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ABSTRACT. Here we report immobilization of glucose oxidase (GOx) on magnetic silica (Fe3O4-
Si02) and alumina (Fe304-Al203) functionalized with amino groups using glutaraldehyde as a
linker. Magnetic support based biocatalysts demonstrate high catalytic activity in D-glucose
oxidation to D-gluconic acid at pH 5-7.5 and temperature of 30-50°C with the best activities of
95% and 91% for magnetic silica and alumina, respectively. A comparison of magnetic and non-
magnetic alumina and silica shows a significant enhancement of the relative catalytic activity for
magnetic supports, while the silica based biocatalysts show a higher activity than the biocatalysts
based on alumina. A noticeably higher activity of GOx immobilized on magnetic supports is
explained by synergy of the GOx inherent activity and enzyme-like activity of iron oxide
nanoparticles, while the enhancement with silica based catalysts is most likely due to a larger pore
size and stronger Brgnsted acid sites. Excellent relative activity of Fe30s-SiO2-GOx (95% of native
GOx) in a tolerant pH and temperature range as well as high stability in a repeated use (6% relative

activity loss after five catalytic cycles) makes this catalyst promising for practical applications.



Introduction

Immobilized enzymes are widely employed in syntheses of various complex drugs and drug
intermediates under mild conditions without producing toxic side products. They are used in
remediation of polluted water, air and soil by efficient removal of persistent organic pollutants, in
disease diagnosis, and in correction of various genetic diseases due to the absence of metabolic
enzymes.'” There are numerous methods of the enzyme immobilization including a covalent
attachment via functional moieties,*® encapsulation inside polymer capsules further incased in
MOFs,’ entrapment of cross-linked enzyme aggregates in 3D ordered macroporous silica,® etc.

Oxidoreductases is a large class of enzymes that catalyze biological oxidation/reduction
reactions. The immobilized enzyme used on the industrial scale is glucose oxidase (GOx, EC
1.1.3.4, the family of oxygenases, the subclass of oxidoreductases).” GOx is utilized in glucose
biosensors for real time and in-situ measurements in the food industry and medicine. The
immobilization of GOx allows for the development of glucose biosensors with improved
durability, sensitivity, linear ranges and detection limits.!%!2 The other important application of
immobilized GOx is as biocatalyst to obtain D-gluconic acid (Scheme 1). D-gluconic acid and its
salts are employed as drugs, food supplements and additives, components of cleaning products,

etc. 13-14
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Scheme 1. Schematic representation of D-glucose oxidation to D-gluconic acid.

Chemical, biochemical, mechanical and kinetic properties of immobilized enzymes are
significantly governed by physical and chemical properties of supports used for enzyme
immobilization, making them major governing factors of biocatalysts.!> !> The support type plays
a key role in the properties of immobilized enzymes. The support surface must have good
geometrical complementarity to the enzyme shape and a sufficient surface density of functional
groups. The support functional groups for enzyme immobilization should be highly reactive, stable
and create minimal steric hindrances during the catalytic reaction.! 1>

For porous supports, high surface area critically affects the capacity for enzyme binding,
although at low pore sizes diffusion limitations could adversely affect the catalyst activity.'® Thus,
pore sizes should be controlled in order to optimize capacity and flow properties, while a

hydrophilic character of the support also governs the level of activity of an immobilized enzyme.?



Porous silica was shown to be an excellent support for enzyme immobilization due to high
surface area and easy functionalization with any moiety using commercially available silanes.!
There are numerous examples of immobilization of GOx and other enzymes of the oxidoreductase
family (for example, horseradish peroxidase, HRP) on silica-based carriers, such as mesoporous
silica.!% 172! Silica containing magnetic nanoparticles (NPs) has been also used to immobilize GOx
and HRP, generating magnetically recoverable catalysts.*% 2> Magnetically recoverable catalysts
allow for easy magnetic separation, energy savings as well as cheaper and more pure target
products.??3! An interesting example of magnetic organosilica nanoflowers was developed as a
magnetic support for lipase immobilization.3?-3* When these nanoflowers were incased in ZIF-8
MOFs, it allowed immobilization of different enzymes, for example penicillin G acylase and
catalase, demonstrating versatility of this support.>* The majority of the reported cases of the
oxidoreductase immobilization on silica based magnetic supports describes HPR, which is
normally attached to amino-functionalized silica via glutaraldehyde.* The highest relative activity
reported so far did not exceed 84.5% of native HPR.® To the best of our knowledge, the only
example of the GOx immobilized magnetically recoverable silica based catalyst was reported by
Yang et al., demonstrating 81% activity compared to that of the native enzyme.??

