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Abstract An enzyme immobilized on a mesoporous silica nanoparticle can serve as a multiple
catalyst for the synthesis of industrially useful chemicals. In this work, MCM-41 nanoparticles
were coated with polyethylenimine (MCM-41@PEI) and further modified by chelation of
divalent metal ions (M = Co>*, Cu**, or Pd**) to produce metal-chelated silica nanoparticles

This paper is dedicated to the memory of Professor Abbas Shafiee.

Electronic supplementary material The online version of this article (doi:10.1007/s12010-017-2404-9)
contains supplementary material, which is available to authorized users.

<

>

Mohammad Ali Faramarzi
faramarz@tums.ac.ir

Mehdi Khoobi
m-khoobi@tums.ac.ir; Mehdi.khoobi@ gamil.com

Department of Biomedical and Pharmaceutical Sciences, College of Pharmacy, University of Rhode
Island, Kingston, RI 02881, USA

Particulate Fluids Processing Centre, School of Chemistry, The University of Melbourne, Melbourne,
VIC 3010, Australia

Department of Life Science Engineering, Faculty of New Sciences and Technologies, University of
Tehran, Tehran, Iran

Department of Chemistry, University of Zanjan, P.O. Box 45195-313, Zanjan, Iran
School of Natural Sciences, Griffith University, Nathan Campus, QLD 4111, Australia
Faculty of Pharmacy, Shahid Sadoughi University of Medical Sciences, Yazd, Iran

Division of Microbiology, Department of Pathobiology, School of Public Health, Tehran University
of Medical Sciences sSTUMS, Tehran, Iran

Published online: 13 February 2017 €\ Springer


http://orcid.org/0000-0003-0962-7259
http://crossmark.crossref.org/dialog/?doi=10.1007/s12010-017-2404-9&domain=pdf
http://dx.doi.org/10.1007/s12010-017-2404-9

Appl Biochem Biotechnol

(MCM-41@PEI-M). Thermomyces lanuginosa lipase (TLL) was immobilized onto MCM-41,
MCM-41@PEI, and MCM-41 @PEI-M by physical adsorption. Maximum immobilization
yield and efficiency of 75 + 3.5 and 65 + 2.7% were obtained for MCM @PEI-Co, respectively.
The highest biocatalytic activity at extremely acidic and basic pH (pH = 3 and 10) values were
achieved for MCM-PEI-Co and MCM-PEI-Cu, respectively. Optimum enzymatic activity was
observed for MCM-41 @PEI-Co at 75 °C, while immobilized lipase on the Co-chelated
support retained 70% of its initial activity after 14 days of storage at room temperature. Due
to its efficient catalytic performance, MCM-41@PEI-Co was selected for the synthesis of ethyl
valerate in the presence of valeric acid and ethanol. The enzymatic esterification yield for
immobilized lipase onto MCM-41@PEI-Co was 60 and 53%, respectively, after 24 h of
incubation in n-hexane and dimethyl sulfoxide media.

Keywords Lipase immobilization - Mesoporous silica nanoparticles - Polyethylenimine - Metal
chelation - Esterification

Introduction

The biocatalytic functions of enzymes through regioselective, enantioselective, and
stereoselective conversion of chemicals into valuable products, as well as their specificity
and activity under mild physical conditions (e.g., moderate pH and temperature), make
enzymes remarkable catalytic candidates in the food, chemical, pharmaceutical, cosmetics,
perfumery, and tannery industries [1-5]. One of the main concerns in large-scale catalytic
processes is finding a way to decrease the unit cost of each enzymatic step [6—8]. The
immobilization of a catalyst on the surface of an inert support, especially one that exhibits
high physical and chemical stability under diverse reaction conditions, can decrease the
economic investment due to the potential for running the catalytic reaction in multiple rounds
while simultaneously harnessing the beneficial biocatalytic properties of enzymes [9, 10].
Furthermore, immobilized enzymes show higher mechanical and physical stability than do free
enzymes in the presence of harsh chemical and microbial substances, along with resistance to
extremes of pH and temperature. Several enzyme immobilization strategies have been devel-
oped, including physical entrapment and/or adsorption [11], covalent binding, cross-linking
[12], reversed micelle, hydrophobic ion pair [13], and bio-affinity ligation [14]. Combinations
of immobilization methods have been developed, which avoid the drawbacks of using just a
single approach. Decreasing the risk of enzyme leakage by cross-linking of a physically
adsorbed enzyme [13] and increasing the immobilization capacity using covalent bonding that
is enhanced by further adsorption to metal chelated ions [5] are examples of combinative
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immobilization methods. Enzyme purification and immobilization mediated by chelated
transition metals were introduced by Porath and co-workers [15, 16]. Subsequent research
has confirmed the potential of coordination chemistry in enzyme immobilization [17-21]
(Table S1).

