Enzyme immobilization onto biochar produced by the hydrothermal carbonization of biomass
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Abstract
Low temperature hydrothermal carbonization (LTHTC) of biomass is a process based on the reaction of the biomass with sub-critical water at temperatures up to 250 °C, to form nano- and micro-porous carbon structures with reactive surface consisting of the hydroxyl and carboxyl groups that have the potential of different compounds binding. The enzyme was immobilized on biochar in two ways: by adsorption and by covalent binding via crosslinking agent. The effect of immobilization time, enzyme concentration, type and concentration of the crosslinking agent and the types of carrier - biochar (LTHTC of waste from the olive oil production (LTHTC of OL waste) or LTHTC of cellulose) on the immobilization efficiency and the residual activity of biocatalyst was studied. Higher immobilization efficiency and residual enzyme activity was achieved, when the enzyme was covalently bound to biochar obtained by LTHTC of cellulose. 
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Introduction
Lack of energy, environmental crisis and consumer demand rising for better materials have led to the new research upon the lightweight, inexpensive, environmentally friendly and non-toxic new functional materials. Biomass is a source of raw carbon for the synthesis of valuable carbon materials, since it is available in high quality (for example, as a pure sucrose) and in large quantities as environmentally friendly renewable source. Among the various techniques, the hydrothermal carbonization (HTC) of biomass is a promising method for the synthesis of new materials based on carbon with a wide range of possible applications.1,2 HTC is reaction of biomass and subcritical water where the formation of new carbon materials (commonly named as biochar or hydrochar) take place via complex chemical reactions pathway of the main biomass constituents (cellulose, hemicellulose and lignin) resulting in microspheres with reactive and high functional surface.3 The concept of HTC was initially introduced by Friedrich Bergius in 1913.4 These new carbon materials have already shown promising applications in many fields, such as carbon fixation, water purification, catalyst in fuel cells, energy storage, removal of CO2, bioimaging, drugs with controlled release, and gas sensors. HTC process can be performed in two ways, depending on the selected operating temperature. HTC process at high temperatures – HTHTC (between 300 and 800 °C) represents the stability limitation for the standard organic compounds. With the HTC process at low temperatures - LTHTC (below 300 °C) functional carbon materials can be formed. For converting biomass into biochar, LTHTC is preferable, because the process itself is closer to the natural process of biomass transformation into charcoal. Based on the pyrolysis of biomass, the process HTHTC is suitable for the synthesis of carbon nanotubes, graphite, activated carbon materials, etc.5 LTHTC includes several cascades of chemical transformations and is more environmentally friendly process and could be used for synthesis of variety of carbonaceous materials of different sizes, shapes and with a variety of functional groups on the surface. Advantages of the HTC process are very low toxicological impact of material and process, use of renewable materials without prior dewatering (water act as a reaction media), simple apparatus and techniques for the synthesis, and high energy and highly efficient atom economy.5-7 Method of saccharides treating (glucose, sucrose, and starch) under hydrothermal conditions (in an aqueous medium at the temperature > 170 °C) leads to the formation of solid carbonaceous residue (biochar) with the shape of micrometer sized spheres (0.4 to 6.0 mm). The diameter of these spheres can be altered by changing the synthesis conditions.5,8,9 Thus synthesized biochar has two important properties that make it suitable for the use in the field of catalysis, as a carrier for drugs with controlled release or for immobilization of enzymes. First, it contains a high concentration of oxygen groups on the surface which means that it can be easily connected to other substances with complementary features and it is suitable for the manufacture of functional nanocomposites. Secondly, the diameter could be smaller than 500 nm, which is compatible with in vivo applications. All these properties are also suitable for biochar usage as a carrier for biocatalysts. Better stability, longer life time of the enzyme, easier separation of the enzyme from the reaction mixture, reusability of the enzyme and reduced contamination of the product during the process are decisive factors which encourage use of the immobilized against non-immobilized enzymes in biocatalysis.10 Immobilization of the enzyme by adsorption on the active material is a simple process, wherein the enzyme is reversibly adsorbed on the insoluble carrier, and is achieved by the contact of an aqueous solution of the enzyme with the carrier. This method includes particular weak interactions such as electrostatic, Van der Waals forces, ionic and hydrogen bonds. For this reason, covalent immobilization of the enzyme on an insoluble substrate is more prevalent. 
An immobilized enzyme could be reused for several times, which results in a simple process and lower production costs. Immobilization may also be a tool to improve enzyme properties, e.g. stability, activity, selectivity or specificity.11,12
The cellulase from Trichoderma sp. (Cellusoft conc. L) was immobilized on biochar in two ways: by adsorption and by covalent binding via crosslinking agent. The effect of immobilization time, enzyme concentration, type and concentration of the crosslinking agent and the types of carrier - biochar (LTHTC of waste from the olive oil production (LTHTC of OL waste) or LTHTC of cellulose) on the immobilization efficiency and the residual activity of biocatalyst was studied. Higher immobilization efficiency and enzyme activity was achieved, when the enzyme was covalently bound onto biochar obtained by LTHTC of cellulose. 