Mesoporous magnetic silica synthesized by the formation of iron oxide NPs in the silica pores
was reported by us and others as support or precursor for magnetically recoverable catalysts.3%37
Magnetic alumina is less common, but there are several examples in literature where iron oxide
was formed in the pores of mesoporous alumina, showing their utility in catalysis.*** In this paper
we report GOx immobilization on mesoporous magnetic silica (Fe30s-Si02) and alumina (Fe3Os-
AL0O3) via a modification first by (3-aminopropyl)triethoxysilane to place amino groups on the

surface and then by glutaraldehyde to create aldehyde moieties for the easy GOx attachment. The



advantages of these magnetic supports are (i) their robustness, (ii) commercial availability of
inexpensive parent materials (mesoporous alumina and silica) and (iii) a facile synthesis of the
iron oxide NPs via thermal decomposition of inexpensive iron nitrate, incorporated by
impregnation. Magnetically recoverable biocatalysts developed displayed the higher catalytic
activity in D-glucose oxidation to D-gluconic acid compared to GOx immobilized on parent
alumina and silica. Assessing the influence of the support components on catalytic properties, we
demonstrate a strong correlation between the support structure and properties and reveal synergy

from the combination of GOx and iron oxide in the biocatalyst.

Experimental

Materials
Iron (III) nitrate nonahydrate (98%), ammonium hydroxide solution (28%), silica gel (99%, 6

nm, 200-425 mesh), aluminum oxide (5.8 nm, 150 mesh), D-glucose (99.5%), glucose oxidase
lyophilized powder (Aspergillus niger, 174.9 U/mg), glutaraldehyde solution (GA, 25%) and
phosphate buffered saline (PBS buffer) were purchased from Sigma-Aldrich and used as received.
APTES ((3-aminopropyl)triethoxysilane, 98%) was purchased from Fluka and used without
purification. Ethylene glycol (EG, 99.5%) was purchased from TCI and used without purification.

Ethanol was received from Pharmco-Aaper and used as received.

Synthesis of magnetic silica and alumina
Fe304-SiO2 was synthesized following the procedure described elsewhere.?> Fe304-A1O3 was

synthesized using a modified procedure. In a typical experiment, 2.5 g of aluminum oxide and 0.03
mL of the ammonium hydroxide solution (28%) was stirred in 10 mL of deionized water for 12
hours, separated by bench-top centrifugation at 4000 rpm and then washed five times with water,

using centrifugation to remove a supernatant. Then treated alumina was added to 10 mL of the



ethanol solution containing 2.0 g of Fe(NO3);x9H>0 (5 mmol), stirred for 24 hours and then
allowed to air dry at room temperature upon stirring. The resulting powder was mixed with 70
drops of EG and placed in a ceramic boat, which was then heated in a tube furnace under argon at
250 °C for 6 h with a heating rate of 2 °C/min. After cooling, the sample was ground into a fine
powder with a mortar and pestle. The powder was washed five times in acetone using magnetic

separation with a permanent magnet and then dried.

Functionalization with APTES
Magnetic silica/alumina (0.3 g) was suspended in 8 mL of the APTES aqueous solution. For the

preparation of this solution, glacial acetic acid was added to 10 mL of water until pH 4 was reached.
Then 8 mL of the acidified water was mixed with 0.8 mL of APTES and used to suspend the
support. After that, 4 mL of glycerol were added. The reaction was carried out under stirring at 90
°C for 5 h. Then, the support was washed with water (three times) and methanol (five times) and

dried in a vacuum oven overnight.

Attachment of GA and GOx
The dry Fe304-Si02/A1203-APTES sample (0.10 g) was added to 20 mL of glutaraldehyde (GA)

solution in the PBS buffer and stirred for 1 h. To prepare the GA solution, 0.08 mL of 25% GA in
water were mixed with 20 mL of the PBS buffer at pH 7.0. The support functionalized with GA
was magnetically separated and washed with water five times. At the same time, 10 mg of GOx
were incubated and stirred in 20 mL of the PBS buffer for 1 h. The GOx solution was added to the
GA functionalized support and stirred for 1 h. Then the biocatalyst was magnetically separated.
The amount of GOx attached was evaluated determining immobilization coefficient (IC)**:
IC = (Co-C1)/Co x 100% (1)
where Cy is the initial GOx amount (ug/mL) and C; is the GOx amount (ug/mL) in the filtrate after

immobilization and the biocatalyst magnetic separation. The amount of GOx in the solution before



and after immobilization was determined via the activity in the D-glucose oxidation, considering

that in all experiments the initial GOx activity was 174.9 U/mg.

Characterization
Electron-transparent specimens for transmission electron microscopy (TEM) were prepared by

placing a drop of a sample suspension onto a carbon-coated Cu grid. Images were acquired at an
accelerating voltage of 80 kV on a JEOL JEM1010 transmission electron microscope.

X-ray powder diffraction (XRD) patterns were collected on an Empyrean from PANalytical. X-
rays were generated from a copper target with a scattering wavelength of 1.54 °A. The step size of
the experiment was 0.02.

