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Abstract

:

Bio-desulfurization is an efficient technology for removing recalcitrant sulfur derivatives from liquid fuel oil in environmentally friendly experimental conditions. In this context, the development of heterogeneous bio-nanocatalysts is of great relevance to improve the performance of the process. Here we report that lignin nanoparticles functionalized with concanavalin A are a renewable and efficient platform for the layer-by-layer immobilization of horseradish peroxidase. The novel bio-nanocatalysts were applied for the oxidation of dibenzothiophene as a well-recognized model of the recalcitrant sulfur derivative. The reactions were performed with hydrogen peroxide as a green primary oxidant in the biphasic system PBS/n-hexane at 45 °C and room pressure, the highest conversion of the substrate occurring in the presence of cationic polyelectrolyte layer and hydroxy-benzotriazole as a low molecular weight redox mediator. The catalytic activity was retained for more transformations highlighting the beneficial effect of the support in the reusability of the heterogeneous system.






Keywords:


oxidative bio-desulfurization; lignin nanoparticles; horseradish peroxidase; dibenzothiophene












1. Introduction


Many efforts are devoted to removing recalcitrant aromatic sulfur compounds from liquid fuel oil, as a consequence of the application of the international legislation for the protection of the environment from the emission of sulfur oxides [1]. Among new technologies, oxidative desulfurization (ODS) [2,3] has gained growing interest thanks to the development of selective and efficient catalytic procedures for the extraction of sulfur contaminants, even when they are present in the liquid fuel oil in a very low amount [4]. Analysis and review of the application of metal-based heterogeneous nano-catalysts in ODS procedures [5,6,7,8], as well as the role played by different primary oxidants in the desulfurization process [9,10], are reported in the literature [11], hydrogen peroxide (H2O2) emerging as a well-recognized green reagent [12,13]. As an alternative, H2O2 and dioxygen can be activated in bio-desulfurization processes by use of microorganisms [14,15,16] or crude and purified enzymes, including laccase [17], laccase mediator system (LMS) [18], hemoglobin [19], lignin peroxidase [20], manganese peroxidase [21], microperoxidase-1 [22], chloroperoxidase [23], lactoperoxidase [24] and horseradish peroxidase [25,26] assisted by ultrasound treatment [27]. These procedures avoid the leaching of active species from metal oxides and organometallic reagents and are effective at low pressure and temperature in a large range of pH values [28]. Moreover, the use of enzymes makes the overall treatment greener.



Despite the efforts to optimize the efficacy of bio-desulfurization processes, only a few examples of immobilization protocols are reported, limited to the use of mesoporous Santa Barbara Amorphous silica SBA-16 and zeolite Al-MCM-41 [29], sol-gel supports [30] at the micro-scale and single-walled carbon nanotubes [31] and (1D)-γ-Al2O3 nanorods [32] at the nano-scale. The immobilization of enzymes is of practical relevance since it reduces the protein denaturation and improves activity, stability and selectivity, favoring the use of the bio-catalyst for more treatments [33].



Recently, we reported that nanoparticles of lignin (LNPs), the most abundant polyphenol in nature [34], show improved antioxidant and UV-absorbing properties. LNPs are easily obtained by the layer-by-layer technology [35], and used as a renewable platform for the immobilization of oxidative enzymes, such as laccase [36] and tyrosinase [37]. In particular, LNPs showed specific boosting activity for laccase by long-range electron transfer (pseudo-DET) and mediated electron transfer (MET) mechanisms between the structurally oriented aromatic groups in the polymer and the enzyme [38]. In a similar way, the boosting activity of lignin was operative in the monooxygenase mediated oxidative degradation of polyphenols by formation of low molecular weight lignan fragments able to perform as bulk diffusible redox mediators [39,40]. In order to further improve nano-catalysis in bio-desulfurization processes, we report here the immobilization of horseradish peroxidase (HRP) on LNPs by the layer-by-layer procedure and the application of the novel nano-biocatalysts in the H2O2 oxidation of dibenzothiophene (DBT) as a well-recognized model of ODS. The use of concanavalin A (Con A) for the controlled orientation of HRP on the surface of LNPs [41], associated to the presence of a multiple layered structure of cationic polyelectrolytes poly(diallyl-dimethylammonium chloride) PDDA and cationic lignin CATLIG, were found to be crucial elements for the optimal removal of DBT.




