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Abstract

Synthesis of (3-aminopropyl) triethoxysilane (APTES)-functionalized graphene oxide
(GO) nanosheets, statistical optimization of conditions for immobilization of Bacillus
atrophaeus lipase (BaL) on as-synthesized support, and application of the immobilized
BalL for esterification of valeric acid were carried out in this investigation. The optimum
specific activity of the immobilized BaL (81.60+0.28 U mg™!) was achieved at
3 mg mL™! of GO-NH,, 50 mM of phosphate buffer, pH 7.0, 60 min sonication time,
100 mM glutaraldehyde, 25 U mL"! of enzyme, and 8 h immobilization time at 4 °C. The
immobilized BaL retained about 90% of its initial activity after 10 days of storage.
Moreover, about 70% of the initial activity of the immobilized BalL was retained after
10 cycles of application. The results of esterification studies exhibited that maximum
pentyl valerate synthesis using the free BaL (34.5%) and the immobilized BaL (92.7%)
occurred in the organic solvent medium (xylene) after 48 h of incubation at 60 °C.
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Introduction

Enzymes are biologically derived catalysts with excellent properties which speed up
chemical reactions in industrial processes such as pharmaceutical and medical, biofuel,
and food industries [1, 2]. These biological macromolecules represent high activity at
mild conditions, high selectivity, and high specificity during the applied processes [3, 4].
The usage of lipases of microbial origins (triacylglycerol acyl hydrolases, E.C. 3.1.1.3)
as industrial biocatalysts has recently gained attention due to their potential application
[5, 6] in numerous reactions such as ester synthesis, transesterification, interesterifica-
tion, acidolysis, and aminolysis especially in organic solvents [6, 7]. Hence, lipolytic
enzymes of microbial origin have been widely used in pharmaceuticals, detergent,
cosmetics, food and flavor, and agrochemical industries for biocatalytic resolution of
pharmaceuticals, synthesis of aromatic esters and amino acid derivatives, production of
fine chemicals and biodiesel, development of biosensors, and bioremediation of agro-
chemical’s wastes [7, 8].

High cost of enzymatic-assisted processes persuaded investigators to develop proce-
dures by which the applied biocatalyst could separate from the reaction media and
recycle again. Moreover, most of the applied enzymes might be unstable under the
industrially used conditions such as presence of organic solvents, elevated temperatures,
extreme pH, etc. [2, 3]. Immobilization of enzymes on nanocomposite structures not only
allows reusing them for several times and as results reducing the final cost but also could
increase catalytic activity, stability, and selectivity of the immobilized biocatalysts. In
addition, decreasing protein contamination of the final product could also be attained via
enzyme immobilization [9, 10]. Generally, there are five approaches to immobilize
enzymes including adsorption, entrapment, ionic interface, covalent binding, and cross-
linking [3, 11]. In recent years, the effort of enzyme immobilization technology has been
modified by using nanostructure materials [3, 12—14] due to their high surface area
which allow the improvement of enzyme immobilization efficiency [12, 15]. So, various
nanomaterials (even synthetic or natural) have been exploited as carriers or supports to
immobilize the enzymes including magnetic nanoparticles [16, 17], carbon nanotubes
[18], silica-based nanomaterials, cellulose-based membrane, polymers, and resins [3, 16,
19]. Among the numerous types of nanomaterials, graphene oxide (GO) have mostly been used
for enzyme immobilization [2, 20-22]. The general specifications of the GO containing the high
surface area, two-dimensional structures, and the capability for surface functionalization permit
the improvement of enzyme immobilization efficiency parameters [23, 24]. In addition, both
methods of physical adsorption and covalent attachment of enzymes could be carried out for
immobilization of enzyme on the GOs’ surface [24]. For example, the serine proteases,
horseradish peroxide (HRP), cold-adapted esterase, lipase, and glucose oxidase have success-
fully been immobilized onto GO through various routes [25-31].

In the present study, the GO nanosheets were firstly prepared and subjected to
functionalization using (3-aminopropyl) triethoxysilane. The as-synthesized nanostructure
was then applied to immobilize the thermoalkalophilic lipase of Bacillus atrophaeus FSHM2,
and the most important parameters influencing the immobilization yield was optimized using
statistical experimental of design (DOE). The reusability, storage stability, and the influence of
pH, temperature, solvent, and metal ions on the immobilized lipase activity were also
investigated. Finally, the free and immobilized lipases were employed for synthesis of pentyl
valerate (green apple flavor) in various solvents.
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Materials and Methods
Chemicals

p-Nitrophenol (p-NP), p-nitrophenyl palmitate (p-NPP), glutaraldehyde 25% (v/v), (3-
aminopropyl) triethoxysilane (APTES), and bovine serum albumin (BSA) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Commercial graphite flakes were
supplied by Sigma-Aldrich (St. Louis, MO, USA) with a particle size of 325 meshes
and purity of 99%. Pure pentyl valerate was provided by Merck Chemicals (Darm-
stadt, Germany). In the case of other applied materials, the analytical grade was
supplied.

Enzyme

The applied lipase of the present study was a thermoalkalophilic lipolytic enzyme from
Bacillus atrophaeus FSHM?2 (designated as Bal) which has been purified and charac-
terized in a previous survey [32]. In brief, the purified Bal. was obtained using three
sequential steps of ethanol precipitation and dialysis, Q-Sepharose XL anion-exchange
chromatography, and SP Sepharose cation-exchange chromatography by a purification
factor of 31.8. The purified Bal. (Mw, 85 kDa) exhibited its maximum activity at 70 °C
and pH 9.00 in the existence of 4 M NaCl. It was also observed that the activity of BaL
was considerably increased when incubated in the presence of organic solvents, espe-
cially xylene (25%).

Synthesis of GO

Synthesis of GO was performed according to the modified Hummer’s method [33].
Briefly, graphite flakes (1 g) were firstly treated by K,S,05 (0.5 g) and P,O5 (0.5 g) in
concentrated H,SO4 (23 mL) for 6 h. Thereafter, the oxidation of graphite oxide was
carried out by adding KMnOy (3 g) to the reaction mixture and the reaction was kept at a
temperature below 20 °C. Then, the mixture was incessantly stirred for 120 min at 35 °C,
followed by addition of deionized water (46 mL) into the reaction mixture. Afterwards,
the obtained mixture was redispersed in HCI solution (10%) to remove ions and
frequently centrifuged and redispersed again in deionized water to reach the neutral
pH. The obtained graphite oxide was exfoliated into GO by dispersing in water and
sonicating for 90 min under ultrasound (300 W) followed by drying it in a vacuum oven
(60 °C, 48 h).

