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Reversible immobilization of enzyme on the “deck” for high-efficiency heterogeneous catalysis
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Experimental reagents

Acrylic acid (AA), methacrylic acid (MAA), glycidyl methacrylate (GMA), ammonium persulfate (APS) were analytically pure and obtained from McLean Biochemicals, Shanghai; citric acid, sodium citrate, and filter paper (analytically pure) were obtained from Aladdin Biochemicals, Shanghai; isopropyl thioxanthenone (ITX), and low-density polyethylene (LDPE) film came from Beijing ZiGuang YingLi Chemical; acetone (analytically pure) was obtained from Tianjin Kemo; cellulase was obtained from Tokyo Kasei Kogyo; and gelatin (300 g/Bloom) was obtained from Enoca Beijing.

Characterization of L-Gel

Elemental changes and structures were probed by X-ray photoelectron spectroscopy (XPS, Axis Supra+, from Japan-Shimadzu); a scanning electron microscope (SEM, FEI Q45, from the USA) was used to determine the surface morphology of the films; UV-visible absorbance was measured by a UV-2600 spectrophotometer; fluorescence images were recorded on a confocal laser scanning microscope (CLSM, LSM800, from Germany); glucose concentration was determined by a biosensor (SBA-40E, from the Institute of Biology, Shandong Academy of Sciences, China).

Enzyme activity

PLANE: 10 mL, 1 mg/mL of PLANE solution (0.05 M, pH 4.8 citric acid-sodium citrate buffer) was hydrolyzed at 48 °C, pH 4.8, 300 rpm/min for 4 h, and the SBA-40E biosensing analyzer was used to measure glucose conversion to calculate enzyme activity.

Free enzyme: 10 mg filter paper was placed in 10 mL, 0.2 mg/mL cellulase solution (0.05 M, pH 4.8 citric acid-sodium citrate buffer), and after 4 h of reaction in a 48 °C constant temperature shaking box, the glucose conversion rate was tested using the SBA-40E biosensing analyzer to calculate the cellulase activity.

Optimal reaction conditions between free enzyme and PLANE

Optimal temperature: 10 mL, 1 mg/mL of free cellulase and PLANE solution (0.05 M, pH 4.8 citrate-sodium citrate buffer) were subjected to the hydrolysis reaction of filter paper (2 mg/mL) for 4 h at different temperatures (40 ℃, 42 ℃, 44 ℃, 48 ℃, 52 ℃, and 60 ℃), respectively, to determine the enzyme activity at different temperatures.

Optimal pH: 10 mL, 1 mg/mL of free cellulase and PLANE solutions were placed in 0.05 M citrate-sodium citrate buffer at different pH (3.2, 3.8, 4.2, 4.8, 5.6, 6.2, 6.8, 7.2), and the enzyme activities were determined at different pH after the filter paper (2 mg/mL) hydrolysis reaction was carried out for 4 h at 48 ℃, respectively .

The stability of PLANE

In order to verify the practicality and stability of PLANE, PLANE was tested for high temperature stability, pH stability, storage stability and operational stability, respectively.

High-temperature stability: 3 mL, 1 mg/mL of free cellulase, and 4 × 2 cm2 of L-PLANE were incubated in 0.05 M, pH 7.0 citrate-sodium citrate buffer at 60 °C for 0 h, 2 h, 4 h, 6 h, 8 h, and 12 h. Subsequently, the hydrolysis reaction of the filter paper (2 mg/mL) was carried out at 48 °C, pH 4.8, and 300 rpm/min for 4 h. After that, the change in enzyme activity was measured.

pH stability: 3 mL, 1 mg/mL of free cellulase was incubated with 4 × 2 cm2 of L-PLANE in 0.05 M, pH 7.0 citrate-sodium citrate buffer for 0 h, 2 h, 4 h, 6 h, 8 h, and 12 h. Subsequently, the hydrolysis reaction of the filter paper (2 mg/mL) was carried out at 48°C, pH 4.8, and 300 rpm/min for 4 h. After that, the change in enzyme activity was measured.

 Storage stability: 60 mL, 0.1 mg/mL of free cellulase solution, and L-PLANE solution (250 mg PLANE, 60 mL citrate-sodium citrate buffer) were stored at 4 °C in pH 4.8 buffer in the refrigerator for 15 days, respectively, and 10 mL of the solution was taken on the 0th, 2nd, 6th, 8th, 10th, and 15th days of storage at 4 °C. The change in cellulase activity was measured after 4 h of reaction at 300 rpm/min to derive the storage stability of the enzyme.

