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A novel two-step enzymatic esterification-hydrolysis method that generates high-purity conjugated linoleic
acid (CLA) isomers was developed. CLA was first partially purified by enzymatic esterification and then
further purified by efficient, selective enzymatic hydrolysis in a three-liquid-phase system (TLPS).
Compared with traditional two-step selective enzymatic esterification, this novel method produced
highly pure cis-9, trans-11 (c9,t11)-CLA (96%) with high conversion (approx. 36%) and avoided
complicated rehydrolysis and reesterification steps. The catalytic efficiency and selectivity of CLA ester
enzymatic hydrolysis was greatly improved with TLPSs, as high-speed stirring provided a larger interface

area for the reaction and product inhibition was effectively reduced by extraction of the product into
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and economically reused more than 8 times because it contained more than 90% of the concentrated
enzyme. Therefore, this novel enzymatic esterification-hydrolysis method can be considered ideal to
produce high-purity fatty acid monomers.
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anticancer effect, and the t10,c12 isomer is beneficial for
reducing body fat.”® Therefore, it is strongly desirable to
develop an effective and economic method to separate these

1. Introduction

Conjugated linoleic acid (CLA) is a mixture of positional and

geometric isomers (i.e., cis-trans, trans-cis, cis-cis, and trans-
trans) of linoleic acid (C18:2, ¢9, c12) containing conjugated
double bonds.® CLA is an intermediate for the bio-
hydrogenation of linoleic acid to stearic acid in the rumen of
animals, but it can also be produced by alkaline catalyzed
conjugation of oil rich in linoleic acid.> Commonly, the most
studied active isomers related to health are cis-9, trans-11
(c9,t11-CLA) and trans-10, cis-12 (t10,c12-CLA), as shown in
Fig. 1. As a functional fatty acid, CLA has attracted attention due
to its physiological effects, such as its ability to reduce cancer
incidence and its antiatherosclerosis, antiobesity, antidiabetes
and antihypertensive activities.>* Most studies on the physio-
logical effects of CLA are conducted using mixed isomers of
CLA. However, it has been reported that the biological effects of
CLA isomers are different;>® the ¢9,t11 isomer has a positive
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CLA isomers.

In recent decades, some methods, such as low-temperature
crystallization, urea crystallization and microbial isomeriza-
tion, have been applied in an attempt to separate the two
abovementioned isomers.”** Due to the subtle differences in
solubility values between these two isomers, there may be
almost no difference in their crystallization behavior in the
solution phase. Additional additives (such as medium chain
fatty acids) are added for multiple crystallization to enrich
a large number of target isomers, but the cumbersome

t10,c12-CLA

Fig. 1 Structure of the common biologically active isomers of
conjugated linoleic acid (CLA).
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operations and high energy consumption caused by low
temperatures are hardly suitable for industrial applications.™
Urea and methanol are added to the CLA mixture to form urea-
FFA complex crystals, making t10,c12-CLA more easily
retained." However, due to low selectivity, it is often necessary
to combine it with other methods such as enzyme catalysis and
molecular distillation to obtain high-purity products, and urea
cannot be used for food processing. Although high-purity target
isomer can be obtained through microbial synthesis, low
concentration production remains a challenge for large-scale
production.’ Most of these processes have problems such as
high energy consumption, complex operations, and environ-
mental pollution, therefore a greener process is needed. Enzy-
matic purification of CLA isomers is considered a green and
efficient method due to its high efficiency and the use of only
mild reaction conditions.'” However, in most reaction systems,
the purities of CLA isomers obtained by one-step enzymatic
purification are too low to meet industrial requirements.'”*®
Even if expensive immobilization techniques are used to
improve enzyme selectivity, the purity of the c9,t11 isomer in
the product is still lower than 75%." Therefore, it is necessary to
develop a novel process to obtain products with higher purity.

Recently, multistep enzyme-catalyzed reactions have been
considered an effective method to obtain high-purity CLA
isomers. In most cases, two-step enzymatic selective esterifica-
tion has been widely used.'>*>** However, using the CLA esters
purified in the first esterification step directly in the second
esterification step is difficult. Therefore, a series of complex
steps (i.e., chemical hydrolysis, and molecular distillation) must
be performed to convert the CLA esters into the partially puri-
fied CLA, which can then be secondly enzymatic selectively
esterified. Furthermore, the final high-purity CLA ester can also
be converted into highly pure CLA isomers by similar complex
chemical hydrolysis and separation steps.’®*® As a result, this
method is almost difficult to industrialize due to the complex
process, high energy consumption and potential health hazards
arising from high-temperature operation. In fact, it is also
possible to obtain the high-purity CLA isomers by direct enzy-
matic hydrolysis of the partially purified CLA after enzymatic
esterification. This process avoids a series of complicated
rehydrolysis and reesterification steps. However, in a traditional
oil/water (O/W) two-phase system, enzyme selectivity during the
hydrolysis process is lower than that during the esterification
process, resulting in its industrial applications being limited."
Therefore, the development of an enzymatic hydrolysis system
with high efficiency and recyclability is the key factor for
industrialization. Thus, to solve the above problems, we
considered using a three-liquid-phase system (TLPS) to develop
a novel and efficient enzymatic hydrolysis process for the
selective enrichment of CLA isomers.