Silanization of the GO Nanosheets

Synthesis of amine-modified GO (GO-NH,) was performed based on the technique described
by Akbari et al. [34]. To functionalize the GO surface via APTES, 250 mg of as-synthesized
GO was dispersed in toluene while sonicating for about 15 min and subsequently, 2 mL of
APTES (99%) was added to the reaction mixture and allowed to stir under reflux conditions at
110 °C for 24 h. The produced sediment was finally washed three times with toluene and dried
using a vacuum oven (60 °C for 24 h).
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Characterization

In order to achieve the related Fourier transform infrared (FTIR) spectrum of GO and GO-
NHo,, they were firstly dried in an oven at 60 °C followed by preparation of their KBr tablet
and analysis using a Bruker Alpha instrument (Bruker Optics, MA, USA) at a resolution of
4 cm™!. The related pattern of thermogravimetric analysis (TGA) of GO and GO-NH, were
drawn using the STA 503 TG analyzer (YEONIJIN Co., Seoul, South Korea, resolution; AG =
0.5 ug, T=0.05 °C, AT=0.01 °C) assisting a heating gradient from 25 to 800 °C
(10 °C min™!) under argon flow. The surface morphology of the samples was scanned by
field emission scanning electron microscope (FESEM, ZEISS-SIGMA VP, Germany)
equipped with energy-dispersive spectroscopy (EDS, X-max, Oxford, England) apparatus.

Immobilization of Bal and Statistical Experimental Design

An experimental design, fractional factorial design (FFD), was employed for optimization of
factors influencing Bal. immobilization using a covalent binding method. Statistical software,
Design-Expert version 7.0.0 (Stat-Ease, Inc., Minneapolis, MN, USA), was utilized for
planning a 282 FFD with 3 center points. The selected factors include GO-NH, concentration
(X1), buffer concentration (X;), pH (X3), sonication time (Xj), enzyme concentration (Xs),
glutaraldehyde concentration (Xg), time (X7), and temperature (Xg) (Table 1). Sixty-seven runs
were designed by the mentioned software (Table 2, run 1-67) for optimization of the
immobilization parameters of Bal on amine-functionalized GO. The designed runs of FFD
were carried out and analyzed. A significant curvature was found in the analyzed results; so the
previously mentioned 282 FFD was augmented to a D-optimal design of response surface
methodology (RSM) by adding five new experiments (Table 2, run 68—72) to the previous
design. In order to increase the leverage, the applied design was improved by addition of two
further experiments (Table 2, run 73 and 74). The actual and predicted data in terms of specific
activity (U mg™!) are shown in Table 2. The second-order polynomial equation which contains
all interactions was exploited to estimate the predicted response Eq. 1:

Y = bo + X bixi + X baxt + XY bixix; (1)

In this equation, Yis the response (specific activity, U mg™1), x; (i = 1-8) are the variables of
the experiment, b, is the model constant, b; (i=1-8) are the linear effects, b; (i #/) are the
second-order coefficients, b; (i=1-7) are the second-order interaction coefficients, e is the

Table 1 Applied levels of independent variables in the fractional factorial design for optimization of BaL
immobilization conditions on GO-NH, support

Variable Name Unit Low level (—1) High level (+ 1)
X GO-NH, concentration mg mL™! 1 5
X Buffer concentration mM 25 50
X5 pH 6 8
X, Sonication time min 15 60
Xs Enzyme concentration U mL™! 25 60
Xe Glutaraldehyde concentration mM 10 100
X; Time h 4 8
Xz Temperature °C 4 25
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Table 2 The fractional factorial design (FFD) augmented to D-optimal design for optimization of factors (with
coded values) affected on specific activity of BaL

Run order  Block X, X X3 X, Xs Xs X X3 Specific activity (U mg™)
Experimental Predicted
1 Blockl -1 -1 -1 -1 -1 -1 1 1 5736 56.24
2 Block 1 ! -1 -1 -1 -1 -1 -1 -1 6556 64.4
3 Block 1 -1 i1 -1 -1 -1 -1 -1 -1 6236 61.28
4 Block 1 1 1 -1 -1 -1 -1 1 1 6237 61.28
5 Block1 -1 -1 1 -1 -1 -1 -1 1 6259 61.6
6 Block 1 1 -1 1 -1 -1 -1 1 -1 6517 64.08
7 Block I -1 1 1 -1 -1 -1 I -1 63.09 62
8 Block 1 1 1 1 -1 -1 -1 -1 1 63.16 62.32
9 Blockl -1 -1 -1 1 -1 -1 -1 1 63.16 62
10 Block 1 1 -1 -1 1 -1 -1 I -1 6356 62.64
11 Block 1 -1 I -1 1 -1 -1 I -1 6532 64.32
12 Block 1 1 1 -1 1 -1 -1 -1 1 6387 62.8
13 Block1 -1 -1 1 1 -1 -1 1 1 6517 64.08
14 Block 1 1 -1 1 1 -1 -1 -1 -1 6679 65.68
15 Block I -1 1 1 1 -1 -1 -1 -1 6517 64.16
16 Block 1 1 1 1 1 -1 -1 1 1 6594 64.88
17 Blockl -1 -1 -1 -1 1 -1 I -1 6517 64.24
18 Block 1 1 -1 -1 -1 1 -1 -1 1 6479 63.76
19 Block 1 -1 1 -1 -1 1 -1 -1 1 6412 63.04
20 Block 1 1 1 -1 -1 1 -1 I -1 6598 65.12
21 Block1 -1 -1 I -1 1 -1 -1 -1 6638 65.28
22 Block 1 1 -1 1 -1 1 -1 1 1 6718 66
23 Block I -1 1 I -1 1 -1 1 1 6596 64.88
24 Block 1 1 1 I -1 1 -1 -1 -1 6718 66.08
25 Blockl -1 -1 -1 1 1 -1 -1 -1 6759 66.56
26 Block 1 1 -1 -1 1 1 -1 1 1 6718 66.08
27 Block I -1 1 -1 1 1 -1 1 1 5791 56.88
28 Block 1 1 I -1 1 1 -1 -1 -1 6839 67.28
29 Block1 -1 -1 1 1 1 -1 I -1 63.66 62.48
30 Block 1 1 -1 1 1 1 -1 -1 1 68.13 67.2
31 Block 1 -1 1 1 1 1 -1 -1 1 6236 61.36
32 Block 1 1 1 1 1 1 -1 I -1 6761 66.48
33 Blockl -1 -1 -1 -1 -1 1 I -1 6786 66.96
34 Block 1 1 -1 -1 -1 -1 1 -1 1 68.16 67.04
35 Block I -1 1 -1 -1 -1 I -1 1 6356 62.48
36 Block 1 1 I -1 -1 -1 1 I -1 6397 62.96
37 Block1 -1 -1 1 -1 -1 1 -1 -1 6558 64.48
38 Block 1 1 -1 I -1 -1 1 1 1 6397 62.96
39 Block 1 -1 1 1 -1 -1 1 1 1 6481 63.68
40 Block 1 1 1 1 -1 -1 1 -1 -1 6397 62.96
41 Block1 -1 -1 -1 1 -1 I -1 -1 5682 55.68
42 Block 1 1 -1 -1 1 -1 1 1 1 6883 67.84
43 Block I -1 I -1 1 -1 1 1 1 6536 64.24
44 Block 1 1 1 -1 1 -1 I -1 -1 6236 61.28
45 Block1 -1 -1 1 1 -1 1 1 -1 6477 63.76
46 Block 1 1 -1 1 1 -1 I -1 1 6517 64.24
47 Block I -1 1 1 I -1 1 -1 1 6449 63.6
48 Block 1 1 1 1 1 -1 1 I -1 6718 66.08
49 Block1 -1 -1 -1 -1 1 1 1 1 6517 64.08
50 Block 1 1 -1 -1 -1 1 1 -1 -1 6739 66.32
51 Block 1 -1 1 -1 -1 1 I -1 -1 6556 64.4
52 Block 1 1 1 -1 -1 1 1 1 1 6477 63.76
53 Block1 -1 -1 1 -1 1 I -1 1 6517 64.24
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Table 2 (continued)

