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Enzyme immobilisation is of great importance for the fabrication of heterogeneous biocatalysts, as it allows
the stabilisation of proteins using a solid support. Moreover, it permits their reuse in continuous and
discontinuous reactors. The behaviour of enzymes at the interface with the materials where they are
supported is not well understood during operational conditions. Here, we use X-ray fluorescence (XRF)
imaging to study the changes in the overall structure of a heterogeneous biocatalyst formed by two
unmodified metalloenzymes (a copper-dependent laccase and a zinc-dependent dehydrogenase) upon
incubation, either under drastic (high temperature) or operational conditions. Those two enzymes were
co-immobilised reversibly (by electrostatic interactions and His-tag metal coordination) to form
a cascade reaction that catalyses the NAD*-dependent oxidation of diols coupled to a laccase—mediator
for the in situ regeneration of the redox cofactor. Both the protein scaffolds and the metal cofactors
undergo rearrangements during operational use or thermal incubation, but they seem to move as
a whole unit within the support. Migration inside the support apparently causes only small alterations to

the structure of the protein, yet it leads to the exhaustion of the heterogeneous biocatalyst. As such, we
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Accepted 7th Novernber 2024 show that the use of advanced X-ray spectroscopy with spatial resolution can help obtain a better
understanding of the molecular phenomena that occur during the operation of heterogeneous
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Introduction

Cell-free multi-enzyme systems can catalyse complex synthetic
reaction schemes with exquisite selectivity, yielding industrially
relevant chemicals under mild conditions."” However, per-
forming efficient cascade reactions often requires high levels of
enzymatic spatial organisation.>* Living organisms contain
multi-enzyme systems inside their cell organelles and
compartments, but controlling the spatial organisation of
enzymes is challenging when using cell-free approaches.
Nonetheless, it is possible to mimic the cellular
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enzymes into synthetic materials.>” Such enzymatic arrays
behave as multifunctional heterogeneous biocatalysts that
accelerate cell-free biosynthetic pathways; they can also be
separated easily from the reactants, once the reaction is
completed. Furthermore, enzyme stability and other properties
can be improved if the immobilisation protocols are designed
carefully.®®

The spatial organisation of individual enzymes within
porous materials can be controlled by tuning the immobilisa-
tion rate through the chemical interactions responsible for
binding the enzymes to the support.’®** This approach permits
embedding the individual components of enzymatic cascades
into the same porous carriers with different relative spatial
patterns, and allows a certain level of control over the efficiency
of the biocatalytic systems. Intraparticle local concentrations
and gradients of intermediates seem to be the driving forces
that augment the biocatalysts' performance, rather than the
proximity of the enzymes forming part of the immobilisation
cascade.”” For example, the two-step de-racemisation of alkyl
glyceryl ethers requires two enantioselective and complemen-
tary NAD(P)-dependent dehydrogenases that are co-
immobilised on porous microbeads with a specific spatial
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organisation.” While the oxidative dehydrogenase must be
located inside the porous material, the reductive dehydroge-
nase must be immobilised at the surface of the microbeads.
This generates a flux of the reaction intermediate alkyl
hydroxyketone from the inside to the outside of the beads,
minimising the product-related inhibition of the oxidative
enzyme and increasing the overall throughput of the cascade.

Unfortunately, during their operational lifespan, biocatalysts
can suffer from enzyme inactivation and other processes that
cause exhaustion, but such phenomena remain poorly under-
stood,*® especially for supported enzymes (i.e., heterogeneous
biocatalysts). For instance, rearrangement of the spatial distri-
bution of immobilised enzymes during operando conditions
might alter the overall kinetics of multi-enzyme systems,
causing the inactivation of the biocatalyst.'*** However, the
degree of conservation of such spatial patterns under opera-
tional exhaustion remains unknown. Thus, understanding this
process is fundamental to comprehend the reaction kinetics
and deactivation mechanisms of supported biosynthetic
enzyme cascades.

