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Co-immobilization of enzyme conjugates on
monolithic hierarchical large-pore mesoporous
silica for efficient cascade reactions

Georgia Mhanna, Muslim Dvoyashkin,† David Poppitz and Roger Gläser *

Monolithic large-pore mesoporous silica (LPMS) with two hierarchically structured interconnected

mesopore systems of MCM-41 (2.4–5.5 nm) and larger mesopores (20–40 nm) with high specific surface

area (up to 1121 m2 g−1) and pore volume (up to 1.16 cm3 g−1) was prepared via partial pseudomorphic

transformation. The relative fraction of the MCM-41 mesopores can be tuned from 0–1 by variation of the

molar C18TAOH/Br ratio as a structure-directing agent. The interconnectivity of the two mesopore

systems was verified by PFG NMR diffusometry. Glucose oxidase (GOx) and horseradish peroxidase

(HRP) were sequentially co-immobilized on the hierarchical LPMS materials. The co-immobilized

GOx (303–350 mg g−1) and HRP (95–132 mg g−1) efficiently cooperate as a multi-enzyme conjugate in an

activity assay oxidizing glucose to hydrogen peroxide which oxidizes 2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) to its cation. The immobilized enzymes

exhibit up to 143 ± 8% of the activity of the free enzymes in solution when supported on hierarchical LPMS

monoliths with particles sizes above 125 μm. Michaelis–Menten kinetics support the high enzyme activity

and efficient cooperation after immobilization The enzymes are concluded to be located within the

mesopores of the monoliths.

Introduction

Within each living organism, enzymes play a major role in
controlling highly complex networks of chemical reactions.
Essentially all metabolic pathways occur in sequential
conversions denoted as cascade reactions. In nature, these
pathways are efficient, specific, and optimized for particular
target substrates and products.1 Thus, multi-step enzyme-
catalyzed reactions are extensively studied in vitro in order to
transfer natural features to biotechnological applications.
Particular focus is placed on artificial multi-enzyme systems for
complex chemical transformations.1–6 When more than one
enzyme is to be used for a chemical conversion, consecutive
conversion stages over separately supported enzyme conjugates
are often applied.7,8 However, carrying out multi-enzymatic
conversions in one-pot processes is preferred due to reduction
of time and costs, and lower effort for product recovery.9–11

Several multi-enzymatic cascade reactions, e.g. alcohol
dehydrogenase ADH-catalyzed cascades with cofactor
regeneration for the synthesis of enantiomerically enriched

alcohols or deracemization and stereoinversion of alcohols,
might already meet industrial demands of high space–time
yields and excellent product purity.2,3

For immobilization on solid supports, enzymes are mostly
either chemically bound12,13 or physically adsorbed14,15 onto
an insoluble, often porous support, physically trapped in a
macromolecular network16 or encapsulated within
compartments.5,17,18 Among the insoluble supports,
nanoporous materials with pore widths close to the
dimension of the enzymes have been intensively studied.19–29

For instance, ordered mesoporous silica like MCM-41, MCM-
48, SBA-15, and MCF were used for immobilizing several
enzymes ranging from small (cytochrome c30 or lysozyme24,31)
to large (α-amylase32 or cytochrome P450 (ref. 33)). Another
attractive support for enzymes is large-pore mesoporous silica
(LPMS).15,34 Its large specific surface area and pore volume as
well as its tunable mesoscale pores are suitable for hosting a
wide range of guests, from small molecules up to large
proteins.34 Additionally, silica materials are well known for
their biocompatibility, chemical inertness and modifiable
surface.19–24 Moreover, the pseudomorphic transformation of
mesoporous silica can be applied for introducing a secondary
pore system with a different pore width.35–40 Pseudomorphic
transformation allows obtaining monolithic materials with
hierarchical pore systems exhibiting the characteristics of
both a newly formed porous material, e.g., MCM-41, and the
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parent material, i.e., silica beads or zeolite crystals.34,41–44

During the transformation, the alkaline medium dissolves
the silica of the parent LPMS under the influence of a
structure-directing agent, e.g., alkyltrimethylammonium
cations (CnTA

+). As shown for a silica gel, different pore
widths of the transformation product can be achieved by
using alkyltrimethylammonium cations CnTA

+ with different
alkyl chain lengths, while the degree of transformation can
be controlled by the molar ratio of CnTAOH :CnTABr.

39

Additionally, the transformation leads to the formation and
subsequent growth of domains containing MCM-41
homogeneously distributed over the volume of the parent
silica materials.39 However, the extent to which the resulting
pore systems are interconnected, and thus the degree of
hierarchical accessibility, remains poorly understood.

In this study, we report on the preparation of monolithic
large-pore mesoporous silica (LPMS) with a hierarchically
structured system of mesopores of two different pore
widths. The first aim was to obtain these materials with
different pore widths and with different fractions of the two
pore systems by adjusting the conditions of pseudomorphic
transformation of monolithic LPMS. Thereby, a deeper
understanding of the formation mechanism of the two
mesopore systems was gained by comprehensive analysis of
the materials. Secondly, the hierarchically structured LPMS
materials were utilized to co-immobilize two enzymes of
different sizes, i.e., glucose oxidase (GOx, 160 kDa, 5.5 × 7.0
× 8.0 nm (ref. 43)) and horseradish peroxidase (HRP, 44
kDa, 4.0 × 4.4 × 6.8 nm (ref. 44)), targeting the two different
pore widths of the material. The activity of the supported
enzyme conjugate GOx–HRP was studied with an assay
requiring the concomitant action of both enzymes in a
cascade reaction as an activity assay and compared to that
of the free enzymes in solution and to the enzymes
supported on a mesocellular foam and a silica gel.
Additionally, it was a goal to confirm the hierarchy of the
prepared hierarchical meso-/mesoporous LPMS materials as
well as the mass-transfer properties before and after loading
the materials with the two enzymes by pulsed field gradient
nuclear magnetic resonance (PFG NMR). Finally, the
stability of the multi-enzyme biocatalysts for reuse, towards
temperature and storage conditions, was investigated.

