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ABSTRACT

Hydrophobic wrinkled silica nanoparticles (WSNs) were obtained by surface functionalization with per- fluorodecyltriethoxysilane (PDTES) by chemical vapour
deposition (CVD). Surface functionalization was made to design a hydrophobic surface to immobilize lipase in its open active conformation by interfacial
activation. Moreover, to modulate the closed/open form equilibrium, favouring the open conformation, n-hexane was added

to the water/lipase solution, creating a micro-oily environment. Physicochemical characterization of supports was carried out by solid state 2°Si nuclear
Magnetic Resonance (NMR), the Brunauer—-Emmett-Teller (BET) method, thermogravimetric (TG) analysis, contact angle (CA) measurement, scanning electron
microscopy (SEM) and Fourier transform infrared (FT-IR) spectroscopy. Three different supports for physical immobilization of lipase were prepared, differing
in the degree of hydrophobicity. The effect of the different hydrophobicity and of the addition of n-hexane on the adsorption of lipase was evaluated. The
hyperactivation of the best biocatalyst

was tested in the hydrolysis and transesterification of sunflower seed oil and compared to free lipase. The re- action yields were 87% and 75% respectively
for hydrolysis, and 93% and 56% respectively for trans- esterification. The results suggest that both the hydrophobicity of the support and the addition of
n-hexane favour the adsorption of lipase in the active conformation.

1. Introduction
Rapid depletion of fossil fuel sources, together with the increasing impact of greenhouse-gas emissions on climate changes, triggered the

search for carbon-neutral biofuels. Biodiesel, consisting of fatty acid alkyl esters, stands as a renewable fuel that has received growing
attention in last decades for its use for automotive application [1]. Biodiesel is produced by transesterification of triacylglycerols, a widely
available substrate contained in vegetable oils. Transesterification re- action can be catalyzed by lipases (E.C. 3.1.1.3). Lipases are extracted from
different sources. They are involved in several biochemical re- actions on triacylglycerols, such as hydrolysis and esterifications. Literature is
rich of papers dealing with the lipase-catalyzed biocon- version of oils into biodiesel [2-4]. High product purity, easy separation of the byproduct
glycerol, lower energy consumption due to mild re- action conditions represent remarkable benefits deriving from the use of lipases in biodiesel
production. Moreover, enzymatic transesterification leads to the complete conversion of free fatty acids (present in low-quality feedstock) to
methyl/ethyl esters [5]. The yields of trans- esterification are usually affected by a series of factors such as lipase stability, specificity, reaction
temperature and water content in the re- action medium [6,7]. In particular, lipases specificity can be a problem for biodiesel production, where the
full conversion of the triglycerides is required [8].

Despite many benefits, the commercialization of the enzymatic bio- diesel is still hindered by the high cost and low stability of lipases. In order
to make it competitive at the industrial level and reach a signifi- cant level of applications, it is necessary to overcome these drawbacks and improve
recovery as well as recycling of the biocatalyst. To address these deficiencies, lipases can be immobilized on insoluble supports. Enzyme
immobilization is the confinement of the enzyme molecules onto/within an insoluble support with retention of its catalytic activity. This
methodology allows exploiting the advantages of heterogeneous catalysis. Furthermore, immobilization often results in the improvement of enzyme
properties, such as stability, activity and selectivity [9,10], and decreases the effect of enzyme inhibitors (such as alcohols in case of lipase) and
thermal inactivation [11]. Different techniques for enzyme immobilization can be used: adsorption, entrapment, covalent binding, and cross-linking
[12].

A successful process of immobilization is expected to guarantee high activity and reusability for the immobilized enzyme, two key features
strictly related to the physico-chemical properties of the chosen support [13]. Among all the nanostructured materials suitable for enzyme
immobilization, mesoporous silica has recently gained attention as one of the most performing due to its endogenous properties such as low
toxicity, high biocompatibility and good stability. High surface area, and tunable pore size and distribution allow high loading of guest species or
pollutants [6,14-16]. Moreover, the abundant surface hydroxyl groups enable easy chemical surface functionalization [17-19].

Mesoporous silica nanoparticles (MSPs) with radial-oriented micro- channels and a conical pore shape are ideal scaffolds for catalytic ap-
plications, as the pore structure is accessible to large molecules. This particular morphology allows enzyme molecules to diffuse smoothly into
the pores promoting enzyme loading and minimizing diffusion limitations of reactants and products [20]. The positive outcome of these factors is



the enhancement of the catalytic performance of immobilized enzymes [21]. Wrinkled silica nanoparticles (WSNs) belong to this kind of nanoparticles
[22]. They have radially widening pores that can easily host functional materials avoiding pore block. Several papers report the choice of WSNs as
support for the immobilization of lipase [23] and B-glucosidase [24—26] so far. The improved catalytic performance exhibited by WSN-supported
lipase compared to free enzyme was explained with the good dispersion of active sites inside the pores, due to the radially aligned mesopores of
WSNs [23]. Similarly, an improvement of the catalytic performances, together with higher thermal and opera- tional stability, was obtained for
WSN-supported B-glucosidase. Even then, this was attributed to the pore shape and the hierarchical pore structure which eliminate diffusive
limitations for the substrate, making WSNSs optimal hosts of 3-glucosidase [24,25].