2. Results and Discussion


2.1. Preparation of Nanobiocatalysts


LNPs were prepared starting from two raw polyphenols with different hydrophobicity organosolv lignin (OL) [42] and kraft lignin (KL) [43] by use of the nanoprecipitation procedure [44]. The immobilization of HRP on OL-LNPs and KL-LNPs is schematically represented in Scheme 1.



The site-specific immobilization and spatial orientation of HRP on the surface of the support is an essential parameter to avoid the random distribution of the enzyme, which is responsible for undesired conformational modification and shielding of the active site [45]. Con A, a homo-tetramer protein with ζ-potential of −14 mV [46] and specific molecular recognition properties for glycoproteins, selectively recognize HRP preserving the enzyme from denaturation [47]. On the basis of these data, OL-LNPs and KL-LNPs were functionalized with Con A and successively loaded with HRP [41]. Briefly, the appropriate LNPs (1.5 mg) dispersed in buffer (1.0 mL; 0.1 M PBS, pH 7.3) were treated with a freshly prepared PBS solution of Con A (0.5 mg/mL) followed by the addition of HRP (18 units) at 5 °C to yield OL-Con A/HRP cat I and KL-Con A/HRP cat II (Scheme 1, Pathway A). The effective loading of Con A on OL-LNPs and KL-LNPs was confirmed by the presence of the FT-IR vibrational mode at c.a. 1644 cm−1 corresponding to the amide I (C=O) band characteristic of the Con A structure (Figure 1) [48]. Furthermore, the formation of the complex between immobilized Con A and HRP was detected by confocal analysis of cat I as representative sample after the fluorescein isothiocyanate (FITC) labeling (Figure 2. Panel A: HRP showed a green fluorescence signal; Panel B: Magnification of the emission sites).



As an alternative, Con A was adsorbed on OL-LNPs and KL-LNPs after the initial deposition of a cationic polyelectrolyte layer of PDDA or CATLIG. In this latter case LNPs (1.5 mg) dispersed in buffer (1.0 mL; 0.1 M PBS, pH 7.3) were coated with the appropriate polyelectrolyte [38] followed by treatment with PBS solution of Con A (0.5 mg/mL) and addition of HRP (18 units) to yield OL-PDDA-ConA/HRP cat III, OL-CATLIG-ConA/HRP cat IV, KL-PDDA-ConA/HRP cat V and KL-CATLIG-ConA/HRP cat VI (Scheme 1, Pathway B). The procedure was repeated under similar experimental conditions for the deposition of a second layer of polyelectrolyte, Con A and HRP, to afford OL-(PDDA-ConA/HRP)2 cat VII, OL-(CATLIG-ConA/HRP)2 cat VIII, KL-(PDDA-ConA/HRP)2 cat IX and KL-(CATLIG-ConA/HRP)2 cat X (Scheme I, Pathway C). The morphological characterization of cat I-X performed by Scanning Electron Microscopy (SEM) analysis is reported in Figure 3 and Figure 4, respectively. Irrespective from the experimental conditions, the LNPs retained their original regular spherical shape after the deposition procedure. Note that the surface of biocatalysts is characterized by a corona-like structural motif that is reported to be characteristic for the deposition of Con A [49].