Nitrogen adsorption measurements were carried out at liquid nitrogen temperature on an ASAP
2020 analyzer from Micromeritics. Samples were degassed at 100 °C in vacuum. The total surface
area was estimated by the Brunauer—Emmett—Teller (BET) method, while the pore size distribution
was determined by the Barrett—Joyner—Halenda (BJH) method using desorption.

X-ray photoelectron spectroscopy (XPS) experiments were performed using PHI Versa Probe
IT instrument equipped with a monochromatic Al K(alpha) source. The X-ray power of 25 W at 15
kV was used for a 100 micron beam size. The instrument work function was calibrated to give a
binding energy (BE) of 84.0 eV for the Au 4f7/2 line for metallic gold, and the spectrometer
dispersion was adjusted to give BEs of 284.8 eV, 932.7 eV and of 368.3 eV for the C 1s line of
adventitious (aliphatic) carbon present on the non-sputtered samples, Cu 2p3/2 and Ag 3d5/2
photoemission lines, respectively. The PHI double charge compensation system was used on all
samples. The ultimate Versa Probe II instrumental resolution was determined to be better than
0.125 eV using the Fermi edge of the valence band for metallic silver. XPS spectra with an energy
step of 0.1 eV were recorded using software SmartSoft—XPS v2.0 and processed using PHI

MultiPack v9.0 and/or CasaXPS v.2.3.14 at the pass energies of 93.9 eV and 23.5 eV, for Fe 2p



and C 1s, regions, respectively. Peaks were fitted using GL line shapes a combination of Gaussians
and Lorentzians with 10-50% of Lorentzian content. A Shirley background was used for curve-
fitting. The samples were prepared by placing the powder on a native surface of a Si wafer.

Thermal gravimetric analysis (TGA) was performed on TGAQ5000 IR (TA Instruments, Inc.)
placing ~5 mg of the powder in platinum pans. The experiments were carried upon heating to 550
°C atarate of 10.0 °C/min. The calculation of the APTES residue surface density was carried using
the following equation (2):

APTES _ (P1—P,)

= @)

nm?2 100+*MW gmino propyl*SAbase

where P; and P: are the weight losses (%) of the samples before and after modification with
APTES, respectively, taken at 550 °C, MW amino propyl is the molecular weight of the amino propyl
group of APTES (58.1 g/mol), and SAvase is the surface area (nm?/g) of the unmodified support.
The weight loss of each sample was normalized for the percentage of adsorbed water lost by
heating to 200°C.

The diffuse reflectance infrared Fourier transform spectra (DRIFTS) were recorded at room
temperature with a Nicolet 460 Protégé spectrometer equipped with a diffuse reflectance
attachment. The catalysts were placed in an ampoule supplied with a KBr window. Before FTIR
spectra collection, all samples were treated in vacuum at 400 °C for 2 h. To obtain a satisfactory
signal-to-noise ratio, 500 scans were collected per spectrum. The spectra were measured from 400
to 6000 cm™! with a resolution of 4 cm™'. The probe molecules for acid sites (CD3CN) and for basic
sites (CCI3D) were adsorbed at room temperature and saturated vapor pressures of 96 and 140

Torr, respectively.



Biocatalyst activity assays
D-glucose oxidation was carried out at atmospheric pressure in the temperature range of 30 - 60

°C in a double-jacketed three-neck round-bottom flask equipped with a gas inlet, overhead stirrer,
and a reflux condenser, serving as gas outlet. The reaction temperature was maintained by
circulating a heating medium in the flask jacket. After reaching the required temperature, 15 mL
of the 0.1 M PBS buffer (pH 6.0), 10 mg of D-glucose and 0.11 g of the biocatalyst were loaded
in the flask and kept stirring for 60 min. Oxygen with a feeding rate of 440 — 450 mL/min was
used as oxidant. After the reaction, the catalyst was separated with a rare-earth magnet and the
reaction mixture was analyzed using HPLC, UltiMate 3000 (ChromaTech, Russia) equipped with
a refractometer detector and a ReproGel H Column (500x10 mm, NTP 160000). The H2SO4
solution (9 mM) was used as eluent at the 0.5 mL/min rate for 30 min at the eluent pressure of 6.5
kPa and the column temperature of 250°C. Pure D-gluconic acid was used for the product
identification because selectivity of the process is 100%.
The catalytic activity (A) was quantified using Eq. (3):%

_ Gly
~ ([GOx]XV xT) (3)

A
where G/, is the amount of D-glucose (mmol) reacted, /GOx/ is the amount (mg) of native or
immobilized GOx, V is the volume of the reaction solution (mL), and 7 is the reaction time (60

min in all experiments).

