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Controlled Immobilization of a Palladium Complex/Laccase

Hybrid into a Macrocellular Siliceous Host

Fangfang Yang,”" Pierre Rousselot-Pailley,”” Cendrine Nicoletti,® A. Jalila Simaan,”
Bruno Faure,” Elise Courvoisier-Dezord,” Agnés Amouric,” Yolande Charmasson,”
Rénal Backov," Thierry Tron,” and Yasmina Mekmouche*"

This study investigates the site-directed immobilization of a
hybrid catalyst bearing a biquinoline-based-Pd(ll) complex (1)
and a robust laccase within cavities of a silica foam to favor
veratryl alcohol oxidation. We performed the grafting of 1 at a
unique surface located lysine of two laccase variants, either at
closed (1CUNIK,s;) or opposite position (1CUNIK;) of the
enzyme oxidation site. After immobilization into the cavities of
silica monoliths bearing hierarchical porosity, we show that

Introduction

Improving the selective and efficient generation of pure
intermediates to produce pharmaceuticals, agrochemicals and
fine chemicals is one of the most intensely pursued objectives
in organic synthesis!" Metal-based catalysts, especially those
used for the oxidation of organic substrates, are still scarce,
expensive, and hardly recyclable so that there is an urgent need
to optimize their use in the prospect of a sustainable economy.
Efforts have been made to design transition metal catalysts
enabling an efficient activation of O, and/or a good selectivity
of the reaction by tuning the ligand/metal combination.”
However, their scope remains limited and experimental con-
ditions still often deal with harsh conditions.” Transition metals
are found at the heart of redox enzymes.” Beyond exhibiting
exquisite (enantio)selectivities, these enzymes are sustainable
catalysts working in benign conditions.” Constant progress is
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catalytic activity is dependent on the orientation and loading of
each hybrid, 1CUNIK,.; being twice as active than 1CUNIK;,
(203 TON vs 100 TON) when operating under continuous flow.
These systems can be reused 5 times, with an operational
activity remaining as high as 40%. We show that the synergy
between 1 and laccase can be tuned within the foam. This work
is a proof of concept for controlling the organization of a
heterogeneous hybrid catalyst using a Pd/laccase/silica foam.

made toward circumventing drawbacks for their use in process
applications such as low operational stabilities and high
production costs. Moreover, their reaction repertoire is con-
stantly enriched with the implementation of directed evolution
technics® and the development of chemical modifications to
tune the protein surface.”’ In this respect, hybrid chemo-
enzymatic catalysts' that combine enzymes and nanometallic
species or non-noble metal complexes have attracted growing
attention for selective chemical transformations (Heck reaction,
alcohol oxidation...), as they appear as promising sustainable
alternatives to traditional catalysts. These hybrid systems over-
come the limitations encountered separately in each field,®
allowing several reaction steps to be performed while limiting
further purification steps. Compared to mono-catalytic proc-
esses, synergies obtained with hybrids lead to higher turnover
numbers (TON) and selectivities. In addition, the development
of material technology has enabled the design and synthesis of
a plethora of 3D catalyst supports with tunable pore size and
surface functionalization” In this endeavor, heterogeneous
chemoenzymatic catalysis is as an emerging field explored for
the benefit of multiple possible combinations of enzymes,
chemical catalysts and materials."” In this direction, the main
challenges ahead are: j) obtaining a functional compatibility of
the catalysts in the same reaction media; i) maintaining a
cohabitation of catalysts within the material (operational
activity); iif) controlling the spatial distribution and configura-
tion of the active centers relative to each-others; iv) evaluating
the support influence over a specific reaction; v) improving the
system robustness (enzyme stability, lixiviation, metal leaching).

In several examples, enzymes themselves are converted into
heterogeneous support upon treatment with cross-linking
agents e.g. glutaraldehyde to form cross-linked aggregates
(CLEAS). Metal nanoparticles (Cu, Pd, Pt) can be immobilized in
these networks, providing hybrid catalysts largely documented
by Palomo,"" Backwall'? and Zare'™ groups. Bifunctional
systems depicting performant one-pot chemoenzymatic con-
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version of substrates have been also explored through a
confinement within exogenous materials such as porous imine
molecular cages,"” mesocellular silica foams," MOFs,"'® zeolite
materials"” or mesoporous metals.'® These developments on
model reactions can be considered as proofs of concept of the
interplay between chemical and biological partners within the
same host. All these approaches while confining the catalysts
within micro/mesoporous voids are bearing several severe
drawbacks, especially for flow catalysis such as accessibility of
the catalytic sites, low diffusion kinetics and high molecular
hindrance considering the fluid hydrodynamics.'” Meanwhile,
random orientations of anisotropic enzyme molecules with
respect to the material surface can however dramatically alter
their integrity and efficiency, making the support worth to
consider as a partner in the catalytic process.?® It seems
therefore wise to include ways of controlling the spatial
distribution of each partner of the catalysis i.e. the enzyme, the
metal and the material as early as possible in the design of the
hybrid.

We recently achieved a site-directed immobilization of a
fungal laccase into glutaraldehyde activated Si(HIPE) monoliths
(High internal Phase Emulsion).”" We have used monolithic
hosts bearing hierarchical porosity (micro- meso-macroporos-
ties) where all the above-mentioned penalties are vanished as
far as it can be, all the catalytic sites being accessible ate
ease."™" Laccase (EC 1.10.3.2) is a robust biocatalyst, which
active sites are composed of two copper-containing centers: a
surface located T1 Cu" center responsible for the oxidation of
substrate and a trinuclear copper T2/T3 center (TNC) respon-
sible for the reduction of O, into H,0.?? Selectively decorating
the inner surface of the foam with variants containing a unique
solvent-exposed lysine located either near (K;s;) or opposite
(K1) to the T1 substrate oxidation site named as UNIK;s, and
UNIK;, respectively, lead to tune the catalytic efficiency of the
immobilized laccases.”"”