2.2. Activity Parameters and Kinetic Data of Biocatalysts I–X


The activity parameters of cat I–X were measured through the standard 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) test [50], consisting in the detection of the ABTS cation radical at 415 nm (ε420 = 36,000 M−1 cm−1). The activity, activity yield and immobilization yield were determined using Equations (1)–(3), respectively:


Activity (units per mg) = Ux/Wsupport



(1)






Activity yield (%) = [Ux/(Ua − Ur)] × 100



(2)






Immobilization yield (%) = [(Ua − Ur)/Ua] × 100



(3)




where Ua is the total activity (units) of HRP, Ur is the residual activity (units) in the solution and Ux is the activity of HRP after immobilization (the enzyme unit is the increase in the absorbance of 10−3 unit per min at 25 °C in 0.1 M Na-acetate buffer, pH 5). The presence of the cationic polyelectrolyte layer favors the immobilization yield of Con A/HRP on LNPs, PDDA and CATLIG showing a similar efficacy (Table 1, entries 3–4 and 7–8 versus entries 5–6 and 9–10). Moreover, the immobilization yield was increased by increasing the total number of layers. The activity yield of HRP was found to be dependent on the specific nature of LNPs in the absence of polyelectrolyte. Cat I showed an activity yield significantly lower than cat II (Table 1, entry 1 versus entry 2), suggesting that the different hydrophobicity and elemental composition of OL with respect to KL was a relevant parameter in tuning the efficacy of the Con A immobilization, probably due to dissociation of its dimeric sub-units [51]. This hypothesis is in accordance with the reported hydrophilicity character of Con A layers [52]. The presence of PDDA and CATLIG generally increased the activity yield, the overall effect being more pronounced in the case of OL (Table 1, entry 1 versus entries 3–4) relative to KL (Table 1, entry 2, versus entries 5–6). As a general trend, the activity yield was increased by increasing the number of the total layers, KL based biocatalysts being generally the most active systems (Table 1, entries 9–10 versus entries 5–6).



Kinetic parameters of cat I–X are reported in Table 1 (entries 1–10), using native HRP as a reference (Table 1, entry 11). The biocatalyst carrying out the cationic polyelectrolyte layer showed Km and Vmax values comparable to that of native HRP irrespective from the lignin type (Table 1, entries 3–10 versus entry 11). In this latter case, the systems coated with PDDA where characterized by Km and Vmax values slightly higher than that measured for the CATLIG counterpart. Moreover, the Km values decreased (and Vmax increased) by increasing the total number of the layers (Table 1, entries 7–10 versus entries 3–6) [53]. In the absence of the cationic polyelectrolyte higher value of Km were always observed (Table 1, entries 1–2). Other supports showed a similar trend, ref. [54] indicating a reduction of the catalytic efficiency due to mass transfer limitation processes [55] and restriction of the mobility of the enzyme [56].




2.3. Oxidation of DBT with Cat I–X


As a general procedure, DBT (10 mg, 0.05 mmol) and the appropriate biocatalyst (18 U/mg) in n-hexane (4 mL) and phosphate buffer saline PBS (0.1 M pH 8, 4 mL) were treated with H2O2 (4.0 equiv) at 45 °C for 2 h. The addition of the primary oxidant was performed in more steps to avoid the inactivation of HRP. Ref. [26] In alternative, hydroxybenzotriazole HoBt (20 μg, 1.0 × 10−3 mmol) and veratryl alcohol VA (18 μg, 1.0 × 10−3 mmol) were used as redox mediators. Low molecular weight redox mediators are electron shuttles for the peroxidase [57], showing beneficial effect on the overall catalytic activity [58]. HoBt and VA have a similar mechanism for the redox transfer process, encompassing the radical hydrogen abstraction (HAT) pathway [50]. The oxidation with native HRP and with H2O2 in the absence of the enzyme were performed as references. No oxidation of DBT occurred without the enzyme. Irrespective from the experimental conditions, the reaction was very selective to yield the dibenzothiophene sulfone (DBTO) as the only recovered product (Table 2).



