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Stabilization of cutinase by covalent attachment on magnetic nanoparticles and improvement of its catalytic activity by ultrasonication Abhijeet B. Muleya, Sandeep A. Chaudharia,b, Sandip B. Bankarb, and Rekha S. Singhala* aFood Engineering and Technology Department, Institute of Chemical Technology, Matunga, Mumbai-400019, India bDepartment of Bioprocess and Biosystems, School of Chemical Engineering, Aalto University, Espoo, Helsinki, Finland. 
*Corresponding author: Prof. Rekha S. Singhal, rsinghal7@rediffmail.com; rs.singhal@ictmumbai.edu.in  Research highlights 

• The parameters for cutinase immobilization on Fe-NPs were optimized 
• US at low intensity improved activity of free and immobilized cutinase 
• Cutinase-Fe-NPs exhibited better kinetics, and pH/thermal/thermodynamic stability 
• Immobilization and US induced prominent changes in secondary structure 
• Immobilization and US had positive effect during reusability and storage stability 

Abstract  This paper reports stabilization of serine cutinase activity by immobilizing through cross linking with glutaraldehyde on magnetic nanoparticles (Fe-NPs) and intensification of catalytic activity ultrasonic treatment. The optimum parameters were cross linking with 10.52 mM glutaraldehyde for 90 min using 1:2 (w/w) ratio of enzyme:Fe-NPs. The characterization of cutinase-Fe-NPs was done by different instrumental analysis. Ultrasonic power showed a beneficial effect on the activity of free and immobilized cutinase at 5.76 and 7.63 W, respectively, after 12 min. Immobilization and ultrasonic treatment led to increments in kinetic parameters (K m and Vmax) along with noticeable changes in the cutinase secondary structural fractions. Cutinase-Fe-NPs possessed augmented pH (4-8) and thermal stability (40-60°C). Considerably higher thermal inactivation kinetic constants (kd, t1/2 and D-value) and thermodynamic constants (Ed, ΔH°, ΔG° 