Lipases (triacylglycerol ester hydrolases, EC 3.1.1.3), which are responsible for hydrolyz-
ing triacylglycerol into glycerol and free fatty acids, are extensively used in the food and
pharmaceutical industries. In addition, lipases are widely applied in fields utilizing enzymatic
processes due to their broad range of catalytic activities, such as regioselective acetylation,
acidolysis, aminolysis, alcoholysis, and one-step interesterification [22, 23]. Lipases generally
adopt a common o/f3 hydrolase fold composed of a catalytic domain and a cap or lid domain.
The catalytic triad (Ser-His-Asp or Ser-His-Glu) is structurally conserved among all kinds of
lipases and covered by an -helix lid. This subdomain is responsible for the transition of lipase
from the closed form (i.e., with an inaccessible active site) to the open form, which facilitates
binding of the substrate to the active site [24-28].

Lipases have shown promising capability in a wide variety of chemo-enzymatic processes,
including epoxidation of fatty acids and phenolic compounds [29], oxidation and epoxidation
of alkenes, Baeyer—Villiger oxidation of cyclic ketones to lactones [30], and green synthesis of
optically pure pharmaceuticals from a racemic mixture of compounds in nonaqueous contin-
uous reactions [31].

Up to now, different supports and immobilization techniques were exploited for
lipase confinement [32]. Among them, inorganic supports have emerged as promising
candidates due to their mechanical and chemical stability against the influence of
organic solvents and microbial agents [2]. Over the last two decades, a range of
inorganic supports has been employed for lipase immobilization [33—-37]. Among them,
MCM-41 is one of the most popular scaffolds applied to enzyme immobilization,
especially by physical adsorption [38]. Reasons for the popularity of MCM-41 include
(i) large pore size, which allows loading of bulky enzymes into the pore, thus protecting
the protein from denaturation; (ii) the presence of silanol groups on the surface of
MCM-41 facilitating the immobilization of enzymes via hydrogen bonding [39, 40]; and
(iii) mechanical stability, which protects immobilized biocatalyst against abrasion and
breaking [41-44]. Moreover, introducing suitable polymers on the surface of ordered
MSNPs and chemically modifying the scaffold can provide a more appropriate envi-
ronment for enzyme immobilization [4]. These outstanding features make MCM-41 as
an omnipresence material with a wide range of application in different field of sciences
[45-47].

In this study, physical adsorption of lipase through chelated divalent metal ions on
the surface of PEl-coated MCM-41 (MCM-41@PEI) was successfully accomplished.
Multiple available amine branches of PEI on the surface of MCM-41 were exploited
as metal ion chelators. Three different metal ions (Co®*, Cu®*, and Pd**) were loaded
on the supports to obtain a suitable adsorption capacity. These metal ions facilitate
multipoint enzyme adsorption through thiol group of cysteine (Cys), indole group of
tryptophan (Trp), and imidazole ring of histidine (His) present on lipase surface.
Optimum pH and temperature, storage stability, and reusability of the immobilized
lipase were compared with the free enzyme. Moreover, esterification reaction of
ethanol and valeric acid catalyzed by the best lipase immobilized system was inves-
tigated for the synthesis of ethyl valerate (green apple flavor) in various organic
solvents.
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Materials and Methods
Chemicals

Hyperbranched polyethyleneimine (PEI, MW = 60,000), [3-(2,3-epoxypropoxy)propyl]
trimethoxysilane (EPO, 98% purity) and p-nitrophenyl butyrate (p-NPB) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Cetyltrimethylammonium bromide
(CTAB), tetracthyl orthosilicate (TEOS), aqueous ammonia solution (28 wt%), valeric
acid, dimethyl sulfoxide (DMS), n-hexane, and all other solvents were obtained from
Merck (Darmstadt, Germany). Palladium chloride (PdCl,), copper (II) chloride (CuCl,,
99% purity), and cobalt (II) chloride (CoCl,, 97% purity) were purchased from Merck
AG. Thermomyces lanuginosa lipase (TLL) was kindly donated by Novozymes
(Bagsvard, Denmark).