The relative activity of biocatalysts was calculated from the formula (4):
AlE
R=—%x100% 4)
Ag
where A is the activity of immobilized GOx and Ao is the activity of native GOx.!718

The Michaelis constant (K») and maximum rate (Vmax) were determined by measuring the initial

reaction rates of free and immobilized GOx using different concentrations of D-glucose in the PBS
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buffer (3.8-380 mM, pH 6.0) at 40 °C. The variation in the D-glucose oxidation rate as a function

of the D-glucose concentration was described by the Michaelis—Menten model.*7-4

Result and discussion
Magnetic supports

To synthesize magnetic silica (Fe304-S102), we used commercial mesoporous silica with 6 nm
pores, forming iron oxide NPs in the pores.*-37 A typical TEM image and XRD pattern of Fe30s-

SiO2 are presented in Figure 1.
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Figure 1. TEM image (a) and XRD pattern (b) of Fe304-SiO2. Inset in (a) shows a higher

magnification image. Red arrows indicate iron oxide NPs.

The TEM image displays the presence of NPs in the silica pores, however, a low electron contrast
between iron oxide and silica does not allow reliable NP size measurements. The XRD pattern
shows a broad reflection around 22° two theta which is assigned to amorphous silica as well as a
set of sharper Bragg reflections whose intensity and positions are typical of spinel (magnetite,
Fe304, or maghemite, y-Fe203).4° In the case of NPs, these two phases are indistinguishable due to

line broadening however. The average crystallite size calculated from the Scherrer equation for
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the (311) reflection is 12.7 nm. It is noteworthy that from the TEM image iron oxide NPs appear
to fit the silica pores (4-8 nm, see Figure S1, the Supporting Information, SI), revealing that several
NPs are fused together in the oriented attachment manner,>° forming larger single crystals.

For the synthesis of magnetic alumina, we used a similar approach utilizing commercially
available mesoporous alumina. However, this resulted in a very low incorporation of iron species
which could be assigned to low basicity of alumina which has a pH 6 in water. To implement
negative charges which would be beneficial for incorporation of Fe* ions, commercial alumina
was treated with 0.1 M solution of NH4OH for 12 hours. This treatment allowed for efficient
incorporation of iron species and the formation of iron oxide NPs. The TEM image and XRD

pattern of magnetic alumina are presented in Figure 2.
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Figure 2. TEM image (a) and XRD pattern (b) of Fe30s-Al20s. Inset in (a) shows a higher

magnification image. Red arrows indicate iron oxide NPs.

The TEM image shows a porous material with small NPs inside the pores. The XRD pattern is
complicated due to crystallinity of parent alumina. It shows a set of reflections (notated in black)
which can be assigned to y-A1203°!? as well as several (partially overlapping) reflections which

can be ascribed to spinel. The iron oxide crystallite size obtained using the Scherrer equation for

12



the (511) reflection (non-overlapping) is 15.6 nm. Again, the magnetite nanocrystals are much
larger than the pore size (~4.5 nm, see Figure S2, SI), indicating NP fusion inside the pore with
the formation of larger single crystals.

To assess the composition of magnetic silica and alumina and the oxidation state of iron, the
XPS measurements were carried out for Fe304-Si02 and Fe304-Al203 (Fig. S3, Tables S1 and S2
and the text underneath, SI). Similar to our preceding work, both magnetic silica and alumina
contain magnetite NPs.33-3¢

Liquid nitrogen adsorption measurements were utilized to estimate porosity of Fe304-Si02 and
Fe304-Al20s (Figures S1 and S2, SI). The adsorption-desorption isotherms (Fig. S1, SI) are type
IV, which is typical for mesoporous materials.>® The BET surface areas are 304 m?/g and 106 m?/g
for Fe304-Si02 and Fe304-Al203, respectively. For magnetic silica, it shows a decrease of the
surface area by ~34% compared to that of parent silica (458 m?/g), while for magnetic alumina, it
is ~23% reduction compared to parent alumina (133 m?/g). The pore size distribution for Fe3Oa-
S102, shows a broad maximum at ~6 nm, which is close to that of parent silica (Fig. S1, SI). This
indicates that Fe3sO4 NPs obstruct only smaller mesopores, residing in the pore junctions. In the

case of Fe3z04-AL20s3, pore size distribution with the maximum at 4.5 nm also remains practically

unaffected after the formation of magnetite NPs in the alumina pores.

Biocatalysts
To covalently attach GOx to the magnetic support, the latter was first functionalized with amino

groups using APTES, then reacted with the excess of GA, followed by the reaction of aldehyde

groups of the GA linker with amino groups of GOx (Scheme 2).
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Scheme 2. Schematic representation of the biocatalyst synthesis.