We have previously shown that an electron transfer (ET)
can be established between a water-soluble biquinoline-
based Pd(ll) complex and the fungal laccase LAC3
(Scheme 1A).” During the selective oxidation of veratryl
alcohol (VA) into veratryl aldehyde, LAC3 associates the
regeneration of Pd(ll) to the four-electron reduction of O,
into H,0. Thus, under homogeneous conditions, the associa-
tion of LAC3 with the Pd(ll)-complex results in a significant
increase in the catalytic efficiency of the complex under mild
conditions (25 °C, water, atm pressure).”*

Here, we present a monolithic well-defined heterogene-
ous chemoenzymatic catalyst bearing hierarchical porosity
built on an oriented immobilization of a robust laccase and a
transition-metal-based complex into silica foam and its use
for the aerobic oxidation of alcohol (Scheme 1B&C). We used
a bi-functional Pd(Il)-biquinoline complex (1) based on a
ligand with two aldehyde functions (L) to immobilize mono-
functionalizable laccase variants within a macrocellular silica-
based foam. By controlling the grafting point at the enzyme’s
surface we modify the organization of the artificial active site
that the enzyme/Pd(Il)-complex/silica-matrix interface forms.
The modulation of alcohol oxidation activity obtained is
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discussed in relation to differential orientations of the hybrid
catalyst.

Results and Discussion
Synthesis and characterization of complex [(L)PdCl,] (1)

We have previously described a bimolecular catalytic system
combining the O,-reducing power of the laccase with the
catalytic power of a Pd(ll) nitrogen-based water-soluble com-
plex (Scheme 1A).*®' To prepare a graftable version of the
biquinoline Pd(ll) complex we synthesized ligand L by a simple
esterification of the previously reported acid-containing ligand
followed by a mild cerium(lV) ammonium nitrate acetal
deprotection adapted from Ates etal®” (Figure S1). The
subsequent metalation of the ligand was performed with
Pd(CH,CN),Cl, in dichloromethane. Characterization of the
complex in solution (elementary analysis, UV-Vis, NMR) agrees
with the structure of 1. Slow diffusion of diethylether into a
saturated complex 1 solution in CH,Cl, afforded crystals suitable
for single crystal X ray diffraction analysis (Figure S2, Table S1).
The crystal structure of 1 reveals that the central Pd(ll) ion is
four-coordinated in a distorted square-planar environment by
the two N atoms from the chelating 2,2"-biquinoline ligand and
two Cl anions. This structure is comparable to other Pd based
biquinoline complexes.?”

Production of homogeneous Pd(ll) complex-Laccase hybrids

Two UNIK variants, UNIK;; and UNIK;s;, were independently
covalently grafted to complex 1 via a previously described
reductive alkylation procedure?**” The resulting Pd(ll) complex
functionalized enzymes (respectively labelled as 1CUNIK;, and
1CUNIKs,) ideally bear a free aldehyde group available for a post-
functionalization (Scheme 1B) although the possibility of forming
dimers during grafting exists. Time-course of the reductive
alkylation was followed by SDS-PAGE for both enzymes (Fig-
ure S3). No evidence of oligomerization or protein loss was
observed for both laccase variants during grafting reaction. After
desalting and buffer exchange (ultrafiltration), the recovery yield
was estimated to be min. 85% (Table 1). The efficiency of the
functionalization was evaluated both from the ratio of the
characteristic charge transfer bands at 610 nm for the T1 Cu(ll) site
of laccase (Eg1gnm="5.6%10° M~'cm™) and at 340 nm for the Pd(ll)
complex (€3400m=2.7x10* M 'cm™") observed in the UV-Vis spec-
tra of hybrids (Figure 1A) as by ICP-MS (Table 1).

N-terminal sequencing of the hybrids was conducted to
exclude a possible alkylation of the N-terminus during functional-
ization. Several rounds of Edman degradation on both TCUNIK,,
and 1CUNIK;s, attested that the N-terminal amine is free.

Specific activities of complex 1 grafted variants toward ABTS
oxidation, a common laccase substrate, were found comparable
to those of non-modified enzymes (Table 1).

The electron spin resonance (ESR) spectroscopic features of
hybrids were found similar to those of the original variants

© 2023 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Scheme 1. A. Bimolecular synergistic interaction of a biquinoline Pd(Il) based complex and a laccase to promote benign oxidation of veratryl alcohol into
aldehyde. Laccase is reduced by a transient Pd(0) species and catalyzes the four-electron reduction of dioxygen into water with no loss of enzyme activity and
integrity. Colored balls represent the copper centers. B and C. General strategy to produce immobilized 1CUNIK hybrids Palladium (Il) complex 1 is used for
the covalent grafting of a UNIK variant by a reductive alkylation-based reaction (B). X=Cl or water. a. Reductive alkylation reaction. Post-functionalization of
APTES functionalized Si(HIPE) foams (NH,@Si(HIPE) is performed through Schiff-based forming reactions (C). a. Schiff-base forming reaction.

Table 1. Recovery yields, aldehyde quantification and specific activity for the 1TCUNIK;;, and 1CUNIK;s;, variants.

Enzyme Yield %% [PAI/[T1 Cu(IN] SA Umg '™ (Initial enzyme)
UV-VIS ICP-MS

TCUNIK,, 85+2 1.1+£0.1 1.1+£0.1 86+2(101+£3)

TCUNIK;s; 89+3 1.0+£0.1 1.1+0.1 69+4 (85+2)

[a] Recovery yield estimated from the variation of the Cu(ll) T1 absorption (€g0nm=5.6%10° M~ cm ") before and after functionalization. See Supporting
Information for experimental details. [b] Laccase activity assayed at room temperature in 100 mM acetate buffer pH 5.7 using ABTS as substrate. One unit
(U) of laccase is defined as one micromole of substrate oxidized per minute. The specific activity (SA) is defined as the number of unit (U) divided by the
mass of laccase (mg). Extensive washing of solutions containing the UNIK variant (UNIK,; or UNIK,5,) and complex 1 with buffer (100 mM pH 5.7 acetate
buffer) allows complete elimination of 1 (data not shown), attesting the absence of unspecific binding to the enzyme surface.

indicating that surface functionalization does not affect the single functionalizations of laccase surface that are not
copper centers (Figure 1B, Table S2). Altogether, these results  deleterious to the enzymes integrity.
confirm that reductive alkylation of UNIK variants result in
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Figure 1. Spectral characteristic of hybrids. A. UV-Vis spectra of 1, UNIK,s;,
UNIK;; and their corresponding 1CUNIK;s; and 1CUNIK;, hybrids in acetate
buffer pH 5.7. B. X-band Electron spin resonance (ESR) spectra recorded from
frozen solutions; (=) spectrum characteristic for one or the other UNIK
variants; () TCUNIK;;; (-) 1CUNIK;s, hybrids. Recorded at 115 K, microwave
power 20 mW, modulation 3 G, gain 10°.