and ΔS°) highlighted superior thermostability of cutinase-Fe-NPs. Cutinase-Fe-NPs and ultrasound treated cutinase-Fe-NPs retained 61.88% and 38.76% activity during 21-day storage, and 82.82 and 80.69% activity after fifth reusability cycle, respectively. Keywords Cutinase; Magnetic nanoparticles; Ultrasonic treatment; Kinetics; Thermal stability; Thermodynamics 
1. Introduction 
In the era of modern and green biotechnology, enzymes have received special interest as biocatalysts in diverse industrial fronts such as energy, food, textiles, and drug chemistry [1]. Enzymes have played indispensable role in green chemistry processes development since they exhibit several fundamental properties such as selectivity, specificity, low toxicity, use of milder reaction conditions, eco-friendly nature, and absence of secondary reactions [2,3].  
Cutinase from serine hydrolase family presents functional properties that are intermediate between esterase and lipase [4]. It presents budding applications in dairy, oils and oleo chemicals, cosmetics, pharmaceutical, food and agriculture [5,6], and in degradation and surface modifications of synthetic aliphatic and aromatic polymers [7-9]. Although cutinase seems to be a vital biocatalyst for various flexible biotransformation reactions on different substrates, it’s 
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operational, kinetic, and thermodynamic instability, retention of activity during and after the reaction, and the reusability during reaction processing is a major hurdle [10]. Immobilization of cutinase on particularly prefabricated supports has been examined as an elegant approach with good success to overcome the aforementioned challenges. So far cutinase have been immobilized either by covalent binding, entrapment, or physical adsorption, using inert solid carriers such as functionalized (Fe3-activated) glass beads [9], activated epoxy (EC-EP/M and EC-HFA/M Sepabeads) carriers [8,9], or on Lewatit VP OC 1600 resins [11], Amberzyme oxirane resins [12], Accurel® MP1000 [13], microporous resin Diaion HP20 [14], nanoporous gold-polyethyleneimine [7], zirconium-based metal-organic frameworks [15], milled rice husk [9], biopolymer graft copolymerization [16], and with polysaccharide interactions [17, 18]. Further, development of cross-linked enzyme aggregates (CLEA) of cutinase [6,10] is also well reported. However, it is known that the support material and its characteristic properties play an imperative part in determining the performance of the immobilized cutinases and its maximum loading. In traditional immobilization, enzyme activity suffers by blocking effect, change in kinetic parameters, decreased pace-time yields, and reduced catalyst productivities since enzyme molecules are either covalently bonded to the carrier surface or buried inside the carrier [3,19]. In addition, CLEA particles aggregate during separation (by centrifugation and filtration) from the reaction mixture in repetitive batch reactions. This aggregation of CLEA particles raises mass transfer limitations for cutinase substrates [10]. Hence the development of newer solid support and designing a novel, simple, and economic immobilization protocol for cutinase immobilization with improved performance and retention at industrial scale is much needed. 
The Fe-O magnetic nanoparticles have emerged as good solid support for immobilization of enzymes owing to their desirable physico-chemical properties and several advantages viz. biocompatibility and high ratio of surface area:volume [20,21]. This results in high enzyme loading capacity with improved catalytic efficiency after immobilization, ease of surface modification, outstanding stability, improved mass transfer by reduction in barriers to substrate diffusion, high dispersion, minor steric hindrance space and higher substrate affinity, efficient separation of the magnetite loaded enzymes from the reaction mixtures simply by applying an external magnetic field and without any mechanical process like filtration or centrifugation [22]. This may optimize the process operational cost and assure the product purity. The surface of the Fe-O magnetic nanoparticles is needed to functionalized with different functional groups like hydroxyl, carboxyl, amino, thiol, etc. depending on the desired applications [23]. The amino functionalization of Fe-O nanoparticles is generally done by 3-aminopropyltriethoxysilane (APTES) also called KH550, 3-aminopropyltrimethoxysilane (APTMS), p-dimethylaminobenzaldehyde, aminothioamidoanthraquinone, etc. [24,25]. Till date, functionalized Fe-O magnetic nanoparticles have been used as highly stable, active, robust and easily recyclable immobilizing support for cellulase [26], aminoacylase [19], amylase, glucoamylase and pullulanase [27], cellulase and pectinase [28], cellulase, pectinase and xylanase [22], and protease [29]. To the best of our knowledge, there are no reports on immobilization and stabilization of cutinase onto Fe-O magnetic nanoparticles. 
Along with reusability, the intensification and stability of enzyme activity is yet to be explored. Different approaches like increasing the temperature and shear in the vicinity of enzyme, and use of low intensity ultrasound have been recently used. The ultrasonic waves at low frequency and mild intensity create transient cavitation effect that produce free radicals by hydrolysis of water and mechanical effects [30]. These waves alter the structural conformation of enzymes in a 
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manner that augments the mass transfer characteristics [31] by enhancing the diffusion of substrate in catalytic site of enzyme [32]. Ultrasonic treatment has been reported to improve the activity and stability of immobilized cellulase on magnetic nanoparticles [26], lipases [32], cellulase and pectinase co-immobilized on magnetic nanoparticles [28], and pectinase immobilized in alginate beads [31] among many others. 
The present study was undertaken to develop magnetically responsive cutinase nanobiocatalyst onto inexpensive and renewable Fe-O magnetic nanoparticles by a simple, elegant and straight forward immobilization method and enhance the activity by subsequent application of low intensity ultrasound treatment. Specific iron oxide magnetic nanoparticles were synthesized, surface modified, characterized by different instrumental techniques, and then used for immobilization of cutinase. The free cutinase and cutinase-magnetic nanobiocatalyst so developed were further treated with low intensity ultrasound and studied for its kinetic parameters and changes in secondary structural fractions. The cutinase-magnetic nanobiocatalyst was further studied for its pH and temperature stability, thermal deactivation kinetics and thermodynamic constants. Furthermore, the effect of optimized ultrasonic treatment conditions on cutinase was also evaluated for reusability and stability during storage. 
2. Materials and methods 
2.1 Materials and chemicals 
Lyophilized cutinase from Trichoderma reesei was produced and purified as per Kontkanen et al. [4], and was obtained as a gift sample VTT Research Centre, Espoo, Helsinki, Finland. The enzyme cutinase was recovered in 50 mM sodium phosphate buffer (pH 7.4) and purified (protein content 1.03±0.02 mg/mL with a specific activity of 39.19±1.25 U/mg protein). All the other reagents and chemicals were of analytical grade and obtained from reliable sources. 
2.2 Synthesis of magnetic nanoparticles 
The iron oxide magnetic nanoparticles (Fe-NPs) were prepared by using the technique of chemical co-precipitation [33]. Anhydrous salts of ferric chloride (FeCl3.6H2O, 16 g) and ferrous chloride (FeCl2.4H2O, 8 g) were dissolved in 100 mL deionized water and heated at 90±2°C for 10 min. Further, 2.5 mL conc. HCl was added under continuous stirring. After 5 min, NaOH pellets (12 g) were added till a black precipitate was formed and pH of the solution reached 12. The mixture was heated at 90±2°C for 30 min after which it was cooled to 28±2°C. The precipitate so obtained was subsequently washed with 50% ethanol until the washings showed pH 7. The resultant precipitate obtained was dried at 80±2°C for 90 min. The Fe-NPs thus synthesized were scrubbed and stored at 28±2°C till further use. 
2.3 Synthesis of amino-functionalized magnetic nanoparticles 
The prepared Fe-NPs were amino functionalized by the use of APTES as a coating agent as described by Ladole et al. [33]. Fe-NPs (1.24 g) were dispersed in 50% ethanol (45 mL) with continuous stirring (600 rpm) and APTES solution (5 mL) was then added dropwise. The resultant solution was vigorously stirred (1000 rpm) at 50±2°C for 3 h. This solution was then centrifuged at 8500 rpm at 28±2°C for 10 min followed by washing with deionized water for 5-6 times. The obtained particles were then dried at 50±2°C for 6 h and then stored at 28±2°C till their further use. 
2.4 Immobilization of cutinase on Fe-NPs  
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Cutinase was immobilized on amino functionalized Fe-NPs using glutaraldehyde as a bi-functional cross-linking agent. Briefly, Fe-NPs (50 mg) were mixed with 500 µL cutinase solution. Glutaraldehyde (10 mM) was added to the reaction mixture and mixed at 30±2°C for 1 h. After incubation, the enzymes immobilized on the Fe-NPs were magnetically separated, washed three to four times with 50 mM phosphate buffer (pH 7.4) followed by estimation of protein content in each of the supernatant wash. The amount of cutinase immobilized on Fe-NPs was calculated by difference from the initial protein in the immobilization medium to that of the protein recovered in the supernatant as 
Immobilization(%) =  

CiVi − CfVf

CfVf
× 100 

Where, Ci and Cf are initial and final protein content in mg/mL while Vi and Vf are initial and final volume of reaction mixture in mL. 
With the aim of achieving maximum immobilization with best possible recovery of cutinase activity, the ratio of protein content to MNPs (1:0.5 to 1:3 w/w), glutaraldehyde concentration (2.63-26.3 mM), and cross linking time (15-150 min), respectively, were optimized with the use of one factor at a time approach. The activity recovery of cutinase was calculated and expressed in activity recovery (%) as: 

Specific activity recovery (%) =
Activity of immobilized cutinase (

U

mg protein
)

Activity of free cutinase (
U

mg protein
)