The TEM images of Fe304-S102-NH2 and Fe304-Al203-NH:2 presented in Figure S3 (SI) show
no visible changes in magnetic silica and alumina after the APTES functionalization. The BET
surface area of Fe304-SiO2-NH2 decreases to 244 m?/g from 304 m?/g, while pore size distribution
shifts to smaller values and shows an additional maximum at about 4 nm, demonstrating decreased
pore sizes due to the APTES attachment. (Similar changes in porosity are observed for Fe3Oa-
ALO3-NH2). At the same time, the FTIR spectra of Fe304-Si02 and Fe304-Si02-NHz are nearly
identical (Fig. S4, SI). This could be explained by the presence of the surfactant residues in parent
silica (thus, bands in the range 2800-3000 cm™' are present in parent silica) and the adsorption of
amino groups on neighboring iron oxide NPs. Such adsorption would weaken vibrations of amino
groups, which would be manifested by a FTIR band at ~1600 cm!. It is worth noting that this band
is normally rather weak in the APTES functionalized silica so its absence in our case, is not
surprising.4-- 34
To quantitatively assess the amount of the APTES residues, TGA has been performed. The TGA

traces of magnetic silica and alumina before and after functionalization with APTES are presented

in Figure S5 (SI). The weight loss of adsorbed water (up to 200 °C) was subtracted from each trace

14



and the difference in the weight loss at 550 °C has been found for both magnetic silica and alumina.
The further calculation took into account the molecular weight of the APTES organic residue,
Avogadro number, and the sample surface area to determine the density of the APTES residues.
The values obtained are 1.6 and 1.2 residues per square nm for Fe304-SiO2-NH2 and Fe304-AL1203-
NHa, respectively, demonstrating practically equal functionalization of both magnetic supports.
To assess the amount of immobilized GOx, i.e. immobilization coefficient, IC, we evaluated the
catalytic activity of the supernatant after the enzyme attachment and the catalyst separation.
According to these data, both parent silica and alumina attach ~65% of GOx calculated from the
total amount used for functionalization. For the supports containing magnetic NPs, attached GOx
increases to 70%. The similar amount of immobilized GOx is consistent with approximately the
same amount of amino groups on the APTES functionalized magnetic supports. The ~5% increase
of attached GOx on magnetic supports compared to that of the parent support could be assigned to
the facilitation of the reaction with aldehyde in the presence of magnetite NPs.>3-6
It is worth noting that the increase of the GOx loading during immobilization from 10 to 15 mg
did not influence the amount of immobilized GOx, demonstrating that a limited number of the

GOx molecules can be attached to the magnetic support surface and this capacity was achieved for

magnetic silica and alumina supports.

Catalytic performance in the D-glucose oxidation

pH influence
It is well-established that the enzyme activity strongly depends on the amino acid ionization state
in the active site, thus, making pH a key factor in the catalytic reaction.’’” All the developed

biocatalysts have been studied in D-glucose oxidation in the pH range of 4-8. To characterize the
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catalyst behavior, we used the relative activity parameter, which allows one to assess the
biocatalyst activity (Fig.3a and Table S3, SI).1” The dependence of the relative activity for native
GOx shows a sharp maximum at 100% at pH 6, while at the higher and lower pH values the relative
activity sharply decreases. For all immobilized GOx biocatalysts developed in this work, the
relative activities are high in the whole pH range (Fig. 3a and Table S3, SI). Moreover, alumina
based GOx shows the lower relative activity (82%) than that of silica based GOx (89%). In the
case of magnetic supports, both magnetic alumina and silica immobilized GOx demonstrate the
higher relative activity (90 and 95%, respectively). The best relative activity of 95% at pH 6 and
7 was observed for Fes04-SiO2-GOx, while native GOXx in these conditions shows only 40% of its
highest activity (100%). It is well established that immobilized GOx allows for high relative

activity in the broad pH range.’: 22 58
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immobilized GOx.

Temperature influence

The temperature influence on the D-glucose oxidation has been studied at 30-60 °C at pH 6 for

better comparison with native GOx. The dependence of the biocatalyst relative activity on the

17



temperature is presented in Figure 3b and Table S4, SI. The native enzyme shows the maximum
activity at 40 °C, followed by a sharp decrease in the product yield, indicating a loss of the enzyme
activity most likely due to denaturation at higher temperatures.!! In the case of immobilized GOx,
we observed a lower relative activity by 5-18% at 40 °C (depending on the support) as compared
to that of native GOx. This is consistent with previous findings and due to a decrease of reactivity
and mobility of GOx after immobilization.>® With the temperature increase to 50 °C the relative
activity significantly increases (by 8-30%) for the immobilized catalysts compared to that of the
native enzyme. At 60 °C (the highest temperature used for biocatalyst testing in this work) the
native enzyme loses about 60% of the catalytic activity, while the activities of the immobilized
GOx catalysts decrease by only 4-18%, depending on the catalyst type. Again, the best results
were obtained for Fe304-SiO2-GOx with the relative activity of 95% in the 35-50°C temperature
range. Such considerable enzyme stabilization is consistent with the data obtained by other authors
for immobilized GOx, but exceeds the best reports by at least 5% at 45-50°C.2? Thus, Fe304-SiO2-

GOx shows a remarkable relative activity in a robust pH and temperature range.