Immobilization and characterization of the functionalized
material

Based on our previous experience of laccase immobilization within
macrocellular Si(HIPE) monoliths,”" we proceeded to the immobi-
lization of the two TCUNIK hybrids as well as complex 1 on APTES
((3-Aminopropyl)triethoxysilane) functionalized Si(HIPE) foams (de-
signed as NH,@Si(HIPE)) via a Schiff-based forming reaction
between the free aldehyde moiety of the hybrid and the NH,
moiety of the activated silica foam (Scheme 1C). We have
previously shown that a covalent binding is mandatory to prevent
leaching of the enzyme.”" An effective covalent bond formation
was challenged by performing extensive wash steps of monoliths
indine (3 mLmin~" unidirectional flow for 1h) and successively
with a high ionic strength buffer (1 M NaCl) and a chaotropic

ChemPlusChem 2023, 88, €202300156 (4 of 11)

agent (1% Triton X100 in 100 mM acetate buffer) in order to
disrupt any non-covalent interactions (hydrophobic or ionic)
between hybrids and the material. This treatment did not lead to
a detectable release of laccase. Thus, we conclude that the
synthetic procedure leads to an efficient covalent attachment of
the 1CUNIKs hybrids to the silica surface.

Loadings of hybrids and complex 1 were initially evaluated
by UV-Vis spectroscopy following the signature of the hybrid
remaining in the impregnation solution and by measuring the
metal content (Pd and Cu) by ICP-MS (Figure 2A, Table S3, S4).
Pd(ll) loads reached a maximum of ~35x10°molg™ of foam
when working with an initial concentration of 1=4x
107 molL™". The yield of immobilized complex (amount of 1
bound/initial amount of 1) ranged between 15-20%. As the
diameter of complex 1 is estimated to be 10 A from X-ray
analysis, there is no limitation for the grafting of complex 1 into
the macropores of Si(HIPE). The evolution of the Pd(ll)-laccase
hybrids binding as a function of the initial concentration of
hybrids appears to be linear, with no apparent saturation
(Figure 2A). The foam being constituted of macropores with
polydisperse diameters at the um length scale, this confirms a
good material accessibility for hybrids. Yields of ca. 40-50%
immobilization, were consistently obtained for both 1CUNIK;,
and 1CUNIK;5;. Note that these immobilization yields are
significantly higher than those we previously reported for the
bare enzyme immobilization.”” This may be due to the length
of the grafting moiety (longer in this case), which could reduce
steric hindrance.

Neo-synthetized grafted materials were further character-
ized by infra-red spectroscopy. Characteristic features such as
C=0 stretching modes at 1720 cm™" and aromatic ring stretch-
ing modes at 1500-1400 cm™', 1200-1000 cm™" and 900-
700 cm™' support the successful immobilization of complex 1 in
NH,@Si(HIPE) (Figure 2B, Table S5). For the immobilized hybrids,
new peaks at 1637 cm™' (C=N stretching band) and around
1540 cm™' (amide Il scissoring band) confirm the presence of
laccase within the silica foam (Figure 2B). Solid state *SiNMR
CP-MAS and *SiNMR MAS were used to characterize the nature
of the silica support material at the molecular level (Figure S4,
Table S6). Incompletely condensed Si species with a single
residual hydroxyl group were found to represent ~8% of the
silicon atoms. This suggests an efficient grafting at the surface
of the material. Therefore, the two immobilized hybrid catalysts
are indistinguishable regarding their local Si environment.

Controlled by Scanning Electron Microscopy, macroscopic
morphological features of the silica appear not affected by the
presence of hybrids (Figure 2C). For all grafting (i.e. complex 1
and the two hybrids), the open porosity at the surface of the
macroscopic wall (emerging from the starting emulsion coa-
lescence feature) and the interstices between adjacent cells of
the typical hollow spherical aggregated structure of the Si(HIPE)
are still present."® Enzyme distribution within the silica foam
was assessed by confocal microscopy using immunofluores-
cence staining (IFS) and by transmission electron microscopy
(TEM) using immunogold staining (IGS) (Scheme S1). In both
cases, the detection relies on the use of anti-laccase antibodies
conjugated either to gold or to a fluorescent probe.”® Silica

© 2023 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Figure 2. A. Hybrids loads into NH,@Si(HIPE) as function of the initial hybrid concentration in the impregnation solution (see data in Table S4). @ 1CUNIK;,
and @ 1CUNIK,s;. B. FT-IR spectra of (a) Si(HIPE) (b) NH,@Si(HIPE) (c) 1@NH,@Si(HIPE) (d) 1CUNIK,,@NH,@Si(HIPE) and (e) 1CUNIK,s,@NH,@Si(HIPE). The
samples were dried in an oven at 80 °C overnight prior to analysis (see data in Table S5). C. SEM of 1CUNIK;;;@NH,@Si(HIPE). Red arrow: intra-wall pore
opening (internal junctions); green arrow: pore-opening from the hollow sphere aggregation (external junction). The sample was dried in an oven at 80°C
overnight prior to analysis. D. Confocal fluorescence microscopy images of sections (1 um thick) revealed with primary rabbit anti-laccase antibody and
donkey anti-rabbit IgG (H+ L) cross-adsorbed secondary antibody, DyLight 488 of a. NH,@Si(HIPE); b. 1CUNIK;,@NH,@Si(HIPE) and c. 1CUNIK,s;@NH,@Si(HIPE.
E. TEM immunogold labelling of ultrathin sections (80 nm thick) revealed with rabbit anti-laccase primary antibody and anti-rabbit secondary antibody
conjugated with Au (Protein A-gold 10 nm): a. NH,@Si(HIPE), b. 1CUNIK;,@NH,@Si(HIPE) and c. 1CUNIK,s,@NH,@Si(HIPE). Loading of hybrid catalyst:

1.2x 107 molg~" of foam. Note the presence of the laccase gold labeling (black spots).
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materials with and without hybrid catalysts were embedded
within a Lowicryl resin and cut into ultrathin sections
(<100 nm) that were in sequence incubated with a primary
anti-laccase antibody (rabbit polyclonal antibody) and with a
secondary antibody for detection (anti-rabbit gold or
fluorescence Dylight 488 conjugated). Confocal microscopy
fluorescence images of immuno-stained bare NH,@Si(HIPE) and
hybrid catalysts loaded foams are shown Figure 2D. The
absence of fluorescence in control images (foams with no
laccase, Figure 2D, panel a) attests for the absence of non-
specific interactions between the antibodies and the silica
foam. Images of 1CUNIK;,@NH,@Si(HIPE) and
1CUNIK,s;@NH,@Si(HIPE) under 488 nm excitation reveal a
green fluorescence that, in both cases, underlines the circum-
ference of pores within the foam attesting the presence of the
anti-LAC antibody and therefore of laccase (Figure 2D, panels b
and d). Since laccase immobilization can be obtained only
through a surface grafted Pd(ll) complex 1, localization of the
enzyme supports a successful immobilization of complex 1 in
the foam. Assessing qualitatively the green color intensity, no
obvious difference was found regarding the immobilization of
the two hybrids 1CUNIK;, and 1CUNIK;s;.

TEM images of immunogold labelling of foams loaded with
hybrid catalysts and those of control samples are shown Figure 2E.
In Si(HIPE) foam, the surface of pores is large and, at the
magnification we used, TEM images cover only a fraction of a
single macropore.”” Images of NH,@Si(HIPE) used as control tests
are virgin of black spots and demonstrate the specificity of the
process (Figure 2D, panel a). Images of foams functionalized with
1CUNIK;, or TCUNIK;s,, contain black spots (Au® nanoparticles)
homogeneously distributed (Figure 2E, panels b and c). Each black
spot witness the presence of a laccase molecule and therefore
hybrids. Laccase diameter is calculated to be roughly 67 A (65x
55x45 A%, a size perfectly suited for the macroporosity but not
for the mesoporosity of Si(HIPE) ranging mostly from 2.5 to
1.5 nm. Comparing the classical morphology of Si(HIPE) with the
size of the enzyme, as expressed before, the latter seem too large
to fit within the mesoporosity, but simply line the macropores,
appearing easily accessible without significant steric hindrance. In
clear, all the catalytic sites observed in Figure 2 are stacked at the
surface of the macropore surfaces but not embedded within the
walls mesoporosity. As for fluorescence image, qualitatively, the
density of gold particles in foams functionalized with either
1CUNIK;; or TCUNIK,5, appears similar in agreement with the
calculated loads (Figure 2A). Altogether, the use of complementary
IGS and TEM provides direct evidences on the presence and
location of tandem catalysts inside the functionalized silica foams’
macropore.

Catalytic performances

Homogeneous activity: One of the main challenges in chemo-
enzymatic strategies is the potential for mutual deactivation of
the tandem catalysts (metal and protein). Metallic and enzy-
matic catalysts usually require careful adjustment of reaction
conditions in order to optimize their performance (solvent,
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reactant concentration).?” In order to get the best cooperation

between these two catalysts, a compromise must be found. We
measured the activity of laccase towards ABTS in a buffer
containing 5% DMSO, a solvent in which complex 1 is soluble.
In the presence of 5% DMSO laccase variants UNIK;, and
UNIK;5, were found to retain ~80% of their initial activity.

The model reaction employed for this study is the oxidation
of veratryl alcohol (VA), a model compound for lignin degrada-
tion not oxidized by laccase (Scheme 1A). We have previously
shown that: (i) LAC3 is reduced in the presence of a Pd complex
and VA (bleaching of the T1 absorption band at 610 nm and
disappearance of T1 and T2 ESR signatures), and (ii) after
reoxygenation all the spectroscopic features indicative of
reoxidation of laccase reappear. We initially controlled how the
neo-synthetized complex 1 affects the redox states of the two
laccase variants. Adding one equivalent of complex 1 in the
presence of an excess of VA to a degassed solution of UNIK
variants led to the complete reduction of their copper centers
with similar kinetics (t,,, ca. 25 min) for each variant (Figure S5A,
Figure S5B). When complex 1 is grafted at the surface of the
enzyme, reduction rate appears up to two-times faster than in
bimolecular conditions (1CUNIK;s;: 12.54+0.2 min; 1CUNIK;;:
18.0 0.2 min). Therefore, forming a covalent Pd/laccase com-
plex favors the reduction of the copper centers of the enzyme
compared to a simple bi-molecular solution probably by short-
ening the Pd—Cu centers distances. Possible routes for electrons
may then include the surface grafted reduced complex 1 and
either: i) the T1 copper or ii) the TNC. Both copper centers in
UNIK variants can be efficiently reached by electron tunneling
through the protein matrix.?’**'*? On the other hand, although
working at low hybrid concentrations (50x107°M or less), an
intermolecular ET occurring between a reduced complex 1
grafted on one hybrid and a copper center (either the T1 or the
TNC) of another hybrid unit cannot be formally ruled out. Such
a phenomenon has been observable in concentrated
Ru—P450cam hybrid solutions.®™

