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Abstract:

Aminoacylases from a crude extract from Streptomyces ambofaciens were described as
attractive way for the synthesis of amino acids biobased surfactants. The aim of this study is
to investigate the influence of the porosity and the APTES functionalization of the silica
support on the immobilization and the activities of these aminoacylases. To reach this goal, a
mesoporous (SBA-15) and of meso-macroporous (MMS) silica material without and with
functionalization with APTES were used. The results show that the use of non-functionalized
supports led to a poor enzyme loading due to electrostatic repulsion between the enzyme and
the silica support. The APTES functionalization of the silica materials allow a better enzyme
loading by favouring enzyme-support interactions with an increase of the immobilization rate
by increasing the APTES functionalization rate from O to 10% especially when using MMS.
However, the measurement of the catalytic performances of the enzymes immobilized on the
materials shows a significant improvement of the conversion rate by increasing the APTES
percentage in the case of SBA-15 unlike the enzymes immobilized on the functionalized
MMS. This behaviour can be explained by the better substrate accessibility to the enzyme

immobilized on the SBA-15-based materials which is mainly located on the external surface
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area of the functionalized materials. The cross linking of the aminoacylases by using
glutaraldehyde led to a loss of the activity due to enzyme inactivation. The LC-MS-MS
analysis of the product of lysine acylation reaction shows that the regioselectivity of the

enzymes after immobilization is not modified.

Keywords: aminoacylases, SBA15, mesomacroporous material, APTES functionalization,

physical adsorption



1. Introduction:

Acylation reactions are largely used at industrial scale for the synthesis of food,
pharmaceutics and cosmetic ingredients from natural resources [1]. Among them, bio-based
surfactants, more especially amino acids surfactants (AAS), are ones of the most attractive
due to their eco-compatibility, good techno-functional properties and, for some of them,
attractive bioactivities which makes them molecules of choice for several industries.
However, these molecules are industrially produced by chemical synthesis, especially by the
Schotten-Baumann chemical reaction, requiring the use of functional group protection or
activation what results in the production of large quantity of effluents which need to be
reprocessed in order to reduce the environmental impact [2,3]. One of the most attractive
alternatives to chemical processes is the use of enzymes to perform these reactions under mild
conditions and without using and generating hazardous molecules for the environment. For
this reason a wild range of enzymes has been used in different industries (cosmetics,
detergents, biofuels, pharmaceutics,...) [4]. Several microbial enzymes were already
described as able to perform the N-acylation reaction of amino acids in water without any
protection/unprotection steps and with different regio- and chemo-selectivities allowing the
control of the reaction. For these reasons, the enzymatic synthesis appears to be of great
interest for the development of green and sustainable processes [5—8]. However, their protein
nature makes them brittle outside their natural cellular environment where it exerts such
activity [9]. Indeed, the lack of long term operational stability and the difficulty to reuse the
free enzyme, in addition of their high costs, reduce the economic interest of such processes
and hamper the development of industrial enzymatic production methods [10,11]. Several
strategies can be used to improve the stability of the enzyme. Among them, the
immobilization of the enzyme on an inert solid material might lead to an improvement in the

operational life and allow recycling of the enzyme [1212-14].. A large variety of materials



exhibiting different physicochemical characteristics have been developed for enzyme
immobilization [15-18]. In particular, ordered mesoporous silica, especially Santa Barbara
Amorphous 15 (SBA-15) support , are widely used for enzyme immobilisation due to their
properties [10,17,19]. The pore size of the support is one of the most important parameters in
enzyme immobilization [20-22].. The incorporation of macropores in such supports can
improve the immobilization process by decreasing mass transfer limitations by acting as
transport channels of the enzyme to the mesopores and the substrates to the enzyme when the
reaction is carried out [23]. Indeed, these hierarchical porous material combine the advantage
of macroporous structures leading to less diffusional limitations (pores bigger than 50 nm)
while maintaining high specific surface areas and the ones of the mesoporous materials which
exhibit more adapted pores size and high porous volumes [24-26]. There properties might

significantly increase enzyme loading [21,27].

The immobilisation method and conditions can also significantly influence both the activity
and the stability of the enzyme [28-36]. Because it is simple, rapid and cheap without using
any functionalized material nor toxic solvents, physical immobilisation (physisorption,
entrapment, and encapsulation) is of great interest for immobilized enzyme-based processes.
However, due to weak attachment of the enzyme to the support, there is a high probability to
have an enzymatic desorption from the latter during the catalytic reaction due to reaction
conditions or through mechanical shear forces [32]. In order to overcome this scientific
bottleneck, surface property modification by grafting alkylsilanes on the hydroxyl groups of
the support surface was described as improving the immobilization performances [33]..
Indeed, The grafting of organosilane, like 3-aminopropyl-tri-ethoxysilane (APTES) and 3-
aminopropyl-dimethyl-ethoxysilane (APDMES), on the support might change the electrostatic
equilibrium and introduce other kind of low interactions such as hydrogen and hydrophobic

interactions which might improve the immobilization rate [37]. Zhao et al. [38] immobilized



penicillin acylase (PA) on SBA-15 functionalized with different organosilanes. They
demonstrated that the surface functionalization allowed higher adsorption of the enzyme due
to an increase of the surface hydrophobicity and a decrease of the electrostatic repulsions.
They also showed that APTES was the most suitable grafting agent for enzymatic activity
compared to other organosilanes [38]. Indeed, the material surface hydrophobicity clearly
influences the immobilization process and the activity of the immobilized enzyme. However,
a highly hydrophobic surface can lead to a significant decrease of the enzyme activity by
affecting the structural conformation of the latter. Many authors investigated the influence of

the support characteristics on the structural configuration of the enzymes [35,36,39—43].

