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Introduction

Enzyme immobilization inside the porous wood
structure: a natural scaffold for continuous-flow
biocatalysisT

Christian Goldhahn, (9 Josef A. Taut,? Mark Schubert,?® Ingo Burgert {22°
and Munish Chanana (& *2°<

Enzymes are often immobilized on solid supports to enable their recovery from reaction solutions, facilitate
their reuse and hence increase cost-effectiveness in their application. Immobilized enzymes may even be
used for flow-through applications in continuous processes. However, the synthesis of traditional
immobilization scaffolds and immobilization techniques lack sustainability as they are often based on
fuel-based materials and tedious synthesis- and immobilization approaches. Here, we present the natural
material wood as a green alternative for enzyme immobilization. Its natural structure provides
a mechanically stable porous scaffold with a high inner surface area that allows for directional flow-
through of liquids. Enzymes were immobilized by nanoparticle-mediated adsorption, a simple, versatile
and completely water-based process. The resulting wood—enzyme hybrids were intensely investigated
for the model enzyme laccase. Reaction kinetics, as well as catalytic activities at various pH-values,
temperatures, and ionic strengths were determined. The wood-enzyme hybrids could quickly and
completely be removed from the reaction solution. Hence, they allow for multifold reusability. We show
a series of 25 consecutive reaction cycles with a remaining activity in the last cycle of 90% of the
maximal activity. Moreover, the anisotropic porosity of wood enabled the application of the hybrid
material as a biocatalytic flow-through reactor. Flow-rate dependent productivity of a single-enzyme
reaction was determined. Moreover, we show a two-step reaction cascade in continuous flow by the
immobilization of the enzymes glucose oxidase and horseradish peroxidase. Therefore, the natural
material wood proved to be a promising material for application in continuous-flow biocatalysis.

disadvantages. The removal of the enzymes can be tedious as
they are dissolved in the reaction solution. Hence, enzymes are

Catalysts are the basis for the modern chemical industry. Many
synthetic processes cannot be executed without them."? Besides
conventional catalysts, which are mostly based on metals,
enzymes are widely used as a greener alternative. These bio-
catalysts are highly active and specific under mild reaction
conditions and offer a huge variety of possible reactions.?
Moreover, they are produced from natural resources, making
them more sustainable than metal-based catalysts. Their
application fields range from food, textile, and detergent
industry to complex functional devices like bio-sensors.*
Enzymes work naturally as homogeneous catalysts in
aqueous solutions. The resulting batch-processes bear certain
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often only applied for single-use and stay behind as impurities
in the reaction product. Furthermore, batch processes are per se
less productive than continuous production methods.>*
Immobilization of enzymes on solid supports is widely used
to overcome these problems.” The immobilization enables
simpler separation of the biocatalyst from the reaction solution
as it converts the homogeneous nature of the dissolved enzyme
molecules to a heterogeneous system.® Consequently, the
resulting nano- or micro-hybrids can be separated from the
reaction solution by established techniques like filtration or
centrifugation. Furthermore, enzyme immobilization can be
used to realize continuous-flow biocatalysis, combining the
advantages of biocatalysis and continuous production.” In these
approaches, enzymes are often coupled to powders or porous
beats and subsequently randomly packed into a fixed bed
reactor.'®*> However, such reactors have uncontrolled fluid
dynamics, resulting in inhomogeneous distribution of reac-
tants and products, a broad residence time distribution, and
low selectivity.”® In addition, fixed bed reactors can exhibit

This journal is © The Royal Society of Chemistry 2020
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a high pressure drop. Hence, the structuration of the bed
geometry is highly desirable to overcome these drawbacks.

The use of porous monoliths is one way to tackle these
problems."* In this context, the term monolith depicts
a continuous unitary structure that offers structured pores, high
inner surface area, and low pressure drop for flow-through
applications.’®” In addition to being used for conventional
catalysis, they have been investigated as scaffolds for enzyme
immobilization.">* With such systems, effective continuous-
flow biocatalysis is possible, for example for the production of
biodiesel or fine chemicals.*?**

Generally, the materials used for these applications are
either inorganic silica-based monoliths synthesized by sol-gel
chemistry,>>*® porous polymer networks,>>*® or polymer-inor-
ganic composites.” Hence, they require tedious synthetic
processes as well as energy- and resource-intensive production
methods, which calls for more sustainable alternatives.

In analogy to conventional monoliths, we propose the
renewable resource wood as a suitable porous scaffold for
enzyme immobilization and application in continuous-flow
biocatalysis. Wood is a highly abundant and CO,-storing
resource that offers the necessary structural features for this
purpose. At the micro level, wood's natural anatomy exhibits
a bundle of unidirectional pores, which are aligned along the
tree's axial direction and enable directional flow of liquids.
Furthermore, wood is mechanically stable, easy to handle and
to process, and offers a relatively high inner surface area.*®
Wood and wood-based functional materials have therefore
recently been used for various flow-through applications. They
comprise membranes for water filtration,** oil/water-separa-
tion,*** and membranes with tunable flux.** Moreover, flow-
through catalysis has been performed with a wood-based
material. For this purpose, the wood was decorated with palla-
dium nanoparticles to achieve catalytic dye degradation in the
permeate.** Enzyme immobilization on wood, however, has
never been reported.