The different methods currently used to study these
phenomena have been described recently in several reviews.'**
The approaches based on confocal laser scanning microscopy
(CLSM) are particularly useful, but they are limited to enzymes
tagged with fluorophores. This limitation precludes the char-
acterisation of immobilised enzymes that are ready for use
under operational conditions, since the labelled enzymes may
present substantial structural and functional differences
compared to unlabelled ones.”?° Alternatively, FTIR and
Raman microscopy can be used to probe enzyme localisation
within the support without being labelled, allowing the detec-
tion of structural alterations suffered by enzymes during
immobilisation or operation.*"** Unfortunately, protein detec-
tion by both methods relies on bands linked to amide bonds
found in all enzymes, which have similar wavelenghts to bands
linked to other bonds present in most supports that are
commonly used to immobilise enzymes. Therefore, individual
enzymes from multi-enzymatic systems are hardly distin-
guished, and discriminating between proteins and supports is
not trivial (although machine learning applied to the analysis of
Raman hyperspectral imaging may facilitate the process).>**” In
this context, new methodologies are required to characterise
simultaneously the rearrangement of multiple enzymes on
heterogeneous biocatalysts with good spatial resolution.

X-ray fluorescence (XRF) is a quantitative spectroscopic
technique that allows probing electrons located at the inner
orbitals of atoms from heavy elements to produce element-
specific emissions.”® When combined with spatially resolved
scanning approaches, XRF allows simultaneous mapping of
different elements within a sample. However, XRF is not very
sensitive to light elements, such as those mainly found in
biomolecules (i.e., C, O, or N), as they suffer from high self-
absorption in most samples.”” Therefore, when studying
heterogeneous biocatalysts based on organic supports (e.g.,
agarose), XRF cannot discriminate between the support and the
immobilised enzymes, unless they are metalloenzymes. As
such, this technique is very interesting to unravelling the spatial
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organisation (and possible migration or lixiviation during
operational use) of unlabelled metalloenzymes. Remarkably,
the element-specific nature of XRF imaging allows us to
distinguish between different enzymes in multi-enzymatic
systems, if they are carrying different metals. Moreover, by
using synchrotron cryo-nanoprobe beamlines, it is possible to
obtain such information with spatial resolutions below 20 nm *°
and sub-ppm sensitivity** in conditions close to physiological
(or operational) ones, avoiding redistribution of ions and
damage to the support material caused by irradiation with X-
rays.”>** However, although XRF has been previously used to
study heterogeneous catalysts,***¢* its application for applied
biocatalysis remains unexplored until this study.

In this work, we use XRF to probe the spatial organisation
and rearrangements experienced by immobilised multi-enzyme
systems under different inactivation conditions. As a model, we
selected the well-established enzyme cascade reaction that
yields lactols and lactones from the regioselective oxidation of
diols. This cascade involves a Zn-dependent alcohol dehydro-
genase for the NAD'-dependent alcohol oxidation, and a Cu-
dependent laccase as laccase-mediator system (LMS) for
cofactor recycling.*® The two enzymes were co-immobilised and
inactivated under high-temperature and operational condi-
tions, and the changes in their enzymatic activity and spatial
distribution were evaluated. XRF experiments, supported by
CLSM, as well as bulk kinetic, chromatographic and spectro-
scopic studies, suggest that the exhaustion of the heteroge-
neous biocatalyst observed after these two inactivation
conditions is linked to the spatial rearrangement of the metal-
loenzymes immobilised on the porous support.

Results and discussion

A well-established enzyme cascade that is used to perform
consecutive double oxidation of diols into lactols and lactones,
while concomitantly regenerating NAD'/NADH cofactors by an
LMS,*** was co-immobilised on agarose microbeads with 50
um diameter. These beads were functionalised with cobalt-
chelates and primary amino groups (AG-A/Co>'; see ESI{ for
more details). Such microbeads act as heterofunctional
supports that allow the co-immobilisation of several enzymes
on the same surface through different chemistries.**~** This type
of heterofunctional support has been exploited for region-
directed immobilisation and rigidification of enzymes. Lastly,
they have proven to be very useful in co-immobilising multi-
enzyme systems.*>*®

The His-tagged Zn-dependent alcohol dehydrogenase from
Bacillus stearothermophilus (BsADH)* and the Cu-dependent
laccase from Aspergillus sp. (ASLAC)*® were bound to the
agarose beads through a sequential process (Fig. 1A, and S17).
First, the ASLAC (isoelectric point = 4) was immobilised on AG-
A/Co®" at pH 5 for 2 h through the electrostatic interaction
between acidic residues at the surface of the enzyme and the
positively charged amine groups from the support. Then,
BsADH was bound at pH 7 for a shorter time (15 min) through
the coordination of the imidazoles from the His-tag with cobalt

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) A schematic of the co-immobilisation chemistries of BsADH and AsLAC on agarose beads that were functionalised with Co-chelates

and primary amine groups (AG-A/Co?*). (B) Phase contrast imaging of a single bead of AG-A/Co?* bearing BsADH and AsLAC. (C) Quantitative
XRF maps of Zn, Cu, and K of the same AG-A/Co?* bead. (D) Quantitative XRF maps of Zn and Cu normalised to K content/pixel of the same AG-
A/Co?* bead. Pixel intensity represents metal density according to the colour scale. The scale bars are 10 um.