Preparation of PEI Grafted MCM-41 and Metal Loading

MCM-41@PEI was prepared according to a procedure described previously [2]. Briefly, a
solution of CTAB (13 g) in deionized water (167 mL), aqueous ammonia (163.7 mL), and
absolute ethanol (131.5 mL) was stirred at room temperature for 1 h. Next, TEOS (49.6 g) was
added dropwise to the mixture and stirred vigorously for 2 h. Then, the white precipitate was
filtered, washed with deionized water, and dried at 60 °C for 24 h. The organic template was
removed via calcination of as-prepared MCM-41 under an oxygen atmosphere by heat
treatment at a rate of 1 °C min ' up to 600 °C using high-temperature oven (LHT 6/60,
Carbolite, UK). This temperature was maintained for 6 h.

For covalent grafting of PEI on the surface of MCM-41, PEI (3.7 g) was added to
150 mL dry toluene. Then, EPO (1.1 mL) was added and allowed to react at 80 °C for
24 h. Next, a mixture of MCM-41 (5 g) and ethanol (25 mL) was added and stirred at
80 °C for a further 24 h. The final product, MCM-41@PEI, was then filtered and
washed several times by deionized water and ethanol. The obtained product was
soxhleted with ethanol for 24 h to remove physically bonded compounds, filtered,
and dried at 50 °C for several days. Different metal ions were then chelated on the
surface of MCM-41@PEI by the aid of high amount of amine groups. Briefly, a
solution containing 0.6 mmol of metal ion (PdCl,, CuCl,, and CoCl,,) in acetonitrile
(25 mL) was prepared. MCM-41@PEI (300 mg) was added to the solution and stirred
under nitrogen atmosphere for 48 h. The final products, denoted MCM-41@PEI-M,
were filtered and washed with acetonitrile and acetone separately and air-dried for
24 h.

Characterization

Thermogravimetric analysis (TGA) of the prepared supports was carried out using a TGAQS50,
TA Instruments. A heating rate of 10 °C min ' was used from room temperature to 800 °C
under an argon flow. The X-ray diffraction (XRD) pattern was executed using XPert MPD
advanced diffractometer employing Cu K« (A = 1.54 A) radiation at room temperature in the
26 range from 4° to 120°. Fourier transform infrared (FT-IR) analysis was recorded on Nicolet
FT-IR Magna 550 spectrographs (KBr disks). The surface morphology of the samples was
investigated by scanning electron microscopy (SEM) using a VEGAII TESCAN with an
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acceleration voltage of 15 kV. Sample preparation for transmission electron microscopy (TEM,
CM30 Philips) was done by placing a droplet (1 L) of sample dispersion latex along with a
droplet of water on a copper grid covered by Formvar foil (200 mesh) and analyzed after
drying. Energy-dispersive X-ray spectroscopy (EDX) was performed with a Philips XL 30 X-
Ray spectrometer. Dynamic light scattering (DLS) was applied to determine the particles size
(DTS Ver. 4.20). Pore size and surface area were measured by nitrogen sorption (BELSORP
Mini, BELJapan Inc.) at 77 K. Prior to experiment, all samples were degassed to 0.1 Pa with
MCM-41 and MCM-41@PEI kept at 300 °C and 100 °C for 2 h, respectively. The surface area
was calculated according to the Brunauer—-Emmett—Teller (BET) method, while pore size
distribution and pore volume were estimated using the BJH model and adsorption curve,
respectively [2].

Lipase Immobilization and Enzyme Assay

Prior to enzyme immobilization on supports, TLL was refined from octyl-sepharose
beads by stirring in sodium phosphate buffer (25 mM, pH 7.4) containing CTAB (0.6%
v/v) for 1 h at room temperature. The enzyme solution was then filtered and rinsed
three times with the same buffer. The essential time for maximum immobilization
efficiency was determined by immersing MCM-41 @PEI-M (10 mg) containing lipase
(1 mL, equal to 5 U) in phosphate buffer (0.1 M, pH 7.0) followed by incubating at
25 °C for 15-90 min.