Experimental section
Preparation of large-pore mesoporous silicas (LPMS-x)

LPMS materials were prepared by sol–gel synthesis
combining the methods of Feng et al.47 and Chen et al.48 The
materials were hydrothermally synthesized using tetramethyl
orthosilicate (TMOS, Sigma Aldrich, 98%) as a silica source,
the triblock copolymer Pluronic® F127 (Sigma Aldrich) as a
structure-directing agent (SDA), dioctyl sulfosuccinate sodium
salt (AOT, Sigma Aldrich, ≥97%) and n-butanol (VWR, ≥99%)
as co-SDAs, and 1,3,5-trimethylbenzene (TMB, Sigma Aldrich,
98%) as a swelling agent. Typically, Pluronic® F127 and AOT
are dissolved in a 3 mM diluted aqueous HCl solution at 318

K. Then, TMB and n-butanol are added with stirring to obtain
a clear solution. Under continuous stirring, TMOS is added.
The final molar ratio of the synthesis mixture containing
TMOS : F127 : AOT :HCl : TMB : butanol was 1.0 : 0.0050 :
0.037 : 0.00032 : 0.028 : 0.39. After keeping the mixture at 318
K for 24 h, the reaction mixture was transferred into a sealed
polytetrafluoroethylene (PTFE) liner (V = 50 cm3) within a
stainless steel autoclave and subjected to hydrothermal
treatment at 373 K for a period of 24 h under static
conditions. The solid product was collected by decantation
and heated for drying and calcination at 413 K for 3 h, then
573 K for 3 h, and finally at 813 K for 5 h (heating rate of 1 K
min−1 in all steps) in ambient air.

The LPMS material is obtained with particle sizes
≥500 μm. Different particle size fractions, i.e., 35–50,
50–125, and 125–250 μm, were generated by grinding
and mechanical sieving. These are denoted as LPMS-x, with x
representing the maximum particle size in μm. Thus,
LPMS-250 denotes the material with particle sizes in the
range of 250 to 125 μm.

Preparation of hierarchical large-pore mesoporous silicas
LPMS-x-yT by pseudomorphic transformation

A first series of pseudomorphic transformations were carried
out to fully convert the LPMS into MCM-41-type materials
using an aqueous alkyltrimethylammonium hydroxide (Cn-
TAOH) solution (for the preparation, see the SI, section S1).
For this purpose, 1 g of LPMS-50 material is dried at 373 K
overnight, then immersed in 42 mL of the transformation
(CnTAOH) solution in a PTFE bottle (V = 250 cm3), and
hydrothermally treated for 72 h at 393 K under static
conditions. The molar ratio SiO2 : CnTAOH :H2O in the
transformation solution is 1 : 0.2 : 140. The solid
transformation products are filtered off, washed with
deionized water to neutral pH in the washing filtrate and
calcined for 2 h at 473, 673 and 813 K with a heating rate of
10 K min−1 in ambient air. The resulting products are
labelled according to the alkyl chain length in the CnTAOH
used, e.g., C10 denotes the product of the transformation
with C10TAOH.

A second series of preparations were carried out in order
to obtain partially transformed hierarchical LPMS materials
with different particle sizes. For these partial pseudomorphic
transformations, 1 g of dried LPMS-x (cf. above) is immersed
in 42 mL of a solution consisting of different volume
fractions of aqueous octadecyltrimethylammonium hydroxide
(C18TAOH) and octadecyltrimethylammonium bromide (C18-
TABr) solution. A constant concentration (3.36 mM) of the
surfactant C18TA

+ is applied in all the transformation
solutions. The molar ratio SiO2 : C18TA

+ :H2O in the
transformation mixtures amounts to 1 : 0.2 : 140. After
hydrothermal treatment for 72 h at 393 K, the obtained solids
are separated, washed and calcined as described for the first
series of pseudomorphic transformations above. The
resulting materials are denoted as LPMS-x-yT, where x

Catalysis Science & TechnologyPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

3/
20

26
 7

:4
9:

09
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01546d


Catal. Sci. Technol.This journal is © The Royal Society of Chemistry 2026

represents the maximum particle size and y is the volume
fraction of C18TAOH solution in vol%. For example, LPMS-50-
33T denotes the material with a maximum particle size of 50
μm (minimum of 35 μm) after transformation with 33 vol%
of C18TAOH.

Characterization

The textural properties were characterized by nitrogen sorption
isotherms at 77 K, using an ASAP 2010 instrument from
Micromeritics®. The total specific pore volume was taken from
the point at P/P0

−1 = 0.995. Specific surface areas and specific
pore volumes for both pore systems in the hierarchical LPMS
materials were determined by the t-plot method modified for
mesoporous and hierarchical silicas within the t-layer region
from 0.6 to 1.3 (see the SI, section S2).8 The pore width
distribution (PWD) of the fully transformed materials was
obtained from the desorption branch of the nitrogen sorption
isotherms using the non-local density functional theory
(NLDFT) for the nitrogen–silica equilibrium transition kernel at
77 K based on a cylindrical pore model.49 Specific BET surface
areas were obtained from the linearized Brunauer–Emmett–
Teller-equation in the region of relative pressure P/P0

−1 between
0.05 and 0.20. For partially transformed materials, the degree
of (pseudomorphic) transformation was calculated by dividing
the specific volume of MCM-41-type mesopores obtained from
the cumulative desorption pore volume through the total pore
volume at P/P0

−1 = 0.995. Scanning electron microscopy (SEM)
images were obtained using a Leo Gemini 1530 (Zeiss)
microscope at 10 kV. An in-lens secondary electron detector
was used. Prior to the measurement, the samples were
sputtered with gold. Phase analysis of the samples was
performed by powder X-ray diffraction (XRD) using a STOE-
IPDS-diffractometer (Philips X'pert Pro). The diffractograms
were taken with Cu Kα radiation of 40 kV in the angle range of
2θ = 0.5–7.0° with a step size of 0.05°. Transmission electron
microscopy (TEM) was performed using a JEM-2100Plus (Jeol)
equipped with a LaB6 electron gun operated at an acceleration
voltage of 200 kV.

The pulsed field gradient nuclear magnetic resonance
(PFG NMR) spectroscopy studies were conducted using a
home-built spectrometer operating at 125 MHz for protons
and equipped with a pulsed magnetic field gradient unit. For
diffusion experiments, the stimulated spin-echo pulse
sequence was employed.50,51 With this technique, the process
of molecular propagation in the direction of the applied
magnetic field gradient is monitored during the observation
time t = 10 ms. Other experimentally relevant parameters
were: separation between the first two 90° radio-frequency
pulses τ = 1.2 ms; the duration of the gradient pulses was δ =
0.8 ms. As a diffusant, n-hexane (Sigma-Aldrich, 99%) was
degassed by the freeze/thaw method prior to adsorption.14

The materials under study, which were placed in NMR glass
probes, were first dried for at least 6 h at 473 K and then kept
in contact with the vapor of n-hexane overnight at 298 K at a
pressure corresponding to P/P0

−1 = 0.9 for n-hexane. In this

way, loading of the mesopores by gas adsorption was ensured
and the amount of adsorbed n-hexane corresponded to a
relative pore filling of ∼1 in all the samples under study.
Thereafter, the probes were sealed.

