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and Jianrong Huang*e

The effects of magnetic fields on the enzymatic synthesis of naringin palmitate were studied. Both

immobilized Candida Antarctica lipase B (I-CALB) and I-CALB tert-amyl alcohol solution were treated

with magnetic fields of 100, 300, or 500 mT for 1, 2, or 3 h. Characteristics including the initial rate and

the conversion yields after 24 h of reaction with magnetized I-CALB (M-I-CALB) and magnetized I-CALB

tert-amyl alcohol solution (M-I-CALB-S) were investigated. Magnetic field application to both I-CALB

and I-CALB-S influenced I-CALB activity. Enzyme activity increased for M-I-CALB and M-I-CALB-S with

some intensities and durations and reached maxima at certain frequencies. Enzyme inactivation was only

found with M-I-CALB exposed to a strong magnetic field (500 mT) for a long time (3 h). Unlike M-I-

CALB, M-I-CALB-S exposed to a strong magnetic field for a long time (500 mT, 3 h) showed greater

activity enhancement relative to I-CALB. Fourier transform infrared spectroscopy (FT-IR) results showed

that the relative secondary structure content of free CALB was changed only slightly by the differing

magnetic field intensities and durations. These findings should prove valuable for using magnetic fields in

enzymatic reactions.
Introduction

Naringin is a avanone glycoside primarily found in citrus fruits
and exhibits a wide range of biological effects, including anti-
oxidant, anti-inammatory, and antibacterial activities.1,2

However, the practical application of naringin is strongly
limited by its poor solubility and stability in lipidic media.3,4 An
effective method to modify the lipophilicity of naringin is to
introduce aliphatic groups into the naringin structure via either
chemical or enzymatic esterication.5 Enzymatic esterication
in organic solvents appears to be preferable for naringin acyl-
ation due to the high regioselectivity of enzymes and mild
reaction conditions,5,6 whereas chemical methods suffer from
inferior selectivity and more harsh reaction conditions.7 Some
naringin esters such as naringin lauroyl ester, naringin octanoic
acid ester, naringin decanoic acid ester and naringin palmitate
have previously been synthesized through lipase-catalyzed
acylation in organic solvents.3,8–10
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However, the practical application of enzymatic methods is
limited by low conversion yield.11,12 An external eld such as
a magnetic eld may be used to improve enzymatic naringin
derivatization in organic solvents. The inuence of magnetic
elds on enzymes has been extensively studied in recent years.
Magnetic elds increase the activity of enzymes, such as
immobilized a-amylase,13 horseradish peroxidase,14 cellulose,15

immobilized lipase, and chitinase,16 and decrease the activity of
immobilized peroxidase.17 However, to date, previous investi-
gations of the effects of magnetic elds on enzymatic reactions
have mainly focused on aqueous systems, whereas little work
has been performed on reactions in organic solvents using I-
CALB. Furthermore, the differences in the enzymatic reactions
between magnetized enzyme and magnetized enzyme solution
(enzyme in solvent) are unclear. Therefore, it is necessary and
important to study the effects of magnetic elds on enzymatic
naringin derivatization in organic solvents and the differences
in the enzymatic reactions between magnetized enzymes and
magnetized enzyme solutions.

The aim of this study was to investigate the enzymatic
transesterication of naringin with fatty acids in the presence of
a magnetic eld and to explore the mechanisms by which the
magnetic eld inuences enzyme activity. This approach will
provide theoretical guidance for practical applications. Palmitic
acid was chosen as the acyl donor because it is commonly
present in animals and plants and widely used in esterication
processes. A sequential experimental strategy was used to
evaluate the effects of naringin concentration, magnetic eld
This journal is © The Royal Society of Chemistry 2018
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intensity, and exposure time on the reaction conversion yields
and enzyme structure. To the best of our knowledge, a system-
atic study to accelerate the enzymatic esterication of naringin
with palmitic acid using magnetic pretreatment has not been
reported.
Experimental
Materials