Lipase immobilization was examined according to physical adsorption of enzyme
onto MCM-41@PEI-M. The immobilization yield (IY) and immobilization efficiency
(IE) were calculated as 1Y (%) = [(Yo—Y7) / Yo] x 100 and IE (%) = [E; / Eo] *x 100,
where Y, and Y; indicate the amounts of total and unbound enzyme on the supports,
respectively, whereas E, and E; represent the total and immobilized enzyme activity,
respectively.

p-NPB was used as substrate to measure the catalytic activity of free and immobilized TLL
as described previously [2, 5]. Briefly, 0.1 mL of free and 10 mg of immobilized lipase (equal
to 5 U) were added to 0.9 mL p-NPB solution [0.4 mM in sodium phosphate buffer (100 mM,
pH 7.4)]. This mixture was incubated at 37 °C for 10 min, and the absorbance was measured at
410 nm using a UV-visible spectrophotometer (UVD 2950, Labomed Inc., Culver City, CA,
USA). The amount of enzyme releasing 1 umol p-NPB min~' was defined as one unit (U) of
enzyme activity. The total amount of free and immobilized protein were measured by the
Bradford assay at 595 nm based on the bovine serum albumin standard line (12.5-400 pg/mL)
[48].

Optimum pH and Temperature for Immobilized Lipase Activity

Free and immobilized lipase were incubated in 100 mM citrate-phosphate (pH 3-7), Tris-HCI
(pH 8), and glycine-NaOH buffers (pH 9—10) at 37 °C for 1 h to investigate the effect of pH on
enzyme consistency. The relative enzyme activity at different pH values were estimated by
determining the residual enzyme activity compared to the initial amount. To study the thermal
stability of the free and immobilized lipase, the enzyme was placed in a water bath at
temperatures ranging from 15 to 75 °C for 1 h. The residual lipase activity was then measured
to clarify the optimum activity for free and immobilized lipase.
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Storage Stability and Reusability of Immobilized Lipases

The free and immobilized lipases were kept at 37 °C for 14 days to analyze the long-term
storage stability. After each day, the remaining activity was measured and compared to
the initial activity at the beginning of the experiment. To investigate the reusability
potential of the immobilized lipase, a substrate solution was added to the immobilized
enzyme and the activity measured after 10 min. At the end of each run, the reaction
mixture was separated from the support and the support washed three times with
phosphate buffer (100 mM, pH 7.4). To continue the catalytic process, the immobilized
enzyme was reincubated with the substrate for subsequent catalytic runs. In this method,
the lipase activity was determined as 100% at the first run and as relative activity during
succeeding runs.

Enzymatic Synthesis of Ethyl Valerate by Free and Immobilized Lipase

Lipase immobilized on MCM-41@PEI-Co as the best biocatalyst was evaluated in
esterification of ethyl alcohol and valeric acid in organic solvents or free solvent
condition. The reaction was initially carried out at different temperatures of 30, 45,
and 60 °C for 1, 2, 4, 6, 12, and 24 h with 2:1 M ratio of ethyl alcohol to valeric acid
under solvent-free condition and in the presence of the immobilized lipase (5 mg) or free
lipase (0.5 mL). The influence of alcohol to acid molar ratio (i.e., 2:1, 1:1, 1:2, 1:3, 1:4,
and 1:5) was then studied under the optimal temperature (40 °C). Ratio (4:1 M) of ethyl
alcohol to valeric acid was obtained as best ratio under solvent-free condition. In the case
of organic solvent, ethanol (4 mmol) and valeric acid (I mmol) were dissolved in
anhydrous DMSO or n-hexane (10 mL) in the presence of immobilized lipase (5 mg)
or free lipase (0.5 mL). No significant esterification yield was achieved in the absence of
enzyme (less than 2%). Finally, the impact of different solvent was assessed under the
optimized condition. A mixture of valeric acid and ethyl alcohols in appropriate solvent
(15 mL) was shacked at 100 rpm and 40 °C, and heat-inactivated free lipase was used as
control (all experiments were performed in triplicate). A simple alkalimetric method was
applied to determine the yield of esterification (titration was performed using 0.1 N
NaOH, and phenolphthalein was used as an indicator). Valeric acid consumption after a
certain time was used to measure the quantity of the synthesized ester.