× 100 
2.5 Effect of sonication on the activity of free cutinase and cutinase-Fe-NPs  
The influence of ultrasound on the activity of free cutinase as well as cutinase-Fe-NPs was evaluated with a thermostat ultrasonic bath sonicator (Dakshin Ultrasonics, Mumbai, India) operated at 30±2°C and a working frequency 24 kHz. The parameters optimized to achieve higher activity were ultrasonic power (0-17.8 W) and sonication time (0-18 min). A known quantity of enzyme treated with ultrasound was recovered and then analyzed for the cutinase activity. 
2.6 Steady state kinetics of free cutinase vis-à-vis cutinase-Fe-NPs  
The pH and temperature optima profiles of both free and cutinase-Fe-NPs was evaluated by performing the activity assays over a range of pH values (3.5-8.0) using appropriate buffers and temperatures (30-55°C). The kinetic parameters (Km and Vmax) were enumerated with Lineweaver-Burk plot on p-NPB substrate in varying concentration regime (0.336 to 2.464 mM) at 25±2°C. 
2.7 Thermal stability and thermodynamic studies of free cutinase vis-à-vis cutinase-Fe-NPs  
The thermal stability of free cutinase and cutinase-Fe-NPs was enumerated by incubating at 40-60°C in 50 mM phosphate buffer (pH 7.4). The cutinase samples kept for incubation were taken out every 15 min till 75 min in Eppendorf tubes, immediately chilled by placing in an ice bath, and then analyzed for their respective residual enzyme activity. The stability of free cutinase and cutinase-Fe-NPs was estimated kinetically and thermodynamically (Supplementary file). 
2.8 Storage stability of free cutinase and cutinase-Fe-NPs 
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The stability of free cutinase and cutinase-Fe-NPs during storage was evaluated by incubation of enzyme samples in 50 mM phosphate buffer (pH 7.4) at 4±1°C. After every 3rd day of incubation, cutinase-Fe-NPs were separated from the buffer, washed with distilled water, and analyzed for cutinase activity. The effect of ultrasonic treatment on free cutinase and cutinase-Fe-NPs was analyzed by treating them at 5.76 and 7.63 W for 12 min after every 3rd day. 
2.9 Reusability studies 
The reusability of cutinase-Fe-NPs and ultrasound treated cutinase-Fe-NPs was carried out by incubating them with p-NPB. Cutinase-Fe-NPs was subjected to ultrasonic treatment (ultrasound power 7.63 W and incubation time 12 min) and then incubated with p-NPB (200 µL) under optimized conditions. After each cycle, the immobilized enzyme was recovered by applying an external magnetic field, washed with phosphate buffer and re-suspended in fresh substrate system. The percent residual activity of cutinase-Fe-NPs was enumerated after each repetitive cycle against the initial activity as the control. 
2.10 Analytical protocols and instrumental studies 
2.10.1 Cutinase activity and protein assay 
Activity of free cutinase was assayed by spectrophotometric method at 25±2°C as described in our earlier work [34], using p-NPB and its hydrolysis was monitored at 405 nm. The cutinase-Fe-NPs (5 mg) were incubated with 200 µL substrate for 3 min and the hydrolysis of p-NPB was observed at 405 nm. The protein concentration of free cutinase and cutinase-Fe-NPs was determined by Bradford method [35] using bovine serum albumin as standard. 
2.10.2 Physicochemical characterization of Fe-NPs and cutinase-Fe-NPs 
The average particle size of Fe-NPs and cutinase-Fe-NPs was measured from mean particle size distribution using the particle size analyzer (NanoPlus HD–Zeta Potential & Nano Particle Size Analyzer, USA). The functional peaks of Fe-NPs, its amino functionalized form, cutinase-Fe-NPs, and ultrasonic treated free cutinase and cutinase-Fe-NPs were analyzed with the FTIR-8000 spectrophotometer (Spectrum Two, PerkinElmer, USA) within 3800-500 cm-1 range. The percent weight loss in Fe-NPs, APTES coated Fe-NPs and cutinase-Fe-NPs was documented with thermo-gravimetric analysis (TGA DTG-60H EME instrument) over 30-600°C at a heating rate of 10°C/min in nitrogen atmosphere. The crystal structure was calculated on continuous scan mode by using the X-ray diffractometer (Lab X, XRD 6100, SHIMADZU, Japan) with CuK α-radiation and the 2θ data was collected over 10° to 80° (1.2°/min step size). The magnetic moment after application of magnetic field was determined by vibrating sample magnetometry (VSM LakeShore-7407, USA) at 25±2°C. The surface properties were visualized with scanning electron microscopy (SEM, Philips XL 30 SEM). The immobilization of cutinase on Fe-NPs was also validated by tagging it with fluorescein isothiocyanate and visualizing under confocal laser microscopy (DMi8 microscope and SP8 scanner Leica, Germany). 
2.10.3 Determination of APTES grafting on Fe-NPs 
The grafting of APTES (KH550) (mg APTES/mg Fe-NPs) on to the NPs was determined by o-phthalaldehyde (OPA) reagent. The OPA reagent was prepared by method described by Goodno et al. [36]. Briefly, OPA (80 mg) was dissolved in 95% ethanol (2 mL), 20% SDS (5 mL) and 2-mercaptoethanol (0.2 mL) were mixed thoroughly in 100 mM sodium tetraborate buffer (pH 9.0) and final volume was made to 100 mL. To determine the APTES content, 50 µL APTES 
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dissolved in 50% ethanol (0.116-1.16 mg/mL) were added to 2 mL OPA reagent, stirred vigorously and incubated at 25±2°C for 2 min. The absorbance was recorded at 340 nm. The amount of APTES grafted on Fe-NPs was calculated by difference from the initial APTES in the medium to that of the APTES recovered in the supernatant as 
Grafting (

