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ABSTRACT

Supramolecular hydrogels with a three-dimensional cross-linked macromolecular network have
attracted growing scientific interest in recent years due to their ability to incorporate high loadings
of bioactive molecules such as drugs, proteins, antibodies, peptides and genes. Herein, we report
a versatile approach for the confinement of Candida antarctica lipase B (CALB) within a silica-

strengthened cyclodextrin-derived supramolecular hydrogel and demonstrate its potential



application in the selective oxidation of 2,5-diformylfuran (DFF) to 2,5-furandicarboxylic acid
(FDCA) under mild conditions. The enzymatic nanoreactor was deeply characterized using
thermogravimetric analysis, Fourier transform infrared spectroscopy, N»-adsorption, dynamic
light scattering, UV-visible spectroscopy, transmission electron microscopy, scanning electron
microscopy and confocal laser scanning microscopy, while the reaction products were established
on the basis of 'H nuclear magnetic resonance spectroscopy combined with high-performance
liquid chromatography. Our results revealed that whilst CALB immobilized in conventional sol-
gel silica yielded exclusively 5-formylfuran-2-carboxylic acid (FFCA), confinement of the
enzyme in the silicified hydrogel imparted a five-fold increase in DFF conversion and afforded
67% FDCA yield in 7 hours and almost quantitative yields in less than 24 hours. The hierarchically
interconnected pore structure of the host matrix was found to provide a readily accessible diffusion
path for reactants and products, while its flexible hydrophilic-hydrophobic interface was extremely

beneficial for the interfacial activation of the immobilized lipase.

Introduction

Enzymes are highly efficient and selective biocatalysts capable of operating under mild reaction
conditions, i.e. ambient temperature, atmospheric pressure and physiological pH.!?> Their excellent
regio- and stereo-selectivity, together with high substrate specificity and low environmental
toxicity, make them suitable for a broad range of chemical reactions.!** However, the short
catalytic lifetime of enzymes, their low stability towards high temperatures, organic solvents and
extreme pHs and the difficulties related to their recovery and reuse are limiting factors for their
industrial applications.'**> Immobilization in a support provides an effective way to increase the

stability of the enzyme under harsh industrial conditions and facilitate its recovery and reuse.®



In living cells, enzymes are confined in highly organized functional compartments (cellular or
subcellular) where metabolic processes are very tightly regulated.” Intracellular
compartmentalization of cooperative enzymes within the cell enables control of the speed with
which biochemical reactions occur and the order in which specific enzymes will react. Structural
studies have revealed the critical role played by the pores in regulating the transfer of metabolites
inside and outside those compartments.®

Inspired by the enzymatic systems encountered in nature, several authors have proposed
biomimetic approaches based on encapsulation of the biocatalyst in soft-matter assemblies or
immobilization in a pre-synthesized inorganic support.”!! However, in the industrial context,
immobilization in a pre-existing carrier remains the most widely employed technique for enzyme
immobilization. Most common examples of supports are synthetic resins, biopolymers such as
polysaccharides and inorganic solids such as mesoporous silicas or zeolites.® In addition to their
beneficial effect on enzyme confinement, pores may also have a relevant importance in the stability
of the biocatalyst,'> as well as the diffusion of reactants and products during the catalytic
process.!>!* Nevertheless, it should be noted that immobilization in solid matrices does not always
guarantee intact function of the enzyme due to multiple conformational changes caused by the
surface roughness of the support.®!?

Taking into account the sensitivity of proteins to rigid surfaces, organic-inorganic hybrid
materials have been extensively used as promising carriers for enzyme immobilization as they
combine the softness of the organic phase and the mechanical strength of the mineral one.’!>1
For example, Luckarift e al.” showed that butyrylcholinesterase immobilized in biomimetic silica
prepared by silicification of silaffin polypeptides could retain almost 90% of its initial activity

compared to only 10% activity for the enzyme immobilized on conventional sol-gel silica.



Similarly, Kim et al.,'> developed a novel strategy for covering individual enzymes with a thin
layer of a porous organic-inorganic network. The resulting hybrid nanostructure presented minimal
substrate mass transfer limitations and exhibited extremely high stability compared to the free
enzyme in aqueous buffer. In another study, Ackerman et al.'® highlighted synergistic effects
between functionalized mesoporous silica and urea toward favorable conformational changes in
glucose isomerase, which resulted in a remarkable increase of the enzyme activity in confined
space. Bradshaw et al.'” elaborated hierarchically porous MOF-based capsules around a Pickering-
stabilized hydrogel inside which Candida antarctica lipase B was encapsulated and demonstrated
the practical utility of this biocatalyst in size-selective transesterification reactions. Recently, Du
et al.’® proposed a new approach toward the immobilization of lipases in a hollow MOF-based
composite using metal-sodium deoxycholate (NaDC) hydrogel as soft template. Interestingly, the
hydrogel was found to offer a comfortable microenvironment to the lipase during the MOF growth
and a better protection against the external environment.

Supramolecular hydrogels are three-dimensional hydrophilic polymer networks capable of
retaining large amounts of water.!” Due to their multifunctional properties, those cross-linked
systems have undergone a spectacular progress in recent years showing high potential as scaffolds

for tissue engineering,’’ biomaterials for medical devices and drug delivery systems,?!

2 assay for detection of enzyme inhibitors®® and

supramolecular templates for biomineralization,?
skeleton of artificial enzymes.?* More specifically, for catalytic applications, supramolecular
hydrogels have demonstrated a “superactivity” when used as host matrices for the immobilization
of biocatalysts.?®

In recent years, self-assembled supramolecular hydrogels based on polymer-cyclodextrin

inclusion complexes have emerged as promising systems for drug delivery applications.?®



Cyclodextrins (CDs) are water-soluble cyclic oligosaccharides composed of n glucopyranose units
exhibiting a hydrophobic internal cavity and a hydrophilic exterior surface. The most common
cyclodextrins are alpha-, beta- and gamma-CD possessing respectively 6, 7 and 8 glucose units in
their ring. In addition to their ability to form a multitude of supramolecular assemblies with a wide
range of polymers,?” CDs have been utilized as versatile tools for engineering artificial enzymes
due to their hydrophobic cavity which mimics the hydrophobic pocket of the enzyme.?® Moreover,
native CDs can also form polypseudorotaxanes with necklace-like structures with amphiphilic
block copolymers such as Poloxamers. It is well-known that a-CD preferentially binds the
hydrophilic ethylene oxide (EO) blocks of the polymer, while -CD, due to its larger cavity, slides
along the EO units to selectively thread the middle hydrophobic propylene oxide (PO) blocks.?®
Under optimal conditions, the aggregation of polypseudorotaxanes induces the spontaneous
formation of a three-dimensional hydrogel network where water-insoluble nanocrystallites act as
physical cross-linkers maintaining the hydrogel in a water-swollen state.2%-3!