The conversion of DBT with cat I-X was lower than that obtained with HRP in the absence of the redox mediators, probably as a consequence of the occurrence of mass-transfer limitation processes associated to the heterogeneous system. Double layered systems cat VII-X were the most effective biocatalysts irrespective from the lignin type and the nature of the polyelectrolyte layer. In this latter case, conversion values in the range of 35–38% were observed (Table 2, entries 6–10). Better results were obtained using the redox mediators (38–65% conversion range), HoBt performing better than VA. This different behavior is probably due to the reported lower redox-potential value of HoBt with respect to VA, favoring the oxidation of the substrate [59]. The conversion of DBT with double layered cat VII-X was of the same order of magnitude as that obtained with HRP and both VA and HoBt (Table 2, entries 24–31 versus entries 37–38). The efficacy of the KL based biocatalysts was higher than the OL counterpart, while any specific effect was observed in relation to the nature of the polyelectrolyte layer, the performance of PDDA and CATLIG being similar. Note that the general efficacy of native HRP was decreased in the presence of VA (Table 2, entry 37 versus entry 11) and was only slightly increased with HoBt (Table 2, entry 38 versus entry 11), suggesting the benign effect of redox mediators in the desulfuration activity of HRP after the immobilization process.



The reusability of cat X was evaluated, as a representative sample, analyzing the oxidation of DBT for more runs. The experiment was performed by recovery of the biocatalyst and reuse for five runs under reported experimental conditions (Table 2, entries 32–36). As a general trend, cat X showed 45% conversion of substrate at the five run, suggesting the relative stability of the system.





3. Materials and Methods


3.1. Materials


Organosolv lignin (OL) and kraft lignin (KL) were obtained from chemical point and stora enso, respectively. Horseradish peroxidase (HRP, 173 U/mg), concanavalin A (ConA) from Canavalia ensiformis (Jack bean) type VI, poly(diallyldimethylammonium chloride) PDDA (20% v/v water solution), Bradford reagent, 2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), hydrogen peroxide (H2O2, 35 wt%), dibenzothiophene (DBT), veratryl alcohol (VA),1-hydroxybenzotriazole (HoBt) from Sigma–Aldrich (St. Louis, MO, USA), were used without any further purification. Triplicate experiments with native and immobilized peroxidase were performed in Na-acetate buffer (0.1 M, pH 5.0) or phosphate buffer saline (PBS, 0.1 M, pH 8.0). Milli-Q water (ρ = 18.2MΩ cm a 25 °C; TOC < 10 μg L−1, Millipore, Molsheim, France) was used as solvent. CATLIG was prepared from kraft lignin (10 mg/mL; 0.1 M) in NaOH, by treatment with glycidyl tetramethyl ammonium chloride (20 mg) at 60 °C for 2 h under magnetic stirring. The crude was purified by dialysis with Spectrapore™ membrane (24 h, 3.5 kD MWCO). A Hewlett Packard 6890 with a FID (Flame ionization detector) and a 30 m × 0.32 mm × 0.25 mm column (cross-linked with 5% phenyl methyl siloxane) was used for the GC-MS determinations (He carrier gas). Mass-spectrometry was performed by 450 GC-320 MS apparatus (VARIAN, Palo Alto, CA, USA) by comparison with commercial samples. n-Hexadecane was used as internal standard. The product yield was referred to converted substrate.




3.2. Preparation of Cat I-II


A solution of organosolv lignin OL or kraft lignin (KL) (2.0 mg in 1.2 mL of THF/H2O 5:1 v/v) was added to Milli-Q water (in 3.8 mL) to afford OL-LNPs and KL-LNPs [38]. Concanavalin A (0.5 mg) in PBS (1.0 mL, 0.1 M; pH 7.3) was added to OL-LNPs and KL-LNPs (1.5 mg) in PBS (1.0 mL) and the dispersion was sonicated for 5 min to yield OL/Con A and KL/Con A, followed by addition of HRP (0.1 mg, 18 U/mg) in PBS (0.1 mL, 0.1 M; pH 7.3) under orbital shaking at 4 °C for 24 h. Cat I-II were isolated by centrifugation (20 min at 6000 rpm) and the residual solution was evaluated for the immobilization yield and activity parameters. Finally, cat I-II were washed with sodium phosphate buffer (1.0 mL, 0.1 M; pH 7.3) and lyophilized.