Mechanism of the magnetic support influence: Porosity and acidity
A comparison of the biocatalysts based on silica and alumina (both magnetic and nonmagnetic)

shows that the activity of silica-based catalysts is always higher than that of alumina based
catalysts. Moreover, the activity of the biocatalysts based on magnetic supports is higher than that
of nonmagnetic ones. As is discussed above, the pore size influences the catalytic activity of
immobilized enzymes.®*-¢! Figure S1 (SI) shows that indeed silica contains larger pores (some of
which can accommodate GOx with a hydrodynamic diameter of 7.6 nm®) than alumina which
would be consistent with the biocatalyst activity, as larger pores were reported to enhance

enzymatic catalysis.®-%* However, after the iron oxide NP formation in the silica or alumina pores,
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the pore sizes decrease, while the catalytic activity increases, revealing that other factors could be
also responsible for the differences in catalytic activities.

It is reported that the presence of Lewis and Brgnsted acid sites on a support surface may
affect the immobilized enzyme activity.®® To assess acidic and basic sites of the four supports
studied here, we employed DRIFT for the adsorption of CD3CN and CCI3D, respectively. Figure
4 displays the DRIFT spectra of adsorbed CD3CN at room temperature. For parent silica and
alumina, CD3CN adsorption results in low intensity IR bands at 2273 and 2118 cm™! for the former
and at 2318, 2259 and 2108 cm™! for the latter. For magnetic silica and alumina, the IR bands at
2302, 2272 and 2115 cm! (Fe30s-SiO2) and at 2303, 2262 and 2110 cm™ (Fe30s-ALO3) were
observed. The bands in the range of 2302-2318 cm! are assigned to C=N stretching vibrations of
CD3CN adsorbed on Lewis acid sites (LAS).® The band at 2259-2273 cm’!' belongs to C=N
stretching vibrations of CD3CN adsorbed on Brensted acid sites (BAS), while bands at 2108-2118

cm’! are assigned to C-D stretching vibrations.%6-68
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Figure 4. DRIFT spectra of adsorbed CD3CN at 20 °C and 96 Torr.
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The blue frequency shift of C=N stretching vibrations at the LAS is 65 cm™ (AL203), 50 cm™
(Fe304-A1203), and 49 cm! (Fe304-Si02) compared to the frequency in the CD3CN gas phase
(2253 cm1).% The value of the C=N stretching vibration shift shows the presence of strong LAS
(coordination of unsaturated AI** and Fe3" cations). The strength of the LAS can be compiled as
follows: AO3 > Fe304-Al03 = Fe304-Si02. Parent silica does not contain LAS. Clearly, the
strength of LAS is not consistent with the activity of biocatalysts.

The blue frequency shifts of C=N stretching vibrations at the BAS are 6 cm™! (AL203), 9 cm™!
(Fe304-A1203), 20 cm™ (SiO2) and 19 cm™! (Fe30s-Si02). The value of C=N stretching vibration
shift shows the presence of low acidity BAS (OH groups). Figure 5 shows IR spectra in the OH
group region recorded in the presence of CD3CN. It can be seen that CD3CN causes minor shifts
in band positions of OH groups recorded before and after the CD3CN adsorption. Based on the
band shift of the O-H stretching vibration the strength of the BAS can be compiled as follows:
Fe304-Si02 > Si02 > Fe304-A1203 >ALOs. This dependence is somewhat consistent with the

differences in catalytic activities of immobilized GOx developed in this work.
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Figure 5. DRIFTS OH recorded before (solid) and after (dash) CD3CN adsorption.
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The DRIFT spectra of deuterated chloroform on the parent and magnetic supports (Figure S6
and the text underneath, SI) demonstrate that basicity of the support is not correlated with the
catalytic activity of the biocatalyst.

Thus, based on the DRIFTS data we tentatively conclude that the higher activity is observed
when the support contains stronger BAS, which could be explained by facilitation of oxidation.®
However, this conclusion is not consistent with the higher activity of Fe304-Al203GOx than that

of S102-GOx.

Kinetic parameters
The Michaelis constant (Km) and maximum reaction rate (¥max) are the most important kinetic

parameters allowing one to assess an enzyme efficiency and to gain understanding of the key
characteristics of an immobilized enzyme. The lower Km value corresponds to a higher affinity
between the substrate and enzyme, while the higher Vmax value reflects a faster reaction rate.*® The
Vmax/Km ratio allows a comparison of the catalytic efficiency in each enzyme-substrate system.*’-
48 Because a single substrate (D-glucose) is used here, both values characterize immobilized GOx.

In order to determine the above parameters of the enzymatic reaction, the kinetic curves were
obtained by plotting the reaction rate versus the substrate concentration.> ’° For a process catalyzed
by an enzyme, the dependence of the reaction rate (v) on the concentration of the substrate ([S]) is
obtained from the Michaelis—Menten equation, the main parameters of which can be derived from

the Lineweaver-Burk plots according to equation (5): 48

1 K 1 1

v Vmax [S] Vmax

()

Lineweaver-Burk plots were obtained for free and immobilized GOx as shown in Figure 6. The

results are summarized in Table 1.
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Figure 6. Lineweaver-Burk plot of free and immobilized GOx. R? from the fitted equation is 0.998.

