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ABSTRACT

Mesoporous silica materials are promising carriers for enzyme immobilization in heterogeneous
biocatalysis applications. By tailoring their pore structural framework, these materials are
designable for appropriate enzyme binding capacity and internal diffusivity. To supply O:
efficiently to solid-supported immobilized enzymes represents a core problem of heterogeneously
catalyzed oxidative biotransformations. In this study, therefore, we synthesized and compared
three internally well-ordered and two amorphous silica materials as enzyme carriers, each of those
with pore sizes of >10 nm, to enable the co-immobilization of D-amino-acid oxidase (79 kDa) and
catalase (217 kDa). Both enzymes were fused to the silica-binding module Zypasic2 to facilitate their
selective and oriented immobilization directly from crude protein mixtures on native silica
materials. Analyzing the effects of varied pore architecture and internal surface area on the
performance of the immobilized bienzymatic system, we showed that a uniform pore structural
framework was beneficial for enzyme loading (= 70 mg protein/g carrier), immobilization yield (>
90%), surface and pore volume filling without hindered adsorption, and catalytic effectiveness (>
60%) of the co-immobilizate. Using the best carrier LP-SBA-15, we obtained a solid oxidase-
catalase preparation with an activity of 2000 pmol/(min g_material) that was recyclable and stable
during oxidation of D-methionine. These results affirm a strategy of optimizing immobilized O»-
dependent enzymes via tunable internal structuring of the silica material used as carrier. They thus
make a significant advance towards the molecular design of heterogeneous oxidation biocatalysts

on mesoporous silica supports.



INTRODUCTION

Immobilization of enzymes onto insoluble porous supports is a key technology for biocatalytic
process development.'> Immobilization enables the enzyme to be reused and it also facilitates the
transition from batch to continuous processing. Immobilization onto supports allows practical
reactor design and operation, and it generally simplifies the downstream processing. '* Extra
stability due to immobilization often helps to maximize the enzyme's total turnover number. > In
any immobilization, the activity of the solid catalyst preparation (mass or mol product
released/mass catalyst x time used) is a key critical parameter of process suitability. Its
optimization therefore constitutes a major task of the development. However, to achieve an
appropriate catalyst activity (Cat) is often complicated, because Cat is the result of different factors
combined. Formally, Cat is the product of the intrinsic specific activity of the soluble enzyme
(umol product/mg enzyme min), the enzyme amount loaded on the support (mg enzyme/mg
support) and the fraction activity of the soluble enzyme remaining in the immobilizate, often also
referred to as the catalytic effectiveness of the immobilized enzyme.>’ Enzyme loading and
effectiveness factors of Cat are critically determined by the material properties of the carrier used,
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because it strongly affects the enzyme attached to the solid surface as well as the interplay

between reaction and diffusion in the overall biocatalytic conversion.>!°

Among biotransformations currently considered for industrial use, the ones catalyzed by
flavoenzyme oxidases struggle with special difficulties in immobilization development!!. Stability
in the presence of the reaction co-product H,O: is a problem requiring particular attention'Z.
Efficient supply of O2 into the solid catalyst is another, for diffusional restrictions, and also often

results in severe decreases in Cat due to their immediate effects on the catalytic effectiveness

factor.!*!> Supported by new analytical techniques enabling O, concentrations to be measured



directly inside the solid carrier,”'*!¢ development of tailor-made support materials for effective
use of immobilized oxidases becomes realistic in two important directions. First, the mass transfer
within the solid phase is optimized via fine-tuning of the external geometry and the internal pore
framework of the support 6. Second, in order to destroy H20, and partly regenerate Oz within the
solid phase,'>!7!® the oxidase is efficiently co-immobilized with catalase through pores whose
geometrical features enable a true co-localisation of the two enzymes inside the support. Note:
catalases are relatively big molecules with an effective mass of around 250 kDa.!*2! A material
synthesis both flexible and precise to create solid supports with optimized morphology is therefore
required. Mesoporous silica is highly promising, for its morphology is broadly tunable via known
synthetic procedures, and silica in general is excellently biocompatible and exploitable for
practical enzyme immobilization.?>?}

Silica materials applicable to enzyme immobilization have a broad variety of forms: ordered
mesopororous silicas, silica gels, vesicular silica, fumed silica and porous glass.?*2°> Ordered
mesoporous silica materials (OMSM) are of special relevance.>**° They are characterized by a
regular porosity in terms of pore size and pore network arrangement.?®° They can be tailored to
offer large specific surface area, large specific pore volume, uniform pore size distribution, and
chemical and mechanical stability compatible with almost any enzyme reactor design in principle.
Properties of OMSM can be fine-tuned by the synthesis conditions®'**: the temperature and time
of the key synthesis steps (hydrolysis, condensation and hydrothermal treatment)**%; the organic
co-solvents, the co-surfactant and/or the organic swelling agents employed®’*!; the addition of

salts to the synthesis medium?®®*2; and the type of silica precursor used.*’



A difficult problem of immobilization on silica is to find a proper way of fixing the enzyme on the
solid surface. This usually involves a significant amount of testing, with each new enzyme
requiring a fresh assessment. Different types of surface functionalization and conditions for
enzyme binding and coupling to the surface are evaluated.?!%*23° The concept of the silica binding
module aims at enzyme immobilization on silica by design**#® The design principle involves
genetically encoded fusion of the silica-binding module to the enzyme of interest, thus conferring
the ability to adsorb to plain silica surfaces to any enzyme in principle. A highly promising silica
binding module is Zasic2.*>*’ Zbasic2 is a small three-helical module that is highly positively charged
and so shows strong binding to negatively charged surfaces, including silica surfaces. Enzyme
chimeras harboring Zyasic> are efficiently immobilized on plain silica-based materials.!®* The
immobilization is highly selective, most likely because it appears to occur in a well-defined
orientation via the Zpasico module. It is stable under operation, yet readily reversible.!®* High
protein loading (> 50 mg/g carrier) is possible in principle '*, but this depends strongly on the
material properties of the OMSM used. Material properties of the OMSM have to be designed
accordingly to allow unrestricted access into the internal framework.

