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Abstract: The immobilization of enzymes to magnetic nanoparticles facilitates the recovery
and reuse of the enzyme, which mitigates the financial burden of enzyme use. Particles are
typically modified to enhance enzyme immobilization. However, the modification of
magnetic nanoparticles alters the magnetic properties of the particles which may diminish the
particle recovery and therefore decrease the efficiency of magnetically recycled catalysts. In
this work, magnetic nanoparticles were synthesized and modified with varying amounts of an
aminosilane. B-Glucosidase, an enzyme relevant for bioethanol production, was immobilized
on the particles. The enzyme immobilized particles were subjected to a recycling experiment,
where the activity and particle loss during recycling were quantified. The particle loss was
~2% x cycle! and was not dependent upon the extent of aminosilane modification. The
activity loss x cycle! was ~3% and did not depend on the extent of aminosilane modification
but was proportional to the particle loss. The results from this study suggest that increasing
the recovery of the magnetic nanoparticles will decrease the loss of recycled enzyme activity.
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1. Introduction

Enzymes possess many desirable traits as
catalysts in the industrial sector. Enzymes
have high selectivity, operate in relatively
benign solutions, and require low energy
input [1]. However, enzymes can account for
~48% of the value of the product [2], which
may hinder the use of enzymes in specific
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sectors. The financial burden of enzyme use
is mitigated when the enzymes are recovered
and reused for multiple production cycles.
Immobilizing enzymes to solid supports
enable for the recovery and reuse of the
enzymes, thereby reducing their financial
impact [3,4].
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Nanoparticles (NPs) are routinely used as
supports for enzyme immobilization, be-
cause they do not suffer from appreciable
mass transport limitations, they can be
readily modified to facilitate immobilization
and they have a high surface area, enabling
the immobilization of an abundance of en-
zyme [1]. Magnetic nanoparticles (MNPs)
have the additional benefit of being readily
separated from bulk solution by the appli-
cation of an external magnetic field. This ease
of MNP recovery has led to their use in
several studies as supports for enzyme
immobilization [5-7].

MNPs are modified with agents to introduce
functional groups that promote enzyme im-
mobilization. Amines are routinely intro-
duced to MNP surfaces, as the amine can be
activated to covalently bind enzymes [8].
Amines can be introduced to the MNP sur-
face by the condensation of 3-aminopropyl
triethoxysilane (APTES). The amine density
on the MNP is correlated with the APTES
concentration used during the modification
step, which is pivotal in controlling the
enzyme density on the MNP. It is therefore
desirable to have MNPs with a high APTES
density for the immobilization of large
quantities of enzyme.

The financial impact of inactivated enzymes
can be minimized when the enzymes
maintain high activity throughout subse-
quent catalytic cycles. Immobilized enzymes
will denature during use, which reduces the
activity when reused. MNPs with high
APTES densities are able to form multiple
interactions with the immobilized enzyme
and stabilize the enzyme conformation,
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which hinders inactivation [9,10]. A chal-
lenge with APTES modification of MNPs, is
that nonmagnetic modifications lower the
MNP magnetic susceptibility [11-14] and
may reduce the MNP recovery. Incomplete
MNP recovery lowers the quantity of cat-
alyst for subsequent production cycles, as
immobilized enzyme is lost along with
unrecovered MNP. This loss of catalyst
would lead to lower subsequent production
yields, from reduced catalytic activity when
reused.

To the authors’ knowledge, there are no re-
ports that simultaneously explore how MNP
recovery and recovered enzyme activity are
affected by the extent of APTES modi-
fication. In this work, the MNP loss and ac-
tivity loss were studied as a function of
APTES modification extent. Specifically,
MNPs were modified with different den-
sities of APTES and then p-glucosidase
(BGL) was immobilized to the APTES mod-
ified MNPs. BGL is an industrially relevant
enzyme utilized for the production of bio-
ethanol from cellulose [15]. To assess how
the extent of BGL immobilization affects
activity and particle recovery, the quantity of
BGL used for immobilization was varied to
create particles with a low or high BGL
loading. The BGL immobilized MNPs were
subjected to a recycling experiment where
the loss of MNPs and the activity during
recycling was studied. Neither the MNP nor
activity loss during recycling correlated with
the extent of APTES modification. The re-
sults of this study indicate that the loss in
immobilized BGL activity is primarily
caused by incomplete MNP recovery.
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2. Experimental Methods