Results and Discussion
Preparation of MCM-41@PEI-M and Lipase Immobilization

Figure 1a shows the sequential steps required for the preparation of MCM-41, MCM-41@PEI,
and MCM-41@PEI-M followed by lipase immobilization onto the porous supports. In this
study, MCM-41 was prepared based on hydrothermal method and then calcined to remove any
surfactant remaining. The epoxy group of EPO reacted with the amine groups of PEI before
being grafted onto MCM-41 through the silanol groups of EPO and hydroxyl groups of MCM-
41, thus forming MCM-41@PEL These amino groups were finally coordinated with different
metal ions to enhance the capability of the support for enzyme immobilization. On the one
hand, the presence of myriad branches of amine groups on the surface of the support provides
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Fig. 1 a A schematic illustration for the preparation of MCM-41 @PEI-M and lipase immobilization via
adsorption. b The crystal structure of Thermomyces lanuginosa lipase (PDB ID: 1DT3, resolution 2.6 A).
Peripheral amino acids with polar side chains, which are probably involved in enzyme immobilization on the
prepared supports, are shown in atomic display style with different colors: histidine (blue), cysteine (green),
glutamic acid (pink), and aspartic acid (brown). The Accelrys Discovery Studio 4.1 Visualizer was applied to
visualize the structure of the TLL model

a perfect condition for enzyme immobilization via electrostatic and dipole-dipole interaction as
well as hydrogen bonding. On the other hand, all amino acids on the surface of enzyme with
polar side chains, including Cys, Asp, Glu, and His can be coordinated with divalent metal
ions. Figure 1b shows the crystallographic structure of TLL (PDB ID: 1DT3, resolution 2.6 A)
and the responsible peripheral amino acids, which are coordinated with metal ions [49].

Characterization of MCM-41, MCM-41@PEI, and MCM-41@PEI-M

The FT-IR spectra of the prepared MCM-41, MCM-41@PEI, and MCM-41@PEI-M are
shown in Fig. 2. The absorption band at 467 cm " is attributed to the bending vibration, while
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Fig. 2 FT-IR spectra of a MCM-41, b MCM-41@PEI, ¢ MCM-41 @PEI-Co, d MCM-41 @PEI-Cu, and e
MCM-41 @PEI-Pd

those at 796.2 and 1092.4 cm ! are indicative for symmetric and asymmetric stretching
vibrations of the Si-O-Si group, respectively [50]. The strong peaks at around 3400 cm
result from the stretching vibration of OH, which confirms the presence of large numbers of
hydroxyl or amine groups on the surface of the prepared supports (Fig. 2a—e). Additionally, the
FT-IR spectrum for MCM-41@PEI (Fig. 2b) showed more peaks compared to the bare MCM-
41 at 2855 and 1466 cm ' (Fig. 2a). These bands may have arisen from the stretching
vibrations for C-H and C-N bonds, respectively. The presence of the C—N bond indicates
the successful formation of MCM-41@PEI The band around 970 cm ™' could be attributed to
the C-N bending vibration as well. The band around 1570 cm ™" could be appeared due to the
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symmetric bending vibration of -NH,, and another one at 1630-1670 cm ! (Fig. 2c—e) could
be ascribed to the bending vibration of -N(R)H in PEI [51, 52]. The metal complexation could
be confirmed by FTIR analyses (Fig. 2c—e). M—N stretching vibrations could be appeared at
about 590 (Pd-N) and 450 cm ' (Co-N and Cu-N) [53-55].

Thermogram analysis (TGA) of MCM-41@PEI showed four steps of weight loss
(Fig. Sla). At first, 2% of initial weight decreased due to water vaporization at temperatures
in the range of 50-105 °C. In the next step, 2.7% weight loss appeared in the range of 105—
270 °C because of desorption of physisorbed water that constrained in the hexagonal channels.
In the third step, nearly 15% of weight loss happened in the range of 270—400 °C as a result of
oxidative decomposition of organic moiety. Finally, 3% of weight loss occurred in the range of
400-800 °C that ascribed from dehydroxylation of the silicate networks [2].

X-ray diffraction analysis (XRD) of MCM-41 showed strong peak at 26 = 2.1° due to (100)
reflection and three weak peaks at 26 = 3—6°, which attributed to (110), (200), and (210) reflections
[43]. The observed peaks indicated the formation of highly ordered hexagonally shaped pores in
MSNPs. The same peaks with lower intensity were observed for MCM-41@PEI, which confirms
the preservation of crystallographic lattice after PEI grafting (Fig. S1b) [2].

