net negative charge of the immobilized
enzyme as compared to an optimum pH of 4.0 for the free enzyme.
The pH of the environment becomes lower than that of the bulk
solution as a result.

Immobilization of an enzyme can cause changes in its thermal
characteristics which will generally incite an apparent improve-
ment in stability. However, an increase in temperature can also
increase protein denaturation, which can occur as a result of
changes in tertiary structure, oxidation of some labile groups, or
some other physical modification of the protein [35]. In effect,
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Fig. 8. Effect of temperature on activity of free and immobilized cellulase at pH 5.0.

activity is reduced along an exponential decay. The immobilized
cellulase complex demonstrated an optimum activity at a temper-
ature of 50°C.

Disruption of weak intramolecular forces and subsequent
unfolding of the protein chain in free enzymes can be caused by
thermal deactivation [25]. Immobilization of the cellulase com-
plex can increase the thermal stability by stabilizing the weak ionic
forces and hydrogen bonds and thus increasing the range of oper-
ating temperatures. This was also depicted in the present study and
is shown in Fig. 8. However, only a marginal increase was displayed
over that of the free enzyme and the differences are not likely to be
of statistical significance.

Typically, the resulting level of activity is reduced when
enzymes are immobilized via covalent bonding. This is likely due
to bonding of key functional groups positioned within the active
site and thus preventing substrate interactions [36]. This was also
observed in the present study; however, a slight increase in sta-
bility was achieved as a result of the immobilization process. The
difference in relative activity produced from both free and immo-
bilized enzyme was minimal, however; and therefore, would not
prove to be highly beneficial for our purposes.
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Fig. 9. Activity loss over 6 recycles of cellulase enzyme complex immobilized on
Fe;04 nanoparticles.
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3.5. Reusability

For practical applications, the reusability of immobilized cellu-
lase enzymes is considered to be of high importance. As a result of
this study, the immobilized cellulase complex was recycled a total
of six times before the residual activity had fallen to approximately
10%. The corresponding activity measurements were determined
following each recycle and the overall trend is presented in
Fig. 9. The activity of immobilized enzyme was determined to be
30.2% of the free enzyme activity following the initial hydrolysis
reaction.

An apparent loss in activity was observed following each recycle
with the majority (47.5%) being lost following the initial reaction.
This resultant loss in activity could have been attributed to a mul-
titude of factors, which may have included protein denaturation,
end-product inhibition, and/or loss of one or more individual com-
ponents of the cellulase complex. Another possible reason could be
modification of the enzymes structure due to carbodiimide activa-
tion. The individual enzymes composing the cellulase complex each
contain a large number of functional groups available for immobi-
lization, many of which are located on the active site of the enzyme
and are specific to cleaving the individual linkages between glucose
monomers of the cellulosic substrate. Should one of the functional
groups located on the active site of the enzyme be involved in
immobilization, a large decrease in stability of the enzyme could
result.

4. Conclusions

A crude cellulase enzyme complex was successfully immobi-
lized on magnetic Fe304 nanoparticles via carbodiimide activation
and characterized. The pure Fe304 particles were analyzed using
TEM and were determined to have an average diameter of
13.28 nm. Enzyme-bound particles showed no significant change
in size and it was determined that no additional agglomeration
occurred due to the binding process. Enzyme attachment was con-
firmed using FTIR and XPS. Enzymatic activity was determined
by measuring glucose as reducing sugars using the DNS method.
Saturation of the cellulase enzymes on a magnetic support is
useful for determining maximum binding ability without further
hindering enzymatic activity. Maximum efficiency for enzyme-
to-support binding was verified at low enzyme loadings and
the saturation point was confirmed at a weight ratio of 0.02.
Ideal operating conditions were evaluated for pH and thermal
stabilities. The optimum pH shifted from 4.0 to 5.0 after immo-
bilization and the optimum temperature was 50 °C. Immobilized
cellulase was demonstrated to have a marginal increase in sta-
bility over a wider range of temperatures as compared to free
enzyme.

The reusability of the immobilized cellulase complex was
assessed and was capable of withstanding six recycles while still
retaining residual activity. The majority of activity loss (47.5%)
occurred following the initial hydrolysis reaction and suffered a
more gradual decline across the ensuing recycles. The activity of
immobilized enzyme was determined to be 30.2% of the corre-
sponding free enzyme activity.

Successful optimization of cellulase-bound nanoparticles
achieved in this study could prove to have profound benefits for
the ethanol industry. Future work would benefit from analyz-
ing the superparamagnetic properties of the nanoparticles and
determining the effects of binding on saturation magnetization. A
more in-depth analysis of the nature of cellulase enzymes during
hydrolytic reactions would also prove to be highly beneficial. One
suggestion would be to determine individual sugar concentrations
(i.e. glucose, cellobiose, and other polysaccharides) throughout the

reactions in order to better understand the activities of each spe-
cific enzyme involved within the cellulase system. Future studies
could also determine applications for recovering the immobilized
enzymes after processing of cellulosic materials and offer a more
economical approach for ethanol production.
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