Materials

Water with an electrical resistance of 18 MQ
was used for all experiments. Iron (III)
chloride hexahydrate (FeCl;-6H>0) and glu-
taraldehyde (50%) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Iron
(IT) chloride tetrahydrate (FeCly'4H>0), 4-
nitrophenyl-B-D-glucopyranoside  (pNPQ),
and 3-aminopropyltriethoxysilane (APTES)
were purchased from Acros Organics (Geel,
Belgium). BGL from almonds, used as re-
ceived, was purchased from GoldBio (St
Louis, MO, USA). Copper (II) sulfate pen-
tahydrate (CuSO4-5H>0), sodium acetate,

sodium carbonate, sodium bicarbonate,
sodium monohydrogen phosphate, sodium
dihydrogen phosphate, ammonium hydrox-
ide (29%), trace-metal grade hydrochloric
acid and nitric acid and tetraethyl ortho-
silicate (TEOS) were purchased from Fisher
Scientific (Pittsburgh, PA, USA). Sodium
bicinchoninate (BCA), hexylamine, and 4-
nitrophenol were purchased from Tokyo
Chemical Industry (Portland, OR, USA). The
Fe standard was purchased from Spex
CertiPrep (Metuchen, NJ, USA).

Preparation and Modification of Iron Oxide Nanoparticles

MNPs were synthesized by the co-
precipitation of a 2:1 mole ratio of Fe** and
Fe** in an aqueous alkaline solution and
modified with TEOS, followed by APTES as
previously described [16]. In brief, a 47 mL
aqueous solution of Fe*" and Fe?" was heated
to 80 °C and degassed with N> for 30 min. To
the iron solution, 2.2 mL of ammonium

hydroxide was added dropwise at a rate of 0.5
mL/min and left to stir at 80 °C under N>
atmosphere for 1 hr. The black precipitate
was collected by magnetic decantation,
washed twice with degassed H>O and three
times with ethanol.

Figure 1. Modification of MNPs. MNPs were initially coated with TEOS, then
subsequently modified with varying extents of APTES. Lastly, BGL was immobilized to the
APTES modified MNPs.
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The prepared MNPs were then modified with
TEOS and APTES as displayed in Figure 1.
For TEOS modification, 1 mL of the washed
MNPs was added to 7.8 mL ethanol, and 0.3
mL of TEOS. The hydrolysis was initiated by
the rapid addition of 0.9 mL of 29%
ammonium hydroxide and left to react at 350
RPM for 15 hours. The TEOS modified
MNPs (MNP-TEOS) were washed three
times with ethanol and reconstituted in 15, 30
or 300 mM APTES, hereafter referred to as
MNP-TEOS-APTES-15, MNP-TEOS-
APTES-30, or MNP-TEOS-APTES-300,
respectively.  The  MNP-TEOS-APTES
mixtures were placed on a shaker set at 350
rpm, at room temperature, and allowed to
react overnight. The MNP-TEOS-APTES
particles were then washed three times in
ethanol and dried overnight in a vacuum oven

Immobilization Percent =

where C;jis the initial concentration of the
BGL solution, Vi is the initial volume of
solution, Cs is the concentration of the