Individual wood constituents have been used as scaffold
materials for enzyme immobilization. For example the

1. particle growth
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polyphenolic lignin, which is a side product of the paper
industry, was used for the production of hydrogels on which
enzymes were immobilized.**** Another material that is derived
from wood and has been used as scaffold for enzyme immobi-
lization are cellulose nanofibers and nanocrystals.*** However,
these wood-derived materials are molecular or nano-sized
components and have no intrinsic structure on the micro-
level. Hence, they are not suited for continuous-flow bio-
catalysis without further processing.

We show the proof of concept for the application of wood
as a scaffold material in continuous-flow biocatalysis. Enzyme
immobilization on wood was achieved by gold nanoparticle
mediated adsorption, an approach that we developed and
applied on cellulose fibers in previous studies.**** It is based
on a two-step impregnation of wood with aqueous reaction
solutions. The approach is easy, versatile, and requires no pre-
modification of the enzyme or arduous cleaning or purifica-
tion steps. This is in contrast to common production methods
of heterogeneous biocatalysts by covalent grafting of the
enzymes, for which such additional steps are essential. The
resulting wood-gold-enzyme hybrids are easy to handle, offer
a high reusability, and can be applied as flow-through reac-
tors. Moreover, multi-step cascade reactions can be realized
by immobilization of multiple enzymes. Hence, the material
is a promising step towards greener heterogeneous
biocatalysts.

Results and discussion

The immobilization of enzymes on wood was executed in a two-
step process (Fig. 1). In a first step, poplar wood was prepared as
a scaffold for enzyme immobilization by in situ gold reduction.
Cylindrical samples of poplar wood with diameters of 16 mm
were vacuum impregnated with chloroauric acid. Poplar is
a hardwood species with a low density and high porosity as
a result of a high amount of vessels (Fig. S1f shows the
microstructure of poplar wood).*® These vessels are pores with
diameters of about 40 pm to 100 um that are elongated in the

HAuClg

2. enzyme adsorption

solution

Fig.1 Schematic illustration of the immobilization process of enzymes in hardwood. During the two-step process, the wood is first impregnated
with chloroauric acid to induce the growth of gold nanoparticles inside the wood structure. In the course of the reaction, Au®*-ions are reduced
in situ by the wood cell walls and form a layer of particles on their surface. In a second step, the gold particle-impregnated wood is incubated with
an enzyme solution. The enzymes robustly adsorb to the gold particles, leading to biocatalytic wood—gold—enzyme hybrids (wood@-
Au@enzyme). The graphical overview does not specifically illustrate poplar wood.

This journal is © The Royal Society of Chemistry 2020
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axial direction of the tree. They can reach a length of several
centimeters in poplar wood and are mainly responsible for the
water-flow through the wood structure.*®*” Hence, the sapwood
of hardwoods can be impregnated more easily with reaction
solutions compared to softwoods that do not have vessels.
Moreover, the high amount of vessels leads to an easy flow-
through with low pressure drop, which is beneficial for flow-
through applications.***

Over the course of the reaction, the solution penetrates the
porous wood structure, in which Au**-ions are then reduced to
gold particles at the surface of wood cell walls. It was shown,
that the cell wall component lignin can act as a reducing agent
for noble metal ions.* As a result, wood-gold hybrids
(wood@Au) are obtained that exhibit a violet color due to the
characteristic plasmon resonance of the immobilized gold
particles (Fig. 2A). We used gold for this purpose, as it offers two
important advantages. Firstly, the gold ions can easily be
reduced due to their high redox potential, so that lignin can
function as a reducing agent and no additional reducing agent
is necessary. Secondly, gold has a high affinity for protein
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adsorption, which is important for the second immobilization
step. Notably, the use of other potentially cheaper metals is
conceivable, as many metals provide good protein adsorption.
Depending on the metal's redox potential, an additional
reducing agent might be necessary.

When the gold particle-impregnated wood samples were cut
open, the violet coloring of the wood indicated that particles
formed throughout the whole sample (Fig. 2A). However, the
coloring gets less intense towards the inner part of the sample,
showing that the particles are not uniformly distributed
throughout the sample thickness. This is because the impreg-
nation solution penetrates the samples mainly along the pore
direction and gold ions are already reduced at the periphery and
their concentration decreases towards the center. A sample
thickness of 3 mm was determined to allow for a decent pene-
tration with reaction solution through the whole sample.

The modified cell wall surface was investigated by scanning
electron microscopy (SEM) of wood@Au samples. The micro-
graphs show gold particles on the surface of the cell walls as
bright spots due to their higher electron density. Overview

Fig. 2

(A) Photographs of native poplar wood (top), gold-impregnated poplar wood (center), and cut-open impregnated poplar wood (bottom).