Performing the reaction in the presence of air, veratryl
aldehyde (the product of the reaction) was found to accumulate
in a time-dependent manner. The catalytic performances of
hybrids 1CUNIK,; and 1CUNIK;s;, were first compared to the
corresponding systems operated under bimolecular conditions
at room temperature and in buffered water (Table 2). The
activity of complex 1 alone (0.05%.) which oxidizes selectively
veratryl alcohol into the corresponding aldehyde with a low
efficiency (85+0.1 10°°M, 17.0TON, 0.7 h™' TOF) served as
control (Table 2, entry 1). [If compared to the original Pd(ll)
biquinoline complex, complex 1 exhibits higher activity at lower
loading.”? (ie. 1 (0.5%0): 5.0TON, 0.2h7")] As expected,
incubation of equimolar ratio of UNIK variants and complex 1
(same concentration as in control) enhances the product
formation that reached a maximum of 71 TON (3.0 h™' TOF) for
UNIK,, and 62 TON (2.6 h™' TOF) for UNIK;s, (Table 2, entry 2
and 3). In both cases, the presence of laccase led to a ca. 4-fold-
increase of TON (check increased factor IF, in Table 2). Thus, as
with the biquinoline Pd(Il) complex we previously used [a strict
comparison of the catalytic performance of 1 and Pd biquino-
line complex previously published in presence of laccase is not
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Table 2. Aerobic oxidation of veratryl alcohol in homogeneous conditions.

Entry System® Yieldx107°M TON® TOF (h")© |F
1 1 84.841.0 17.0+£0.30 0.7 1.0
2 1+ UNIK;, 3544423 70.9+0.50 3.0 42
3 1+ UNIK,s; 309.3+0.1 61.9+0.02 2.6 3.6
4 1CUNIK;, 4131446 82.6+0.90 34 49
5 1CUNIK;s; 500+ 28.0 100.2+5.50 42 5.9

[11=[UNIK]=[1CUNIK]=5x10"° M, [substrate] = 100x 10> M in 100x 10~* M acetate buffer pH 5.7. 24 h catalysis at 25 °C. Results from triplicates. [a]
UNIK;s; and UNIK;, are not active toward veratryl alcohol oxidation. [b] TON calculated as the number of moles of product divided by that of the catalytic
system and normalized with laccase specific activity. For the bimolecular system, the amount of catalyst refers to palladium complex. [c] TOF=TON per 24 h.

[d] Increase Factor (IF)=TON of 1 in the presence of laccase/TON of 1.

possible since conditions differ (enzyme, complex loading, co-
solvent). As previously mentioned, the presence of 5% DMSO
during the catalysis with 1 slightly alters the enzyme activity
and may affect the efficiency of the synergistic effect], the
ability of complex 1 to oxidize VA is greatly enhanced by the
presence of laccase. Note that varying the ratio 1/UNIK variant
did not lead to an increase of the TON (Figure S6). Similarly, to
their bimolecular systems counterparts, hybrids 1CUNIK;, and
1CUNIK,s; were found performing 5-6times better than
complex 1 alone in the control experiment (Table 2, entry 4 and
5). This supports a preservation of the synergistic effect upon
grafting. Aldehyde production increases with hybrid concen-
tration, reaching a maximum of 650-700x10"°M aldehyde
(649+249TON and 70.21+0.44TON respectively for
1CUNIK;, and 1CUNIK;s,) at 10 107° M catalyst (Figure 3A). At
the lowest hybrid concentration tested (1x107°M) TON's of
180 and 203 were respectively calculated for 1CUNIK,, and
1CUNIK;s;. As the concentration of hybrid increased, we noticed
a parallel evolution of increase factors of both hybrids (Fig-
ure 3B). Therefore, under homogeneous conditions, location of
the Pd(ll) complex graft at the enzyme surface does not seem
to significantly influence the reactivity of the hybrid. As already
mentioned, this reflects that routes by which electrons reach

250 S
— —*
200 T .
:'6
150 2 //
[} /S
100 2 /
2 14
50 27

% 24681012
[Catalyst] /x10-°M

Y2 4 6 & 10 12
[Catalyst] / x10°M

Figure 3. Veratryl alcohol oxidation by 1CUNIK;, and 1CUNIK;s; grafted
enzymes in homogeneous conditions. A. TON as function of catalyst
concentration. TON are calculated as the ratio of moles of product to that of
the catalyst and normalized with laccase specific activity. [substrate] -
=100x 1073 M; [catalyst] =1 to 10x 107® M; t =24 h, acetate buffer 100 mM
pH 5.7 at 25°C. °C. B. Increase factor (IF) as function of hybrid concentration
in solution. IF is defined as the ratio of TON of TON 1TCUNIK or 1+ UNIK/TON
1.4 1; L TCUNIK,5; A TCUNIK;,.
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the copper centers are not particularly discriminating. Not to
mention that in the presence of both dioxygen and a highly
reducing metal species (i.e. a Pd(0)), we must also consider the
presence of a superoxide potentially playing the role of a redox
mediator for the enzyme.?¥

Heterogeneous activity: Veratryl alcohol oxidation was per-
formed with hybrid materials 1CUNIK,;@NH,@Si(HIPE) and
1CUNIK;5;@NH,@Si(HIPE) as well as with 1 @NH,@Si(HIPE) used as
control (Figure 4, S7, S8). Catalysts loads of 0.3, 0.6 and 1.2x
107 molg™ for hybrids (and up to 35.2x107® molg™' for complex
1) were tested in continuous flow conditions (50x 10~ g of foam,
15x 107 L of mobile phase). In first analysis, (i) immobilization of
complex 1 alone results in a heterogeneous catalyst with a
measurable activity on VA and (i) the synergy between laccase
and complex 1 observed in homogeneous conditions is clearly
preserved within the foam. TONs reached with immobilized
hybrids are 4 to 8 times higher than that obtained with complex 1
alone (Figure 4). In the condition of an excess of substrate, product
formation reaches a plateau at 24 h (Figure S8).

Comparing initial velocities at comparable loadings, immo-
bilization of 1CUNIK;s, appears advantageous as compared to
1CUNIK;, by a factor of 4 (Figure S8E). Yields increases similarly
for each hybrid with loads up to 0.6 10°° molg™' then decreases
at twice this value (1.2x 107 molg™). Increasing loads densify
the presence of hybrids within pore structure (see Figure 2E).
This may lead to interactions amongst hybrids and, to a certain
extent, favor hybrids performance at least up to a threshold
above which crowding may affect hybrids efficiency. Such a
behavior has been already observed with an immobilized
laccase™ as well with other enzymes as lipases.® In the case of
the material we used, catalysis occurs at the macropores level
where the surface area is considered as low."