Enzyme immobilization

GOx (from Aspergillus niger 161.8 U mg−1, 160 kDa purchased
from Sigma Aldrich, >90%) and HRP (950–2000 U mg−1, 44
kDa purchased from Sigma Aldrich, >99%) are sequentially
co-immobilized on the large-pore mesoporous silicas LPMS-x
and on the partially transformed materials LPMS-x-yT. After
activation overnight under vacuum (<10 mbar) at 323 K and
cooling to room temperature, 50 mg of the support material
is mixed with 5.00 mL phosphate buffer solution (0.1 M, pH
= 4.5, Na2HPO4/NaH2PO4 (both from Carl Roth, ≥98%)) and
5.00 mL of GOx solution (5 mg mL−1) at room temperature by
vortex stirring. After 48 h gentle stirring at room temperature,
the GOx-containing solid is separated by centrifugation (4000
rpm for 10 min) and washed several times with phosphate
buffer until no free enzyme is detected in the supernatant by
UV/vis spectrometry (Avantes AvaSpec-3648; 270 nm for GOx
and 403 nm for HRP, respectively). Finally, the materials are
dried at room temperature for at least 6 h under vacuum
(<10 mbar) and used immediately or stored at 277 K. The
amount of immobilized GOx is determined by subtracting
the amount in the combined supernatant washing solutions
by UV/vis-spectroscopy at 270 nm from the initially added
amount. Afterwards, 50 mg of the GOx-loaded LPMS-x-50T or
LPMS-x-75T materials are activated overnight under vacuum
(<10 mbar) at 310 K. Immobilization of HRP is performed by
vortex stirring the sample with 5.00 mL phosphate buffer
solution (0.1 M, pH = 5.0, Na2HPO4/NaH2PO4) and 5.00 mL
of HRP solution (1.7 mg mL−1) at room temperature. After 48
h of gentle stirring, the materials with the immobilized
enzymes are again collected by centrifugation and washed
several times with phosphate buffer until no free enzymes
are detected in the supernatant. The amount of immobilized
HRP is determined by subtracting the amount of HRP in the
combined supernatant washing solutions from the initially
added amount by UV/vis-spectroscopy at 403 nm. It was
ascertained that no GOx was lost from the support during the
washing steps following HRP immobilization. The resulting
biocatalysts are dried as after GOx immobilization, used
immediately or stored at 277 K.52–54

For selected supports, only GOx was immobilized. In this
case, the same procedure was followed as described above,
but omitting the step of HRP addition.

For comparison, a mesocellular foam (MCF) (for the
preparation and characterization, see the SI, section S3) and
silica-gel 62 (Sigma Aldrich, Davisil Grade 62) were included
as supports for enzyme immobilization.

Activity assay

To study the catalytic activity of the enzymes, an activity assay
requiring both GOx and HRP in a cascade reaction in aqueous
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solution was applied (Fig. 1). In this assay, glucose and oxygen
are converted to hydrogen peroxide which reacts with 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS) to its cation ABTS+, the concentration of which can be
quantitatively determined by UV/vis spectrometry (absorption at
415 nm).12,52,55 In the experiments with (free) GOx and HRP in
homogeneous solution or with only GOx supported, 1.00 mL of
45 mM glucose solution and 180.0 μL of a 0.4 mM solution of
ABTS are mixed via magnetic stirring in a glass vial (V = 10 cm3)
with 200.0 μL of a GOx solution (0.6 mg mL−1) or 200.0 μL of a
suspension of the supported GOx (containing 0.6 mg mL−1 GOx),
and 1.80 mL of phosphate buffer solution (0.1 M, pH = 7.0, Na2-
HPO4/NaH2PO4). Then, 200.0 μL of an HRP solution (0.2 mg
mL−1) is added. The mass ratio of HRP :GOx in all cases is 1 : 3
and the molar ratio is 1 : 1, respectively. For the co-immobilized
GOx and HRP, the mass of the dried biocatalyst particles is
chosen to keep the same enzyme amount as for the free enzymes
in the reaction mixture based on the determined amount of
immobilized GOx and HRP. The dried biocatalyst particles with
both supported enzymes are directly added to the same mixture
of glucose and ABTS solution as for the free enzymes, while 2.20
mL of phosphate buffer solution is added.

The resulting reaction mixture is then left stirring at room
temperature for 5 min. The reaction progress is monitored
following the absorption of the cation ABTS+ at 415 nm by
UV/vis-spectrometry (Avantes AvaSpec-3648).12,52,55 The
catalytic activity is determined as the average reaction rate
using the concentration change of ABTS+ over time from 0 to
10 min, with t = 0 marking the start of the reaction when
HRP solution is added. The relative activity RA is then
calculated as the ratio of the average reaction rate for the
immobilized enzymes and the average reaction rate for the
free enzymes in solution under the same reaction conditions.
The normalized activity NA is obtained by normalizing the
average reaction rate for the immobilized enzymes and the
free enzymes to the concentration of the enzymes in the
reaction medium (eqn (1)).54,56

NA ¼ RA·
cfree enzymes

cimmobilized enzymes
(1)

The reusability of selected immobilized biocatalysts was
studied by washing the supported enzymes three times with

10 mL phosphate buffer solution and repeating the activity
assay twice. Furthermore, the thermal stability of both free
and immobilized enzymes towards denaturation was studied
by carrying out the activity assay after different incubation
times (24, 48, 72, 100, 120, 140, or 160 h) at 278 K and after
an incubation time of 4 h at different temperatures (278, 288,
298, 308, 318, 333, or 343 K).

To determine the Michaelis–Menten constants for the free
and immobilized GOx and HRP, the activity assay is
conducted with a 5-fold batch with respect to the one
reported above. 5.0 mL of glucose solution (0, 5, 15, 25, 45,
90, or 120 mM) and 0.9 mL of ABTS solution (0.4 mM) are
mixed with 1.0 mL of free GOx (0.6 mg mL−1) or 1.0 mL of
the suspension (containing 0.6 mg mL−1 immobilized GOx),
and 9.0 mL of phosphate buffer solution (pH = 7) and 1.0 mL
of HRP solution (0.2 mg mL−1) are added marking the start
of the reaction, i.e., t = 0. The substrate concentration cS is
obtained from the concentration of ABTS+ assuming
stoichiometric conversion according to Fig. 1.12,52 The initial
reaction rate r0 is calculated from the slope of dependence of
cS on time at t = 0, assuming that the HRP catalysed step is
non-limiting and the cascade operates in a regime where
ABTS+ formation is strictly proportional to GOx turnover.
Thereafter, the Lineweaver–Burk plot, i.e., the double
reciprocal plot of r0

−1 vs. cS
−1, is generated from which the

apparent rate rmax and the apparent Michaelis–Menten
constant KM are extracted (see the SI, section S5).
Additionally, the catalytic reaction rate constant kcat (eqn (2))
and the catalytic efficiency kcat KM

−1 are estimated,
respectively, where cE represents the enzyme concentration in
the reaction mixture.

kcat ¼ rmax

cE
(2)

Moreover, the activity assay using the same batch size as
for the determination of the Michaelis–Menten constant is
conducted at different temperatures in the range of 288 to
328 K, in order to determine the influence of the temperature
increase on the enzyme activities.