Operational stability: After weighing 500 mg of PLANE and making it fully soluble with 20 mL, pH 4.8 buffer, a 4 × 2 cm2 L-Gel membrane was placed in it, and the whole system was put into a refrigerator at 4 °C overnight to fully adsorb the PLANE, and then the PLANE-loaded L-Gel membrane was taken out and rinsed three times; the enzyme activity was measured after a hydrolysis reaction of filter paper (2 mg/mL) in 10 mL of citrate-sodium citrate buffer (0.05 M, pH 4.8) for 4 h at 48 °C, pH 4.8, and 300 rpm/min; subsequently, the whole system was put back into 4 °C overnight, and the L-PLANE was taken out and rinsed. After centrifugation at 6000 rpm/min for 5 min to separate the glucose from the system, the L-PLANE was reintroduced into 10 mL of citric acid-sodium citrate buffer (0.05 M, pH 4.8), and the consumption of filter paper is estimated by glucose yield. A complete cycle operation can be completed after the filter paper is added.

Results and discussion

[image: image1.png]Intensity/(Arb.Unit)

o

Nls

L-Gel

Intensity/(Arb.Unit)

L-PGMA

Nls

A MAA A AN AR A AN

394 396 398 400 402 404 406 408 410

Binding Energy (ev)

394 396 398 400 402 404 406 408 410
Binding Energy (ev)




Fig. S1 XPS profiles of L-Gel and L-PGMA a) L-Gel N 1s profile; b) L-PGMA N 1s profile
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Fig. S2 a) Raman point-scan spectra of LDPE, L-PGMA and L-Gel; b) Raman surface-scan spectra of L-PGMA and L-Gel

As can be seen from Fig. S2(a), L-PGMA produced a characteristic peak at 1440 cm-1 caused by C=O of PGMA; meanwhile, due to the rich peptide bonds contained in gelatin molecules, the peptide bond characteristic expression peak of L-Gel was observed at 1120 cm-1. In addition, the presence of tryptophan, tyrosine and phenylalanine groups on the gelatin molecule resulted in the enhancement of the signal intensity of the C-H characteristic peak at 2900 cm-1 in the Raman spectrum of L-Gel. Fig. S2(b) shows the Raman surface scanning spectra of L-PGMA and L-Gel, and the different colors represent the signal intensities of LDPE after surface modification. The results showed that when GMA was grafted onto the surface of LDPE membrane, the polymerization of GMA occurred under the action of ITXSP, and the signal intensity on its surface was enhanced compared with that of LDPE (blue), and then the amino group of gelatin molecule covalently interacted with the epoxide group of L-PGMA (green), and the enhancement of the signal intensity of Raman spectroscopy on the surface of L-Gel (red) proved that the gelatin molecule had been successfully grafted onto the surface of L-PGMA.
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Fig. S3 Hyperfield 2D images of a) Hyperfield and b) L-Gel stained by rhodamine B
In order to detect gelatin on the surface of L-Gel, L-PGMA and L-Gel were stained by rhodamine B, and the results are shown in Fig. S3, where L-PGMA failed to observe a red color after staining; while L-Gel was able to observe a red color. This is due to the fact that rhodamine B, as a protein dye, is able to bind to the basic amino acids of biomolecules, and is able to exhibit a characteristic red color in the wavelength range of visible light. From the above phenomenon, it can be seen that the gelatin molecules covalently interacted with PGMA on the surface of L-PGMA, and the gelatin molecules were grafted onto the surface of L-PGMA to successfully synthesize L-Gel.
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Fig. S4 SEM images of a) L-Gel and b) L-PLANE
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Fig. S5 XPS full spectrum variation of L-Gel reversibly adsorbed PLANE
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Fig. S6 Variation of water contact angle for reversible adsorption of PLANE by L-Gel
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Fig. S7 CLSM images of a) L-Gel; b) L-PLANEabsorb; c) L-PLANErelease; d) L-PLANEreabsorb
Table S1 Immobilization of cellulase on different carriers and their cycling stabilities

	Carrier
	Immobilization method
	Number of cycles
	Cycle times
	Residual activity
	References



	Polyvinyl alcohol/Fe2O3 magnetic nanoparticles
	Crosslinking
	4
	6 h
	40%
	(Liao et al., 2010)

	Sodium Alginate-Polyethylene Glycol-Chitosan
	Physical adsorption
	5
	2 h
	60%
	(Wang et al., 2021)

	Sol-gel matrix
	Physical adsorption
	6
	24 h
	20%
	(Ungurean et al., 2013)

	Ultra-fine Eri silk microparticles
	Physical adsorption
	8
	10 min
	50%
	(Ahmad & Khare, 2018)

	Polyacrylic acid nanogel
	Physical adsorption
	3
	1 h
	75%
	(Verma et al., 2013)

	Magnetic Fe3O4/GO/CS

nanocomposites
	Physical adsorption
	7
	30 min
	29%
	(Ahmed et al., 2017)

	Polymer Gel Tray
	Covalent binding
	6
	3 h
	85%
	(Yassin et al., 2019)

	Styrene/maleic anhydride copolymer nanoparticles
	Covalent binding
	5
	1 h
	63%
	(Wang et al., 2018)

	Magnetic graphene nanosheets
	Covalent binding
	4
	1 h
	55%
	(Gokhale et al., 2013)

	Magnetic halloysite nanotubes
	Covalent binding
	7
	30 min
	68%
	(Sillu et al., 2019)

	L-PLANE
	Covalent binding
	8
	4 h
	52%
	This study
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