The TLPS integrates an aqueous two-phase system (ATPS)
and an O/W system. Classic TLPSs are composed of a water/salt
phase, a nonpolar phase, and a polar phase provided by a polar-
phase-forming component (PFC) (e.g., ionic liquids (ILs), water-
soluble polymers and deep eutectic solvents (DES)). In recent
years, the simplicity of the process and the low cost of phase
forming materials have attracted considerable attention in the
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separation of multiple components, as it can extract products
with different polarities into corresponding phases simulta-
neously.*** In our previous work, some TLPSs were shown to
improve the efficiency and selectivity of enzymes for many
applications, such as the selective hydrolysis of fish oil and
phospholipids.?*** Compared with the traditional O/W system,
this novel system has several advantages, such as high catalytic
efficiency, low energy consumption, and minimal health
hazards, as well as facile recovery of the product and enzyme.
Therefore, this enzymatic hydrolysis system is particularly
suitable for replacing the traditional O/W method to purify CLA
isomers.

In this study, a novel enzymatic esterification-hydrolysis
method based on a TLPS was developed to purify CLA isomers
(Fig. 2). First, a novel efficient enzymatic hydrolysis system was
developed based on the TLPS. In the TLPS, CLA and the enzyme
were enriched in the top phase and middle phase, respectively,
and part of the byproduct (ethanol) was distributed to the
bottom phase. As a result, the catalytic efficiency of the enzyme
was greatly improved because product inhibition was consid-
erably reduced. When this TLPS was used to hydrolyze the
partially purified conjugated linoleic acid ethyl ester (CLA-EE)
produced by enzymatic esterification, a high-purity CLA
isomer was obtained and the complex processes of the tradi-
tional multistep enzyme-catalyzed reaction were greatly
simplified.

2. Materials and methods
2.1 Materials

All experiments were performed with deionized water. CLA and
CLA-EE were purchased from Aohai Biological Co., Ltd (Qing-
dao, China), which contains almost equal amounts of ¢9,t11
and t10,c12 isomers. Lipase AYS (Candida rugosa lipases, spray-
dried powder) was obtained from Amano (Nagoya, Japan).
Methyl heptadecanoate (>97%) was purchased from Aladdin
Reagent Co., Ltd (Shanghai, China). HPLC grade ethyl acetate
was obtained from Thermo Fisher Scientific Co., Ltd (Shanghai,
China). ILs (1-butyl-3-methylimidazolium hexafluorophosphate
((BMIM|PFs) and  1-butyl-3-methylimidazolium  tetra-
fluoroborate ([BMIM]|BF,)) were obtained from Lanzhou Insti-
tute of Chemical Physics (Lanzhou, China). PEG 400 was
obtained from Aladdin Reagent Co., Ltd (Shanghai, China). All
other reagents and chemicals were of analytical grade.

2.2 Partition behaviour of lipase in various systems

The lipase was dissolved in water at room temperature with
a solvent ratio of 1:100 (w:v). The synthesis method of deep
eutectic solvents (DES) can be found in the ESIL.{ Various ATPSs
consisting of 15-35% (wt%) salt (Na,SO,, (NH,4),SO,4, K,HPO,)
and PFC (polyethylene glycol, IL or DES) were prepared on
a 1.5 g scale by adding a solid salt and a PFC to the enzyme
solution. Afterward, 0.08 g of CLA-EE was added into the above
ATPSs. The mixture was vortexed for 10 s to form various TLPSs,
and the various phases were separated by centrifugation at
2800xg for 5 min. The lipase activities in the middle phase and
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Fig. 2 Two-step enzymatic esterification-hydrolysis reaction for enrichment of c9,t11-CLA isomer based on TLPS.