Aim of this study was to combine advanced material and enzyme design for the development of a
highly active and stable silica immobilizate of an oxidase-catalase pair of enzymes. Besides the
co-localizing immobilization of the two enzymes, which is a problem on its own, a main difficulty
of oxidase-catalase co-immobilizate development is to balance the individual enzyme activities
such that the oxidase activity of the solid material is maximized. Due to the extremely high specific
activity of the catalase, its activity is normally present in large excess.*’ The task thus becomes to
immobilize a maximum amount of oxidase (here: D-amino acid oxidase) and to make sure that the

O2 demand of the oxidase is partly fulfilled from the catalase reaction via effective hydrogen



peroxide degradation. Variation in overall silica morphology as well as in OMSM pore structural
framework was used in synthetic silica materials to explore material characteristics important for
efficiency in the co-immobilization of the two enzymes. Based on detailed evaluation of catalytic
performance parameters of the solid enzyme immobilizates we were able to select a recyclable
heterogeneous biocatalyst, which compared with the single oxidase immobilizate, was not only
1.3-fold more active but also significantly more stable. Material properties required for high

enzyme effectiveness were thus identified.

MATERIALS AND METHODS

Reagents and chemicals

1,3,5-Trimethylbenzene (TMB), m-xylene (both from Aldrich, Madrid, Spain) and 1,3,5-
triisopropylbenzene (TIPB; from Alfa Aesar, Heysham, United Kingdom) were used as micelle
expanders. The triblock co-polymers poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide) Pluronic® F127 (PEO10sPPO70PEO1¢s; from Sigma, Madrid, Spain) and Pluronic® P123
(PEO20PPO70PEQOy; from Aldrich, Poole, United Kingdom) were used as structure-directing
agents. Silica source tetracthoxysilane was from Merck, (Darmstadt, Germany). Ammonium
fluoride (NH4F) was from Alfa Aesar (Heysham, United Kingdom), potassium chloride and
hydrochloric acid were from Panreac (Barcelona, Spain). Porous spherical silicate particles
(PSSP)*® were from Glantreo Limited (Cork, Ireland). All reagents and solvents were of analytical

grade.

Synthesis of materials
Preparation of large pore OMSM required the use of specific conditions of synthesis. FDU-12
silica with face-centered cubic arrangement of spherical mesopores with ultra-large-pore size have

been obtained using Pluronic F127 (EO106PO70EO106) triblock copolymer template with the
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addition of 1,3,5-trimethylbenzene (TMB) or m-xylene (XYL) as powerful swelling agents and an
inorganic salt (KCI) under acidic conditions.’'™* Also 2D hexagonal ultra-large-pore SBA-15
silica was synthesized using Pluronic P123 (EO20PO70EO»0) surfactant, TIPB as a swelling agent
and NH4F salt under acidic conditions.>* To prepare SBA-15 material, which is characterized by a
particularly large pore size, the use of a micelle expander such as TIPB is required. SBA-15

1.3 with some modifications described in the

material was synthesized according to Cao et a
Electronic Supporting Information (ESI). The final material was labelled as LP-SBA-15-TIPB-C
(LP: Large-pore size; SBA-15 material; TIPB as micelle expander and calcination (C) treatment).
Synthesis of mesocellular foam (MCF-TIPB-C) used the same procedure as for LP-SBA-15-TIPB-
C, but was performed at 15 °C instead of 18 °C. Synthesis of extra-large mesoporous FDU-12
involved xylene as micelle expander and used the procedure of Huang et al.’?> with slight
modifications described in the ESI. The resulting material was designated as LP-FDU-12-XYL-C.
Another FDU-12 material was synthesized using TMB according to a slightly modified literature
protocol®> (for details, see the ESI) and was designated as LP-FDU-12-TMB-C. It was verified

by thermogravimetric analysis (TGA) that organic compounds had been removed completely from

the final materials used.

Characterization methods

Low-angle X-ray diffraction (XRD) patterns were recorded using a X’PERT Pro PANalytical
diffractometer using the Cu-Ka radiation (A = 1.5406 A). Diffraction data were recorded in the 20
range from 0.4° to 6° with a step size of 0.02° and an accumulation time of 20 s. Transmission
electron microscopy (TEM) images were acquired with a JEOL 2100F microscope, equipped with
a field emission gun and operated at 200 kV, obtaining a point resolution of 0.19 nm. The images

were recorded and analyzed using Gatan Microscopy suite TMs software that operated a Gatan



CCD camera. Samples for TEM analysis were prepared by dispersing a small amount of material
in acetone and sonicating in an ultrasonication water bath for 30 min. A drop of this suspension
was deposited onto a carbon-coated copper grid, and then allowed to dry overnight before TEM
analysis. The particle morphologies were examined by scanning electron microscopy (SEM).
Images were collected using a FE-SEM FEI Nova Nanosem 230 microscope equipped with vCD
detector. The samples for SEM analysis were prepared by placing material powder on double-
sided graphite adhesive tape mounted on the sample holder. Nitrogen adsorption-desorption
isotherms of the samples were measured at -196 °C using a Micromeritics ASAP 2420 volumetric
adsorption analyser. Samples were outgassed at 350 °C for 16 h under high vacuum before
measurement. The specific surface areas were calculated by the Brunauer-Emmett-Teller (BET)
method. Pore size was determined using the Barrett-Joyner-Halenda (BJH).>® Pore diameter
distribution curves were determined from the adsorption and desorption branches of the nitrogen
isotherms using the BJH method. The total pore volume was determined from the amount of
nitrogen adsorbed at a relative pressure of 0.98. Thermogravimetric analyses were carried out
using a Perkin-Elmer TGA 7 instrument. Samples were heated in synthetic airflow from 25 °C to

900 °C at a rate of 20 °C/min.

Enzymes

D-Amino acid oxidase from Trigonopsis variabilis (DAAO)**®" and catalase (CATA) from
Bordetella pertussis®*® were used. Each enzyme was obtained in a chimeric form that had the
Znasico module fused at the N-terminus*’#°. Enzymes were produced recombinantly in E. coli BL21
DE3 as described elsewhere*’°. If not mentioned otherwise, E. coli cell extract containing DAAO

or CATA was used.