For instance, Jesionowski et al. [37] immobilized the acylase 1 from Aspergillus melleus on
APTES functionalized and non-functionalized Stober silica. They showed the efficiency of
the APTES functionalization of the silica support where the enzyme retains 62 % of its
activity compared to non-functionalized (42 %). They suggested that APTES improved the

immobilization and the activity by increasing hydrogen and hydrophobic interactions.

The acylation of amino acids with fatty acids using immobilized enzyme has been already
described by different authors using lipases or proteases in non-aqueous media; however the
use of immobilized acylases for this reaction was rarely described [32,44,45]. In a recent
work, the exceptional ability of the aminoacylases from Streptomyces ambofaciens to perform
the reaction of N-acylation of the amino acids on their alpha amino group was described in
the perspective of green synthesis of amino acids based surfactants [46]. However, these
aminoacylases present low thermal stability in their free form, suggesting the possible benefit
of their immobilization. Dettori et al. [32] immobilized these enzymes by physical and
chemical methods using glutaraldehyde and glycidyle functionalization on SBA-15 and they
demonstrated that the covalently immobilized enzymes lost almost all their activity (around

5% relative activity was kept) unlike the physically immobilized enzymes (around 23%



relative activity was preserved). However, by recycling the enzyme immobilized on SBA-15,
a significant leaching of the adsorbed protein was observed due to the weak interactions with

the support.

Given that the immobilization and the reaction processes are strongly dependent on both the
porous structure (enzyme diffusion during the immobilization step) and the surface
hydrophilic/hydrophilic (enzyme-support interactions) of the support, the present work aims
to investigate the influence of the porosity of two silica supports and of their functionalization
by 3-aminopropyl-tri-ethoxysilane (APTES) on the immobilization and activities of the
aminoacylases from S. ambofaciens. Two porous silica supports were considered: a
mesoporous (SBA-15) and a meso-macroporous (MMS) silica material. In order to tune their
surface hydrophobicity [47], the grafting rate of APTES on both silicas supports was varied
from 0% to 50% mol.%. The enzyme immobilization step and activity performances of the
resulting material were investigated for both mesoporous SBA-15 and meso-macroporous

(MMS) silica, with and without APTES functionalization.
2. Experimental

Pluronic P123 triblock copolymer, (EO)20(PO)70(EO)20 and (3-aminopropyl)triethoxysilane
(APTES), 98%, were purchased from Sigma-Aldrich. Tetra-methoxy-silane (TMOS), 98%,
was bought from Alfa Aesar. All chemicals were used as received without further purification.
Lysine (K) and lauric acid (C12) were purchased from Sigma-Aldrich, K with 99% of purity

were acquired from Bachem. Aminoacylases were produced from S. ambofaciens.
2.1. Aminoacylases of S. ambofaciens production

The aminoacylases from S. ambofaciens were produced and partially purified following the

procedure described by Bourkaib et al. (2020) and by using the same components [46].



2.2. Support preparation

2.2.1. SBA-15 preparation:

The synthesis of SBA-15 silica was carried out following the standard procedure [48]. The
synthesis was conducted by dissolving 2.66 g of Pluronic 123 (P123) in 100 mL of a
chlorhydric acid solution (1 M) at room temperature. After complete dissolution of P123, 4.17
g of tetramethyl orthosilicate (TMOS) were added and the mixture was kept under stirring at
room temperature during 30 min. Afterwards, the solution was transferred in a Teflon-lined
autoclave heated at 40°C during 24 h. Then the temperature was raised up to 100°C for 24 h.
The mixture was then filtered and the material was submitted to extraction by ethanol during
48 h using a Soxhlet, in order to remove the surfactant. The obtained mesostructured silica
material was finally dried at ambient atmosphere during one night to recover SBA-15 as a

white powder.
2.2.2. Meso-macroprorous silica material preparation:

Hierarchical meso-macroporous silica material was prepared by “Dual Templating”,
combining emulsions (for the macropores) and micellar solution (for the mesopores),
following a procedure reported by Blin et al. [49]. The emulsions were prepared by dissolving
760 mg of RE(E0)q and 1760 mg of R5(EO), fluorinated surfactants in 7.5 g of aqueous HCI
at pH = 0 at 40°C. After complete dissolution of the fluorinated surfactants, 2 g of
perfluorodecalin were added to the solution under vigorous stirring. The solution was kept
under stirring for 1 night. Afterwards, 980 mg of TMOS were added to the solution which
was kept under stirring at 40°C for 1 h. Then the mixture was transferred in a Teflon-lined
autoclave in an oven at 100°C for 24 h. Afterwards, the surfactant was removed by ethanol
extraction for 48 h (soxhlet) and the resulting white powder was dried at ambient atmosphere

for 24 h.



2.2.3. APTES functionalization of the materials:

Both materials were functionalized with amino-propyl-tri-ethoxy-silane (APTES) at different
molar percentages allowing to cover the silicas surface with amine function. During the
functionalization a covalent bonding between silanols of the silica surface and the tri-alkoxy-
silane moieties of APTES is formed [32]. In order to study the effect of APTES concentration
on the performance of the immobilization and the enzymatic activity, six different
functionalization loadings of organic functions (APTES) in the silica were considered: 0%,
1%, 5%, 10%, 25% and 50% (functionalization loading = (moles of organosilane/moles of
organosilane + moles of silica) x 100). The functionalization was conducted by adding 1 g of
the silica support (SBA-15 or MMS) in toluene (50 mL). The mixture was stirred and heated
at 110°C, then the required amount of APTES (table 1) was added and the suspension was
kept under stirring (400 rpm) over-night under reflux. After cooling, the mixture was filtered
and washed two times with toluene, followed by two times with ethanol and dried over-night
under vacuum to recover the functionalized material as a powder. The resulting functionalized
supports are labelled as SBA15"% for functionalized SBA-15 and MMS"” for functionalized

meso-macroporous support, where n represent the silica/organic group molar ratio.