The gold particles that were induced during the first modification step cause a color change to violet. In the cut-open sample, the heterogeneity
of the modification gets visible, which is caused by decreasing Au®*-concentration towards the center of the sample. All samples have a diameter
of 16 mm and a height of 3 mm. (B—D) SEM micrographs of poplar wood with increasing magnifications. The particles are well visible as bright
spots on the inner surface of the wood cell walls. Particle clusters with sizes of several micrometers are visible, as well as individual particles with
diameters below 100 nm. Scale bars depict 300 pm in (B), 10 um in (C), and 3 um in (D).
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images show that the particles are mainly located on the inner
cell walls of the vessels and that the overall microstructure and
micro-porosity of the wood samples is not altered by the
modification process (Fig. 2B). The sizes of the particles were
determined by digital image analysis with the software Image]J
(Fig. S27). A bimodality in the particle size is visible. On the one
hand, individual small particles were detected with sizes below
100 nm (74.49 nm + 26.21 nm). On the other hand, big particle
agglomerates with sizes of several hundred nanometers and up
to 5 micrometers are visible. In general, the in situ synthesis
leads to heterogeneous particle sizes with a wide distribution.
This is mainly caused by the heterogeneous surface morphology
and chemistry of the wood cell walls. Another factor might be
concentration gradients of the incubation solution while
penetrating the wood structure.

In a second step, the enzymes were immobilized on the inner
surface of poplar wood by adsorption. We chose the oxidore-
ductase laccase (lac) for the characterization of the system, as it
offers a broad range of possible model reactions and proved to
be suitable for immobilization by adsorption.*

The immobilization was achieved by vacuum impregnation of
wood@Au samples with a solution of laccase in buffer (10 mM,
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pH = 3). After impregnation, the final wood-gold-enzyme hybrids
(wood@Au@lac) were washed three times with buffer solution
and subsequently stored in buffer until they were used.

The amount of immobilized enzyme was determined by
fluorescence spectroscopy. For this, the laccase was labeled with
the fluorescent dye tetramethylrhodamine-5-6-isothiocyanate
(TRITC) prior to the immobilization process. The fluorescence
intensity of the impregnation solution was then measured
before and after the impregnation and the amount of immo-
bilized enzymes was calculated as the difference between these
values. We found that (0.17 & 0.37 x 10~ %) mg of enzyme were
immobilized per wood sample. This equals 0.56 mg of enzyme
per one gram of wood and 34.0% of the laccase provided in the
impregnation solution. The adsorption efficiency is consistent
with both our previous work on the immobilization of laccase
on cellulose fibers and other studies investigating the immo-
bilization of laccase by adsorption.****** The amount of
immobilized enzymes (0.56 mg g~ ') is lower than reported in
literature. This is most likely due to the lower specific surface
area of wood, compared to nano-sized or nanoporous materials,
resulting in a lower accessible surface area per gram sample.
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(A) Photographs of wood@Au@lac in an ABTS solution in buffer (pH = 3) immediately after insertion of the sample (left) and after 30

minutes of reaction time (right). The immobilized laccase catalyzes the oxidation of ABTS to its greenish blue radical cation, proving successful
enzyme immobilization. (B) Plot of the absorption of the reaction solutions at 2 = 415 nm over time for laccase on impregnated wood
(wood@Aue@lac) and on native wood (wood@lac). Continuous product formation leads to a linear increase of absorption. The wood@Au@lac is
about twice as active as the wooda@lac. (C) Plot of the initial reaction velocities of the oxidation of ABTS by wood@Au@lac against the substrate
concentration. The red line represents the hyperbolic fit of the data, which allows for the determination of the kinetic parameters Ky and vpyax of
the reaction. The dotted line represents vmay. (D) Plot of the relative activities of wood@Au@lac over 25 reaction cycles. The values are normalized
to the maximal activity in the eighth cycle. The activity increases after the first cycle until it reaches a maximum in the eighth cycle, before it starts
to decrease over the rest of the cycles. The remaining activity after the 25" cycle is 90% compared to the eighth cycle.

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 20608-20619 | 20611
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A successful immobilization of the enzyme was proven by
catalytic activity measurements of the hybrids. We chose the
oxidation of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) to its stable radical cation as a model reaction.
This reaction can be enzymatically catalyzed by laccase and
leads to a color change of the solution from colorless to
a greenish blue (Fig. 3A). The increasing amount of reaction
product can easily be detected and quantified photometrically
by measuring the light absorption of the reaction product at the
local absorption maximum (Fig. S3,T A = 415 nm, ¢4,5(ABTS") =
3.60 x 10" L mol ™" em ™). Fig. 3B shows the linear increase of
reaction product that indicates the catalytic activity of
wood@Au@lac and, hence, successful enzyme immobilization.
We evaluated enzyme leaching by testing the catalytic activity of
the washing solution of the last washing cycle. No catalytic
activity (ABTS-oxidation) could be detected in this solution.
Hence, we conclude that the enzymes are robustly bound and
no significant enzyme desorption takes place after washing. In
a control experiment, native wood without gold particles was
impregnated with laccase in the same way as the wood-gold-
hybrids. These samples also show catalytic activity (Fig. 3B, red
dots), indicating that enzymes were adsorbed to the native wood
structure as well. However, the samples without gold particles
showed leaching of enzyme and a poor reusability, since no
robust binding of the enzyme took place. Hence, the resulting
activity is only half as high as for wood@Au@]lac. Therefore, we
conclude that the gold particle-loaded inner wood surface, in
comparison to the bare inner wood surface, provides a higher
affinity for enzymes. Hence, it allows for easy and robust
enzyme immobilization inside the wood structure, which is not
possible to this extent in native wood. This result is in agree-
ment with our prior work, in which we showed the immobili-
zation of enzymes and other proteins on colloidal metal
surfaces.***>*>* These proteins bind robustly to the surfaces,
without any detectable leaching. If enzymes are attached, they
remain their catalytic activity after the adsorption.*