Run order  Block Xi X, X Xy X5 Xs XXy Specific activity (U mg™!)

Experimental Predicted

54 Block 1 1 -1 1 -1 1 1 1 -1 6517 64
55 Block 1 -1 1 1 -1 1 1 I -1 6682 65.68
56 Block 1 1 1 1 -1 1 1 -1 1 66.78 65.76
57 Block1 -1 -1 -1 1 1 I -1 1 66.77 65.76
58 Block 1 1 -1 -1 1 1 1 I -1 6655 65.6
59 Block 1 -1 1 -1 1 1 1 I -1 6566 64.8
60 Block 1 1 1 -1 1 1 I -1 1 66.78 65.68
61 Block1 -1 -1 1 1 1 1 1 1 6718 66.08
62 Block 1 1 -1 1 1 1 1 -1 -1 716l 70.56
63 Block I -1 1 1 1 1 1 -1 -1 6839 67.2
64 Block 1 1 1 1 1 1 1 1 1 6831 67.2
65 Block 1 0 0 0 0 0 0 0 0 7373 72.56
66 Block 1 0 0 0 0 0 0 0 0 7342 72.56
67 Block 1 0 0 0 0 0 0 0 0 7375 72.56
68 Block2 -1 1 -1 -1 1 -1 -1 1 6044 63.04
69 Block2 -1 1 -1 -1 -1 I -1 -1 6517 67.68
70 Block2 -1 -1 -1 1 1 1 I -1 6558 68.16
71 Block 2 1 1 -1 1 -1 1 1 1 66.78 69.36
72 Block2 -1 -1 -1 1 -1 -1 1 1 6477 67.36
73 Block 3 1 -1 1 -1 -1 -1 I -1 6558 64.08
74 Block 3 1 -1 1 -1 1 1 1 1 6681 65.28

error of the experiment, and x are the independent variables. The specific activity was also
calculated according to Eq. 2:

Specific activity = enzyme activity (U)/total amount of enzyme (mg) (2)

Lipase solutions with different activities (X5, U mL™!; —1, 25; +1, 60) were prepared in
phosphate-buffered solution (X5, mM; — 1, 25; + 1, 50) with various pH values (X3; — 1, 6; +1,
8). Next, the support (X;, mg mL™!; — 1, 1; + 1, 5) containing glutaraldehyde (Xs, mM; — 1, 10;
+ 1, 100) was sonicated (X, min; — 1, 15; + 1, 60) and suspended into enzyme solutions and
the prepared mixture was stirred for various immobilization times (X7, h; — 1, 4; +1, 8) at
different temperatures (Xg, °C; — 1, 4; + 1, 25) to complete the covalent attachment. After that,
the suspension was centrifuged and separated; the immobilized Bal. was washed three times
with phosphate buffer to remove the unbounded enzyme and dried. The centrifuge and
washing solutions were collected for protein determination and measurement of lipase activity.

Measurement of Lipase Activity

The colorimetric assay protocol based on the ability of lipase to hydrolyze the esteric bond of
p-NPP as substrate was applied [35] in order to evaluate the lipase activity (U mL™'). The
enzymatic reaction mixture contained 0.8 mL of 0.1 M carbonate buffer (pH 9.00) accompa-
nied by 0.4% of Triton X-100, 0.1 mL of the freshly prepared p-NPP solution (0.01 M), and
10 mg of sample was prepared and incubated at 60 °C and 120 rpm for 30 min. Afterward,
0.25 mL of 0.1 M Na,COj; was added to the reaction mixture and centrifuged at 10,000xg for
15 min. The amount of released p-NP which represented a yellow color was determined by
recording the absorbance of the samples at 410 nm using a Shimadzu double beam
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spectrophotometer (UV-1800, Shimadzu Corporation, USA). One unit (U) of the lipase
activity was defined as the amount of enzyme caused the liberation of 1 pmol of p-NP per
min from p-NPP substrate under the standard assay conditions.

Protein Assay

The total amounts of protein were determined using the Bradford’s colorimetric method [36].
Bovine serum albumin (BSA) was employed as a standard to draw the calibration curve.

Immobilization Yield and Efficiency

The yield and efficiency of immobilization were demonstrated by the following equations:
Immobilization yield (%) = [(Yo—Y1)/Y0o] x 100 (3)

where Y and Y; show the amounts of total protein and bounded protein to the support during
the immobilization process, respectively.

Immobilization efficiency (%) = [(Eo—E1)/Eo] x 100 (4)
where E and E; were the total activity and the immobilized enzyme activity, respectively.

pH and Temperature Stability of the Immobilized Bal

The pH stability of the free and immobilized BalL was assessed by pre-incubating the enzyme
for 120 min in 100 mM buffer solutions of citrate buffer (pH 4-5), phosphate buffer (pH 6-8),
and carbonate buffer (pH 9-11), and the percentage of residual enzyme activities was
determined using substrate (p-NPP) under the previously mentioned assay conditions (Sect.
Measurement of Lipase Activity). To evaluate the influence of temperature on the stability of
the free and immobilized BaL, the enzyme were pre-incubated at temperatures of 50, 60, 70,
80, and 90 °C for 120 min and the residual lipase activity was then measured.

Stability of the Immobilized BaL in the Presence of Metal lons, Chelating Agent,
and Surfactants

The effects of different metal ions (Mg2+, K+, CaZ+, Cu?*, Nat, Mn2+, Zn2+, and Fe3*
all at final concentration of 5 mM), enzyme inhibitor (EDTA, 2.5 mM), as well as
surfactants (SDS, Triton X-100, Tween-40, and Tween-80, 1 mM) on the activity of
the free and immobilized Bal. were determined by pre-incubating the enzyme with
each of them for 120 min followed by determination of the residual lipase activity
under standard assay conditions.