bottom phase were analyzed by measuring the hydrolysis rate of
p-nitrophenyl octanoate (PNPO).>* First, 80 pL of Tris-HCl
buffer (25 mM) and 10 pL of PNPO ethanol solution (10 mM)
were added to a 96-well plate and preheated at 37 °C for 5 min.
The above mixed solution was added to 10 uL of the middle
phase or bottom phase (diluted 10- to 50-fold in Tris-HCI
buffer) to start the reaction. After 10 min of reaction, 100 pL of 1-
propanol was added to stop the reaction, and the absorbance at
405 nm of each well was immediately measured. A unit of
enzyme activity (U) was defined as the amount of enzyme
required to hydrolyze 1 mmol of PNPO per minute at 37 °C. The
partition coefficient of lipase (K) was defined as the ratio of the
lipase activity of the middle phase to that in the bottom phase.
The recovery (Y) was defined as the ratio of the lipase activity of
the middle phase to the total lipase activity. The value of Y was
determined from the following formula using the lipase parti-
tion coefficient and the volume ratio of the middle phase to the
bottom phase.

— EM

K==M
Ep

RK

YO = R+

x 100%

where, Ey; and Ej are the enzyme activities of the middle phase
and the bottom phase respectively, and R is the ratio of the
volume of the middle phase to the volume of the bottom phase.

2.3 Selective hydrolysis of CLA-EE in various TLPSs

The enzymatic hydrolysis of CLA-EE by lipase AYS in different
TLPSs was investigated in 10 mL conical flasks with each flask,
as described in Section 2.2. A control experiment was also
carried out by mixing 0.08 g of commercial CLA-EE with 1.5 g of
enzyme solution containing 9 mg of lipase. Each flask was

26692 | RSC Adv, 2023, 13, 26690-26699

agitated for 2 h at 200 rpm in a shaking bath at 40 °C. Finally,
each reaction mixture was centrifuged at 1000 xg for 3 min. The
sample of the top phase was analyzed by GC as described below.
All reactions were performed under atmospheric pressure, and
all experiments were performed in triplicate.

2.4 Effects of PEG 400 and (NH,),SO, concentrations on
CLA-EE hydrolysis in TLPS

The effects of the (NH,4),SO, and PEG 400 concentrations were
investigated by adding solid salts and PEG 400 to the enzyme
solutions (1%, wt%) to form an ATPS consisting of 17-29%
(Wt%) (NH,),SO, and 17-29% (wt%) PEG 400, and then, 0.08 g
of CLA-EE was added to the system. The reaction system was
agitated in a shaking bath set at 200 rpm for 2 h and then
centrifuged at 1000xg for 3 min. Samples from the various
TLPSs were collected and analyzed. Furthermore, the effect of
pH on the hydrolysis of CLA-EE in the PEG 400/(NH,),SO,
system was studied.

2.5 Esterification

Twenty grams of commercial CLA mixtures and 4 mL of ethanol
were added to a 100 mL conical flask. Then, 0.4 g of enzyme was
dissolved in 6 mL of water and added to the above solution. The
reaction was performed at 40 °C in a shaking bath at 150 rpm.
Samples from the mixtures in each flask were withdrawn at
different times. The esterification degree of total fatty acids was
determined by titrating with a 0.05 N NaOH solution.>® The
degree of esterification of the c9,t11 isomer was calculated with
the following formula from the ratio of the amount of c9,t11
isomer in the ethyl esters to the total amount of corresponding
isomer in the reaction mixture.

After the reaction was completed and the mixture was
centrifuged, the oil phase was removed into a conical flask, and
an appropriate amount of n-hexane was added. Then, a 0.5 N

© 2023 The Author(s). Published by the Royal Society of Chemistry
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NaOH solution in 30% ethanol was used to remove the
unreacted CLA. Three washes were performed with deionized
water. The organic solvent was evaporated with a rotary evapo-
rator to obtain CLA-EE (enriched c9,t11 isomer).

2.6 Reuse of the middle enzyme-rich phase

First, 5 g of solid salt, 5 g of PEG 400 and 1.2 g of synthesized
CLA-EE were added to 15 g of enzyme solution (5%, wt%) to
form the TLPS. The substrate was hydrolyzed at 40 °C for 1 h.
After the reaction, the middle phase was collected by centrifu-
gation and used in the next reaction, mixing with the original
top and salt-enriched phases to form a new TLPS and
continuing the reaction to generate the next batch.

2.7 Analytical methods

Confocal microscopy. Fluorescence images of the TLPS
microstructures were acquired by laser scanning confocal
microscopy (LSCM; Leica, Germany).>* For fluorescence
imaging, the oil phase was labeled with Nile red (excited at 553
nm) and the middle phase was labeled with fluorescein (excited
at 460 nm). After mixing the TLPS or O/W system for at least
5 min, a drop of the stained sample was placed on a confocal
microscope slide to observe its microstructure.