Table 1:

2.3. Immobilization of the aminoacylases of S. ambofaciens on the

different materials

The physical adsorption of the aminoacylases from S. ambofaciens was conducted by
suspending 200 mg of the support (without or with functionalization) in 36 mL of TRIS buffer
(TRIS 25 mM in water, NaCl 50 mM, pH=8) and 1 mL of the aminoacylases solution (20 mg/

mL) was then added. The mixture was stirred during 18 h at 4°C. The final mixture was



filtered, washed two times with TRIS buffer and dried one night under air to afford

functionalized or non-functionalized SBA-15-acylase or MMS-acylase.

Cross liking enzyme aggregates (CLEAs) of the immobilized enzyme on the functionalized
SBA-15 with 50% APTES: the immobilized acylases on the SBA-15 functionalized with 50%
APTES was conducted using different molar percentages of Glutaraldehyde from Sigma
Aldrich with 25% purity. The addition of Glutaraldehyde results in a covalent bridge between
the amino acids residues of the enzymes which can improve the catalytic performance and the
stability of the enzyme [49]. In order to study the effect of glutaraldehyde concentration,
different molar percentages were used: 0%, 1%, 5% and 10% (glutaraldehyde rate = (moles of
glutaraldehyde x 100 / (moles of glutaraldehyde + moles of silica)). The functionalization was
conducted by mixing 0.5 g of the functionalized SBA-15 in 5 mL of Tris HCI 25 mM, NaCl
50 mM, pH 8 containing the appropriate quantity of glutaraldehyde (34, 175 and 370 uL of
glutaraldehyde solution for the 1, 5 and 10% molar ratio, respectively). The mixture was
stirred at 4°C and 100 rpm by rotatory agitation overnight. The mixture was then filtered and
washed two times with the Tris HCI buffer and dried one night under vacuum to recover the
final material as a brick red powder proofing the glutaraldehyde incorporation and CLEAs
formation. As a reference sample, the free enzyme was also treated in the same way by using

370 uL of glutaraldehyde.

2.4. Characterization of the materials

Nitrogen adsorption—desorption isotherms, Small angle X-ray scattering (SAXS) experiments
and solid-state NMR spectra were all conducted following the same methodology and

machinery described by [32]

Macropores were detected using mercury porosimetry on a Micromeritics Autopore IV 9500.
The penetrometer (stem volume = 0.412 ml, penetrometer volume = Iml) was filled with 0.1

9



g of the sample. A low pressure (0.1 to 15 psia) followed by a high-pressure analysis (15 to 60
000 psia) were performed in order to detect pores down to 5 nm in diameter, the equilibration

time is 10 seconds.

2.5. Enzyme activity assays

2.5.1. Hydrolysis reaction

After the adsorption process, the activity of all immobilized enzyme was evaluated for their
hydrolytic activity of the Na-acetyl-L-lysine as substrate. The enzymatic hydrolysis was
carried out in test tubes containing 1.8 mL Tris-HCI (25 mM) NaCl (50 mM) at pH 8, 0.2 mL
of the substrate (40 mM) and the quantity equivalent to 1 mg/mL of immobilized enzyme or
the free enzyme (around 0.5 mg/mL) for a 2 mL final volume. The reaction was performed
during 24 h at 37°C and 500 rpm stirring. Samples of 100 pLL were withdrawn and diluted 10
times in water for TLC and HPLC-MS analyses. The conversion rate was calculated from the
measurement of lysine concentration released during the hydrolysis and corresponding to the
percentage of lysine produced from acetyl-lysine hydrolysis by free or immobilized enzymes.
For recycling experiments, activity of immobilized aminoacylase was determined after 3
cycles and the corresponding relative hydrolytic activity of the immobilized enzymes was
determined by taking the first reaction as reference (set as 100%). The specific activity of the
enzymes was defined as the amount of lysine produced reported to the quantity (mg) of

aminoacylases in the reaction medium.

2.5.2. Acylation reaction

The N-a-lauroyl-lysine synthesis activity of the aminoacylases was carried out in test tubes
containing 0.1 M of lysine and 0.1 M of lauric acid in 2 mL of Tris-HCI (25 mM), NaCl (50

mM) at pH 8. A quantity equivalent to 1 mg/ml of the immobilized protein or 0.5 mg/mL of

10



the free enzyme was then added to start the reaction. The reaction was conducted during 48 h
at 45°C and 250 rpm stirring. 100 pLL samples were withdrawn and diluted 10 times with
methanol/water (80/20, v/v) solution for the evaluation of the synthetic activity by TLC and

HPLC.

2.5.3. Analysis of the reaction medium

2.5.3.1. Qualitative analysis by TLC

Before HPLC analysis, qualitative analysis of the production of lysine from the hydrolysis
reaction and the acylated product from synthesis reaction were evaluated by TLC on Kieselgel
G 60 Plates 20 cmx20 cm (Merck, Darmstadt, Germany). The mixture butanol (60 %)/acetic
acid (20 %)/water (20 %) was used as mobile phase. Knowing that lysine contains two amino
groups allowed the detection by spraying a commercial solution of ninhydrin reagent (Sigma-

Aldrich).