The nitrogen adsorption-desorption profiles of MCM-41 and MCM-41@PEI are presented
in Fig. Slc, d, respectively. Specific surface area (BET), pore volume (V}), and diameter (D,,)
were measures, and a summary of results are mentioned in Table S1. The N, adsorption-
desorption profile of MCM-41 shows ITUPAC Type IV isotherm with a step-up in a narrow
range of relative pressure (P/Po = 0.2—0.3) corresponding to the capillary condensation of N,
in uniform hexagonal pores. The same isotherm observed for MCM-41 @PEI, which means
that PEI uniformly covered MCM-41 pores.

SEM and TEM analyses were applied to study the size and morphology of the MSNPs.
SEM results showed that all MSNPs have spherical to near spherical shape and smooth surface
in the size range of 200400 nm (Fig. 3a, ¢, e). Due to the thin thickness of PEI shell structure
around MCM-41, no significant difference was observed in surface geometry of the
functionalized MCM-41 as compared to the bare MCM-41 based on SEM images. These
images also showed agglomeration arising from the high surface-to-volume ratio for the
particles. For further investigation, TEM was carried out to confirm the formation of MSNPs
and core—shell structure of MCM-41@PEI. TEM image showed the formation of the regular

Fig. 3 a SEM and b TEM images of MCM-41, ¢ SEM and d TEM images of MCM-41 @PEI, e SEM and f
TEM images of MCM-41 @PEI-Co
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hexagonal array of uniform channels for MCM-41 (Fig. 3b) with pore size about 3 nm, which
agreed with nitrogen adsorption results [2]. In addition, TEM of MCM-41 @PEI and MCM-
41@PEI-Co confirmed the formation of a core—shell structure, as shown in Fig. 3d, f. These
images also showed agglomeration arising from the high surface-to-volume ratio for the
particles. Dynamic light scattering results also revealed that MSNPs size are about 400 nm,
which were in good agreement with the results of TEM images (Fig. S2).

The EDX spectra of the three MCM-41 @PEI-M supports are shown in Fig. 4. The atomic
weight ratio of C/N/Si/M were calculated as 22.2:9.7:11.4:9.4, 10.1:8.9:22.8:6.4, and
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Fig. 4 EDX spectra of a MCM-41 @PEI-Co, b MCM-41 @PEI-Cu, and ¢ MCM-41 @PEI-Pd
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13.2:9.1:15.6:12.9 for chelated Co, Cu, and Pd, respectively. Hence, divalent metal ions were
successfully coordinated to the MCM-41@PEI supports.

Characterization of Immobilized Lipase on MCM-41@PEI-M

Several groups have considered the immobilization of lipase by metal chelated supports
through the bonding of metal ions to the peripheral amino acids of the enzyme [56-59].
Transition metal ions are considered strong Lewis acids that can interact with strong Lewis
bases. Therefore, carboxyl groups located on the periphery of the enzyme could be chelated
with divalent metal ions. Moreover, an additional binding can be predicted between the metal
ions and alkaline amine groups present on the lipase surface [18]. The presence of a relatively
high number of residues with polar side chains facilitates multipoint bonding between metal
and amino acids based on ionic and coordinate interactions.

In this study, lipase immobilization could be accomplished by ionic interactions between
the negatively charged side chains of amino acids of the enzyme and the protonated amino
groups present in MCM-41@PEI The subsequent formation of coordinates between divalent
metals and electron-donor groups present on the lipase surface could further improve the
affinity of the enzyme for immobilization on MCM-41 @PEI-M.

The time needed for optimum lipase immobilization onto MCM-41@PEI-M was estimated
indirectly by measuring the relative activity of lipase versus time (Fig. Sa). MCM-41 @PEI-Co
and MCM-41@PEI-Cu both reached optimum immobilization loading 60 min after the
commencement of stirring with TLL in 100 mM citrate-phosphate buffer (pH 7), whereas
for MCM-41@PEI-Pd immobilization took 90 min. The maximum IY of 75 =+ 3.5% and IE of
65 £ 2.7% were obtained for MCM-41@PEI-Co, followed by MCM-41@PEI-Cu
IY =70 £ 2.9% and IE = 60 + 2.8%) and MCM-41@PEI-Pd (IY = 63 + 2.8% and
IE = 55 + 3.6%).

