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ABSTRACT
The digestive gland of craboids (hepatopancreas) is rich in a huge number of various en-
zymes (collagenases, nucleases, hyaluronidases, proteases), which are well studied at the
moment.However, little is known about crustacean lipases. In this work, using 1HNMR
spectroscopy, it was found that the hepatopancreas homogenate of the red king crab
Paralithodes camtschaticus demonstrates high lipolytic activity against triacetin in awide
pH range and showsmoderate activity against the caprylic/capric triglyceride emulsion.
Under the action of the hepatopancreas homogenate, triacylglycerols are converted
into 1,2-diacylglycerol, and then into 2-monoacylglycerol and 1-monoacylglycerol.
The 1-monoacylglycerol predominates in the reaction products. The use of NMR
spectroscopy makes it possible to quickly detect hydrolysis products and evaluate the
reaction direction.

Subjects Biochemistry, Biophysics, Biotechnology
Keywords Lipolytic activity, Paralithodes camtschaticus, Hepatopancreas homogenate, NMR
spectroscopy

INTRODUCTION
Lipases (triacylglycerol acylhydrolases, E.C. 3.1.1.3) are serine hydrolases; they catalyze
the hydrolysis of triacylglycerols to glycerol and free fatty acids (Sharma, Chisti &
Banerjee, 2001). Lipases are most active upon adsorption onto the oil-water interface.
This distinguishes them from esterases, which demonstrate normal Michaelis–Menten
kinetics (Martinelle, Holmquist & Hult, 1995). The mechanism of interaction of lipase and
lipids at the phase interface is still not completely clear and is the subject of intensive
research (Reis et al., 2009).

Lipases were found in many microorganisms and eukaryotes. To date, most commercial
lipases are obtained using microorganisms (Sztajer, Maliszewska & Wieczorek, 1988; Wang
et al., 1995). Lipases are widely used in fats and oils processing, in production of washing
powders and grease removers, in food industry and in synthesis of pharmaceuticals, in
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production of paper and cosmetics, and in the waste utilization (Navvabi et al., 2018; Park
et al., 2011; Zaitsev, Savina & Zaitsev, 2019;Masse, Kennedy & Chou, 2001; Takamoto et al.,
2001).

Despite the fact that the main function of lipases is the hydrolytic cleavage of
triacylglycerol ester bonds, they can also catalyze the reverse reaction (ester synthesis) in a
low-water environment. In addition, hydrolysis and esterification can occur simultaneously
during transesterification (Sharma, Chisti & Banerjee, 2001). Depending on the substrates,
lipases can catalyze acidolysis, alcoholysis and transesterification (Balcão, Paiva & Malcata,
1996).

The direction of the lipase-catalyzed reaction is determined by the amount of water
in the reaction mixture. In the absence or at low water content, only esterification and
transesterification reactions occur.When there is an excess of water in the reactionmixture,
hydrolysis is the preferred reaction (Klibanov, 1997).

The main potential use of lipases is their use as catalysts for a wide range of chemo-,
regio- and stereoselective reactions (Park et al., 2011; Zaitsev, Savina & Zaitsev, 2019;
Berglund & Hult, 2000). The application of lipases significantly saves energy and prevents
the thermal degradation of compounds during the process (Vulfson, 1994; Bornscheuer,
2018). In addition, most commercial lipase applications do not require high-purity
enzymes (Bayoumi et al., 2007).

Thus, it can be expected that in the future lipases will have the industrial significance.
One of the application areas of lipases is the production of mono- and diacylglycerols

as an alternative to their chemical synthesis (Bornscheuer et al., 1994; Júnior et al., 2018).
Triacylglycerols are sources for the production of monoacylglycerols and diacylglycerols,
which are widely used as food emulsifiers (Kam, Woo & Ong, 2017; Jackson & King, 1997;
Boyle, German &Whelan, 1996). The mixture of mono- and diacylglycerols is known as
food additive E471 (Plou et al., 1996).

Commercial species of marine organisms, such as crabs, can be considered as sources
of lipases (Ponomareva et al., 2021). However, little is known about crustacean lipases.
A rich source of highly active enzymes in crabs is the hepatopancreas, which is an
organ of the digestive system that performs the functions of the liver and pancreas.
Despite the fact that to date, there are data on the investigation of lipolytic activity in
various marine organisms (Smichi et al., 2012; Del Monte-Martínez et al., 2019), only a few
research are known on the study of lipolytic activity and lipases from the hepatopancreas
of decapod crustaceans, mainly of the infraorder Brachyura (Cherif et al., 2007; Cherif
& Gargouri, 2009; Michiels, Del Valle & Mañanes, 2013; Michiels, Del Valle & Mañanes ,
2015). Hepatopancreas lipases for another infraorder of decapod crustaceans Anomura
have not been practically studied; there are only some mentions of lipolytic activity of
hepatopancreas homogenates of pelagic red crab and red king crab without its detailed
study (Del Monte-Martínez et al., 2019;Novikov & Mukhin, 2003). It should be emphasized
that hepatopancreas is a waste of crab catching, therefore, the development of methods
for processing secondary raw materials in order to obtain new valuable products is an
urgent task of rational nature management (Ponomareva et al., 2021). Moreover, some
hepatopancreas enzymes from red king crab have been found to have unique properties
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that are not similar to previously studied enzymes from othermarine organisms (Sliadovskii
et al., 2021). Thus, the investigation of enzymes from crab hepatopancreas can contribute
to the study of the dependency of the digestive system on the evolutionary and systematic
position of marine species.

In this work, the lipolytic activity of red king crab Paralithodes camtschaticus
hepatopancreas (HPC) homogenate against short-chain (triacetin) and medium-chain
(caprylic/capric triglyceride) triacylglycerols was studied by NMR spectroscopy. The
method of NMR spectroscopy facilitates fast estimation of the rate of substrate hydrolysis
and analysis of the resulting products under various conditions, which greatly simplifies
the study of lipolytic activity.

MATERIALS & METHODS
Materials
Triacetin (PolyntUKLtd.,UK) and caprylic/capric triglyceride (IOIOleoGmbH,Germany)
were tested for purity using NMR analysis.

A standard 1M solution of 3-trimethylsilyl-[2,2,3,3-2H4] sodium propionate (TSP)
(Sigma Aldrich, St. Louis, MO, USA) was prepared by dissolving its exact amount in heavy
water (D2O, 99.9%; Sigma Aldrich, USA).

Stock solutions of 1 M Na2HPO4 and NaH2PO4 (Sigma Aldrich, USA) were used to
prepare phosphate buffer solutions with different pH values.

All other chemicals used in this experiment, such as sodium hydroxide, sodium chloride,
ammonium sulfate, sodium salt of cholic acid were of analytical grade (Sigma Aldrich,
USA).

Pancreatin (OAO THFZ, Russia) purchased in a local pharmacy was used as a positive
control for lipolytic activity. The albumin was produced by Amresco (USA).