2.5.3.2. Quantitative analysis by HPLC

Quantitative analysis of the lysine produced during the hydrolysis reaction was performed by
high-pressure liquid chromatography (HPLC) coupled with a mass spectrometry (MS)
Shimadzu®. The separation of the lysine from the other constituents was carried out using
Hypercarb column (100 x 2,1 mm ; 5um ; Phenomenex, USA). During the analysis the
column temperature was set to 10°C. The mobile phases was composed of ultrapure water
containing 20 mM Nonafluoropentanoic acid (NFPA) for phase A and pure acetonitrile for
phase B. the phase B gradient used for the analysis was : 0 to 15 % during 10 min then 15 to
26% during 10 min then 26 to 50% during 10 min followed by an isocratic gradient at 50%
during 10 min before the decrease of the concentration to 0% phase B for the equilibration of

the column. The detection and the quantification of the lysine was done using mass analysis

11



data lysine transition from M+H/z=147.10 uma major ion daughter at M+H/z=84.10 uma,
coming from the dissociation generated after the collision with argon, in MRM positive mode
(Multiple Reaction Monitoring). The apparatus is equipped with double ionisation or DUIS
(Dual Interface Ionization System) with the ElectroSpray Ionization (ESI) and Atmospheric

Pressure Chemical Ionization (APCI).

For synthesis production of lauroyl-lysine, the quantification of reaction conversion yield was
conducted using HPLC (LC10 AD-VP, Shimadzu, France) equipped with a UV detector at
214 nm and a light-scattering low temperature evaporative detector (Shimadzu, France). A
C18 amide 125x2.1 mm (Altima®, Altech, France) maintained at 25°C was used as the
suitable separation column. The mobile phase (0.2 mL/min flow rate) consisted of solvent A:
methanol/water/TFA (60/40/0.1 v/v/v) and solvent B: methanol/TFA (100/0.07). A linear
elution gradient was applied to reach 95 % methanol/TFA after 6 min. This methanol
concentration was maintained for 13 min and then decreased in 1 min to reach the initial
methanol/water ratio until the end of the run (35 min). Calibrations were performed using
standard curve fatty acids and purified commercial a-lauroyl-lysine. The substrate conversion
yield was determined using the following equation: conversion yield (%) = (1 - ([fatty

acid]morL consumed / [fatty acid]molr initial) x 100.

3. Results and discussion

3.1.Immobilization of acylases onto the bare porous silica and activity of the

supported biocatalyts

To investigate the influence of the porosity on the amount of immobilized enzyme and on its
activity, the bare SBA-15 and MMS silicas was first used as support. The SBA-15
mesostructured silica adsorption/desorption isotherms exhibit a type IV isotherms,

characteristic of the presence of mesopores in the materials according to the TUPAC
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classification (Fig 1A) [50]. A HI hysteresis loop with two parallel and vertical branches,
which are assigned to well defined cylindrical mesopores with homogeneous size is observed.
The physisorption isotherm of the MMS material is a combination of type IV and type Il
isotherms, featuring the presence of both meso- and macro-pores. The BJH mesopore size
distribution represented in 1 B show a sharp peak in the case of SBA-15 while MMS shows a
broader mesopore size distribution, evidencing a better homogeneity of the mesopore size for

the SBA-15 material.

The values of the BET specific surface areas (Sger), the porous volumes (Vpor) and the pore
diameter (O,) are reported in table 2. Both materials exhibit nearly similar mesopores
diameter (7.8 nm for MMS and 8.7 nm for SBA-15). However, the presence of macropores in
the MMS silica results in higher porous volume (1.7 cm?/g) and specific surface area (802
m?/g) compared to SBA-15 (0.82 cm?/g and 650 m?/g, respectively). Such characteristics are
expected to allow the immobilization of higher amount of enzyme on the MMS support. The
mercury porosity analysis (Figure 2) features the presence of macropores whose macropore
size distribution is centred on 4.7 pum. In accordance with mercury porosity characterization,
micrographs obtained by scanning electron microscopy (Fig 2) show the presence of sponge-
like silica particles with macropores having a size in the range from 1 to 3 um.

The SAXS patterns of SBA-15 shows three reflection peaks at q1=11.0 nm™!, q2=6.3 nm'!
and q3=5.0 nm™! which verify the relation q1:q2:q3 = 1: V3: 2 and were assigned respectively
to the (10), (11) and (20) diffraction planes of the 2D hexagonal arrangement of the
mesoporous channels (Fig. 1. 1C). The first reflection peak (q1) was used to calculate the dio
Bragg distance which is in accordance with the literature (10.9 nm) [31,32]. The Bragg
distance was used to determine the unit cell dimension (ag = 2d1o\3 = 12.7 nm). The

mesopore wall thickness was estimated to 4.0 nm by subtracting the pore size diameter,
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determined by N> sorption isotherm to the unit cell ag (tab 2). In the case of MMS (Fig. 1.
2C), only one broad peak is detected at around 9.0 nm, suggesting the formation of a
wormhole-like mesopore network [49]. Assuming that the Bragg distance represents the sum
of the mesopore diameter and of the mesopore wall thickness, the later can be estimated to 1.2
nm, which is 3 times lower than the one of the SBA-15.