Droplet size analysis. The droplet size was analyzed using
a Mastersizer 2000 laser diffractometer equipped with a Hydro-
sizer 2000S module (Malvern Instruments, UK). The sizes of the
CLA-EE droplets in different continuous phases (purified water
and the middle and bottom phases of the TLPS) were measured.
First, CLA-EE was dropped into the continuous phase and stir-
red at 2700 rpm. When the shading rate of the sample reaches
10-20%, the size of the droplet was measured after stirring for 5
minutes. The size of the middle phase droplet in the bottom
phase was also measured. Each sample was measured three
times.

Determination of the hydrolysis degree of the c9,t11 isomer.
The hydrolysates were analyzed by means of a GC instrument
(Agilent 7890A) equipped with a hydrogen flame ionization
detector (GC-FID).>” Modified polyethylene glycol polar columns
(OV-351, 60 m x 0.32 mm i.d., 0.25 pm film thickness, Ohio
Valley) were used to analyze the samples. The carrier gas was Ny,
and the flow rate was 3.0 mL min . The injector and detector
temperatures were both 250 °C. The column temperature was
initially held at 150 °C for 4 min, increased to 230 °C at a rate of
4°Cmin ', and then held at 230 °C for 20 min. The compounds
observed by means of GC were identified by comparison of their
retention times with those of known standards. Methyl hepta-
decanoate (C17:0) was used as the internal standard for quan-
titative analysis. The hydrolysis degree of CLA-EE was defined as
the hydrolysis degree of the c9,t11 isomer, which was calculated
as follows.

[CLAEE], — [CLAEE],

1 0
CLAEEL x 100%

Hydrolysis, % =
where, [CLAEE], and [CLAEE]; are the contents of the c9,t11

isomer in the ethyl ester fraction before and after hydrolysis,
respectively.
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Fatty acid composition analysis. The ester and free fatty acid
(FFA) in the reaction products were separated by TLC.?® The
developing agent was n-hexane : ether : glacial acetic acid (80:
20: 1 v/v). The composition of CLA isomers in the FFA fraction
was determined by the method of Kim et al.’” The sample was
scraped into a test tube, and 2 mL of a 0.5 N KOH/methanol
solution was added before heating for 15 min at 70 °C. Then,
the flask was cooled for 5 min, 2 mL of BFs-diethyl ether/
methanol solution was added to the mixed solution and
heated in a water bath for 5 min at 70 °C. Next, 1 mL of a hexane
and aqueous NaCl mixture was added to the reaction mixture to
extract the fatty acid methyl esters (FAMEs) for GC analysis as
previously described. The purity of the c9,t11 isomer was
calculated according to the following formula.

c9,tl1

0
O U11 £ 110,12 < 1007

PuritY(cf).m) =
where, ¢9,t11 and t10,c12 are the contents of the ¢9,t11 isomer
and the t10,c12 isomer in the FAME, respectively.

3. Results and discussion
3.1 Selective hydrolysis of CLA-EE in various TLPSs

To successfully develop a two-step enzymatic esterification-
hydrolysis method for CLA isomers separation, the key factor
is the effective improvement of the selectivity and efficiency of
the enzyme in the traditional hydrolysis system.® Because of the
substrate specificity of the enzyme, it is critical to screen an
enzyme with high selectivity for a single isomer. However, we
found that the selectivity of the enzyme was low on the tradi-
tional O/W system (Table S1 in ESIt). The highest purity of the
¢9,t11 isomer in the product was only 86% with a low conver-
sion (24%). To solve this problem, we attempted to use a TLPS
to develop a novel and highly efficient enzymatic hydrolysis
system to purify CLA isomers.

Different salts (Na,SO,, (NH,4),SO,4, and K,HPO,) and PFCs
(water-soluble PEG, ILs and DESs) and the lipase AYS solution
were mixed, and the CLA-EE was added to form TLPSs (Table S2
in ESIT). In general, the influences of the PFC and salt type on
TLPS formation were similar to those observed in our previous
research.”®** These data indicate that the miscibility of the other
two phases was only slightly affected by the small amount of
CLA-EE present, possibly because in the polarity of the top
phase (CLA-EE) was quite different from that of the other polar
phases. The distribution of lipase was investigated in various
TLPSs, as shown in Tables 1 and S3 in the ESI.{ In most of the
tested polymer/salt TLPSs, the majority of the lipases tended to
be effectively enriched in the middle phase and had high
recovery. In contrast, the distributions of enzyme in the IL/salt
TLPSs were more complex; in some systems, the enzyme was
enriched in the bottom phase (i.e., the [BMIM]|BF,/Na,SO,
system). High recovery of the enzyme in the middle phase was
conducive to the reuse of the enzyme because most of the
products (CLA and ethanol) were separated from the middle
phase through distribution to the other phases, which may
protect the structure of the enzyme. Notably, in mostly low
molecular weight PEG/salt TLPSs, lipase displayed excellent