Table 1. Kinetic parameters for the oxidation of D-glucose to D-gluconic acid catalyzed by free

and immobilized GOx.

Catalyst Kmn, mM Vinax, tM/min Vinax/ Km - 10, min !
GOx 78 173 2.2
ALO3-GOx 140 43 0.3
Si02-GOx 132 77 0.6
Fe304-A103-GOx 125 104 0.8
Fe304-Si02-GOx 118 152 1.3

For native GOx, the K value is the lowest, while the Vina and Viar/ K values are the highest
compared to immobilized GOx. This indicates the higher activity of native GOx which is
consistent with the data discussed in the preceding sections on the pH and temperature influence.

Among immobilized GOx catalysts, the lowest K and highest Vuax values are observed for Fe3O4-
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Si02-GOx which is in good agreement with the highest strength of the BAS. However, according
to Table 1 and the data presented in Figure 3, the second best catalyst is Fe304-A1203-GOx, while
according to the DRIFTS data it should be Si02-GOx. The Vma/Km ratio also increases when
magnetite NPs are incorporated in both supports. The apparent inconsistency between the DRIFTS
and kinetic data can be explained by the presence of iron oxide NPs. The increase of the activity
of GOx immobilized on magnetic supports can be caused by a synergetic effect from iron oxide

71-72 and enhance immobilized GOx

NPs because they possess intrinsic enzyme-like activities
activity, being a co-catalyst for the enzyme.”? To test this hypothesis for our magnetic supports,
we carried out experiments with FesOs-Al203and FesO4- SiO2 as well as parent silica and alumina
in optimal conditions for GOx: pH 6, T 40 °C, for 60 min. Both parent silica and alumina showed
only trace amounts of D-gluconic acid, while for FesO4-Al203 and Fes3Os- SiOz, the relative
activities were 4% and 5%, respectively, indicating enzyme-like activity of iron oxide NPs. For
Fes04-Al203-GOx and Fe304-SiO2-GOXx, the relative activities in these conditions were 88% and

95%, respectively, revealing that synergy occurs because of proximity of immobilized GOx to

NPs.

Biocatalyst stability in repeated experiments

To test stability of magnetically recoverable biocatalysts in the repeated use,!”> 2% 70

we carried
out ten successive experiments of the D-glucose oxidation in the optimal conditions (pH 6 and 40
°C). The biocatalyst was magnetically separated with a rare earth magnet within 30-40 sec after

each catalytic reaction (Figure S7, SI) and used again in the next run.
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Figure 7. Stability of immobilized GOx in ten cycles.

Figure 7 shows that for parent alumina and silica, the relative activity decreases by 30 and 24%,
respectively, after ten successive experiments which is consistent with the literature data.'”-2° For
biocatalysts based on magnetic alumina and silica, the relative activity decreases only by 13 and
11%, respectively, after the same number of consecutive reactions, demonstrating much higher
catalyst stability. For comparison, in the recent work on magnetically recoverable immobilized

GOx on Fe304@C-silica?? the 20% activity loss occurred after only seven catalytic cycles.

Conclusion
We developed highly efficient magnetically recoverable enzymatic catalysts by tethering GOx

via a GA linker to magnetic silica and alumina. The biocatalysts were fully characterized using a
combination of physicochemical methods and tested in D-glucose oxidation to D-gluconic acid. A
comparison of magnetic and nonmagnetic silica and alumina based biocatalysts reveals that
incorporation of magnetite NPs in the support increases catalytic activity. At the same time, silica
based catalysts are more active than their alumina based analogs. The assessment of kinetic

parameters of the reaction, Km and Vmax as well as their ratio, demonstrates that Fe304-SiO2-GOx
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has the highest affinity to the substrate and the highest reaction rate compared to other catalysts.
This could be due to larger pores in Fes04-SiO2 compared to FesOs-Al20s, stronger BAS
catalyzing oxidation as well as the enhancement of the catalytic activity of magnetic support based
biocatalysts due to enzyme-like properties of iron oxide. The high stability of Fe304-SiO2-GOx
after easy magnetic separation coupled with the exceptional activity in a broad pH and temperature

range makes this catalyst promising for practical applications.
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Figure S1. N2 adsorption-desorption isotherms (a, ¢, and e) and pore sizes distributions (b, d, and
f) of parent silica (a, b), Fe304-S10z2 (c, d), Fe304-S102-NH2 (e, f)
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Figure S2. N2 adsorption-desorption isotherms (a, ¢) and pore sizes distributions (b, d) of parent
alumina (a, b) and Fe304-ALOs3 (c, d).
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XPS
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Figure S3. HR XPS Fe 2p spectra of Fe304-SiO2 (a) and Fe304-Al203 (b). Blue curves represent
Fe** components and the green color represents Fe** components. Orange color represents shake
up satellites. Red curve is generated fit of experimental data (black dots), cyan color represents
residuals.