The enzyme immobilization was carried out in the same conditions for both supports. The
amount of the acylases immobilized on the supports was nearly similar with around 3 % for
the SBA-15 and more than 4% for the MMS. The slightly higher enzyme loading might result
from both the presence of macropores which favour the enzyme diffusion in the porous
network and to the higher porous volume (Vpor) and specific surface area (Sger) compared to
the SBA-15 material (table 2). For both supports, after immobilization the shape of the N>
sorption isotherm was similar to the one of the bare silicas (Fig 1. 1A and 2A). A very
important decrease of the Sper, Vpor and the pore diameter (Opo.), more pronounced when
using MMS, was observed (fig 1 and tab 2). This result can be assigned to the mesopore
filling with the enzyme and/or the partial alteration of the silica structure during the
immobilization process performed in basic medium (pH=S8). Indeed, silica is prone to
hydrolysis under aqueous basic conditions. SBA-15 is less prone to such textural
modifications which is attributed to its higher wall thickness an higher level of silica
condensation, what limits the structure collapse [19]. Such phenomenon is confirmed by
SAXS patterns which evidence no significant changes before and after adsorption of the
enzyme on the SBA-15 materials. On the contrary, the diffraction peak observed at 9.0 nm™!
for the MMS material before immobilization nearly disappears after enzyme immobilization,
suggesting a partial collapse of the mesostructure. In both cases the immobilization rate was
lower than in the literature [43,32]. Considering that the acylases present a PI of around pH 7

[36,38], such a result can be explained by electrostatic repulsions between the enzyme and

14



the supports , which have an isoelectric point (PI) around pH 2-3 . The variation of the
mesopore volume and of the specific surface area indicate adsorption of the enzyme in the
mesopores, however, the adsorption of a part of the enzyme at the outer surface of the

materials cannot be excluded.

Fig 1.

Fig 2.

In order to evaluate their potential recycling, the behaviour of the immobilized enzymes was
evaluated along successive experiments by using the hydrolytic reaction of the a-acetyl-lysine
as a reference reaction. The activity was evaluated by carrying out the reaction in 2 mL flask
with magnetic stirring during 24 h. Then, the support was separated from the reaction medium
by centrifugation and washed two times before being used for the next reaction (with a fresh
substrate solution). The support was recycled two times (Figure 3). The first catalytic activity
of the immobilized enzymes was around 100 time much lower than the one of the free
enzymes. As shown in figure 3, a significant decrease of the activity but a stability of the
specific activity was observed which mean that the decease of the enzymatic activity was due
to protein leaching along cycles. Several authors described the same behaviour of
immobilized enzymes on SBA-15 [32,52]. This can be explained by the weak interactions
(van der walls or, at lower level, by hydrogen interactions) between the silica material and the
protein. The higher desorption rate observed in the case of meso-macroporous support can be
assigned either to the easy diffusion of the enzyme from inside the pore towards the reaction

medium and/or to the collapse of the silica structure due to its low wall thickness.

Fig 3.

Table 2.
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3.2. Immobilization of acylases onto APTES-functionalized mesoporous (SBA-

15) and meso-macroporous silica (MMS) supports

In order to investigate the possible improvement of the activity and stability of the
immobilized enzymes by the silica surface modification, both materials were functionalized

with 3-aminopropyl-tri-ethoxysilane (APTES).

As reminded in the introduction, several authors investigated the use of organosilane-
functionalized silica materials for the immobilization of acylases [37,38,43]. They
demonstrated that APTES-functionalized materials seem to be the most suitable to improve
the activity and the stability of penicillin acylase and the acylase I from Aspergillus melleus.
For this reason, the APTES was used in this study with different loading, in order to evaluate
the influence of the surface modification. The grafting of APTES changes the surface
properties of the silica by increasing surface hydrophobicity due to the presence of propyl
groups and by reducing the quantity of free hydroxyl groups [43]. Moreover, the nature of the
interactions between the enzyme and the functionalized support strongly depend on their
respective pl and of the pH. Electrostatic interactions between the positively charged amino
group of APTES (R-NH3*) and the negatively charged carboxyl group of the glutamic and
aspartic acid residue of the surface of the immobilized proteins possibly occur but due to the
lack of information about the 3D structure of the enzyme, there is no way to confirm this
hypothesis. It is also possible to observe an improvement of the hydrogen interactions
between non-protonated APTES amino group (R-NH») and the enzyme as described in the
literature [37]. The functionalized materials (SBA-15 and MMS) were characterized before
and after immobilization of the aminoacylases of S. ambofaciens and the activities of the
immobilized enzymes were compared. Silicium NMR (*’Si NMR) was used to characterize
the functionalization rate of the supports. The 2°Si NMR spectra of the functionalized SBA-15

and MMS (with 1% and 50% APTES) are given in fig.4a. Before functionalization, the *°Si
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RMN spectrum features the presence of Q2 (Si(OSiOH)2), Q3 (Si(OSi);OH ) and Q4
(Si(OSi)4 species assigned to the peaks at -95 ppm, -105 ppm and -115 ppm. After grafting
with 1% APTES, Q3 and Q4 species are still observed and a weak peak appears at -71 ppm,
assigned to T3 ((Si0)3SiC) species, evidencing the covalent linking of the propylamine
moieties to the silica support. At higher loading (50% APTES) the T3 peak becomes more
intense and a second peak at -64 ppm appears, assigned to T2 ((SiO)>Si(OH)C) species, both
peaks featuring the higher grafting rate of APTES on silica material as compared to the 1%

APTES material.

By integration of the Tn and Qn signals, using the formula [To/(JTn + Qn), the
functionalization rate of the silica support by APTES was estimated. Results are reported in
Table 3. Noteworthy, the 2Si RMN spectra of the APTES-functionalized materials are similar
before and after enzyme immobilization, suggesting that the immobilization procedure does

not impact (or in a minor extent) the covalent bonds between APTES and silica.

Table 3:

Carbon NMR (*C CPMAS NMR) spectra of the supports functionalized with 1% and 50%
APTES before acylase immobilization are presented in fig. 4b. Three major peaks are
observed for SBA-15 at around 43, 23 and 10 ppm and at around 39, 26 and 6.5 ppm for
MMS with APTES (50%). These peaks correspond to the carbon atoms of the CH3-N, CH>

and CH3-Si groups of APTES, respectively [32,37,53].