Activity Assay and MNP Loss

The BGL activity was quantified using pNPG
as a model substrate, measuring the 4-
nitrophenol produced after 15 min at 37 °C.
The MNP-TEOS-APTES-BGLs were gently
mixed and diluted to 0.16 mg/mL in 10 mM
acetate pH 5.0 to a volume of 750 pL. The
kinetic assay was initiated by the addition of
250 pL of 5 mM pNPG in 10 mM acetate pH
5.0 to the samples, which were then placed on
a shaker at 350 RPM at 37 °C. After 15 min,
the MNP-TEOS-APTES-BGLs were mag-
netically separated for 2 min; the supernatant
was removed and split into two aliquots. The
2-minute magnetic separation time was
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at 60 °C and analyzed using an iS20 ATR-
FTIR (Thermo Fisher, Waltham, MA, USA).
The MNP-TEOS-APTES were then reacted
with glutaraldehyde, which served as a
covalent linker between the terminal amine
on APTES and primary amines in BGL. A 1
mg/mL MNP solution containing 10 mM
phosphate, and 20 mM glutaraldehyde pH 7.4
was created. The solution was placed on a
shaker at 350 RPM for 2 hr. After two hours,
the MNPs were washed three times into 10
mM acetate pH 5.0 solution containing 0.1 or
1 mg/mL BGL to create particles with a low
or high BGL loading, respectively. The BGL-
modified MNPs (MNP-TEOS-APTES-BGL)
were washed with 10 mM acetate pH 5.0
three times to remove unbound biomolecules.
The quantity of immobilized BGL was
determined indirectly by mass balance
according to equation 1.

CiVi—CsVs

x 100 (1)

ivi

supernatant and Vs is the volume of the
supernatant.

chosen as all the particles were visually
observed to be collected within ~20 seconds.
One aliquot was added to 200 mM sodium
carbonate at a 2:1 volume ratio, and the
concentration of 4-nitrophenol determined by
measuring the absorbance at 400 nm. The
second aliquot was placed in a vacuum oven
at 60 °C until dry for analysis by ICP-OES.

Additional cycles of the kinetic assay were
performed using the previously used MNP-
TEOS-APTES-BGLs. A scheme for the
recycling of MNP-TEOS-APTES-BGLs for
repeated cycles is shown in Figure 2.
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Figure 2. MNP-TEOS-APTES-BGL Recycling Scheme. A) MNP-TEOS-APTES-BGL
hydrolyzing cellulose. B) MNP-TEOS-APTES-BGL magnetically separated from bulk. C)
Supernatant collected to quantify MNP-TEOS-APTES-BGL loss and BGL activity. D)
MNP-TEOS-APTES-BGL washed, fresh substrate added to begin new hydrolysis cycle.

The additional cycles were initiated by
washing the MNPs once with 10 mM acetate
and adding pNPG substrate. The enzyme
activity for subsequent cycles was norm-
alized to the activity of the first cycle, and the
difference in activity percent for each cycle
calculated to determine the activity loss
percent.

3. Results and Discussion

MNP Synthesis and Modification

The magnetic nanoparticles were synthesized
by the co-precipitation of Fe**/Fe?* at a 2:1
mole ratio by the addition of NH4OH. The
synthesis yielded a black precipitate that was
readily separated from bulk solution by a
handheld neodymium permanent magnet.
The handheld neodymium magnet with a 151
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The quantity of Fe loss during magnetic
separation was determined by ICP-OES and
assumed to be indicative of MNP-TEOS-
APTES-BGLs not recovered during
magnetic separation. The dried supernatants
were digested in trace metal grade nitric acid
at 60 °C for 4 hours. The digested samples
were then diluted in 2% nitric acid and
analyzed by an Agilent 700 ICP-OES.

pound pull down force was used for the
collection of MNPs throughout this study.
The synthesized product was modified with
TEOS and subsequently APTES. The FTIR
spectra for the MNP-TEOS and MNP-TEOS-
APTES particles are shown in Figure 3.
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Figure 3. FTIR of MNP (black), MNP-TEOS (red), MNP-TEOS-APTES (blue) and

MNP-TEOS-APTES-BGL (green). The spectra are offset for clarity. The peaks at 554,

1059 and 1539 cm! correspond to the Fe-O from the MNP, the silica from TEOS and the
amide bond from BGL, respectively.

The MNPs possessed a peak at 554 cm!,
which is characteristic of the Fe-O bond, and
another asymmetric peak at 1059 cm™!, which
is indicative of the Si-Fe-Si [17,18]. The
MNP-TEOS-APTES particles displayed the
same peaks at 554 and 1059 cm’!, however
we did not observe a peak corresponding to
the terminal amine in APTES at 1530 cm™.