Immobilized lipase Novozyme 435 (immobilized Candida Ant-
arctica lipase B, I-CALB) was purchased from Sigma (Germany).
Naringin was acquired from Fluka (Switzerland). Palmitic acid
(Fluka, Switzerland) and tert-amyl alcohol (Merck, Germany)
were used as the acyl donor and solvent, respectively, during
esterication. Molecular sieves of 4 Å (8–12 mesh beads) were
purchased from Chemical Reagent Factory (Shanghai, China).
All other reagents were of analytical grade.
Application of static magnetic elds

The static magnetic eld apparatus was designed in our labo-
ratory (Fig. 1). The maximum effective current was 12.5 A, the
diameter of the iron core was 100 mm, the sectional area of the
magnetic pole was 78.5 cm2, the total resistance of the coils was
8.8 U, and the power was 1.4 kW.

The magnetized I-CALB (M-I-CALB) (0.05 g) and the magne-
tized I-CALB tert-amyl alcohol solution (M-I-CALB-S) (0.05 g I-
CALB in 5 ml tert-amyl alcohol) were generated by placing I-
CALB and I-CALB solution in the center of the magnetic eld
apparatus (Fig. 1) with different magnetic intensities (100, 300,
500 mT) for various exposure times (1, 2, 3 h) at 25 �C. The
magnetic intensity was measured with a CTS24 magnetometer
from Zhenghong Electromagnetic Technology Company
(Shanghai, China).
Enzymatic synthesis of naringin palmitate

The enzymatic synthesis of naringin palmitate in organic
solvent was performed using the method of Zhang et al.10 Nar-
ingin (50 mM) and palmitic acid (250 mM) were mixed in M-I-
CALB in tert-amyl alcohol solution or in M-I-CALB-S, which
were each supplemented with molecular sieves (100 g L�1).
Fig. 1 Schematic of the static magnetic field apparatus.

This journal is © The Royal Society of Chemistry 2018
Acylation with non-magnetized I-CALB and non-magnetized I-
CALB solution was performed as the control. The concentra-
tions of naringin and naringin palmitate were measured using
HPLC as described by Zhang et al.3,10 All the experiments were
performed in triplicate.

Conversion yield and initial reaction rate measurement

To characterize the effects of magnetic elds on the enzymatic
synthesis of naringin palmitate, the initial reaction rates (v) and
conversion yield (y, %) of the reaction were calculated using eqn
(1) and (2):

v ¼ C0 � Ct1

t1
(1)

y ¼
�
1� Ct

C0

�
� 100% (2)

where v (mmol L�1 h�1) is the initial reaction rate of the reac-
tion when the conversion yield is less than 10%, representing
the enzyme activity; t1 (h) is the initial reaction time; Ct1 (mmol
L�1) and Ct (mmol L�1) are the concentrations of naringin aer
t1 h and t h of incubation; y is the conversion yield of naringin
palmitate synthesis aer t h (#24 h) of incubation; and C0

(mmol L�1) is the concentration of naringin at the beginning of
the reaction.

Fourier transform infrared spectroscopy (FT-IR)

To investigate the effects of magnetic elds on the structure of
the immobilized enzyme, free CALB (0.01 g) was sealed in
a small test tube and xed in the center of the magnetic eld
(100, 300, or 500 mT) for 1, 2, or 3 h. The IR spectra of
magnetized CALB between 1215 and 1335 cm�1, which corre-
sponds to the amide III region of the protein, were acquired
with a Spectrum 2000 FT-IR spectrometer (PE, America) using
KBr and compared to those of free CALB without magnetic eld
treatment. Analyses were performed at room temperature. Data
analysis was performed with Peakt 4.11 (Systat, America).