After enzymes immobilization, a new peak appears at around 174 ppm, for the SBA-15
functionalized with 50% APTES. This signal might be the result of the peptide linkage (NH-
CO). Another peak is present at around 60 ppm, especially when the enzymes were
immobilized on SBA-15, it might correspond to the carbon atoms close to a nitrogen atom of

the a-amino group of the amino acids chain (NH-CH(R)-CO) [31]. Those peaks confirm the
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presence of the enzyme at the surface of the materials however the low protein immobilized
amount make the detection by NMR difficult.

SAXS patterns reported on fig. 5 A and B show that the mesostructure of the materials is
preserved after the grafting step. Indeed, the reflexion spectra of the functionalized and non-
functionalized SBA-15-based materials are similar, with the presence of three reflection peaks
characteristics of the hexagonal arrangement of the mesopores, as discussed above. Similarly,
MMS-based materials exhibit similar SAXS patterns before and after the functionalization.
After immobilization of acylases on the different supports, the same trend was observed as the
one described above, i.e.: no significant change in the ordered hexagonal mesopores of the
SBA-15 is noticed while a partial collapse of the mesoporous structure (decrease of the peak

intensity) of the MMS is observed.

After the functionalization, the general shape of the adsorption isotherms is not modified (fig
5. C and D). However, it is evident that higher the APTES content, lower the porous volume
of the materials which is assigned to pore filling by the grafted organic moieties. Regarding
the SBA-15-based materials, a significant decrease of the BET specific surface area, porous
volume and mesopore diameter after enzymes immobilisation is observed on the non-
functionalized SBA-15 support (fig 6). Such a result can be attributed to the supplementary
mesopore filling by the enzymes. However, it is noteworthy that no significant change of the
porous volume and mesopore diameter is observed after enzymes immobilization on the
APTES-functionalized SBA-15-based materials. This might be due to the presence of grafted
aminopropyl groups that prevent the diffusion of the enzymes toward the inside of the
mesoporous network. The slight decrease of the BET specific surface area after enzymes
immobilization on the APTES-functionalized SBA-15-based materials can be assigned to the
enzyme adsorption on the external surface area of the support. Contrarily to SBA-15-based

materials, a strong decrease of the mesopore diameter is observed for the MMS-based

18



materials after enzymes immobilization. Such a result can be assigned to the pores filling by
the enzyme and/or the partial collapse of the silica structure along the immobilization step, as

discussed previously for the non-functionalized support.

Fig 4.

Fig 5.

Fig 6.

After the adsorption of the aminoacylases from S. ambofaciens on the different kind of
functionalized materials, the quantity of immobilized proteins was determined by BCA
analysis of the filtrate, and the washing solution. As shown in figure 7, the quantity of the
adsorbed proteins depends on the nature of the support and on the functionalization rate. The
enzyme loading on MMS is more or less 1.5 time higher than on SBA-15. This result can be
related to the presence of the second pore network; i.e. the macropore one in the MMS
material which improves the accessibility of the enzyme into the porous network. The results
show that the functionalization rate considerably improves the immobilized acylases amount
(more than 2 times) for both porous materials when increasing the APTES loading from 0 to
10%. For APTES loading higher than 10% and up to 50% the enzyme loading reaches a
plateau at around 0.65 mg prot/mg material for SBA-15-APTES support and around 0.95 mg
prot./mg material for MMS-APTES material. The increase of enzyme loading for APTES
grafting from 0% to 10% can be explained by the modification of surface properties of the
materials by grafting APTES molecules which reduce the presence of hydroxyl group and
increase the possible hydrophobic, electrostatic and hydrogen interactions between the grafted
organosilane and the enzyme. The reduction of the presence of the free -OH at the surface
might prevent the electrostatic repulsion caused by the negative charge of the material and the

enzyme surface at the pH used during the immobilization process (pH 8 > pl of the material
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and the enzymes). Moreover, the hydrophobic interactions between the propyl part of the
APTES and the amino acids residues of the enzyme surface might be promoted. The same
trend was described by Chong et al. [38]. The authors reported a faster and better enzyme
immobilization of penicillin acylase on SBA-15 functionalized with APTES, compared to the
native SBA-15. They also described an immobilization of the penicillin acylase on the
external surface of the SBA-15 containing pore size smaller than the enzyme diameter unlike
the support with larger pore size [38]. For both supports, the stabilization of the
immobilization rate after 10% APTES functionalization can be attributed to a saturation of the
surface of the materials by the APTES and a possible obstruction of the mesopores by organic

moieties.
Fig 7.

The results concerning the acylases immobilization show a very important difference between
SBA-15 and MMS supports. In the case of the functionalized SBA-15, whatever the
functionalization rate, only very slight changes of the specific surface area and of the pore
volume are observed. This can be related to diffusional limitations of the enzyme into the
mesopores. Indeed, as shown in figure 6. C, no change in the mesopore diameter was
observed after immobilization on the functionalized unlike the non-functionalized SBA-15.
The quantification of the protein immobilized on the support (fig 7) shows an improvement of
the adsorbed amount of enzymes by increasing the APTES rate and the '3*C CPMAS NMR
spectra confirm clearly the presence of the enzymes at the surface of the functionalized
materials. Those observations suggest that a major part of the enzyme is immobilized on the
external surface area of the functionalized SBA-15 assigned to diffusional limitations of the

enzymes into pores of the SBA-15, due to the presence of APTES.