BGL Immobilization

The MNP-TEOS-APTES particles were
reacted with glutaraldehyde and subse-
quently with BGL. Glutaraldehyde acts as a
linker forming covalent bonds between the

terminal amine in APTES and a primary
amine in BGL [8]. The BGL immobilization

© The AIC 2023. All rights reserved.

The intensity of the amine peak is
proportional to the APTES density on the
MNP-TEOS-APTES, and the APTES
densities obtained in this study were not
significant enough to contribute a prominent
FTIR peak. The BGL immobilized particles
had a prominent peak at 1539 cm™! which was
assigned to the peptide bond from BGL [19].

percent ranged from 32 to 77% and was
greater for particles with a low BGL loading
when a 0.1 mg/mL BGL concentration was
used for immobilization, as shown in Figure
4.
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Figure 4. Percent BGL Immobilized on MNP-TEOS-APTES. The [APTES] refers to the
[APTES] used for MNP modification. The BGL loading refers to the [BGL] used for
immobilization; the low and high loading refer to either a 0.1 or 1 mg/mL BGL solution.

The decrease in immobilization efficiency at
the high loading is interpreted initial BGL
which attaches to the particle first, sterically
hinders subsequent immobilization of adja-
cent binding sites.

While the presence of APTES was not
observed in the IR spectra, the differing BGL
immobilization yields between the different
APTES concentrations at the high loading
suggest that the APTES was present on the
MNP-TEOS-APTES  particles. Previous
work has identified that the APTES con-
centration used for MNP-TEOS modification

BGL Activity and MNP Loss

Immobilizing BGL to the MNP-TEOS-
APTES permits the capture and reuse of the
enzyme. Recovery and reuse of enzymes is
practical when immobilization to the particle
is efficient, the enzyme maintains activity for

© The AIC 2023. All rights reserved.

is proportional to the APTES density on the
MNP-TEOS-APTES particles [16]. While
the APTES density on the MNP-TEOS-
APTES was not determined in this work, the
correlation between the APTES con-
centration and BGL immobilization yield
suggests that the different MNPs have
differing APTES densities. At the high
loading, MNP-TEOS-APTES-30 and MNP-
TEOS-APTES-300 had similar BGL
immobilization yields, 51 and 56%, which
suggests the particle surface is approaching
saturation with BGL.

subsequent catalytic cycles, and when an
abundance of enzyme is immobilized to the
MNP. To promote BGL immobilization, the
MNP-TEOSs are routinely modified with
APTES. However, the APTES modification
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of MNP-TEOSs lowers the magnetic sus-
ceptibility of the MNP, which may lessen the
recovery of the MNP-TEOS-APTES be-
tween catalytic cycles. Incomplete recovery
of MNP-TEOS-APTES-BGL would reduce
the quantity of BGL for subsequent catalytic
cycles and be observed as a reduction in
activity for future cycles. To assess how the
extents of APTES modification altered MNP-
TEOS-APTES-BGL recovery, the MNP-
TEOS-APTES-BGLs were subjected to a

recycling study. The MNP-TEOS-APTES-
BGLs were subjected to five catalytic cycles.
Between each cycle, the MNP-TEOS-
APTES-BGLs were magnetically separated
and the supernatants collected. The super-
natants were analyzed by ICP-OES to quan-
tify the Fe concentration. The Fe in the super-
natants was assumed to be unrecovered par-
ticles lost during washing between catalytic
cycles.
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Figure 5. Particle and Activity Loss During Reuse for Particles with a Low BGL

Loading (A and B) or a High BGL Loading (C and D). The [APTES] refers to the

[APTES] used for MNP modification. BGL activity was measured following a 15 min
hydrolysis step at 37 °C in 10 mM acetate buffer pH 5.0.