Enzyme assays

Enzyme activities were obtained from initial rate measurements. One activity unit (U) refers to 1
umol/min of substrate consumption or product formation under the conditions used. Activity of
free or immobilized DAAO was determined via measurement of the oxygen consumption rate
during oxidative deamination of D-Met. A fiber-optic oxygen microoptode was used and the
procedures are described elsewhere in full detail.!® In addition, the activity of soluble DAAO was
determined by measuring the H>O» production using a reported peroxidase-coupled assay*’. CATA
activity was determined at 30 °C monitoring H202 consumption at 240 nm. The reaction mix
consisted of 50 mM air-saturated potassium phosphate buffer, pH 8.0, containing 10 mM H>0s.
The cell-extract activities of Zbasicc. DAAO and Zpasicoc. CATA used in this study were 2 and 5000
units (U)/mg_protein, respectively. With the aim of comparing, the specific activity of purified

Zvasico. DAAO was 71 U/mg_protein®’, that of Zpasic2_catalase was 60000 U/mg_protein.*’

Enzyme immobilization

This was performed under conditions previously optimized to enable adsorption of Zpasico enzymes
on underivatized silica supports with both high efficiency and controlled orientation via the Zpasic2
module.”® The immobilization was performed stepwise where a maximum protein concentration
of 5 g/L was used in solution. Briefly, the silica materials were exhaustively rinsed with water and
then incubated under mild stirring in 50 mM potassium phosphate, pH 8.0. Cell extract was
brought to pH 8.0, and NaCl (1.0 M) and Tween (0.5 %) added. Silica support (~50 mg) was then

mixed with 2 mL cell extract and incubated under gentle mixing at 25 °C.

Samples (50 pL) were taken at certain times from the supernatant after spinning down the solids
or from the whole solid-liquid suspension. It is common in enzyme immaobilization to relate the

amount of enzyme bound to the solid support to the initial enzyme loading used, which is given in



mg protein or enzyme U/g solid material. This is only to clarify that protein adsorption isotherms
were not used. Enzyme activity and protein concentration in supernatant were measured in each
sample. The immobilization yield (%) was calculated as 100 x (ao — a)/ao, where ag is initial
enzyme activity and a is enzyme activity after immobilization. DAAO-CATA coimmobilization

was performed sequentially, CATA before DAAO.

The distribution of immobilized DAAO on silica particles was analyzed by a reported procedure!®
which is based on confocal laser scanning microscopy (CLSM) and uses the enzyme's FAD
cofactor as internal fluorescence reporter group. Suspensions of the solid DAAO-CATA
coimmobilizate (10 mg/mL) in 50 mM potassium phosphate buffer, pH 7.0, were used in the

analysis.

Catalytic effectiveness of enzyme immobilizates

The so-called stationary effectiveness factor (r) is commonly used to evaluate immobilized
enzyme preparations. It is the ratio between the actual activity of the immobilizate (Eops; U/g
support) and the immobilizate's activity expected from the immobilization yield (Ebound). TO
measure Eobs, solid immobilizate (1-5 mg) was resuspended in a final volume of 4 mL air-saturated
buffer (50°mM potassium phosphate buffer, pH 8.0) in a quartz cuvette equipped with magnetic
stirring and temperature control (30 °C). Activity was then determined using the assays described

above.

Evaluation of enzyme immobilizates in oxidative deamination of D-Met
Reactions consisted of 5 mL solution (50 mM D-Met; 50 mM potassium phosphate, pH 8.0)
containing 0.05 mg immobilizate/mL or 0.1 U soluble enzyme/mL. Incubation was done in 15 mL

tubes at room temperature (~25 °C) and an end-over-end-rotator (30 rpm) was used for mixing. O
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availability in supernatant (~90 % air saturation at atmospheric pressure) was regularly checked
with the oxygen microoptode. At certain times, a homogeneous sample was withdrawn and the
concentration of 2-keto-4-(methylthio)butyric acid was determined'®. At the end of reaction, the
enzyme immobilizate was recovered by centrifugation, and it was used again for new rounds of

conversion.

Enzyme spatial dimension analysis

To design pores able to accommodate the enzymes used, the approximate spatial dimensions of
DAAO and CATA were needed. The functional DAAO is a homodimer (Uniprot entry: Q99042;
subunit size: 356 amino acids, 39.3 kDa). CATA is a homotetramer (Uniprot entry:
AOAOE8DMSI1; subunit size: 479 amino acids, 54.2 kDa). Closely homologous enzymes that had
their crystal structure determined were used to assess the spatial dimensions: DAAO from
Rhodotorula gracilis (Protein Data Bank entry: 1COP, Uniprot entry: P80324) and CATA from
Pseudomonas aeruginosa (Protein Data Bank entry: 4E37, Uniprot entry: 052762). Enzyme
structures were visualized with Pymol, and the molecular dimensions of the functional DAAO
dimer and CATA tetramer were calculated using the Draw_Protein_Dimensions.py script. The

maximum dimension of CATA was 10 nm, that of DAAO was 7 nm.

RESULTS AND DISCUSSION

The silica material synthesis was pursued with the goal of enabling the enzymes to access the
internal pore surface in a relatively unhindered fashion. Considering the size of CATA and DAAO
(Scheme 1), this therefore involved the task of controlling the pore size to ~10 nm or greater. It
was expected that materials made porous in such a way would allow a suitable amount of enzymes

(= 50 mg/g support) to become adsorbed when a large surface area was achieved (> 200
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m?/g_support). Pore size, pore architecture and specific surface area are key parameters of solid
material morphology. Silica materials representing a significant variation in these parameters were
therefore prepared and consequent effects on the enzyme immobilization and the performance of

the immobilized enzymes were evaluated.

Characterization of the silica supports used

Three silica materials involved an ordered pore internal structure (LP-SBA-15-TIPB-C, LP-FDU-
12-TMB-C and LP-FDU-12-XYL-C) while two were amorphous (MCF-TIPB-C and PSSP).
Preparation of the large pore OMSM required the use of specific synthesis conditions described in
the Experimental Section. The materials were characterized by XRD for their structural analysis
(Figure 1A and Figure S1), by nitrogen adsorption to determine the porosity and textural properties
of the supports (Figure 1B, Figure S2) and by SEM and TEM to evaluate the morphology and
internal structure of the particles (Figure 2, Figure 3 and Figure S3-S7). The powder XRD patterns
of calcined ordered mesoporous silica materials revealed the ordered spatial arrangement of the
pores (Figure 1A). Calculations are shown in Table 1.The data suggested a 2D hexagonal structure
for LP-SBA-15-TIPB-C with an unit-cell parameter of 14 nm.*!->*%¢ LP-FDU-12-TMB-C and LP-
FDU-12-XYL-C exhibited well-resolved patterns characteristic of a face-centered cubic structure
(Fm3m).**$>! The unit-cell parameter was 40 nm and 46 nm, respectively. In the case of
amorphous mesoporous materials (MCF-TIPB-C and PSSP), the XRD patterns only showed a
broad diffraction peak at low angle, pointing to the absence of periodical order in the pore structure

(see SI, Figure S1).