Generally, lipases immobilization requires the functionalization of the silica particles with hydrophobic moieties [27] and most lipases
exhibit full catalytic activity only after interfacial activation. Lipases have a helical loop that covers their active site. In this “closed”
conformation, the catalytic site is inaccessible and lipase is inactive. Upon adsorption at a hydrophobic/hydrophilic interface, the loop changes
its conformation giving rise to the “open” active from Refs. [28-30]. Therefore, it is preferable to immobilize lipase in the open-lid active
conformation [31]. This is possible by using hydrophobic sup- ports. Lipase undergoes interfacial activation during immobilization on hydrophobic
support similarly similarly to what happens when lipase is at the interface with its natural substrate [32,33]. Furthermore, due to the mechanism of
interfacial activation, lipases tend to form dimers in aqueous solution through the interaction of the active centres of two molecules in the open
form, which are in equilibrium with the monomer [33,34]. The dimeric form is less active than the monomeric one and immobilization on
hydrophobic supports causes a shift of the dimer/monomer equilibrium of the lipase towards the monomer form, which is readily adsorbed
in the open form. For these reasons, lipase activity sensibly improves when the protein is immobilized on hydro- phobic supports [33-35]. For
biodiesel production, the use of hydro- phobic support is also favourable because the accumulation of hydrophilic compounds during the
transesterification reaction, i.e. glycerol or water, can lead to enzyme deactivation. Glycerol can hinder the lipase activity by creating a hydrophilic
shell around the enzyme that prevents the hydrophobic substrate to diffuse to the active site [36]. This effect can be reduced in several ways, for
example by using ultra- sounds [37], molecular sieves [38] or hydrophobic supports [39,40].

In this work, Candida rugosa lipase (CRL) was physically immobilized onto hydrophobic functionalized WSNs to preserve its native confor-
mation and catalytic activity. Immobilization was carried out using a ternary system lipase/water/n-hexane (amicro-oily environment). This was
possible because it was found that a 0.2% wt. solution of lipase in water can solubilize small quantities of the oil phase forming a clear solution
[41]. The addition of n-hexane was made to modulate the equilibrium between the open and the closed form of lipase. In fact, it was found
that some water insoluble organic solvent (i.e. hexane) can induce the opening of the lid increasing lipase activity [42]. Lipase adsorptionon
hydrophobic supports is enhanced when the open form of the lipase is favoured in solution. For example, using octyl agarose as support, itwas
found thatthe lipase immobilization rate increased when the ionic strength decreased [31,43]. At high ionic strength, the closed form is favoured
because the open form exposes a large hydrophobic pocket, and lipase/lipase dimers are stabilized. That is, the closing/op- ening equilibrium of
lipase can be modulated by altering the adsorption medium and the adsorption rate on hydrophobic surfaces increases when the equilibrium is
shifted towards the open form. Similar results have been obtained which show how the composition of the lipase adsorption medium on
hydrophobic supports alters its properties, probably for its structural flexibility due to the presence of the lid [44]. In fact, it was found that
immobilization of lipases with small lids, un- able to fully isolate the active center to the medium, is not influenced by the medium composition,
unlike to what happen with the immobiliza- tion of lipases with larger lids [45]. Despite hexane may compete with the surface of the support in
the adsorption process, it must be consid- ered that lipases generally have a high character of hydrophobicity, especially whentheyareinopen
form,asshowninFig. 1. Whenthelidis open, a large hydrophobic surface is exposed around the catalytic tun- nel, so that the interaction with the
solid surface is still possible even if the active site is interacting with hexane. The adsorption on the solid surface stiffens the lipase structure so
that this conformational state is maintained after immobilization on hydrophobic supports.

The WSNs surface was modified using perfluorodecyltriethoxysilane (PDTES) as the hydrophobic agent. We have prepared three kinds of
samples using a different amount of PDTES, which have shown adifferent level of hydrophobicity. The enzyme derivatives were used both for
triglyceride hydrolysis and transesterification reactions.

2. Experimental
2.1. Materials

Tetraethyl orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB), urea, cyclohexane, isopropanol, ethanol (ACS reagent, anhy-
drous), hydrochloric acid (37 wt% in water), distilled water, per- fluorodecyltriethoxysilane (PDTES), lipase from Candida Rugosa, n- hexane,
and Span® 80 were bought from Sigma-Aldrich (Milan) and used as purchased. Sunflower oil high-oleic (SOHO) (density 0.92 g/
cm®, 786 g/mol average molecular weight [46]) was purchased from a
local supermarket.