We determined the kinetic parameters of the ABTS-oxidation
catalyzed by wood@Au@lac to gain further insight into the
catalytic activity of the system and to compare them with the
native enzyme. The characteristic Michaelis constant Ky, as well
as the maximal reaction velocity vy, were obtained by plotting
the reaction rates at different substrate concentrations, fol-
lowed by a hyperbolic fit of the data (Fig. 3B and Table 1). The
Michaelis constant is the substrate concentration at which
0.5Vmax is reached. It relates to the binding affinity of the
substrate to the enzyme, where lower values of Ky, represent
a higher affinity. Moreover, Ky is independent of the enzyme

Table1 Kinetic parameters of immobilized and free laccase (M;c = 97
kDA).5°

Ky [MM] Ve [pmol min "] Keae [s77]
Wood@Au@lac 0.219 1.63 15.21
Lac on cellulose fibers**  0.105 2.27 19.22
Free laccase** 0.037 0.57 200.33
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concentration. Hence, Ky-values of various enzyme systems
(immobilized, native) can directly be compared to each other.
The wood@Au@lac samples showed a Ky-value of 0.219 +
0.014 mM. This value is about twice as high as for laccase
immobilized by nanoparticle-mediated adsorption on cellulose
fibers and about six times as high as the Ky,-value of free lac-
case.* It is known that enzyme immobilization can lead to
increased apparent Ky-values, mainly due to structural changes
of the enzyme during immobilization,*® as well as the build-up
of an unstirred solvent layer around the immobilization surface.
This so called Nernst layer is product rich and substrate
depleted and hence leads to slower reaction kinetics.””*®
Another factor that decreases the reaction speed for wood@-
Au@lac might be diffusion limitations due to the porous
structure of poplar wood.> This means that a substrate has to
diffuse inside the wood pores to reach the enzymes immobi-
lized on the inner surface of the structure. Furthermore,
product formed inside the wood pores has to diffuse out of the
structure after the reaction to be detectable by photo-
spectrometry. The time needed for this diffusion process could
be another limiting factor for the reaction kinetics. Moreover,
the pore-size of the wood could decrease due to swelling of the
wood structure during the process.** This would further
increase diffusion limitations. However, such a behavior is very
unlikely in the case of this measurements, as they were executed
with samples that were already kept in a water-saturated state
for more than 24 hours. Hence, the swelling is already finished,
at the start of the activity measurement.

Moreover, we determined the turnover number k., of the
system. This parameter can be calculated from Vyax (Vimax =
(1.626 + 0.061) pmol min~") by normalizing it over the enzyme
concentration. It gives the amount of substrate that is formed by
one enzyme over a certain duration. It can also be compared
directly to the turnover numbers of other enzyme systems. The
turnover number of wood@Au@lac is 15.21 s . This is
approximately 25% lower than for laccase immobilized on
cellulose fibers. Again, the diffusion limitations could be
a reason for the lower value, as a cellulose fiber surface is better
accessible than the inner surface of the bulk wood structure.
The turnover number of free laccase is twelve times higher than
the one of wood@Au@lac. In general, it is known that immo-
bilized enzymes exhibit slower kinetics as their free counter
parts. The reason for this are manifold and can be attributed to
diffusion limitations, blocking of the active site of a part of the
immobilized enzymes due to non-optimal orientation of the
macromolecules during immobilization, or changes in the 3D-
structure of the enzyme caused by the attraction forces
between enzyme and scaffold. Approaches to increase the
performance of immobilized enzyme can be stabilizing modi-
fications of the biocatalysts prior to the immobilization or more
site-specific binding to avoid blocking of the active center. As
these techniques come with additional synthesis steps, we
decided against such measures to keep the process as simple as
possible.

Although wood@Au@lac shows slower kinetics than free
laccase and laccase on cellulose fibers, it offers distinct advan-
tages over these systems. First of all, the system provides a very

This journal is © The Royal Society of Chemistry 2020
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high reusability. In a batch process, the samples were immersed
in a reaction solution of ABTS. After the reaction took place for
ten minutes, the samples could readily be removed from the
solution. The mechanical stability of the wood samples ensures
that there is no loss of catalyst during handling or removal.
Furthermore, no residual gold particles could be detected in the
reaction solutions. After rinsing the samples, they could be
reused for the next reaction cycle. The solid and mechanically
stable wood structure offers the possibility to easily process the
sample and completely remove the enzymes from the reaction
solution. Hence, more tedious separation techniques such as
filtration or centrifugation are omitted. In contrast, free
enzymes are hard to remove from the product solution due to
their homogeneous nature and can remain as an impurity in the
final product. Laccase on cellulose fibers also provides easy
removability from the reaction solution. However, the fibers
only hold together by physical entanglement and do not offer
a mechanically stable support. This can lead to remaining fibers
or fiber parts in the product solution and results in a loss of
enzyme.*