3.3. Preparation of Cat III-V and Cat IV-VI


Cat III and V carrying out PDDA as cationic polyelectrolyte were prepared in a similar way. OL-LNPs and KL-LNPs (15 mL Milli-Q water; 1.0 mg/mL, pH 4.2) were treated with PDDA (1.0 mg/mL, Milli-Q water) under magnetic stirring at 25 °C for 2 h. OL–PDDA or KL-PDDA intermediates were isolated by centrifugation and freeze dry. A PBS suspension (1.0 mL) of OL-PDDA and KL-PDDA (1.5 mg,) was treated with Concanavalin A (0.5 mg) in PBS (1.0 mL, 0.1 M; pH 7.3) and sonicated for 5 min to yield OL-PDDA/Con A and KL-PDDA/Con A, followed by addition of HRP (0.1 mg, 18 U/mg) in PBS (0.1 mL, 0.1 M; pH 7.3) under orbital shaking at 4 °C for 24 h. Cat III-V were obtained by centrifugation (20 min at 6000 rpm) and the residual solution evaluated for the immobilization yield and activity parameters. Cat III-V were washed with PBS (1.0 mL, 0.1 M; pH 7.3) and lyophilized before the use. Cat IV-VI were prepared in a similar way, treating OL-LNPs and KL-LNPs (20 mg/mL, pH 4.2; Milli-Q water) with CATLIG (1 mg/mL, 15 mL; water solution) at 25 °C for 24 h to yield OL–CATLIG and KL-CATLIG intermediates. Next, these intermediates were reacted with concanavalin A (0.5 mg) in PBS (1.0 mL, 0.1 M; pH 7.3) for 5 min, followed by addition of HRP (0.1 mg, 18 U/mg) in PBS (0.1 mL, 0.1 M; pH 7.3) at 4 °C for 24 h to afford cat V-VI after centrifugation (20 min at 6000 rpm).




3.4. Preparation of Cat VII-X


In order to prepare cat VII-IX with PDDA-Con A/HRP as a double layer, the procedure described above was repeated under similar experimental conditions. Briefly, cat III-V in Milli-Q water (1.0 mL; 1.5 mg/mL) were treated with PDDA (1.0 mg/mL, water solution) at 4 °C for 2 h, followed by addition of concanavalin A (0.5 mg) in PBS (1.0 mL, 0.1 M; pH 7.3; for 1.0 h) and HRP (0.1 mg, 18 U/mg) in PBS (0.1 mL, 0.1 M; pH 7.3) at 4 °C for 24 h, to yield cat VII-IX after centrifugation (20 min at 6000 rpm). Cat VIII-X were prepared by cat IV-VI (20 mg/mL, pH 4.2) to a CATLIG water solution (1.0 mg/mL, 15 mL) at 4 °C for 2 h, followed by addition of concanavalin A (0.5 mg) in PBS (1.0 mL, 0.1 M; pH 7.3) and HRP (0.1 mg, 18 U/mg) in PBS (0.1 mL, 0.1 M; pH 7.3) at 4 °C for 24 h to afford cat VIII-X after centrifugation (20 min at 6000 rpm).




3.5. Scanning Electron Microscopy Analysis


The Field emission scanning electron microscopy (FESEM) (Carl Zeiss Microscopy GmbH) of cat I-X was acquired on FESEM ZEISS GeminiSEM500, operated at 5 kV after drop 20 μL (with deionized water) of biocatalyst dispersion on specimen stubs, air dried and coated with gold by sputtering with AGAR (Auto Sputter Coater). Before the observations, the sample received a deposition of chromium thin film (5 nm) by sputter coating using a QUORUM Q 150T ES plus coater.