2.2. Synthesis and surface hydrophobization of wrinkled silica nanoparticles

Wrinkled Silica Nanoparticles (WSNs) were synthesized as previ- ously described [25] and following the procedure described by Moon and
Lee [22] with slight modifications. More specifically, CTAB was used as the surfactant instead of cetylpyridinium bromide (CPB) and a more
accurate surfactant removal procedure was carried out.

Hydrophobic WSNs were produced by chemical vapour deposition (CVD), as described in Fig. 2. 50 mg of WSNs were homogeneously
settled on a Petri dish by drop casting of a WSNs-ethanol dispersion. After the evaporation of the solvent, the dried nanoparticle surface un-
derwent CVD process. The Petri dish was placed on a heating plate at the temperature of 100 ‘C. 5 mL of PDTES-ethanol solution was settled
dropwise close to the external borders of the Petri dish. The whole system was rapidly covered by a ceramic dome with an exhaust beak,
allowing the hydrophobic solution to evaporate completely. To obtain WSNs with different hydrophobicity behaviours, 1%, 5% and 10% by
volume of PDTES in ethanol solution were used. Three samples were named WSN1, WSN5, and WSN10, where the percentage in the acro- nyms
refers to the volume concentration of PDTES-in-ethanol solutions used during the CVD process. PDTES/WSN weight ratio was set to 1.7, 8.5, and 17
for WSN1, WSN5, WSN10, respectively. Finally, silanized nanoparticles were scratched off the Petri dish and ground to obtain a fine powder that
was subsequently used for physical immobilization.

2.3. Preparation of hydrophobic coated surfaces



To evaluate the hydrophobic properties of functionalized WSNs, a set of coated glass slides was prepared to perform surface wettability
measurements. Briefly, 12 mm diameter circular glass slides were hydrophilized by oxygen plasma etching (2 min at 0.5 mbar) to activate glass
silanol groups. The activation of the glass surface is needed to lower the water contact angle and improve the affinity with WSN water
dispersion. 150 pL of 67 mg/mL WSNs aqueous suspension was placed
dropwise on the surface of the supports to have a coating of 8.85 mg/ cm?. Finally, the glass slides were dried in a aerated oven at 100 “C for
20 min, obtaining dried supports with 10 mg of nanoparticles that homogenously covered the surface of each support. WSN-coated sup-
ports were submitted to CVD using the same experimental apparatus reported above. In this case, 1 mL of PDTES-in-ethanol solution was
used. 1%, 5%, and 10% in volume of PDTES in ethanol solutions were used for hydrophobization and the coated surfaces were named as the
nanoparticles settled onto them (WSN1, WSN5, and WSN10, respectively).

2.4. Physical-chemical characterization

2.4.1. Scanning electron microscopy (SEM)

A FEI Nova NanoSEM 230 (FEI, Hillsboro, Oregon, USA) was used to collect Scanning Electron Microscopy (SEM) images, at an accelerating
voltage of 10 kV. A WSN suspension in ethanol was ultra-sonicated for 10 min, settled on an aluminum support of 70 um in thickness and dried at
room temperature. Before the analysis, the samples were coated with a Platinum layer of about 10 nm, which corresponds to the thickness of the
platinum coating on the quartz sensor.

2.4.2. N3 physisorption
Bare and functionalized WSNs were submitted to N2 adsorption/ desorption analysis to determine the specific surface area and the pore
structure. The samples were degassed for 10 h at 0.03 mbar and 100 °C.

Afterwards, a Micromeritics TriFlex instrument was used to collect N adsorption/desorption isotherms with 10-s equilibration time. Bru- nauer—
Emmett-Teller (BET) method was chosen to calculate the specific surface area, whereas the application of Barrett—-Joyner—Halender (BJH) model on the
adsorption branch of the isotherm provided the pore size distributions and pore diameter.

2.4.3. Measurement of surface wettability

A Dataphysics OCA 30 instrument was exploited to detect the wettability, the contact angle (CA), the roll-off angle and the contact angle
hysteresis (CAH) of nanoparticles. In particular, as concerns the contact angles as well as the roll-off angles of distilled water were both measured at
around 21 °C. To estimate the contact angle hysteresis, the titlted plane methodology was adoperated and CAH was measured as the contact angle that a
droplet of distilled water shows when is posed on an inclined plane and starts descending [47]. In detail, the tilting of the solid sufaced leads to the
deformation of the droplet and thus the contact angle hysteresis was calculated as the difference between the advancing and the receding contact angles.
The contact angle was also estimated in case of diiodomethane. The data of weattability collected by using diiodomethane and water were
subsequently deployed to determine the surface free energy of hydrophobic solid surfaces through the Owens, Wendt, Rabel, and Kaelble (OWRK)
method [48]. In particular, all the CAs were evaluated by posing liquid droplets with a valume ranging from 6 to 9 pul on the surface.