mg APTES

mg Fe − NPs
) =  

Ci − Cf

a
× 100 

Where, Ci and Cf are initial and final APTES content in mg/mL while ‘a’ is the amount of Fe-NPs in mg, respectively. 
2.10.4 Secondary structure enumeration by FTIR 
The changes occurring in the secondary structural fractions of free cutinase, cutinase-Fe-NPs and ultrasonically treated free cutinase and cutinase-Fe-NPs were examined with FTIR and calculated as per previous literature [16,17].  
2.11 Statistical analysis 
All the experiments were carried out in triplicates (until mentioned) and the results were documented as arithmetic mean ± standard deviation. The data was analyzed with Microsoft Excel (2010) and SPSS (Version16). One way ANOVA was applied to check the mean and statistical significance amongst the values obtained with the Duncan’s New Multiple Range test at P <5%. 
3. Results and discussion 
The extent of immobilization of any enzyme on the magnetic supports depends on the physico-chemical properties of the support and also on the immobilization reaction conditions such as the amount of nanoparticles used, cross-linker concentration, and time of cross-linking. 
3.1 Effect of immobilization conditions 
The immobilization of cutinase on amino functionalized Fe-NPs was optimized for the associated factors viz. protein content to support matrix ratio (1:0.5 to 1:3 w/w), glutaraldehyde concentration (2.63-26.3 mM), and cross linking time (15-150 min) at 30±2°C, respectively, by employing one factor at a time method. The schematic representation for synthesis of magnetic nanoparticles and immobilization of cutinase of amino functionalized Fe-NPs is illustrated in Fig. 1. 

 
Fig. 1. Schematic representation for synthesis of Fe-NPs, surface modification of Fe-NPs with APTES and immobilization of cutinase on Fe-NPs 
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The optimum ratio of protein to Fe-NPs was 1:2 which showed 55.89±1.99% immobilization and 63.20±0.87% residual activity (Fig. 2a). The reduced recovered activity at higher ratio could be attributed to over loading of enzyme molecules on the surface of Fe-NPs causing intermolecular steric hindrance, possibly due to some unfavorable protein-protein interactions. This in turn could lead to reduced access of immobilized enzyme molecules for reaction with substrate, inhibition of flexibility of protein conformation, blocking of cutinase active sites, and also restricted diffusion toward/inward and outward of Fe-NPs surface of the substrate and the reaction product, respectively [29,37]. Further, the optimum value of the glutaraldehyde concentration was found to be 10.52 mM, with 43.31±1.91% immobilization and 65.52±1.21% recovered activity (Fig. 2b). Similar effects of glutaraldehyde concentration on cutinase activity were also noted during cutinase CLEA formation by Chaudhari and Singhal [9]. Similarly, it was found that the activity recovery increased linearly up to 90 min and declined thereafter (Fig. 2c). Such a trend implied incomplete cross linking of cutinase over the support below 90 min, and excessive structural rigidity above 90 min due to multipoint attachment of cutinase resulting in its conformational changes and/or limiting substrate diffusion [20].  

 
 
Fig. 2. Optimization of (a) protein to Fe-NPs ratio, (b) cross linker concentration, and (c) cross linking time on activity recovery of cutinase (graph indicated as bar) and immobilization of cutinase on Fe-NPs (graph indicated as line) 
 
 

3.2 Characterization of Fe-NPs and cutinase-Fe-NPs 
The size of the prepared Fe-NPs and the particle distribution bar chart of Fe-NPs (Fig. S1 Supplementary file) and cutinase-Fe-NPs (Fig. S2 Supplementary file) as well the size distribution patterns were analyzed by dynamic light scattering measurements. An average size of 89.2 nm and 129 nm were noted for Fe-NPs and cutinase-Fe-NPs, respectively. Smaller the 
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particles size, larger the surface area for immobilization of more cutinase on Fe-NPs surface and lesser the restriction for diffusion of substrate and product. 
The FTIR spectra of prepared Fe-NPs, its surface functionalized amino form, and cutinase-Fe-NPs was done to verify the APTES coating on Fe-NPs surface and attachment of cutinase on Fe-NPs. The presence of Fe-O bond can be noticed from a distinct peak at 582 cm-1 (Fig. 3a). Spectral absorption peaks at around 981 cm-1, 1041 cm−1 and 1645 cm−1 represented the symmetric stretching of Fe-O-Si, Si-O-H and to -NH2 in amino functionalized NPs with APTES coating (Fig. 3b). FTIR spectra of cutinase alone presented typical spectra of a protein molecule  (Fig. 3c). The spectra of cutinase-Fe-NPs clearly showed characteristics peaks around 1641 cm−1 (CO=N-H, peptide binding), and 1532 cm−1 (CN stretching/NH bending) highlighting bending vibration peaks in the secondary amide I and II 3300-3400 cm−1 (OH stretch and/or NH stretching vibration), 2931 cm−1 (C-H aliphatic stretch), (Fig. 3d), thus confirming the attachment of cutinase molecule over the Fe-NPs.  

Fig. 3. FTIR spectra of (a) Fe-NPs, (b) APTES coated Fe-NPs, (c) free cutinase, (d) cutinase-Fe-NPs,(e)ultrasonic treated cutinase (US power: 5.76W and time:12 min), and (f) ultrasonic treated cutinase immobilized on Fe-NPs (USpower:7.63W&T:12min) 
The supramagnetic properties of plain Fe-NPs and cutinase-Fe-NPs were characterized by vibrating sample magnetometer analysis (Fig. 4a). The saturation magnetization of Fe-NPs and cutinase-Fe-NPs was found to be 60.92 and 51.13 emu/g, respectively. A marginal decline in the saturation index post immobilization was seen and could be due to an increase in the thickness of shell layer on the cutinase-Fe-NPs surface by protein deposition, as also seen by slight increase in particle size [2]. This in turn reduces the external magnetic field force on nanoparticles, hampering the magnetic dominions alignment in the Fe-NPs [25]. Both the samples did not show any hysteresis loops and had negligible coercivity and remanence, confirming their super paramagnetic nature. The VSM also indicated that the cutinase-Fe-NPs had sufficient magnetization for its easy separation from the reaction mixture(s) and the products thereof by using an external magnetic field, and also for the rapid dispersion in the next subsequent reaction cycles. 
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Fig. 4. (a) VSM analysis of Fe-NPs and cutinase-Fe-NPs, (b) XRD pattern of plain Fe-NPs, (c) XRD pattern of cutinase-Fe-NPs, (d) TGA curve of free Fe-NPs, APTES coated Fe-NPs and cutinase-Fe-NPs, (e) SEM image of Fe-NPs (12000 X magnification), (f) SEM image of cutinase-Fe-NPs (12000 X magnification), (g) SEM image of ultrasonic treated cutinase-Fe-NPs (12000 X magnification) 
 