Nitrogen adsorption-desorption isotherms of the calcined samples are shown in Figure 1B. All
materials exhibited typical type IV isotherms with adsorption-desorption hysteresis loops. The

isotherm of LPSBA-15-TIPB-C shows a type H1 hysteresis loop typical of a channel-like pore
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structure. The hysteresis loops of the isotherms corresponding FDU-12 materials are of the H2b
type, and are typical for materials with cage-like mesopores. Pore calculations are shown in Figure
S2 and Table 1. LP-SBA-15-TIPB-C showed a very narrow pore size distribution (cf. also Figure
S2A). A pore diameter of 10 nm was estimated (Figure 2, Figure S2A). FDU-12 materials
displayed cage-like mesopores whose windows entrances were narrower than the cage
diameter.%®% Cage size distributions centered at about 31 nm for LP-FDU-12-XYL-C and 18 nm
for LP-FDU-12-TMB-C. The cage entrance sizes were determined from desorption-branches as
17 nm and 9 nm, respectively (Figure S2A). The data of amorphous mesoporous materials (PSSP
and MCF-TIPB-C) suggested interconnected and ink-bottle shaped pores (Figure S7A, Figure 2)
with broad pore size distribution. PSSP showed its maximum around 12 nm and minimum pore
openings were around 7 nm in size (Figure S2 B). Data of MCF-TIPB-C suggests pore openings
in the range 5 - 30 nm (Figure S2 B). It has to be noted that the BJH method is known to
underestimate pore sizes, so the actual pore diameters might be 1.0-1.5 nm wider than the values
estimated for all mesostructured silica supports. ® Therefore, it can be concluded that all the
supports had large pore channels or cavities with pore entrance sizes suitable for the uptake of both

DAAO and catalase (Scheme 1).

TEM images illustrate the well-ordered mesostructures of FDU-12 and SBA-15 samples, with
high-quality and large-domain regularity (Figure 2). TEM images of samples LP-FDU-12-TMB-
C and LP-FDU-12-XYL-C revealed projections characteristic of face-centered cubic structure
(Fm3m)52. The images (Figure 2E and 2F) are consistent with a 2D hexagonal arrangement of
cylindrical pore channels, as was demonstrated by XRD analysis (Figure 1A). Figure 2E and 2F
show several particles with their pores aligned in different orientations. Particles oriented along

the channel axis clearly show parallel channels of uniform size. On the other hand, those regions
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in which channel axis appears perpendicular to the image plane allow to observe small regions in
which circular pore mouths are arranged in a hexagonal close packing. The external morphology
of the calcined silica materials can be observed in SEM images (Figure 3, Figures S3-S7) and
materials from an aqueous suspension can be observed in microscopy images (Figure 4 and Figure
S8). PSSP displayed an almost perfect spherical shape with a diameter of 2.8 um. FDU-12 showed
an irregular polyhedron shape with a narrow distribution in size (~4-6 um). SBA-15
predominantly existed as rod-shape amorphous particles of ~4-5 pm width. MCF-TIPB-C
material displayed amorphous polyhedron shape (~4—5 um). Somewhat agglomerated particles of

about 10 um size were however also observed.

Immobilization of Zpasicc. DAAO

The different silica materials were compared in immobilization experiments in which DAAO
adsorption was evaluated in dependence of the amount of enzyme offered. When only a low
amount of enzyme was present, all the materials showed similar behavior and full enzyme
adsorption was observed (Figure 5A). At increased enzyme loadings (1000 U/g_support,
equivalent to 15 mg protein/g_support), however, the DAAO adsorption was no longer complete
for some materials and the value of Enound (U adsorbed/g_support) differed substantially between
the different materials. Whereas PSSP and both FDU-12 materials displayed a clear saturation
behavior featuring a decrease in the immobilization yield at high loading (Figure 5A and Sl Figure
S9), MCF-TIPB-C and in particular LP-SBA-15-TIPB-C were able to retain a linear dependence
of Ebound ON the enzyme amount offered up to 3000 U/g_support. Using SBA-15 it was possible to
immobilize up to 5000 U/g_support with a yield of 90 %. It seems plausible that the different
loading capacities of the silica materials used reflected differences in accessibility of their

respective pore framework to the enzyme.
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Incorporation of DAAO into the solid supports was visualized with CLSM based on detection of
fluorescence from the enzyme-bound FAD.'® Figure 3 shows CLSM images recorded from
supports loaded with a relatively high amount of enzyme (2000 U/g_support). At this loading,
clear signs of hindered immobilization were already noted for most of the silica materials, as
indicated in Figure 4A. Figure 3 reveals that FAD fluorescence had penetrated completely the
different silica particles, suggesting that accessibility into the solid material was not a factor
restricting the enzyme immobilization. Figure S10 shows the immobilization time course of
Zpasicz. DAAO on the different materials. On each support binding of the enzyme required over 5
h to be complete. This relatively slow binding supports the feasibility of uniform enzyme
immobilization. Therefore, differences between the silica materials were likely determined by
parameters of the internal morphology such as porosity and specific surface area. A large enzyme-
accessible specific surface area results from a suitable compromise between porosity and specific
surface area to facilitate the enzyme immobilization.

To obtain insight into the degree of surface coverage by immobilized enzyme in the different silica
supports, the data in Figure 5A were normalized on the unit of available surface area and are shown
in Figure 5B. The three materials (LP-FDU-12-TMB-C, LP-FDU-12-XYL-C and PSSP)
exhibiting small Enound and early saturation in the immobilization were also the ones with the
highest surface-bound activity at low enzyme loadings (2000 U/g). Their saturation behavior
probably reflects restriction in enzyme accessible surface area. Differences in entrance pore size
might explain the higher surface-bound activity of LP-FDU-12-XYL-C (17 nm) as compared to
PSSP (7 - 12 nm) and LP-FDU-12-TMB-C (9 nm). The two other silica materials showing high
Ebound Were quite different one from another. MCF-TIPB-C gave the lowest performance of all

supports, probably because from the broad pore distribution range (5 - 30 nm) in this material a
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large portion of entrance pores was too small for enzyme entry. The material with uniform pore
framework (LP-SBA-15-TIPB-C), by contrast, excelled not only in Exound but also in surface bound
activity. At the highest enzyme loadings examined, LP-SBA-15-TIPB-C was even superior to the
other supports regarding protein density (14 U/m?), immobilization yield (85%), and maximum
enzyme loading (5000 U/g_support). Analyzing the immobilization data in terms of area and pore
filling® (Figures S11 and S12), we noted that apparent saturation was observed in LP-FDU-12
materials and PSSP already at very low degrees of pore volume usage. Only the LP-SBA-15-TIPB-

C material showed a more effective use of both the pore volume and surface of the support.

