
Journal of King Saud University – Science 29 (2017) 536–546
Contents lists available at ScienceDirect

Journal of King Saud University – Science

journal homepage: www.sciencedirect .com
Original article
Fabrication and functionalization of magnesium nanoparticle for lipase
immobilization in n-propyl gallate synthesis
http://dx.doi.org/10.1016/j.jksus.2017.08.005
1018-3647/� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail address: kanwarss2000@yahoo.com (S.S. Kanwar).

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier
Abhishek Sharma a, Anil Kumar a, Khem Raj Meena a, Shikha Rana b, Mahavir Singh b,
Shamsher Singh Kanwar a,⇑
aDepartment of Biotechnology, Himachal Pradesh University, Shimla 171005, India
bDepartment of Physics, Himachal Pradesh University, Shimla, HP 171005, India

a r t i c l e i n f o a b s t r a c t
Article history:
Received 18 April 2017
Accepted 14 August 2017
Available online 24 August 2017

Keywords:
B. thermoamylovorans BHK67
NPs-bound lipase
Thermostability
n-Propyl gallate
Esterification
Antioxidant
An extracellular lipase partially purified from Bacillus thermoamylovorans BHK67 was effectively immo-
bilized onto modified magnetic MgFe2O4 nanoparticles (NPs). NPs were prepared by the sol-gel auto-
combustion method and characterized by Fourier transform infrared (FTIR) spectroscopy, X-ray diffrac-
tion (XRD), Ultra-Violet–Visible Spectroscopy (UV–vis) and atomic force microscopy (AFM). Protein load-
ing reached a saturated amount of about 0.20 mg lipase per milligram of MgFe2O4 NPs with 78.9% binding
efficiency. The NPs-bound lipase also showed stability following exposure to n-propanol and iso-propanol
or FeCl2 and MgCl2 metal ions at (1 mM) at 55 �C. NPs-bound lipase also retained 50% of its original
hydrolytic activity even after 8th cycle, as well as after 12 h of incubation at 55 �C. NPs-bound lipase in
an esterification reaction of n-propanol and gallic acid (25 mM) performed for 12 h at 55 �C produced
n-propyl gallate with a conversion rate of 82%. Synthesized n-propyl gallate possessed strong antioxidant
activity, which was confirmed by DPPH assay, and in addition has anticancerous activity which was
tested on a human L132 cell line.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Enzymes are the biocatalysts which are present in living organ-
isms and they boost the rate of a biochemical reaction. Enzymes
are known to human society since prehistoric period and a number
of bioprocess are achievable only because of the enzymes.
Currently enzymes can be purified with greater effortlessness
using various methods of enzyme purification and these purified
enzymes either in free or immobilized form are used in a number
of biotechnological processes (Sharma et al., 2016). Enzymes are
now used to enhance the production of previously known products
or development of new products or processes. At present almost
4000 enzymes are well-known, and of these about 200 are in com-
mercial use (Sharma et al., 2010, 2016; Li et al., 2011; Gurung et al.,
2013). Bacteria are considered superior sources of these enzymes
than the higher organisms because of the ease with which bacterial
cells may be mass cultured and genetically manipulated (Sood
et al., 2016). Lipases are enzymes of extraordinary importance to
industry, hydrolysing carboxylic ester bonds that appear in a
myriad of food, detergent, pharmaceutical, and materials science
applications. The thermotolerant enzymes are always in ample
demand to perform catalysis in reactions that need higher temper-
ature to keep reactants in a liquefied state. The lipase production
by B. thermoamylovorans has been previously reported following
optimization of a few physico-chemical conditions that included
temperature, time and pH (Deive et al., 2012). However, no
attempt was made to purify and/or characterize the lipase from
Bacillus thermoamylovorans in previous studies. In the present
study in order to reduce the cost of purifying lipase, we have used
partially purified lipase to achieve the production of medicinally
important i.e. n-propyl gallate ester by employing iron
NPs-bound lipase.

Immobilization of enzymes onto some solid matrices is gaining
much attention nowadays because immobilized biocatalysts
reduce the operational cost of a process and enhance the reusabil-
ity of the biocatalysts. Immobilized enzymes often show outstand-
ing thermal and functioning stability at wider pH values, ionic
strengths and are often more thermally stable than the native
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soluble form of enzymes (Sharma et al., 2017). Magnetic NPs offers
much advantages as supporting material for immobilization of
enzymes over other materials because of lower mass transfer
resistance, selective, high surface area for enzyme binding, less
fouling effect, nonchemical separation from biocatalyst system by
an applied a magnetic field and low leaching problem (Laurent
et al., 2008; Johnson et al., 2008; Kanwar et al., 2015). Ester synthe-
sis is done often in a water-limited medium by using lipase.
n-Propyl gallate can be prepared either from gallic acid and
n-propanol by esterification reaction or by transesterification reac-
tion between tannic acid and n-propanol. n-Propyl gallate is an
antioxidant commonly used in various products like foods, cosmet-
ics, hair products, adhesives and lubricants (Lorente et al., 2011). It
protects living cells against damaging effect of hydrogen peroxide
and oxygen free radicals. The biological effects of n-propyl gallate
include antimicrobial activity, ultraviolet (UV) radiation protec-
tion, chemoprotection, antimutagenesis, antitumorigenesis, antit-
eratogenesis and anticarcinogenesis (Safety assessment sheet of
propyl gallate, 2007). In the present study, Fe3O4/cFe2O3 nano-
particles were prepared, employed for lipase immobilization and
subsequently exploited to achieve esterification of n-propanol
and gallic acid to synthesize n-propyl gallate.
2. Methodology