The crystalline mean size, crystalline nature, and purity of Fe-NPs and cutinase-Fe-NPs were estimated by XRD (Fig. 4b). The XRD peaks of Fe-NPs pre and post cutinase immobilization at 
2θ were almost similar and presented consistent peaks (Bragg angles 2θ – 30.40°, 35.71°, 43.33°, 57.25°, 62.83°) (Fig. 3c) of Fe3O4 with an inverse spinal structure, marked by their crystal plane indices of (220), (311), (400), (422), and (511), respectively (JCPDS reference code 01-075-0033). This confirmed the pure phase of the Fe3O4 structure and its retention in cutinase-Fe-NPs. The diffraction peaks are in line with earlier reports [20, 25]. The average crystallite mean size (cms) of Fe-NPs and cutinase-Fe-NPs was calculated with the Debye Scherrer’s formula 

cms (nm) =
Kλ 

β cosθ
 

where, λ, K, β and θ are the associated factors like wavelength of the X-ray wave used, shape factor (0.90), full width at half maximum of strongest diffraction peak, angle of diffraction of the peak, respectively. 
The average crystallite mean size of Fe-NPs and cutinase-Fe-NPs was estimated to be 16.95 and 12.74 nm, respectively, using full width at half maximum data of the strongest diffraction peak (311). The decrease in crystallite size of cutinase-Fe-NPs may be due to inhibition of crystal growth during the surface functionalization with APTES and immobilization of cutinase.  
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The percentage weight loss in TGA was used to confirm the surface modification by APTES and immobilization of cutinase on Fe-NPs. The Fe-NPs, APTES coated Fe-NPs and cutinase-Fe-NPs were subjected to heating over 30 to 600°C and the weight loss curves were recorded (Fig. 4d). The thermogram of both Fe-NPs, APTES coated Fe-NPs and cutinase-Fe-NPs indicated relatively similar weight loss profile in a temperature regime of 70-180°C, credited to loss of water molecules that is physically adsorbed. With the further rise in temperature till 600°C, the total weight loss of Fe-NPs was around ~2.90% while that of APTES coated Fe-NPs and cutinase-Fe-NPs was nearly 4.62 and 7.42%, respectively (Table 1). The temperature at which 0.75, 1.50, 2.25, 3.0 and 4.5% was determined, while the char yield (%) of Fe-NPs, APTES coated Fe-NPs and cutinase-Fe-NPs at 600°C was 97.09, 95.38 and 92.58%, respectively. Further, the obtained char yield (CR) was used to measure the limiting oxygen index (LOI) based on the Van Krevelen and Hoftyzer equation as described by Hatami [38] 
LOI = 17.5 + 04 × CR 

The LOI of Fe-NPs, APTES coated Fe-NPs and cutinase-Fe-NPs at 600°C was 56.34, 55.65 and 54.33. The higher weight loss in cutinase-Fe-NPs while reduced values of char yield and LOI can be correlated with loss of organic residues of APTES, glutaraldehyde and cutinase immobilized over it. This increased weight loss confirms the successful formation of cutinase-Fe-NPs. Similar findings have been reported during the immobilization of xylanase [2] and proteases [39] on magnetic nanoparticles.  
The surface morphology of Fe-NPs and cutinase-Fe-NPs as analyzed by SEM indicated the nanoparticles to have spherical geometry, with some monodispersed and more of aggregated form due to magnetic dipole moments within the particles, and possessed smooth surface (Fig. 4e, 4f and 4g). The aggregated cutinase-Fe-NPs (Fig. 4f) got reduced to a certain extent as these particles got dispersed in the solution after the ultrasonic treatment (Fig. 4g). The size noticed was below 100 nm and findings were comparable with the results of particle size analysis and inline results reported by Muley et al. [20] and Talekar et al. [26].  

 
Fig. 5. Confocal laser scanning microscope images (a) Fe-NPs, (b) APTES coated Fe-NPs, (c) cutinase-Fe-NPs, and (d) ultrasonic treated cutinase-Fe-NPs 
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The surface functionalization using APTES and successful binding of cutinase on Fe-NPs was confirmed with fluorescein isothiocyanate labeling. The fluorescein isothiocyanate dye binds with the functional amino groups of APTES coated Fe-NPs and cutinase-Fe-NPs which were further visualized under confocal laser scanning microscope at 488 and 535 nm excitation and emission wavelengths, respectively [27]. While Fe-NPs did not show any fluorescence (Fig. 5a), the amino functionalized Fe-NPs with APTES and cutinase-Fe-NPs showed a clear green fluorescence emission which indicated successful coating of APTES on Fe-NPs (Fig. 5b) and also enzyme attachment on Fe-NPs (Fig. 5c). Furthermore, there was no prominent change in fluorescence emission of cutinase-FeNPs after ultrasonication treatment (Fig. 5d). This indicated that ultrasonic treatment under optimized conditions could not remove the enzyme covalently linked on Fe-NPs. 
The amount of APTES grafted on Fe-NPs after surface modification was determined by the OPA assay. The standard graph for APTES was plotted at 0.116-1.16 mg/mL concentration (Fig. S3 of Supplementary file). The amount of APTES grafted on Fe-NPs was 0.434±0.01 mg APTES/mg Fe-NPs. 
3.3 Effect of ultrasonication on the activity of free cutinase and cutinase-Fe-NPs 
The optimization of ultrasonic power (0-17.8 W) was done by dispersing the enzyme in phosphate buffer (pH 7.4) followed by ultrasonication at different power for 8 min. The ultrasonic power was found to have a profound influence on cutinase activity (Fig. 6a). The best activity of free cutinase and cutinase-Fe-NPs was noticed at 5.76 and 7.63 W, respectively, and this was 1.72 and 1.89 times higher as compared to their initial activities in their native form. The increase in cutinase activity with increased ultrasonic power could be due to synergistic effect of the generated free radicals and mechanical effects [40]. The generated sonochemical effects have a positive influence on enzyme structure and make the active site more accessible for reacting with the substrate [41]. Also, the low intensity ultrasound treatment in liquids leads to stable cavitation by changing weak linkages like Van der Walls forces and hydrogen bonds. These mild forces induced by oscillation of stable cavitation bubbles alter the spatial conformation in an enzyme, and thus improves the enzyme activity [30]. The observed reduction in cutinase activity at higher ultrasonic power can be ascertained to destruction of enzyme conformation and/or the inactivation of its active site [25].  