Experimental 
2.1 LTHTC of waste from the olive oil production and cellulose
Carbonized material, which was used in the experiments, was prepared by the LTHTC of the semi-solid olive mill waste (consisted about 75 % (w/w) of water) and from the cellulose. Hydrothermal carbonization was carried out in a high pressure reactor V = 60 cm-3, which was filled with a suspension of wet waste from the production of olive or cellulose and deionised water. The reaction was carried out for 4 hours at 220 °C and 3 MPa. After reaction, the carbonized residue was separated from the aqueous phase by filtration through the filter paper (pore size 10 mm), washed with deionized water and methanol and dried overnight in an oven at 105 °C. 

2.2 Adsorption of biocatalysts on biochar
Various cellulase concentrations (liquid form - Cellusoft conc. L, NovoNordisk A/S) were adsorbed on 5 mg of chosen biochar. Adsorption took place for 24 hours with continuous stirring (300 rpm) on a shaker in the presence of buffer at ambient temperature and atm. pressure. After adsorption the biochar was separated from the rest of the solution by centrifugation, washed with deionized water and dried in an exicator.

2.3 Covalent immobilization of enzyme onto biochar
Cellulase in liquid form (Cellusoft conc. L, NovoNordisk A/S) was covalently immobilized on 5 mg of chosen biochar. First, the crosslinking agent (homobifunctional agent - gluteraldehide (GA) or pentaethylenehexamine (PEHA)) was bound on the biochar. Activation lasted 1 hour at ambient temperature and atm. pressure during continuous shaking on a shaker (300 rpm). The activated carrier was washed with buffer (3 x 20 mL). Then the immobilization of cellulase on activated carrier followed. Immobilization was carried out at ambient temperature and atm. pressure by shaking on a shaker for different time (2, 7 or 24 hours) and in the presence of the selected buffer. After the immobilization, immobilized carrier was washed with selected buffer until no proteins in the supernatant were detected.

2.4 Determination of the protein concentration
The total protein concentration was assayed by the Bradford method at the wavelength of 595 nm.13 Method for determination of the protein concentration is based on the binding of dye Coomassie Brilliant Blue via electrostatic interactions in the molecule of protein. Measurements were carried out using UV-Vis spectrophotometer at a wavelength of 595 nm. On the basis of the calibration curve, the protein concentration in the supernatant was determined. The resulting protein concentrations represent the concentration of the proteins, which are not adsorbed or bound to the carrier. Thus, the efficiency of adsorption or immobilization could be recalculated. 

2.5 Determination of cellulase activity
Cellulase activity was determined by a specific activity assay.14 An immobilized or adsorbed enzyme on biochar with added reagent Sigmacell was shaken on a shaker for 2 hours at a temperature of 37 °C. Next, the initial rate of the reaction with a UV-Vis spectrophotometer at 340 nm was defined. Based on these measurements, the residual activity of an immobilized enzyme according to the initial value of the free cellulase was determined.