The MMS-based materials show a completely different behaviour after the immobilization on

the functionalized material. An important decrease of the specific surface area and of the
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porous volume is observed after immobilization on the different functionalized MMS. The
final values reached are similar to the ones of SBA-15 materials after immobilization. These
results strongly suggest that the immobilization of the acylases occurred inside the pores of
the MMS, promoted by the presence of larger pore diameter and the possible funnel
organization between macropores and mesopores allowing a better diffusion of enzyme
molecules inside the mesoporous structure. Indeed, according to the figure 6. C an important
decrease of the pore size and an increase of the wall thickness of the mesopores was
registered, confirming the immobilization of the acylases inside the pores. However, the
possible immobilization of the enzymes at the external surface cannot be completely
excluded. In order to check if there were a collapse of the MMS mesoporous structure causing
a decrease of the material properties, the SBA-15 and MMS functionalized with 5% and 50%
functionalized was treated with the buffer (buffer Tris-HCI 25 mM, NaCl 50 mM, pH 8) in
the same way as when the immobilization was conducted. The adsorption/desorption isotherm
showed a significant decrease (50%) of the porous volume of the MMS compared to the SBA-
15 where no change was registered after the treatment with only the buffer (figure 6.D). In
addition, the pore size of the material after the treatment without enzyme showed also a
significant decrease passing from 6.8 to 4.6 for MMS functionalized with 5% APTES and
from 5.2 to 4.9 for the one functionalized with 50% APTES while no change of the
mesoporosity of the SBA-15 were observed. This result confirms the collapse of the
mesostructured of the MMS material due to a pore wall thicknesses lower than the one of the
SBA-15 allowing more resistance (pore wall thicknesses of 2.5 nm for MMS and around 4 nm
for SBA-15). The reduction of the mesopore size may cause a diffusional limitation of the
enzymes into the mesopores which mean that the they are essentially immobilized in the
macro-porosity of the MMS. On the other hand, if the enzymes enter the mesopores which is

likely the case because of the higher decrease of the pore size when the enzyme solution is
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used, they can be entrapped in there which can stabilise the enzyme inside the pore but can
induce a diffusional limitation of the substrate to the enzyme during the reaction. This can be

confirmed by the activity evaluation.

3.3. Activity of the physically immobilized aminoacylases on APTES-

functionalized materials (SBA-15 and MMS)

In order to evaluate the catalytic performances of the immobilized enzymes on the different
functionalized materials, the N-a-acetyl-L-lysine hydrolysis reaction was performed in Tris
HCI buffer at pH 8 and with the same enzyme equivalent amount (1 mg proteins/mL). The
conversion rates of the immobilized enzymes are presented on figure 8.A. The results show
that the immobilized enzymes exhibit a catalytic activity, what can be explained by the
orientation of the enzyme at the surface of the support by exposing the active site to the
reaction medium resulting in an increase of the enzyme/substrate interactions and a better
diffusion of the reactants towards the active sites. However, as expected, in all cases the
hydrolytic activity was much lower than the free enzymes which show a complete hydrolysis
of the substrate after 24 h in the same operational conditions. Several authors described an
improvement of the -catalytic activity after immobilization of acylases on APTES
functionalized materials. Chong et al. [38] immobilized the penicillin acylase on
functionalized and non-functionalized SBA-15. They showed that the APTES was the most
appropriate organosilane compared to other organosilanes (4-(trimethoxysilyl)-butyronitrile
vinyltriethoxysilane, (3-Mercaptopropyl)tri-methoxysilane, ...) for the immobilization of this
enzyme with around two times improvement of the activity compared to the one immobilized
on non-functionalized SBA-15 [38]. Jesionoxski et al. [37] performed the immobilization of
the acylase I from Aspergillus melleus on amino and carbonyl functionalized Stober silica.
They also demonstrated an important increase in the catalytic activity by using APTES

functionalized materials. This was related to a better orientation of the enzyme avoiding the
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obstruction of the active site of the enzyme. Radhakrishna er al. (2013) explained the
phenomena implicated in the improvement of the catalytic activity of the enzymes
immobilized on moderately hydrophobic surface by a better stiffening of the enzyme at the
surface of the material without any conformational disruption [41].

Regarding our results (figure 8.A), the catalytic activity of the SBA-15-APTES-Enzyme
materials seems to be correlated to their enzyme loading, which itself depends on the APTES
functionalization rate of the support, as discussed above. An increase of the enzyme loading
and material activity is observed for APTES grafting rate increasing from 1% to 10%, then a
plateau is reached between 10% and 50%. The MMS-based materials exhibit a significantly
lower activity than the SBA-15-based ones, although the enzyme loading is around 1.5 times
higher on the MMS support as compared to the SBA-15 one. Such results feature that the
enzyme activity is much higher on the SBA-15 supports than one the MMS ones. Moreover,
the activity of the immobilized enzymes on the functionalized MMS is weakly affected by the
APTES rate unlike the functionalized SBA-15. These results can be related to the partial
collapse of the MMS porous network observed in the previous section, restricting the
accessibility of the substrate to the enzyme. On the contrary, in the case of APTES
functionalized SBA-15 the support characterisations strongly suggest that the main part of the
enzymes is adsorbed at the external surface of the material which makes them more exposed
to the substrate, thus reducing the diffusional limitations of the substrate to the active site.
Also, the presence of APTES at the surface of the support can change the orientation of the
immobilized enzyme leading to a better exposition of the active site to the substrats. The
thicker walls of SBA-15 make it more resistant to collapsing phenomena compared to MMS.
Based on these results, the functionalized SBA-15 was selected for the rest of the study.

The ability to reuse the immobilized biocatalyst is an important factor to determine the

economic viability of a process. The immobilization of the acylases on non-functionalized
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SBA-15 previously described, showed an important leaching of the enzymes after the first
use. The functionalization of the SBA-15 with APTES is supposed to improve the
stabilization of the enzymes on the material by introducing hydrophobic interactions and
avoiding electrostatic repulsions. The results of the measurement of the protein desorption
after several uses of the supported material is presented on figure 8.B. The immobilized
enzymes on the functionalized material present a better stability after the first reuse compared
to the non-functionalized one. However, after the second reuse, an important leaching of the
protein was observed to reach the same amount of enzymes as the one with non-
functionalized material. The desorption of the enzymes can be explained by the moderately
hydrophobic surface which exhibit better affinity for this enzyme than the highly hydrophilic
one of pure SBA-15 but not enough to retain the enzymes and to resist to the mechanical
shear of the magnetic agitation mode used during the reaction.