2.4.4. Thermogravimetric (TGA) analysis

TGA analysis of WSN samples was carried out to assess the degree of functionalization and efficiency of silanization as well as the amount of
enzyme loaded onto the nanoparticles. 10 mg of sample was analysed in a TA Instrument simultaneous thermoanalyser SDT Q600 within the
temperature range of 25 "C-1000 °C with a heating rate of 10 ‘C/min. The organic content in bare WSNs and functionalized WSNs was eval- uated
following equation (1), where W1 and W> are the sample weight at
200 °C and 1000 °C respectively.

Organic content (%) =
w1 - W2
w1l x100 (eq. 1)

2.5. Lipase immobilization onto WSN

The whole procedure from WSNs hydrophobization to lipase adsorption is schematically shown in Fig. 2. Lipase was physically
immobilized onto bare WSNs and hydrophobic WSNs from a ternary oil- water-enzyme medium and a binary water-enzyme solution (the latter only
for sample WSN5). In detail, 25 mg of the enzyme were dissolved in 25 mL of distilled water under magnetic stirring for 30 min. 200 pL of n- hexane
was added dropwise to the water-enzyme solution. No phase separation was observed after the addition of hexane. Subsequently, 50 mg of
nanoparticles were added to the adsorption mixture and then diluted with 12.5 mL distilled water to improve the nanoparticle dispersion. The
system was kept under stirring for 24 h as previously determined by Califano et al. to immobilize B-glucosidase enzyme on WSNs [25,50]. The
supported biocatalysts were recovered by centrifu- gation and washed twice with distilled water to remove the non-adsorbed enzymes. The
samples obtained after lipase immobiliza- tion were named L-WSN, L-WSN1, L-WSN5, L-WSN10 based on the type of wrinkled silica
supports used L-WSN5-w was immobilized in distilled water without the addition of n-hexane. The enzyme immobi- lization in each sample was
determined by TGA analysis by subtracting the organic content of each support from the one of the corresponding biocatalysts. The yield of
immobilization (Y1 %) was calculated as the weight ratio between the adsorbed enzyme and the amount dissolved in the adsorption mixture. The
enzyme conformation on the nanoparticle surface was investigated by FTIR spectroscopy.

2.6. Catalytic assay

2.6.1. Hydrolysis of sunflower seed oil

Free and supported lipase were tested for room temperature hydro- lysis of triglycerides into free fatty acids and glycerol. Typically, 500 pL of
Span® 80 was mixed with 10 mL of SOHO sunflower oil (source of vegetable triglycerides) in a 25 mL conic flask. For the free enzyme, 2 mL of a
lipase aqueous solution of three different concentrations, 0.4, 0.56, and 0.8 mg/mL were added dropwise to the mixture under stirring to obtain a



white water-in-oil emulsion. The amount of water was chosen to ensure an oil-to-water 1:10 M ratio. After 48 h, the reaction mixture

Fourier-transform infrared (FTIR) spectroscopy

Fourier transform infrared (FT-IR) spectroscopy was performed with a Nexus FT-IR spectrometer equipped with a DTGS KBr (deuterated
triglycine sulfate with potassium bromide windows) detector. Samples were prepared by pelleting in KBr and the spectra were recorded in the
range 4000 - 400 cmtata spectral resolution of 2 cm™. The spectrum
of each sample was corrected by subtracting of the spectrum of blank KBr.

Curve fitting of the amide | band of L-WSN5 and LWSN5-w was performed by GRAMS/32 (Galactic Industries Corporation, Salem, NH,
U.S.A)) as a linear combination of Gaussian components. The number and position of components were taken from the second derivative
spectrum. Second derivative spectra were obtained following the Savitsky—Golay method (3rd-grade polynomial, five points of smooth- ing).
Initial values of bandwidths and intensities were automatically generated.

2.4.5. 2%Sj nuclear Magnetic Resonance

The cross-polarization (CP) magic-angle spinning (MAS) NMR spectra of starting material WSNs and functionalized WSNs (WSN10) were
recorded using a 7 mm CP MAS probe on a Bruker Avance |11 400
NMR spectrometer equipped with a wide-bore 9.4 T magnet, corre- sponding to 1H and 29sj Larmor frequencies of 400.2 and 79.5 MHz,
respectively. A detailed description of the procedure can be found in the experimental section of the work by Stojanovic et al. [49].
was transferred to a separating funnel and 50 mL of n-hexane was added to it for extraction of glycerol (bottom) and oil phase (top). Finally, the
resulting glycerol was recovered by centrifugation and dried overnight in an oven at 80 °C. The yield of the reaction (YR%) was determined as per
equation (2). Where, ngiycerol and Niriglycerides refer to the moles of product and substrate, respectively.