Results and Discussion
3.1 Characteristics of obtained biochars
Biochars, produced from different materials by LTHTC (OL waste or cellulose), were used as carriers for immobilization of cellulase.  Characteristics of biochars are presented in Table 1.
Table 1: Surface area, pore size and average particle size of biochar produced by LTHTC of OL waste and biochar produced by LTHTC of cellulose.
	
	Biochar produced by LTHTC of OL waste
	Biochar produced by LTHTC of cellulose

	Surface Area (m2/g)
	6.40
	41.70

	Pore Size (nm)
	35.90
	23.71

	Average Particle Size (nm)
	938.02
	143.88



Regardless of the fact, both biochars were produced at the same conditions, significant differences in surface characteristics of synthesized biochars were appeared. Higher surface area was detected at biochar produced by LTHTC of cellulose (41.70 m2/g), but bigger pore size was defined at biochar produced by LTHTC of OL waste (35.90 nm). Average particle size of biochar produced by LTHTC of OL waste was 938 nm and of biochar produced by LTHTC of cellulose was 144 nm. High surface area and small particle size of biochar produced by LTHTC present suitable properties of the material as a potential carrier for enzyme immobilization. 

3.2 Adsorption of cellulase onto biochar
Onto the biochar produced by LTHTC of OL waste and LTHTC of cellulose, the liquid form of cellulase (Cellusoft conc. L) was adsorbed. Adsorption of enzymes onto insoluble supports is a very simple method of wide applicability and capable of high enzyme loading (about one gram per gram of matrix). The driving force causing this binding is usually due to a combination of hydrophobic effects and the formation of several salt links per enzyme molecule the binding being mainly by hydrogen bonds, multiple salt linkages, and Van der Waal's forces. The concentration of added enzyme was optimized and its influence on the immobilization efficiency and residual enzyme activity was studied. With the increase in the concentration of added enzyme, the immobilization efficiency increased, regardless of the type of biochar (Fig. 1). The highest efficiency of immobilization was achieved when the concentration of added enzyme was 2.31 ​​mg/ml. With the further increase in the enzyme concentration the immobilization efficiency remains unchanged. Comparison between the types of biochar (LTHTC of OL waste or LTHTC of cellulose) shows that the biochar produced from OL waste is better adsorbent since the higher efficiency of enzyme adsorption was achieved. The reason for higher obtained efficiency using biochar produced from OL waste as a carrier could be in bigger pore size of carrier in comparison to the biochar produced from cellulose. Since the pores of biochar produced from OL waste were bigger, the adsorption of enzyme was more successful because of better matching of the enzyme into pores of biochar, consequently, the active side of enzyme could be more exterior oriented toward substrate. 
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Figure 1: Influence of enzyme concentration on adsorption efficiency of biochar from two different sources (LTHTC of OL waste or LTHTC of cellulose). Reaction conditions: 5 mg of chosen biochar, PBS with pH 7, 24-h adsorption with continuous stirring at 300 rpm, at ambient temperature and at atm. pressure.


1.3 Covalent immobilization of cellulase onto biochar
Enzyme immobilization on carriers via a spacer arm presents a good way to avoid the steric hindrance and to increase enzyme activity. By this type of immobilization a spacer arm between enzyme and carriers by means of a bifunctional reagent such as GA, PEHA, isocyanate, etc. are formed. With the introduction of a flexible spacer arm onto the supports, the enzyme can be allowed to stretch flexibly and catch the substrate more easily.15

