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Abstract: Bioethanol produced from inedible biomass has the potential to curtail
emissions, maximize usage of agricultural/urban waste and be a renewable energy
source. Hydrolyzing cellulose to glucose is a critical step in the production of
bioethanol from inedible biomass and can be accomplished through the use of enzymes,
cellulases, which hydrolyze cellulose into sugars that are subsequently fermented into
ethanol. To diminish the economic impact cellulases impart on the production of
bioethanol, cellulases can be immobilized to magnetic nanoparticles enabling their
separation and reuse. The functional group and biomolecule density on nanoparticles
are intertwining variables that affect the specific activity of immobilized enzymes, a
pivotal parameter that need be maximized for an industrial catalyst. This work presents
the findings of how functional group and biomolecule density on silica-coated iron
oxide nanoparticles relate to the activity of adsorbed cellulases. The adsorption percent
correlated to increasing functional group density, while the specific activity was
inversely proportional to functional group density. At high functional group densities,
the increase in immobilization led to a greater recovery of activity. The results conclude
that adsorbing cellulase from dilute solutions to particles with high functional group
densities displayed the greatest efficiency for adsorbing cellulases.
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1. Introduction
There is a critical need to develop sidic bonds [1]. Bioethanol derived from
sustainable energy sources. Lignocel- cellulose can be a sustainable energy
lulose is the most abundant renewable source but requires extensive processing
resource and is ~45% cellulose, a poly- to hydrolyze the cellulose into glucose
mer of D-glucose linked by B-1,4-glyco- prior to fermentation into bioethanol.
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Cellulose hydrolysis can be performed
through chemical or enzymatic methods
to yield fermentable sugars. Enzymatic
hydrolysis of cellulose, using cellulases,
has the advantage over non-enzymatic
methods as the cellulases operate at
gentle temperatures, meaning enzymatic
hydrolysis necessitates a lower energy
input compared to alternative chemical
hydrolysis methods. However, cellulases
contribute an appreciable cost to the
production of bioethanol which has
hindered widespread adoption of
enzymatic hydrolysis of cellulose [2,3].
Therefore, lowering the economic cost of
cellulases will lead to commercialization
of bioethanol from cellulose.

Immobilizing enzymes on solid supports
facilitates their separation from product
and enables reuse of the enzyme. The
chemistry of the support material and
method of biomolecule immobilization
affect the properties of the immobilized
catalyst. There are several types of
support being studied for cellulase
immobilization such as metal-organic
frameworks [4], organic supports [5], and
inorganic supports [6]. However, mag-
netic nanoparticle (MNP) supports facil-
itate rapid recovery of immobilized
catalyst by application of an external
magnetic field. The ease with which
MNPs can be separated and reused has
led to their study as support for cellulase
immobilization [7]. The most routine
methods of cellulase immobilization are
adsorption, covalent attachment, entrap-
ment, and crosslinking [8]. Each method
of immobilization offers unique advan-
tages, but adsorption is the simplest meth-
od requiring few reagents or steps.

Adsorption relies on nonspecific inter-

actions such as hydrophobic, electro-
static, and/or Van der Waals forces
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between the enzyme and support. Ad-
sorption, while simple, may lead to dele-
terious conformational changes of the
immobilized biomolecule altering bio-
molecule activity. Some command over
the adsorption process is obtained by
controlling the chemistry of the support
surface. Amine functional groups are
routinely introduced to supports to
enhance electrostatic interactions bet-
ween the support and biomolecule to
promote adsorption. A common regent
utilized to introduce amine functionality
to MNPs is (3-aminopropyl)-triethoxy-
silane (APTES) [9]. Varying the APTES
concentration during modification can be
used to introduce varying degrees of
amine functional groups [10], which af-
fects immobilized biomolecule densities.

The concentration of the biomolecule
solution utilized for immobilization also
effects adsorption, with increased adsorp-
tion occurring from concentrated bio-
molecule solutions [11] as the bulk
concentration determines the kinetics of
the immobilizations process [12].
Concentrated biomolecule solutions will
have biomolecules adsorb quickly with
close proximity to one another, and lead
to a dense protein layer. Slower ad-
sorption kinetics allows initially adsorbed
biomolecules time to undergo conform-
ational changes to maximize interactions
with the surface. Biomolecules that
“spread out” to maximize interactions
with the particle surface prevent ad-
sorption by later biomolecules and lower
biomolecule density occurs when ad-
sorbed from dilute solutions [12,13].