2.1. Chemicals

p-Nitrophenylformate (p-NPF), p-nitrophenylpalmitate (p-NPP),
p-nitrophenylbutyrate (p-NPB), p-nitrophenylbenzoate (p-NPBz),
p-nitrophenylmyristate (p-NPM), p-nitrophenyl stearate (p-NPS)
and p-nitrophenol (p-NP) were purchased from Alfa Aesar, Man-
chaster, England; FeCl2, MgCl2, KCl, NH4Cl, CaCl2, FeCl3, NaCl and
HgCl2 were purchased from S.D. Fine-Chem. Ltd., Hyderabad, India.
Tetraethoxy silane (TEOS) was purchased from Sigma–Aldrich
Chemical Co. St Louis, USA. K2HPO4, NaNO3, KCl, MgSO4.7H2O,
FeSO4.7H2O, FeNO3, MgNO3, Ammonium sulfate and yeast extract
Ammonium sulphate, gallic acid, n-propanol, molecular
sieves, methanol, 2,2-diphenyl-1-picrylhydrazyl (DPPH) and
Dulbecco’s Modified Eagle’s medium (DMEM) were procured from
HIMEDIA Laboratory Ltd., Mumbai, India. DMSO, propane 1-ol,
iso-propanol, ethanol, n-octanol, acetonitrile, Citric acid, Ethylene
glycol and Tris buffer were purchased from Merck Darmstadt,
Germany. A human transformed L132 cell line was purchased from
National Centre of Cell Science, Pune, Maharashtra, India.
2.2. Production of bacterial extracellular lipase

The thermophilic lipase producing isolate was grown in the
(broth) medium containing (g/L) yeast extract (5.0), potassium
chloride (0.6), sodium nitrate (3.0), magnesium sulphate heptahy-
drate (0.6), dipotassium hydrogen phosphate (0.1), ferrous sul-
phate heptahydrate (0.01), and cotton seed oil (10 mL/L). The
seed culture was transferred (8%, v/v) to 50 mL production broth
(250 mL Erlenmeyer flask) kept for 24 h under shaking (110 rpm)
at 55 �C.
2.3. Partial purification of lipase

The partial purification of the extracellular B. thermoamylovo-
rans lipase was executed using approach of ammonium sulphate
salting out (Borkar et al., 2009). Ammonium sulphate (141 g) was
added to 500 mL of cell-free broth; 40% saturation followed by
dialysis. The precipitates were dissolved in 0.05 M Tris buffer pH
8 and extensively dialyzed against 2 L of the same buffer at a
regular interval of 2 h so as to completely remove ammonium
sulphate.

2.4. Synthesis, surface modification and characterization of MgFe2O4

magnetic NPs

MgFe2O4magnetic NPs were synthesized by sol–gel auto com-
bustion method (Sharma et al., 2015a,b). The structural analysis
and morphology of magnetic NPs were determined by Fourier
Transform Infra Red spectroscopy (FTIR), X-ray diffraction (XRD),
Ultra-Violet–Visible Spectroscopy (UV–vis) and Atomic force
microscopy (AFM) done at University Sophisticated Instrumenta-
tion Centre (USIC), Himachal Pradesh University, Shimla, India.

2.5. Immobilization of lipase onto modified MgFe2O4 magnetic NPs by
covalent binding

The partially purified lipase from B. thermoamylovorans was
successfully immobilized onto modified magnetic MgFe2O4 NPs.
For immobilization of lipase onto modified nano-particles, the
nanoparticles (30 mg) suspended in minimum volume of Tris HCl
buffer, (pH 8.0) were ultrasonicated for 5 min at room tempera-
ture. Lipase dissolved in 0.05 M Tris HCl buffer (20 mL, pH 8.0)
was added to NPs suspension with simultaneous N2bubbling fol-
lowed by shaking at 140 rpm for 24 h at 37 �C to achieve optimal
binding of lipase onto modified magnetic NPs. NPs-bound biocata-
lyst was separated by a magnet and supernatant was separately
collected. Collected NPs were given several washing with Tris buf-
fer (0.05 M, pH 8.0 and were dispersed into same buffer for further
use. The NPs-bound lipase suspension was kept at 55 �C, overnight
under gentle stirring. Thereafter, the NPs-bound lipase suspension
was centrifuged and NPs were separated. Protein binding on mag-
netite NPs was calculated by subtracting the total protein used for
immobilization from that of total protein recovered in the
supernatant.