The particle loss and activity loss per cycle
are shown in Figure 5, while the average

particle and activity loss are shown in Figure
6.
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The average particle loss for each cycle was
~2% relative to the initial Fe concentration.
Neither the extent of APTES modification
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nor the BGL loading had a significant effect
on the particle loss x cycle! as identified by
two-way ANOVAs at the 95% confidence
interval. These results were surprising as
MNP modification is known to decrease the
magnetic susceptibility [12], with the extent
of MNP modification correlating to the

decrease in magnetization [20]. However, the
obtained APTES densities in this work for
MNP-TEOS-APTES-15, MNP-TEOS-
APTES-30 and MNP-TEOS-APTES-300
may be too similar to cause observable
differences in magnetic susceptibility.

= MNP Loss

A.
High BGL Loading * Activity Loss
‘I_(D
© 10 -
>
(&)
X
X
2 °
(e}
|
O-I ! T T
0 0.1 02 03
[APTES] (M)
B. = MNP Loss
Low BGL Loading » Activity Loss
‘Td)
© 10 -
>
X
L
2 ° %
o
|
j +
0'. ' ' ' ' |
0 0.1 0.2 03
[APTES] (M)

Figure 6. Average Particle Loss (black square) and Average Activity Loss (red circle)
During Recycling for High BGL Loading (A) and Low BGL Loading (B).
The [APTES] refers to the [APTES] used for MNP modification. BGL activity was
measured following a 15 min hydrolysis step at 37 °C in 10 mM acetate buffer pH 5.0. Avg
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+ 1 SD.
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The immobilized BGL activity decreases
upon use due to incomplete particle recovery
and enzyme denaturation. The average
activity decrease between catalytic cycles
ranged from ~0 to 8% per cycle as shown in
Figure 6. Neither the extent of APTES
modification nor the BGL loading had a
significant effect on the activity loss as
observed by a two-way ANOVA at the 95%
confidence interval. The activity loss per
cycle obtained in this study agree with
previously reported values of BGL activity
loss ranging from ~4 to 6% per cycle [21].

An additional goal of this work was to
explore how MNP-TEOS-APTES-BGL loss
correlated with activity loss during recycling.
The two reasons for activity loss during
recycling are loss of the particles and enzyme
denaturation. We therefore assumed that the
total activity loss during recycling was the
sum of the enzyme which denatured and the
MNPs which were unrecovered. We
analyzed the activity loss and particle loss
data using an ANOVA which found no
significant difference between the particle
and activity loss x cycle! at the 95%

4. Conclusions

The immobilization of enzymes to MNPs
enables the recovery and reuse of BGL. The
low protein loading had the highest
immobilization efficiency; therefore, im-
mobilization should be performed at the low
loading to reduce the financial cost of
immobilized BGL. The activity of the
recovered enzyme is diminished as the
enzyme denatures and due to incomplete
recovery MNP. However, low particle

© The AIC 2023. All rights reserved.

confidence interval. This result suggests that
that the loss of particles during magnetic
separation is the prime contributor to activity
loss during recycling, as unrecovered MNP-
TEOS-APTES-BGL cannot participate in
subsequent in the hydrolysis of substrate.

The cause(s) of low particle recovery
observed in this study could not be elucidated
with the present data. However, it is possible
that magnetic susceptibility of the MNP-
TEOS-APTES-BGLs decreased during use.
The particles used in this study were
comprised of magnetite, Fe304. The magnetic
susceptibility —of magnetite  decreases
exponentially as the mole ratio of Fe¥*:Fe?"
deviates from a 2:1 ratio [22], creating a
challenge in aqueous applications of MNPs
as Fe?" rapidly oxidizes to Fe** in water [23].
It is possible that oxidation of Fe*' in the
particles lowered their recovery during the
recycling experiment. Future experiments
should quantify the Fe’*/Fe** ratio in the
recovered MNP-TEOS-APTES-BGLs and in
the supernatants to identify if Fe oxidation is
the cause of MNP-TEOS-APTES-BGL loss.

recovery is the main determinant in activity
loss between catalytic cycles. Further,
particle recovery is not affected by the extent
of APTES modification nor the protein
loading. These results suggest that particle
recovery must be optimized to increase the
retained activity of recycled catalysts, a
pivotal parameter for the industrial use of
enzymes immobilized to MNPs.
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