3.6. Synthesis of FITC-Labeled HRP and Laser Confocal Microscopy


The procedure of fluorescent labelling of HRP was performed as described in literature. Briefly, HRP (20 mg) was solubilized in 4.0 mL of sodium bicarbonate buffer (pH 9.2, 50 mM). FITC (2 mg) in 400 µL of dimethyl sulfoxide (DMSO) was added to HRP solution dropwise in the dark. Unreacted dye was removed through overnight dialysis using Spectra pore dialysis membrane (3.5 kD MWCO) against ammonium chloride (NH4Cl). ZEISS LSM-710 NLO confocal system (Carl Zeiss Microscopy GmbH) equipped with a Plan Apochromat 100X/1.40 oil DIC M 27 objectives was used for laser confocal microscopy at the excitation wavelengths for FITC-HRP/Con A complex (488 nm).




3.7. ATR-IR Characterization


Lignin nanoparticles coated with Con A were analyzed by attenuated total reflection Fourier transform infrared (ATR-IR) spectroscopic (PerkinElmer Life and Analytical Sciences, Bridgeport Avenue, Milford, CT, USA) using a PerkinElmer (Spectrum One) spectrometer (UATR unit cell) averaging 32 scans (resolution of 4 cm−1).




3.8. Activity Parameters of Cat I-X


The ABTS test was used for the determination of the enzymatic activity of HRP and cat I-X [50] by following the cation radical absorption (sodium acetate buffer solution, 0.1 M, pH 5, 3.0 mL) at 415 nm (ε420 = 36,000 M−1 cm−1) at different concentrations of HRP. In a typical experiment, the appropriate biocatalyst (18 U in acetate buffer solution, 0.1 M, pH 5, 3.0 mL), corresponding to c.a. 1.0 mg of LNPs), was added to a acetate buffer solution (0.5 mM) of ABTS and 0.3% of H2O2. One unit activity of HRP is the amount of enzyme that transforms 1.0 μmole of H2O2 per minute at pH 5 at 25 °C.




3.9. Kinetic Data of Cat I-X


Kinetic data (Km and Vmax) were collected by using different concentrations of ABTS (0.3–20 mM) in sodium acetate buffer (pH 5) with HRP concentration (18 U) and H2O2 dose (0.3%) kept constant. Lineweaver–Burk plots furnished the initial velocities (1/V vs. 1/[S]), Km and Vmax being calculated as intercepts at the cartesian axes, respectively. Kinetic data were analyzed by GraphPad software in triplicate, using native and immobilized HRP.




3.10. Oxidation of DBT with Cat I-X and Redox Mediator Systems


As a general procedure, DBT (10 mg) was dissolved in a solution of n-hexane (4 mL) and PBS (0.1 M pH 8, 4 mL) and left under magnetic stirring. The appropriate amount (18 U/mg) of Cat (I-X) were added to the biphasic dispersion, that was heated at 45 °C and H2O2 (4.0 equiv) was added in seven steps to avoid the inactivation of HRP [26]. In alternative, the oxidation of DBT was performed with HoBt and VA as redox mediators. The formation of DBTO in the polar phase was monitored by thin layer chromatography (TLC, n-hexane/EtOAc = 3.0:7.0). The reaction was conducted for two hours, after this time, cat I-X were centrifuged (6000 rpm) for 20 min and the buffer and organic layers were analyzed by gas-chromatography associated to mass-spectrometry (GC-MS) (VARIAN, Palo Alto, CA, USA))in order to evaluate the conversion of DBT. Next, the polar phase was evaporated under reduced pressure and DBTO was collected and analyzed by GC-MS. LNPs alone were unreactive.