Stability of Immobilized BaL in Organic Solvents
The free and immobilized BaL. was incubated in different organic solvents including ethanol,

2-propanol, chloroform, iso amyl alcohol, #n-hexane, acetonitrile, methanol, acetone, 1-butanol,
xylene, and toluene at a final concentration of 25% (w/v) at 25 °C for 120 min. The residual
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activity was evaluated based on the similar procedure as described above (Sect. Measurement
of Lipase Activity).

Reusability and Storage Stability of the Immobilized Bal

In order to survey the reusability of the immobilized BaL, the used biocatalyst of the
first run was separated by centrifugation (12,000xg for 5 min at 4 °C) and washed
three times with phosphate buffer (100 mM, pH 7.2) and the enzyme activity was
determined by the above-mentioned assay (Sect. Measurement of Lipase Activity).
Considering the lipase activity of the first run as 100%, the relative activity of the
subsequent runs (ten runs) were measured based on the first run. The reusability of
the immobilized Bal. was measured in triplicates. The storage stability was assessed
by incubating the immobilized enzyme for 60 days at 25 °C followed by calculation
of the residual activity of the samples.

Synthesis of Pentyl Valerate by Free and Immobilized Bal

The immobilized BaL on the GO-NH, prepared at the optimum conditions of immo-
bilization and free BaL were used as biocatalysts for the esterification reaction in the
both solvent-free and organic solvent media based on the protocol described by
Khoobi et al. [37]. In the case of aqueous media, the reaction mixture was prepared
by addition of equimolar amount (50 mM) of valeric acid and pentanol into 25-mL
glass-stoppered flasks followed by addition of free (10 U mL™!, in carbonate buffer
100 mM, pH 9) or immobilized BaL (5 mg) to it and incubation at 60 °C under mild
shaking. For organic solvent media, the esterification procedure was performed in n-
hexane or xylene by addition of a similar amount of valeric acid and pentanol
(50 mM) to the reaction and insertion of free or immobilized Bal. and incubation
at the similar conditions as said above. In both kinds of esterification procedure,
molecular sieve was added after 2 h of reaction initiation to absorb excess amount of
water. Interval samples (1, 2, 4, 6, 12, 24, 36, and 48 h) from each experiment was
then taken and analyzed for amount of ester formation by a gas chromatography
apparatus (Agilent, 7890A) connected to a flame ionization detector (FID, Agilent).
The applied capillary column was an HP Innowax with length of 30 m, inner
diameter of 0.32 um, and thickness of 0.5 pm. The nitrogen gas was used as carrier
at flow rate of 90 mL min™! while the temperature of detector and injector were
adjusted to 280 and 250 °C, respectively. The temperature of the oven was pro-
grammed as follows: (i) 100-150 °C with the rate of 10 °C min™!, (ii) 150-180 °C at
the rate of 1 °C min™!, and (iii) 180-280 °C with the rate of 3 °C min~!. The peak
area and retention time of the sample were identified and calculated via comparison
by pure pentyl valerate as standard.

Data Analysis
Analysis of the results was performed using the statistical software package, Design Expert
version 6.0.4 (Stat- Ease Inc., Minneapolis, MN). The qualities of the reduced cubic models

were examined by the R-squared value. The lipase activity was evaluated by analysis of
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variance (ANOVA) and F test (p <0.05) to establish the optimum conditions for a specific
activity (U mg™1).

Results and Discussion
Characterization of GO and GO-NH, Nanosheets

The characterization of GO and GO-NH, nanosheets were assessed using FTIR, AFM,
TGA, and SEM. Figure la shows the FTIR spectra for GO and GO-NH,. The peak
shown at 3117 cm™! in the FTIR spectrum of GO could be attributed to the hydroxyl
groups. The absorption peak of GO at 1733 cm™! is associated to the carboxylic
groups. Moreover, the absorption peak at around 1049 cm™! corresponds to the
epoxide group. GO nanosheets were silanized and reacted with the amine group of
the APTES, and the peak that newly emerged at 2926 cm™! can be allotted to the
symmetric vibration of the —CH,— groups of the alkyl chains of the APTES while the
peak at 2860 cm™! were contributions from the asymmetric vibrational stretching
(Fig. la). The absorption band at around 1500-1650 cm™' could be associated to
the C-N stretching and N-H bending of the amide functional group. The presence of
the new absorption peaks at around 1109 and 1037 cm™! can be assigned to the Si-—
O-C groups, which offer suggestion of effective chemical functionalization (Fig. 1a).
The disappearing peak at around 1049 cm™!, confirming to the epoxide group in the
GO, indicated silanization reaction between the epoxide groups of the GO and the
amine group of the APTES (Fig. la). The spectra of the GO and GO-NH, were
similar to results of previous works [24, 25, 38]. The C=O stretching vibration of
carbonyl and carboxyl groups located at the edges of the GO nanosheets, C=C, and
C-OH vibrations, as well as C-O stretching vibration of epoxide group were observed
in the FTIR spectrum of GO [25]. Tian et al. [24] reported that when the amine group
of the APTES reacted with GO, the peaks at 2933 and 2860 cm™! were created and
assigned to the symmetric and asymmetric vibrations of the —CH,— groups of the
alkyl chains of the APTES, respectively.

The thermal properties of the GO and GO-NH, were studied using a TGA instrument. The
TGA curves of GO nanoplates and GO-NH, nanosheets under nitrogen atmosphere are shown
in Fig. 1b. The GO is unstable at high temperatures. Heating below 150 °C, the GO samples
lose weight due to the release of water. The major weight loss followed below 300 °C, and the
main reason was the slow destruction of oxygen-containing functional groups such as hy-
droxyl and epoxy. Though, the weight loss of GO-NH, nanosheets below 300 °C was greatly
lower (less than 20%) caused by the reaction of the oxygen-containing groups with APTES.
The main weight loss of the GO-NH, nanosheets observed in the 300-600 °C temperature
range is possibly ascribed to the decomposition of the silane chains attached to the GO
nanosheets. Similar results were achieved by Tian et al. [24] showing the silanization of the
graphene oxide nanoplates using 3-aminopropyltriethoxysilane to obtain functional graphene
nanoplates. They found that the functional graphene nanoplates showed better thermal stability
than the raw GO nanosheets (based on the TGA curves).

The prepared SEM of nanostructures (Fig. 2a, b) exhibited the typical sheet-like
structure of GO and GO-NH,. The GO nanosheets were smooth with a single layer
sheet (Fig. 2a). GO-NH, nanosheets were wrinkled structures that provide high
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Fig. 1 a The FTIR spectra of graphene oxide (GO) and amine-functionalized graphene oxide (GO-NH,)

nanosheets. b TGA profiles of graphene oxide (GO) and amine-functionalized graphene oxide (GO-NH,) under
nitrogen atmosphere

specific surface for efficient enzyme immobilization (Fig. 2b). AFM measurements
were used to measure the morphology and thickness of GO and GO-NH, nanosheets.