2.5.1. Lipase activity
Lipase activities of supernatant and immobilized biocatalyst

were measured by a previously reported (Winkler and Stuckman,
1979; Sharma et al., 2016) method by measuring the micromoles
of p-nitrophenol released from p-nitrophenylpalmitate (p-NPP).
One unit (U) of lipase activity was defined as lmol(s) of p-
nitrophenol released per minute by hydrolysis of p-NPP by 1 mL
of soluble enzyme or 1 mg of immobilized biocatalyst (weight of
matrix included) at 55 �C under standard assay conditions. The
concentrations of proteins in test samples were estimated by dye
binding method (Bradford, 1976).

2.6. Characterization of magnetic MgFe2O4NPs-bound lipase
2.6.1. Effect of different substrate on NPs-bound lipase
To study the substrate specificity of NPs-lipase, different chro-

mogenic substrates namely p-NPF, p-NPP, p-NPB, p-NPBz, p-NPM
and p-NPS were used. Each of the above substrates was prepared
as a stock (5 mM) in iso-propanol. The reaction was performed
using 40 lL of NPs-bound lipase and Tris buffer (0.05 M) of pH
8.0 at 55 �C for 10 min.

2.6.2. Effect of reaction temperature on NPs-bound lipase
To study the effect of reaction temperature, enzyme activity

was assayed at selected reaction temperature (45, 55, 65 and
75 �C) with 5 mM substrate p-NPP. The reaction was performed
using 40 lL of NPs-bound lipase and Tris buffer (0.05 M) of pH
8.0 for 10 min at the selected temperature.
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2.6.3. Effect of metal ions on the activity of NPs-bound lipase
To examine the effect of various salt-ions (FeCl2, MgCl2, KCl,

NH4Cl, CaCl2, FeCl3, NaCl and HgCl2) on the activity of NPs-bound
lipase, the biocatalyst was pre-incubated at 55 �C for 10 min sepa-
rately with each of the selected salt-ions (1 mM) in 1:2 ratios (v/v).
NPs-bound lipase was checked for residual lipase activity using
40 lL of NPs-bound lipase and Tris buffer (0.05 M) of pH 8.0 at
55 �C for 10 min.
2.6.4. Effect of organic solvents on NPs-bound lipase
Ideally biocatalyst must be able to work in different organic sol-

vents in order to carry out various synthetic reactions effectively.
NPs-bound lipase was pre-exposed to different solvents (2%, v/v)
i.e. methanol, ethanol, acetonitrile, iso-propanol, DMSO,
n-propanol and n-octanol at 55 �C for 10 min (Saun et al., 2014).
NPs-bound lipase was checked for residual lipase activity using
40 lL NPs-bound lipase and Tris buffer (0.05 M) of pH 8.0 at
55 �C for 10 min.
2.6.5. Reusability of NPs-bound lipase
One of the important parameter of immobilized enzyme is its

recovery and reusability. Magnetic NPs bind covalently to lipase
enzyme and found to be excellent lipase carriers resulting in stabil-
ity of enzyme molecules. Reusability of the biocatalyst was deter-
mined by recycling NPs-bound lipase up to 11 cycles of hydrolysis
of p-NPP. After each cycle, NPs-bound lipase was separated using
magnet and was given three Tris HCl (0.05 M, pH 8.0) washes to
prepare it for fresh cycle of enzymatic assay with p-NPP using
40 lL of NPs-bound lipase and Tris buffer (0.05 M) of pH 8.0 at
55 �C for 10 min.
2.6.6. Kinetic study of NPs-bound lipase
The Km and Vmax of free lipase and NPs-bound lipase were deter-

mined by measuring the reaction velocities at the different concen-
tration of the p-NPP i.e. (3–5.5 mM). The reciprocal of the reaction
velocity was plotted against the reciprocal of the substrate concen-
tration to determine the Km and Vmax value by Lineweaver-Burk
plot (Lineweaver and Burk, 1934). The reaction was performed
using 40 lL of enzyme (free and NPs-bound) and Tris buffer
(0.05 M) of pH 8.0 at 55 �C for 10 min.
2.6.7. Thermostability of free lipase and NPs-bound lipase
Thermostability of NPs-bound lipase was compared with that of

free lipase by incubating free and NPs-bound lipase at 55 and
65 �C. Lipase activity of both free and immobilized lipase were
recorded after 0, 1, 3, 4, 5, 7, 9, 11, 13 and 15 h at 55 �C and after
0, 1, 3, 5 and 7 h at 65 �C. The activity measured immediately
before incubation was defined as 100% of hydrolytic activity. The
reaction was performed using 40 lL of free enzyme and Tris buffer
(0.05 M, pH 8.0) at 55 and 65 �C.
2.7. Synthesis of n-propyl gallate using magneticNPs-bound lipase