We executed 25 consecutive reaction cycles and measured
the amount of product after each cycle, which directly correlates
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to the enzymatic activity. The activity was then normalized to
the maximal activity in the eighth cycle, which equals 100%.
Fig. 3C shows the result of the experiment. Interestingly, the
activity increased after the first cycle until it reached its
maximum in cycle eight. From there on, the activity continu-
ously decreased to a value of approximately 90% in the 25
reaction cycle. The increase in activity in the first eight cycles is
potentially caused by the already mentioned diffusion effects. In
the beginning of the first cycle, the concentration of substrate
(ABTS) is low inside the wood structure. Hence, a certain
duration is needed for the diffusion of ABTS into the wood
structure to establish the equilibrium concentration and reac-
tion rate. Furthermore, the product formed inside the wood
structure, has to diffuse to the outside to become detectable.
Probably, the time needed until an equilibrium state is reached
comprises the first eight reaction cycles. Subsequently,
a decreased activity over time represents the typical behavior for
immobilized enzymes. The amount of 25 cycles that can be
realized is, however, quite remarkable. In the 25t cycle,
wood@Au@lac is still more active than in the first cycle and has
about 90% remaining activity referred to the maximum in the
8™ cycle. Laccase on cellulose fibers, in comparison, only

activity [%]

10

150 500

ionic strength [mM]

Fig. 4 Plots of relative activities of wood@Au@lac (black) and free laccase (grey) under various environmental conditions. In each plot the values
were normalized to the highest values, which represent 100% relative activity. (A) Relative activities at multiple temperatures. Immobilized and
free laccase show similar activities with a maximum at 50 °C in both cases. Free laccase shows higher relative activities at temperatures below
and above the optimum. (B) Relative activities at multiple pH-values. Both systems show similar activities with a maximum at pH 3. The only
notable difference is at pH 1, at which wood@Au@lac performs significantly better than free laccase. (C) Relative activities at three different ionic
strengths. The activity decreases with increasing ionic strength in both cases. Immobilized laccase shows higher activities than free laccase for
increased ionic strength.
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achieves a remaining activity of 24% after 20 reaction cycles,
which is also the potential achieved by similar systems of
immobilized laccase.**** In this regard, the mechanically stable
monolithic wood structure shows advantages over loosely
entangled fibers. The easy removability, mechanical robustness
and the multifold reusability of the catalyst can be relevant
advantages for industrial bulk processes as they increase the
cost-effectiveness of the enzyme application.

Moreover, for practical applications it is of interest, how the
catalyst performs under various environmental conditions such
as varying temperature, pH, or ionic strength. We investigated
the performance of wood@Au@lac under these influences and
compared the relative activities to the ones of free laccase
(Fig. 4). For all the measurements, the maximal activity was set
as 100% and the other values were normalized to these values.

In case of varying temperatures, wood@Au@lac exhibited
the activity maximum at 50 °C. This is the same value as for free
laccase and in agreement with literature.®® For temperatures
below and above the maximum, the activity decreased for
wood@Au@lac as it did for free laccase. While for lower
temperatures the activities of free and immobilized laccase were
in the same ranges, for higher temperatures (65 °C and 80 °C),
the activity of wood@Au®@]lac was significantly lower than the
one of free laccase. Hence, wood@Au®@lac can be considered
less suitable in particular for higher application temperatures.

Measurements of pH-dependent activities showed that the
optimum was at pH 3 for both free and immobilized laccase.
The activities decreased for pH-values below and above 3 and no
activity remained at pH 7. The maximum, as well as the
decreasing activities for higher and lower pH-values are in
accordance with literature.®® Only at pH 1, wood@Au®@lac
showed a divergent behavior from free laccase. At this value, the
immobilized laccase had a remaining activity of approximately
53% of the maximal activity. This is significantly higher than
the 10% activity which remained for free laccase at this value.
The effect is potentially caused by a buffering influence of the
wood structure at this low pH. Wood cell wall components carry
a high amount of OH-groups, which can be protonated at low
pH-values. This could lead to a lower H'-ion concentration and
hence higher apparent pH inside the wood structure.

Moreover, we investigated the activity of the catalyst at
various ionic strengths. We chose ionic strength values of
10 mM, 150 mM, and 500 mM. The lowest value of 10 mM is the
ionic strength caused by the buffer in the reaction solution. An
ionic strength of 150 mM is similar to physiological conditions
and 500 mM represents a rather high ionic strength as it might
occur in industrial processes. In general, additional ions in the
reaction solution can destabilize the enzyme structure resulting
in a loss of activity. In both cases, the ionic strength was
established by the addition of sodium chloride (NaCl). The
results show that both systems have their maximal activity at
the lowest ionic strength. For higher ionic strengths, the activity
of free laccase rapidly decreased. At 150 mM only 4% of the
maximal activity remained and at 500 mM almost no activity
was left (1%). The immobilized laccase, on the contrary, appears
to be more robust than the free enzyme. At an ionic strength of
150 mM an activity of 24% and at 500 mM an activity of 21%
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remained. The resilience of wood@Au@lac against ionic
strength may be caused by stabilization of the enzyme structure
during immobilization or again a buffering effect of the wood
structure. It is conceivable that ions adsorb to the wood surface,
leading to a lower apparent ionic strength in the solution. The
resistance against high ionic strengths can be beneficial for
industrial applications, as in industrial processes a rather high
ionic strength of the reaction solution is not unusual.