4. Conclusions


In conclusions, nanoparticles of lignin are effective functional and natural platforms for the immobilization of the HRP/Con A complex. In this process, the hydrophobicity of the support was a crucial parameter, OL favoring the dissociation of Con A into the two un-effective sub-unit components. In this context, hydrophilic KL was the most efficient support. Thanks to the selective supramolecular interaction between Con A and the oligosaccharide part of HRP, that is located far from the active site of the enzyme, the overall activity of the system was generally retained after the immobilization. The presence of the cationic polyelectrolyte layer increased the overall stability and activity of the biocatalyst, PDDA and CATLIG showing a similar behavior. Moreover, multilayered systems performed better than the single layered counterpart, confirming the beneficial effect of the layered structure in preserving the enzyme from possible denaturation processes. On the other hand, some mass-transfer limitation occurred in the biphasic medium PBS/n-hexane during the oxidation of DBT. This kinetic limitation was solved through the use of VA and HoBt, that enhanced the efficacy of the biocatalyst acting as redox shuttles between the active site of HRP and the bulk of the solution. HoBt performed better then VA in accordance with the previously reported lower value of the internal redox potential that make this molecule significantly more reactive toward DBT by hydrogen atom abstraction mechanism [59]. Irrespective from the experimental conditions, DBTO was obtained as the only recovered product, highlighting the high reactivity and selectivity of HRP and making easier the successive extraction of the polar end product from the oil phase. The possibility of removing DBT with efficacy similar to native HRP (65%), associated to the general green property of the system, relative low operative reaction temperature (45 °C), room pressure and recyclability, makes HRP/Con A lignin biocatalysts effective new entries in bio-desulfurization ODS processes. Among the most active biocatalysts, cat X that is composed only by renewable, biocompatible and biodegradable materials (KL, Con A and CATLIG) is a real full green alternative for ODS in sustainable circular economy scenarios.
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Scheme 1. Preparation of biocatalysts I-X. Pathway A: Direct adsorption of Con A on nanoparticles of lignin (LNPs) followed by immobilization of horseradish peroxidase (HRP). Pathway B: Layer-by-layer mediated adsorption of Con A; n is the number of layers and P indicates the type of cationic polyelectrolyte. Pathway C: Repeated cycle of deposition of the polyelectrolyte, Con A and HRP. 
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Figure 1. FT-IR analysis of Con A after deposition on organosolv lignin (OL)-LNPs (red line) and kraft lignin (KL)-LNPs (blue line). The FT-IR spectra of native OL-LNPs and KL-LNPs (yellow line and black line) are reported as references. The amide I (C=O) stretching band typical of the Con A structure is located at c.a. 1644 cm−1. 
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Figure 2. Confocal image of cat I (Panel A) after fluorescein isothiocyanate (FITC) labeling and magnification of the emission site (Panel B). 
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Figure 3. Upper panel: Scanning Electron Microscopy (SEM) images of OL-LNPs and KL-LNPs. Lower panel: SEM images of cat I-II and cat VII-X, separately. The n index in subscript of the parenthesis represents the number of cyclic depositions of polyelectrolyte, Con A and HRP. The corona-like motif present on the surface of nanoparticles is characteristic of the deposition of Con A as the external layer. 
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Figure 4. Upper panel: SEM images of cat III-IV. Lower panel: SEM images of cat V-VI. 
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Table 1. Activity parameters and kinetic data of cat I–X 1.
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	Entry
	Lignin/P
	Cat
	Immobilization Yield %
	Activity Yield %
	Activity (U/mg)
	Km

(mM)
	Vmax (μM/s)