3.3.1 The impact of crosslinking agent on the immobilization efficiency and activity of the biocatalyst
In the process of covalent immobilization of the enzyme on the solid support, active sites on the carrier are required to form a covalent bond between the carrier and the enzyme. Therefore, the carrier has to be activated by crosslinker. As a crosslinker, various concentrations of GA (1.5 % and 3 %) and PEHA (0.02 M) were used. After the one-hour activation of carrier, 24-h immobilization of the enzyme on the carrier was followed at ambient temperature and atm. pressure. The highest immobilization efficiency was achieved when 3 % GA was used (Fig. 2), but the highest residual activity of the enzyme was detected by using PEHA as a crosslinker. Too high concentration of GA could lower enzyme activity. The reaction mechanism of GA with protein amino groups is not clearly understood. In fact, in aqueous solution, GA can exist in its simplest form, a monomeric dialdehyde, but also as a dimer, trimer, and polymer. It was reported that too much cross-linker can result in a loss of the minimum flexibility needed for the activity of enzyme16 and low concentrations of GA are not able to form sufficient crosslinkages to effect precipitation of the enzyme. Although, the partial enzyme inactivation due to chemical modification is often unavoidable.17 Chui and Wan18 indicated that enzymatic activity was inversely proportional to the concentration of added GA, because extensive crosslinking may result in a distortion of the enzyme structure (i.e., the active site conformation). As could be seen from Fig. 2, bioachar produced from cellulose shows higher residual activity of immobilized biocatalyst as biochar produces by LTHTC of OL waste. Moreover, cellulose has good potential for varied derivatization due to the presence of three hydroxyl groups in every monomeric unit.19 The addition of PEHA increases the number of free amino groups (–NH2) on the outer surface of the enzyme, thus facilitating the crosslinking. Additional, activation of biochar via PEHA gives active primary amino groups via a long spacer arm. A 19-atom spacer arm of PEHA contains hydroxyl and amino groups onto which an immobilization of the cellulase was performed. The presence of PEHA ensures that steric limitations during the protein immobilization are kept to a minimum. A second benefit arising from the use of a PEHA is that interactions between protein and surface of carrier could be minimized because the protein due to long space arm is kept away from the particle surface.20
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Figure 2: Influence of crosslinker on immobilization efficiency and residual enzyme activity. Reaction conditions: 5 mg of chosen biochar, enzyme concentration of 2.3 mg/mL, PBS with pH 7, 7-h immobilization of enzyme with continuous stirring at 300 rpm, at ambient temperature and at atm. pressure.

As can be seen from Fig. 2, despite of the lower immobilization efficiency for biochar produced by LTHTC of cellulose, higher residual enzyme activity in the case of using PEHA as a crosslinker was detected. This could be due to orientation of active sides of immobilized enzyme. If higher amount of enzyme is attached to the carrier, the orientation of enzyme active sides could be unsuitable for the successful contact between active side of the enzyme and substrate.

3.3.2 The influence of pH on the immobilization efficiency and activity of the biocatalyst
Most enzymes have their own optimal pH at which their activity is maximal. It is well known that the pH of the immobilization medium had a significant effect on the immobilization efficiency and enzyme activity. If the pH value of the medium, in which the reaction is carried out, is changed, a change in the three-dimensional structure of the protein and the subsequent loss in activity of the protein may occur. pH may affect the activity of the enzyme, and therefore the effect of pH on the immobilization efficiency and immobilized cellulase activity was studied. For the study PBS pH 7 and acetate buffer pH 5 were used. From Fig. 3 it is evident that the maximum residual activity of the immobilized enzyme was obtained when buffer PBS with pH 7 was used regardless of the chosen biochar. The loss in enzymatic activity at too high and too low pH values might be contributed to the alterations in the enzyme conformation resulting in decrease in immobilization efficiency.
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Figure 3: Influence of pH on immobilization efficiency and residual enzyme activity. Reaction conditions: 5 mg of chosen biochar, enzyme concentration of 2.3 mg/mL, crosslinker PEHA, 7-h immobilization of enzyme with continuous stirring at 300 rpm, at ambient temperature and at atm. pressure.