YR(%)=" (Nglycerol/Mtriglycerides) 100 )]

For the immobilized enzyme, only 0.56 mg/mL lipase concentration was tested. Prior to the extraction of glycerol, the biocatalyst was
recovered by centrifugation. The chemical nature of the reaction prod- uct (e.g. glycerol) was evaluated through FTIR spectroscopy in the
attenuated total reflection (ATR) mode by using DuraSam-plIR Il accessory equipped with ZnSe Crystal.

2.6.2. Operational stability

The immobilized biocatalyst was subjected to seven consecutive catalytic cycles (each 48h) for evaluation of its reusability. Each reaction was
carried out under standard assay conditions. After each cycle, the solution was centrifuged to recover the catalyst and the supernatant
underwent the same experimental route to determine the amount of glycerol produced. The yield after the first cycle of the reaction was used as
the reference (e.g. 100% conversion).

2.6.3. Transesterification of sunflower seed oil
Free and supported lipase were tested as biocatalyst for the trans- esterification between ethanol and SOHO sunflower seed oil into esters

of fatty acids and glycerol. For both free and immobilized lipase, the enzyme concentration was maintained at 0.56 mg/mL 9.2 g (10 mL) of
sunflower seed oil were mixed with 500 pL of Span80 surfactant and 2 mL of ethanol was used for the reaction. To minimize ethanol inhibition of
lipase, the ethanol addition was partitioned in a three-step batch ethanolysis. In particular, a third of the overall ethanol volume (about 700 pL)
was added dropwise to the oil-surfactant mixture under stirring. Subsequently, the chosen amount of enzyme was dispersed into the re- action
mixture. The remaining ethanol volume was added in two equal aliquots after three and 6 h, respectively. The reaction was carried out for 48h at
room temperature. The yield of the reaction was determined as previously reported for the hydrolysis reaction.

3. Results and discussion

Considering the high available surface area and easy dispersibility wrinkled silica nanoparticles were considered as the support and were
synthesized by the method reported earlier [19]. However, it is well known that immobilization of lipase is favoured by the hydrophobicity of the
surface [31]. Therefore, WSNs were functionalized by CVVD using PDTES as a precursor. To evaluate the effect of functionalization on properties
of WSNs, different concentration (1, 5 and 10%) of PDTES was used during CVD.

3.1. Scanning electron microscopy (SEM) analysis

Analysis of pristine WSN sample under SEM revealed the formation of spherical nanoparticles with a highly porous structure (Fig. 3a). The
average diameter of WSNs was found to be 300 nm with a uniform distribution. No dimensional and geometric differences are noted be- tween
the samples WSN, WSN1, and WSNS5 (Fig. 3a—c). However, in the case of WSN10, the presence of small pseudospheric clusters was observed
(Fig. 3d).

3.2. Hydrophobic properties of functionalized WSNs

As a measure of successful functionalization, contact angle (CA), contact angle hysteresis (CAH), and roll-off angle were measured after
uniformly depositing WSNSs on a circular glass slide of 12 mm in diam-
eter. According to the CA (0), a surface can be classified as super hy- drophilic when 6 = 0° (using water as the liquid). When, 6 < 90° the
surface is hydrophilic and surface is hydrophobic at 6 >90° [51,52]. CA of functionalized WSNs indicate their excellent hydrophobicity (Fig. 3e).

In particular, both WSN5 and WSN10 can be considered as super-hydrophobic (Fig. 3e and Table S1). Notably, CAH and roll-off angles
attain very low values (Table S1), which explains the hierarchi- cal surface texture formed due to the nanometric roughness present on the surface
of the WSNs. The hydrophobicity obtained during this study (Table S1) highlights the efficiency of the CVD treatment.

The surface free energy (SFE) of WSNs was also measured to elimi- nate the effect of liquids used for measurement on CA. The determina- tion
of SFE in necessary to achieve a complete comprehension of the wettability properties of surfaces. In particular, the Owens, Wendt, Rabel,
and Kaelble (OWRK) model equation can be applied for the estimation of SFE and its components (e.g. dispersive and polar) [51, 53-55]. The
values of SFE were evaluated by the OWRK method and are listed in Table S2. The values of these three parameters obtained in the case of



functionalized WSNs are much lower than the reported values obtained following the same procedure [56,57]. A low affinity with polar
substances results in low values for the polar term of surface free energy, which is beneficial since lipase adsorption is boosted by hy- drophobic
surfaces as functionalized WSN. A high degree of hydropho- bicity after functionalization of WSN (e.g. WSN1, WSNS5, and WSN10) makes these
supports suitable for lipase immobilization via interfacial adsorption, because of the well-known interaction between the open conformation of
the enzyme with hydrophobic surfaces. It is reported that the immobilization of lipases on hydrophobic matrices with extended porous
structure usually results in an enhancement of the ac- tivity of lipases [34,39,58]. Adsorption is based on physical interactions between the enzyme
and the silica nanostructure, such as van der Waals forces, and ionic interactions.