These immobilized enzymes were also evaluated for their synthetic activity by using lauroyl-
lysine synthetic reaction, using L-lysine and lauric acid as substrates with an equimolar ratio.
The relative activity compared to the activity of the free enzymes is presented on the figure
8.C. The evolution of the synthetic activity depending on the APTES functionalization rate
follows the same trend as the one obtained for the hydrolytic activity: an increase of the
APTES rate results in an increase in the conversion rate. In order to check if there was no
change in the regioselectivity of the immobilized acylases, LC-MS-MS analysis of the
reaction products was conducted. In all cases, the results show the apparition of only a mono-
acylated product corresponding to the acylated lysine on the alpha amino group. The same
MS? profile was obtained by using the free enzymes [46]. However, in all cases, a significant
loss of the synthesis activity (more than 90 %) was observed compared to the free acylases.
This loss can be explained by diffusional limitations of the substrate emulsion to the active

site which was more difficult than the use of a single molecule as substrate. The evaluation of
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the protein leaching after the three days synthesis reaction shows that around 23 % was

desorbed from the silica materials.

In order to reinforce the stability of the enzymes at the surface of the immobilization support,
an additional chemical treatment of the immobilized enzymes on the SBA-15°°% with
glutaraldehyde was conducted. This treatment allows the formation of cross-linking enzyme
aggregates (CLEAs) between the immobilized enzymes on the material. Different
glutaraldehyde ratios were used in order to determine its influence on the activity. After the
treatment, no loss of the already immobilized enzymes was detected by BCA analysis of the
filtration and washing solutions. According to the results reported on the figure 8.D the
formation of cross-linking between the enzymes led to a dramatic loss of the activity
compared to the non-treated material. The increase of the glutaraldehyde percentage was
accompanied with a decrease of the enzymatic activity. The SAXS analysis didn’t show any
structural modifications of the mesopores. The production of CLEAs using the free enzymes
and 10% glutaraldehyde showed a complete loss of the catalytic activity. This result can be
explained by the formation of covalent bridges between the protein amino acids residues
causing a distortion of the protein conformation and the active site. Due to the fragile
structure of those aminoacylases, the CLEAs formation was not suitable for the improvement

of both the activity and the stability of these enzymes.
Fig 8.
4. Conclusion:

The aim of this study was to investigate the influence of the pores size and of the surface
functionalization of (macro)-mesoporous silica-based materials on the immobilization and the
activity of the aminoacylases from S. ambofaciens. The use of meso-macroporous materials

(MMS) allowed higher physisorption of the enzymes due to the presence of macropores but
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the activity was better after immobilization on mesoporous silica material (SBA-15). The
functionalization of the materials with APTES allowed an increase of the catalytic
performances of the enzymes related to a better orientation of the active site influenced by the
increase of the surface hydrophobicity. However, the stability was low even after the surface
functionalization. Furthermore, it was demonstrated that the aminoacylases from S.
ambofaciens are cobalt dependent: work is in progress to favour the co-condensation of cobalt

in the material preparation that might also improve the catalytic performances.
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Figure captions

Fig 1. Nitrogen sorption isotherms (A), mesopores pore size distribution (B) and SAXS
patterns (C) before and after immobilization of the non-functionalized SBA-15 (1) and MMS
2)

Fig 2. Pore size distribution obtained by mercury porosity analysis (1) and scanning electron
microscopy images of MMS (2)

Fig 3. Relative activity of the immobilized acylases after support recycling compared to the
initial activity set at 100%. in blue: relative conversion of the alpha acetyl-lysine, in red:
relative conversion of the alpha acetyl-lysine reported by the amount of the protein present in

the reaction medium

Fig 4. ?°Si CPMAS NMR spectra (a) and '*C CPMAS NMR spectra (b) of SBA-15 (1) and

MMS (2) materials with and without acylases.,

Fig 5. SAXS patterns of the silica materials without (a, c, e, g, 1, k) and with enzyme (b, d, f,
h, j, I). Non-functionalized (a, b) and functionalized (c, d, e, f, g, h, 1, j, k, I) SBA-15 (A) and
MMS (B) have been used. Nitrogen sorption isotherms of SBA-15 (C) and MMS (D)

functionalized with 0 (a), 11 (b), 5 (¢) and 50 % (d) of APTES.

Fig 6. Specific surface area (A), porous volume (B) and pore diameter (C) evolution after
functionalization and immobilization steps on MMS and SBA-15 supports and evolution of
the porous volume of the 5% and 50% APTES functionalized MMS and SBA-15 supports

after treatment with the buffer used for the immobilization with and without enzyme (D).

Fig 7. Amount of enzymes adsorbed on functionalized SBA-15 and MMS materials after 18 h

immobilization at 4°C under 100 rpm rotatory agitation.
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Fig 8. A. Determination of the N-0-acetyl-L-lysine hydrolytic activity of both APTES
functionalized materials (24 h at 37 °C, 500 rpm), B. relative residual adsorbed proteins on
the APTES functionalized SBA15 after re-use for 3 cycles, C. relative synthetic activity
compared to the free enzymes (72 h at 45°C, 600 rpm), D. relative hydrolytic activity of the
cross-linked enzyme aggregate post immobilization on the SBA15 functionalized with 50%

APTES (24 h at 37 °C, 500 rpm)
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