In terms of applications, continuous processes are favored
against discontinuous bulk reactions. In this regard, the wood
structure is particularly suited as it enables a directional flow
due to its anisotropic pores. Hence, it is possible to use
wood@Au@lac as a flow-through reactor (Fig. 5A). The
substrate solution can readily penetrate the structure along the
pore direction. The flow-through is thereby mainly managed by
the larger pores of the vessels. Inside the structure, the
substrate comes into contact with the immobilized enzymes on
the wood cell walls, where it is biocatalytically transformed into
the product. As the wood offers a mechanically stable porous
structure, it can act as a flow-through reactor by itself. Hence,
the samples can be put directly into the flow of the reaction
solution and no further implementation, for example into
a fixed-bed reactor, is necessary. The product rich permeate can
then be collected on the downstream side of the sample.

We executed this process with a customized flow-through
set-up, which mainly consists of a peristaltic pump, which can
establish a continuous flow, and a customized sample holder
that can tightly hold multiple samples at once and ensures
a flow of the substrate solution through the samples (Fig. S47).

Flow-through experiments were executed with wood@:-
Au@lac at three different flow-rates (4, 6, and 8 mL min~"). For
every trial, three samples were used at once to increase the
amount of enzyme and the contact times between substrate
solution and biocatalyst (Fig. S4Bt). We determined the amount
of product during the first ten minutes by UV/Vis spectroscopy.
The results are shown in Fig. 5B. The graph shows a linear
increase of product for all flow-rates. This confirms that
continuous-flow biocatalysis can successfully be executed with
wood@Au@lac. Furthermore, the data show no increase of the
reaction velocity over time, as it was observed in the former
reaction cycles measurements. This indicates that the transport
of substrate inside the wood structure and of product out of the
wood structure is governed by the capillary flow and not by
diffusion. Hence, equilibrium conditions are established
quicker than under diffusion controlled conditions.

A linear fit of the plot gives the production rate in
pmol min~". Table 2 provides an overview over the production
rates and the product concentrations in the permeate for each
flow-rate. The product concentration in the permeate decreases
with increasing flow-rate. This is caused by shorter contact
times between the substrate solution and the catalyst for
increasing flow-rates. However, this effect is compensated by
the higher output at increasing flow-rates. This means that the
higher the flow-rate, the higher the amount of permeate. For
example, 8 mL min~' of permeate with a low product concen-
tration yield a similar overall amount of product as 4 mL min ™"
of permeate with a higher product concentration. Nevertheless,
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Fig.5 (A) Schematic illustration of the flow-through reaction. The reaction solution flows through the wood due to its natural anisotropic porous

structure. Inside the wood, the solution comes in contact with immobilized enzyme and hence the biocatalytic reaction takes place. (B) Plot of
the production of oxidized ABTS over time by the flow-through of wood@Au@lac for various flow-rates. There are no big differences in the
amount of product. This means that for higher flow-through rates, the lower product concentration caused by shorter contact times are
compensated by a higher permeate volume. (C) Plot of the production of oxidized ABTS over time by the flow-through of first wood@Au@Gox
followed by wood@Au@HRP with a flow-rate of 4 mL min~2. In this case, a two-step cascade reaction takes place, during which first hydrogen
peroxide is formed from glucose by immobilized Gox. This reaction product of the first reaction then reacts with ABTS in a second step catalyzed

by immobilized HRP.

Table2 Production rates and product concentrations in the permeate
for flow-through experiments with wood@Aua@lac

Flow-rate Production rate Product concentration
[mL min™"] [10~? pmol min "] [umol L]

4 6.42 1.61

6 5.88 0.98

8 6.03 0.75

a higher product concentration means higher yield and lower
remaining amount of substrate and should hence be favored.
Furthermore, not only single-step reactions are possible by
this procedure, but also multi-step reaction cascades. As the
immobilization process is rather simple and thus versatile, it
can also be applied for the immobilization of other enzymes. As
a proof of concept, we immobilized the enzymes peroxidase
from horseradish (HRP) and glucose oxidase from Aspergillus
niger (Gox) with the same protocol as for laccase, resulting in the
wood-gold-enzyme hybrids wood@Au@HRP and

This journal is © The Royal Society of Chemistry 2020

wood@Au@Gox, respectively. These enzymes can carry out
a reaction cascade in the way that Gox first oxidizes glucose to
glucono lactone under the production of hydrogen peroxide. In
a second step, the hydrogen peroxide can be used by HRP as
a co-substrate for the oxidation of a suitable substrate, as for
example ABTS.

We executed the flow-through cascade reaction by mounting
three samples of wood@Au@Gox, followed by three samples of
wood@AuU@HRP (Fig. S4Bt), so that the substrate solution
(glucose and ABTS in buffer, pH = 7) comes into contact with
immobilized Gox first and is thereafter transported to the
immobilized HRP. In this way, hydrogen peroxide is produced
in the first three samples (wood@Au@Gox) and is then
consumed by the second three samples (wood@Au@HRP) to
oxidize ABTS. The amount of product (ABTS") in the permeate
can be determined by UV/Vis absorption. It is noteworthy that
hydrogen peroxide could degrade lignin and hemicelluloses in
the wood structure. We did not investigate this effect, but we
assume that due to low hydrogen peroxide concentration and
short contact times no critical disintegration takes place.