Herein, we describe the preparation and characterization of a silicified pluronic F127/a-CD
hydrogel composed of a dual organic-inorganic cross-linked network and demonstrate its use as a
carrier for the confinement of the lipase B from Candida antarctica (CALB). Unlike the
encapsulation approach, which implies entrapment of the enzyme within the silica framework
during the sol-gel synthesis, the strategy described herein relies on immobilization in a

6 since the lipase is immobilized upon the hydrogel is silicified and

prefabricated carrier
functionalized.
Lipases (triacylglycerol acylhydrolases EC 3.1.1.3) belong to the family of hydrolases whose

natural function is to catalyze the hydrolysis of carboxylic ester bonds. They are probably the most

important industrial enzymes in food, detergent and pharmaceutical sectors owing to their



specificity not only in hydrolysis, but also in esterification, transesterification and
interesterification reactions.*>** CALB is a member of the lipase family that has been used in a
broad range of biotransformations of industrial importance due to its high selectivity toward
secondary alcohols and secondary amines, as well as lack of sensitive cofactor requirements.>*>>
In this study, we evaluated its activity in the selective oxidation of the 2,5-diformylfuran (DFF) to
the 2,5-furandicarboxylic acid (FDCA), a promising alternative to the fossil-based terephtalic acid
(TPA) in the production of poly(ethylene terephthalate) (PET) plastics.® Actually, this
transformation is a chemo-enzymatic cascade reaction (Scheme 1).>’ First, the lipase CALB
catalyzes the conversion of ester (ethyl acetate) to peracid (peracetic acid) using hydrogen peroxide
as oxygen donor. Then, the peracid generated in-situ is responsible for the oxidation of the
aldehyde group of DFF to carboxylic acid yielding 5-formylfuran-2-carboxylic acid (FFCA),

which is ultimately converted to FDCA.*® Commercially available immobilized CALB (Novozym

435) has been successfully employed in the oxidation of DFF with excellent selectivity for

FDCA.*
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Scheme 1. Chemo-enzymatic oxidation of DFF. First, the lipase CALB catalyzes the peracid

formation, then the peracid is responsible for the oxidation of DFF to FDCA.



To our knowledge, this is the first study describing the possibility of using a silicified CD-based
supramolecular hydrogel as a carrier for the confinement of a lipase and its application in the
selective oxidation of DFF to FDCA. Our results suggest that these supramolecular systems may
be considered as interesting candidates for the immobilization of other lipases to catalyze reactions

in confined environments.

Results and discussion

Method for the confinement of CALB in the silicified hydrogel

The overall synthesis pathway for the covalent confinement of lipase CALB in the silicified
hydrogel is schematically illustrated in Scheme 2 (see ESI tor experimental details). First, a three-
dimensional physically cross-linked hydrogel was prepared in a saturated a-CD aqueous solution
(100 mg/mL) by host-guest inclusion-induced self-assembly between the block copolymer
pluronic F127 and the native a-CD. Subsequently, tetramethylorthosilicate (TMOS) was added as
the silica source to form a silica shell within the layered structure of polypseudorotaxanes. After
removal of the excess of polymer and a-CD, a porous hybrid silica-hydrogel material was
recovered where the CD-based polypseudorotaxanes were incorporated within the silica
framework, while the non-threaded a-CD could be distributed both inside and outside the pores.
The hybrid material was then modified with two different functions,*’ (i) chemically reactive
amine groups activated with glutaraldehyde necessary for the covalent anchoring of the lipase
CALB and (ii) hydrophobic trimethyl groups necessary for its interfacial activation. The activity
of the grafted biocatalyst was then evaluated in the oxidation of 2,5-diformylfuran (DFF) to 2,5-

furandicarboxylic acid (FDCA) and compared to that of the enzyme immobilized by ionic binding.



In this approach, the function of the hydrogel was not only to act as a template for the formation
of a porous network into which the protein can be confined, but also to boost the activity of the
lipase through creation of a flexible environment with appropriate hydrophilic/hydrophobic
balance necessary for its interfacial activation. Moreover, the hierarchical structure with open
interconnected porosity should also permit higher enzyme loadings and ensure optimal diffusion
of reactants and products during the catalytic process due to acceleration of mass transfer between

the inside and the outside of the pores.
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Scheme 2. Schematic illustration of the preparation procedure for the confinement of lipase
CALB into the silicified hydrogel silanized with hydrophobic and chemically reactive groups. For
the sake of clarity, only the silica wall is shown in the two insets depicting the surface

functionalization.



Preparation and characterization of the silicified hydrogel

To study the change of pluronic F127 micellar structure upon addition of a-CD, Dynamic Light
Scattering (DLS) measurements were performed at 25 °C. We chose a starting concentration of
1.6 wt.% in polymer which was above its critical micellar concentration (CMC) reported in
literature (0.7 wt.% at 25 °C).*! Contrary to the randomly methylated B-CD (RaMe B-CD), which
was previously shown to locate at the interface layer of pluronic P123 micelles,*? the native a-CD
tends to selectively thread the hydrophilic EO blocks and form polypseudorotaxanes with a well-
ordered channel structure.?’