Preparation of HPC homogenate
As a hydrolyzing agent, a homogenate of the hepatopancreas of the red king crab
P. camtschaticuswas used, prepared according to themethod described earlier (Ponomareva
et al., 2020). Three samples of HPC homogenate were prepared in a 50 mM phosphate
buffer with different pH (pH 5.5, 7.2 and 8.0). The samples were analyzed by Laemmli gel
electrophoresis (Laemmli, 1970). To assess the lipolytic activity, a freeze-dried HPC sample
was also prepared.

Substrates
For the study, solutions of 330 mM triacetin were prepared in 50 mM phosphate buffer
(pH 5.5), 50 mM phosphate buffer (pH 7.2) and 50 mM phosphate buffer (pH 8.0)
at 37 ◦C (Sigma-Aldrich, 1997). The resulting solutions were intensively stirred until a
homogeneous emulsion was obtained. Triacetin solutions were not adjusted to the desired
pH using 1 M NaOH, since this results in the hydrolysis of triacetin (Fig. S1).

To study the kinetics of hydrolysis of triacetin by HPC homogenate, the concentration
of triacetin in the reaction mixture was reduced to 70.7 mM (final). At this concentration,
the reaction mixture remains optically transparent for two days during NMR analysis.
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The value of RG (Receiver Gain) does not exceed the optimal sensitivity of the NMR
spectrometer receiver.

Caprylic/capric triglyceride emulsions (18 mM) were prepared in 50 mM phosphate
buffer (pH 7.2) containing 150 mM NaCl and 2 mM sodium cholate as a stabilizer. The
resulting solution was intensively stirred and sonicated for 10 min under cooling using an
ultrasonic disintegrator (operating frequency 22 kHz, UZDN-2T, NPP ‘‘Ukrrospribor’’,
Ukraine) for emulsifying the components (Salentinig et al., 2015).

Analysis of lipolytic activity of HPC homogenate
Sample preparation
To study the efficiency of hydrolysis depending on pH, 750 µl of triacetin (330 mM) was
prepared in a 50 mM phosphate buffer at different pH. 250 µl of HPC homogenate was
added to the triacetin solution and incubated at 37 ◦C for 1 h. The reaction was stopped
by heating for 5 min at 95 ◦C. For analysis, 30 µL of D2O was added to 570 µL of samples.
The samples were transferred to an NMR tube and the spectra were recorded. The spectra
of triacetin in the absence of HPC homogenate and HPC homogenate at pH 5.5 in the
absence of triacetin, which were incubated at 37 ◦C for 1 h, were also analyzed.

Lipolytic activity was assessed for a lyophilized HPC homogenate according to the Sigma
protocol using triacetin as a substrate (Sigma-Aldrich, 1997) and by NMR spectroscopy
under similar conditions. For the experiments, the same amount of HPC homogenate (in
mg) was incubated with the substrate at pH 7.4 and 37 ◦C for an hour and, subsequently,
was analyzed.

The hydrolysis of triacetin with HPC homogenate was studied at pH 7.2. At the first
stage, an NMR study was performed with a saturated triacetin solution (Sigma-Aldrich,
1997). 25 µl of HPC homogenate solution, 30 µl of 4 mM TSP (in 1 M phosphate buffer,
pH 7.2) and 195 µL of 50 mM phosphate buffer (pH 7.2) were added to 750 µL of 330 mM
triacetin (in a 50 mM phosphate buffer, pH 7.2). The final volume of the reaction mixture
was 1 mL. For NMR analysis, 30 µL of D2O was added to 570 µL of the mixture. The
reaction mixture was incubated at 37 ◦C directly in the NMR spectrometer. The mixture
was incubated for 58 h and NMR spectra were recorded.

As a positive control of lipolytic activity, a solution of pancreatin was used, which
was prepared by milling 5 tablets (90 mg each) containing 2,800 units of lipase activity,
established by FIP (Federation Internationale Pharmaceutique), and dissolving them in
10 mL of 50 mM phosphate buffer (pH 7.2) followed by dialysis against the same buffer.
25 µl of pancreatin, 30 µl of 4 mM TSP (in 1 M phosphate buffer, pH 7.2) and 195 µL of
50 mM phosphate buffer (pH 7.2) were added to 750 µL of 330 mM triacetin (in a 50 mM
phosphate buffer, pH 7.2). The mixture was incubated at 37 ◦C for 1 h. The reaction was
stopped by heating for 5 min at 95 ◦C. For analysis, 30 µL of D2O was added to 570 µL of
samples. They were transferred to an NMR tube, placed in the NMR spectrometer and the
spectra were recorded.

To study the kinetics of hydrolysis of triacetin by HPC homogenate using NMR
spectroscopy, the concentration of triacetin was reduced to obtain a solution close to the
ideal one. To conduct the reaction, 8 µL of 5.3 M triacetin was added to the solution of
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517 µL of distilled water and 60 µL of 4 mM TSP (in 1 M phosphate buffer, pH 7.2), the
mixture was intensively stirred and 15 µL of HPC homogenate was added. The sample was
gently stirred and the initial time of reaction was fixed. The pH of the reaction mixture
at the beginning of the reaction was 6.7. The reaction mixture was incubated at 37 ◦C
directly in the NMR spectrometer. The mixture was incubated for 58 h and NMR spectra
were recorded. The pH of the reaction mixture at the end of incubation was 5.9. A similar
reaction was conducted with 5-fold increase in the volume of HPC homogenate in the
mixture. The resulting reaction mixture was incubated in the NMR spectrometer at 37 ◦C
for 35 h.

The hydrolysis of the caprylic/capric triglyceride emulsion prepared as described above
was studied at pH 7.2. 5 µL of 2.4 M caprylic/capric triglyceride was added to the solution
of 65 µL of 18.5 mM sodium cholate (final concentration 2 mM), 65 µL of 4 mM TSP
(in 1 M phosphate buffer, pH 7.2), 25 µL of 4 M sodium chloride (final concentration
150 mM) and 440 µL distilled water. The mixture was intensively stirred and sonicated, as
described above. 50 µL of HPC homogenate was added to the resulting emulsion, gently
stirred and the initial time of reaction was fixed. The reaction mixture was incubated at
37 ◦C directly in the NMR spectrometer. The mixture was incubated for 35 h and NMR
spectra were recorded. As control the lipase activity against caprylic/capric triglyceride, a
similar reaction was performed with 50 µL of the pancreatin preparation.

Detection of lipolytic activity
The samples (600 µL) were placed into an NMR tube with a diameter of 5 mm.