Results and discussion
Large-pore mesoporous silica (LPMS)

As a starting material for the hierarchical materials, large-
pore mesoporous silica (LPMS) was prepared. The nitrogen
sorption isotherm and the pore width distribution of the
resulting material are shown in Fig. 2. The LPMS has a high
specific pore volume (1.76 cm3 g−1), a high specific surface
area (324 m2 g−1) and pore width distribution with a
maximum Dp = 35 nm.

Most importantly, the LPMS material is obtained as
monolithic particles with sizes ≥500 μm. This makes it an
attractive support for continuous processes as opposed to
many other mesoporous materials which are typically
obtained as powders.

Fig. 1 Scheme of the cascade reaction from glucose and oxygen
over hydrogen peroxide and the ABTS free acid to the corresponding
cation ABTS+ (absorption at 415 nm) catalyzed subsequently by GOx
and HRP.
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Hierarchical large-pore mesoporous silica LPMS by
pseudomorphic transformation

An additional system of ordered mesopores typical for MCM-
41-type materials was introduced into the LPMS by a post-
synthetic pseudomorphic transformation.

In a first series of transformations, the alkyl chain length
n of the surfactant CnTAOH as a structure-directing agent was
varied between 10 and 22 carbon atoms while completely
converting the LPMS to an MCM-41-type material. The
formation of the ordered mesopore system of MCM-41 is
confirmed by the XRD patterns shown for the LPMS after
transformation with C18TAOH (C18, Fig. 3). The major
reflection at 2θ = 2.1° corresponds to MCM-41 pores related
to the 100 plane. Upon increasing the alkyl chain length in
the structure-directing agent from 10 to 22 carbon atoms, the
specific pore volume and the pore width of the
transformation products increase from 0.42–1.16 cm3 g−1 and
from 2.4–5.5 nm, respectively (Fig. 4 and Table 1). The
nitrogen sorption isotherms (Fig. 4, top) also confirm the
increase in the specific surface area from 558–1121 m2 g−1

with increasing alkyl chain length of CnTAOH (cf. Table 1).
The only exception is sample C22 for which a lower specific
surface area and a broader pore width distribution are
observed, presumably due to an incomplete transformation

into MCM-41 (see the SI, section S2 and Fig. S2 for the
nitrogen sorption isotherm of sample C22).

A second series of pseudomorphic transformations were
carried out to obtain large-pore mesoporous silica with a

Fig. 2 Nitrogen sorption isotherm (top) and pore width distribution
(bottom) from the desorption branch (Broekhof–DeBoer) for LPMS.

Fig. 3 Exemplary small angle XRD pattern for the completely
transformed material C18.

Fig. 4 Nitrogen sorption isotherms (top) and pore width distributions
from the desorption branch of the isotherms (NLDFT) (bottom) for
LPMS materials after pseudomorphic transformation in the presence of
surfactants with different alkyl chain lengths n of CnTAOH.
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hierarchical bimodal pore system. For these
transformations, both C18TABr and C18TAOH were used in
different ratios to control the degree of transformation.
The partial transformation of LPMS is graphically
illustrated in Fig. 5.

The nitrogen sorption isotherms and the pore width
distributions of the partial transformation products of the
LPMS with a particle size of 50 μm (LPMS-50) are shown in
Fig. 6. With increasing volume fraction of C18TAOH solution
from 0 up to 100% in the transformation mixture, the pore
volume of MCM-41 pores increases and that of LPMS pores
decreases. This corresponds to an increasing transformation
degree from LPMS to MCM-41. While the average pore width
of the LPMS-pores slightly decreases with increasing
transformation degree, the width of MCM-41 pores remains
constant (Fig. 6, bottom).

By means of small angle XRD patterns, the transformation
of the mesopore system can be seen. With the exception of
the LPMS-50 parent material where no peak can be detected,
likely due to the detection limit, diffraction peaks appear
with increasing volume fraction of C18TAOH solution (Fig. 7).
Thereby, the peaks are shifted to higher diffraction angles
with increasing volume fraction of C18TAOH solution
indicating the formation of smaller mesopores.

For determining the specific pore volume of MCM-41
pores and that of LPMS pores separately, the cumulative pore
volume of the material determined by the t-plot method from
the nitrogen sorption isotherms was considered. As shown in
Fig. 8 (bottom), the first decrease in cumulative pore volume
was attributed to the MCM-41 pores with small widths
between 0 and 5 nm and the second decrease to the LPMS
pores with larger widths between 20 and 40 nm. The same
procedure was followed to determine the specific surface area

of the MCM-41 and LPMS pores separately (Fig. 8, top).
Table 2 summarizes the values for all LPMS-50-yT materials

Table 1 Specific pore volume VP(BJH des.), specific surface area A(BET), and
maximum pore width Dp(NLDFT) of LPMS materials after pseudomorphic
transformation in the presence of surfactants with different alkyl chain
lengths n of CnTAOH

Material VP(BJH des.)/cm
3 g−1 A(BET)/m

2 g−1 Dp(NLDFT)/nm

C10 0.42 923 2.4
C12 0.65 966 3.2
C14 0.96 1039 3.6
C16 1.16 1121 4.0
C18 1.09 1100 4.2
C22 1.10 558 5.5

Fig. 5 Schematic illustration of the partial pseudomorphic
transformation of LPMS materials into hierarchical bimodal LPMS-x-
yT by using a mixture of C18TABr and C18TAOH in the
transformation mixture.

Fig. 6 Nitrogen sorption isotherms (top) and pore width distributions
(bottom) from the desorption branch of the isotherms (NLDFT) for
LPMS-50-yT materials after partial pseudomorphic transformation in
the presence of different fractions of C18TAOH relative to C18TABr.