	1
	OL
	I
	45
	21
	3.78
	12.5
	0.26



	2
	KL
	II
	53
	63
	11.34
	11.3
	0.28



	3
	OL/PDDA
	III
	56
	43
	7.74
	9.9
	0.30



	4
	OL/CATLIG
	IV
	57
	64
	11.52
	9.7
	0.33



	5
	KL/PDDA
	V
	62
	72
	12.96
	9.8
	0.32



	6
	KL/CATLIG
	VI
	64
	86
	15.48
	9.4
	0.34



	7
	OL/(PDDA)2
	VII
	68
	75
	13.50
	8.3
	0.34



	8
	OL/(CATLIG)2
	VIII
	69
	76
	13.68
	8.1
	0.36



	9
	KL/(PDDA)2
	IX
	72
	84
	15.12
	8.2
	0.34



	10
	KL/(CATLIG)2
	X
	73
	85
	15.30
	7.9
	0.35



	11
	None
	HRP
	-
	-
	18.00
	9.5
	0.35







1 ABTS in the range of 0.3–20 mM. Data were elaborated by a double reciprocal Lineweaver–Burk plot. The experiments were carried out in triplicate. Average errors in kinetic parameters were 2–4% for Km and 1–3% for Vmax.
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Table 2. Application of cat I-X in the oxidation of dibenzothiophene (DBT) as a model of oxidative desulfurization (ODS).
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	Entry
	Lignin/P
	Cat
	Redox Mediator 1
	Conversion (%)
	Yield (%) 2





	1
	OL
	I
	none
	18
	>99



	2
	KL
	II
	none
	22
	>99



	3
	OL/PDDA
	III
	none
	20
	>99



	4
	OL/CATLIG
	IV
	none
	23
	>99



	5
	KL/PDDA
	V
	none
	30
	>99



	6
	KL/CATLIG
	VI
	none
	32
	>99



	7
	OL/(PDDA)2
	VII
	none
	35
	>99



	8
	OL/(CATLIG)2
	VIII
	none
	36
	>99



	9
	KL/(PDDA)2
	IX
	none
	37
	>99



	10
	KL/(CATLIG)2
	X
	none
	38
	>99



	11
	None
	HRP
	none
	78
	>99



	12
	OL
	I
	VA
	25
	>99



	13
	OL
	I
	HoBt
	34
	>99



	14
	KL
	II
	VA
	32
	>99



	15
	KL
	II
	HoBt
	46
	>99



	15
	OL/PDDA
	III
	VA
	28
	>99



	17
	OL/PDDA
	III
	HoBt
	33
	>99



	18
	OL/CATLIG
	IV
	VA
	31
	>99



	19
	OL/CATLIG
	IV
	HoBt
	36
	>99



	20
	KL/PDDA
	V
	VA
	43
	>99



	21
	KL/PDDA
	V
	HoBt
	52
	>99



	22
	KL/CATLIG
	VI
	VA
	44
	>99



	23
	KL/CATLIG
	VI
	HoBt
	53
	>99



	24
	OL(PDDA)2
	VII
	VA
	54
	>99



	25
	OL(PDDA)2
	VII
	HoBt
	64
	>99



	26
	OL(CATLIG)2
	VIII
	VA
	55
	>99



	27
	OL(CATLIG)2
	VIII
	HoBt
	65
	>99



	28
	KL(PDDA)2
	IX
	VA
	53
	>99



	29
	KL(PDDA)2
	IX
	HoBt
	64
	>99



	30
	KL(CATLIG)2
	X
	VA
	54
	>99



	31
	KL(CATLIG)2
	X
	HoBt
	65
	>99



	32
	KL(CATLIG)2
	X
	HoBt
	64 (Run no.1) 3
	>99



	33
	KL(CATLIG)2
	X
	HoBt
	60 (Run no.2)
	>99



	34
	KL(CATLIG)2
	X
	HoBt
	58 (Run no.3)
	>99



	35
	KL(CATLIG)2
	X
	HoBt
	42 (Run no.4)
	>99



	36
	KL(CATLIG)2
	X
	HoBt
	45 (Run no.5)
	>99



	37
	None
	HRP
	VA
	55
	>99



	38
	None
	HRP
	HoBt
	70
	>99







1Cat I-X (18 U/mg of HRP), 4.0 equiv. of H2O2, n-hexane, PBS (0.1 M, pH 8) with two redox mediators: Veratryl alcohol (VA) and 1-Hydroxybenzotriazole (HoBt) at 45 °C. 2 The yield is referred to converted substrate. 3 Cat X was recovered by centrifugation and used in the following runs.
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