RSC Adv, 2023, 13, 26690-26699 | 26693
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Table 1 The effect of selective hydrolysis of CLA-EE isomers and the distribution behaviour of lipase AYS in different systems®

PEG400° PEG400° PEG400° PEG600° PEG2000°  BMIM[BF,]* BMIM[PF,]" CU® oW
K 242417 1274+13 7.6+1.4 6.2+ 0.3 1.2 £0.2 0.8 &+ 0.0 96.6 + 2.8 1.7 £ 0.3 —
Y (%) 95.8+0.8 89.6+23 853+23 817406 451+39 17.0+0.7 99.7 £+ 0.1 83.0 £2.5 —
Purity (%) 912+0.3 91.14+03 — 912 +£0.5 61.6+1.1 76,5+ 1.0 87.2 £ 0.2 — 86.4 + 0.6
Hydrolysis (%) 34.5+1.2 403+13 — 349 +£1.8 24.6 2.7 41415 31.6 £ 2.1 — 24.1 + 1.3

¢ Purity (%): the purity of ¢9,t11-CLA in FFA fractions after hydrolysis; hydrolysis (%): the hydrolysis degree of c9,t11 isomer; the composition of the
salt in the TLPS: * Na,SO, (15%, wt%), b (NH,4)»SO4 (18%, wt%), © K,HPO, (20%, wt%); and the composition of the PFC in the TLPS: 20% (wt%); CU:

choline chloride : urea = 1:2, 35% CU, 25% K,HPO,.

potential for use in the selective hydrolysis of CLA-EE because of
its high catalytic efficiency and selectivity. For example, in the
PEG 400/(NH,),SO, TLPS, high-purity c9,t11-CLA (91%) was
obtained and the degree of hydrolysis was greatly increased by
approximately 65% relative to that in the O/W system. However,
the hydrolysis reaction did not occur in the DES/salt TLPSs.
Previous studies have shown that some PFCs may alter the
enzyme structure through extensive hydrogen bonding inter-
actions, which may change the catalytic activity of the
enzyme.*** In addition, it is noteworthy that acid salts severely
limited the catalytic activity of the enzyme. For example, there
was no hydrolysis reaction in the K,HPO, system due to the
alkaline environment. Furthermore, when the reaction was
carried out in an O/W system, it was difficult to separate the oil
phase from the water phase, and high-speed or high-
temperature centrifugation was usually required.** In the
TLPS, this problem can be overcome because each phase can be
easily separated by gravity or low-speed centrifugation, which
also allows the enzyme to be reused. In summary, considering
the high catalytic efficiency and selectivity of the enzyme, the
PEG 400/(NH,4),SO, TLPS was selected for further research.

3.2 The effects of (NH,),SO, and PEG 400 concentration on
the selective hydrolysis of CLA-EE in the TLPSs

To boost both the reaction efficiency and the ability to reuse the
enzyme, the effects of the salt and PEG concentrations on the

- L 100
{ ]
21 ¢ 80
\ § -
M 14 iﬁ/ -60 e
74 40
04 —e—Y (%) A L2
17 20 23 26 29
(NH,),S0, (w/w, %)

distribution of lipase in the PEG 400/(NH,),SO,4 TLPS were first
studied (Fig. 3). As the concentrations of salt and PEG
increased, the changes in the partition coefficient of lipase
showed similar trends (first increasing and then decreasing).
One possible reason is that the hydrophobic interaction
between the phase and the lipase has an important influence on
the partitioning behavior of the enzyme.*® However, the
concentration of salt seemed to have a greater effect on the
partition coefficient of lipase (from a maximum value of 17 to
a minimum value of 2) than the concentration of PEG. In
general, the change in lipase recovery was similar to that in the
partition coefficient because the partition coefficient (K) had
a large effect on lipase recovery (Y). However, with increasing
PEG concentration, the change in lipase recovery seemed more
complicated because the change in recovery was also affected by
the phase volume ratio (middle/bottom, Rm/b). An increase in
the PEG concentration led to a decrease in the partition coef-
ficient and an increase in the phase volume ratio Rm/b.