Fig. 7 Small angle XRD patterns for the completely transformed
material C18 for LPMS-50-yT materials after partial pseudomorphic
transformation in the presence of different fractions of C18TAOH
relative to C18TABr.
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with bimodal pore systems including the calculated volume
fraction of MCM-41 in the total pore volume.

Evidently, the fraction of MCM-41 pores XMCM-41 increases
with increasing fraction of C18TAOH solution. However, it
does not directly correlate to the volume fraction of C18TAOH
solution in the transformation mixture. For instance, in
LPMS-50-50T obtained from 50 vol% of C18TAOH solution,
only a fraction of 0.25 of the total specific pore volume is
contributed by MCM-41 pores.

SEM images show no alteration of particle size or geometry
after pseudomorphic transformation. High resolution SEM

images of the particle surfaces show a contradictory effect
compared to results from nitrogen sorption and small angle
XRD. Whereas the LPMS-50 material show very small pore
widths close to the resolution limit, the pore width seems to
increase towards 75% volume fraction of C18TAOH (Fig. 9).
Surprisingly, LPMS-50-100T shows a very smooth surface where
only small pores can be observed.

TEM imaging shows the homogeneous distribution of large
mesopores which are unordered for the material LPMS-50. With
adding C18TAOH, these large pores become even larger until they
disappear for the LPMS-50-100T material (Fig. 10). These results
correlate with those from nitrogen sorption and observations in
SEM imaging indicating a consumption of the LPMS material
during pseudomorphic transformation. Additionally, the
formation of small mesopores in the skeleton of the large
mesopores can be observed in all materials with added C18-
TAOH. These small mesopores, having pore distances of about 4
nm, are homogeneously distributed and show an unordered
pore structure as well. The fraction of the small mesopores
increases with increasing volume fraction of C18TAOH as was
found by nitrogen sorption (see Fig. 6).

Co-immobilization of GOx and HRP

To evaluate the applicability of hierarchical LPMS materials
for immobilization of multi-enzyme conjugates, glucose

Fig. 8 Cumulative specific surface area A (top) and cumulative
specific pore volume V (bottom) as a function of pore width DP

obtained by nitrogen sorption at 77 K (t-plot method) for
determination of the contributions of LPMS and MCM-41 to the overall
values (shown for the partially transformed large-pore mesoporous
silica LPMS-50-33T).

Table 2 Specific pore volume and specific surface area for the MCM-41 and LPMS pores as well as the calculated volume fraction of MCM-41 pores
XMCM-41 in the initial LPMS and the pseudomorphically transformed LPMS-50-yT materials

Material VMCM-41/cm
3 g−1 VLPMS/cm

3 g−1 XMCM-41 AMCM-41/m
2 g−1 ALPMS/m

2 g−1

LPMS-50 n.a.a 1.54 n.a.a n.a.a 412
LPMS-50-33T 0.19 1.47 0.11 244 216
LPMS-50-50T 0.37 1.10 0.25 500 180
LPMS-50-75T 0.70 0.75 0.48 950 100
LPMS-50-100T 0.95 0.11 0.90 1094 28

a n.a.: not applicable.

Fig. 9 SEM images of the large-pore mesoporous silica LPMS-50 (a),
and the hierarchical large-pore mesoporous silica from partial
pseudomorphic transformation LPMS-50-50T (b), LPMS-50-75T (c),
and LPMS-50-100T (d).
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oxidase (GOx) and horseradish peroxidase (HRP) were used
as model enzymes. First, loadings of each enzyme on LPMS
materials for different starting concentrations of enzymes
were determined (see the SI, section S4 and Fig. S4–S6).
Based on these results, loadings of the enzymes were
chosen for the co-immobilization of both GOx and HRP by
sequential adsorption. The general concept is graphically
illustrated in Fig. 11. Since GOx has dimensions of 5.5 × 7.0
× 8.0 nm,45 it is assumed to fit into the large pores of the
parent LPMS, but excluded from the small MCM-41 pores.
These can, however, accommodate HRP (dimensions of 4.0
× 4.4 × 6.8 nm (ref. 46)).

As a first test, whether GOx can fit into the large pores of
LPMS and HRP into the small pores of MCM-41, the effect of
the enzyme loading on the specific pore volume before and
after immobilization was studied. Thus, GOx was
immobilized on the parent LPMS-50 and HRP on the
completely transformed material LPMS-50-100T with a
maximum particle size of 50 μm. Upon loading with the
enzymes, the specific pore volume decreases from 1.54 to
1.31 cm3 g−1 for LPMS-50 + GOx and from 1.06 to 0.84

cm3 g−1 for LPMS-50-100T + HRP. This is an indication that
the enzymes occupy the pore spaces rather than being
located on the outer surface of the materials. However, a
partial pore blocking effect cannot be excluded.

The adsorption of GOx was conducted first followed by
the adsorption of HRP. It is assumed that after filling the
larger pores with the GOx enzymes, the smaller pores (and
potentially space in the larger pores not occupied by GOx)
can be loaded with the HRP enzymes. To avoid leaching of
GOx during sorption of HRP, a higher pH of the buffer
solution during the immobilization of HRP was applied (see
the Experimental section). However, minor leaching of the
already adsorbed GOx enzymes occurs. This can be
monitored by UV/vis-spectroscopy and the final loading of
GOx recalculated considering the loss due to leaching.

As stated in the literature, an HRP : GOx mass ratio of 1 : 3
was required for a maximum overall activity for the chosen
model reaction (vide infra).52–55 Thus, the loading ratios were
adjusted accordingly. The obtained HRP and GOx loadings by
sequential co-immobilization on various materials required
for the first investigation are summarized in Table 3. It shows
that the targeted ratio of the enzyme loadings was achieved
and that the overall loadings of GOx and HRP are in a
comparable range, except for the completely transformed
material LPMS-50-100T + GOx/HRP with a considerably lower
loading of both enzymes. This could be due to the presence
of only smaller pores within the LPMS-50-100T material,
where accessibility into the inner pores could be hindered
and pore blocking is more likely.

Hierarchy of the bimodal pore system and enzyme loading
probed by PFG NMR

Diffusometry by PFG NMR was applied to gain further
insight into the connectivity of the two mesopore systems
in partially transformed large-pore mesoporous silica and
into the location of the co-immobilized enzymes GOx and
HRP. The measured echo attenuations from the PFG NMR
spectroscopy with n-hexane as a diffusant are shown in
Fig. 12. The curves show a pronounced non-
monoexponential decay suggesting the presence of more
than one diffusion coefficient, which might result from
the different diffusion regimes of n-hexane. According to
the sample preparation procedure, it is possible that

Fig. 10 TEM images of the large-pore mesoporous silica LPMS-50 (a),
and the hierarchical large-pore mesoporous silica from partial
pseudomorphic transformation LPMS-50-50T (b), LPMS-50-75T (c),
and LPMS-50-100T (d) showing the presence of small mesopores.