Statistical analysis

Triplicate analyses (n ¼ 3) were performed for each dependent
variable. Analysis of variance (ANOVA) with Duncan's multiple
range test was performed with IBM SPSS Statistics 19.0 (SPSS
Inc., Chicago, IL, USA). Differences were considered signicant
at P < 0.05. Values shown in tables are the means of values from
the triplicate analyses (standard deviations).

Results and discussion
Effects of M-I-CALB on initial rate and conversion yields aer
24 h

For immobilized cells/enzymes, the magnetic eld leads to the
enhancement of mass transfer, increased substrate utilization
and product formation.18,19M-I-CALB was obtained by treating I-
CALB with magnetic elds of 100, 300, or 500 mT for 1, 2, or 3
hours. M-I-CALB was subsequently used to catalyze the esteri-
cation of naringin with palmitic acid. The initial rate and the
RSC Adv., 2018, 8, 13364–13369 | 13365
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Fig. 2 Effects of a magnetic field applied to I-CALB on initial reaction
rate.

Fig. 3 Conversion yields and initial rates of enzymatic reaction with
M-I-CALB.
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conversion yields aer 24 h (conversion yield of naringin
palmitate synthesis catalyzed by M-I-CALB aer 24 h of incu-
bation) of the enzymatic reaction were calculated and are shown
in Fig. 2. This rate was affected by the magnetic eld strength
and exposure time and was quite different from the rate of
catalysis by I-CALB. When a 100 mT magnetic eld was applied,
the initial rate was higher than that of the untreated control and
increased with exposure time (P < 0.05). However, when exposed
to a higher magnetic eld strength (300 or 500 mT), changes in
the initial rate of the reaction with respect to exposure time
followed different trends (Fig. 2). In the presence of a 300 mT
magnetic eld and a 1 h exposure, the initial rate increased
compared to that of the untreated control (P < 0.05), but the rate
decreased upon longer exposure (2–3 h). The maximum initial
rate was achieved with M-I-CALB treated with a 500 mT
magnetic eld for 2 h, which increased the rate by 20.8%
compared to that of the untreated control. However, an initial
rate lower than that of the control was observed for M-I-CALB
treated with 300 mT or 500 mT magnetic elds for 3 h (P <
0.05), indicating that M-I-CALB activity decreases in the pres-
ence of stronger magnetic elds (300 and 500 mT) and longer
exposure times (3 h). These ndings indicated that an optimum
exists for the greatest positive interaction between enzyme (I-
CALB) activity and magnetic eld strength and that the effects
of the magnetic eld on the enzyme (I-CALB) can be maintained
for some time aer treatment. Similar results were reported for
immobilized peroxidase exposed to an electromagnetic eld17

and for non-magnetic ultrane colloidal particles exposed to
magnetic elds.20 The variation in the initial rate in Fig. 1 did
not show simple correlation with magnetic eld strength (i.e.,
300 and 500 mT), which may be due to the magnetic eld
inducing conformational changes in I-CALB15,21 and thus
inuencing the active site of the enzyme molecule; such inu-
ence might have a complex impact on the initial enzymatic
reaction rate.

For a 100 mT magnetic eld, there was no clear relationship
between the initial rate and the conversion yield aer 24 h; the
conversion yields aer 24 h decreased with exposure time (P <
13366 | RSC Adv., 2018, 8, 13364–13369
0.05). As indicated previously, the initial rate increased in the
presence of 300 mT and 500 mTmagnetic elds, and changes in
24 h conversion yields with increased exposure time followed
a similar trend as the changes in the initial rate. As shown in
Fig. 3, the maximum conversion yield aer 24 h (24.10%) was
observed when a 500 mT magnetic eld was applied for 2 h,
which is a 29.2% increase compared to that of the control
(18.66%). However, the 24 h conversion yields with M-I-CALB
exposed to 300 mT and 500 mT magnetic elds for 3 h were
much lower than those of the control (P < 0.05). These results
illustrate a hysteresis effect for the application of a weak
magnetic eld (100 mT) to M-I-CALB, whereas more permanent
effects were seen for M-I-CALB exposed to 300 mT and 500 mT
magnetic elds.