The HR Fe 2p XPS spectrum of Fe304-Si02 shows a major peak with a binding energy (BE) of
711.4 eV, which is typical for iron oxides. A satellite structure normally observed for Fe** at a BE
of 8 eV higher than the main peak, is absent, indicating the Fe*":Fe?*=2:1 ratio of magnetite.”7
The combination of the Fe*" and Fe?' satellites in the magnetite spectrum results in a plateau
between the Fe 2ps3»2 and Fe 2pi12 peaks (similar to our case), indicating the formation of solely
magnetite NPs.”” Similar results were obtained for Fe30s-A120s. The iron contents for Fe304-SiO:
and Fe304-AlOs are 4.5 at.% and 7.6 at.%, respectively. See Tables S1 and S2 for fitting
parameters.
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Table S1. Fitting parameters for HR Fe 2p XPS of Fe304-SiOa.

Band Position, PosSep, FWHM, %Gauss %Area ChiSquared
eV eV eV
1 709.61 0.00 3.14 84 13.12
2 711.01 1.40 3.70 80 26.24
3 714.40 4.79 5.30 100 21.45
4 719.34 9.74 491 100 4.42 0.95
5 72251 12.91 2.88 100 5.90
6 724.57 14.96 3.50 80 11.81
727.62 18.01 5.51 100 12.99
732.68 23.08 4.60 100 4.07
Table S2. Fitting parameters for HR Fe 2p XPS of Fe304-AL0s.
Band Position, PosSep, FWHM, %Gauss %Area ChiSquared
eV eV eV
1 709.90 0.00 2.84 80 14.49
2 711.35 1.45 3.70 80 28.98
3 71412 4.21 5.63 100 15.42
4 719.20 9.29 5.00 100 9.11 1.59
5 722.50 12.60 3.00 80 6.52
6 724.55 14.65 3.50 99 13.04
7 727.34 17.44 5.10 96 8.74
8 732.72 22.81 4.60 100 3.71
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APTES modified supports

Figure S3. TEM images of Fe304-Si02-NH2 (a) and Fe304-Al203-NH2 (b).
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Figure S4. FTIR spectra of Fe304-Si02 (red) and Fe3O4-SiO2-NHz2 (blue). The latter is synthesized
by the APTES sol-gel reaction.
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Figure S5. TGA curves of Fe304-Si02-NH2 (a) and Fe304-ALO3-NH:2 (b) compared to parent
magnetic silica and alumina.

Catalytic properties

For native GOx in optimal conditions (T 40 °C, pH 6), the activity according to Eq. 3 is
Ao= 6.2 uM( Gl )/(mg (GOx) xmin).

Table S3. Influence of pH on the activity of free and immobilized GOx.

pH Activity, uM( Gl )/(mg (GOx) xmin) /Relative activity, %
Fe304-Al203- | FesOs- SiO2-
GOx Al203-GOx Si02-GOx GOx GOXx

4 1.24/20 4.40/71 4.65/75 4.90/79 5.08/82

5 4.4672 4.71/76 5.21/84 5.33/86 5.70/92

6 6.20/100 4.90/79 5.46/88 5.52/89 5.89/95

7 2.48/40 5.08/82 5.52/89 5.58/90 5.89/95
7.5 2.36/38 4.90/79 5.27/85 5.39/87 5.64/91

8 1.86/30 4.28/69 4/46/72 4.71/76 5.02/81
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Table S4. Influence of the reaction temperature on the activity of free and immobilized GOx.

T, °C Activity, uM( Glr )/(mg (GOx) xmin) /Relative activity, %
Fe30s-Al0s3- | Fes304- SiOo-
GOx Al203-GOx Si02-GOx GOx GOx
30 4.34/70 4.65/75 5.39/87 5.46/88 5.82/94
35 5.77/93 4.84/78 5.46/88 5.52/89 5.89/95
40 6.20/100 4.90/79 5.46/88 5.52/89 5.89/95
45 5.77/93 5.08/82 5.58/90 5.77/93 5.89/95
50 4.53/73 4.90/79 5.08/82 5.70/92 5.89/95
60 2.42/39 4.15/67 4.59/74 5.21/84 5.64/91
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Figure S6. DRIFT spectra of deuterated chloroform on the supports at 20°C and 140 Torr.
The basicity of the oxygen centers can be determined from the red shift of C-D stretching
vibrations with respect to the frequency in the CCIsD gas phase (2263 cm™).”® A larger shift
corresponds to a stronger basic center. The oxygen anions of both parent and magnetic silicas

practically do not interact with chloroform (only physical adsorption is observed), while the
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oxygen anions of both parent and magnetic aluminas form a o-complex with O...D-C bond.
Oxygen of parent alumina is more basic (22 cm shift) compared to oxygen of magnetic alumina

(16 cm shift).

Magnetic separation

Figure S7. Reaction solution with Fe3Os- SiO2-GOx before (a) and after (b) magnetic

separation.
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