Table 1 Immobilisation parameters of BsADH and AsLAC co-immo-
bilised on AG-A/Co?*

Enzyme Enzyme load mgg™ W“ (%) Recovered activity’ U g~/(%)

BsADH
AsLAC

0.99 99
0.99 99

0.86/(26)
0.03/(8)

¢ Immobilisation yield, ¥ = (immobilised activity/offered activity) x
100. ? % Relative recovered activity is defined as the coefficient
between the specific activity of the immobilised enzyme and the
specific activity of the soluble one x 100.

chelates anchored to the bead. Table 1 shows that both enzymes
were immobilised quantitatively.

However, the activity recovered (U g~ ') from BsADH was an
order of magnitude higher than that from the immobilised
AsLAC. The smaller mass activity of ASLAC is due to the 46-fold
lower specific activity of the free enzyme and to a 2.5 times
larger reduction in the recovered activity upon immobilisation
compared to BsADH. Similar percentages of recovered activity
have been found previously for the individual loading of each
enzyme on other porous carriers through similar immobilisa-
tion chemistries.****>*

The spatial organisation of the BsADH and AsLAC after being
immobilised on the agarose microbeads was characterised by
unveiling the distribution of their Zn and Cu cofactors
(respectively) under cryogenic conditions with XRF at beamline
ID16A (ESRF). Beads loaded with the 2-enzyme system were

© 2024 The Author(s). Published by the Royal Society of Chemistry

deposited on silicon nitride windows and plunge-frozen in
liquid ethane. Fig. 1B and C show phase contrast and XRF maps
of single porous agarose microbeads (AG-A/Co®") with co-
immobilised BsADH and AsLAC. These images were acquired
using an X-ray beam set to 17 keV and focused to 48.6 x 41.6
nm? (horizontal x vertical) with an incident flux at the sample
of 1.55 x 10" phs/s. Coarse scans were done using 400 x 400
nm?” steps (100 ms dwell time) to detect areas of interest, and
fine mapping of at least 3 beads was performed using a step size
of 100 x 100 nm? (50 ms dwell time). Co, K, Cu, and Zn XRF K-
emissions were visible in all the biocatalysts analysed (Fig. S27).
Fig. 1C and S3t show the elemental maps of Zn and Cu corre-
sponding to the spatial localisation of BsADH and AsLAC
(respectively) within 2D projections of the beads. Moreover, K
elemental maps from the beads were also obtained in the same
way as the reference element (Fig. 1C). A small amount of K was
present in the water (type 2 laboratory grade) used to prepare
the loading and running buffers employed in this study. Thus, it
is evenly distributed throughout the porous volume of the
agarose support and can be used as an internal standard to
estimate the volume of the bead contained in each pixel. As
such, maps showing the quantity of Cu and Zn, relative to the
volume of the pixel studied, were generated by normalising the
maps for each element with K maps obtained for the same
beads. Volume-normalised maps give a better idea of the
enzyme's penetration across the support surface. These maps
revealed that BsADH is mainly located in clusters at the outer
surface of the porous microbeads, while ASLAC is homoge-
neously distributed through them (Fig. 1D and S4+). This spatial
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distribution matches the one revealed by more conventional
methods based on CLSM using fluorophore-labelled enzymes
(Fig. S51). Note that this analysis was performed in a population
of n > 10 beads and showed a low standard deviation on the
mean radius at which each enzyme is infiltrated within the
different beads. Enzyme localization presents a very homoge-
neous distribution in all analysed beads, indicating low heter-
ogenicity across the samples.