Fig. 11 Schematic illustration of the co-immobilization of GOx and
HRP within the small and large pores of the LPMS-x-yT support.

Table 3 Loading of GOx and HRP after sequential co-immobilization on
the partially transformed large-pore mesoporous silica LPMS-50-yT, a
mesocellular foam MCF and silica-gel 62

Material HRP loading/mg g−1 GOx loading/mg g−1

LPMS-50 + GOx/HRP 112 303
LPMS-50-33T + GOx/HRP 95 285
LPMS-50-50T + GOx/HRP 128 350
LPMS-50-75T + GOx/HRP 132 346
LPMS-50-100T + GOx/HRP 34 86
MCF + GOx/HRP 145 374
Silica-gel 62 + GOx/HRP 131 371

Catalysis Science & TechnologyPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

3/
20

26
 7

:4
9:

09
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01546d


Catal. Sci. Technol.This journal is © The Royal Society of Chemistry 2026

n-hexane molecules diffuse not only within the pores of
the materials, but also partially through the gas phase
between the particles. In that case, known as the long-
range diffusion,57 the resulting diffusivity might be even
higher than that of the bulk liquid n-hexane. Thus, for
obtaining the intraparticle diffusion coefficients
Dexperimental, only the slowest decays in the range of high-
gradients were analyzed. The corresponding fittings are
represented by solid lines in Fig. 12. The results of such
fitting are summarized by the values of Dexperimental in
Table 4. The root mean square displacement (RMSD) for
each measured intraparticle diffusivity was calculated
using the Einstein equation (eqn (3)):

RMSD ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6·t·Dexperimental

p
(3)

where t is the observation time. The corresponding
calculated values are reported in Table 4.

According to the textural data obtained for the materials
under study, the fraction of smaller mesopores, i.e., of the
MCM-41-type, increases for higher degrees of transformation
(see Table 2). Consistently, it is observed that the self-

diffusion coefficient of n-hexane monotonically decreases. If
transformation occurs homogeneously on the length scale of
probed RMSDs (∼5–10 μm), and there are no significant
diffusion barriers on the interface of larger and smaller
mesopores, the observed diffusivities for the intermediate
degrees of transformation under conditions of fast diffusion
exchange between smaller and larger mesopores can be
predicted, if those values for the parent and completely
transformed materials are known. These expected diffusion
coefficients Dexpected of each LPMS material partially
transformed into MCM-41 are then calculated using eqn (4):

Dexpected ¼ VLPMS

V total
·DLPMS þ VMCM‐41

V total
·DMCM‐41 (4)

where VLPMS, VMCM-41, and Vtotal correspond to the specific
pore volumes of LPMS and MCM-41 and specific total pore
volume, respectively, extracted from the nitrogen sorption
data presented in Table 2. Assuming equal densities of
n-hexane in the larger and smaller mesopores, the fraction of
molecules having diffusivities of DLPMS and DMCM-41 can be
represented as VLPMS/Vtotal and VMCM-41/Vtotal, respectively.
Since no data were found in the literature on previous PFG
NMR conducted for LPMS materials, DLPMS was taken as the
experimental value of the diffusion coefficient of pure LPMS
(1.40 × 10−09 m2 s−1), whereas DMCM-41 corresponds to the
estimated value obtained by extrapolation of the diffusion
coefficients when the volume fraction of MCM-41 is equal to
one. It is worth noting that this value (3.75 × 10−10 m2 s−1) is
in agreement with the literature diffusion coefficients of
n-hexane in materials fully transformed into MCM-41 by
pseudomorphic transformation.58 The calculated values of
Dexpected for the different LPMS materials used in this report
are summarized in Table 4.

Concerning the LPMS materials loaded with both GOx
and HRP, the spin-echo attenuation curves in
Fig. 12 (bottom) were similarly obtained and
Dexperimental+GOx/HRP was extracted from the slower
components of these curves and presented in Table 4.

Fig. 13 presents the variation in diffusion coefficients in
terms of XMCM-41, which corresponds to the MCM-41 volume
fraction calculated from the nitrogen sorption data (Table 2).
Dexpected was also plotted as a reference value for the
experimental ones. As shown in Fig. 13, the experimental
values of diffusivities for the material without enzymes are
comparable to the Dexpected, except for the material LPMS-75T
that shows a lower diffusion rate of n-hexane. This is an
indication of a higher interconnectivity of the two mesopore
systems for this high degree of transformation. For the
materials loaded with enzymes, the decrease of the diffusion
coefficients within the intraparticle volume is an indication
that the enzymes occupy the pore space and are not located
on the outer surface of the materials. In addition, when
comparing the materials with and without enzymes, a rather
minor reduction of diffusivities (30–40%) can be an
indication that the enzymes do not block the pores.

Fig. 12 Spin-echo diffusion attenuation curves for n-hexane in LPMS-
50 and the partially transformed, hierarchical large-pore mesoporous
silicas LPMS-50-yT before (top) and after loading with both GOx and
HRP by co-immobilization (bottom).
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As a conclusion, according to the PFG NMR findings, a
fast exchange between larger and smaller mesopores has
been observed on the length scale of ∼5–10 μm, suggesting a
hierarchal nature and an interconnectivity of the two
mesopores in all LPMS-yT materials obtained by
pseudomorphic transformation.

Catalytic activity of the immobilized enzyme conjugate

Fig. 14 summarizes the normalized overall activity of the
enzymes immobilized on hierarchical LPMS-50-yT materials
as well as on a mesocellular foam (MCF) and a silica gel for
comparison. The co-immobilized GOx and HRP are less active
by 28–33% than the free enzymes in solution, taken as 100%
of the normalized activity. Interestingly, the different
transformation degrees of the LPMS supports, i.e., LPMS-50-
50T or LPMS-50-75T, have essentially no influence on the
activity. However, the enzymes immobilized on the
hierarchical, monolithic LPMS materials are significantly
more active than those on the mesocellular foam or the silica
gel as a support (Fig. 14). This might be related to the more
efficient interaction of the two enzymes when supported in
the pores of the hierarchical LPMS materials. As an

additional notice, all the investigations were conducted with
a negative control, i.e., in the presence of the materials
without the supported enzymes, and 0% normalized activity
has been recorded.