 
Fig. 6. Effect of (a) ultrasound power (incubation time 8 min), and (b) ultrasound time, on activity of free cutinase and cutinase-Fe-NPs (optimized ultrasound power 5.76 W for free cutinase and 7.63 W for cutinase immobilized on Fe-NPs) 
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The treatment time for ultrasonication was optimized by incubating the free cutinase and cutinase-Fe-NPs at optimized ultrasonic power for different time intervals (0-18 min). The activity of cutinase improved with increasing incubation time, with a maximum cutinase activity noticed after ultrasonic treatment of 12 min after which it declined gradually (Fig. 6b). The reduction in activity above 12 min might be possibly due to changes in enzyme structural conformation and/or devastation of its active site [28,42,43]. The shear forces that are generated after prolonged ultrasonic treatment may also significantly contribute to reduction of enzyme activity [44]. The activity of cutinase-Fe-NPs was significantly higher than free cutinase. This may be due to the resistance of cutinase-Fe-NPs to ultrasonic inactivation after prolonged incubation. The stability of cutinase could also be due to the covalent bond formed after immobilization on Fe-NPs, which might have also helped to maintain the intact structure. A similar trend was also noticed during the thermal inactivation studies (discussed below). Moreover, the activity of free cutinase and cutinase-Fe-NPs after ultrasonic treatment at optimized time was 1.76 and 2.00-fold higher when compared with the respective initial activities.  
The previous studies on different enzymes indicated an increase in their activity after mild ultrasonic treatment under working conditions such as ambient operating frequency, power and exposure time. Bashari et al. [41] reported an increment in the dextranase activity by 13.4% after ultrasound treatment at 25 kHz and 40 W for 15 min. Wang et al. [45] noticed a remarkable increase in the activity of allinase from fresh garlic by 49% at ultrasound intensity of 0.1-0.5 W/cm2. The stabilization and increment in activity of cellulase during the hydrolysis of napier grass was previously achieved by immobilization on Fe-NPs and subsequently followed by ultrasonic treatment at 24 kHz at 6 W for 6 min [26]. Ladole et al. [28] also noticed an increase in pectinase and cellulase co-immobilized on Fe-NPs during extraction of lycopene from tomato peels with 10 W ultrasound treatment for 20 min. A two folds increase in the lipase activity was recorded with the application of 20 kHz constant frequency with an ultrasonic intensity of 12.22 W/cm2 for 9 min [44]. 
3.4 Enumeration of secondary structure  
The secondary structure of free cutinase and cutinase-Fe-NPs before and after optimized ultrasonic treatment (ultrasound power 5.76 W for free cutinase and 7.63 W for cutinase-Fe-NPs and treatment time 12 min) were enumerated with the multi-peak fitting Gaussian function by considering proteins most sensitive spectral region i.e. 1700-1600 cm-1 (the amide I band) (Table 2 and Fig. S4-S7 of Supplementary file). A marginal increase in the random coils and β-sheets, and a major reduction in β-turns content of free enzyme were seen after immobilization and ultrasonic treatment. Minor changes in β-antiparallel, β-strands and α-helices were also noticed. The changes in secondary structure fractions of free cutinase and cutinase-Fe-NPs as a result of the low intensity ultrasonic treatment could be ascribed to the pressure variations and mild turbulence generated along with the induced structural transformations, which may have also affected the enzyme active site [42]. This considerable change in the secondary structure fractions might have contributed to modification of catalytic site further leading to improved enzyme activity [25,43,46].  
3.5 Kinetics of free cutinase and cutinase-Fe-NPs 
The Km and Vmax values of the free cutinase, cutinase-Fe-NPs, and ultrasonically treated free cutinase and cutinase-Fe-NPs were measured by calculating initial reaction rates at different p-
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PNB concentration. The enzyme kinetic constants changed slightly after immobilization (Table 3). A slight reduction in Km was noticed after sonication in both the free cutinase as well as cutinase-Fe-NPs indicating enhanced affinity of enzymes towards the substrate. This depicted that ultrasonic treatment might have opened the enzyme active site due to changes in structural conformation and led to better exposure of active sites of enzyme [40]. A decrease in Km after ultrasonic treatment can also be ascribed to increased shear force, pressure and temperature that were generated due to ultrasonication [30]. A higher Km value of cutinase-Fe-NPs indicates the diffusion resistance and mass transfer limitations to a certain degree towards the substrate offered by complex inner pore structure of amino functionalized Fe-NPs. Furthermore, an increase in the Vmax values of cutinase after ultrasonic treatment over their respective form was seen. It was clear that ultrasonication improved catalytic efficiency of cutinase. In conclusion, both ultrasonication and immobilization induced changes in the 3-D conformation of cutinase resulting in the modification of active sites or loss of enzyme flexibility and thereby altering its catalytic efficiency.  
3.6 Effect of temperature and pH on activity of free cutinase and cutinase-Fe-NPs 
Cutinase-Fe-NPs had better stability towards heat then free cutinase in the temperature regime 30-60°C (Fig. S8 Supplementary file). A higher thermal resistance and a shift in optimum temperature by 5°C could be either due to the restrictions in the conformational flexibility as a consequence of covalent bond formed between Fe-NPs and cutinase, or better diffusion of the substrate at high temperature [25,47]. A gradual reduction in activity of free cutinase and cutinase-Fe-NPs could be due to inactivation of enzymes at elevated temperature [41].  
Free cutinase and cutinase-Fe-NPs were assessed for pH stability in pH range 3.5-8.0 (50 mM buffer). Both the forms of cutinase retained stability in the pH regime studied (Fig. S9 Supplementary file). The optimum pH of free cutinase and cutinase-Fe-NPs was around 6.0-6.5. In general, immobilization process alters the optimum pH of the enzymes. However an exception in the present case suggests that the active site of the enzyme remained unchanged on immobilization over Fe-NPs. The activity of cutinase-Fe-NPs was found to be higher at lower pH and slightly lower at pH above 6.5 as compared to free cutinase. The buffer pH is responsible for the formation of hydrogen bonds among the functional groups between neighboring amino acids and net charge on enzymes [10,16]. The altered activity at varying pH might be due to formation of different hydrogen bonds in the cross linked enzyme molecules. Another factor that might have contributed to the same may be the newly formed covalent bond amongst the enzyme molecule and the nanoparticles [20,47]. 
3.7 Thermal inactivation kinetics and thermodynamics of free cutinase and cutinase-Fe-NPs 
The thermal inactivation kinetics and thermodynamic properties of free cutinase and cutinase-Fe-NPs are presented in Tables 4 and 5, respectively. At a given temperature, a direct relationship between enzyme function and its structure can be evaluated by the thermal inactivation kinetics data. There was a steady reduction of enzyme activity with an increase in incubation period for both forms of enzyme and this followed first order kinetics (Fig. 7a and 7b). Similar deactivation profile was also noticed in our earlier works for Fusarium sp. ICT SAC1 cutinase when non-covalently conjugated with pectin [16], and covalently as well non-covalently conjugated with chitosan [17]. The Kd of cutinase-Fe-NPs reduced marginally by 60, 40, 51.85, 48.72 and 48.38% at 40-60°C, respectively, indicating higher thermostability over its free form. A noticeable 