In previous studies, we demonstrated that the spatial orga-
nisation of an enzyme on a porous support depends on the
competition between the kinetics of immobilisation and diffu-
sion.’ Therefore, the differences in the spatial organisation of
BsADH and AsLAC rely on the specific kinetics governing their
immobilisation processes. The immobilisation of BSADH on
AG-A/Co”" is extremely fast (100% immobilisation in less than
15 min), which agrees with its spatial localisation at the outer
surface of the beads as revealed by XRF mapping. Cobalt XRF
maps (Fig. S61) also show high-density areas with this element
at the outer surface of the porous support. Such spatial over-
lapping observed in Co and Zn maps supports the selective
interaction between the His-tag of the protein and the Co
chelates, which drives the immobilisation of BSADH. Instead,
quantitative immobilisation of ASLAC on AG-A/Co®>" needs
longer times (2 h) under the conditions studied. In this case, the
binding of AsLAC to the support seems to be directed by elec-
trostatic interactions with amino groups of the bead because
similar kinetics were observed when the enzyme was immobi-
lised on AG-A supports (agarose beads functionalized only with
amine groups; Fig. S7f). Our volume-normalised XRF maps
reveal that slower binding kinetics lead to a uniform distribu-
tion of ASLAC within the porous particles, which is independent
of the spatial localization of Co. This confirms that the immo-
bilisation of ASLAC does not require the interaction between the
enzyme and the metal chelates located in the bead. Moreover,
the distribution of AsLAC in the biocatalyst might also help
explain the low mass activity of the enzyme after immobilisation
on AG-A/Co**. Oxygen availability may be limited for the laccase
as it must diffuse across the internal porous structure of the
support to reach AsLAC. A similar reduction in activity was
observed for other oxygen-dependent enzymes (like NADH
oxidases), when they were immobilised on the inner surface of
porous materials.>**

To probe any possible migration or spatial rearrangement of
the BSADH and/or AsLAC that were co-immobilised on AG-A/
Co>" during activity exhaustion, we subjected the biocatalysts to
either thermal inactivation or operando conditions. Next, the
enzyme activity and intrinsic protein fluorescence were moni-
tored as a function of the inactivation time. Finally, the inactive
samples were analysed by XRF-mapping (at least 3 beads per
sample). Fig. 2A shows the thermal inactivation kinetics at 70 °©
C. In the first 15 min of incubation, we observed a sharp decay
in the activity of each enzyme, but more than 60% of their initial
activity was maintained for at least 2 hours. When the intrinsic
protein fluorescence was monitored, we observed rather small
changes over time in the ratio between the fluorescence inten-
sity at 350 and 330 (I350/l330) nm, and no variation in the
maximum emission wavelength (A,.x = 330) was seen. This
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Fig. 2 (A) Time-course of activity decay of BsADH and AsLAC that
were co-immobilised on AG-A/Co?* during incubation at 70 °C. (B)
Fluorescence intensity at the maximum emission wavelength of the
two co-immobilised enzymes at different thermal inactivation times.
(C) Quantitative XRF maps of Zn and Cu normalised to K content/pixel
of one single bead of AG-A/Co®* bearing BsADH and AsLAC before
(0 h, 70 °C) and after thermal shock (2 h, 70 °C). Pixel intensity
represents metal density according to the colour scale. The scale bars
are 10 um.

result indicates that the immobilised enzymes undergo limited
unfolding during the thermal incubation (Fig. 2B and S8t). The
mild loss of enzyme activity and the small changes in protein-
related fluorescence suggest that the high temperatures
applied do not induce large conformational changes or trigger
extensive enzyme leaching in both of the enzymes. Despite the
small changes in activity and protein fluorescence, XRF
elemental maps (Fig. 2C, S9 and S10t) show a clear change in
the spatial distribution of Zn upon thermal shock as areas with
high concentrations of Zn corresponding to clusters of BsADH
disappeared after thermal inactivation, resulting in a more
uniform distribution of Zn across the bead (Fig. 2C and S57).
Similar changes are observed in the distribution of Co within

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the beads (Fig. S6). This insight suggests the redistribution or
lixiviation within the porous support of either the Co coordi-
nated to the chelating groups or the His-BsADH bound to the
Co-chelates at the surface of the support. On the contrary, Cu
XRF elemental maps (Fig. 2C and S9t) showed a less noticeable
spatial rearrangement of Cu inside the beads, suggesting that
AsLAC maintains its uniform spatial distribution before and
after thermal shock as no metal clusters were observed. These
results, for both BsADH and AsLAC, were also confirmed by
CLSM (Fig. S111). Unfortunately, XRF and CLSM imaging could
not be done in an ideal correlative manner to understand better
the distribution of both metal cofactors and protein scaffolds
within the same bead. BSADH and ASLAC are not fluorescent,
and labelling them with a fluorophore affects their enzymatic
activity (hampering their use for operational studies). Correla-
tive analysis of the beads with label-free FTIR or Raman-based
microscopic techniques was also considered. However, such
techniques cannot provide information on the individual
distribution of BSADH and AsLAC within a sample, while the
extra manipulation and irradiation could damage the beads
before the XRF experiments.