The immobilized lipase enzyme (100 mg) was added to 25 mM
gallic acid in 5 mL n-propanol in the presence of molecular sieves
(1 mg/mL) under shaking at 55 �C and 100 rpm for 12 h. After incu-
bation the content was obtained by drying to recover n-propyl gal-
late. After completion of the reaction, the immobilized NPs bound-
lipase was isolated from reaction mixture using magnet. The
supernatant was dried at 40 �C in a vacuum evaporator and dis-
solved in methanol. Synthesized n-propyl gallate was analysed
by HPLC for the detection of the ester group.
2.8. Antioxidant activity and cytotoxicity assay of synthesized n-propyl
gallate

DPPH is a stable free radical and it has unpaired electron, which
is translocated. DPPH stock solution was prepared by dissolving
0.5 mM DPPH in 50 mL methanol. Control was prepared by adding
500 mL distilled water and 500 mL DPPH solution. Synthesized n-
propyl gallate was added in the test tubes in different amounts
to make 500 mL by adding distilled water, followed by the addition
of 500 mL of DPPH solution. Reaction mixture was incubated at
37 �C for 30 min. Ascorbic acid (1.0 mg/mL) was used as a positive
control. After incubation A517values were recorded. Lower A517 val-
ues represented higher DPPH scavenging activity of the test sam-
ple/compound. The percentage DPPH-scavenging activity was
calculated as follows;

Scavenging activity ð%Þ ¼ A517 of control� A517 of test
A517 of control

� 100

To check the cytotoxicity of synthesized n-propyl gallate, if any,
MTT assay was conducted on L132 murine cell line. Approximately
10,000 cells per well in a 96-wells microtiter plate were incubated
with increasing concentration of synthesized n-propyl gallate
(25–495 mg/mL) for 24 h at 37 �C. MTT (20 ll; 5 mg/mL prepared
in distilled water) was added to each of the wells followed by 1 h
incubation in dark. Thereafter, the DMEM was completely
removed/discarded and DMSO (100 lL/well) was added. The pur-
ple coloured formazan end product extracted in the DMSO in each
case was checked at A570for reduced MTT using a microplate reader
(Thermo Electron Corporation, China), values were recorded and %
viability in each of the regimens was determined. The control well
didn’t contain any synthesized n-propyl gallate added to the L132
cells. Culture medium containing methanol was used as a solvent
control and untreated cells preparation was used as negative con-
trol. The cell growth inhibition (%) was calculated according to the
following formula;

Cells growth inhibition ð%Þ ¼ A570 of control� A570 of sample
A570 of control

� 100
3. Results

3.1. Concentration of B. thermoamylovorans lipase

The extracellular bacterial lipase (25.8 U/mL; 1.397 mg protein/
mL) secreted by B. thermoamylovorans in the Nutrient broth
(1000 mL) was subjected to (0–40%) ammonium sulphate precipi-
tation. The precipitates were dialysed for 24 h against 0.05 M Tris
HCl (pH 8.0). After dialysis, an activity of 58.8 U/mL with 8.4-fold
purification and 11.4% yield were recorded (Table 1). Dialysed
lipase preparation showed strong lipase activity and hence was
directly used for immobilization study.

3.2. Synthesis and surface modification of MgFe2O4 magnetic NPs

Magnetic NPs were modified to attach partially purified lipase
onto the surface of NPs (Fig. 1). Surface modification of magnetic
NPs was based on well-known Stober’s process (Stober et al.,
1968) in which silica is formed through the hydrolysis and conden-
sation of sol-gel precursors, such as tetraethoxysilane (TEOS). The
incredible property of these silanes is that they quickly react with
water in the presence of shorter chain alcohol such as ethanol or
ammonia to form monodispersed silica particles. Possibly the
chemical group ‘silane’ helps in chemical binding with lipase as
these nanoparticles are so small for physical binding of the



Fig. 1. Reaction chemistry involved in the synthesis of silane-coated MgFe2O4 NPs and their use in biocatalysis.

Table 1
Summary of step-wise concentration of B. thermoamylovorans lipase.

Purification Stage Volume (mL) Total activity (U) Total protein (mg) Specific activity (U/mg) Fold purification Yield (%)

CFE 900 23232.6 ± 10.12 1257.3 ± 7.89 18.5 1.0 100.0
Dialysed after ASP 45 2650.3 ± 5.67 16.9 ± 1.12 156.2 8.4 11.4

CFE: Cell free extract.
ASP: Ammonium sulphate precipitation (0–40%).
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protein/lipase. This property was employed in coating of NPs with
silanes, which not only prevents the oxidation of magnetic core but
also helps in functionalizing NPs for effective immobilization of
biomolecule onto their surface. N2 gas was used for the storage
of modified magnetic NPs.