The degree of CLA-EE isomer enzymatic hydrolysis and the
purity of ¢9,t11-CLA in the product were studied (Fig. 4). In
general, the purity of ¢9,t11-CLA was high level (approximately
90%) in most of the TLPSs, indicating that the selectivity of the
enzyme was less affected by the changes in the salt and PEG
concentrations. However, as the salt or PEG concentration
increased, the hydrolysis degree of CLA-EE clearly changed and
was similar to the change in the lipase partition coefficient. A

28 100
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Fig. 3 Effect of (NH4),SO4 and PEG 400 concentration on the partition coefficient and recovery of lipase AYS in the TLPS; (A) concentration of

PEG 400 (20%, wt%); (B) concentration of (NH4),SO4 (20%, wt%).
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Fig. 4 Effects of (NH4),SO4 and PEG 400 concentration on selective hydrolysis of CLA-EE isomers in TLPS; (A) concentration of PEG 400

(20%, wt%); (B) concentration of (NH4),SO4 (20%, wt%).

possible reason for this result was that the enzyme is enriched
in the middle phase of the TLPSs, which effectively improved
the reaction efficiency because more enzyme was available to
participate in the interfacial catalytic reaction between the
middle phase and the top (substrate) phase.

The catalytic efficiency of the enzyme is affected by pH, so
the enzymatic hydrolysis of CLA-EE isomers was also studied at
different pH values (Table S4 in the ESIT). In general, the degree
of hydrolysis in alkaline environments was much lower than
that in acidic environments. One possible reason for this result
is that the structure of the enzyme was negatively affected by the
alkaline environment. Furthermore, the product CLA can react
with the acid salts to form fatty acid salts with surfactant
properties, thus trapping the substrate at the interface and
isolating it from the enzyme, resulting in a significant decline in
the hydrolysis efficiency of CLA-EE. Considering that the
inherent pH value of the (NH,),SO4/PEG 400 system was within
the optimal range, the pH value of the system did not need to be
adjusted for the subsequent reaction. Considering the large
partition coefficient of lipase and the high c¢9,t11-CLA enrich-
ment efficiency after enzymatic hydrolysis, 20% (NH,),SO, and
20% PEG 400 was selected as the best system for further study.

3.3 Microstructure of the TLPS and its effect on the catalytic
efficiency of the enzyme

To explain the improvement in enzyme efficiency in the TLPS,
CLA-EE was enzymatically hydrolyzed in an O/W system, an oil/
middle phase (O/M: remove the bottom phase in TLPS) system
and the TLPS (Fig. 5(A) and (B)). The results showed that at the
same degree of hydrolysis, the selectivity of the enzyme
remaining in the O/M system or the TLPS was much higher than
that in the O/W system (Fig. 5(A)). A possible reason for this
finding is that the solvent and salt improved the enzyme
selectivity by increasing its conformational rigidity.*® In general,
an increase in enzyme rigidity decreases the catalytic efficiency
because maintaining optimal conformational flexibility is
required for full activity.’”*® Surprisingly, the selectivity and
catalytic efficiency of enzymes in TLPSs can be improved

© 2023 The Author(s). Published by the Royal Society of Chemistry

simultaneously. For example, the initial reaction rate (1 h) in
the TLPS was increased by approximately 65% relative to that in
the O/W system. The reason for this result is not completely
clear, but notably, when the aqueous phase was replaced by the
middle phase, the efficiency increased by approximately 18%
(O/M system vs. O/W system) at 1 h. One possible explanation
for this phenomenon is that the oil droplets in the middle phase
were more dispersed than those in the water phase, resulting in
a larger interfacial area between the oil droplets and the middle
phase, which was more conducive to the catalytic efficiency of
the enzyme.

To test this assumption, the particle size distribution of the
oil phase (CLA-EE) in different continuous phases was deter-
mined (Fig. 5(C) and Table S5 in the ESIt). When the contin-
uous phase (aqueous phase) in the O/W system was replaced by
the middle phase of the TLPS, the surface area of the CLA-EE
droplets increased from 0.086 to 0.29 m* g '. In addition,
when the bottom phase was added to the O/M system to form
the TLPS, the hydrolysis degree of CLA-EE in the TLPS increased
by an additional 40% relative to that in the O/M system (1 h). A
possible reason for this result is that there was a very small
amount of substrate dissolved in the middle phase. This part of
CLA-EE reached the enzyme-enriched interface of the middle/
bottom phase (M/B), where it was catalytically hydrolyzed by
phase transfer catalysis. After measurement, we found that the
interface area of this new catalytic interface (M/B) was nearly ten
times the O/M interface area, which greatly improved the cata-
Iytic efficiency of the enzyme.