Figure 1 displays the intensity size distribution plots of the micellar solutions prepared with 1.6
wt.% pluronic F127 and increasing concentrations of a-CD, from 5 mg/mL (a-CD/EO molar ratio
=0.02) to 40 mg/mL (a-CD/EO = 0.16). Prior to a-CD addition, the F127 solution displayed two
main peaks with apparent hydrodynamic radius (Ru) of 3.5 nm and 22 nm (Figure 1 A, a) that can
be ascribed to unimers and micelles respectively. When a small amount of a-CD (5 mg/mL, a-
CD/EO = 0.02) was added to this solution, the size of the micelles was not much modified, but the
scattering intensity slightly decreased indicating the beginning of the complexation process (Figure
1 A, b). In parallel, new supramolecular structures were formed (Ry = 205 nm) resulting from the
stretching of the EO blocks from the micellar corona after complexation with a-CD and further
agglomeration. Further increase of a-CD concentration from 10 to 20 mg/mL (a-CD/EO = 0.04 to
0.08) resulted in a reduction of the scattering of the micelles caused by the loss of their spherical
shape. On the other hand, the scattering of the new species formed showed a marked increase and
was very broad indicating the formation of structures with a wide range of sizes (Figure 1 A, c-e).
Over longer time scales (4 hours and 24 hours), further structural rearrangements occurred which

again indicated polydispersity in size (Figure S1, ESI). In the concentration range between 25



mg/mL (a-CD/EO = 0.10) and 40 mg/mL (a-CD/EO = 0.16) (Figure 1 B, a-d), the fraction of
remaining micelles was negligible and Ry shifted to larger sizes (260-295 nm) indicating total
dissociation of the micelles. Mixtures progressively became turbid with aging due to the formation,
growth and aggregation of insoluble polypseudorotaxanes (Figure S2, ESI). Beyond 40 mg/mL a-
CD, all mixtures were turbid and turned to hydrogel after different duration times. Kinetically, the
sol-gel transition was favored by low temperatures and high a-CD to EO molar ratios.?® Thus, the
sample prepared with 50 mg/mL a-CD (a-CD/EO = 0.20) was still fluid after 72 hours, while
samples prepared with 60 mg/mL a-CD (a-CD/EO = 0.24) and above completely transformed to
hydrogel (Figure S3, ESI). For the highest a-CD concentration studied (100 mg/mL, a-CD/EO =
0.40), polypseudorotaxanes formed very rapidly, in a high yield, and only after 16 hours, the
mixture displayed an elastic solid-like behavior due to the formation of a three-dimensional
hydrogel network (Figure 1 C). It is worth underlying that compared to PEG/a-CD hydrogels that
require high polymer concentrations,* pluronic F127/a-CD hydrogel can be formed with a
polymer concentration as low as 1.6 wt.% due to the occurrence of hydrophobic interactions
between unthreaded PO units in addition to hydrogen bond interactions between threaded o-CD
which facilitates the formation of the hydrogel network.** Given the high compactness of the
hydrogel prepared with 100 mg/mL o-CD and 1.6 wt.% pluronic F127 after a relatively short time

(16 hours), we opted for this formulation to pursue our study.
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Figure 1. Apparent hydrodynamic radius distributions of the scattered intensity at 25 °C for the
supramolecular assemblies prepared with 1.6 wt.% pluronic F127 and increasing concentrations
of a-CD: (A) from 0 to 20 mg/mL a-CD: (a) 0 mg/mL; (b) 5 mg/mL; (c) 10 mg/mL; (d) 15 mg/mL;
(e) 20 mg/mL; (B) from 25 to 40 mg/mL a-CD: (a) 25 mg/mL; (b) 30 mg/mL; (c) 35 mg/mL; (d)
40 mg/mL; (C) Visual aspect of the block copolymer solution (1.6 wt.%) before and after addition

of a-CD (100 mg/mL).

The supramolecular hydrogel was then silicified using TMOS as silica source.* After collection
of' the precipitate and removal of the excess of hydrogel by rinsing with deionized water, the hybrid
material was recovered in the form of a powder. The FTIR spectra of the materials prepared with
and without hydrogel are shown in Figure 2. For both materials, the intense bands observed at

1056 cm™ and 798 cm™ can be ascribed to the asymmetric and symmetric stretching vibrations
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respectively of the Si-O-Si bond, while the band at 953 cm™ arises from the symmetric stretching
of the Si-OH groups.*’ The increase in intensity of the band at 1056 cm! in the silicified hydrogel
(Figure 2 A a) may be explained by the overlapping of the asymmetric Si-O-Si stretching vibration
of silica with the ring vibrational modes in the composition of cyclic structures (glycosyl units in

).*6 On the other hand, the O-H stretching vibration of physisorbed water and

a-cyclodextrin
surface silanols in interaction with water (SiO-H...H,0) appeared in the region 3600-3200 cm™.
Other bands in the region 2974-2893 cm™!, which were not observed in the hydrogel-free SiO», are
typical of the C-H vibration from both a-CD and pluronic F127.

From the TG analysis (Figure 2 B), the amount of the incorporated hydrogel was estimated by
the difference between the mass loss of the silicified hydrogel minus the mass loss of the sol-gel
silica prepared without hydrogel. In the temperature range between 180 and 700 °C, the hybrid
material displayed a weight loss of 17.8 wt.% which can be attributed to the thermal removal of
the template and OH groups, while the pristine sol-gel SiO; revealed a weight loss of 4.2 wt.%

corresponding mainly to the removal of OH groups. Thus, the mass percentage of hydrogel

remaining in the hybrid material was calculated to be 13.6 wt.%.
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Figure 2. ATR-FTIR spectra (A) and TGA curves (B) of the silicified F127/a-CD hydrogel (a)

and hydrogel-free sol-gel silica (b).

N»-adsorption analyses were then carried out to determine the textural characteristics of the
silicified hydrogel. Differently from materials prepared from pluronic F127 and a-CD separately,
which showed monomodal size distributions (56 nm diameter for pluronic F127 and 3.4 nm for a-
CD) (Figure S4, ESI), the silicified hydrogel presented two types of mesopores with 3.8 nm and
20-60 nm diameter derived from individual polypseudorotaxanes and channel-like nanocrystallites