3.3. Characterization of synthesized magnetic NPs

3.3.1. FTIR, XRD, AFM and UV–vis spectroscopy analysis of synthesized
MgFe2O4 magnetic NPs

The prepared NPs were characterized by FTIR (Shimadzu
FTIR-8400S, Japan) and the results were recorded (Fig. 2). The main
absorption bands at 1635 cm�1 resulted from the anti-symmetrical
and symmetrical stretching vibration bands of COO� (Kaur and
Srivastava, 2013). The peak at 1635 cm�1 could not be attributable
to the water bound bending as the sample was initially dried in
oven at 55 �C. Also absorption band at 1715 cm�1 might be associ-
ated with C@O of carboxylate group. The other bands recorded at
1457, 1385 and 868 cm�1 corresponded to the stretching and
bending vibrations of HACAH, CAH and CAC, respectively. The
characteristic absorption bands between 580 cm�1 were assigned
to the vibration of the bond between the oxygen atom and the
metal ions (FAO), confirming the formation of hexaferrite, which
corresponded to the vibrations of the tetrahedral and octahedral
sites. The FeAO stretching vibration band of the bulk magnetite
is usually at 580 cm�1 and the band shifted to high wave numbers
because of the finite size of the nanoparticles. The peak
appearing at 1092 cm�1 was due to SiAOCH3 group. Amide I and
Amide II bands were localized in the 1700–1600 cm�1 and
1600–1500 cm�1 region, respectively. Alpha helix is localized in
the 1660–1650 cm�1 region (Marsh et al., 2000; Hu and Laskin,
2016). Furthermore, 1631 and 1595 cm�1 signals confirmed the
binding of lipase to nanoparticles by covalent immobilization
(Rani et al., 2015).

The synthesized NPs were studies with CUKa radiation at
voltage of 30 kV and current of 20 mA with a scan rate of 0.030/s
by X-ray diffraction spectroscope (Philips PAN analytical, The
Netherland). XRD analysis is used to determine the phase distribu-
tion, crystallinity and purity of the synthesised NPs. The major XRD
peak was obtained at 2h = 36.1� which strongly suggested that
MgFe2O4 is the major phase with inverse spinel structure having
crystallite size of the order of 42.3 nm (Fig. 3a). UV–vis spectra of
MgFe2O4NPs, was recorded in the range of 200–800 nm using a
UV Spectrophotometer (Lambda Bio 20, Perkin Elmer, USA). Mag-
netic MgFe2O4 NPs also possessed a broad absorption in the
<350 nm (Fig. 3b). Broad absorption of MgFe2O4 NPs was possibly
due to the presence of iron oxides. Iron oxides have three kinds
of optical transitions: (i) the Fe3+ ligand field transition or the



Fig. 2. FTIR analysis of synthesized MgFe2O4 NPs (in black) as well as NPs bound lipase (in red).

Fig. 3. The XRD pattern (a), UV–vis Spectrum (b) and AFM 2D & 3D analysis (c) of synthesized MgFe2O4 NPs.
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d-d transition, (ii) the ligand to metal charge-transfer transitions,
and (iii) the pair excitations resulting from the simultaneous exci-
tations of two neighbouring Fe3+ cations that are magnetically cou-
pled (Dhiman et al., 2012). AFM (NTEGRA NT-MDT Scanning probe
microscope, Russia) images showed that the synthesized magnetic
MgFe2O4NPs have grain size of 57.2 nm with roughness of
0.641 nm (Fig. 3c). The thresh-holding can be effective only for
higher roughness or substrate curvature, which is most effective
feature of NPs immobilization.
3.4. Immobilization of lipase on silane-coated MgFe2O4 magnetic NPs

Different amounts of partial purified lipase (0.376 mg/mL) were
loaded to determine the protein loading efficiency of lipase onto
magnetite NPs (Table 2). It was found that with an increase in pro-
tein loading the amount of immobilized lipase initially increased
and reached a saturated amount of about 0.20 mg lipase per mil-
ligram of magnetic NPs with 78.9% binding efficiency. However,
it was found that with an increase in the loaded protein, % binding
of lipase onto nano-particles decreased. This could be explained by
the fact that steric hindrance becomes stronger with an increasing
adsorbed amount of enzyme on the surface of NPs.

3.5. Characterization of immobilized NPs-bound lipase of B.
thermoamylovorans

3.5.1. Effect of different substrate on NPs-bound lipase
To study the substrate specificity of NPs-bound lipase, different

chromogenic substrates namely p-NPF, p-NPP, p-NPM, p-NPS and
p-NP were used (Fig. 4a). Both free lipase as well as NPs-bound
lipase showed maximum activity with p-NPP i.e. 58.24 ± 1.18
U/mL and 53.03 ± 1.29 U/mL, respectively.

3.5.2. Effect of reaction temperature on NPs-bound lipase
The effect of temperature on the NPs-bound lipase was evalu-

ated (Fig. 4b). The results showed that both free lipase as well as



Table 2
Determination of loading capacity and percent binding of lipase onto magnetic nano-particles.