14 
 

increase in t1/2 (half life) and D-value of cutinase-Fe-NPs was noticed specifying its higher stability for prolonged duration at defined temperature when compared with free cutinase.  
The Ed value of free cutinase and cutinase-Fe-NPs was enumerated by linear fit model with Arrhenius plot (Fig. 7c). The Ed value of free cutinase and cutinase-Fe-NPs in the temperature range of 40-60°C was 109.54±0.81 and 122.32±3.05 kJ/mol, respectively (Table 4). A higher Ed of cutinase-Fe-NPs indicated the requirement of higher energy to disrupt the enzyme conformation over free cutinase [37].  

Fig. 7. Thermal inactivation kinetics of (a) free cutinase, (b) cutinase-Fe-NPs, and (c) Arrhenius plot of free cutinase and cutinase-Fe-NPs  
The thermodynamic constants (ΔH°, ΔG° and 

ΔS°) present a virtual idea regarding the stability and functionality of enzymes in the operating conditions. These thermodynamic parameters were enumerated from Ed by considering the Eyring’s transition state theory basis (Table 5). The Ed and ΔH° were higher for cutinase-Fe-NPs specifying relatively higher thermal stability during the heat inactivation [48]. The higher value of ΔG° for cutinase-Fe-NPs indicated higher resistance generated against enzyme unfolding process after immobilization of Fe-NPs [49]. The positive ΔS° value for both free cutinase and cutinase-Fe-NPs specified an increase in randomness or disordered conformation of active cleft in structural conformation [50]. Higher thermostability of cutinase-Fe-NPs highlights the firmness offered to cutinase molecules with diverse interactions and also restricted intramolecular interaction between superficial amino acid residues over the Fe-NPs by simple covalent linking. Further macromolecular crowding due to the high density of enzyme proteins confined over the modified Fe-NPs surface could have also contributed to the higher stability. 
3.8 Storage stability free cutinase and cutinase-Fe-NPs 
The storage stability of free cutinase and cutinase-Fe-NPs was evaluated by storing them at 4±1°C for 21 days (Fig. 8). The residual activity of cutinase-Fe-NPs after 21 days was 61.88±2.21% while the corresponding value of free cutinase was 31.02±1.86%. The enzyme undergoes desirable conformational changes leading to higher activity after ultrasonic treatment, and while during storage, it again regains its native structural conformation. Therefore, the effect 
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of ultrasonic treatment on free cutinase and cutinase-Fe-NPs was analyzed after every 3rd day by treating them with 5.76 and 7.63 W for 12 min. There was a prominent increase in enzyme activity could be attributed to synergistic effect of the generated free radicals and mechanical effects generated after ultrasonic treatment [41]. The retention of activity by cutinase-Fe-NPs during storage could be associated to the resistance towards deformation of active sites in enzymes and prevention of auto degradation by cross linking with glutaraldehyde [47,51].  

 
Fig. 8. Effect of ultrasonication on cutinase-Fe-NPS during reusability studies (ultrasound power 7.63 W and incubation time 12 min) 
3.9 Reusability of cutinase-Fe-NPs 
The operational costs linked with the enzymes associated with biotransformation process determine its feasibility in industrial processes [33]. Hence, a study on enzyme reusability is very vital due to reduction in efficiency and performance of enzymes after repetitive use [52]. The reusability of cutinase-Fe-NPs and ultrasonic treated cutinase-Fe-NPs was determined for eight subsequent cycles in a batch process (Fig. 9).  