As Fig. 14 also shows, the activity of the enzymes co-
immobilized on LPMS-50-50T and LPMS-50-75T decreases
considerably when used again for two cycles. This activity loss
is consistent with several literature studies, reporting activity
losses of GOx immobilized on mesoporous silica in the range
of 10–20% in each cycle.59,60 However, despite the lower
activities compared to that of LPMS-based biocatalysts for the
fresh materials, the enzymes supported on MCF and silica-gel
62 undergo a less radical decrease in the activities in the first
and second reuse. The reason for the lower activities of the
MCF- and silica gel-based catalysts could be due to the smaller
pore widths of the two supports (with a 22 nm cage width and
a 17 nm pore window width for MCF and a 15 nm pore width
for silica-gel 62), resulting in a lower pore filling, especially with
the larger GOx enzymes. The smaller pores and pore openings
could, however, protect the supported enzymes more effectively

Fig. 13 Dexperimental for the large-pore mesoporous silicas LPMS-50-yT
before and after co-immobilization with GOx and HRP as a function of
volume fraction of MCM-41 pores (XMCM-41, cf. Table 2). Dexpected denotes
the values of the diffusion coefficients calculated from eqn (4).

Fig. 14 Normalized activity of the free enzymes GOx and HRP and of
co-immobilized GOx and HRP on large-pore mesoporous silica with
different MCM-41 pore fractions LPMS-50-yT, a mesocellular foam
MCF and silica-gel 62. Besides the values for the fresh catalysts, the
ones for the first and second reuse are also shown.

Table 4 Calculated (expected) and experimentally determined diffusion coefficients Dexpected and Dexperimental as well as the root mean square
displacement RMSD at 298 K for the large-pore mesoporous silicas LPMS-50-yT before and after co-immobilization with GOx and HRP

Material Dexpected/m
2 s−1 Dexperimental/m

2 s−1 RMSD/μm Dexperimental+GOx/HRP/m
2 s−1 RMSD+GOx/HRP/μm

LPMS-50 1.40 × 10−09 1.40 × 10−09 9.2 1.5 × 10−09 9.5
LPMS-50-33T 1.31 × 10−09 1.35 × 10−09 9.0 9.0 × 10−10 7.3
LPMS-50-50T 1.14 × 10−09 1.10 × 10−09 8.1 8.0 × 10−10 6.9
LPMS-50-75T 9.05 × 10−10 5.20 × 10−10 5.6 3.8 × 10−10 4.8
LPMS-50-100T 4.81 × 10−10 4.50 × 10−10 5.2 2.0 × 10−10 3.5
Bulk n-hexane n.a.a 4.18 × 10−09 n.a.a n.a.a n.a.a

a n.a.: not applicable.
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towards leaching and lead to a lower activity decrease upon the
first and second reuse. Similar cases of enzyme protection
against activity loss when immobilized in small pores were
reported in the literature.14,60–62

Michaelis–Menten investigations for free and immobilized
GOx and HRP

In order to confirm the impact of the transformation degree
of the hierarchical LPMS materials on the catalytic properties
of the supported enzymes, Michaelis–Menten investigations
were conducted. In addition, an insight into the variation of
the catalytic properties of GOx in solution, individually
immobilized, or co-immobilized with HRP should be gained.
Therefore, the activities of GOx immobilized on LPMS-50-50T
and LPMS-50-75T, either alone or with HRP, were recorded
and compared to the ones of the free GOx in solution. The
apparent Michaelis–Menten constant KM and maximum
reaction rate rmax were determined for the free GOx in
solution as well as for each material by fitting the initial
reaction rate data to the Lineweaver–Burk diagram (see the
SI, section S4 and Fig. S10). To ensure a plausible
comparative analysis with the benchmark studies,52,63,64 the
same mathematical framework using the Lineweaver–Burk
fitting was used, although this linear fitting may
disproportionately weight experimental errors at low
substrate concentrations.

The calculated apparent KM for free GOx in solution
(1.45 mM) is lower by a factor of 2–29 than the ones
reported in the literature for similar reaction conditions
(2.6–41.8 mM).52,63,64 This can indicate inhibition of the
GOx activity under the selected reaction conditions. It is
known that the activity of GOx can be reduced when H2O2

accumulates around the active sites.65 Due to the high
substrate concentrations used in this study, an
accumulation of H2O2 can also be responsible for inhibiting
the activity of GOx here. Also, the Michaelis–Menten
constants KM for the catalysts LPMS-50-50T + GOx and
LPMS-50-75T + GOx have lower affinities for the substrate
glucose as compared to free GOx or to the co-immobilized
GOx with HRP on the same materials (Table 5). This points
at a higher affinity of GOx to the substrate when present in
the vicinity of HRP on the support as opposed to the larger
distance in free solution.66,67

The maximum rate rmax of the free GOx in solution is
not comparable to the values reported in the literature
(8.7 10−3–10.9 10−3 M s−1).52,53,64 Also, the catalytic reaction

rate constant kcat that is independent of the enzyme
concentration is lower than the ones reported in the literature
(250–310 s−1).52,53,64 This might be due to an overestimation of
the amount of active enzymes caused by denaturation during
enzyme preparation. However, the apparent catalytic
efficiencies kcat KM

−1 of the free and the immobilized GOx
(7.8–32.0 mM−1 s−1) are in the same range as the values
reported in the literature (16.7–88.6 mM−1 s−1).52,53,64

The catalytic efficiencies of the catalysts LPMS-50-50T +
GOx and LPMS-50-75T + GOx are lower compared to the
free GOx despite comparable or higher kcat values. This
can be explained by the lower affinities to the glucose
substrate of individually immobilized GOx in comparison
with free GOx in solution. This is consistent with a higher
local concentration of the substrate molecules in the
immediate vicinity of the active center of the immobilized
vs. the free enzyme.

For the catalyst with both GOx and HRP co-immobilized
on LPMS-50-50T + GOx/HRP, the kcat value is lower by a factor
of 4.5 and also, the catalytic efficiency is slightly lower when
compared to the free GOx in solution (Table 5). Interestingly,
for the catalyst with the higher fraction of MCM-41-type pores
LPMS-50-75T + GOx/HRP, the calculated kcat value (48.7 s−1)
and the catalytic efficiency (30.8 mM−1 s−1) are both
comparable to the ones of the free GOx. It can, thus, be
assumed that the higher fractions of the smaller MCM-41-
type pores and the high interconnectivity in the support allow
for a closer intimacy and more efficient cooperation between
the HRP and GOx enzymes as compared to the ones with
GOx individually immobilized with HRP in free solution.