Interestingly, in heterogeneous conditions the performance
of 1CUNIKs; is two times higher than that of TCUNIK;,
whatever the load of hybrid, underlining a significant effect of
the orientation of hybrids at the silica matrix surface (Figure 4).
As mentioned earlier, in homogeneous solutions, catalytic
efficiency is not significantly affected by the location of complex
1 at the enzyme surface.

Within the foam, this effect only depends on the orientation
of the enzyme relative to complex 1 both hybrids being
immobilized at the same anchoring point (i.e. complex 1
aldehyde moiety). Therefore, not only does this immobilization
method not compromise the performance of Pd/laccase
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Figure 4. Veratryl alcohol oxidation as function of the catalyst load into the
silica matrix. (A) Evolution of TON: 1@NH,@Si(HIPE) (dashed bars);
1CUNIK,s;@NH,@Si(HIPE) (blue). 1 CUNIK,,@NH,@Si(HIPE) (red); * results
obtained in homogeneous conditions at a concentration of hybrid compara-
ble to that in 0.3x 10 ® mol g ' load. (B) Increase Factor (IF) as function of
hybrids loading: & 1CUNIK,;;@NH,@Si(HIPE); & 1CUNIK,,@NH,@Si(HIPE). IF is
defined as the ratio of TON of TON TCUNIK/TON 1. Reactions performed
with 50x 107 g of grafted foams in 15x 107 L of acetate buffer

(100x107% M, pH 5.7) at 25°C; [substrate] =100x 10 M; t=24 h;

3x10 Lmin "

hybrids, but it allows a distinction between 1CUNIK,;; and
1CUNIK;, hybrids the specific activity of which differs by a
factor of 2 within the foam. Best IFs are observed at 0.3 and 0.6
10 ®molg ™' loads (Figure 4B). Unlike what is observed under
homogeneous conditions, IF decreases with higher loads
attesting probably a crowding effect. As shown by TEM
(Figure 2E), hybrids (1.2 10 °®molg™') are homogeneously
distributed at the surface of the foam. It is conceivable that
immobilization minimizes any intermolecular ET that could
occur between hybrid units during catalysis, distances between
neighboring hybrids units being probably too large at the
optimal activity loads (e.g. 0.3-0.6x 10" molg ). Higher loads,
in principle more favorable for intermolecular ET, were shown
to alter the catalytic performance of each hybrid. Altogether,
these results highlight a differential efficiency of the catalysts in
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relation to the localization of the Pd relative to the T1 Cu"
center in these hybrids (Scheme 2).

Reusability and stability: Generally speaking, immobilization
is expected to contribute to the stabilization of catalysts and
provide a mean for a recovery and a multiple utilization. Both
immobilized hybrids (loads=0.6x10°molg™') were found
indistinguishable regarding the reusability of the catalyst (Fig-
ure 5). After three initial consecutive cycles of VA oxidation
including thorough in-place washing, 85-90% of the initial
activity of catalysts was retained. At this stage, there was no
indication of an instability of heterogeneous catalysts in the
reaction conditions employed. In order to address thermody-
namic stability on longer time-scale, stability and reusability
were tested after a storage of wet foams at 4°C (Figure 5). After
3 months of storage and one additional cycle, VA oxidation
activity remained as high as 78% and 60% of the initial activity
for the immobilized 1CUNIK;, and 1CUNIK,s, catalysts respec-
tively. After a total of 8 months of storage and five consecutive
cycles, activities eventually dropped respectively to 40 and

. 1CUNIK, 4
N6
v

| Silica wall ] \_ [

1:.II.'\‘IK,.- \\
D 2. ,

! ;

silica wall |/

Scheme 2. Schematic representation of possible electron routes for laccase
reduction in heterogeneous conditions. Route (1) intramolecular complex 1 -
T1 reduction; Route (2): intramolecular complex 1 - TNC reduction; Route (3):
intermolecular T1 or TNC reduction. Plain arrow: more favorable. Dotted
arrow: less favorable, Laccase variants: black circle; Complex 1: orange
triangle; T1 center: black bullet; TNC: three blue bullets,

120, == 1cUNIK;,

— 1CUN|K;5‘;
100t

80f
60

40t

Relative activity / %

8 months

20}

1 2 3 4 5
Number of cycles

Figure 5. Evolution of the veratryl alcohol oxidation activity. of immabilized
1CUNIK;, and 1CUNIK,s;. Reaction in acetate buffer 100x10* M pH 5.7 at
25°C [substrate] =100x 10~* M; t=24 hours for each cycle. Loading for
1CUNIK;, and 1CUNIK,5; is 0.6 %10 ° molg . Cycles 1 to 3 are consecutive
24 hours cycles. Cycles 4 and 5 were measured after 3 months and 8 months
respectively.
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44%. Whereas tested in similar conditions the activities of
immobilized laccase variants (i.e. UNIK,, and UNIK;s;) were
found to be stable for more than a year,”?" the stability of their
supported Pd(ll)-laccase hybrids counterparts was found dimin-
ished by ca. 50% after 8 months. This points out that palladium
is a central element in the decrease in activity potentially
through metal leaching.