).** Note that this second pore size distribution was very broad due to the

respectively (Figure 3
heterogeneity in size of nanocristallites having different crosslinking densities. In addition to

mesopores, micropores with diameters less than 2 nm were also present and could result from the

insertion of non-complexed a-CD and EO groups into the walls of silica.*” Macropores also exist,
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as revealed by the continuous increase of the adsorbed volume at high relative pressures (P/Po =
1). The BET surface area (Sger) and total pore volume (V,) for this material were 136 m?/g and
0.156 cm?/g respectively, while the micropore volume determined by the ¢-plot method was about
7.1 % of the total pore volume (Table S1, ESI). Compared with the mesoporous silica prepared
from a-CD alone, which presented a surface area of 287 m*/g and a type IV isotherm, the surface
area of the silicified hydrogel was much lower, but the cross-linking of polypseudorotaxanes into
a three-dimensional network generated a unique structure with high pore interconnectivity. On the
other hand, the control sol-gel silica prepared without hydrogel presented a higher surface area
(634 m?/g) with respect to the silicified hydrogel, but this material was mainly composed of
micropores (14.8%) which do not match with the large dimensions of the enzyme (Table S1, ESI).
Finally, the silicified hydrogel calcined at 500 °C also showed a multimodal pore structure (Figure
S4, ESI) with a very high surface area and pore volume (1083 m?/g and 1.09 cm?/g respectively)
due to the large amount of micropores (15.6 %) and small mesopores (3.8 nm) resulting from the
shrinkage during calcination.
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Figure 3. N>-adsorption isotherm and corresponding pore size distribution (inset) of the silicified

F127/a-CD hydrogel.
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Interestingly, FE-SEM images of the silicified hydrogel revealed uniformity in the intergrowth
of silica particles into features with a flowerlike morphology (Figure 4). The average size of
particles ranged from 30 to 50 um (Figure 4 a). Nanoflowers were composed of rose petals with
2-3 um length and 40-50 nm thickness (Figure 4 b) originating from the layered structure of
polypseudorotaxanes within the supramolecular hydrogel. In the most ordered regions, macropores
resulting from the packing of primary particles (voids originally occupied by water in the hydrogel)
presented an average diameter of 1-3 um (Figure S5, ESI). At higher magnification, TEM images
(Figure 4 c-h) revealed that the silicified hydrogel was able to spread out and adapt a fibrous-like
structure due to the dissociation of the micelles and the formation of polypseudorotaxanes. Further
association of the polypseudorotaxanes into bundles led to long and thick tubular silica structures
with 10-50 nm diameter (Figure 4 ¢). Compared with structures obtained previously from PEG/a-
CD hydrogels at pH 2.0 and 4.0,* the silica fibers formed here (pH 7) were much thicker,
suggesting a higher level of a-CD threading and aggregation. Interestingly, it is important to
remark that, although the hydrogel was silicified, it still maintained a high level of flexibility, as
evidenced by the folded and curved patterns formed throughout its structure (Figure 4, d-f). The
interconnection of individual fibers generated large mesopores (white spots) with a heterogeneous
pore geometry and 10-50 nm diameter (Figure 4 g), together with small mesopores with a random
structure and less than 5 nm diameter (Figure 4 h) in agreement with N> adsorption analysis. These
observations clearly indicate that the silica material could readily adapt the morphology of the

native supramolecular hydrogel under the conditions employed in our synthesis.
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Silanization of the support and enzyme immobilization

Next, the silicified hydrogel was silanized with hydrophobic (chlorotrimethylsilane, CTMS) and
chemically reactive groups (3-aminopropyltrimethoxysilane, APTMS) using glutaraldehyde
(GAH) as a linker. Silanization implies the formation of a layer of organosilane through a
condensation reaction. To identify the different functional groups incorporated in the silicified
hydrogel, we performed attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) and thermogravimetric (TG) analysis (Figure 5).

Trimethylsilyl groups on the CTMS-modified material (Sihgel@C) were confirmed by the
presence of symmetric and asymmetric C-H stretching vibrations from aliphatic -CH3 groups at
2880 cm! and 2955 cm! respectively, as well as the Si-C stretching vibration at 850 cm™ from -
0-SiCHj; end groups (Figure 5 A,a).*> Note that the surface silanols at 3400 cm™ and 953 cm™!
were reduced compared to non-modified silica (Figure 2) indicating decrease in surface
hydrophilicity. On the other hand, the material functionalized with APTMS and activated with
GAH (Sihgel@AG) displayed a relatively strong band at 1553 cm™! consistent with the N-H
bending of the primary amine (Figure 5 A,b) which was also observed on Sihgel@A prepared
without GAH (Figure S6, ESI). In addition, the band observed at 1406 cm™ is typical of the
symmetric CH, bending of Si-CH, groups.*> The covalent anchoring of glutaraldehyde was
confirmed by the band at 1644 cm™ assigned to the imine bond (C=N) resulting from the
interaction between the primary amine groups of Sihgel@A and the aldehyde groups of GAH.
Moreover, the Sihgel@CAG material displayed the typical vibration bands of N-H (1553 cm™),
CH> (1406 cm™) and Si-C (850 cm™") indicating that both grafting and hydrophobic functions were

successfully anchored on the host matrix (Figure 5 A,c). Upon enzyme immobilization
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(Sihgel @CAG@CALB sample), we noted that the vibration bands at 1644 cm™ (C=N bond) and
1553 cm™ (N-H bending of free amines in protein) were further increased in intensity compared
to the enzyme-free support, confirming successful anchoring of the biocatalyst (Figure 5 A,d).

From the thermogravimetric analysis (Figure 5 B), the amount of functional groups anchored on
the silicified hydrogel was estimated by the difference between the mass loss of the functionalized
matrix minus the mass loss of the bare Sihgel. In order to minimize the effects of solvent
incorporated into the pores, the weight loss below 180 °C was not taken into consideration.
Covalent anchoring of CTMS (Sihgel@C) (Figure 5 B,a) and APTMS (Sihgel@A) (Figure S6,
ESI) yielded a weight loss of 4.5 % and 6.6% due to the decomposition of trimethyl groups and
aminopropyl groups respectively. Crosslinking with GAH (Sihgel@AG) (Figure 5 B,b) yielded a
weight loss of 11.7 % resulting from the decomposition of glutaraldehyde-activated aminopropyl
groups. Note that the weight loss measured on Sihgel@CAG was slightly higher (ca. 2.2%)
compared to Sihgel@C and Sihgel@AG taken together indicating that APTMS and GAH have a
positive effect in promoting the loading capacity of CTMS (Figure 5 B,c).