3.3.3 Influence of immobilization time on the immobilization efficiency and activity of the biocatalysts
The effect of the coupling time on the immobilization was investigated in terms of residual activity of cellulase and immobilization efficiency. The liquid form of cellulase (Cellusoft conc. L) was immobilized on two different carriers (LTHTC of OL waste or LTHTC of cellulose), thereby the time of immobilization (2, 7 or 24 h) was optimized (Fig. 4).
With increasing the immobilization time, immobilization efficiency and residual enzyme activity increased. The optimal immobilization time was found to be 7 hours, since with further increase in the immobilization time no significant differences in the immobilization efficiency and in the residual enzyme activity were detected in spite of the origin of biochar. 
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Figure 4: Influence of immobilization time on immobilization efficiency and residual enzyme activity. Reaction conditions: 5 mg of chosen biochar, enzyme concentration of 2.3 mg/mL, crosslinker PEHA, PBS with pH 7, ambient temperature and atm. pressure.

3.3.4 The influence of agitation speed on the immobilization efficiency and activity of the biocatalysts
During the immobilization process, the enzyme is in contact with the carrier. Shaking allows more intensive contact between the enzyme and the carrier and consequently the immobilization efficiency could be improved. The effect of agitation speed on the immobilization efficiency and residual activity of the immobilized cellulase was studied. The enzyme and carrier were intensive shaken on a shaker at 300 rpm and 500 rpm for 7 hours. The highest immobilization efficiency and the residual enzyme activity were achieved when the carrier and the enzyme were shaken on a shaker at 300 rpm. Higher agitation speed obviously shortened the time of contact between the enzyme and the carrier and therefore the immobilization efficiency and residual enzyme activity decreased (Fig. 5).

[image: ]
Figure 5: Influence of agitation speed on immobilization efficiency and residual enzyme activity. Reaction conditions: 5 mg of chosen biochar, enzyme concentration of 2.3 mg/mL, crosslinker PEHA, PBS with pH 7, 7-h immobilization of enzyme with continuous stirring at ambient temperature and at atm. pressure.


Conclusions
LTHTC of semi-solid waste from the olive oil production and cellulose was performed to produce biochar. Higher surface area was detected when the biochar was produced by LTHTC of cellulose but bigger pore size was defined at biochar produced by LTHTC of OL waste. Biochars produced by LTHTC were successfully used as carriers for enzyme immobilization. 
Performed studies have shown that biochars produced by LTHTC are suitable carriers for enzyme immobilization. Various parameters that affect the immobilization efficiency and residual activity of the immobilized cellulase were optimized. Biochar from cellulose proved to be a more suitable carrier for cellulase immobilization, because the immobilized cellulase on those biochar retains higher residual activity as in the case when the cellulase was immobilized on the biochar produced by LTHTC of OL waste. Moreover, immobilization of an enzyme on these carriers results in the closed-loop productive system, which is the base for circular economy. Joining immobilization of an enzyme on one hand and production of biochar on the other hand leads not only to the reduction of costs for the biocatalyst but also for a more sustainable production. 
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[bookmark: _GoBack]Povzetek

Nizkotemperaturna hidrotermalna karbonizacija (LTHTC) biomase je proces, ki temelji na reakciji biomase s sub-kritično vodo pri temperaturah do 250 °C. Pri tem pride do tvorbe nano- in mikro-poroznih ogljikovih struktur z reaktivno površino, ki je sestavljena iz hidroksilnih in karboksilnih skupin, ki imajo potencial za vezavo različnih spojin. Imobilizacijo encima na biooglje smo izvedli na dva načina: z adsorpcijo in s kovalentno vezavo z dodatkom mrežnega povezovalca. Proučevali smo vpliv časa imobilizacije, koncentracije encimov, vrste in koncentracije mrežnega povezovalca in vrste nosilca - biooglja (LTHTC odpadkov iz proizvodnje oljčnega olja (LTHTC OL odpadkov) ali LTHTC celuloze) na učinkovitost imobilizacije in preostale aktivnosti biokatalizatorja. Dosežena je bila večja učinkovitost imobilizacije in preostala encimska aktivnost, ko je bil encim kovalentno vezan na biooglje, pridobljeno z LTHTC celuloze.
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