The 1D and 2D COSY spectra were recorded on the Bruker 600 AVANCE III NMR
spectrometer (The Core Facilities Center of the Institute of Theoretical and Experimental
Biophysics of the RAS), operating at a frequency of 600 MHz for protons, using standard
pulse sequences from the Bruker pulse sequence library. All measurements were carried
out at a temperature of 310 K (37 ◦C). To suppress the signal from water protons, a
pre-saturation method was used by applying a 1D pulse sequence ZGPR. The number of
accumulations ranged from 32 to 1,024 scans, the interval between scans was 10 s. The free
induction decay (FID) was recorded at 96 k points for 2.272 s. The spectral width was 24
ppm. The duration of the 90◦-pulse was 11 µs. After zero-filling of FID to 128 k points
the Fourier transform was applied. To study the kinetics of hydrolysis, the spectra were
recorded at certain time intervals. The chemical shifts were assigned according to the TSP
signal at 0.00 ppm, which acts as an internal reference.

Two-dimensional homonuclear (1H-1H) spin-spin correlation (COSY) spectra were
recorded over the range containing signals from 0.15 to 9.15 ppm. During the relaxation
delay before the COSY pulses, the water signal was suppressed by pre-saturation. The 2D
COSY COSYGPPRQF pulse sequence was used. The relaxation delay between the COSY
pulses is 1 s, the data arrays consisted of 2048/512 points.

For signal assignment, one-dimensional NMR spectra and two-dimensional COSY
spectra were used. Signal assignment was checked using the AMIX software (Bruker). The
spectrum was processed and the integrals were calculated using the TOPSPIN program
(Bruker). In the case of hydrolysis of the caprylic/capric triglyceride emulsion, at the end
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of the experiment, the sample was removed from the NMR tube, centrifuged at 10,000 ×g
for 10 min. The upper hydrophobic layer of the sample was extracted and a deuterated
dimethyl sulfoxide solution (DMSO-d6) up to 600 µL was added to it. NMR spectra were
recorded using a 1D pulse sequence ZG.

In the case of hydrolysis of triacetin by red king crab hepatopancreas homogenate, the
degree of hydrolysis was evaluated (Nieva-Echevarría et al., 2015). After the NMR spectra
processing the integral values of the components concentrations in the reaction mixture
at each time point were calculated based on the integral intensity of proton signals at the
second carbon atom of the glycerol part and TSP concentration. The calculation of the
components concentrations in the reaction mixture was carried out in the Microsoft Excel
spreadsheet software program.

Themolar concentration (Nx) of 2-monoacetin, 1-monoacetin, 1,2-diacetin and triacetin
in the sample can be determined as follows:

Nx=Cst ∗nst ∗ Ix/(nx ∗ Ist) (1)

where x is the corresponding component of the mixture, Ix is the area under the peak
belonging to the signal of the studied proton of the mixture component, nx is the number
of protons providing the signal, Ist is the area under the peak corresponding to the proton
signal of standard (TSP), nst is the number of TSP protons (n= 9), Cst is the known
concentration of TSP. The area of spectral signal was calculated for the proton at the
second carbon atom of the glycerol part of the glycerides, which provides non-overlapping
signals in the spectrum.

To obtain the concentration values as close to real as possible, the correction factor
between the concentrations of the formed di- and monoacetins from the formed free
acetate was calculated. To calculate the real concentration of free acetate formed during
the hydrolysis of triacetin, the concentration of the initially present acetate, which is not
related to hydrolysis products, was subtracted from the integral concentration of free
acetate. The correction factor is the ratio of the real concentration of obtained free acetate
to the calculated concentration of acetate obtained from hydrolysis of triacetin, taking into
account the integral concentrations of di- and monoacetins.

The concentrations of di- and monoacetins were calculated by multiplying their integral
values by the correction factor.

The real concentration of triacetin in the reaction mixture was determined by
subtracting the concentrations of the formed di- and monoacetins from the initial triacetin
concentration.

The use of this method for calculating the concentrations of components in the reaction
mixture is due to the fact that in the process of enzymatic hydrolysis, a solution initially
close to ideal loses its homogeneity. The molecules of triacetin, di- and monoacetins in
micelles have lower mobility, which affects the decrease in their signals in the NMR spectra.
At the same time, a small and charged acetate ion remains in the aqueous phase and
partially retains its mobility, which makes it integral concentration closest to the real one.
Therefore, all other concentrations were normalized to the acetate concentration.
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Figure 1 Scheme of lipase hydrolysis of triacetin.
Full-size DOI: 10.7717/peerj.12742/fig-1

The molar percentage of any of the glycerides (X) was determined using the following
general equation:

Nx(%)= 100∗ (Nx/Ntotal) (2)

where Nx is the real molar concentration of the corresponding glyceride, Ntotal is the total
amount of glycerides in the reaction mixture.

RESULTS
We studied the lipolytic activity of HPC homogenate against triacetin by 1H NMR
spectroscopy method. The general scheme of triacetin hydrolysis is shown in Fig. 1.
As is known, many lipases have a neutral or alkaline pH optimum, in some cases, lipases
show maximum activity at pH 9.0 (Pseudomonas and Bacillus lipases). Acidic lipases are
less common, for example, Pseudomonas fluorescens SIK W1 lipase has an optimum at
pH 4.8. Some Bacillus sp. lipases remain active in a wide pH range (pH 3–12) (Pushkarev
et al., 2015). To analyze the range of lipase activity in the HPC homogenate, triacetin
hydrolysis was performed at different pH (5.5, 7.2 and 8.0). Figure 2 shows the 1H NMR
spectra corresponding to the triacetin hydrolysis by HPC homogenate at different pH
for 1 h at 37 ◦C. The efficiency of hydrolysis was evaluated by a decrease in the proton
signal at the second carbon atom in the glycerol part of triacetin approximately at 5.3 ppm
and an increase in the signal of the protons of the acetyl group of the formed acetic acid
approximately at 1.9–2.0 ppm (Fig. 2, spectra B, C, D). The spectrum of the initial triacetin
(before the addition of the homogenate) and the spectrum of HPC homogenate are shown
as controls (Fig. 2, spectra A and E, respectively). It was shown that hydrolysis occurs at all
the studied pH values. However, in the case of samples with pH 5.5 and 8.0 precipitation
was observed. It occurs probably as a result of the HPC proteins precipitation due to the
intensive formation of acetic acid and a decrease in pH. For further studies, a pH value of
7.2 was chosen, at which the sample remained stable. It should be noted that the position
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Figure 2 1HNMR spectra of triacetin, HPC homogenate and products of triacetin hydrolysis by HPC
homogenate at 37 ◦C at different pH. (A) Triacetin (pH 5.5). (B) Triacetin+HPC homogenate (pH
5.5). (C) Triacetin+HPC homogenate (pH 7.2). (D) Triacetin+HPC homogenate (pH 8.0). (E) HPC
homogenate (pH 5.5). The protons that give signals are highlighted in bold and underlined.

Full-size DOI: 10.7717/peerj.12742/fig-2

of the proton signal of the acetyl group of the formed acetic acid strongly depends on the
pH, therefore, in the case of an acidic pH, their signal is shifted in the spectrum to a weaker
field.