The surface chemistry and bulk bio-
molecule concentration jointly determine
the adsorption process which determine
immobilized quantities and may lead to
altered biomolecule activity. Reduced
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activity is observed at high immobilized
biomolecule densities due to steric hind-
rance imposed by adjacent molecules or
by conformational changes at low den-
sities as the biomolecule maximizes con-
tact with the surface [14,15]. It is there-
fore of great consequence to consider
both the bulk biomolecule concentration
used for adsorption, and the surface func-
tional group density jointly when optim-
izing an immobilization method to ensure
the support adsorbs an abundance of bio-
molecules in an active conformation.

Each biomolecule is unique, as will be its
interactions with the support [16]. There-
fore, the immobilization conditions need
be optimized for each biomolecule. In

2. Materials and Methods

Materials

Iron (II) chloride  hexahydrate
(FeCl3-:6H20) and glutaraldehyde (50%)
were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Iron (II) chloride
tetrahydrate (FeCl2-4H20), and 3-amino-
propyltriethoxysilane (APTES) were pur-
chased from Acros Organics (Geel,
Belgium). Cellulase from 7. reesei was
purchased from Abnova (Walnut, CA).
Copper  (II) sulfate  pentahydrate
(CuSO4-5H20), sodium acetate, sodium
carbonate, sodium bicarbonate, sodium

Synthesis and Modification of
Magnetic Particles

A 47 mL solution containing 60 and 30
mM of Fe® and Fe?", respectively, in 18
MQ H20 was heated to 80°C and de-
gassed with N2. After 30 min of degas-
sing, 2.2 mL of NH4OH was added
dropwise and allowed to react for 1 hr.
The black product was washed using
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this work MNPs with varying densities of
APTES were synthesized and adsorbed
with cellulases from two different bulk
concentrations. MNPs reacted with high
degrees of APTES had increased
cellulase adsorption levels, lower specific
activities, but higher activity recovery.
The cellulase adsorbed to MNPs from
dilute bulk solutions had markedly higher
immobilization efficiencies, and specific
activities, expressing a 4 to 30-fold en-
hancement in specific activity relative to
the free enzyme. These results express the
importance in adsorbing cellulases from
dilute bulk solutions to MNPs with high
APTES densities to ensure efficient im-
mobilization and recovery of cellulase
activity.

monohydrogen  phosphate,  sodium
dihydrogen phosphate, ammonium hy-
droxide (29%) and tetraethyl orthosilicate
(TEOS) were purchased from Fisher
Scientific (Pittsburgh, PA). Sodium bi-
cinchoninate (BCA), carboxymethyl cel-
lulose sodium salt n ~ 500 (CMC) was
purchased from Tokyo Chemical In-
dustry (Portland, USA). The 3,5-dini-
trosalicylic acid (DNS) was purchased
from Spectrum (New Brunswick, NJ).

degassed 18 MQ H20 three times
followed by three subsequent washes
with ethanol. The volume was brought to
53 mL with ethanol and 2 mL of 200 mM
TEOS was added. The hydrolysis of
TEOS was initiated by the addition of 5
mL NH4OH. The solution was placed on
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a shaker set at 25°C and 350 RPM
overnight.

The amine functional groups were intro-
duced to the MNPs by the condensation
of APTES. The TEOS modified MNPs
were washed with ethanol three times and
30 mg of MNP was added to a
scintillation vial containing 10 mL of 3-
300 mM APTES in ethanol. The vials
were placed on a shaker set at 25°C and
350 RPM for 12 hrs. After amine
modification, the MNPs were washed
three times with ethanol and dried in a
vacuum oven at 60°C overnight.