pH and Temperature of Free and Immobilized Lipase

The activity of the free and immobilized lipase was examined at various pH values (pH 3-10)
at 37 °C using citrate-phosphate, Tris-HCI, and glycine-NaOH buffers. The activity profiles of
free and immobilized lipase are shown in Fig. 5b. Based on the results, lipase immobilized
onto metal chelated supports showed better activity across a wide pH range. Metal ions play a
critical role in maintaining enzyme stability at different pH values by cross-linking between
PEI and lipase. Moreover, the buffering capacity of PEI due to the presence of a high number
of secondary amine groups can enhance the lipase activity against pH variability [60]. The
immobilized lipase showed higher activity at acidic pH values than free lipase. At lower pH,
the available PEI amine groups would be protonated and able to attract hydroxide ions existing
in the reaction medium. Thus, the microenvironmental pH around the lipase will be maintained
at a higher pH than in the bulk medium, thus reducing the harsh, denaturing effects of acidic
pH. This could explain why the immobilized lipase showed improved activity compared to the
free enzyme at low pH. The optimum pH value for all metal chelated supports was around
neutral pH, implying a probable interaction between His and metal ions, in which both protons
of the imidazolium ion could be replaced by strong Lewis acids (i.e., divalent cations).

The optimum temperature for lipase activity was obtained by conducting the catalytic
reaction at various temperatures between 15 and 75 °C (Fig. 5¢). The immobilized lipase
showed better activity over a wide range of temperatures compared to free lipase, except for
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Fig. 5 a Time, b pH, and ¢ temperature stability of free and immobilized lipase on the supports
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MCM-41@PEI-Pd, where activity quickly decreased when the temperature exceeded 25 °C.
Based on the temperature profile, immobilized lipase exhibited more than 90% of optimum
activity at 15 °C irrespective of the metal chelate type, while free lipase only performed at 70%
of its optimum activity. Higher catalytic activity for the immobilized lipase at lower temper-
atures could be considered as advantageous in industrial applications. Mass transfer is
restricted at low temperatures, which avoid the substrate accessibility to the free lipase, while
substrate interaction with active site of immobilized enzyme is more favorable. Da Silva et al.
[61] and Wang et al. [62] have reported the same phenomenon. The only slightly higher
activity for the immobilized lipase at elevated temperatures may be caused by the support
constraining the conformational structure.

Reusability and Storage Stability of Free and Immobilized Lipase

Enzyme recycling after multiple catalytic operations was examined for immobilized lipase on
MCM-41, MCM-41@PEI, and MCM-41 @PEI-M. Figure 6a shows the number of successful
catalytic cycles by the immobilized lipases against their retained activity. MCM-41 @PEI and
MCM-41 maintained 80 and 65% of their initial activities after 12 runs, while MCM-41 @PEI-M
lost approximately 80% of their activity at the final run. MCM-41 @PEI performed as the best
support in terms of the highest stability after multiple catalysis and washing steps. PEI is considered
a hyperbranched polycationic network that establishes efficient electrostatic interactions between
protonated amines and lipase [63]. Furthermore, the formation of a molecular cage arising from
hydrogen bonds between PEI and lipase surface amino acids like Cys resulted in enzyme resistance
after multicycle catalysis [60]. The high reusability capacity observed for the immobilized enzyme
could be attributed to the protection of the biocatalyst in nanometric pores of the support [64]. The
hydrodynamic radius of TLL based on tryptophan fluorescence spectroscopy [65] and crystallo-
graphic structures [66] has been estimated as 2.8 nm. This means lipase cannot become entrapped
completely in the pores of MCM-41, and enzyme entrapment in the polymer network as well as
enzyme adsorption by metal chelation play a crucial role to enhance the stability of the enzyme.

Based on hard-soft acid based rule (HSAB), Co™ and Cu*? are categorized as borderline
acids, while Pd*> considered as soft acid. The amine group existed in PEI and enzyme
accounts for hard alkali, which provides less stable ligation between amine with Pd*>
compared to Co** and Cu*? chelates [67, 68]. This means that after cach washing step, the
chance of losing metal linkage followed the order of MCM-41 @PEI-Pd > MCM-41@PEI-Cu
> MCM-41@PEI-Co (Fig. 6a). Consequently, it seems that entrapped enzyme in polymeric
shell exhibited more stable catalytic activity compared to the enzyme immobilized by metal
chelation due to the more enzyme protection against washing steps.