Catalytic activity of solid-supported DAAO

It is quite common for immobilized enzymes that the actual activity of the solid immobilizate (Eobs)
is not the same as, typically lower than, expected from Epound. Figure 6A shows how the Eops Of
different immobilized DAAO preparations (U/g_support) changed with increasing Epound. At low
enzyme loadings (< 50 U/g_support), all immobilizates behaved similarly and Eops was a full
expression of Enound (Figure 6A). When the enzyme loading was increased, Eqps gradually dropped
below Ebound. The FDU-12 materials were generally lowest in Eops. PSSP exhibited an almost linear
dependence of Egps 0n Epound. The SBA materials offered the highest maximally achievable Eqps
that increased from 500 U/g_support for FDU-12 to 1800 U/g_support for SBA-15. The large Eobs
for SBA-15 seemed to reflect the also high Enound achievable in this material. We also note that
using SBA-15 a maximum in Epound was not reached in the experiment. The stationary
effectiveness factor (n = Eons/Enound) Was used to further evaluate the DAAO immobilizates in

terms of their catalytic performance.

Figure 6B shows the change in n of the different imobilizates dependent on Eons. At low enzyme

loadings, irrespective of the silica material used, n approached a value of unity. The parameter n
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comprises two different effects of the immobilization on the enzymatic reaction: one is the change,
typically a decrease, in the specific activity of enzyme due to its attachment on the solid surface,
and the other is mass transport into and out of the porous support. Evidence that n = ~1 implies
that the immobilization of Zpasicc. DAAO on the silica supports went along with near complete
retention of the enzyme's specific activity. This in turn suggested a nearly ideal function of the
Zbasic2 binding module in the immobilization, anchoring the enzyme on the silica surface in a well-
defined orientation via Zuasicc. When however Epound Was increased, a gradual drop in n was
observed. For an Enound 0f 500 U/g_support, the value of n was in the range 0.2 - 0.6 for the FDU-
12, SBA-15 and MCF immobilizates. The decrease in m dependent on Epound Was curved and
appeared to level out at a low but finite value at high Epound. The SBA-15 support, for instance,
showed 1 of ~0.4 even at the highest Eqns used in the experiment. Curvature in the dependence of
M on Ewound plausibly arises as result of a transition from reaction control of the enzymatic rate at

low Ebound to diffusion control at high Eboung, as discussed elsewhere in more detail.*>2

We have shown by experiment of earlier work that reaction-caused depletion of the Oz substrate
within the solid support can in fact become limiting for Eqps of an immobilized oxidase, most
notably under conditions when the Epound is high.*>%? A useful approach to attenuate diffusional
restrictions at high Enound IS to optimize parameters of the carrier's geometry, specifically via
reduction of the particle size. Behavior of the PSSP immobilizates is exemplary in this regard
(Figure 6B). The spherical PSSP particles with their uniformly small diameter (2.8 um) showed
the most efficient performance. The more irregular shaped and larger sized silica materials showed
by far more pronounced decrease of # dependent on Eops, as shown in Figure 5. For example LP-
FDU-12-XYL-C material has a minimum dimension of 4 - 6 um; SBA-15 displays a rod-shape

amorphous particles of ~4—5 pum. Time-scale analysis was performed to support the notion of a
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shift in reaction control due to increase in Enound (Figure S12). The characteristic time of diffusion
and reaction were calculated in function of the characteristic dimension of the particle and the
Ebound. Figure S13 shows that diffusion becoming chiefly rate determining for an Enouna Of about
1000 U/g_support or higher. The importance of optimizing the carrier geometry in order to
maximize n of immobilized DAAO was emphasized by comparison of the silica support SBA-15
from this study with larger carriers (dimension: > 100 um) used previously. Whereas 1 of just
around 0.1 was measured with these large carriers at the low maximum of Eqps achievable with
them (~250 U/g_support), the SBA-15 immobilizate gave a much higher n value of ~0.4 at
substantially elevated Eqns of 1800 U/g_support. These results provide a useful basis for tailoring

the properties of silica materials applied to the immobilization of O2-dependent enzymes.

Co-immobilization of DAAO and CAT for biocatalytic use

Having in mind the application of immobilized DAAO as recyclable catalyst for repeated
batchwise conversions of D-Met, we co-immobilized Zpasico. DAAO and Zpasico. CATA. As already
mentioned, degradation of H>O, by CATA had the roles of regenerating some O for the oxidase
reaction and attenuating oxidative inactivation of the immobilized enzymes. Based on previous

12,63,64

studies of oxidase-CATA co-immobilization we chose an Epound of CATA exceeding that of

DAAO by 60-fold. Considering the specific activity of CATA (60000 U/mg), this implied the need
to immobilize CATA protein in the range of only 0.5 - 2 mg/g_support. Results are shown in Table
2. CATA was immobilized on all supports in ~90 % yield. The value of | was between 0.5 and
0.98 at the highest Enound used (Table 2). Diffusional restriction on H>O> supply into the porous
supports plausibly caused the effect of lowering the 1 under these conditions. Table 2 also shows

that prior immobilization of CATA did not affect the yield of DAAO immobilization at an Epound
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0f 2000 units/g_support. FDU materials were exceptions because the DAAO yield decreased when
CAT was present.

Figure 7 compares time courses of the different DAAO-CATA co-immobilizates converting D-
Met into a-keto-acid. The solid catalysts were used at 0.5 g/L and each contained 2000 U of
oxidase/g_support. Reaction of the soluble enzymes applied at the equivalent volumetric loading
of 1000 U of oxidase/L served as reference. Due to the relatively low catalyst concentration used,
surface aeration was sufficient to keep the Oz concentration in the liquid phase at near saturation
during the reaction. In each reaction, product formation was approximately linear with time. The
volumetric productivity increased in the order FDU-12 < MCF < SBA-15 < PSSP as expected
from the immobilizates' . We also determined the operational effectiveness factor (nop) of the
immobilized enzymes, which we defined as the ratio of the reaction times needed with
immobilizate and free enzyme to achieve 25 % substrate conversion. Table 3 shows that nop varied
broadly between the different coimmobilizates, with LP-SBA-15-TIPB-C giving the best
performance (nop =~0.6). All immobilizates were easily separated from the liquid phase by gravity
sedimentation and they could be recycled at least three times (equivalent to a total operation time
of 34 h) without appreciable loss in enzyme activity, as indicated by the relatively constant values
of nop in Table 3. By contrast, the single oxidase immobilizate in LP-SBA-15-TIPB-C not only
showed a lower nop (1.3-fold) but also lost most the activity after one single use, as shown in Table
3. The LP-SBA-15-TIPB-C immobilizate clearly outperformed all other silica supports regarding

enzyme activity and stability.