In an O/W two-phase system, there is only one interface, so
the reactive interface area is clearly defined as the surface area
of the oil droplet. However, the real area of the reaction inter-
face is not easy to define in the TLPS because of the presence of
multiple interfaces (i.e., the oil/middle phase interface, oil/
bottom phase interface and bottom/middle phase interface).
Therefore, to observe the true reaction interface during the
high-speed stirring reaction, fluorescence images of the TLPS
were obtained by confocal microscopy (Fig. 6). Fluorescein and
Nile red were used to label the middle phase (green) and the oil
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Fig. 5

(A) The effects of selective hydrolysis of CLA-EE isomers and purity of c9,t11-CLA in products in the O/W system, O/M system and TLPS.

(B) The degree of selective hydrolysis of CLA-EE isomers in the O/W system, O/M system and TLPS. Symbols: (@) O/M system; () TLPS; (A) O/
W system. (C) Size distribution of the oil droplets in water and the two different phases of the TLPS. O/M: oil phase in the middle phase; O/W: oil
phase in water; M/B: middle phase in the bottom phase; O/B: oil phase in the bottom phase.

Fig. 6 Confocal microscopy images. (A) TLPS microstructure ob-
tained at Aex 460 nm; green corresponds to the fluorescence of
fluorescein enriched in the middle phase. (B) TLPS microstructure
obtained at A¢x 553 nm; red corresponds to the fluorescence of Nile
red enriched in the oil phase. (C) Microstructure image of the TLPS
obtained by combining (A) and (B). (D) Microstructure of the O/W
system.

phase (red), respectively. As shown in Fig. 6(A)-(C), dispersed
droplets of the oil phase (CLA-EE) and a portion of the bottom
phase droplets were surrounded by the middle phase, which
was suspended in the continuous bottom phase, forming a new
emulsion (W, + O)/W;/W, (W; and W, represent the middle and
bottom phases, respectively). Compared with the conventional
O/W system, the reaction that occurred at the interface of the oil
phase and the middle phase could be effectively increased
because the smaller size of the oil droplets (red) in the TLPS
could be obtained (Fig. 6(C) vs. (D)). More importantly, the

26696 | RSC Adv, 2023, 13, 26690-26699

reaction could also occur at the interface of the small bottom
phase wrapped in the middle phase, whose area was much
larger than the O/M interface area in the TLPS. Additionally, the
ethanol (byproduct) produced by the hydrolysis reaction can be
extracted into the bottom phase from the middle phase
(enzyme-enriched phase), reducing product inhibition and the
toxicity to the enzyme. Furthermore, the improvement in the
stereoselectivity of lipase in the TLPS played an important role
in the purification of isomers during CLA-EE hydrolysis.

3.4 Obtaining high-purity ¢9,t11-CLA by the combination of
two-step selective enzymatic esterification-hydrolysis
reactions

Although 90% pure ¢9,t11-CLA has been obtained in a TLPS by
a one-step enzymatic hydrolysis reaction, it is still difficult to
prepare a CLA isomer that can meet industrial requirements
(over 95%) by this method. To solve this problem, a novel
enzymatic esterification-hydrolysis method was developed to
obtain high-purity isomers. First, the CLA mixture was selec-
tively enzymatically esterified. After 10 h of esterification, the
reaction mixture was washed with alkali solution and extracted
with n-hexane, and a partially purified CLA-EE (purity of c9,t11
isomer, 85%) was obtained (Fig. 7(A)).

Second, the CLA-EE from the first step was added to the
(NH,),SO4/PEG 400 system to form a TLPS, and enzyme solu-
tions of different concentrations were studied (Fig. S1 in the
ESIY). The reaction velocity depended on the amount of lipase,
and it increased with the increase in the amount of lipase used.
When the concentration of the enzyme solution was more than
5%, the degree of hydrolysis was less improved. Therefore, 5%
of the enzyme solution was selected for further investigation. In
this novel system, CLA-EE was further purified by selective
enzymatic hydrolysis, and the ¢9,t11-CLA isomer was obtained
with high purity (96%) after 1 h (Fig. 7(B)). Notably, in the TLPS,
with the improvement in the hydrolysis degree of CLA-EE, the
selectivity of the enzyme did not significantly change. Even after
6 h of hydrolysis, when the rate of hydrolysis of CLA-EE
increased to 75%, the purity of ¢9,t11-CLA remained high
(approx. 94%). This result indicates that approximately half of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the c9,t11 isomers in the substrate as simply enriched with high
purity through the enzymatic esterification-hydrolysis method,
making this process suitable for industrial applications.
Although several multistep enzymatic methods to purify CLA
isomers have been reported'®*>** (Fig. 8(A)), these processes