3.3. N2 adsorption-desorption measurements

The specific surface area of the synthesized WSNs was calculated from the low-pressure range (0.07-0.30 of p/po) of the N sorption
isotherm (Fig. 4a). The pore size distribution was evaluated from the adsorption part of the isotherm (Fig. 4b). The adsorption-desorption
isotherm shows the WSN samples have type IV pore structure with a small H3 hysteresis starting from p/po = 0.9, which is ascribed to a
presence of mesoporous structure with open ends slit shape [22], but from the BJH analysis (Fig. 4b), micropore is the dominated pore
structure. The BET surface area and total pore volume of the four sam- ples are displayed in Fig. 4c. Fig. 4c shows a non-monotonous profile, with
WSN5 showing the maximum surface area and pore volume.

Fig. 4b shows that all samples have a narrow pore size distribution centred at 3.5 nm, and a broad peak around 10 nm corresponding to the
average inter-wrinkles distance. The peak at 3.5 nm indicates that the wrinkles are mesoporous and the average inter-wrinkled distance de-
creases from 10 nm to 8.5 nm going from the WSN sample to WNS1. However, further functionalization does not lead to any change in inter-
wrinkle distance. This means that a part of the PDTES is deposited on the outer surface of the particles [59], and the deposition increases with
increase inconcentrationofPDTES solution during CVD. Concentrations
>1%, all the excess goes to the external surface. The anchoring of PDTES onto the surface of WSNs might be responsible of the enhancement of
surface area as long as the space between the silane groups and the surface is sufficiently wide to adsorbe N2 molecules [60]. Post synthetic
functionalization of mesoporous silica mainly results in the modification of the outer particle surface and near the pore entrances since these sites are
easily accessible [61]. This is the possible reason for the increase in the surface area up to a PDTES concentration of 5%. The decrease in the surface
area of WNS10 is due to the blocking of some pores, which is clearly visible in the SEM image (Fig. 3d). The hydrophobization process
does not influence the size of the smallest pores, so it can be said that those pores remain empty.

3.4. NMR spectra of non-functionalized and functionalized WSN

The functionalization of WSNs with PDTES is shown in Fig. 5a. To confirm the reaction between siloxane groups of WSNs and PDTES solid-
state 2°Si NMR analysis of pristine WSNs and WSN10 was performed
(Fig. 5b). For both samples, broad 2°Si MAS NMR resonances at -92,
-101, and -110 ppm were attributed to the Q2, Q3z, and Q4 silica spe- cies, with the Q2-and Qz-groups localized at the surface [62]. While only the
Qn groups are visible in the WSN starting material, additional res- onances were observed at -58 and -67 ppm in the case of WSN10. They are
assigned to the Tz and T2 groups, respectively, which originate from silica atoms in PDTES [63]. A barely visible shoulder at ~ -53 ppm could
be due to a low proportion of T1 groups. Successful grafting of PDTES to WSNs is accompanied by the increase in relative signal in- tensity of
Qa4 and the simultaneous decrease of the Q2 resonance (Fig. 5b). Both observations are consistent with the functionalization of WSNs with
PDTES[63].

3.5. Lipase adsorption

A lipase adsorption experiment was carried out using water-lipase-n- hexane ternary system for all prepared WSN supports. For the WSN5, which
is the most promising due to its highest surface area, adsorption was also carried out from a binary system consisting of lipase and water only. Lipase
content, lipase loading per gram of support, and adsorption efficiency were determined from the TGA thermogram. The amount of enzyme adsorbed
initially decreases (WSN1) due to the decrease in the average pore size, then increases to reach the maximum for WSNS5 (Fig. 6a). This can be
attributed to the increase in the specific surface area and hydrophobicity. Adsorption from water alone on the WSN5 support shows a lower
uptake (68 vs. 80 mg/g of support) (Table S3). In the case of WSN10, a decrease in lipase adsorption can be due to blockage of pore entrance
during functionalization, which can be seen in the SEM image of WSN10 (Fig. 3d).

One of the main objectives of a well-designed immobilization process is to keep the secondary structure of the enzyme unaltered and to
maintain the activity of lipase. It is worth mentioning here that during the immobilization, the enzyme can experience relevant changes in the
conformation due to the interaction with the support or crowding effect, when enzyme molecules are forced into a small space [64]. To observe such
conformational changes in lipase, FTIR spectroscopy was applied [65-67]. Quantitative information on the secondary-structure of the lipase was

obtained by analysing the amide | absorption band in the range of 1600-1700 cm™. This band is generated by the C=0 stretching vibration of the
peptide group and is very sensitive to the molecular geometry, hydrogen bonding pattern, and dipole interactions along the secondary structures.
The amide | band originates from the overlapping of several peaks associated to different structural elements such as a-helices, B-sheets, turns,
and irregular structures. These secondary structures can be obtained by deconvolution of the amide | band into Gaussian components through
curve fitting [68].
Fig. 6b shows the FTIR spectra (range of 1550-1850 cm'l) of all