These ndings indicated that I-CALB activity increased to
a maximum level in the presence of magnetic elds of specic
strength and duration, which is consistent with previous
studies.13–16
Effects of M-I-CALB-S on the initial rate of enzymatic reaction

If an enzyme in an organic solvent is treated with a magnetic
eld, the conformation of the enzyme and the properties of the
organic solvent will be inuenced, which can affect the enzyme
activity. The effects of magnetic elds on I-CALB in tert-amyl
alcohol were investigated, and the initial rate as a function of
magnetic eld strength (100, 300, 500 mT) and exposure dura-
tion (1, 2, and 3 h) is shown in Fig. 4. The initial rate increased
with increased exposure time and was higher than that of the
unexposed control (P < 0.05), indicating enhanced I-CALB
activity in tert-amyl alcohol. The polarizability and the dipole
moment of chloroform in a 100 mT magnetic eld has been
reported to uctuate in a wave-like manner as magnetic eld
strength increases,22 and the surface tension of pentane,
hexane, heptane, n-amyl alcohol, hexyl alcohol, and heptanol
exposed to magnetic elds (0.05–0.28 T) for 1.5 h decreases to
a certain extent.23 Therefore, under the experimental condi-
tions, changes in the polarizability, dipole moment, and surface
tension of tert-amyl alcohol are important causes of enhanced
I-CALB activity.
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Effects of magnetic field application to I-CALB-S on initial
reaction rate.

Fig. 5 Effects of M-I-CALB and M-I-CALB-S on conversion yields
within 24 h of reaction (A) 100 mT and 1 h; (B) 300 mT and 1 h; (C) 500
mT and 3 h. (A, ,, and O represent control, M-I-CALB, and M-I-
CALB-S, respectively).
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When M-I-CALB-S is used as shown in Fig. 4, with increased
exposure time, the initial rate signicantly increased for the 100
mT magnetic eld (P < 0.05), uctuated with the 300 mT
magnetic eld, and increased slightly when the magnetic eld
strength was 500 mT. In addition, with increasing magnetic
eld strength, the initial rate increased (100, 300 mT) and then
decreased (500 mT) for a 1 h magnetic treatment and decreased
when the exposure time increased to 2 or 3 h. These results
suggested that the lower magnetic eld strength (100 mT) and
longer exposure time (3 h) was more favorable for improving I-
CALB activity in tert-amyl alcohol, and the maximum initial rate
(0.603 mmol L�1 h�1, increased by 51.5%) was obtained when
M-I-CALB-S was treated with a 100 mT magnetic eld for 3 h.

As shown in Fig. 2 and 4, the initial rate of the enzymatic
reaction with M-I-CALB-S was higher than that with M-I-CALB,
revealing that solvent exposure to a magnetic eld was more
effective than enzyme exposure for improving I-CALB activity. In
addition, there was no enzyme inactivation in M-I-CALB-S,
whereas enzyme inactivation was observed when I-CALB was
exposed to a strong magnetic eld for a long duration. Similar
results were obtained by Wei et al.24 when a urease solution,
urease, and solvent were treated with 100 mT and 205 mT
magnetic elds. The urease activity in magnetized urease
solution was signicantly increased compared to that of the
control, whereas the activity of urease treated with a magnetic
eld directly decreased.24 Thus, the treatment of I-CALB solu-
tion with a magnetic eld is better for improving I-CALB
activity.
Comparison of the effects of M-I-CALB and M-I-CALB-S on
24 h conversion yields

Due to the different initial rates of reactions with M-I-CALB and
M-I-CALB-S, it is necessary to investigate the differences in
conversion yields. According to the results above, the conver-
sion yields within 24 h using the unexposed control, M-I-CALB,
and M-I-CALB-S were calculated and are shown in Fig. 5.