Conclusion

We produced a chemoenzymatic catalysts built as a covalent
hybrid between a laccase (enzymatic catalyst) and a palladium
complex (metal catalyst) and further used a hierarchical silica
foam as host for their co-immobilization. When confined at the
macroscopic siliceous walls ‘interface, hybrid catalysts conserve
a veratryl alcohol oxidation activity. Compared to the basal
activity of an immobilized palladium complex alone, that of
immobilized hybrids is exalted, highlighting a synergy between
the two catalytic partners in a confined environment. Globally,
this technology allows to perform alcohol oxidation reactions
under mild conditions, whereas addressing stable and reusable
heterogeneous monolith catalysts. Interestingly, the catalytic
performance can be modulated through the orientation of the
enzyme relative to the functionalization localization. The Si-
(HIPE)-Pd—T1 Cu(ll) orientation reached with 1CUNIK;s, leads to
2 folds higher activity than that observed with the 1CUNIK;,
hybrid, a performance clearly exacerbated by the heteroge-
neous configuration. This suggests that the silica matrix might
be more than a inert host allowing not only a dramatic
stabilization (8 months) and a reuse of catalysts at ease through
the confinement, but potentially a partner regarding the whole
catalytic process (weak acidic pending silanol groups and/or
associated hydration that may favor the enzymatic lubrication
during several months). This work highlights the importance of
controlling the spatial organization of catalytic partners (silica/
Pd/laccase) under a heterogeneous hybrid configuration. At the
molecular level, We demonstrate that it is possible to optimize
catalysis performances by tuning the organization of immobi-
lized Pd(ll) and laccase catalysts acting in tandem, the whole
heterogeneous catalyst providing both good cyclability, easy
reusability and outstanding durability (up to 8 months).

Experimental Section

Tetraethyl-orthosilane (TEQS),  tetradecyltrimethylammonium
bromide (TTAB), dodecane and hydrochloric acid (37 %), glutarade-
hyde Grade | 25% in H20 (wt.%) and (3-Aminopropyl)trieth-
oxysilane (APTES) were purchased from Sigma. 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS), veratryl alcohol from
Fisher. All buffer solutions were made with deionized water. All
other chemicals and reagents used in this study are of analytical
grade and are used without any further purification. UNIK variants
were expressed in Aspergillus niger and purified according to
previously published procedures.®® All instruments used are listed
in the supplementary Information file.
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Standard enzyme assay: Laccase activity was assayed at room
temperature using ABTS as substrate. Oxidation of ABTS was
detected by following the absorbance at 420 nm (¢ 420 nm=3.6x
104 M~'cm™") during 5 min. The reaction mixture (1 mL) contained
10 uL of appropriately diluted enzyme sample and 990 pL of
2.5 mM ABTS freshly prepared in acetate buffer (100 mM, pH 5.7).
The enzyme was added to initiate the reaction. One unit (U) of
laccase is defined as one micromole of substrate oxidized per
minute in these described conditions. The specific activity (S.A.) is
defined as the number of unit (U) divided by the amount of laccase
(mg). The molecular weight of laccase is 84 kDa.

Ligand L synthesis: To 1.5g (3.2 mmol) of 2,2-Biquinoline-4,4'-
dicarboxylic acid dipotassium salt trihydrate slurried in 40 mL
DMSO, 1.85 g (9.5 mmol, 3 eq.) of 2-(3-Bromopropyl)-1,3-dioxolane
were added at room temperature under N,. The mixture was stirred
at 40°C in the dark for 26 h and then for additional 68 h at room
temperature, after which it was quenched upon cooling with
200 mL of water. Then 200 mL CH,Cl, were added to the mixture.
The organic layer was separated and washed with water (3x
100 mL) to remove the excess DMSO. The organic layers were
combined, dried with Na,SO, and evaporated to dryness. Recrystal-
lization from CH,Cl,/Petroleum ether (10:1) yielded pure protected
ligand (1.2 g, 56%) as a white solid. A solution of CAN (1.44 g,
2.6 mmol, 7.5eq) in borate buffer (0.1 M, pH 8, 3 mL) was then
added to a stirred solution (70°C) of the protected ligand (200 mg,
0.35 mmol) dissolved in 6 mL acetonitrile. The resulting mixture
was maintained under constant stirring for 20 min. Then 10 mL
water were added to the mixture. After extraction with dichloro-
methane (3x20 mL), the combined organic layers were dried over
MgSO, and the solvents are removed in vacuo. Pure L (150 mg,
yield=88%) was obtained without further purification. Character-
ization of the protected ligand and L were performed by NMR, ESI-
MS and elemental analysis.

Complex 1synthesis: 180 mg (0.371 mmol) of ligand L was added
slowly to a solution of PdCI,(CH;CN), (106 mg, 1.1 eq.) dissolved in
15 mL of dichloromethane. The mixture was maintained under
stirring for 24 h and then concentrated to a small volume (1-2 mL).
Precipitation was performed by the rapid addition of 50 mL Et,0. A
yellow solid 1 (200 mg, 80%) was obtained after centrifugation and
dried in air with static vacuum. Characterization of 1 was performed
by NMR, IR, ESI-MS and elemental analysis. Slow diffusion of
diethylether into a saturated complex 1 solution in CH,Cl, afforded
crystal suitable for X-ray analysis.

Deposition Number 2174927 (for complex 1) contains the supple-
mentary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

Hybrid preparation: Reductive alkylation of primary amino groups
was performed with an adapted procedure from Mac Farland and
Francis using an Ir catalyst in the presence of formate as hydride
donors.” With this process, aldehydes are not reduced. In a 10 mL
round-bottomed flask, equipped with a magnetic stirring bar,
200 puL of a 625 uM laccase solution in buffer A (0.5 M sodium
phosphate buffer pH 7.4 containing 50 mM sodium formate),
100 uL of a 5 mM complex 1 stock solution (4 eq.) in buffer A and
90 uL of 14 mM water stable [Cp*Ir-(bipy)(H,0)ISO, complex (Ir
catalyst) were combined, adjusting to a final volume of 2.5 mL with
buffer A. The reaction was carried out for 72 h at 25°C with
permanent stirring. Prior to any treatment, the soluble fractions
were analyzed by SDS-PAGE. Then the solution was loaded on a
desalting column (Sephadex G25) pre-equilibrated with 100 mM
acetate buffer pH5.7 containing 100 mM NaCl. The fractions
containing the enzyme were collected and loaded onto ultra-
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filtration device for desalting and buffer-exchange, using 100 mM
sodium acetate buffer pH 5.7. Yield (%) was determined as the
amount of purified enzyme*100/initial enzyme. Hybrids were
characterized by SDS-PAGE, ICP-MS, UV-Vis and EPR spectroscopies.
Hybrids combining 1/UNIK;, and 1/UNIK,s; are respectively named
as TCUNIK,, or TCUNIK; ;.