Dilution Lipase
(mL)

Total protein loaded
(mg)

Total protein in supernatant
(mg)

Total bound protein/30 mg of
NPs

Total bound protein/
mgNPs

Binding of lipase on NPs
(%)

D1 5 1.88 0.794 1.086 0.0362 57.7
D2 10 3.76 1.191 2.569 0.0856 68.3
D3 15 5.64 1.551 4.089 0.1363 72.5
D4 20 7.52 1.580 5.940 0.1980 78.9
D5 25 9.40 3.621 5.879 0.1956 62.6

Fig. 4. (a–c): Effect of different p-nitrophenyl acyl esters (a), reaction temperature (b); and (c) different salt/metal ions on NPs-bound lipase.

Table 3
Effect of different solvents on hydrolytic activity of NPs-bound lipase.

Solvents (2%) Log p value Activity free-lipase
(U/mL)

Activity NPs-bound
lipase (U/mL)

Relative activity NPs-bound
lipase (%)

Relative activity
free-lipase (%)

Control – 53.88 ± 1.23 50.67 ± 1.45 100.00 100.00
Methanol �0.74 26.36 ± 0.69 28.15 ± 0.98 55.15 48.93
Ethanol �0.58 14.98 ± 0.45 21.75 ± 0.23 42.92 27.81
Acetonitrile �0.33 16.69 ± 0.14 16.74 ± 0.17 33.03 30.97
iso-Propanol – 36.39 ± 0.83 36.24 ± 0.78 71.58 67.53
n-Propanol – 35.23 ± 1.15 33.38 ± 1.89 37.97 65.39
DMSO 1.22 14.93 ± 0.12 30.62 ± 1.11 60.43 27.72
n-Octanol 2.9 22.45 ± 0.34 28.27 ± 0.12 55.79 22.45
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NPs-bound lipase showmaximum activity at temperature 55 �C i.e.
58.9 ± 1.34 U/mL and 55.2 ± 1.13 U/mL respectively. However, it
was found that nano-particles bound lipase was active even at
temperature of 75 �C (12.0 U/mL).

3.5.3. Effect of metal ions on the activity of NPs-bound lipase
To examine the effect of various salt-ions (NaCl, FeCl2, FeCl3,

NH4Cl, HgCl2, CaCl2, KCl and MgCl2) on the activity of NPs-bound
lipase, the biocatalyst was pre-incubated at 55 �C for 10 min sepa-
rately with each of the selected salt-ions (1 mM) in 1:1 ratio (v/v).
Most of the tested ions/salts led to a decrease in the activity of the
free as well as NPs-bound lipase while FeCl2 and MgCl2 (1 mM)
showed tolerance towards lipase (Fig. 4c).
3.5.4. Effect of different solvents on the activity of NPs-bound lipase
NPs-bound lipase showed greater activity in the presence of

alcohols when used as solvents. n-Propanol and iso-propanol were
fairly tolerated by the lipase (Table 3). Other selected organic sol-
vents drastically inhibited the lipase activity.



Table 4
Km, Vmax, Kcat and specificity constant of free and NPs-bound lipase.

Km (mM) Vmax (U/mL/min) Kcat (s�1) Specificity constant

Free-lipase 2.52 ± 0.012 58.82 ± 1.09 147.05 ± 3.67 58.13 ± 1.12
NPs-bound lipase 1.42 ± 0.009 47.61 ± 1.16 119.04 ± 2.19 88.33 ± 2.12

Table 5
Half-life of free and NPs-bound lipase of B. thermoamylovorans incubated at 65 �C
under at 55 �C and 65 �C.

Temp (�C) t1/2Free-lipase (h) t1/2NPs-bound lipase (h)

55 5.68 ± 0.34 11.94 ± 0.39
65 1.37 ± 0.03 2.43 ± 0.04
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3.5.5. Reusability of NPs-bound lipase
Examination of hydrolytic activity of NP-bound lipase for

reusability up to 11 cycles gave amazing results (Fig. 5a). The
nano-biocatalyst was simply and rapidly separated under an exter-
nal magnetic field after each cycle was ready to use for next round
of hydrolytic cycle (Fig. 5a). Results showed that NPs-bound lipase
retained �50% of its initial hydrolytic activity after 8 cycles. This
indicated highly effective and efficient immobilization of lipase
onto nano-particles exhibiting enormous strength and stability.

3.5.6. Determination of Km and Vmax for free lipase and NPs-bound
lipase

The rate of reaction Vmax and Km using the best colorimetric sub-
strate p-NPP were studied by employing (1–5.5 mM) of p-NPP con-
centration in (0.05 M) Tris-buffer (pH 8.0) under shaking at
(55 ± 1 �C) (Fig. 5b). The values (Km and Vmax) for free lipase
(2.52 ± 0.012 mM, 58.82 ± 1.09 lmol/mL/min) and NPs-bound
lipase (1.42 ± 0.009 mM, 47.61 ± 1.16 lmol/mL/min) were
observed. The lower Km value i.e. 1.42 mM for NPs-bound lipase
indicates higher affinity of immobilized lipase for its substrate,
which could be the fact that larger surface area provided by
nano-particles have been completely occupied by enzyme mole-
cule for its attachment thereby maximizing the exposure of avail-
able active sites to its substrate. The decrease in Vmax of NPs-bound
lipase as compared to that of free lipase could be reasoned as the
confinement of enzyme molecule on non-porous solid support
thereby affecting its movability in an aqueous solution. However,
increased affinity and enhanced stability of lipase have proved suc-
cessful for effective immobilization of lipase on magnetic nano-
particles. The values of Km, Vmax, Kcat and specificity constant for
free and nano-particle immobilized were presented (Table 4).