samples with immobilized lipase on WSNs and lyophilized lipase. All adsorbed lipase from the ternary system lipase-water-hexane shows a shift
of the amide | band toward lower wavenumber, possibly due to aggregation [41,69]. The shift is minimum in the case of L-WSNS5 (Fig. 6b).
Lipase adsorbed from a water solution (L-WSN5-w) shows a shift of the amide | band toward higher wavenumbers. It can be assumed that in cases
with only a small shift of the amide | band compared to the FT-IR spectrum of the native enzyme, a comparatively similar secondary structure
of the bound enzyme should be present. FT-IR analysis pointed out that L-WSNS5 is the biocatalyst in which the secondary structure of the
protein is best preserved and the amount of uptake lipase is the highest. L-WSN5 and L-WSN5-w were then selected for subsequent studies. The
amide | band fitting procedure described in the experimental section was applied to L-WSN5 and L-WSN5-w spectra. Fig. 6¢ and d displays the
experimental and calculated curves with best Gaussian fit components. The position and the assignment [70, 71] of the Gaussian components of the



amide | band are summarized in Table 1. The amount of the different secondary structures were estimated by the area underneath each
Gaussian band/the total area of the peaks between 1600 and 1700 cm™ (Table 2).

In both cases, except for a certain degree of aggregation, the secondary structure of the polypeptide seems quite preserved. A slight
decrease of a-helix content and a slight increase in random-coil (unordered) structures in L-WSN5-w indicates a higher degree of unfolding
compared to L-WSNS5. On the other hand, hydrogen-bonded aggregates are higherr in the case of L-WSN5. The increase in the B-turn
content in L-WSN5-w also indicates a change in the secondary structure [72].

3.6. Catalytic assays

Three different free lipase concentrations (0.40, 0.56, and 0.80 mg/ mL) were used for the hydrolysis of sunflower seed oil to evaluate the
minimum amount of enzyme needed to achieve the maximum conver- sion at a fixed substrate concentration. To assess that triglycerides were
converted after 48h, the ATR spectrum of the product was collected. The comparison with a reference spectrum confirmed that glycerol was
produced [74]. 0.40 mg/mL concentration led to 56% conversion of the substrate after 48 h (Fig. 7a), while the yield of the reaction was
enhanced to 76% by increasing the lipase concentration to 0.56 mg/mL. No significant improvement of the substrate conversion was detected
with a further increase in the enzyme concentration to 0.80 mg/mL.

Thus, 0.56 mg/mL was identified as the enzyme amount needed to reach the regime conversion of 76%. This result led us to study the
catalytic activity of supported catalysts keeping the lipase concentration in the reaction solution at 0.56 mg/mL. Only L-WSN5 and L-WSN5-w
were subjected to a catalytic reaction. Interestingly, L-WSN5 achieved 87% conversion within 48 h. This is similar to what was reported in the
literature for immobilized lipase for esterification of oleic acid with methanol [23]. Nevertheless, the transesterification of raw material,
natural oils, is much more complex than the esterification of a simple fatty acid. The first difficulty originates from the heterogeneous chem- ical
composition of natural oils [8]. Indeed, they are composed of tri- glycerides whose structure contains a number of fatty acids. Furthermore,
since transesterification is a three-step reaction, signifi- cant conversion rates are achievable only if the enzymes exhibit activity also towards
diglycerides and monoglycerides formed as reaction in- termediate [75].

The results of the hydrolysis highlight inactive-to-active conforma- tional changes of lipase when adsorbed at a hydrophobic/hydrophilic
interface. Therefore, the physical interaction with silanized WSNs was found to be a successful method of immobilization and activation of lipase
to achieve the high activity. This result is not surprising, since lipase immobilized on hydrophobized silica particles often showed
hyperactivation [27,76,77]. However, L-WSN5-w was only able to achieve only 45% conversion at the same experimental condition. The lower
hydrolytic activity is due to a change in the secondary structure of lipase during immobilization from water, which is also in agreement with FTIR
analysis. However, the secondary structure modification in L-WSN5-w is small and would not alone justify such a reduction in hydrolysis yield.
Another contribution can be due to the higher con- centration of lipase molecules immobilized in closed form with respect to L-WSN5 (for the
lower concentration in solution) and inhibition of the interfacial activation caused by the interaction with the support. This result confirms the
key role played by the oil phase in the immo- bilization phase, even if it is present in very small amounts.