Heterogeneous O:2-dependent biocatalysis designed for efficiency: limitations and

opportunities
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Intensification of Oz-dependent reactions catalyzed by enzymes immobilized on porous supports
is achieved primarily by enhancement of the solid catalyst's productivity, Cat. Recall that Cat
equals Epound x M. Scheme 2 shows a design window applicable to the systematic optimization of
Cat via improvements in Epoung, 1 Or both. Possible limitations are pointed out and strategies for
targeted "debottlenecking" are indicated.

The enhancement of Epound depends on the properties of the material used, primarily surface area
and pore size, as well as on the immobilization chemistry. Immobilization of oxidases was often
operated at low enzyme loading®®> 7 to eliminate diffusional effects. The important problem of
how to boost the Evouna effectively was not given sufficient attention®®. Macroporous materials,
which due to their large pore size (> 50 nm) provide only a limited amount of internal surface area
(£ 50 m%g), were often used. Emerging mesoporous materials however offer substantially
increased surface area at reduced pore size.’**° Generally, as long as the enzyme is able to diffuse
through the pores, surface area determines the Epouna loadable into the support!®*. A key question
therefore becomes: what is, for a given immobilization chemistry, the optimum pore framework
that allows for an effective use of the surface area available to the enzyme? The current study was
designed to provide relevant evidence. Use of a fully reversible, ionic adsorption-based method of
immobilization ensured that the enzymes could become distributed in the solid material in a truly
uniform fashion. Fast covalent immobilization, by contrast, can result in trapping of the enzymes
in the outermost pore areas of the solid support, so preventing that the full surface area is utilized
for binding!®%°. We furthermore synthesized silica materials whose pores were of adequate size
for the enzymes to access the internal surface area. The results show that a large Epound Was
achievable dependent on surface area, as predicted. Ordered and uniform pore frameworks were

best suited to maximize the Epound.
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n is determined by the interplay between biochemical and physicochemical factors of the
immobilization. Choice of strategy to boost 1 therefore depends on the controlling mechanism.
The complex problem of enzyme inactivation by the immobilization procedure used!*!36%6 was
solved, and the consequent decrease in 1 prevented completely, using enzyme fusion to the silica-
binding module Zpasic2’"*> However, since chemical reaction and diffusion are intrinsically
coupled events in transformations catalyzed by solid enzyme immobilizates, 1 is not independent
of Ebound and the dependence generally starts to show at high enzyme loadings”!'* 16, Material
properties thus become important in the effort of enhancing the degree of uncoupling of n from
Ebound. Traditional porous materials have particle sizes of 100 um or greater. Decrease in particle
size represents a clear strategy for raising Epound While maintaining a high n, as shown for instance
for the SBA-15 material. A special advantage of mesoporus silica materials is that fabricating them
as small-sized particles is readily possible using established technology. Ability of advanced
synthetic methods to also fine-tune the external morphology and the uniformity in particle size of
OMSM, as shown herein for the PSSP-type materials, provides additional opportunities for

material design to enhance both the Epound and the 1 for an optimum Cat.

CONCLUSIONS

Our study supports, and makes a strong case for, the integration of materials science and enzyme
engineering in the development of high-performance enzyme immobilizates, and even co-
immobilizates, on mesoporous silica for heterogeneous biocatalysis applications. Since the
problems of low n dependent on Epound 1s severe in particular for heterogeneously catalyzed

biotransformation requiring molecular O; as the substrate, we expect that our considerations, while
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being relevant in general, will be of special importance to immobilized oxidase and oxygenase

systems.“’m*71
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Figure 1. Structural characterization of silica materials is shown. Panel A shows the low-angle XRD

diffractions. The patterns were overlaid and offset vertically to facilitate comparison from the top to the

bottom of, respectively, LP-SBA-15-TIPB-C, LP-FDU-12-TMB-C and LP-FDU-12-XYL-C. The three

materials gave the following reflections: 100, 110, 200 corresponding to a 2D hexagonal p6mm structure

of the SBA-15 type material and 111, 220, 311 and 331 reflections, characteristic of a face-centered cubic

structure (Fm3m), of the two FDU-12 type materials; all the XRD patterns are indicative of a high degree

of pore structural ordering. Panel B shows the nitrogen adsorption-desorption isotherms at -196 °C. The

isotherms have been shifted vertically for clarity (LP-FDU-12-TMB-C +724 ¢cm®/g, LP-FDU-12-XYL-C

+600 cm?/g, LP-SBA-15-TIPB-C +225 cm?/g and PSSP +75 cm?/g, respectively).
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Figure 2. TEM images of calcined ordered mesoporous silica supports are shown. The panels show: LP-
FDU-12-TMB-C (A, B), LP-FDU-12-XYL-C (C, D) and LP-SBA-15-TIPB-C (E, F) and amorphous silica

PSSP (G, H). For more details, see Methods section.
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Figure 3. SEM images of calcined mesoporous silica supports are shown. The panels show: LP-FDU-12-
TMB-C (A), LP-FDU-12-XYL-C (B), MCF-TIPB-C (C) and LP-SBA-15-TIPB-C (D). For more details,

see Methods section.
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Figure 4. Confocal fluorescence images of Zyasico. DAAO immobilized on silica supports are shown. Scale
bars indicate 50 pm. The framed areas are shown with an additional 3-fold magnification. The fluorescence

of the protein-bound FAD cofactor was used for detection.