3.5.7. Thermostability of free lipase and NPs-bound lipase at 55 �C and
65 �C

Thermostability experiments of free lipase and NPs-bound
lipase at 55 �C and 65 �C were performed (Fig. 5c). The half-life
(t1/2) of purified lipase was approximately 5.68 h at 55 �C. NPs-
bound lipase retained almost 50% of its initial activity even after
�12 h of incubation at 55 �C. Such observations and recorded
Fig. 6. Schematic representation of synthesis of p
results showed that nano-particles bound lipase was highly stable
and exhibited thermostability at higher temperatures even after
12 h. t1/2 of both free and immobilized lipase at 55 �C and 65 �C
(Table 5).

3.5.8. Synthesis and HPLC analysis of n-propyl gallate using NPs bound
lipase

The NPs-immobilized partially purified lipase from
B. thermoamylovorans was tested for its ability to synthesize
n-propyl gallate (Fig. 6). Analysis of n-propyl gallate was per-
formed using 515-HPLC pump (Waters) equipped with Reverse
phase Lichrosorb C18-5 mm (4 � 125 mm) column (Waters) and
2998 photodiode assay detector (Waters). Samples were dissolved
in methanol and a volume of 10 mL was injected into HPLC. The sol-
vent system/mobile phase comprised of methanol: water in the
ratio of 70:30 at a flow rate of 1 mL/min for 8 min. The absorbance
analysis was carried out at 275 nm. HPLC analysis confirmed the
presence of n-propyl gallate in the reaction mixture. At the end
of the reaction 17.47 of n-propyl gallate (i.e. �82% conversion rate
of gallic acid into product) was produced (Fig. 7a–c).

3.5.9. Antioxidant activity and cytotoxicity assay of synthesised n-
propyl gallate

A maximum scavenging of 54.0% of DPPH free radicals was
observed in 45 mg/mL sample (Fig. 8a). The maximum % inhibition
(cytotoxicity) i.e. 27.9% towards L132 cell was found in the wells
(Fig. 8b) in which 225 lg/mL synthesized n-propyl gallate was
added as compared to the control (methanol without n-propyl gal-
late). MTT assay proved that synthesized n-propyl gallate had anti-
cancerous activity and indicated by the toxicity towards the
selected mammalian cancerous cell line.

4. Discussion

In the light of inherent beneficial properties of nano-particles, a
successful attempt was made to immobilize the B. thermoamylovo-
rans BHK67 lipase onto iron-based magnetic nano-particles. The
average crystallite size of the synthesized magnetic NPs was found
to be 42.3 nm. XRD analysis also showed that magnetic NPs pos-
sessed a crystalline structure of inverse spinel making the pro-
duced NPs suitable for technological applications. Additionally,
AFM measurements of synthesized magnetic NPs indicate the
effective thresh-holding with higher roughness which is most
effective feature of NPs immobilization. The adsorption capacity
of lipase onto Fe3O4 NPs could reach 115 mg/g (i.e. 0.115 mg/mg
NP) (Chen et al., 2014), which was concluded to be higher than pre-
vious research (Lee et al., 2008; Huang et al., 2008). In an another
ropyl gallate by magnetic NPs-bound lipase.
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experiment with immobilization of Candida rugosa lipase on alkyl
silane coated Fe3O4 NPs, amount of immobilized lipase was found
to be about 0.20 mg lipase per mg of NPs (Wang et al., 2010). How-
ever, in the present research immobilized lipase reached a satu-
rated amount of 0.20 mg lipase per milligram of magnetic NPs
with 78.9% binding efficiency which was noticeably higher than
previous reports.

The activity profiles of the free and immobilized lipases at
temperatures ranging from 45 to 75 �C were measured. A greater
loss in the activity of free lipase was observed as compared to
immobilized enzyme. The celite-bound lipase was quite ther-
mostable as it showed half life of 238, 195 and 176.5 min com-
pared to free lipase that showed half life of 180, 139.5 and
131.5 min when incubated at 50, 55 and 60 �C, respectively
(Saun et al., 2014). However, in our study free and immobilized
lipase showed highest activity at 55 �C and remained active up
to 75 �C. NPs bound lipase showed half life of 11.94 and 2.43 h
compared to free lipase that showed half life of 2.43 h and
1.37 h at 55 �C and 65 �C respectively. Reusability and recovery
of immobilized enzyme are amongst greatly desired and impor-
tant parameters that have to be considered in order to ensure
efficient and effective immobilization. The immobilized lipase
on collagen retained 64% of its initial activity after 5 cycles
(Dewei et al., 2016). The decrease of activity was attributed to
possible denaturation or leaching (detachment) of lipase mole-
cules form collagen. In case of porcine pancreas lipase (PPL) cova-
lently immobilized on the surface of silica-coated modified
magnetite nano-particles, immobilized lipase retained 63.5% of
its initial activity after 6 cycles (Sun et al., 2015). However, in
our study NPs-bound lipase showed enormous stability and
retentivity. It retained 67.6% activity after 6th cycle and 51% after
8th cycle. This confirmed that the lipase bound to silane coated
NPs was highly stable and overcomes enzyme leaching problem
reported by earlier workers (Hartmann and Kostrov, 2013).
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Measurement of Michaelis–Menten kinetic parameters (Vmax