Fig. 9. Effect of ultrasonication on free cutinase (ultrasound power 5.76 and incubation time 12 min) and cutinase-Fe-NPS (ultrasound power 7.63 W and incubation time 12 min) during storage at 4±1°C 
 

After the fifth reusability batch, the activity recovery of cutinase-Fe-NPs was 82.82±2.91%, which reduced steadily in successive cycles. The steady reduction in residual activity of cutinase could be due continuous repeated use and mechanical damages [29,37,39]. The aggregates of the cutinase-Fe-NPs are formed after recovery from the reaction mixture with each successive batch 
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due to strong magnetic dipole moments within the particles. To overcome the diffusion resistance and mass transfer limitations, these aggregates further need proper dispersion in the medium when used for subsequent cycles. Ultrasonic treatment under optimized conditions not only helps in dispersing the enzyme immobilized Fe-NPs but also improve the enzyme activity. The activity of cutinase-Fe-NPs after ultrasonic treatment (ultrasound power 7.63 W and incubation time 12 min) during each cycle enhanced substantially during four cycles and then reduced consistently during next cycles. The drastic reduction in activity after 4th cycle may be due to damages caused in enzyme active cleft by repetitive ultrasonic treatment [27]. After separation of cutinase-Fe-NPs from reaction mixture, protein moieties were not noticed in any of the reusability cycles. This indicated enzyme leaching to be negligible due to firm binding of cutinase on Fe-NPs [19].  
Conclusion 
Cutinase was successfully stabilized by immobilization on magnetic nanoparticles using glutaraldehyde as cross-linking agent and activity was intensified by ultrasonic treatment. The immobilized cutinase-Fe-NPs as well as Fe-NPs were characterized thoroughly characterized for specific properties. Low intensity ultrasonic treatment exerted a beneficial effect on the activity of free and immobilized cutinase.  The cutinase-Fe-NPs possessed better kinetic potential, superior pH stability (4-8), thermal stability (40-60°C), thermal inactivation kinetic (kd, t1/2 and D-value) constants, higher inactivation energy and thermodynamic (ΔH°, ΔG° and ΔS°) parameters. Cutinase-Fe-NPs and ultrasonic treated cutinase-Fe-NPs possessed better reusability till fifth cycle and a prolonged storage stability for 21 days. This study shows that cutinase binding onto Fe-NPs and the ultrasonic treatment enabled cutinase to acquire conformational and structural changes as confirmed by the secondary structure fractions for observed enhanced activity and stability. The developed nanobiocatalyst can be further potentially exploited for different biotransformation reactions in several industrial segments. 
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Supplementary information 
 
Materials and methodology 
Thermodynamic parameters of free cutinase and cutinase immobilized on Fe-NPs 
The deactivation energy Ed (kJ/mol) was determined from the slope of Arrhenius plot using first order reaction kinetics (graph of ln(kd) vs. 1/T) as: 

Slope =  
−Ed

R
 

The changes in enthalpy ΔH° (kJ/mol), free energy ΔG° (kJ/mol) and entropy ΔS° (J/mol/°K) for denaturation of free and immobilized cutinase caused by thermal treatment was calculated by 
Eyring’s transition state theory as:  

ΔH° = Ed − RT 
ΔG° = −RT ln (

kd

kB
×

h

T
) 

ΔS° =
ΔH° − ΔG°

T
 

Where, Ed, T, R, h, KB and kd correspond to activation energy for enzyme denaturation, absolute temperature (K), gas constant (8.314 J/mol/K), Planks constant (11.04 × 10-34 J min), Boltzman constant (1.38 × 10-23 J/K) and deactivation rate constant (min-1), respectively. 
Secondary structure analysis by FTIR  
The fractions of secondary structure in free cutinase and cutinase immobilized on Fe-NPs were evaluated by FTIR. The FTIR spectra of free and immobilized cutinase were recorded on FTIR instrument (IRAffinity-1FTIR, Shimadzu, Japan) from 4000-400 cm-1. The secondary derivative of amide-I region i.e. peak frequencies in 1700-1600 cm-1 were identified and smoothened by 
using Essential FTIR™ 3.00 with a 13-point Savitzky-Golay function. Further, the quantify multi-component peak under amide-I bands of both cutinase forms was enumerated by multi-peak fitting program by using Guassian function in Origin 9.0 (Nadar et al., 2016). The fractions of the secondary structures were calculated as per previous literature. The relative content of secondary structure fractions are represented as β-antiparallel (black), β-strands (red), β-sheets 
(green), random coils (blue), α-helix (cyan) and β-turns (magenta) based on the respective spectral regions i.e. 1613-1620 cm-1, 1623-1627 cm-1, 1637-1638 cm-1, 1645-1647 cm-1, 1654-1658 cm-1, and 1664-1690 cm-1 (Achouri et al., 2012; Rui et al., 2011; Yang et al., 2015).   
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Results 

 
Fig. S1. Particle size distribution of plain Fe-NPs  

 
Fig. S2. Particle size distribution of cutinase-Fe-NPs  
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Fig. S3. Standard graph of APTES with OPA reagent 

 
Fig. S4. Secondary structure analysis of free cutinase  
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Fig. S5. Secondary structure analysis of ultrasonic treated free cutinase  

 
Fig. S6. Secondary structure analysis of immobilized cutinase 
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Fig. S7. Secondary structure analysis of ultrasonic treated immobilized cutinase 
 

 
Fig. S8. Effect of temperature of activity of free cutinase and cutinase-Fe-NPs 
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Fig. S9. Effect of pH of activity of free cutinase and cutinase-Fe-NPs 
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