26



0 1000 2000 3000 4000 5000 6000
Enzyme offered, U/g_material

- - -
(2] [=-] o N L)

Bound activity, U/m?_material
E-Y

O 1000 2000 3000 4000 5000 6000

Enzyme offered, U/g_material
Figure 5. Immobilization of Zpasicz. DAAO on silica materials is shown. MCF-TIPB-C (solid squares), LP-
SBA-15-TIPB-C (open squares), LP-FDU-12-TMB-C (solid triangles), LP-FDU-12-XYL-C (open
triangles), PSSP (open circles) are shown. The bound activity, Evound, (Panel A) was calculated from the

immobilization balance. Epound/unit surface area of the materials (Panel B) was calculated using specific

area of each material (Table 1).
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Figure 6. Observable activity Eqs (Panel A) and effectiveness factor n (Panel B) of Zp.sico DAAO
immobilizates in the oxidation of D-Met are shown. The symbols show Zyasicc DAAO immobilized into
MCF-TIPB-C (solid squares), Zpasicc. DAAO immobilized into LP-SBA-15-TIPB-C (open squares),
Zbasicc. DAAO immobilized into LP-FDU-12-TMB-C (solid triangles), Zyasicc. DAAO immobilized into LP-
FDU-12-XYL-C (open triangles) and Zasico. DAAO immobilized into PSSP (open circles). 1 is the ratio
between Eqps and Eyound. Reactions were performed at 30 °C using air-saturated potassium phosphate buffer

(50 mM; pH 8.0). For more details, see the Methods Section.
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Figure 7. Batchwise oxidations of D-Met (50 mM) into 2-keto-4-(methylthio)butyric acid using soluble or
silica-supported preparations of Znasic:. DAAQO and catalase at equivalent volumetric enzyme loading of 0.1
pmol/(min mL) are shown. The symbols show Zpasico DAAO immobilized into MCF-TIPB-C (solid
squares), LP-SBA-15-TIPB-C (open squares), LP-FDU-12-TMB-C (solid triangles), LP-FDU-12-XYL-C

(open triangles) and PSSP (open circles). For more details, see the Methods Section.
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SCHEMES

Scheme 1. Suiting silica materials by design to the dimension of target proteins to be immobilized.

/" LPFDU2 LP-SBA-15
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Scheme 2. The design window for the immobilization of an oxidase with the goal of optimizing
the catalyst productivity, Cat (= Ebound M), 1s shown. Constraints on the design are indicated with
dotted lines, revealing major limitations due to enzyme loading (Area I) and 1 (Area II). Boosting
Ebound to enter Area IV requires material design. Boosting 1 to enter Area III requires identification
and removal of the overall limiting factor, which could be immobilization chemistry or mass
transport. Both could be addressed via material design as discussed in text. The current scenario
of DAAO immobilized into mesoporous silica materials is displayed in the graph with diamonds

and continuous line.
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TABLES.

Table 1. Textural and structural parameters of the silica materials used are shown.

Pore Surface

Pore size volume area do
Material (nm)? (cm3/ g)b (mz/ g) (nm)d
LP-FDU-12-TMB-C 9[18] 09 240 40
LP-FDU-12-XYL-C 17 [31] 09 185 46
LP-SBA-15-TIPB-C 10 0.8 386 14
MCEF-TIPB-C 5-30 0.6 324 -
PSSP 71[12] 0.7 203 -

# Size of pore openings estimated from BJH pore size distribution (nitrogen isotherm desorption
branch). Values between brackets indicate the estimated size of cages for structures with cage-type
of pores.

® Pore volume (cm?/g) estimated from the amount of nitrogen adsorbed at the relative pressure
of 0.98.

¢ BET specific surface area (m?/g).

4 Unit cell parameter determined by XRD.
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Table 2. The immobilization yield and the effectiveness factor of different co-immobilizates of

DAAO and CATA are shown.
Immobilization Effectiveness
yield? factor, , %"
Material CATA DAAO CATA DAAO

LP-FDU-12-TMB-C
LP-FDU-12-XYL-C
LP-SBA-15-TIPB-C
MCF-TIPB-C

PSSP

100
100
100
100
100

65
70
85
95
95

91
75
47
76
98

35
45
65
45
80

? Immobilization of Zpasicc. DAAO and CATA on silica materials. Immobilization yield is the ratio
of bound activity and initially offered. 2000 U of DAAO and 120000 U of catalase were offered

per gram of solid material.

b Effectiveness factor, 1, is the ratio between Egbs and Epound. Ebound 1s calculated from the
immobilization balance. For more details, see the Methods Section.
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Table 3. The operational effectiveness factor (%) of different co-immobilizates of DAAO and

CATA are shown.

Effectiveness
factor, Nop®

Itond 3
Material cycle cycle cycle
LP-FDU-12-TMB-C 30 25 15
LP-FDU-12-XYL-C 35 30 20
LP-SBA-15-TIPB-C 65 63 65
LP-SBA-15-TIPB-C* 45 <5 0
MCEF-TIPB-C 50 45 40
PSSP 65 50 40

#The operational effectiveness factor, nop, was calculated as the ratio between initial oxidation rate
given by heterogeneous biocatalysts and the oxidation rate given by 0.1 U/mL of free enzyme. All
immobilizates contains 2000 U/g carrier of DAAO loading and 120000 U/g carrier of CATA
loading. LP-SBA-15-TIPB-C* only contains DAAO. Heterogeneous biocatalyst were completely
reused and used for new round of conversions. For more details, see the Methods Section.
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Supporting Methods

Synthesis of materials

Synthesis of large pore silica with 2D hexagonal arrangement (SBA-15) 2. Briefly, 2.4 g of
Pluronic P123 and 0.027 g of NH4F were dissolved in 84.0 mL of 1.30 M aqueous HCI solution
with constant stirring at room temperature in a closed container made of Teflon. After complete
dissolution, the container was transferred to a water bath kept at a temperature of 18 °C and the
solution was stirred for at least 3 h to allow for temperature equilibration. Then, 5.5 mL of TEOS
was mixed with 1.2 mL of TIPB and this mixture was added into the first solution. The resulting
white gel obtained was vigorously stirred (350 rpm) for 24 h at 18 °C. Subsequently the mixture
was submitted to hydrothermal treatment at 100 °C for 48 h. The mixture was filtered and the solid
product was washed with ethanol and dried overnight at room temperature. Finally, the template
(or structure directing agent) and micelle expanders (or swelling agent) were removed by
calcination in a furnace for 5 h at 550 °C (heating ramp: 1.8 °C/min). Complete organic compounds
removal was verified by thermogravimetric analysis (TGA). The final material was labelled as LP-

SBA-15-TIPB-C (Large-pore SBA-15; TIPB as micelle expander and calcination (C) treatment).

Synthesis of mesocellular foam (MCF-TIPB-C). The synthesis procedure was similar to the
synthesis of LP-SBA-15-TIPB-C. The main difference was the synthesis temperature (15 °C

instead of 18 °C).