Initial CLA mixture |

v

Enzymatic selective ]

[ Initial CLA mixture |

esterification

¥

}v Alkaline washing

a. Enzymatic selective
esterification

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

‘ Multistage molecular distillation

v ) / v
CLA-Ester CLA-Ester
_ (partially purified) (partially purified,85%) |
v
. . Enzymatic selective
b. Ch 1 hydrol
E [ i i i J [ hydrolysis in TLPS ]
v
CLA-FFA

CLA-FFA ‘
. (partially purified) ) L (purified ¢9, t11,96%) )

[ c. Enzymatic selective ] B

esterification

¥

| Multistage molecular distillation ‘

v

CLA-Ester
(purified ¢9, t11)

[ d. Chemical hydrolysis ]

l, or urea adduct

CLA-FFA
(purified ¢9, t11)

A

Fig. 8 Process of enzymatic purification of c9,t11-CLA; (A) traditional
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require not only multistep reactions (two-step esterification (a)
and (c) and two-step chemical hydrolysis (b) and (d)) but also
a series of complex separation steps (i.e., multistage molecular
distillation and/or urea adduct formation). As a result, the
whole reaction process is extremely complex and can even
involve more than 10 steps to obtain high-purity c9,t11-CLA.
When this novel enzymatic esterification-hydrolysis reaction
based on the TLPS was used to produce CLA isomers with high
purity, the complex steps of rehydrolysis and reesterification
and some separation procedures with high costs and potential
health hazards were reduced or avoided (Fig. 8(B)). As a result,
the whole reaction process was greatly simplified to less than 4
steps. Considering that this novel process could also greatly
improve reaction efficiency and product purity, we believe that
it has better industrial application prospects than the multistep
enzymatic esterification process.

3.5 Reuse of the PEG-enriched phase containing lipase in
TLPS

Although selective enzymatic reactions can effectively produce
high-purity products containing the c9,t11 isomer, the opera-
tional stability and reuse of the enzyme limit the industrial-
scale applications of this process. In TLPSs, the PEG-enriched
phase (middle phase) can be reused as a liquid immobiliza-
tion support since most of the enzyme is concentrated in this
phase.

To evaluate the reusability of the enzyme in the TLPS, CLA-
EE was repeatedly hydrolyzed by the PEG-enriched phase, and
the results are shown in Fig. 9. Generally, after 8 batches, the
selectivity of the enzyme was not significantly changed, and the
purity of ¢9,t11-CLA was maintained between 93-96%. After 8
repeated reactions, the enzyme activity remained at more than
90% of its initial activity, and the hydrolysis efficiency was 70%
that of the initial hydrolysis efficiency. As mentioned above,
PEG helps to protect lipase from harmful substances during the
selective hydrolysis of CLA-EE, which may be part of the reason
for the good reusability.**
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In previous reports, immobilized enzymes were used for
selective esterification to purify CLA isomers.*® After 6 batches,
the rate of esterification rate was only 20-60% that of the orig-
inal value. Furthermore, recovery of the immobilized enzymes
required washing with phosphate buffer solution and drying,
making their recovery less convenient in industrial applica-
tions. In addition, as the solid carrier is decomposed by the
high-speed rotating impeller, the immobilized enzyme may be
irreversibly lost, making recovery and recycling of the lost
enzyme difficult. TLPSs can overcome the above problems
because the droplets dispersed with vigorous stirring will
automatically reassemble to form an enzyme-rich phase after
stirring is stopped. In addition, most of the available solid
immobilization carriers may have potential health hazards, and
PEG may be safer and more stable because of its nontoxicity and
low vapor pressure.*®

4. Conclusions

In summary, an enzymatic esterification-hydrolysis method
based on a TLPS was developed and used to produce the ¢9,t11-
CLA isomer in high purity. Compared with the conventional
two-step enzymatic esterification method, this novel method
not only produced highly pure c9,t11-CLA (96%) with high
conversion (approx. 36%) but also greatly simplified the reac-
tion and separation processes. The high hydrolysis efficiency
and selectivity of the enzyme for CLA esters in the TLPS were the
major reasons why this novel method could be successfully
developed. When the TLPS was stirred at high speed, a novel
(W, + O)/W,/W, multiple emulsion was formed, which was the
main factor responsible for improving the hydrolysis efficiency
of the enzyme because it not only relieved product inhibition
but also provided a larger catalytic interface. Furthermore, the
enzymes used in this system were recycled, and the products
could be conveniently isolated. This novel system also has
several other advantages suitable for industrialization, such as
easy recovery of the product, low toxicity and high enzyme
reusability.
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