The grafting densities (Dg) of trimethyl and aminopropyl groups on Sihgel@C and Sihgel@A
matrices were estimated to be 45 mg/g and 66 mg/g respectively. Using Equation 1 (see ESI), the
corresponding surface coverages (Scov) Were determined to be 0.24 chain/nm? and 0.28 chain/nm?
respectively. Assuming that APTMS was fully hydrolyzed and considering that organosilanes
formed a monolayer, it was then possible to estimate the maximum densities of trimethyl and
aminopropyl groups that could be grafted on the surface of the host matrix. Thus, considering that
the occupied surface area of trimethyl groups is 0.43 nm?,*® and each aminopropyl ligand occupies
a surface of 0.2 nm?,* the maximum grafting densities (Dy"**) were determined to be 57 mg/g and

68 mg/g respectively (Equation 2, ESI). As the experimental results are in close agreement with
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the theoretical predictions, this means that organosilanes most likely form a monolayer on the

surface of the hybrid material.
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Figure 5. ATR-FTIR spectra (A) and TGA curves (B) of the silicified F127/a-CD hydrogel
modified with different functional groups: (a) Sihgel@C, (b) Sihgel@AG, (c¢) Sihgel@CAG and
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Although the protein content cannot be determined exactly by TG analysis, an estimation can be
provided from the difference in the mass loss between Sihgel@CAG@CALB (Figure 5 B,d) and
Sihgel@CAG (Figure 5 B,c). Thus, we found that the effective weight loss corresponding to the
decomposition of the enzyme was 5.7 % (Table S1, ESI). This value is much higher than that
measured on the control Sisg@CAG@CALB catalyst prepared without hydrogel under identical
conditions (1.1%) (Figure S7, ESI), therefore confirming the importance of the porous structure
on the protein loading capacity.

N»a-adsorption analyses were then carried out to determine changes in the textural characteristics
of the silicified hydrogel upon silanization and enzyme immobilization (Figure 6 a-d).
Sihgel@CAG showed a decrease in both surface area (from 136 to 54 m*/g) and pore volume
(from 0.156 to 0.139 cm?/g) with respect to Sihgel; however, no pore blocking effects were
evidenced in these solids (Table S1, ESI). In fact, the pore size distributions of all functionalized
supports were similar to that of the Sihgel matrix, supporting the hypothesis that organosilanes
most likely form a thin layer, in agreement with thermogravimetric results. On the other hand, the
broadening of the pore size distributions upon functionalization (Figure 6 a-c) indicates that some
silanes could also be anchored on the surface of the support carrier.® The alteration of the pore
architecture upon functionalization with APTMS and glutaraldehyde (Figure 6 b) may be due to
the ability of this linker to yield cross-linking reactions in interaction with the amino groups grafted
on the support surface.’! Importantly, in comparison with the enzyme-free Sihgel@CAG matrix,
the supported biocatalyst (Figure 6 d, Table S1, ESI) presented a marked decrease in pore volume
(0.094 cm?/g) and surface area (39 m?/g) which is typical of the filling of the pores with the

protein.>? Considering the dimensions of CALB (3.0 nm x 4.0 nm x 5.0 nm),> this lipase is likely

20



to locate in the largest mesopores (20-60 nm) and macropores (1-3 um) of the support, but not in
the smallest mesopores (3-4 nm) and micropores (< 2 nm). Accordingly, protein immobilization
implied narrowing of the second pore size distribution with respect to Sihgel@CAG (Figure 6 c)
and reduction of the average pore diameter to 20-50 nm (Figure 6 d). Interestingly, despite the
variations noted on the textural characteristics of the functionalized support, the hierarchical pore
structure remained intact after lipase immobilization, which could be beneficial for the mass

transfer within the pores during the catalytic reaction.
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Figure 6. Nz-adsorption isotherms (A) and corresponding pore size distributions (B) of (a)

Sihgel@C, (b) Sihgel@AG, (c) Sihgel@CAG and (d) Sihgel@CAG@CALB.

Incorporation of CALB on the silicified hydrogel was further confirmed by laser scanning

confocal microscopy (CLSM) using fluorescein isothiocyanate (FITC) as the fluorescent dye.
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FITC contains an isothiocyanate functional group (-N=C=S) which is reactive toward nucleophiles
such as amine or thiol groups found in proteins.’* The fluorescence micrograph of the
Sihgel@CAG support loaded with FITC-labelled CALB appeared bright green and presented
uniform intensity distribution indicating uniform dispersion of the lipase within the porous matrix
(Figure 7 a-c). On the other hand, the Sihgel @CAG support loaded with FITC, but without lipase,
displayed less fluorescence due to the lower amount of available -NH> groups originating only
from the functionalized matrix (Figure 7 d). Indeed, as shown previously by Ara et al.,> the FITC
dye has the ability to bind the amino-terminated silica surfaces through its isothiocyanate
functional groups and a successful large-scale binding has been demonstrated by fluorescence

measurements.’>

Figure 7. Laser scanning confocal micrograph of (a-c) FITC-labelled lipase CALB loaded on
the Sihgel@CAG support at different magnifications and (d) lipase-free FITC loaded on the

Sihgel@CAG support.
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Catalytic activity

The catalytic activity of the immobilized lipase was then evaluated in the oxidation of DFF to
FDCA. Reaction was assessed by adding aqueous hydrogen peroxide (30% v/v) to a mixture of
ethyl acetate (EtOAc) and fert-butanol (tBuOH) (1:1 v/v).>* The number of equivalents of H,O
used was 2.0, which represents the optimum amount required to obtain maximum enzyme activity.
Reaction products were analyzed by 'H NMR spectroscopy (Figures S8-S10, ESI) and HPLC
(Figures S11-S13, ESI). Results showing the effect of the immobilization method, the porosity of
the matrix and the nature of functional groups are summarized in Table 1.

Initially, we investigated the activity of the enzyme immobilized by ionic binding and
hydrophobic interactions on the support modified solely with hydrophobic groups (CTMS) as a
function of the enzyme loading varying from 2 mg (1.33 mg/mL CALB) to 8 mg (5.33 mg/mL) in
the immobilization solution. For the catalysts prepared with 2 mg CALB, the CTMS/SiO; molar
ratio was varied between 0.15 and 0.50. In order to examine the effect of hydrogel incorporation,
the material calcined at 500 °C and functionalized with a CTMS/SiO2 molar ratios of 0.33 was
also used as support for comparison. Under those conditions, both trimethylsilyl and silanol groups
are available on the surface to interact with the enzyme, their proportion depending on the
composition of the silane layer (amount of CTMS used) and the nature of the matrix (calcined or
as-synthesized).