The operational stability of the biocatalyst was also studied
by following the selective oxidation of 1,5-pentanediol (cata-
lysed by BsADH) coupled to the in situ NAD' regeneration
(driven by AsLAC and the electron mediator acetosyringone)

A
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(Fig. 3A). In our experiments, a fresh heterogeneous biocatalyst
achieved 37 & 8% diol conversion and a lactol yield of 20 + 2%
(as analysed by GC-FID Fig. S127). However, after the biocatalyst
was used for consecutive batch reaction cycles, the diol
conversion steadily decayed, reaching conversions below 10%
after the third consecutive operational cycle (Fig. 3B). Addi-
tionally, the system was able to carry out the second oxidation of
the lactol to yield the lactone (2.8 & 0.1%) only during the first
two operational cycles (Fig. S121). Again, XRF imaging of beads
after the first operational cycle showed only minor changes in
Cu distribution compared to the fresh sample. However, the Zn
clusters found in fresh microbeads almost disappeared after 1
operational run (Fig. 3C, S13 and S14+). This result agrees with
the elemental distribution of Cu and Zn found in the beads after
2 hours of thermal inactivation (Fig. 2C and S97).

Intensity histograms obtained from the same XRF maps
(Fig. 4) confirm that both thermal inactivation and operational
use of the heterogeneous biocatalyst induce significant changes
in the spatial distribution of Zn. Histograms obtained from
biocatalyst beads after their first operational cycle or thermal
inactivation show a large reduction in their tails (related to
areas with high concentrations of Zn), compared to fresh
systems. This is due to the disappearance of BSADH clusters
that were observed both after thermal shock and operational
use. Histograms also indicate small changes in the distribution

C
Cu2 0
N .
Zn 1 ng/ng K 0
Cu (Fresh)

Zn (Fresh)

XRF-Normalised to K-K, emission

(A) Reaction scheme for the regioselective oxidation of diols catalysed by BsADH coupled to an AsLAC as the LMS (using acetosyringone

as the mediator). (B) Conversion of diol after consecutive reaction cycles using BsADH and AsLAC that were co-immobilised on AG-A/Co®*
(20 mM 1,5-pentanediol, 1 mM NAD*, 1 mM acetosyringone in 5 mM of phosphate buffer at pH 7 and 30 °C). (C) Quantitative XRF maps of Zn and
Cu normalised to K content/pixel of one single bead of AG-A/Co?* bearing BsADH and AsLAC before (fresh) and after the 1st reaction cycle (cycle
1). Pixel intensity represents metal density according to the colour scale. The scale bars are 10 um.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Normalised log-scale histograms (relative counts vs. metal
density in ng ng~* K=%) were obtained from XRF maps of Zn (A) and Cu
(B) of (i) fresh, (i) thermal inactivated (2 h, 70 °C), or (iii) 1st reaction
cycle (cycle 1) of the AG-A/Co?* beads bearing BsADH and AsLAC. (C)
Average pixel intensity (in ng mm™2) of Zn and Cu on the XRF maps of
(i) fresh, (i) thermal inactivated (2 h, 70 °C), or (iii) 1st reaction cycle
(cycle 1) of the AG-A/Co®" beads bearing BsADH and AsLAC.

of Cu, with a small displacement in their maximum toward
higher concentrations of Cu. However, a reduction in the overall
area with higher concentrations of the metal was observed. This
quantitative analysis supports that the metal cofactor of BsSADH
(i.e., Zn) was spatially reorganised within the biocatalyst beads
to a greater extent than the metal cofactor of ASLAC (i.e., Cu)
during the exhaustion processes. Notably, spatial rearrange-
ments of Zn and Cu inside the beads may be explained through
different mechanisms. They include the metal escape from the
enzyme active sites and release from the protein scaffold, the
metal exchange between the enzyme active sites and the metal
chelates in the support, the lixiviation of the holoenzymes (both
metal and protein scaffolds) from the support to the bulk, and/
or the spatial redistribution of holoenzymes. Any of these cau-
ses or a combination of them could explain the exhaustion of
the heterogeneous biocatalysts observed during either thermal
incubation or operational use.