Pancreatin, which includes lipase, was used as a positive control for lipolytic activity
(Fig. 3). NMR spectra of its hydrolysis of some triglycerides, for example, tricaprin, were
previously described (Salentinig et al., 2015). The hydrolysis reaction immediately begins
after the addition of pancreatin, which can be detected by the formation of free acetic acid
(Fig. 3).

A preliminary assessment of the lipolytic activity for the freeze-dried HPC homogenate
by lipase enzymatic assay using triacetin as a substrate (Sigma-Aldrich, 1997) showed a
value of 150 U/mg, while the value obtained by NMR analysis under similar conditions is
120 U/mg. This correlates with the data obtained by Novikov & Mukhin (2003).

To study the process of triacetin hydrolysis by HPC homogenate at pH 7.2, a saturated
triacetin solution was initially prepared (Sigma-Aldrich, 1997). After adding the HPC
homogenate, the sample was placed into an NMR spectrometer. It took about 10 min to
set up the spectrometer and obtain the spectra. During this time, a significant part of the
triacetin was already hydrolyzed.

As a result of hydrolysis, triacetin, 1-monoacetin and 2-monoacetin, and 1,2-diacetin
were formed (Fig. 4). 1,3-diacetin was not detected during the reaction, which correlates
with the literature data obtained for other lipases (Novikov & Mukhin, 2003). Free glycerol
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Figure 3 1HNMR spectra of products of triacetin hydrolysis by pancreatin at 37 ◦C and pH 7.2. Pro-
tons giving signals are highlighted in bold and underlined.

Full-size DOI: 10.7717/peerj.12742/fig-3

Figure 4 1HNMR spectra of products of a saturated triacetin solution hydrolysis by HPC homogenate
at 37 ◦C and pH 7.2 for 58 h. Ttriacetin:homogenate ratio is 3:1 (by volume). The protons that give sig-
nals are highlighted in bold and underlined.

Full-size DOI: 10.7717/peerj.12742/fig-4

was present in trace amounts. The obtained data were confirmed by the COSY spectra
(Fig. S2). A table of chemical shifts is given in the appendix (Table S1).

After the end of the experiment, it was found that a white flake-like precipitate formed
in the tube. The precipitate was dissolved in 15 µL of 50 mM phosphate buffer (pH
7.2) with 8 M urea. As a result of the precipitate analysis using Laemmli electrophoresis
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Figure 5 1HNMR spectra of hydrolysis products of triacetin solution by HPC homogenate at 37 ◦C
and pH 7.2. Triacetin:homogenate ratio is 1:2 (by volume). The protons that give signals are highlighted
in bold and underlined.

Full-size DOI: 10.7717/peerj.12742/fig-5

(Laemmli, 1970), it was shown that the precipitate is formed by proteins from HPC
homogenate (Fig. S3). The pH of the sample after two days of hydrolysis was 3.3. Probably,
such a sharp decrease in pHdue to the formation of acetic acid led to isoelectric precipitation
of proteins from HPC homogenate.

To study the kinetics of triacetin hydrolysis by HPC homogenate, a triacetin
concentration of 70.7 mM (below the solubility limit) was used. At this substrate
concentration, the reaction mixture remained optically transparent after two days of
study, and no precipitate was formed. The volume of HPC homogenate was 10 times less
than in the experiment with saturated triacetin (Fig. 5).

To assess the depth of triacetin hydrolysis by HPC homogenate, the percentage of
triacetin, 1-monoacetin and 2-monoacetin, and 1,2-diacetin in themixture was determined
based on the concentration of the internal standard (TSP) (Fig. 6). 1,3–diacetin was not
detected during hydrolysis, and glycerol was present in trace amounts.

As shown in Fig. 6A, there is an exponential decrease in the triacetin content during
hydrolysis by HPC homogenate, which is characteristic of the first-order reaction (Fig. S4).
The predominant reaction products are 1,2-diacetin and 1-monoacetin, which is formed
from 1,2-diacetin (see Fig. 1). There is also an increase in the content of 2-monoacetin, but
its content ismuch lower compared to 1-monoacetin.With an increase in the concentration
of HPC homogenate by 5 times, the rate of the triacetin hydrolysis increases. After 10 h,
the concentration of the resulting 1,2-diacetin reaches its maximum value and, further,
the decrease of 1,2-diacetin is observed due to the formation of 2-monoacetin and 1-
monoacetin. 1-monoacetin is the predominant product of the reaction (Fig. 6B). It should
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Figure 6 The dependence of the percentage of glycerides in the sample on time. (A) Triacetin:HPC ho-
mogenate 1:2 (by volume). (B) Triacetin:HPC homogenate 1:10 (by volume).

Full-size DOI: 10.7717/peerj.12742/fig-6

be noted that in this case, the dependence of triacetin concentration on time differs from
the first-order reaction curve (Fig. S4).

To study the ability of HPC homogenate to hydrolyze medium-chain triacylglycerides,
caprylic/capric triglycerides, which are a mixed glycerol ester of caprylic C8 (octanoic)
and capric C10 (decanoic) acids, were used as a substrate. In the case of medium-chain
triglycerides, the preparation of a triglyceride emulsion is the key moment for an effective
reaction. Caprylic/capric triglycerides are practically insoluble in water. Thus it was
necessary to obtain an emulsion that was prepared using bile acid salts (in our case, sodium
cholate) to stabilize the emulsion droplets and modify the oil/water interface for lipase
adsorption (Salentinig et al., 2015). The mixture was sonicated to obtain a stable emulsion
(Fig. S5). In the absence of the enzyme, the resulting emulsion remained stable for several
weeks. NMR analysis of the caprylic/capric triglyceride emulsion showed the presence of a
triacylglycerol signal at 5.2 ppm as well as the presence of a small fraction of free fatty acids
and glycerol admixture, which is stated by the manufacturer of caprylic/capric triglycerides.
When HPC homogenate was added to the emulsion, the hydrolysis process began, but the
hydrolysis rate was less than in the case of triacetin. Figure 7A shows the NMR spectrum
after 35 h of hydrolysis. As seen from the spectrum, diglyceride is formed during hydrolysis.
After 35 h of hydrolysis, the initial emulsion was divided into two phases: hydrophobic and
hydrophilic (aqueous) (Fig. S5). The reaction proceeded similarly in the case of pancreatin
(Fig. S6). To analyze the hydrolysis products, the upper hydrophobic layer of the sample
was taken, dissolved in DMSO-d6 and analyzed using NMR spectroscopy. It was shown that
the concentration of triacylglycerol in the reaction mixture decreases significantly during
35 h of incubation and the formation of 1,2-diacylglycerol and fatty acids is observed
(Fig. 7B).