Transesterification tests were carried out for free enzyme and L- WSNS5. The free enzyme was able to produce 600 mg of glycerol from
9.2 g of sunflower oil, corresponding to a yield of reaction equal to 56%. The yield of the transesterification reaction was in this case lower than that
of the hydrolysis reaction. The possible reason is the well-known inhibitory effect of short chain alcohols such as methanol and ethanol on lipase
activity [78,79]. L-WSN5 was able to produce 1 g glycerol, corresponding to a YR (%) of 93%. In this case, the yield of trans- esterification
was higher than the yield of hydrolysis. This is probably due to the different partitioning of ethanol between the surfactant/oil solution and the
microenvironment of the immobilized lipase [80]. The immobilized lipase can be exposed to a lower concentration of ethanol with respect to the
bulk oil phase, due to the low affinity of the hydro- phobized WSNs with polar short-chain alcohols. Moreover, the hydro- phobic WSNs are
probably better dispersed in the apolar oil phase than in presence of excess water, as in the hydrolysis environment. Finally, these results confirm
the hyperactivation of lipase. The results of catalytic assays for both hydrolysis and transesterification reactions are summarized in Table 3.

Operational stability tests were carried out using L-WSNS5 to assess the reusability of the supported biocatalysts. From Fig. 7b it can be seen that
the catalyst maintains its activity for the hydrolysis of triglycerides up to 6th cycle. Reusability tests performed on lipase immobilized on
unfunctionalized WSNs showed a gradual decrease of activity with increasing recycling time, ascribed to the leaching of immobilized lipase
during successive hydrolysis reactions [18]. On the other hand, lipase immobilized on hydrophobic supports often shows optimal recycling
[76]. Indeed, the higher the hydrophobicity of the surface, the stronger is the lipase-support affinity. So, desorption from a hydrophilic matrix is
easier if compared to the case of a hydrophobic support [81]. In the seventh cycle, a decrease in conversion to 70% was obtained, which can be
attributed to a detectable loss of catalyst after repeated recovery operations. For this reason, any further measurements were considered
unreliable.

4. Conclusions

In this work, lipase was immobilized by adsorption on hydrophobic WSNs. WSNs were hydrophobized using perfluorodecyltriethoxysilane
(PDTES) in different amounts. The adsorption was carried out from a micro-oily environment (water-n-hexane). WSN1, WSN5 and WSN10,
showed excellent hydrophobicity. The obtained results made these substrates suitable candidates for lipase immobilization via interfacial
adsorption, allowing preferentially lipase immobilization on the support in the open conformation. The analysis of amide | band of the FTIR
spectra pointed out that the native conformation of lipase was better preserved in the biocatalyst LWSNS5. This result highlighted an impor- tant
role played by n-hexane in the water/lipase solution used for lipase adsorption, favouring loading and stabilizing the native conformation. The best
biocatalyst obtained (LWSN5) was tested in both the hydrolysis and transesterification of triglycerides and compared to free lipase. The yields of
hydrolysis was 87% for supported lipase, compared to a yield of 76% for free lipase. Similarly, the transesterification yield achieved by L-WSN5
(93%) was higher than free lipase (56%). Finally, recycling study carried out using 7 consecutive cycles demonstrated the easy recoverability
of the immobilized biocatalyst system and its practical application potential.
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Figures

Fig. 1. Candida rugosa lipase surface structure. (a) Closed form and (b) open form. Red: hydrophobic amino acids, blue: hydrophilic amino acids, yellow: Ser
209 belonging to the catalytic triad [29] (RCSB Protein Data Bank). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 2. Graphical sketch of the overall experimental route for production of supported biocatalysts.
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Tables

Table 1
Peak attribution of Amide | band for L-WSN5 and L-WSN5-w.

Attribution B-turn content in L-WSN5-w also indicates a change in the secondary structure [72].

1614.1 +3.9 1616.1+2.6 Aggregates
1629.1+3.7 1628.6 +10.7 B-sheets
1642.4+25 1638.5+4.1 a-helices/ unordered
1651.3+8.6 1649.7+1.2 a-helices
1658.8+4.1 1659.4+9.8 a-helices

1667.7 5.1 1670.6 £5.0 B-turns
1679.2+11.9 1683.1+6.7 Aggregates

1693.8 +13.6 1693.1+2.8 B-sheets/turns




Table 2
Secondary structure elements of L-WSN5 and LWSNS5-w, compared to a litera- ture case * [65,73].

Secondary structure elements L-WSNS5 [%] L-WSN5-w [%] Literature* [%]

Aggregates 19.1 12.9 5

B-sheets 24.7 25.2 26
a-helices 25.8 19.7 33
B-turns 22.2 29.6 27

Unordered 8.0 10.0 9




Yield of reaction (YR %) for hydrolysis and transesterification reported for free lipase, L-WSN5 and L-WSN5-w biocatalysts.

Sample Hydrolysis YR [%] Transesterification YR [%]
Free lipase 76 56
L-WSN5 87 93

L-WSN5-w 45 /
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