Yet, both the CLSM (Fig. S111) and XRF elemental mapping
of different beads (Fig. 2C and 3C) show similar changes in the
spatial distribution of enzymes and metals (respectively). This
makes a massive escape of Zn and Cu from the protein scaffold
unlikely, suggesting that both components of the enzymes
behave in the same way during operational use or inactivation.
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Moreover, the quantification from the acquired XRF maps
(Fig. 4C) indicates that the average concentrations of Cu and Zn
inside particles are mostly conserved (considering the semi-
quantitative nature of the technique) during the exhaustion
processes (both thermal and operational). This confirms that
there is no significant leaching of metals from either the holo-
enzymes or the agarose particles. Instead, BSADH and AsSLAC
seem to migrate differently within the beads, during both
thermal inactivation and operational conditions. According to
previous studies,' such protein migration is possible because
BsADH is immobilised reversibly on the agarose beads through
the His-tag, and AsLAC is also bound to the carrier through
weak electrostatic interactions. Therefore, we suggest that both
holoenzymes undergo macromolecular crawling through the
surface of the porous support. Such events normally cause
structural distortions on the immobilised enzymes, leading to
their partial inactivation."**® In the case of Cu-dependent
AsSLAC, these spatial rearrangements are less pronounced
than those observed for Zn-dependent BsADH. Equally, ASLAC
suffers minimal functional impairment, losing only 5% of the
initial activity after the first operational run, compared to a 50%
activity loss for BSADH. These changes suggest a direct relation
between the extent of the migration of an enzyme within the
particle, the amount of structural distortions that they suffer,
and their inactivation during operational use (Fig. S15t). Thus,
explaining the large levels of rearrangement and inactivation of
BsADH as compared to the more moderate changes observed
for ASLAC. Therefore, the lower operational stability of BsADH
seems to limit the robustness of our biocatalyst.

The interpretation of the results obtained in these experi-
ments considers the presence of certain heterogeneity between
beads. As such, single-particle experiments using CLSM or
similar microscopy techniques typically analyse ~10 beads.
Studying that many samples with XRF under cryogenic condi-
tions is rather difficult due to long acquisition times and
limited access time. We are aware of this limitation and the
possible consequences that it can have on the significance of
the data obtained.” Regardless, a minimum of 3 beads were
imaged at the highest resolution used per sample (4x fresh, 3
thermal inactivated, and 3 x after 1st reaction cycle). Moreover,
our experiments using CLSM on analogue biocatalysts,
prepared by immobilizing fluorescently labeled BsADH and
AsSLAC enzymes, were conducted on much larger populations
and revealed low variability among the beads. Notably, beads of
the same type consistently exhibited the same trends in enzyme
localisation according to both the XRF and CLSM experiments.
Therefore, the low particle variability (heterogenicity) in the
samples studied here supports the conclusions drawn.

Conclusions

We have used XRF imaging to probe the spatial organisation of
a heterogeneous biocatalyst that was composed of two
unmodified metalloenzymes (binding Zn or Cu) immobilised
on porous agarose-based carriers. The elemental maps obtained
revealed the distinctive distribution of each type of metal-
loenzymes within the particles, and indicated that an internal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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localisation of oxygen-dependent enzymes (such as AsLAC)
within the beads limits the catalytic efficiency of the heteroge-
neous biocatalyst. Moreover, XRF imaging of particles that were
used to oxidise diols to lactols and lactones provided important
insights into the spatial rearrangements experienced by the
immobilised enzymes during operational runs, helping us to
understand the inactivation mechanisms responsible for the
exhaustion of our heterogeneous biocatalysts. Our experiments
suggest the presence of different extents of rearrangement in
the spatial localisation of each of the enzymes during operation.
Despite this spatial redistribution, both enzymes remained
bound to their metal cofactor with the protein scaffold and
remained immobilised within the particle. Such reorganisa-
tions were apparently allowed by the weak interactions between
the enzymes and the support, which facilitated intraparticle
enzyme migration through macromolecular crawling on the
bead surface. Furthermore, the process ultimately caused
structural distortions in the proteins, leading to a loss of enzy-
matic activity and exhaustion of the biocatalyst.

Overall, our results show the potential of XRF imaging with
suitable spatial and temporal resolution to characterise both
pre- and post-operational heterogeneous biocatalysts. Similar
analytical methods have already been used to understand the
performance of heterogeneous catalysts before, during, and
after their operation,*?***** but they were not previously
applied for the functional characterization of heterogeneous
biocatalysts. Remarkably, the information obtained from such
experiments can provide insights into phenomena that were
previously elusive to traditional ensemble measurements, and
is of great value to optimise fabrication of new biocatalysts.
Therefore, further use of XRF and other X-ray spectroscopic
methods should help develop more robust and efficient
heterogeneous biocatalysts for industrial purposes.
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