Preparation of NH,@Si(HIPE): HIPE stands for High Internal Phase
Emulsion. Si(HIPE) monoliths were synthesized from Tetraethyl-
orthosilane (TEOS), tetradecyltrimethylammonium bromide (TTAB),
dodecane and hydrochloric acid (37%) with a protocol adapted
from Carn et al.™' NH,@Si(HIPE) synthesis and characterization is
described in a recent paper from us" The silica monoliths
obtained from the previous steps (approximately 50 mg each) were
immerged in a 25 mL toluene/APTES solution. Dynamic vacuum
was applied to force the solution into the pores of the monoliths.
Static vacuum was then maintained overnight. After impregnation,
the monoliths were washed with distilled water for three times. The
obtained monoliths were dried at 80°C for 24 h in an oven.
Characterization of materials was performed by IR, NMR and
microscopy.

Complex 1immobilization: A NH,@Si(HIPE) monolith (about 50 mg)
was immerged in 3mL of complex 1 dissolved in DMSO at a
desired concentration (higher than 100 uM). The mixture was
placed under dynamic vacuum for 30 min and then under static
vacuum overnight. Finally, the monolith was washed three times
with DMSO (3 mL, 3x10 min) to remove the excess of unbound
complex 1. Complex 1 loading was calculated by subtracting the
detected palladium in the residual and washing solution from the
initial impregnation solution (based on the absorbance at 340 nm).
The grafted Pd was confirmed by palladium quantification using
ICP-MS. The immobilized complex is named as 1@NH,@Si(HIPE).

Hybrid immobilization: A NH,@Si(HIPE) monolith (about 50 mg) is
introduced in a mixture containing 3 mL of DPBS (Dulbecco’s
Phosphate Buffered Saline) buffer pH 7.0 and the hybrid (1CUNIK;,
or 1CUNIK;s;) at a desired concentration. The mixture was placed
under dynamic vacuum for 30 min and then under static vacuum
overnight. The materials were then washed three times with DPBS
buffer solution (3 mL, 3x10 min) to remove the excess hybrid.
Hybrid loading is calculated by subtracting the detected hybrid in
residual and wash solution from the initial impregnation solution.
The residual solution and wash solution were filtered before
detecting concentration. The immobilized yield was further verified
by the quantification of copper and palladium using ICP-MS. The
resulting supported hybrid catalysts are respectively named as
1CUNIK,;@NH,@Si(HIPE) and 1CUNIK,;;@NH,@Si(HIPE). Character-
ization of materials was performed by IR, NMR and microscopy.

Immunostaining detection and TEM sample preparation: Both the
bare  Si(HIPE), NH,@Si(HIPE) 1CUNIK,,@NH,@Si(HIPE)  and
1CUNIK;,@NH,@Si(HIPE) were first dehydrated for 1 h in successive
dimethylformamide/water baths (1 bath at 50/50; 1 bath at 70/30;
1 bath at 90/10 and 3 baths at 100% dimethylformamide), evacuat-
ing the pillboxes to remove air from the silica to facilitate
homogeneous inclusion of samples. For the inclusion in Lowicryl,
successive baths are made by a mixture of Lowicryl K4 M/dimeth-
ylformamide (1 bath at 50/50; 1 bath at 70/30; 1 bath at 90/10 and
3 baths at 100% Lowicryl K4 M). The polymerization was done at
4°C under UV lamp for 1 h. Sections of 80 nm were made with the
ultramicrotome LKB 8800 for immunogold staining and TEM
observation. Sections of 1um were made with the LKB 8800
ultramicrotome for fluorescence immunostaining and epifluores-
cence observation on Leica microscope. For the immunogold
staining (IGS) method, the sections were saturated with PBS
(Phosphate Buffer Saline) (10x, pH 7.4) containing 5% bovine
serum albumin (BSA) for 1 h at room temperature to block non-
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specific binding of antibodies. Then, the sections were rinsed
5 times with PBS and incubated with a primary rabbit anti-laccase
antibody (1/200) in 0.5 % BSA-PBS for 2 h. After rinsing 5 times with
PBS, the sections were incubated for another 2 h at room temper-
ature with the secondary anti rabbit antibody conjugated with Au
(Protein A-gold 10 nm), diluted (1/200) in 0.5% BSA-PBS. The
sections were washed 5 times with PBS, then washed 5 times with
distilled water and finally observed by TEM. For fluorescence
immunostaining method, the procedure is similar. The secondary
antibody used was a Donkey anti-Rabbit IgG (H + L) Cross-Adsorbed
Secondary Antibody, DyLight 488. The sections were observed by
fluorescence microscopy.

Alcohol oxidation assay: In a typical homogeneous condition
experiment, oxidation of veratryl alcohol was performed in 2 mL
tube at 25°C with gentle constant shaking. Freshly prepared
complex 1, UNIK+1 or 1CUNIK;, or 1CUNIK;s; solution (0 to
10 uM) was incubated with veratryl alcohol (100 mM) in 1 mL
100 mM acetate buffer pH 5.7 for 24 h. With immobilized samples,
the catalytic performance was performed with a recycling reactor.?”
15 mL 100 mM veratryl alcohol in 100 MM acetate buffer, pH 5.7
was cycled with a flow rate set at 3 mLmin~' at room temperature.
Before starting catalysis, pure buffer was applied for 30 min in the
whole system to wash out any unbound catalyst. After each cycle,
the column was disconnected and the system washed with ethanol
then distilled water. Samples were collected for analysis after 1 h,
2h, 4h, 6h, 8h, 24 h. For both methods (Homogeneous and
heterogeneous), samples were filtered through 0.22 um then
applied onto a C18 nucleosil column (300 A, 250*4.6 mm) after
quenching with one volume of an acetonitrile solution containing
2 mM benzophenone as a standard for quantification. The alcohol
and aldehyde concentrations were determined spectrophotometri-
cally at 280 and 310nm respectively from standard curves
performed with commercial alcohol and aldehyde solutions.

All other characterization data, original spectra are provided in the
Supporting Information. Additional references cited within the
Supporting Information.®’-)
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