The isoelectric point (pI) of CALB was previously reported to be 6.0.3* The pl is the point at
which the total net charge on the enzyme is zero and it depends on the nature and distribution of
surface functional groups such as -NHa, -COOH, -OH.>® When the pH of solution is below the pI,

the net charge of the enzyme is positive and it is negative when the pH is above the pl. For the
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immobilization of CALB, we chose a pH of 4.6 (acetate buffer) at which the enzyme is
predominantly positively charged, while the silica support is negatively charged (the point of zero
charge of silica was reported to be between pH 2.0 and pH 3.5).>” On the other hand, the pH of the
reaction medium was 4.8, close to the pH of the immobilization, which permits to maintain the
enzyme fixed on the support during the catalytic reaction. Under those conditions, the
immobilization efficiency determined using Bradford protein assay was 93-95% (Equation 3, ESI),
while the loading capacity ranged between 9.5 and 37.2 wt. % (Equation 4, ESI) (Table 1).

As expected, the overall activity showed a strong dependence on enzyme loading. While the free
lipase was not active under the experimental conditions employed (entry 1), the immobilization of
2 mg CALB on the hydrophobic silica (entry 2) resulted in 88% DFF conversion after 7 hours of
reaction at 40 °C. However, the major product was FFCA (69%), with only minor yields of FDCA
(19%). On the other hand, the increase of the lipase loading to 4 mg (2.67 mg/mL) and 8 mg (5.33
mg/mL) led to a complete conversion of DFF (entries 3 and 4), regardless the enzyme loading, and
resulted in more than 4-fold increase in the FDCA yield (85%, entry 4). The maximum specific
activity was obtained with 4 mg CALB (18.3 pmol g'! min™') corresponding to a total turnover
number (TTN) of approximately 254 and a turnover frequency (TOF) of 0.604 min™! (entry 3).

It is well-known that the active site of lipases is naturally covered by a lid. It is assumed that the
conformational changes that proteins undergo at hydrophobic/hydrophilic interfaces promote the
opening of the lid, thus making the active site accessible to the substrate.’® As suggested by several

3960 proteins adsorb preferentially on hydrophobic surfaces through their hydrophobic

studies,
moieties, while on hydrophilic surfaces, the strong water-surface interactions tend to shield the

enzyme from the support causing its desorption. However, on hydrophobic surfaces, proteins

undergo more conformational changes and display more denatured structures than they do on
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hydrophilic surfaces. Consequently, an optimum hydrophilic/hydrophobic balance is necessary to
counter the negative effects caused by the excess of hydrophobic groups.

CALB is an atypical lipase in the sense that it does not possess a lid, but presents interfacial
hyperactivation though. Thus, upon contact with hydrophobic surfaces, this lipase is supposed to
adopt a specific orientation by exposing its active site toward the substrate.®! We found that the
optimum CTMS/SiO; molar ratio required to obtain maximum enzyme activity was 0.33 (entry 2).
Higher or lower ratios caused a decrease in the enzymatic performance (entries 5, 6) confirming
the critical role played by the hydrophobic groups in lipase activation.

Notably, the removal of the hydrogel from the silica support by calcination, prior to surface
functionalization, resulted in a decrease of the FDCA yield from 73% (entry 3) to 55% (entry 7),
although the specific surface area of this material was very high and the hierarchical pore structure
was preserved (Figure S4 and Table S1, ESI). The specific activity, TTN and TOF followed the
same decreasing trend as the FDCA yield, indicating that the pore architecture is not the only factor

to affect the catalytic performance.
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Table 1. Catalytic performance of immobilized lipase CALB in the oxidation of DFF to FDCA.?

Specific

: Yield (%)

Entry Catalyst Immpbilizatior; I;i;fclﬁi conlxjfgrl:ion FFCA FDCA activity_l F(Fnrl;(lj TOlf m

efficiency (%) (WEY%)° (%) %) %) (un-lo_l1 gk mol 1! (min™)

min™)
1 Free CALB - - 0 0 0 0 0 0
Ionic binding and hydrophobic interactions
2 Sihgel@CY@CALB® 95 9.5 88 69 19 9.5 132.0 0.314
3 Sihgel@C@CALB-4mg 95 19.0 100 27 73 18.3 253.6 0.604
4 Sihgel @C@CALB-8mg 93 37.2 100 15 85 10.9 150.8 0.359
5 Sihgel@C0.15@CALB 70 7.0 0 0 0 0.0 0.0 0.000
6 Sihgel@C0.50@CALB 73 7.3 72 72 0 0.0 0.0 0.000
7 Sihgel‘Tsof‘);%C@CALB' 89 17.8 100 45 55 14.7 203.9 0.486
Grafting

8 Sihgel@AG@CALB 89 8.9 44 44 0 0.0 0.0 0.000
9 Sihgel@CAG@CALB 96 9.6 100 33 67 332 460.6 1.097
10 Sihgel@CAG@CALB-24hs 96 9.6 100 <1 >99 >14.3 >680.0 >0.473
11 Sihgel@C0.25AG@CALB 91 9.1 87 62 25 13.1 181.3 0.432
12 Sihgel@C0.38AG@CALB 94 94 94 69 25 12.7 175.5 0.418
13 Sihgel@C0.43AG@CALB 94 94 78 63 15 7.6 105.3 0.251
14 Sisg"@CAG@CALB 72 7.2 24 24 0 0.0 0.0 0.000
15 Sihgel-T500@CAG@CALB 88 8.8 85 68 17 9.2 127.5 0.304
16 SiF127@CAG@CALB 90 9.0 77 68 9 4.8 66.0 0.157
17 Sia-CD'@CAG@CALB 86 8.6 74 58 16 8.9 122.8 0.292

aReaction conditions: 10 mM DFF, 2 mL EtOAc/tBuOH (1:1, v/v), sequential addition of 2.0 equivalents aqueous H202 (30% v/v) every hour for seven hours, temperature 40 °C,
reaction time 7 hours, °Calculated from Equation 3 (see ESI), °Calculated from Equation 4 (see ESI), {CTMS/SiO2 molar ratio = 0.33, °2 mg CALB in 20 mg support (1.33 mg/mL
CALB in the immobilization solution), fthe silicified hydrogel was calcined at 500 °C before surface functionalization and enzyme immobilization, reaction time = 24 hours,
htemplate-free sol-gel silica, 'F127-templated SiOz2, Ja-CD-templated SiO2, *specific activity was calculated as umol of product formed (two pumol peracid per pmol of FDCA) per g
of protein in one minute, 'TTN = moles of FDCA formed divided by moles of protein, ®TOF = TTN divided by reaction time.
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On the other hand, when the enzyme was grafted on the Sihgel@AG support silanized only with
amino groups and activated with glutaraldehyde, the conversion of DFF dramatically dropped to
44%, while no FDCA was formed (entry 8). This confirms that the hydrophobic trimethyl groups
of CTMS are crucial for the interfacial activation of the lipase. Moreover, the local hydrophobic
microenvironment created by the CD-based nanocrystallites within the hydrogel is also likely to
contribute to this mechanism by modulating the biocatalyst interactions at the interface.?