Free and immobilized lipases were stored at 25 °C, and their activities were monitored over
14 days. Figure 6b illustrates that immobilization increased the storage stability of TLL unlike free
lipase. Generally, the structural stability of a free enzyme in solution will gradually decrease with
prolonged storage time, while long-term stability can be achieved by enzyme confinement. Accord-
ing to Fig. 6b, the free lipase lost 90% of its activity over the 14 days. In contrast, the immobilized
lipase onto MCM-41 @PEI and MCM-41 @PEI-Co displayed the highest storage stability among all
other supports. Effective interactions between the amino groups of PEI and amino acids of lipase, as
well as formation of stable cobalt-amino acid chelates could be responsible for the higher reusability.
In addition, MCM-41, MCM-41@PEI-Cu, and MCM-41 @PEI-Pd retained more than 50-55% of
their initial activity during the same period. It could be concluded that lipase immobilization by
cobalt-chelated support improves the storage stability of lipase at room temperature.
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<« Fig. 6 a Reusability and b storage profiles of lipase immobilized on the supports. ¢ Conversion of valeric
acid in the presence of ethanol using free and immobilized lipase on MCM-41 @PEI-Co in aqueous and
nonaqueous media

Esterification Studies

The ability of free and immobilized lipase for the preparation of flavor esters from ethanol and valeric
acid was investigated. The suggested mechanism for lipase-mediated esterification is formation of a
tetrahedral acyl-lipase intermediate initiated by valeric acid reaction with the enzyme. Subsequently, a
water molecule is released and ethanol binds to acyl-enzyme. The latter is transformed into a lipase—
ester complex, followed by the ester leaving and recovery of free lipase for the next catalytic turn [69].

The yield of ethyl valerate formation using non-immobilized lipase in aqueous media was 23%
when the valeric acid to alcohol molar ratio was 4:1 at 45 °C (data not shown). Esterification
reactions were performed by immobilized lipase on MCM-41@PEI-Co to determine the advantage
of immobilized lipase over free lipase. Figure 6¢ shows the results of esterification reactions carried
out in DMS, n-hexane, and aqueous media for up to 24 h. Based on the results, there was an
approximately 35% yield for esterification assisted by immobilized enzyme in aqueous media, which
means immobilized lipase had no superior catalytic activity than its free counterpart in aqueous
media. However, lipase immobilized onto MCM-41@PEI-Co had a significantly higher yield of
60% in n-hexane compared to free lipase (approximately 35%). An improved yield was also
obtained in DMSO. The higher yield of esterification obtained in organic media could be due to
the esters transferring into the organic phase, which may lead to a shift in equilibrium promoting ester
production. Furthermore, non-immobilized lipase showed lower activity than immobilized enzyme
due to the agglomeration of the free enzyme in organic media, which limits active site accessibility.
Adlercreutz [13] proposed that the free form of lipase is nearly insoluble in organic solvents, and this
prevents mass transfer during reaction, while immobilization improves the catalytic potential by
stabilizing the enzyme structure. The same concept regarding the improved catalytic activity of
immobilized lipase compared to the free enzyme in organic media has been previously reported [56,
69-72].

Conclusion

In this work, lipase was successfully immobilized through electrostatic, dipole-dipole, and
hydrogen bonding interactions onto PEIl-grafted MCM-41. Additionally, lipase was
immobilized through chelated divalent metal ions that acted as a gentle cross-linker between
PEI and the enzyme. The affinity of three divalent metal ions (Co**, Cu**, and Pd**) for TLL
adsorption on MCM-41@PEI-M and the performance of the catalyst for apple flavor prepa-
ration were studied. Metal ions increased the capacity for enzyme immobilization, while the
cobalt-assisted support displayed greater stability and reusability than the other metals.
Compared to free lipase, the storage stability of immobilized lipase was improved, retaining
its relative enzymatic activity over wide ranges of temperature and pH. Immobilized lipase
onto MCM-41 @PEI-Co exhibited an esterification yield of up to 60% against the free enzyme
counterpart due to the limited activity of non-immobilized lipase in organic solvents. A higher
esterification yield for an immobilized enzyme is highly favorable for industrial applications,
which extensively use nonpolar substrates in organic chemical synthesis. With these desired
features, this simple and efficient combinative immobilization strategy could be applied to
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immobilize other industrially important enzymes as well as protein separation by affinity
chromatography. Moreover, the prepared support could be introduced as a useful carrier for
drug delivery, as sorbent for contaminant removal, and catalyst.
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