Synthesis of 3D large cage pore structure (FDU-12). Ordered, extra-large mesoporous FDU-12
silica was synthesized according to the reported methods **, which were slightly modified. 2 g of
Pluronic F127 was completely dissolved at room temperature in 60 mL of 2 M aqueous HCI

solution, in a closed container made of Teflon, using a magnetic stirrer with slow stirring for 24 h.
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10 g of KCI was dissolved in 60 mL of 2 M HCI solution with stirring for 3 h. The two solutions
were mixed and the closed container was then transferred to a water bath kept at a temperature of
15 °C and the solution gently stirred for 1 h to allow for temperature equilibration. Then, 2.83 mL
of micelle expander TMB was added and the mixture kept under stirring for 1 h. 8.93 mL of TEOS
was further added to the previous solution and the mixture was stirred at 15 °C for 24 h. The white
gel obtained was totally transferred into an autoclave and placed in an oven for hydrothermal
treatment at 160 °C for 72 h. The obtained solid was filtered, washed with ethanol and dried at
room temperature. The white powder was calcined in a furnace for 5 h at 550 °C (heating ramp: 2
°C/min) to remove the surfactants and any remaining organic compounds. Complete organic
compounds removal was verified by thermogravimetric analysis (TGA). This material was
labelled as LP-FDU-12-TMB-C (LP: Large Pore; FDU-12 material; TMB: trimethylbenzene; C:

calcination treatment).

Synthesis of FDU-12 by using xylene as an organic swelling agent. This material was prepared by
adapting the procedure used by Huang et al with slight modifications °. 2 g of triblock copolymer
Pluronic F127 and 5 g of KCI were dissolved in 120 mL of 2 M HCI aqueous solution, in a closed
container made of Teflon and the solution was stirred for 24 h at room temperature. Following
complete dissolution, the closed container was transferred to a water bath kept at a temperature of
14 °C and the solution was gently stirred for 1 h to allow for temperature equilibration. Then, 8.52
mL of micelle expander m-xylene were added dropwise. The mixture was stirred at 14 °C for 1 h,
and finally 9.66 mL of TEOS were further added and stirring was performed at 14 °C for 24 h. The
white gel obtained was totally transferred into a Teflon autoclave and placed in an oven for
hydrothermal treatment at 140 °C for 96 h under static conditions. The obtained sample was

filtered, washed with ethanol and dried at room temperature overnight. The white powder was

44



calcined in a furnace for 5 h at 550 °C (heating ramp: 2 °C/min) to remove the surfactants and any
other organic residues. Complete organic compounds removal was verified by thermogravimetric
analysis (TGA). This material was designated as LP-FDU-12-XYL-C (LP: Large Pore; FDU-12;

XYL: m-xylene; C: calcined treatment).
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SUPPORTING FIGURES
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20
Figure S1. Low-angle XRD patterns of amorphous mesoporous silica materials: MCF-TIPB-C

and PSSP are shown. For more details, see the Materials and Methods.
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Figure S2. Pore size distributions of ordered mesoporous silica materials (A) and amorphous
mesoporous silica materials (B) are shown. The BJH desorption pore size distributions have been

shifted vertically for clarity (+5 cm?®/g STP for A and +2 cm®/g STP for B). For more details, see

Materials and Methods.
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Figure S3. SEM images (A, B) of calcined LP-FDU-12-TMB-C are shown. For more details, see

the Materials and Methods.
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Figure S4. SEM images (A, B) of calcined LP-FDU-12-XYL-C are shown. For more details, see

the Materials and Methods.
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Figure S5. SEM images (A-E) of calcined LP-SBA-15-TIPB-C are shown. For more details, see

Materials and Methods.
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Figure S6. SEM images (A, B) of calcined MCF-TIPB-C. For more details, see Materials and

Methods.
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100 nm

Figure S7. SEM images (A-D) of porous spherical silicate particles (PSSP) are shown. For more

details, see Methods section.
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Figure S8. Transmission microscope image images of zpasic. DAAO immobilized on silica

supports are shown. Scale bar indicates 25 um. For more details, see Methods section.
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Figure S9. Immobilization yield of Zpasic. DAAO on silica materials is shown. Immobilization
yield is the ratio of bound and initially offered enzyme activity. MCF-TIPB-C (solid squares), LP-
SBA-15-TIPB-C (open squares), LP-FDU-12-TMB-C (solid triangles), LP-FDU-12-XYL-C (open

triangles), PSSP (open circles) are shown. For more details, see the Methods section.
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Figure S10. Course of immobilization of Zpasico DAAO on different silica supports is shown.
MCF-TIPB-C (solid squares), LP-SBA-15-TIPB-C (open squares), LP-FDU-12-TMB-C (solid triangles),
LP-FDU-12-XYL-C (open triangles), PSSP (open circles) are shown. The enzyme loading was 2000

U/g_support.
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Figure S11. Area filling of immobilization of Zpasic DAAO on silica materials is shown. MCF-
TIPB-C (solid squares), LP-SBA-15-TIPB-C (open squares), LP-FDU-12-TMB-C (solid
triangles), LP-FDU-12-XYL-C, PSSP (open circles). Area filling, As; calculated using the

equation:

A -N

A = —"—2= where 4, is the maximum area from orthogonal projection using bounding box

Amateri al

shown in Scheme 1 (71.4 nm?), N, is the number of protein molecules per gram of material

calculated from the enzyme loading using the molecular weight and the Avogadro number, Amarerial

is the specific surface area of silica material.

56



0.35

0.3 - A
., 025 -
£ ]
€ 02 -
>
=0.15 -
(] i .
S 0.1 - -
o ]
0.05 -
07'lllllllllllllllllllllllllllllll
0 1000 2000 3000 4000 5000 6000

Enzyme offered, U/g_material

Figure S12. Pore filling of immobilization of Zyasicc. DAAO on silica materials is shown. MCF-
TIPB-C (solid squares), LP-SBA-15-TIPB-C (open squares), LP-FDU-12-TMB-C (solid
triangles), LP-FDU-12-XYL-C (open triangles) and PSSP (open circles). Pore filling, Py,

calculated using the equation:

V -N
P = Pp ® where V, is the volume of one enzyme molecule (446 nm®) derived from the

material

bounding box shown in Scheme 1, N, is the number of protein molecules per gram of material
calculated from the enzyme loading using the molecular weight and the Avogadro number, Puareriai

is the pore volume.
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Figure S13. Time-scale analysis for diffusion and enzymatic reaction catalyzed by DAAO
immobilizates is shown. Characteristic time of reaction was calculated by the ratio of concentration
of limiting substrate (O> =220 uM) and bound activity (density of carrier was taken as 1 g/mL).
Characteristic time of diffusion was calculated according r?/Desr, where r is the average radius
(characteristic distance of diffusion) and De is the coefficient of diffusion of oxygen (1.6 x 10°

m?/s was used)®.
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