Interestingly, the catalytic performance was further improved by anchoring 2 mg CALB on the
Sihgel@CAG support silanized with both grafting and hydrophobic functions (entry 9). The
increase of the immobilization efficiency with respect to Sihgel@AG (96% vs. 89%, Table 1) is
likely due to hydrophobic enzyme-support interactions that occur in addition to covalent bond.**2
Note that the FDCA yield of Sihgel@CAG@CALB has increased by 48% compared to the
Sihgel@C@CALB catalyst prepared by ionic binding (entry 2), although the loading capacities
were very close (9.6 wt.% vs. 9.5 wt.%). Similarly, the specific activity, TTN and TOF of the
grafted enzyme were more than three times higher than those obtained with the adsorbed one. In
addition, kinetics of Sihgel@CAG@CALB were much faster with respect to Si@C@CALB
(Figure S14, ESI) indicating higher stability of the grafted enzyme.5> However, the reactions were
slow to start up due to the diffusion barrier created by the substrate in interaction with the hydrogel
surface (Figure S 14, ESI).

Notably, total DFF conversion with quantitative yield in FDCA (>99%) was achieved by
increasing the reaction time to 24 h, accumulating a TTN higher than 680 (entry 10). Our results
can be compared with those reported by Qin et al.>° who obtained 88% yield in FDCA after 24 h

at 40°C using commercially available immobilized CALB (Novozym 435). The amount of CALB

employed by the authors was 9.6 mg for 22.5 mM DFF, corresponding to a TTN of 293; however,
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the reaction conditions were not optimized. In line with the results obtained by ionic binding, we
noted that small variations in the CTMS/SiO2 molar ratio induced strong alteration of the overall
lipase activity (entries 11-13). At low CTMS/SiO; molar ratios, the surface of the carrier was not
sufficiently hydrophobic to enable interfacial activation of the lipase, while at high CTMS/SiO>
molar ratios, the functional behavior of the protein was altered due to partial unfolding and
spreading on the hydrophobic surface.’*®° Another relevant observation is that the porosity of the
silicified hydrogel has also a strong impact on the catalytic performance. Thus, using conventional
sol-gel silica prepared without template as a carrier resulted in a drastic drop of the immobilization
efficiency to 72%; the DFF conversion also dropped to 24%, while no FDCA was formed (entry
14). Similarly, grafting of the lipase on the hierarchical pore structure of the calcined silica material
gave 17% yield in FDCA, although the DFF conversion was relatively high (85%) (entry 15).
Moreover, using pluronic F127 (entry 16) and a-CD (entry 17) separately as templates resulted in
a severe decrease of the FDCA yield to 9% and 16% respectively with simultaneous reduction of
the specific activity, TTN and TOF.

The overall picture emerging from our experimental results is that, in addition to surface
chemistry, there are three other potential factors that contribute to the biocatalyst activity. These
factors include (i) the pore architecture of the silica framework, (ii) the fibrous network created by
the polypseudorotaxanes and (iii) the flexible surface of the incorporated hydrogel.

(1) As the substrate molecules diffuse to the entire volume of the carrier and not only on its
surface, the multidimensional and interconnected pore structure of the silicified hydrogel offers
possibility to improve mass transfer, thus permitting acceleration of the reaction kinetics. Indeed,
our results confirm that the multiscale pore network of the silicified hydrogel has the ability to

accommodate high enzyme loadings implying improvement of the overall activity with respect to
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the template-free sol-gel silica (Sisg) and monomodal SiaCD and SiF127 materials. The unique
arrangement of polypseudorotaxanes in a multimodal interconnected pore network provides a
balance between small mesopores with large surface area for enhanced surface coverage, large
mesopores with optimal size for the enzyme confinement and interconnected macropores for
improved accessibility of the substrate to the active sites of the biocatalyst during the catalytic
reaction.

(i1) The surface nanotopography is another important factor that can affect protein functionality.

For instance, Jandt et al.0%93-6

established on the basis of atomic force microscopy that well-
aligned nanocrystalline lamella interconnected by amorphous interlayers could trigger preferential
lateral orientation of fibrinogen proteins along specific crystallographic directions and guide their
assembly into network structures.®®> Interestingly, such preferential orientation was induced by
topographical nanopatterns one order of magnitude smaller than the dimensions of the protein.®*
In contrast with conventional sol-gel silica, which tends to form random-shaped particles, the
silicified hydrogel presents a fibrous-like structure originating from the self-assembly of elongated
PEO/a-CD polypseudorotaxanes into tightly packed nanocrystallites (Figure 4). In this sense,
those nanocrystallites, which are present throughout the hydrogel, may also trigger more
energetically favorable protein structures, thus permitting modulation of biocatalyst activity.*
(1i1) Finally, the soft nature of the incorporated hydrogel is another critical parameter that can
influence the flexibility level of proteins within the pores.®® We thus noted that the removal of the
hydrogel from silica by calcination, prior to surface functionalization, resulted in almost 4-fold
decrease in the FDCA yield and specific activity (entry 15 vs. entry 9), although the hierarchical

pore structure of this material was preserved (Figure S4, d). Similar evidence was found with the

non-calcined hydrogel-free silica where the DFF conversion dropped to 24% while no FDCA was
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formed (entry 14). The likely reason for this behavior is that on the rigid surface of the solid carrier,
the unfolding-refolding motion of the protein could be restricted, thus creating an energy barrier
to the lid movement. In contrast, the smooth and confined space of the hydrogel can reduce protein-
protein interactions and increase protein flexibility within the pores.