Enzyme Immobilization

The MNPs were dispersed in 10 mM
acetate buffer pH 5.0 at a concentration of
2 mg/mL. Cellulase in acetate buffer was
added to the MNPs ata 1:1 or 0.1:1 mass
ratio of cellulase to MNP. The 1:1 and
0.1:1 cellulase:MNP mass ratios are
subsequently referred to as either the high
or low loadings, respectively. The
MNP/cellulase solutions were placed on
a shaker set at 25 °C and 350 RPM for 2
hrs, after which the cellulase immobilized
MNPs were washed with acetate buffer

Enzyme Immobilzed % =

Activity Assay

The DNS assay was used to determine the
activity of the cellulase immobilized
MNPs using glucose as a standard. The
DNS solution contained 27 mM DNS, 0.5
M NaOH, 0.64 M sodium potassium tar-
trate, and 25 mM sodium metabisulfite. A
total of 200 puL of 0.8% (w/v) CMC in 10
mM acetate pH 5.0 was added to 200 pL
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A ninhydrin assay was performed to
determine the surface available amines on
the APTES modified particles [17]. In
brief, 1.5 mg of MNP was dispersed in
500 pL of 60% ethanol and 100 pl of 20
uM KCN in pyridine, 75 pL of 80% (v/v)
phenol in ethanol, and 75 pL of 0.5%
ninhydrin in ethanol were added. The
solutions were heated to 98°C for 15 min,
cooled to room temperature. MNPs were
magnetically  separated from  the
supernatant. The absorbance of the
supernatants was measured at 570 nm and
compared to a hexylamine standard.

three times. The supernatant from each
wash was collected and analyzed by the
BCA assay using BSA as a standard. The
amount of cellulase immobilized was
determined by mass balance and the
immobilization percent was determined
according to equation 1. where Ciis the
initial concentration of the cellulase
solution, Vi is the initial volume of
solution, Cs is the concentration of the
supernatant and Vs is the volume of the
supernatant.

CiVi—2 CsVs

x 100 (1)

ivi

of cellulase adsorbed MNPs or free
cellulase in 10 mM acetate pH 5.0. The
samples were placed on a shaker at 50°C
for 30 min, after which 200 pL of super-
natant was added to 500 pL of DNS
solution and boiled for 5 min. The boiled
samples were cooled to room temperature
and their absorbance measured at 540 nm.
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3. Results and Discussion

MNP Modification

MNPs were synthesized and reacted with
varying APTES/Fe mole ratios. APTES
contains a single primary amine, and the
solvent exposed amine density on the

0.0004 -

0.0002 1

s

MNPs was determined by the ninhydrin
assay. The surface amine density cor-
related to the APTES reactant mole ratio
as displayed in Figure 1.

0.000

NH, Density (mol NH,/g MNP)

0025  0.050

Mole Ratio (APTES/Fe)

Figure 1. Solvent Exposed Amines Immobilized on MNPs. The APTES/Fe mole
ratio refers to the reactant mole ratio. Avg + 1 S.D., n = 3, measured in triplicate.

However, the greatest surface amine
density was not observed at the highest
APTES/Fe mole ratio. APTES is capable
of forming a multilayer on a surface [18].
The ninhydrin assay quantifies solvent
accessible amines [17] and is insensitive
to amines buried in a multilayer or amines

Enzyme Immobilization
Cellulase was adsorbed to the modified
MNPs in 10 mM acetate pH 5.0 for 2 hrs

incubated at 25°C. The amount of cel-
lulase immobilized correlated to the
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that are inaccessible to solvent. The
decrease in solvent exposed amines on
the MNPs at the highest APTES density
is therefore interpreted as the devel-
opment of an APTES structures that have
an inaccessible amine group.

cellulase bulk concentration and APTES
density, while the immobilization effi-
ciency was dependent upon the APTES
density as shown in Figure 2.
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Figure 2. Cellulase Immobilized to MNPs. Immobilization was performed at a
1:1 MNP/cellulase mass ratio (high loading, black square) or a 0.1:1 mass ratio
(low loading, red circle) in 10 mM acetate pH 5.0 for 2 hrs at 25°C. The APTES/Fe
mole ratio refers to the reactant mole ratio. Avg = 1 S.D., n = 3, measured in

triplicate.