Thus, the HPC hepatopancreas homogenate shows high lipolytic activity against a
short-chain triglyceride - triacetin. The main reaction products are 1,2-diacetin and
1-monoacetin. The formation of predominantly 1-monoacetin distinguishes the HPC
homogenate lipase from previously known lipases, for which 2-monoacetin was the
predominant hydrolysis product (Vafaei et al., 2020; Lykidis, Mougios & Arzoglou, 1995).
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Figure 7 1HNMR spectra of a caprylic/capric triglyceride incubated with HPC homogenate at 37 ◦C
and pH 7.2 for 35 h. (A) The spectrum of the initial triacylglycerol and after hydrolysis. (B) The spectrum
of reaction products contained in upper hydrophobic layer which was dissolved in DMSO-d6. The protons
that give signals are highlighted in bold and underlined.

Full-size DOI: 10.7717/peerj.12742/fig-7

Effective cleavage of triacetin by HPC homogenate indicates that the enzyme has free access
to the substrate, even in the absence of emulsion stabilizers.

HPC homogenate also shows lipolytic activity against medium-chain triglycerides
- caprylic/capric triglyceride. The reaction with HPC homogenate is slower than for
triacetin, and the hydrolysis products go into the hydrophobic phase, which makes it
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difficult to quantify this process by NMR spectroscopy, but at the qualitative level it is
possible to assess the ability of the enzyme to hydrolyze a poorly soluble substrate.

DISCUSSION
At the moment, not much is known about the study of lipolytic activity and lipases
in marine organisms. Lipolytic activity was detected in the gastric juice of the lobster
Homarus americanus (Brockerhoff, Hoyle & Hwang, 1970). In addition, lipase from the
hepatopancreas of the green crab Carcinus mediterraneus was characterized (Cherif et al.,
2007; Cherif & Gargouri, 2009). There is also mention of the occurrence of lipolytic activity
in the crab P. camtschaticus (Novikov & Mukhin, 2003), but the results of the study are not
given. In our work, for the first time, the lipolytic activity of HPC homogenate against
certain triglycerides (triacetin and caprylic/capric triglyceride) was investigated.

To monitor the process of lipid hydrolysis, the method of potentiometric titration of
released fatty acids using a pH-stat titrator or an autotitrator is used most often (Brogård
et al., 2007; Fatouros, Bergenstahl & Mullertz, 2007; Helbig et al., 2012; Li & McClements,
2010;Zhu et al., 2013). The results obtained by thismethod are highly dependent on the type
of fatty acid in the triglycerides, pH, ionic strength and the concentration of bile salts (Zhu
et al., 2013; Sek et al., 2002; Thomas et al., 2012). Various types of chromatography have
also been used to quantify lipolysis products, including gas chromatography followed by
mass spectrometry (Helbig et al., 2012; Zhu et al., 2013; Armand et al., 1999; Capolino et al.,
2011; Hur et al., 2011; Meynier et al., 2012; Sek, Porter & Charman, 2001). However, these
methods require a large amount of time and a complex sample preparation process. In
addition, there is evidence of the non-specificity of the methods and the discrepancy of the
results obtained by different authors (Helbig et al., 2012; Zhu et al., 2013; Sek et al., 2002;
Thomas et al., 2012).

In our work, the NMR spectroscopy method was used to study the lipolytic activity of
HPC homogenate. The use of the NMR spectroscopy method made it possible to study
the hydrolysis kinetics with high accuracy for stable triacetin solutions and to analyze
the resulting hydrolysis products. NMR spectroscopy made it possible to quickly and
without preliminary sample preparation to evaluate the activity of the enzyme in relation
to the substrate and the ratio between the formed glycerides, which can also be used for
other lipases. Previously, the effectiveness of this method for the study of mixtures of
tri-, di-, monoglycerides and fatty acids has already been shown (Salentinig et al., 2015;
Nieva-Echevarría et al., 2015; Gusntone, 1991; Ng, 2000; Spyros & Dais, 2000; Vlahov, 1996;
Martínez-Yusta & Guillén, 2014; Sopelana et al., 2013; Gomes et al., 2020). Prevalently,
deuterated chloroform or DMSO (Nieva-Echevarría et al., 2015; Nebel, Mittelbach & Uray,
2008) were used to study mixtures of glycerides. However as we have shown NMR analysis
can be performed in an H2O/D2O medium in the case of triacetin.

We have found that HPC homogenate shows high lipolytic activity against triacetin
and moderate activity against caprylic/capric triglyceride. It should be emphasized that the
mechanism of triglyceride cleavage by HPC homogenate differs from the mechanism
of hydrolysis of the most studied lipases: pancreatic lipase (Vafaei et al., 2020) and
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lipase B from Candida antarctica yeast (Lykidis, Mougios & Arzoglou, 1995), in which
2-monoacylglycerol is the predominant reaction product.

From an ecological and economical point of view, enzymatic hydrolysis of fats is
energetically more profitable than chemical hydrolysis, which requires high reaction
temperatures and the presence of catalysts. The chemical hydrolysis makes the process of
processing fats complex, toxic and destructive for the equipment (Boyle, German &Whelan,
1996; Plou et al., 1996). Enzymatic hydrolysis does not require complex equipment and can
be used in small and medium-sized manufactures, for example, soap factories. It does not
lead to the degradation of fatty acids, as in the case of chemical hydrolysis, and makes it
possible to obtain biologically active fatty acids. Lipases have an extremely wide substrate
specificity, they are stable and active in organic solvents, do not require cofactors and
practically do not give reaction by-products.

Based on the obtained results, it can be assumed that the hepatopancreas of the red
king crab can also be considered as a promising source of lipases that can be used to
produce various glycerides. It should be noted that a crude hepatopancreas homogenate is
sufficient for the reaction. Taking into account the fact that hepatopancreas is a byproduct
of processing of red king crab, the catch of which in the Russian Federation in recent
decades is 15000–20000 tons per year (Ponomareva et al., 2021), it can be assumed that
a scalable technology for processing fats can be proposed on the basis of this raw crab
material.

CONCLUSIONS
Thus, for the first time, we characterized the lipolytic activity of the P. camtschaticus
hepatopancreas homogenate in relation to individual triglycerides. The lipolytic activity of
HPC homogenate is preserved in a wide pH range, and the main formed monoglyceride
is 1-monoglyceride, which distinguishes HPC lipase from other known lipases that cleave
triglycerides with formation of mainly 2-monoglyceride.

ACKNOWLEDGEMENTS
The authors would like to thank Sergei Lapaev and Azat Abdulatypov for support in
preparing this manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
The authors received no funding for this work.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Maria Timchenko conceived and designed the experiments, analyzed the data, prepared
figures and/or tables, and approved the final draft.

Timchenko et al. (2022), PeerJ, DOI 10.7717/peerj.12742 14/19

https://peerj.com
http://dx.doi.org/10.7717/peerj.12742


• Vladislav Molchanov conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, and approved the
final draft.
• Maxim Molchanov performed the experiments, analyzed the data, prepared figures
and/or tables, and approved the final draft.
• Alexander Timchenko analyzed the data, authored or reviewed drafts of the paper, paper
revision, reagents, and approved the final draft.
• Evgeny Sogorin analyzed the data, authored or reviewed drafts of the paper, paper
revision, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw measurements are available in the Supplementary Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.12742#supplemental-information.