RSC Adv, 2020, 10, 20608-20619 | 20615
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Table 3 The buffers that were used for the pH-dependent activity
measurements

pPH Buffer

1 KCI/HCI

2 KCI/HCl

3 Na(CH;COO0)/CH;COOH
4 Na(CH;COO)/CH;COOH
5 Na(CH;COO0)/CH;COOH
6 KH,PO,/NaOH

7 KH,PO,/NaOH

The results of the measurement are plotted in Fig. 5C. The
linear increase of product over time indicates a successful
continuous-flow reaction cascade. Again, a linear increase of
product indicates that the reaction equilibrium is quickly
established due to flow-through conditions. The production
rate is 14.77 x 10~% pmol min~"'. However, the absolute values
of the production rates cannot be compared between the
cascade system and the single reaction system with laccase.
Nevertheless, the proof that the approach can be transferred to
other enzymes and that it is possible to catalyze multi-step
cascade reactions in continuous flow is a promising result
when it comes to potential applications of the method, as multi-
step continuous-flow synthesis is highly attractive for the
production of drugs or commodity chemicals.®”> Enzymes
immobilized on wood offer an easy, versatile, and convenient
system for the realization of such multi-step synthetic pathways.
Samples with different immobilized enzymes can thereby
individually be combined and inserted into the reaction flow.

Conclusion and outlook

In this work, we presented the straightforward and versatile
immobilization of enzymes on wood by nanoparticle-mediated
adsorption. The enzyme laccase was successfully immobilized
on wood, which was previously functionalized by in situ growth
of gold particles inside the wood structure. The resulting wood-
gold-enzyme hybrids were intensely investigated with regard to
their reaction kinetics, catalytic activity under various environ-
mental influences (temperature, pH, and ionic strength), reus-
ability, and applicability as a flow-through heterogeneous
biocatalyst.

The immobilized laccase proved to be catalytically active.
The reaction kinetics were slower than for the free enzymes.
Apart from that, the immobilized enzyme showed similar rela-
tive activities as the free enzyme under most pH conditions and
temperatures at and below 50 °C. The immobilized enzyme,
though, proved to have a higher relative activity than the free
enzyme at low pH-values and high ionic strengths. Further-
more, the wood samples carrying the enzymes could easily and
completely be removed from the reaction solution such that the
catalyst could be used for 25 consecutive reaction cycles. The
activity is first increasing to its maximum in the eighth cycle.
Thereafter, it slightly decreases to a remaining activity of 90% in
the 25" cycle. A remaining activity of 90% after 25 cycles is
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a remarkable result. Such an extensive reusability could make
the system interesting for industrial applications.

Moreover, the anisotropic porous structure of wood allows
for a directed liquid flow through the samples. Hence, the
enzyme immobilized on wood could be used as a flow-through
reactor for continuous-flow biocatalysis. We showed that the
yield of the catalyzed reaction is depending on the flow-rate.
Lower flow-rates result in an increased yield due to a longer
contact time between substrate and catalyst. At higher flow-
through rates, however, the higher amount of permeate
compensated the lower yield, leading to a similar production
rate for all flow-rates tested.

Furthermore, the immobilization method proved to be
versatile as it could successfully be applied to other enzymes.
We immobilized the enzymes glucose oxidase and peroxidase
from horseradish by the same process. With these systems, it
was possible to realize a two-step reaction cascade in contin-
uous flow. This could be beneficial for applications in the
chemical industry where compounds are synthesized by multi-
step reaction pathways.

In general, the easy handling of the system, its multifold
reusability and versatility, as well as the possibility to realize
continuous flow biocatalysis make the system an interesting
alternative to existing systems for multiple applications. The
material wood with its natural characteristics, such as aniso-
tropic porosity and mechanical stability, offers a promising
green alternative to conventional immobilization scaffolds.

An optimization of the immobilization process, though,
might be required for industrial application of the system. By
tailoring the immobilization process specifically for the used
enzyme, the resulting catalytic activity may be increased.
Moreover, chemical modifications of the enzymes prior to the
immobilization process might increase the catalyst's perfor-
mance. For an application in continuous flow, one has to find
an appropriate flow-rate that offers the optimal compromise
between long contact times and hence high yield on the one
side and high throughput on the other side. In addition, further
characteristics of the system have to be evaluated if a commer-
cialization is considered. Important characteristics are for
example long-term stability of the material, the shelf-life of the
membrane reactor as well as the long-term catalytic activity.

The system offers multiple levers for optimization. Firstly,
the wood species can be varied to get the desirable pore size
distribution. Secondly, other, potentially cheaper, metals could
be applied as linker material instead of gold. Lastly, the
immobilization procedure can be fine-tuned for the specific
enzyme that is used to increase the catalytic activity. Hence, our
system opens a toolbox for greener and more sustainable
heterogeneous biocatalysts for continuous-flow processes.

Materials and methods

All chemicals were purchased from Sigma-Aldrich and used as
received. Glassware was cleaned with aqua regia and washed
with deionized water to a neutral pH prior to use. The enzymes
used were laccase from Trametes versicolor, peroxidase from
horseradish, and glucose oxidase from Aspergillus niger.