The GO nanosheets displayed an even more flat morphology and were only a few
nanometers thick (Fig. 2c, d).

D-Optimal Model for Immobilization of BalL on GO-NH,

The specific activities of immobilized Bal. on GO-NH, obtained from experimental runs are
shown in Table 2, from which the actual and predicted responses of models were represented.
Experimental data results were subjected to ANOVA to determine their significant parameters
(Table 3). The ANOVA checks the adequacy of the model, and the F value analysis was used
to assess it. The ANOVA showed that immobilization of lipase was highly significant and
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sufficient. The Model F value of 221.79 implied that the model was significant. The reduced
cubic model showed a statistical significance at 95% confidence interval. There was only a
0.01% chance that a “model F value” this large could occur due to the noise. A p value <
0.0001 (< 0.05) indicated that the model was statistically significant and confirmed that there
was no lack of fitness. The coefficient of determination (R2) of the model for the response
(specific activity) was 0.9992. The obtained high R? values confirmed the fitness of the
proposed models. Moreover, the high values of the determination coefficients indicated that
the models explained 99.92% of the variability data, and the regression was statistically
significant (p value <0.0001) at 95% confidence level. Adjusted and predicted R-squares
should be within approximately 0.20 of each other. The “predicted R-squares” and “adjusted
R-squares” were 0.9576 and 0.9947, respectively. These amounts are indicated with a reason-
able agreement. The signal-to-noise ratio is assessed by adequate precision where a ratio
greater than 4 is desirable for models. Our ratio was 83.39, indicating an adequate signal. This
model can be used to navigate the design space for response. From the Design Expert, the
reduced cubic Eq. (2) is given as below:

Specific activity (Umg™") = +72.58 + 0.82X1-0.25X + 0.54X3 + 0.33X4 + 0.94Xs (5)
+ 0.54X6—0.080X7—0.35X5—0.27X 1 X»,—0.14X 1 X3 + 0.38X 1 .X4
+0.11X1X5-0.29X 1 X—0.12X 1 X7 + 0.25X, X
+0.17X2X3-0.14X,X s + 0.16X,X7-0.23X>Xg
4+ 0.27X3X4-0.11X3X6—0.091X4X¢ + 4.11X4X7
4+ 0.19X 4 Xg—0.85X 5X¢—0.45X5.X7 + 1.89X5X
+0.33X6X7—0.55X 6 Xs—8.40X > =3.95X | X,.X 3
+ 1.07X 1 X2 X5—2.19X 1 X, X6 + 0.88X 1 X, X
+ 0.21X 1 X3X5—0.079X 1 X3X6—0.25X 1 X3Xg
4+ 0.25X 1 X4 X5 4+ 0.17X 1 X4X6—0.089X 1 X4 Xg
4+ 0.13X1.X5X7-0.34X 1 X6 X7 + 0.28X 1 X7Xg 4+ 0.15X,X3X5
4+ 0.19X,X3X 6 4 0.14X, X3 X3—0.44X , X 4 X 5
+ 0.28X2X 41X 6—0.56X X 41X 5—0.094X, X 6 X7—0.090X »X 7.Xs—0.18X 3 X4 X 5
+ 0.43X3X 4 X60.34X3X4 X5 + 0.22X3X5X6 4+ 0.23X3X5X7
4+ 0.32X3X5X3—0.48X3X6X7-0.62X3X ¢ Xg + 0.67X3X7 X3

where X1,X5, X5, Xy, X5, X, X7, and Xg represent the GO-NH, concentration, buffer concen-

tration, pH, sonication time, enzyme concentration, glutaraldehyde concentration, time, and

temperature, respectively. The reduced cubic model was highly significant and considerable.

The relationship between predicted and experimental response obtained from the final model is

illustrated in Fig. 3a. Figure 3b presents the plot of internally studentized residuals vs. the

predicted response. Based on Fig. 3, a good agreement was found between the predicted and
actual values.

The interaction between the factors and response was investigated by 3D surface plots
(Fig. 4). Figure 4a shows the effect of GO-NH, concentrations, pH, and their interaction on
specific activity (U mg™!) of immobilized BaL. GO-NH, concentration of 3 mg mL™! and pH
of 8.00 led to a maximum specific activity (73.12 U mg™'). Specific activity of the
immobilized BalL was low (65.44 U mg!) in high levels of GO-NH, concentration
(5 mg mL™") and pH (8.00). Dutta and Saha [20] showed that the optimum concentration of
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Fig. 2 a, b The morphology of graphene oxide (GO) and amine-functionalized graphene oxide (GO-NH,)
obtained by SEM. ¢, d AFM images of graphene oxide and amine-functionalized graphene oxide

graphene oxide for lipase immobilization was 1.2 mg mL™. They reported that enzyme
activity (U mL™) in this concentration of graphene oxide was 80.9 +1.88 U mL™.

The effect of GO-NH, concentration (mg mL™!), varying enzyme concentration (U mL™),
and their interaction on the specific activity of immobilized BaL are illustrated in Fig. 4b from
which it was obvious that high enzyme concentration (60 U mL™") increased the specific
activity (73.52 U mg™!), while GO-NH, concentration was at the center point (3 mg mL™1).
Decreasing enzyme concentration (25 U mL™") in the reaction mixture resulted to decline the
specific activity (71.68 U mg™) of the immobilized BaL. The enzyme/support ratio has been
reported as one of the most important parameters in the immobilization of enzyme reaction
system. For example, Amirkhani et al. [39] who optimized the immobilization parameters of
Candida rugosa lipase on magnetic silica aerogel, reported that the enzyme-specific activity
increased from 14.1 to 15.4 U mg™! when the enzyme/support ratio was enhanced from 0.3 to
0.5 (w/w), at a constant level of other factors. In another study conducted by Aybastier and
Demir [40], the maximum specific activity (7.47 pmol p-NP mg™! enzyme min) of the
immobilized lipase of Thermomyces lanuginosus on styrene—divinylbenzene copolymer was
observed at an enzyme concentration of 4% (v/v) and pH of 7.5. Asmat et al. [23] applied
various ratios of enzyme/nanosupport for immobilization of lipase on facile-synthesized
polyaniline-coated silver-functionalized graphene oxide nanocomposites. They reported that
optimum residual activity occurred at a ratio of 1:10 of enzyme/nanosupport. Dutta and Saha
[20] also showed that the immobilization yield improved by increasing graphene oxide/
enzyme (w/w) ratio.
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Table 3 Analysis of variance for the fitted quadratic polynomial model for optimization of immobilization
parameters

Source Sum of squares df Mean square F value p value (prob > F)
Block 6.11 2 3.06