REFERENCES
ArmandM, Pasquier B, André M, Borel P, Senft M, Peyrot J, Salducci J, Portugal

H, Jaussan V, Lairon D. 1999. Digestion and absorption of 2 fat emulsions with
different droplet sizes in the human digestive tract. The American Journal of Clinical
Nutrition 70:1096–1106 DOI 10.1093/ajcn/70.6.1096.

Balcão VM, Paiva AL, Malcata FX. 1996. Bioreactors with immobilized lipases: state of
the art. Enzyme and Microbial Technology 18:392–416
DOI 10.1016/0141-0229(95)00125-5.

Bayoumi RA, El-Louboudey SS, Sidkey NM, Abd-El-RahmanMA. 2007. Production,
purification and characterization of thermoalkalophilic lipase for application in bio-
detergent industry. Journal of Applied Sciences Research 3(12):1752–1765.

Berglund P, Hult K. 2000. Biocatalytic synthesis of enantiopure compounds using lipases.
New York: Marcel Dekker, 633–657chapter 21.

Bornscheuer UT. 2018. Enzymes in lipid modification. Annual Review of Food Science
and Technology 9:85–103 DOI 10.1146/annurev-food-030117-012336.

Bornscheuer U, Stamatis H, Xenakis A, Yamane T, Kolisis FN. 1994. A comparison of
different strategies for lipase-catalyzed synthesis of partial glycerides. Biotechnology
Letters 16:697–702 DOI 10.1007/BF00136474.

Boyle E, German JB,Whelan J. 1996.Monoglycerides in membrane systems. Critical
Reviews in Food Science & Nutrition 36:785–805 DOI 10.1080/10408399609527750.

Brockerhoff H, Hoyle RJ, Hwang PC. 1970. Digestive enzymes of the American lobster
(Homarus americanus). Journal of the Fisheries Board of Canada 27:1357–1370
DOI 10.1139/f70-160.

Timchenko et al. (2022), PeerJ, DOI 10.7717/peerj.12742 15/19

https://peerj.com
http://dx.doi.org/10.7717/peerj.12742#supplemental-information
http://dx.doi.org/10.7717/peerj.12742#supplemental-information
http://dx.doi.org/10.7717/peerj.12742#supplemental-information
http://dx.doi.org/10.1093/ajcn/70.6.1096
http://dx.doi.org/10.1016/0141-0229(95)00125-5
http://dx.doi.org/10.1146/annurev-food-030117-012336
http://dx.doi.org/10.1007/BF00136474
http://dx.doi.org/10.1080/10408399609527750
http://dx.doi.org/10.1139/f70-160
http://dx.doi.org/10.7717/peerj.12742


BrogårdM, Troedsson E, Thuresson K, Ljusberg-Wahren H. 2007. A new standardized
lipolysis approach for characterization of emulsions and dispersions. Journal of
Colloid and Interface Science 308:500–507 DOI 10.1016/j.jcis.2006.12.015.

Capolino P, Guérin C, Paume J, Giallo J, Ballester JM, Cavalier JF, Carrière F. 2011.
In vitro gastrointestinal lipolysis: replacement of human digestive lipases by a
combination of rabbit gastric and porcine pancreatic extracts. Food Digestion
2:43–51 DOI 10.1007/s13228-011-0014-5.

Cherif S, Fendri A, Miled N, Trabelsi H, Mejdoub H, Gargouri Y. 2007. Crab digestive
lipase acting at high temperature: purification and biochemical characterization.
Biochimie 89:1012–1018 DOI 10.1016/j.biochi.2007.02.005.

Cherif S, Gargouri Y. 2009. Thermoactivity and effects of organic solvents on diges-
tive lipase from hepatopancreas of the green crab. Food Chemistry 116:82–86
DOI 10.1016/j.foodchem.2009.02.009.

Del Monte-Martínez A, González-Bacerio J, Varela CM, Vega-Villasante F, Lalana-
Rueda R, Nolasco H, Díaz J, Guisán JM. 2019. Screening and immobilization of in-
terfacial esterases from marine invertebrates as promising biocatalyst derivatives. Ap-
plied Biochemistry and Biotechnology 189:903–918 DOI 10.1007/s12010-019-03036-8.

Fatouros DG, Bergenstahl B, Mullertz A. 2007.Morphological observations on a
lipid-based drug delivery system during in vitro digestion. European Journal of
Pharmaceutical Sciences 31:85–94 DOI 10.1016/j.ejps.2007.02.009.

Gomes JT, Santos JH, Abreu CA, Medeiros EB, Coelho LC, Faria RP, Rodrigues
AE, Lima Filho NM. 2020. Development and validation of analytical method for
mono, di and triacetin analysis by HPLC/UV–Vis/DAD detection with 13C NMR
identification. Results in Chemistry 2:100063 DOI 10.1016/j.rechem.2020.100063.

Gusntone FD. 1991. 13C-NMR studies of mono-, di-and tri-acylglycerols leading to
qualitative and semiquantitative information about mixtures of these glycerol esters.
Chemistry and Physics of Lipids 58:219–224 DOI 10.1016/0009-3084(91)90095-S.

Helbig A, Silletti E, Timmerman E, Hamer RJ, Gruppen H. 2012. In vitro study of
intestinal lipolysis using pH-stat and gas chromatography. Food Hydrocolloids
28:10–19 DOI 10.1016/j.foodhyd.2011.11.007.

Hur SJ, Joo ST, Lim BO, Decker EA, McClements JD. 2011. Impact of salt and lipid
type on in vitro digestion of emulsified lipids. Food Chemistry 126:1559–1564
DOI 10.1016/j.foodchem.2010.12.003.

JacksonMA, King JW. 1997. Lipase-catalyzed glycerolysis of soybean oil in super-
critical carbon dioxide. Journal of the American Oil Chemists’ Society 74:103–106
DOI 10.1007/s11746-997-0152-7.

Júnior SJH, Ract JNR, Gioielli LA, Vitolo M. 2018. Conversion of triolein into mono-
and diacylglycerols by immobilized lipase. Arabian Journal for Science and Engineer-
ing 43:2247–2255 DOI 10.1007/s13369-017-2635-7.

Kam YC,Woo KK, Ong LGA. 2017. One-step partially purified lipases (ScLipA and
ScLipB) from Schizophyllum commune UTARA1 obtained via solid state fermen-
tation and their applications.Molecules 22:2106 DOI 10.3390/molecules22122106.