This journal is © The Royal Society of Chemistry 2020
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Poplar wood sheets were cut with a circular saw to a thickness
of 3 mm. From these sheets circular samples with a diameter of
16 mm were produced by punching and subsequently stored in
a controlled climate (20 °C, 65% relative humidity) until they
were used. The average sample mass was 301.69 + 9.55 mg,

resulting in a density of approximately 0.50 g cm .

Production of wood-gold hybrids

Wood samples were stored under vacuum (15 mbar) for 24
hours and subsequently incubated with an aqueous solution of
chloroauric acid (HAuCl,, 1.24 mM) at atmospheric pressure for
four hours. After the reaction, the wood-gold hybrids were
rinsed with water and subsequently dried in an oven at 65 °C
overnight.

Production of wood-enzyme composites

Unmodified wood samples or wood-gold hybrids were stored
under vacuum (15 mbar) for 24 hours and then incubated with
5 mL per sample of an aqueous solution of enzyme (0.1 mg
mL~" enzyme in buffer) at atmospheric pressure for four hours.
The wood-enzyme composites were subsequently rinsed with
deionized water and then washed three times with a buffer
solution for 90 min first, then overnight for 18 h, and finally for
90 min. They were then stored in the buffer solution until they
were used. In case of laccase an acetate buffer (pH = 3) was
used, whereas a phosphate buffer (pH = 7) was used for HRP
and Gox. Buffer concentration was 0.01 M in all cases.

Fluorescence spectroscopy

For the fluorescence labeling 10 mg of the enzyme were dis-
solved in 5 mL of a buffer solution (NaHCO3/Na,CO3, 1 M, pH =
9). To this solution, 250 pL of a solution of TRITC in DMSO
(1 mg mL™") were added to the enzyme solution and stirred for
3 h. Subsequently, 14 mg of NH,Cl (f.c. 50 mM) were added to
quench the labeling reaction. The labeled enzyme was received
from the reaction solution by gel-filtration column chromatog-
raphy after two more hours of stirring.

Fluorescence spectroscopy was executed with a FP-8500
spectrometer from Jasco at an excitation wavelength of
544 nm. The emission spectrum was recorded between 550 nm
and 750 nm and the maximal emission was evaluated at
a wavelength of 570 nm.

The amount of immobilized enzyme (Cimmop) Was then
calculated as the difference between the enzyme concentration
before the impregnation (¢y) and after the impregnation (c,)
according to the following equation:

Cimmob = Co — €1

Measurement of biocatalytic activity

Biocatalytic activity measurements in a batch procedure were
executed by incubating one sample of wood-enzyme composite
(f.c. of enzyme 3.57 x 10~ % M) in 5 mL of a solution of ABTS in
buffer (0.01 M buffer, 1.00 mM ABTS) for a reaction time of ten
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minutes. For reaction cycle measurements, the samples were
rinsed after each cycle and then immersed into the reaction
solution for the next cycle. The concentration of the reaction
product ABTS" was quantified photometrically by measuring its
absorbance at a wavelength of 415 nm. Non pH-depending
measurements were executed at pH = 3. The buffers used for
pH-dependent measurements are listed in Table 3.

For determination of the Michaelis—-Menten kinetics, the
absorption of the reaction solution was measured in intervals of
two minutes for a total reaction time of 20 minutes. These
measurements were executed for ten different substrate
concentrations. The initial reaction velocities were determined
by linear fits of the time-dependent product concentrations.
The kinetic parameters could be retrieved by exponential fits of
the initial velocities over the substrate concentrations.

All measurements were executed accordingly for free laccase
with concentrations of c(laccase) = 2.47 x 10~ M and c(ABTS)
= 0.15 mM.

Continuous-flow biocatalysis

For experiments in continuous flow with immobilized laccase,
three samples of wood@Au@lac were mounted in the sample
holder (see Fig. S4Bt). The flow of the substrate solution (1 mM
ABTS in buffer 0.01 M, pH = 3) was then initiated with a Mas-
terflex L/S 7523 peristaltic pump (Cole-Parmer, USA) with
a constant flow-rate (4, 6, or 8 mL min *). The product
concentration in the permeate was then determined photo-
metrically in intervals of one minute for ten minutes.

For immobilized HRP and Gox, three samples of wood@:-
Au@Gox were mounted in the sample holder, followed by three
samples of wood@Au@HRP. Thereafter, the flow was initiated
with a rate of 4 mL min~" and the product concentration of
ABTS" in the permeate was determined for every minute of the
first 10 minutes of the reaction. The substrate solution for this
experiment consisted of glucose (50 mM) and ABTS (1.8 mM) in
buffer (0.01 M, pH = 7).

Further characterization

A Lambda 650 UV/Vis-spectrophotometer of PerkinElmer was used
for recording UV/Vis-absorption spectra. The spectra were recorded
in a wavelength range of 416 nm to 404 nm in steps of 1 nm with
arate of 4.45 nm s~ . Scanning electron microscopy was carried out
on thin-cuts of the wood samples that were sputter coated with
platinum/palladium (60/40%) prior to the measurement. Images
were acquired with a Quanta 200F from FEI Company at an
acceleration voltage of 10 kV. Particle sizes were evaluated by line
measurements with the software Image] (NIH, USA).
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