Model 641.71 60 10.7 221.79 <0.0001%*
Xi 4325 1 4325 896.85 <0.0001
X 4.04 1 4.04 83.74 <0.0001
X3 18.76 1 18.76 389.07 <0.0001
X, 6.84 1 6.84 141.77 <0.0001
Xs 56.87 1 56.87 11794 <0.0001
X 19.89 1 19.89 412.49 <0.0001
X, 0.41 1 0.41 8.52 0.014
X 7.66 1 7.66 158.76 <0.0001
XX, 4.59 1 4.59 95.18 <0.0001
XX 1.28 1 1.28 26.62 0.0003
XXy 941 1 941 195.12 <0.0001
X1 X5 0.84 1 0.84 17.46 0.0015
XX 5.37 1 5.37 111.34 <0.0001
XX 0.89 1 0.89 18.44 0.0013
X1 Xg 425 1 425 88.2 <0.0001
X3 1.93 1 1.93 39.94 <0.0001
XX 1.35 1 1.35 27.98 0.0003
XoX5 1.65 1 1.65 34.26 0.0001
XXy 344 1 3.44 71.38 <0.0001
XX, 451 1 451 93.54 <0.0001
XX 0.79 1 0.79 16.38 0.0019
XaXs 0.53 1 0.53 11.09 0.0067
X4 X7 18.05 1 18.05 374.2 <0.0001
Xy Xg 2.42 1 242 50.23 <0.0001
XsXg 3.63 1 3.63 75.28 <0.0001
XsX7 13.46 1 13.46 279.11 <0.0001
XsXg 10.52 1 10.52 218.1 <0.0001
XeX7 6.87 1 6.87 142.45 <0.0001
XXz 1.51 1 1.51 313 0.0002
X2 202.06 1 202.06 4190.21 <0.0001
XXX, 17 1 17 352.59 <0.0001
X1 XoX5 6.02 1 6.02 124.76 <0.0001
XXX 14.75 1 14.75 305.91 <0.0001
X1 XX7 4.1 1 4.1 85 <0.0001
X1 XX 2.85 1 2.85 59.09 <0.0001
XXX 0.41 1 0.41 8.56 0.0138
X1 XX 4 1 4 82.88 <0.0001
X1 X4 X5 4.04 1 4.04 83.85 <0.0001
X1 X4 Xe 1.87 1 1.87 38.75 <0.0001
X1 XXz 0.51 1 0.51 10.51 0.0078
X1 XsX7 1.14 1 1.14 23.66 0.0005
X1 XeX7 7.54 1 7.54 156.35 <0.0001
X1 X5Xg 4.93 1 4.93 102.15 <0.0001
XX3X5 1.48 1 1.48 30.77 0.0002
XXX 2.33 1 2.33 48.21 <0.0001
XXX 1.19 1 1.19 24.65 0.0004
XoX4 X5 12.57 1 12.57 260.7 <0.0001
XXX 491 1 491 101.88 <0.0001
Xo XXz 20.9 1 20.9 43337 <0.0001
XoXsX7 0.58 1 0.58 11.97 0.0053
XXX 0.53 1 0.53 10.95 0.007
X3 X4 X5 2.19 1 2.19 45.42 <0.0001
X3X4 X 11.76 1 11.76 243.85 <0.0001
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Table 3 (continued)

Source Sum of squares df Mean square F value p value (prob > F)
XXX 7.49 1 7.49 1554 <0.0001
X3X:X5 3.07 1 3.07 63.76 <0.0001
X3X5X7 3.28 1 3.28 67.98 <0.0001
X3X5X3 6.46 1 6.46 134.03 <0.0001
X3XeX7 14.72 1 14.72 305.31 <0.0001
X3 XX 24.46 1 24.46 507.27 <0.0001
X3X7X3 28.5 1 28.5 590.93 <0.0001
Residual 0.53 11 0.048

Lack of fit 0.46 9 0.051 1.51 0.4602°*
Pure error 0.068 2 0.034

Cor total 648.35 73

*Significant; **not significant

Figure 4c represents the effects of varying pH and glutaraldehyde concentrations on
specific activity of the immobilized BaL. An increment in specific activity (73.52 U mg™)
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Fig. 3 a Predicted specific activity of immobilized lipase vs. experimental-specific activity. b Studentized
residuals vs. predicted response by final reduced cubic model
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was detected with the increase of pH (8.0) and glutaraldehyde concentration (100 mM). The
specific activity of the immobilized BaL was 71.36 U mg™! while the pH (6.0) and glutaraldehyde
concentration (10 mM) were in their low levels. Neutral pH has been identified as the best pH for
immobilization of enzymes [40, 41]. However, in some cases, it was found that doing the process at
alkaline pH values increased the enzyme-support interaction, because the action of protein nucle-
ophilic groups improved [40, 41]. The pH and buffer concentration affect the ionic nature of the
lipase molecules [40]. The enzyme polarity may decrease at high pH and buffer concentration and
could enhance the lipase immobilization [40, 42]. Huang and Cheng [42] described the influence of
pH on the immobilization procedure of lipase from Penicillium expansum. The activity of
immobilized lipase on ceramic foam was improved with the rise of the pH values (6-10), and the
maximum activity is observed at pH 8.0 [42]. Glutaraldehyde cross-linking usually occurs at neutral
or basic environments than in acidic environments [20, 43, 44].

Figure 4d shows the effect of sonication time, glutaraldehyde concentrations, and their interaction
on the specific activity (U mg™) of immobilized BaL. Maximum specific activity of immobilized
Bal was obtained at high sonication time (60 min) and high glutaraldehyde concentration
(100 mM). Asmat et al. [23] assessed the impact of various concentrations of glutaraldehyde on
the activity of immobilized lipase. They found that 2.5% (v/v) of glutaraldehyde in the reaction
mixture was the most suitable concentration for the immobilization. A concentration that is higher
than optimum can inactivate the enzyme due to the weakening of enzyme flexibility. At low
concentration of glutaraldehyde, the cross-linkage may be not performed [23]. Among the different
cross linkers, glutaraldehyde was mostly used due to its small size and penetration to the inside of the
protein, as a result of their easy reaction with the amino groups of protein [44, 45].
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The optimum specific activity of immobilized lipase from the model was determined at
3 mg mL™! for GO-NH, concentration, 50 mM of buffer concentration, pH 7.0, 60 min
sonication time, 100 mM glutaraldehyde concentration, 25 U mL"! for enzyme concentration,
and 8 h of immobilization time at 4 °C within the experimental region. The maximum specific
activity of immobilized BaL experimentally was found to be 81.60+0.28 U mg~!, which was
very close to the predicted amount (82.16 +0.35 U mg™!). Verification of the immobilization
conditions was well suggested that the resulted model from D-optimal design could be applied
to explain the relationship between the variables and the response for immobilization of
B. atrophaeus lipase on amine-modified graphene oxide. Maximum immobilization yield
(89.74 £1.1%) and efficiency (607.6£5.2%) were determined for immobilization of
B. atrophaeus lipase in point prediction.