When a 100 mT magnetic eld is applied for 1 h, the
conversion yields within 24 h for the reaction containing M-I-
CALB increased with reaction time and were higher than
those for the reaction with M-I-CALB-S; the yields were both
higher than those of the control (P < 0.05) (Fig. 5). However,
This journal is © The Royal Society of Chemistry 2018
opposite trends were observed when a 500 mT magnetic eld
was applied for 3 h; the conversion yields within 24 h of the
reaction containing M-I-CALB-S increased signicantly (P <
0.05) and were higher than those of the control, whereas the
yields for reactions containing M-I-CALB were lower than those
of the control. When a 300 mT magnetic eld was applied for
1 h, the conversion yields within 24 h of the reaction containing
M-I-CALB increased with reaction time and were higher than
those of the control, whereas those of the reaction containing
M-I-CALB-S increased in the initial stage of the reaction (#12 h)
and then decreased (24 h) to lower than those of the control,
which suggested magnetic hysteresis in M-I-CALB-S. In addi-
tion, the maximum conversion yield within 24 h of reaction was
acquired withM-I-CALB-S treated by a 500mTmagnetic eld for
3 h. These results indicated that treatment of I-CALB solution
with a strong magnetic eld (500 mT) and long exposure (3 h)
was more effective for improving the conversion yield of nar-
ingin palmitate in tert-amyl alcohol.

Compared to M-I-CALB, the most favorable magnetic
condition for M-I-CALB-S with regard to 24 h conversion yield
only differs in exposure time. The exact mechanism involved is
not clear, but most likely the altered conformation and exi-
bility of the enzyme due to the organic solvent and longer
exposure time contributes to this discrepancy. To verify this
hypothesis, the conformation of free CALB subjected to
magnetic elds was assessed.
Effects of magnetic elds on conformation of free CALB

The amide III region (1215–1335 cm�1) was used to analyze the
conformational changes of free CALB induced by magnetic
elds. The percentages of a-helix (1288 to 1328 cm�1), b-turn
(1270 to 1288 cm�1), random coil (1250 to 1270 cm�1), and
RSC Adv., 2018, 8, 13364–13369 | 13367
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Table 1 Secondary structure percentages of free CALB determined by FT-IR

Magnetic conditions a-Helix (%) b-Sheet (%) b-Turn (%) Random coil (%)

Control 35.5 � 0.4 22.0 � 0.2 15.5 � 0.4 26.9 � 0.5
100 mT, 1 h 35.1 � 0.2 21.4 � 0.1 16.2 � 0.3 27.2 � 0.2
100 mT, 2 h 36.5 � 0.5 21.4 � 0.4 15.9 � 0.6 26.2 � 0.3
100 mT, 3 h 35.2 � 0.1 21.4 � 0.3 16.2 � 0.2 27.2 � 0.4
300 mT, 1 h 34.5 � 0.6 22.3 � 0.2 15.9 � 0.1 27.3 � 0.2
300 mT, 2 h 34.6 � 0.4 23.3 � 0.5 15.3 � 0.3 26.8 � 0.2
300 mT, 3 h 34.7 � 0.2 22.5 � 0.1 15.7 � 0.4 27.1 � 0.1
500 mT, 1 h 36.5 � 0.3 24.1 � 0.2 14.2 � 0.1 25.2 � 0.2
500 mT, 2 h 35.4 � 0.1 22.4 � 0.1 15.6 � 0.3 26.7 � 0.1
500 mT, 3 h 35.2 � 0.2 21.8 � 0.5 16.0 � 0.4 27.0 � 0.3
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b-sheet (1220 to 1240 cm�1) structure in free CALB were calcu-
lated from the area of the peaks and are listed in Table 1.