Particle size effect

The influence of the particle size of the hierarchical LPMS
materials on the normalized activities of co-immobilized GOx
and HRP enzymes was studied by replicating the experiment
3 times for each support. Thus, LPMS-x-yT materials with
maximum particle sizes of 50, 125, and 250 μm were used. As
for the previous studies, the loading of GOx and HRP on the
supports was the same as that used for the activity studies
reported above (cf. Table 5) with a HRP :GOx mass ratio of 1 :
3 (see the SI, section S4 and Table S2).

Remarkably, for both supports with the lower (LPMS-x-
50T) and higher (LPMS-x-75T) fractions of the MCM-41-type
mesopores, the immobilized enzyme conjugate with the
largest particles of 250 μm has the highest normalized
activity, even considerably higher than that of the free

Table 5 Apparent Michaelis–Menten constant KM, maximum reaction rate rmax, catalytic reaction rate constant kcat, and catalytic efficiency kcat KM
−1 of

free GOx and of GOx immobilized on large-pore mesoporous silica LPMS-50-yT materials with HRP either in solution or co-immobilized

Catalyst KM mM−1 rmax/10
−6 M s−1 kcat/s

−1 kcat KM
−1/mM−1 s−1

Free GOx 1.45 10.28 46.3 32.0
LPMS-50-50T + GOx 2.51 11.88 42.8 17.1
LPMS-50-75T + GOx 8.20 14.26 64.3 7.8
LPMS-50-50T + GOx/HRP 0.39 1.33 10.3 26.3
LPMS-50-75T + GOx/HRP 1.58 1.44 48.7 30.8
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enzymes in solution (131 ± 5% and 143 ± 8% for LPMS-250-
50T and LPMS-250-75T, Fig. 15). Moreover, the normalized
activity decreases with the particle size (82 ± 3% and 67 ± 1%
for LPMS-125-50T and LPMS-50-50T and 103 ± 3% and 76 ±
2% for LPMS-125-75T and LPMS-50-75T, respectively, Fig. 15).
This can be seen as an indication that the rate of the cascade
reaction is likely not limited by diffusion within the
monolithic particles. A first explanation for the higher
normalized activity with larger support particles is that the
enzyme conjugates, at comparable loading, could be more
distributed throughout the particles, offering a more
favorable spatial arrangement. Therefore, the enzyme
conjugates could be more accessible in supports with larger
particles compared to those with smaller particles.68 It
cannot be excluded, however, that enzymes might be closer
to each other even in the larger particles leading to favorable
microenvironments and higher normalized activities.69

Note also that, again, the normalized activity for the
support with the higher fraction of the MCM-41-type
mesopores is higher (cf. Table 5). This corroborates the
above-mentioned conclusion that the smaller mesopores
support the interaction between the two enzymes by
efficiently placing the enzymes in close proximity. This is also
consistent with the interconnectivity of the two mesopore
systems as derived from the PFG NMR showing decreased

diffusion coefficients for these materials with higher
fractions of MCM-41 pores (cf. Table 4). It might, therefore,
be conceived that the higher activity in the catalysts with
more smaller mesopores (and with larger particles) is related
to the higher residence time of the substrates and
intermediates in the vicinity of the active sites of the enzymes
located within the pore system of the supports.55,70

Stability of the biocatalysts

In a first set of the experiments, the temperature influence
on the activity of the multi-enzyme conjugate immobilized
on the hierarchical large-pore mesoporous silica with
different particle sizes LPMS-x-75T was studied in the range
of 288 to 328 K. As expected, the normalized activity
increases with the reaction temperature, however only up to
318 K, where the highest activity for both free enzymes and
supported enzymes was observed (see the SI, section S6.1
and Fig. S11). These results are in agreement with the ones
reported in the literature, as it was shown that GOx is stable
up to 323 K (ref. 63) and HRP up to 328 K.71 Consequently,
the activity at 328 K is much lower than that at 318 K due
to denaturation of the enzymes. In addition, the normalized
activity as well as its increase with temperature is more
pronounced for the support with larger particles than that
for the support with smaller particles (SI, Fig. S11).
Although this might be taken as an indication for the
reduced role of diffusion limitations (for which the activity
increase with temperature is expected to be comparable),
these results do not allow to draw a final conclusion
regarding a diffusion limitation of the reaction as a higher
temperature increases both reaction and diffusion rates.

Moreover, the influence of storage temperature between
278 and 353 K for 4 h and the effect of storage time up to
16 days at 278 K on the enzymes GOx and HRP co-
immobilized on the LPMS-x-75T materials was investigated
(see the SI, sections S6.2 and S6.3). Generally, the enzymes
are relatively stable when stored for 4 h up to 318 K,
whereas the relative activity drops due to denaturation at
higher temperatures. Storage over extended duration at 278
K leads to a steady decrease in relative activity. This activity
decrease is less pronounced for the material with 250 μm
particle size than for that with smaller particles, which
supports the above-mentioned conclusion that the enzymes
in the larger particles are located within the pores of the
monolithic particles and are, thus, more efficiently
protected from leaching.

Conclusions

In conclusion, monolithic large-pore mesoporous silica
(LPMS) with a hierarchical system of two interconnected
mesopore systems of ordered MCM-41-type pores (2.4–5.5
nm) and unordered LPMS-type mesopores (20–40 nm) was
prepared via partial pseudomorphic transformation. The
homogeneous distribution and interconnectivity of the two
mesopore systems were verified by HR-TEM and PFG NMR.

Fig. 15 Normalized activity of the free and of the co-immobilized
GOx and HRP on large-pore mesoporous silica with different particle
sizes and different MCM-41 pore fractions LPMS-x-50T (top) and
LPMS-x-75T (bottom).
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These materials were successfully applied to co-immobilize
GOx and HRP as two enzymes with different sizes, proposing a
spatial arrangement targeting the two differently sized
mesopore systems. These co-immobilized enzymes are more
active than the free enzymes in solution when supported on
hierarchical LPMS monoliths with particles sizes above 125
μm. Challenges remain in improving the stability of the
enzymes, especially against leaching upon reuse by either
milder washing, crosslinking, or surface functionalization of
the silica material. Clearly, this approach can be extended to
support other enzyme conjugates by adapting the width
(distribution) and the relative fraction of the mesopore
systems. The monolithic nature of the multi-enzyme conjugate-
based biocatalysts makes them attractive and promising
candidates for future continuous-flow processing for advanced
and sustainable biotechnological transformations. Introducing
even more complex pore architectures for immobilizing more
than two types of cooperating enzymes might eventually pave
the way for rationally designing artificial cells.
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