To understand if there is any possible interaction between the lipase CALB and o-CD
incorporated within the pores, we performed DLS measurements on an enzymatic solution (2
mg/mL CALB) prepared with increasing concentrations of a-CD (from 0 to 23 mg/mL). The
hydrodynamic radius of CALB aggregates, initially centered at 5.5 and 21 nm, increased
continuously with a-CD addition reaching 11 and 42 nm at 23 mg/mL a-CD (Figure S15, ESI).
Similarly, the addition of a small amount of CALB (1 mg/mL) to a concentrated a-CD solution
(47 mg/mL) provoked the dissociation of the cage-type a-CD aggregates, confirming interaction
between the two entities (Figure S16, ESI). Such interactions have been proven to be effective in
enhancing by several orders of magnitude the activity and enantioselectivity of enzymes in organic
solvents.®® Barletta et al.® ascribed this observation to the ability of cyclodextrins to regulate the
functional behavior of the enzyme by decreasing its rigidity and providing a favorable flexibility.

In the light of these findings, we were then interested in evaluating the recyclability and
reusability of the supported lipase. We tried to use the Sihgel@CAG@CALB biocatalyst without
any modification, but the enzyme was totally deactivated after the first run. As reported by Karich
et al.," the conversion of FFCA to FDCA catalyzed by peroxygenase from Agrocybe aegerita
(AaeUPO) in the presence of H,O» exhibits a pH-dependent behavior. While most of the FDCA
was produced below pH 6.0, a complete deactivation of the enzyme was observed between pH 2.0
and 4.0. Considering that our reaction was performed at pH 4.8, FFCA and FDCA formed during

the oxidation of DFF could trigger further pH decrease by diffusing into the pores where the protein
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is confined. As both of these products bear carboxylic acid functions in their furanic cycle, the pH
gradient created by their adsorption on the biocatalyst surface may therefore be responsible for the
inhibition of the enzyme activity. We thus noticed a decrease in the pH of reaction mixture to 3.1
after the first run. Such a pH decrease may also cause some leakage of the lipase immobilized by
ionic binding due to the beginning of protonation of silanol groups (SiOH>") (the point of zero
charge of silica is between pH 2.0 and pH 3.5). Moreover, for the grafted catalysts, the decrease
in pH may also cause hydrolysis of the imine bond, implying leakage of the lipase.

To overcome this problem, polymers are commonly used as stabilizers as they protect enzymes
from denaturing conditions by decreasing the pH gradient created on their surface.®® We therefore
opted for covering our biocatalyst with a pH-sensitive polymer, the poly(4-vinylpyridine) (P4VP).
P4VP has a pKa value of approximately 4.5 and is able to swell upon protonation.®® Under the
immobilization conditions employed (acetate buffer, pH 4.6), PAVP is near neutral, therefore no
electrostatic interactions may occur between the polymer and the enzyme. However, because of
the presence of pyridine units on its structure, P4VP can readily serve as a hydrogen bond donor
or acceptor.”’ In consequence, favorable hydrogen bond interactions may occur between the
pyridine units of P4VP and the surface functional groups of the enzyme leading to spontaneous
self-assembly.

Under those modified conditions, we evaluated the recycling use of the Sihgel@CAG@CALB
biocatalyst prepared with 2 mg CALB and 20 wt.% P4 VP after 24 hours of reaction time at 40 °C.
The immobilized lipase was collected through centrifugation after each reaction cycle, rinsed with
the EtOAc/tBuOH (1:1, v/v) mixture and subsequently dried under vacuum before being reutilized.
As shown in Figure 8, full conversion of DFF could be achieved after five consecutive catalytic

runs indicating that the confined lipase could withstand the reaction conditions. Importantly, the
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FDCA vyield was quantitative (>99%) after the initial two runs. Then, after the third run, it
decreased to 72%, FFCA being the only intermediate. Some leakage of the lipase from the
bioreactor can certainly occur, however a large part this decrease can mainly be attributed to the
cumulative particle losses along filtration that caused reduction in the percentage amount of the
biocatalyst remaining in the reaction mixture. In fact, complete recovery of the solid was not
possible because of the presence of a large number of small-size particles in the silica matrix that
remained dispersed in the reaction medium or were lost through successive rinsing steps. Actually,
the amount of recovered catalyst after the fifth run (7.5 mg) represented almost one-third of the

amount used during the first run (21.0 mg).
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Figure 8. Catalytic recyclability of Sihgel@CAG@CALB biocatalyst. Reaction conditions: 10
mM DFF, 2 mL EtOAc/tBuOH (1:1, v/v), 2.0 equivalents aqueous H>O2 (30% v/v) at the

beginning of the test, then after every hour for six hours, temperature 40 °C, reaction time 24 hours.

Importantly, we noticed that the rinsing solution was able to efficiently catalyze the oxidation of

DFF (100% conversion) (Figure S17, ESI). As free lipase was not active in this reaction, it is
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conceivable that this activity results from the enzyme anchored on small particles that were lost
with rinsing. Indeed, once the small particles were removed, the FDCA yield remained constant

(more than 50 %) in the following two cycles.

Conclusions

In this study, we have developed a straightforward approach for the confinement of lipase CALB
within a hierarchically porous hybrid material. The supramolecular hydrogel network formed by
host-guest interactions between the block copolymer pluronic F127 and the native a-cyclodextrin
(a-CD) was first silicified by sol-gel reaction using tetramethylorthosilicate (TMOS) as silica
source. After modification with hydrophobic and chemically reactive groups, this material was
used as matrix for the confinement of lipase CALB. The cross-linked hydrogel network showed
high loading efficiency and allowed to increase the softness and flexibility of silica permitting
modulation of the enzymatic activity in the selective oxidation of DFF to FDCA. Three potential
factors were identified to contribute to the catalytic performance of the lipase: (i) the hierarchically
interconnected pore structure of the support carrier, (ii) the fibrous topography of the
nanocrystallites and (iii) the soft nature of the supramolecular hydrogel. These three factors were
found to concomitantly affect the mass transfer rate of reactants and products as well as the
conformational flexibility of protein on the surface of the carrier. A very delicate balance between
them was essential for preserving the three-dimensional structure of the active site and regulating
the functional behavior of the biocatalyst. The confinement of enzymes within supramolecular
architectures opens new avenues for future development of enzymatic nanoreactors with a range

of promising properties for biocatalytic and biotechnological applications.
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