The results were anticipated as increasing
the APTES density and bulk protein
concentration shift the equilibria to favor
adsorption of additional biomolecules.
The MNPs appear to approach saturation
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with cellulase at 70 and 450 mg/g MNP
for the low and high loadings, res-
pectively. The difference in saturation
values between the two loadings may be
caused by different surface structures
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governed by different adsorption
processes between the different loadings.
At high biomolecule loadings, a greater
saturation value is expected as adsorbed
biomolecules form a densely packed
structures or form multilayers [11,19]. At
low biomolecule loadings, a lower
saturation value may be caused by ad-
sorbed biomolecule “spreading out” to

Activity Assay

The DNS assay was used to determine the
activity of the MNPs in 10 mM acetate
pH 5.0 at 50°C for 30 min using CMC as
a substrate. The activity was normalized
to the dry mass of MNPs and referred to
as particle activity. The particle activity
correlated to MNPs to the quantity of
cellulase adsorbed as displayed in Figure
3A. However, the amount of cellulase
adsorbed did not linearly correlate with
particle activity, as a sixfold increase in
cellulase adsorption at the high loading,
relative to the low loading, led to only a
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maximize favorable interactions with the
surface, thereby preventing adjacent
biomolecule adsorption on the surface
[11]. To elucidate whether adsorbed
biomolecules suffered deleterious con-
formational changes or steric hindrance
from adjacent biomolecules, the activity
of MNPs were assessed.

twofold increase in particle activity. The
nonlinear relationship between adsorbed
biomolecule quantity and particle activity
implies a change in specific activity.

To examine the changes in specific
activity, the particle activity was norm-
alized to the amount of enzyme im-
mobilized. The specific activity was in-
versely proportional to both the loading
density and APTES density as shown in
Figure 3B.
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Figure 3. Immobilized Cellulase Specific Activity. Activity was determined
using the DNS assay at 50°C in 10 mM acetate pH 5.0. The APTES/Fe mole ratio
refers to the reactant mole ratio. Avg £ 1 S.D., n = 3, measured in triplicate. The
solid line indicates the specific activity of the control free cellulase.

Interestingly, the immobilized cellulase
had up to a thirtyfold enhancement in
specific activity relative to the free
enzyme. The immobilized cellulase
specific activity was inversely related to
the APTES density, which ranged from
0.85 to 7.6 U/mg at the low loading and
is significantly different from the free
enzyme specific activity of 0.218 + 0.002
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U/mg at the 99% confidence interval as
determined by a one-way ANOVA with a
TUKEY HSD post-hoc test. The en-
hanced specific activity could be at-
tributed to favorable conformational
changes or an immobilized geometry that
favors interaction with the substrate.
Immobilized lipase exhibits up to a
twentyfold  hyperactivity as  the

Volume 94 Number 1 | The Chemist | Page 8



immobilized form adopts an open con-
formation with an exposed active site
[20]. The surface structure of the ad-
sorbed biomolecules in this work is un-
known. However, it is interpreted that the
biomolecules are crowded at the high
loading and high APTES densities and, as
a consequence, have reduced specific
activities. Crowding of biomolecules
would restrict their ability to interact with
substrate and/or restrict biomolecule
mobility needed for catalysis causing a
reduction in specific activity.

To quantitatively assess how the bulk
cellulase concentration and particle
APTES density intertwine to determine
the efficiency of the adsorption process,
the recovered cellulase activity for each
sample was calculated. The units of
immobilized activity were normalized to
the units of activity used during ad-
sorption to calculate the recovered act-
ivity as displayed in Figure 4.
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Figure 4. Recovered Cellulase Activity. The activity of immobilized cellulase
was normalized to the activity of the cellulase used for immobilization. Avg + 1

S.D., n =3, measured in triplicate.

The heightened specific activity and
immobilization percentage observed at
the low loading led to recovered activities
ranging from 127 to 163%, while the high
loading had recovered activities ranging
from 36 to 47%. The recovered activities
illustrate that increasing the APTES func-
tional groups on a surface may be
detrimental to the specific activity of
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immobilized biomolecules, but at high
APTES densities a greater recovery of
enzymatic activity occurs stemming from
the enhanced immobilization percentage.
The result from this study indicates
increasing the amount of APTES adhered
to the surface of the iron nanoparticle will
lead to the efficient recovery of catalyst

Volume 94 Number 1 | The Chemist | Page 9



activity, ultimately leading to lower costs
of bioethanol produced from cellulose.

4. Conclusion

In the present work, the recovered
activity and immobilization efficiency of
cellulases adsorbed to magnetic nano-
particles were explored. The APTES
functional group density and bulk bio-
molecule concentration used during
immobilization were inversely propor-
tional to the adsorbed biomolecule act-
ivity. However, the immobilization ef-
ficiency increased with APTES density,
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