Characterization of the Immobilized BaL

The FTIR spectrum of the immobilized BaL (Fig. 5a) confirmed the existence of useful groups
in the enzyme structure which might be involved in the covalent binding of the enzyme to GO-
NH,. The peaks at 3383, 3256, and 2926 cm™! corresponded to the linkage of the free COO™
group of lipase with the NH, group of support [23, 31] (Fig. 5b). Furthermore, the peak at
1636 cm™! could be ascribed to the C=0 vibrations of the carboxyl and carbonyl functional
groups on the GO-NH, and the presence of amide linkage between glutaraldehyde with GO-
NH, and BaL [23, 31]. In addition, the peak at 1448 cm™' indicated that the enzyme was
covalently bounded to GO-NH, via amide linkage [31] (Fig. 5b).

The thermal decomposition process of the immobilized and free BaL was surveyed by TGA
technique (Fig. 5a) from which it was obvious that the free BaL showed faster decomposition
compared with the immobilized Bal.. The TGA profile of the immobilized BaL displayed two
major weight loss steps from 20 to 250 °C and from 280 to 320 °C. Major weight loss (up to
80%) occurred below 300 °C (Fig. 5a) which indicated that the immobilized Bal. was
thermally more stable than its free form.

EDX elemental mapping was also used to probe the elemental distribution and structure of
the GO-NH, (Fig. 6a) and the immobilized BaL (Fig. 6b). Elemental EDX analysis of GO-
NH, showed the atoms of support including C, O, N, and Si (Fig. 6a) which displays the
functionalization of APTES, especially by detecting Si atom [31, 46]. The elemental mapping
of the immobilized BaL indicated the existence of atoms including C, N, O, Si, P, and S (Fig.
6b). The special presence of sulfur and phosphorous atom can endorse the effective immobi-
lization of lipase on the support [31, 46].

pH and Thermal Stability

The achieved results of pH alterations (4-11) on the relative activity (%) of the free and
immobilized BaL are shown in Fig. 7a. The maximum activity of free BaL was observed at pH
9.0 while the immobilized BaL. on GO-NH, exhibited its maximum relative activity at pH 10.0
(p value <0.05). Generally, the relative activity (%) of immobilized BalL was significantly
higher than that of free BaL (p value <0.05). The immobilized BaL exhibited 57.58, 75.76,
and 60.6% relative activity after 120 min incubation at pH 7, 8, and 11, respectively, while the
free BaL retained 52, 68, and 40% of relative activity following incubation at the same pH
values. These results were in agreement with the study of Khoobi et al. [47], who assessed a
wider range of relative activity for immobilized lipase of 7. lanuginose on the synthesized
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nanocomposites compared with free lipase [47]. Asmat et al. [23] immobilized Aspergillus
niger lipase on facile-synthesized polyaniline-coated silver-functionalized graphene
oxide nanocomposites. The free and immobilized lipases showed their maximum
activities at pH 7 and 8, respectively. The immobilized lipase showed the stability
in the pH range of 7.0-9.0 [23].

The thermal stability pattern of free and immobilized BaL is shown in Fig. 7b. High relative
activity of free BaL is exhibited at an optimum temperature of about 70 °C, and lipase activity
significantly decreased at higher temperature (p value < 0.05) (Fig. 7b). The immobilized BalL
on GO-NH; significantly showed the highest relative activity at 80 °C (Fig. 7b), and alteration
of temperature to 90 °C significantly decreased the lipolytic activity to 68.18% of the
maximum (p value < 0.05). Jafarian et al. [21] reported that the immobilized C. rugosa lipase
on modified graphene oxide nanosheets have more thermal stability than the free lipase. Zhang
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Fig. 6 a, b EDX analysis of amine-functionalized graphene oxide (GO-NH;) and immobilized lipase on amine-
functionalized graphene oxide (GO-NH,-BaL)

et al. [13] immobilized lipase from C. rugosa onto a carrier, graphene oxide decorated with
ZnO nanoparticles. They reported that the free lipase lost 64% of their initial activity when
incubated at 50 °C for 30 min. Nevertheless, the immobilized lipase on support maintained
63% of its primary activity after 180 min of incubation at 50 °C [13]. These results were in
accordance with the results of Asmat and Husain [48] who reported the enhanced thermal
stability of lipase activity when immobilized on novel fabricated nanocellulose-fused
polypyrrole/graphene oxide nanocomposite. Cui et al. [49] investigated the thermal tolerance
of free and immobilized enzymes onto N-succinyl-chitosan beads. They found that the
activities of both free and immobilized lipases reduced significantly with enhancing temper-
ature. However, the immobilized lipase had a greater thermal stability than the free lipase.

Enzyme Stability in Organic Solvents

To survey the organic solvent stability of the free and immobilized BaL, both were individually
incubated in ten different organic solvents and the obtained results are presented in Fig. 7c. The
immobilized BaL significantly exhibited improved solvent stability to all used organic solvents
compared with its free form especially in xylene, toluene, acetonitrile, n-hexane, and 2-
propanol (360.84 229.73, 194.59, 189.19, and 158.38%, respectively) (p value <0.05).
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Likewise, incubation with 1-butanol showed 153.24% of relative activity for immobilized
BalL, while the free BaL exhibited nearly 120.78% of its activity. In general, BaL’s stability in
the presence of organic solvents was found to be considerable [32], and immobilization of
enzyme increased this stability. Similar results were also reported in the literature by Asmat
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et al. [50] which used an innovative support, polypyrrole-methylanthranilate-functionalized
titanium dioxide nanocomposite, for immobilization of lipase from Rhizopus oryzae. They
displayed enhanced activity of the immobilized lipase against organic solvent (150 and 125%
in acetone and isopropanol, respectively) as compared with its free form. In the study
performed by Hermanova et al. [15], it was found that among the tested organic solvents,
the higher activity of immobilized lipase from R. oryzae onto the graphene oxide
nanosupport occurred in non-polar solvents. All four applied solvents in the study of
Patel et al. [51] positively affected the esterification reaction of immobilized lipase
from C. rugosa on exfoliated graphene oxide. They found that the free and
immobilized lipase showed esterification percent of 56 and 82, respectively, in the
presence of cyclo-octane [51].

Enzyme Stability in Metal lons, Enzyme Inhibitors, and Detergents on BalL Activity

As presented in Table 4, all of the tested heavy metal ions significantly enhanced the
immobilized Bal. activity (p value <0.05) compared with the free Bal. As presented in
Table 4, Ca2* (relative activity of 159.09 +0.8%), Mg+ (relative activity of 150 +0.7%), and
Zn?* (relative activity of 131.81 + 1.6%) significantly improved the immobilized BaL activity
(p value <0.05). The free BaL activity significantly declined with adding each of the heavy
metal ions (except for calcium, 135.83 +1.2%) into enzyme solutions and pre-incubating the
enzyme in their presence (p value <0.05) (Table 4).