Timchenko et al. (2022), PeerJ, DOI 10.7717/peerj.12742 16/19

https://peerj.com
http://dx.doi.org/10.1016/j.jcis.2006.12.015
http://dx.doi.org/10.1007/s13228-011-0014-5
http://dx.doi.org/10.1016/j.biochi.2007.02.005
http://dx.doi.org/10.1016/j.foodchem.2009.02.009
http://dx.doi.org/10.1007/s12010-019-03036-8
http://dx.doi.org/10.1016/j.ejps.2007.02.009
http://dx.doi.org/10.1016/j.rechem.2020.100063
http://dx.doi.org/10.1016/0009-3084(91)90095-S
http://dx.doi.org/10.1016/j.foodhyd.2011.11.007
http://dx.doi.org/10.1016/j.foodchem.2010.12.003
http://dx.doi.org/10.1007/s11746-997-0152-7
http://dx.doi.org/10.1007/s13369-017-2635-7
http://dx.doi.org/10.3390/molecules22122106
http://dx.doi.org/10.7717/peerj.12742


Kenmogne-Domguia HB, Meynier A, ViauM, Llamas G, Genot C. 2012. Gastric
conditions control both the evolution of the organization of protein-stabilized
emulsions and the kinetic of lipolysis during in vitro digestion. Food and Function
3:1302–1309 DOI 10.1039/c2fo30031a.

Klibanov AM. 1997.Why are enzymes less active in organic solvents than in water?
Trends in Biotechnology 15:97–101 DOI 10.1016/S0167-7799(97)01013-5.

Laemmli UK. 1970. Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature 227:680–685 DOI 10.1038/227680a0.

Li Y, McClements DJ. 2010. New mathematical model for interpreting pH-stat digestion
profiles: impact of lipid droplet characteristics on in vitro digestibility. Journal of
Agricultural and Food Chemistry 58:8085–8092 DOI 10.1021/jf101325m.

Lykidis A, Mougios V, Arzoglou P. 1995. Kinetics of the two-step hydrolysis of tria-
cylglycerol by pancreatic lipases. European Journal of Biochemistry 230:892–898
DOI 10.1111/j.1432-1033.1995.tb20633.x.

Martinelle M, Holmquist M, Hult K. 1995. On the interfacial activation of Can-
dida antarctica lipase A and B as compared with Humicola lanuginosa lipase.
Biochimica Et Biophysica Acta (BBA)-Lipids and Lipid Metabolism 1258:272–276
DOI 10.1016/0005-2760(95)00131-U.

Martínez-Yusta A, GuillénMD. 2014. Deep-frying food in extra virgin olive oil:
A study by 1H nuclear magnetic resonance of the influence of food nature on
the evolving composition of the frying medium. Food Chemistry 150:429–437
DOI 10.1016/j.foodchem.2013.11.015.

Masse L, Kennedy KJ, Chou SP. 2001. The effect of an enzymatic pretreatment on
the hydrolysis and size reduction of fat particles in slaughterhouse wastewater.
Journal of Chemical Technology & Biotechnology: International Research in Process,
Environmental & Clean Technology 76:629–635 DOI 10.1002/jctb.428.

Michiels MS, Del Valle JC, Mañanes AAL. 2013. Effect of environmental salinity and
dopamine injections on key digestive enzymes in hepatopancreas of the euryhaline
crab Cyrtograpsus angulatus (Decapoda: Brachyura: Varunidae). Scientia Marina
77:129–136 DOI 10.3989/scimar.03687.09D.

Michiels MS, Del Valle JC, Mañanes AAL. 2015. Lipase activity sensitive to dopamine,
glucagon and cyclic AMP in the hepatopancreas of the euryhaline burrowing crab
Neohelice granulata (Dana, 1851)(Decapoda, Grapsidae). Crustaceana 88:51–65
DOI 10.1163/15685403-00003399.

Navvabi A, Razzaghi M, Fernandes P, Karami L, Homaei A. 2018. Novel lipases
discovery specifically from marine organisms for industrial production and practical
applications. Process Biochemistry 70:61–70 DOI 10.1016/j.procbio.2018.04.018.

Nebel B, MittelbachM, Uray G. 2008. Determination of the composition of acetyl-
glycerol mixtures by 1H NMR followed by GC investigation. Analytical Chemistry
80:8712–8716 DOI 10.1021/ac800706s.

Ng S. 2000. Quantitative analysis of partial acylglycerols and free fatty acids in palm oil by
13C nuclear magnetic resonance spectroscopy. Journal of the American Oil Chemists’
Society 77:749–755 DOI 10.1007/s11746-000-0120-7.

Timchenko et al. (2022), PeerJ, DOI 10.7717/peerj.12742 17/19

https://peerj.com
http://dx.doi.org/10.1039/c2fo30031a
http://dx.doi.org/10.1016/S0167-7799(97)01013-5
http://dx.doi.org/10.1038/227680a0
http://dx.doi.org/10.1021/jf101325m
http://dx.doi.org/10.1111/j.1432-1033.1995.tb20633.x
http://dx.doi.org/10.1016/0005-2760(95)00131-U
http://dx.doi.org/10.1016/j.foodchem.2013.11.015
http://dx.doi.org/10.1002/jctb.428
http://dx.doi.org/10.3989/scimar.03687.09D
http://dx.doi.org/10.1163/15685403-00003399
http://dx.doi.org/10.1016/j.procbio.2018.04.018
http://dx.doi.org/10.1021/ac800706s
http://dx.doi.org/10.1007/s11746-000-0120-7
http://dx.doi.org/10.7717/peerj.12742


Nieva-Echevarría B, Goicoechea E, ManzanosMJ, GuillénMD. 2015. Usefulness of
1H NMR in assessing the extent of lipid digestion. Food Chemistry 179:182–190
DOI 10.1016/j.foodchem.2015.01.104.

Novikov VY, Mukhin VA. 2003. Chitosan Depolymerization by Enzymes from the
Hepatopancreas of the Crab Paralithodes camtschaticus. Applied Biochemistry and
Microbiology 39:464–468 DOI 10.1023/A:1025440501320.

Park KM, Sung H, Lee J, Chang PS. 2011. Lipase-catalysed synthesis of erythorbyl laurate
in acetonitrile. Food Chemistry 129:59–63 DOI 10.1016/j.foodchem.2011.04.019.

Plou FJ, BarandiaránM, CalvoMV, Ballesteros A, Pastor E. 1996.High-yield produc-
tion of mono-and di-oleylglycerol by lipase-catalyzed hydrolysis of triolein. Enzyme
and Microbial Technology 18:66–71 DOI 10.1016/0141-0229(96)00054-3.

Ponomareva T, Sliadovskii D, TimchenkoM,MolchanovM, Timchenko A, Sogorin E.
2020. The effect of hepatopancreas homogenate of the Red king crab on HA-based
filler. PeerJ 8:e8579 DOI 10.7717/peerj.8579.

Ponomareva T, TimchenkoM, FilippovM, Lapaev S, Sogorin E. 2021. Prospects of
red king crab hepatopancreas processing: fundamental and applied biochemistry.
Recycling 6:3 DOI 10.3390/recycling6010003.

PushkarevMA, Sataev MI, Kozlov GV, Saipov AA, Lisitskaya TB, Garabadzhiu AV.
2015. Lipases: general characteristics. Scientific Works of Auezov SKSU (in Russian
3:39–43.