As shown in Table 1, the a-helix content in the secondary
structure of free CALB is 35.5%, which is followed in order by
random coil, b-sheet, and b-turn; this composition is consistent
with the relative percentages of secondary structure elements in
free CALB determined by circular dichroism spectra.25

The relative a-helix, b-turn, random coil, and b-sheet content
of magnetized free CALB changed slightly with the magnetic
eld strength and exposure time (P > 0.05), and there was no
obvious correlation between the changes in secondary structure
and the magnetic eld strength or exposure time (Table 1).
Compared with the secondary structure of the control free
CALB, the differences in the relative proportions of a-helix, b-
sheet, b-turn, and random coil structure in magnetized free
CALB were maximally 1.0%, 2.1%, 1.3%, and 1.7%, respectively.
It is known that the activities of enzymes are, in general,
reduced but the stability is improved once enzymes are immo-
bilized on particles.13 The structure of the immobilized enzyme
may be further preserved.26 Due to the rigid carrier of I-CALB,
thus, exposure to a magnetic eld has little inuence on the
secondary structure of I-CALB. Watanabe et al.27 noted that the
exibility of an enzyme may be critical for its activity. There are
two water molecules around the active site of CALB,28 which will
affect exibility of CALB.29 Therefore, the activation or inacti-
vation of I-CALB by amagnetic eld may result from variation in
I-CALB exibility due to the change of the water around the
active site of CALB inducing by magnetic elds.

Many reports have shown no signicant change in the
conformation of CALB in various organic solvents.25,30 However,
a relationship exists between the exibility of CALB and the
solvent.31,32 The exibility of CALB is closely related to the
solvent polarity and dielectric constant.30 Therefore, the exi-
bility of I-CALB in M-I-CALB-S may be altered by subtle changes
in tert-amyl alcohol caused by the magnetic eld, thus affecting
the activity of I-CALB in tert-amyl alcohol.
Conclusions

In this study, the effects of a magnetic eld on the enzymatic
synthesis of naringin palmitate catalyzed by I-CALB were
studied thoroughly under various magnetic conditions. The
initial reaction rate and conversion yields of the reaction with
13368 | RSC Adv., 2018, 8, 13364–13369
M-I-CALB and M-I-CALB-S were compared. This work demon-
strates that the I-CALB activity increased in a magnetic eld and
reached a maximum when the I-CALB solution was treated with
a strong magnetic eld (500 mT) for a longer time (3 h). The
treatment of I-CALB solution with a strong magnetic eld for
a long exposure time is favorable for improving the activity of I-
CALB. The changes in I-CALB activity resulting from a strong
magnetic eld with long exposure times are more durable than
those resulting from a weak magnetic eld and short exposure;
a hysteresis effect appeared when the weak magnetic eld was
applied. FT-IR results show that the main secondary structure of
CALB was a-helix (35.5%), which was followed in order by
random coil, b-sheet, and b-turn; the relative secondary struc-
ture content of CALB changed slightly with magnetic intensity
and exposure time. The changes in the secondary structure of
CALB in a magnetic eld were so slight that they are unlikely to
explain the associated activity changes; instead, the activity
differences may be due to changes in the exibility of I-CALB
and subtle changes to tert-amyl alcohol. These results are
signicant for improving the application of magnetic elds to
enzymatic reactions.
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22 G. F. Goya, T. S. Berquó, F. C. Fonseca and M. P. Morales, J.
Appl. Phys., 2003, 94, 3520–3528.

23 H. Hu, H. Gao and S. Jia, J. Magn. Mater. Devices, 2000, 3, 36–
41.

24 G. Wei, W. He, Y. Bi and M. Zhu, Acta Agric. Boreali-Occident.
Sin., 1999, 2, 99–101.

25 R. W. Mccabe, A. Rodger and A. Taylor, Enzyme Microb.
Technol., 2005, 36, 70–74.

26 M. S. M. Eldin, C. G. P. H. Schroën, A. E. M. Janssen,
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