EDTA (as chelating agent), Triton X-100, Tween-80, Tween-40 (as non-ionic surfactants),
as well as SDS (as anionic surfactant) significantly decreased the immobilized BaL activity to
94.09+1.2, 67.72+0.8, 60+1.3, 16+ 1.8, and 8.63 £1.2, respectively (p value <0.05)
(Table 4).

Table 4 Obtained results of relative activity (%) of the free and immobilized lipase in the presence of metal ions,
enzyme inhibitors, and detergents

Metal ions Final concentration (mM) Relative activity (%)
Free lipase Immobilized lipase

Control - 100 100
Mg2+ 5 99.5+1.5%* 150+0.7%*
K* 5 90.83+1.6 99.09+2.3
Cu2t 5 60.83 +0.8%* 80 £2.2%*
Ca?* 5 135.83 £ 1.2%* 159.09 +0.8%*
Na+ 5 79.16 + 1.8%* 9545+ 1.5%%*
Zn?t 5 96.16 + 1.4%+* 131.81 + 1.6%#*
Fe3+ 5 61.16+1.2%* 69.09 £0.8%*
Mn2+ 5 79.16+1.5 80.90+1.8
Enzyme inhibitors

EDTA 2.5 68.18 +0.9%* 94.09 £ 1.2%:%
Detergents

Triton X-100 1 54.63+1.5 67.72+0.8

Tween-80 1 51.54 £2.2%* 60+ 1.3%*

Tween-40 1 13.63 +£1.2%* 16+1.8%*

SDS 1 3.54 +0.9%* 8.63 £1.2%*

Experiments were performed in triplicates
*Significance was attained after ANOVA with Dunnett’s T3 post hoc test
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Storage Stability and Reusability of the Immobilized Bal

Stability of the immobilized enzymes under long storage is one of the main aspects in using
immobilized enzymes in biotechnological and industrial processes [21, 52]. The storage
stabilities of free and immobilized BalL were also investigated (Fig. 8a). The free and
immobilized BalL were kept at 25 °C for a 60-day period. The relative activity of the free
BaL significantly reduced much faster than that of the immobilized BaL under similar reaction
conditions (p value < 0.05). The relative activity of immobilized Bal. was about 71.4% after
30 days while that of the free Bal was about 41.6%. The free BaL lost about 80% of initial
activity after 60 days while the immobilized BaL retained 40% of its initial activity after
60 days of storage at 25 °C. Limited conformational changes of the immobilized BaL together
with inhibition of auto-digestion as a result of covalent attachment of enzyme to the support
assisted the immobilized BaL to exhibit higher relative activity compared with that of the free
BaL [2, 21].
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Reusability is one of the major features of immobilized enzymes which reduced the
cost of the industrial application of biocatalysts [2, 38, 47]. The BaL immobilized on
the GO-NH, was stable for 10 cycles of application (Fig. 8b). The results showed a
significant decline in the activity of immobilized Bal (25%) after 10 cycles (p value <
0.05) which might be ascribed to the inactivation of the enzyme. The strong interac-
tions between lipases and supports significantly improved the enzyme reusability in
covalent attachment [38, 52]. Zhang et al. [13] evaluated the GO/ZnO composites for
immobilization of lipase from C. rugosa and showed that 90% of the initial activity can
be recovered after reusing the immobilized lipase for 14 times. Xie and Huang [16]
also immobilized C. rugosa lipase onto graphene oxide Fe;O, nanocomposite. They

reported that the immobilized lipase could be reused for five times without significant
loss of its activity.
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Fig. 9 Lipase-catalyzed synthesis of pentyl valerate by immobilized lipase (a) and free lipase (b), in aqueous and
non-aqueous media. Data are shown as mean + SD (n=3)
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Application of Immobilized Bal for the Esterification of Valeric Acid

A comparison of the esterification of valeric acid in both the organic and aqueous media using the free
and immobilized Bal. was evaluated (Fig. 9a, b). As shown in Fig. 9a, the formation of pentyl
valerate was maximally obtained in the presence of immobilized BaL in the organic solvent. After
replacing the aquatic medium (13.5% esterification yield) with xylene, toluene, and n-hexane, the
esterification yield increased by 92.7, 60.8, and 35.0%, respectively, using the immobilized BaL
after 48 h of incubation at 60 °C. The maximum esterification yield assisted by the free
Bal. (34.5%) was obtained after 48 h incubation in the existence of xylene (Fig. 9a).
Furthermore, the esterification percentage was 22.9 and 17% in the presence of toluene
and n-hexane, respectively, using free BaL (Fig. 9b). The achieved results of esterifica-
tion studies (Fig. 9a, b) exhibited that replacement of aqueous reaction medium with
organic solvents increased the esterification yield. Khoobi et al. [37] immobilized
Thermomyces lanuginosa lipase on the polyethyleneimine-modified superparamagnetic
Fe;04 nanoparticles and synthesized the ethyl valerate in organic solvent and solvent-
free media using the immobilized lipase. They found that the esterification percentages in
n-hexane and solvent-free media were 72.9 and 28.9%, respectively. Asmat and Husain
[48] synthesized a flavored compound, ethyl acetoacetate, using the lipase immobilized
on nanobiocatalyst. They reported that the esterification percentages in solvent-free
media and n-hexane were 27.5 and 75.5%, respectively. Raghavendra et al. [53] synthe-
sized pentyl valerate using C. rugosa lipase immobilized in microemulsion based
organogels. The maximum esterification percentages were 99 and 19% in the presence
of immobilized enzyme and free enzyme, respectively. The highest ester production also
occurred in cyclohexane (92%) medium during the esterification process [53]. In another
study performed by Patel et al. [51], the potential application of immobilized lipase on
ZnO bioconjugate into sodium bis(2-ethylhexyl) sulfosuccinate (AOT)-reverse micelles
for pentyl valerate synthesis was demonstrated. They observed an esterification percent
of 86 in n-hexane containing medium [54].

Conclusion

Immobilization of lipase from Bacillus atrophaeus FSHM2 (Bal) on amine-modified graphene
oxide nanosheets was statistically optimized using fractional factorial design augmented to D-optimal
design. The optimum conditions for immobilized lipase (specific activity of 81.60+0.28 U mg™)
were 3 mg mL™! for GO-NH,, 50 mM for phosphate buffer, pH 7.0, 60 min sonication time, 100 mM
glutaraldehyde, 25 U mL™! for BaL, and 8 h for immobilization time at 4 °C. The immobilized BaL
showed a high relative activity at 80 °C and pH 10.0, while the maximum activity of free Bal. was
observed at 70 °C and pH 9.0. Moreover, the immobilized BaL onto GO-NH, retained about 80% of
its initial activity after 20 days of storage and after 5 cycles of application. Pentyl valerate synthesis
using the immobilized BaL in the organic solvents (xylene, n-hexane, and toluene) revealed 97.2,
60.8, and 35% production yield after 48 h of incubation.
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