Reis P, Holmberg K,Watzke H, Leser ME, Miller R. 2009. Lipases at interfaces: a review.
Advances in Colloid and Interface Science 147:237–250.

Salentinig S, Yepuri NR, Hawley A, Boyd BJ, Gilbert E, Darwish TA. 2015. Selective
deuteration for molecular insights into the digestion of medium chain triglycerides.
Chemistry and Physics of Lipids 190:43–50 DOI 10.1016/j.chemphyslip.2015.06.007.

Sek L, Porter CJ, CharmanWN. 2001. Characterisation and quantification of medium
chain and long chain triglycerides and their in vitro digestion products, by HPTLC
coupled with in situ densitometric analysis. Journal of Pharmaceutical and Biomedical
Analysis 25:651–661 DOI 10.1016/S0731-7085(00)00528-8.

Sek L, Porter CJ, Kaukonen AM, CharmanWN. 2002. Evaluation of the in-vitro
digestion profiles of long and medium chain glycerides and the phase behaviour of
their lipolytic products. Journal of Pharmacy and Pharmacology 54:29–41.

Sharma R, Chisti Y, Banerjee UC. 2001. Production, purification, characterization, and
applications of lipases. Biotechnology Advances 19:627–662
DOI 10.1016/S0734-9750(01)00086-6.

Sigma-Aldrich. 1997. Enzimatic assay of lipase (Triacetin as subtrate), Doc code
VETRIA01 (internal method). Available at https://www.sigmaaldrich.com/content/
dam/sigma-aldrich/docs/Sigma/General_Information/lipase_triacetin.pdf .

Sliadovskii D, Ponomareva T, MolchanovM, Pozdnyakova-Filatova I, Timchenko
M, Gusev O, Sogorin E. 2021. Beta-elimination of hyaluronate by red king crab
hyaluronidase. Scientific Reports 11:22600 DOI 10.1038/s41598-021-01890-3.

Timchenko et al. (2022), PeerJ, DOI 10.7717/peerj.12742 18/19

https://peerj.com
http://dx.doi.org/10.1016/j.foodchem.2015.01.104
http://dx.doi.org/10.1023/A:1025440501320
http://dx.doi.org/10.1016/j.foodchem.2011.04.019
http://dx.doi.org/10.1016/0141-0229(96)00054-3
http://dx.doi.org/10.7717/peerj.8579
http://dx.doi.org/10.3390/recycling6010003
http://dx.doi.org/10.1016/j.chemphyslip.2015.06.007
http://dx.doi.org/10.1016/S0731-7085(00)00528-8
http://dx.doi.org/10.1016/S0734-9750(01)00086-6
https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/General_Information/lipase_triacetin.pdf
https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/General_Information/lipase_triacetin.pdf
http://dx.doi.org/10.1038/s41598-021-01890-3
http://dx.doi.org/10.7717/peerj.12742


Smichi N, Fendri A, Zarai Z, Bouchaala E, Chérif S, Gargouri Y, Miled N. 2012. Lipoly-
tic activity levels and colipase presence in digestive glands of some marine animals.
Fish Physiology and Biochemistry 38:1449–1458 DOI 10.1007/s10695-012-9633-1.

Sopelana P, Arizabaleta I, Ibargoitia ML, GuillénMD. 2013. Characterisation of
the lipidic components of margarines by 1H Nuclear Magnetic Resonance. Food
Chemistry 141:3357–3364 DOI 10.1016/j.foodchem.2013.06.026.

Spyros A, Dais P. 2000. Application of 31P NMR spectroscopy in food analysis. 1.
Quantitative determination of the mono-and diglyceride composition of olive oils.
Journal of Agricultural and Food Chemistry 48:802–805 DOI 10.1021/jf9910990.

Sztajer H, Maliszewska I, Wieczorek J. 1988. Production of exogenous lipases by
bacteria, fungi, and actinomycetes. Enzyme and Microbial Technology 10:492–497
DOI 10.1016/0141-0229(88)90027-0.

Takamoto T, Shirasaka H, Uyama H, Kobayashi S. 2001. Lipase-catalyzed hydrolytic
degradation of polyurethane in organic solvent. Chemistry Letters 30:492–493
DOI 10.1246/cl.2001.492.

Thomas N, Holm R, Rades T, Müllertz A. 2012. Characterising lipid lipolysis and its
implication in lipid-based formulation development. The AAPS Journal 14:860–871
DOI 10.1208/s12248-012-9398-6.

Vafaei N, EskinMN, Rempel CB, Jones PJ, ScanlonMG. 2020. Interesterification
of soybean oil with propylene glycol in supercritical carbon dioxide and analysis
by NMR spectroscopy. Applied Biochemistry and Biotechnology 191:905–920
DOI 10.1007/s12010-019-03200-0.

Vlahov G. 1996. Improved quantitative13C nuclear magnetic resonance criteria
for determination of grades of virgin olive oils. The normal ranges for diglyc-
erides in olive oil. Journal of the American Oil Chemists’ Society 73:1201–1203
DOI 10.1007/BF02523385.

Vulfson EN. 1994. Industrial applications of lipases. Lipases - their structure, biochemistry
and applications. Cambridge: Cambridge University Press, 271–288.

Wang Y, Srivastava KC, Shen GJ, Wang HY. 1995. Thermostable alkaline lipase from
a newly isolated thermophilic Bacillus, strain A30-1 (ATCC 53841). Journal of
Fermentation and Bioengineering 79:433–438 DOI 10.1016/0922-338X(95)91257-6.

Zaitsev SY, Savina AA, Zaitsev IS. 2019. Biochemical aspects of lipase immobilization
at polysaccharides for biotechnology. Advances in Colloid and Interface Science
272:102016 DOI 10.1016/j.cis.2019.102016.

Zhu X, Ye A, Verrier T, Singh H. 2013. Free fatty acid profiles of emulsified lipids
during in vitro digestion with pancreatic lipase. Food Chemistry 139:398–404
DOI 10.1016/j.foodchem.2012.12.060.

Timchenko et al. (2022), PeerJ, DOI 10.7717/peerj.12742 19/19

https://peerj.com
http://dx.doi.org/10.1007/s10695-012-9633-1
http://dx.doi.org/10.1016/j.foodchem.2013.06.026
http://dx.doi.org/10.1021/jf9910990
http://dx.doi.org/10.1016/0141-0229(88)90027-0
http://dx.doi.org/10.1246/cl.2001.492
http://dx.doi.org/10.1208/s12248-012-9398-6
http://dx.doi.org/10.1007/s12010-019-03200-0
http://dx.doi.org/10.1007/BF02523385
http://dx.doi.org/10.1016/0922-338X(95)91257-6
http://dx.doi.org/10.1016/j.cis.2019.102016
http://dx.doi.org/10.1016/j.foodchem.2012.12.060
http://dx.doi.org/10.7717/peerj.12742