and Km) unveiled the considerable enhancement in the immobi-
lization of enzyme onto a particular support system. Reports have
been presented determining Vmax and Km of immobilized enzyme
with nano-particles as support system. Lipase immobilized on
alkyl functionalized Fe3O4-SiO2 nano-particles showed immobi-
lized enzyme with Km = 3.6 mM and Vmax = 131.4 U mg�1 in com-
parison to free enzyme that showed Km = 0.09 mM and
Vmax = 133.3 U mg�1 (Sharma et al., 2015a,b). In an another study,
the lipase bound to silica-coated magnetite NPs showed Km and
Vmax of 0.123 mM and 0.56 lmol/min/mg, respectively as com-
pared to free lipase (0.312 mM and 0.0132 lmol/min/mg, respec-
tively), which therefore, represented a higher affinity of
immobilized lipase towards the substrate (Sun et al., 2015). In
the present study, kinetic parameters for free lipase and NPs-
bound lipase were calculated from Lineweaver-Burk plot using p-
NPP as substrate. The values Km and Vmax for free lipase 2.52 mM,
58.8 lmol/mL/min and NPs-bound lipase 1.42 mM, 47.6 lmol/
mL/min, respectively were recorded. A decrease in the Km for
immobilized enzyme indicated an increase affinity of the enzyme
for its substrate (p-NPP). It was found that NPs-bound lipase
showed enhanced activity in case of n-propanol and iso-propanol.
Previously Saun et al. (2014) found that celite bound lipase from
B. aerius showed inhibitory effect towards selected organic sol-
vents (1%). Therefore the tolerance of NPs-bound lipase in different
solvents suggested its likely use in organic synthesis, enantio-
selectivity and associated applications. Further, NPs-bound lipase
was used to synthesize n-propyl gallate by esterification reaction
performed between n-gallic acid and n-propanol.
At the end of the reaction 17.47 mg of n-propyl gallate (i.e.
�82% conversion rate of gallic acid into product) was successfully
produced which was far better than previous report (Tran et al.,
2012). The electron-donating ability of gallates, which are food
and pharmaceutical antioxidants, is quantitatively assessed on
the basis of their electrochemical characteristics (Gunckel et al.,
1998). Gallic acid and its esters, in turn, are hydroxybenzoic
derivatives used as antioxidant additives in both food and pharma-
ceutical industries (n-propyl gallate and n-octyl gallate), which are
known to protect against oxidative damage induced by reactive
oxygen species (Fiuza et al., 2004). n-Propyl gallate has antioxidant
activity which was determined by DPPH assay. DPPH assay con-
firmed that n-propyl gallate have substantial antioxidant activity.
Gallic acid derivatives such as n-propyl gallate are known to cause
apoptosis in tumour cell lines and to inhibit lymphocyte prolifera-
tion (Fiuza et al., 2004). Anticancerous activity of synthesized n-
propyl gallate was evaluated on L132 cell line. The recorded results
showed 27.9% growth inhibition of cells. In the future studies, the
n-propyl gallate synthesis may be scaled up on volumetric basis
and its effect on triggering apoptotic cascade in the cancerous cell
line (s) may be explored.

5. Concluding remarks

In present study, a lipase from B. thermoamylovorans BHK67
was effectively immobilized onto modified MgFe2O4 NPs. The
NPs-bound lipase also showed strong stability following exposure
to methanol, propane-2-ol and propane-1-ol. All of the tested salt
ions reduced the NPs-bound lipase activity by 50–70% except FeCl2
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and MgCl2. It was found that NPs-bound lipase sustained active
over 11 cycles of repetitive use and retained 50% of its initial
hydrolytic activity even after 8th cycle. Immobilized lipase retained
almost 50% of its initial activity after 12 h of incubation at 55 �C
and 50% of its initial activity after 3 h at 65 �C. NPs-bound lipase
was used to synthesize n-propyl gallate by esterification reaction.
At the end of the reaction 17.47 mg of n-propyl gallate was pro-
duced. Synthesized n-propyl gallate have antioxidant activity
which was confirmed by DPPH assay, and also have anticancerous
activity which was tested on L132 cell line. So the overall study
showed that remarkable properties of high stability and reusability
exhibited by the lipase bound on magnetic NPs may offer undoubt-
edly promising results at industrial scale and multi-purpose NPs as
whole can serve as superlative host systems for various
biomolecules.
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