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We describe a relatively simple in vitro model for triglyceride (TG) lipolysis which mimics closely the
conditions in the human stomach and small intestine. The main model advantages are: (1) as in vivo,
sodium bicarbonate is used for buffering; (2) the pH-profile in the small intestine is closely matched; (3)
the experimental procedure does not include complex equipment. To test its performance, the proposed
in vitro model is applied to quantify the effects of Ca2+, pH, and bicarbonate on the degree of TG
lipolysis and on the solubilization of the lipolysis products and cholesterol in the aqueous phase. We
found that TG lipolysis passes through a shallow minimum at 3.5 mM Ca2+ when varying the calcium
concentration between 1 and 11 mM, while the presence of bicarbonate and the increase of pH led to a
higher degree of lipolysis. Centrifugation and filtration were used to separate the aqueous phase and to
study the solubilisation of the lipophilic components in the aqueous phase. We found that the
solubilized cholesterol increases linearly with the concentration of free fatty acids (FFA) which is
evidence for co-solubilization of these two components in the bile micelles. At high Ca2+
concentrations, aggregates larger than 300 nm were observed by cryo-microscopy and light scattering,
which solubilize well cholesterol and saturated FFA. In contrast, the monoglycerides were always
predominantly solubilized in the small bile micelles with diameters around 4 nm.

1. Introduction
Lipid digestion in the gastro-intestinal tract (GIT) has been
extensively studied, due to its importance for human health and
for the food and pharmaceutical industries.1–30 Due to ethical,
social and health issues, in vivo human studies are difficult and
expensive, and are usually limited to fecal sample analysis.31–35
Therefore, numerous in vitro digestion models were developed
which mimic the conditions in the GIT.8,11,13,16,18,29–31,36–40
Two types of in vitro models can be distinguished:30 (1) single
step models, where one particular region of the GIT is simulated,
e.g., mouth, stomach, small intestine, or colon; (2) multiple step
models, where two or more compartments of the GIT are
simulated.
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The most sophisticated model of the second type is the TIM
lipid absorption system, developed by TNO Quality of Life, The
Netherlands.17,18 In this system, four computer-controlled
chambers simulate the dynamic physiological processes, which
occur in the stomach, duodenum, jejunum and ileum for TIM-1,
and also in the large intestine for TIM-2.17,18,40 In this method,
the pH-profile in the intestine is controlled by addition of
bicarbonate, as it is in vivo. This system enables the removal of
the digestion products, thus mimicking more closely the in vivo
conditions. All these advantages come at the expense of using
complex and costly machinery, which explains why this method
is not widely used in research laboratories.15
The single step models usually apply a pH-titrator unit to
maintain constant pH throughout the experiment.30 This measurement consists of titrating the FFA which are liberated in the course
of triglyceride lipolysis (TG lipolysis). A major advantage of this
method is the possibility for rapid screening of the effects of food
composition and structure on lipid digestibility. Due to its relatively
simple procedure and non-expensive equipment, this ‘‘pH-stat’’
method is widely used in the research studies.11,12,16,25,29,30,36,41–43 Most
of these studies focus on determining the rate of FFA release under
conditions close to those in the small intestine, where the main fat
digestion occurs.11,21,25,29,36,41–44 A comprehensive review of the main
results obtained in these studies was presented recently by McClements and Li.30
This journal is ª The Royal Society of Chemistry 2012

The accumulated results evidence11,12,21,30,36,42,44 that the
digestion rate depends strongly on the detailed composition of
the reaction mixture – enzyme concentration,44 presence of colipase,21,45,46 bile concentration,11,12,36 calcium concentration,11,12,42 etc. For this reason, the in vitro models aiming to
mimic the digestion process in the GIT, use complex mixtures of
buffers, salts, enzymes, co-enzymes, bile salts, phospholipids and
other components, in concentrations as close as possible to the in
vivo conditions.30
Due to the specific principle of measurement (viz. titration of
the formed FFA), in most of these in vitro
studies11,12,16,25,29,30,36,41–43 the pH is maintained or it is increased
in a step-wise manner (e.g., to mimic the transition from stomach
to small intestine) by adding NaOH. However, the pH control in
vivo is realized by secretion of bicarbonate ions with high buffering capacity.47,48 No bicarbonate is added to the reaction
mixture in most in vitro models,11,12,16,25,29,30,36,41–43 because the
buffering effect of the bicarbonate ions compromises the
measurements of the formed FFA by the pH-stat method. On the
other hand, the presence of bicarbonate in the reaction mixture
can be important in many cases, e.g., when the effects of calcium
ions on the fat lipolysis and on the redistribution of the reaction
product is studied, due to the strong interactions between Ca2+
and carbonate ions. Therefore, the lack of bicarbonate ions in
such in vitro studies calls for some additional justification and
verification of the obtained results and conclusions.
It is well known from in vivo experiments that the dairy
calcium significantly affects the fat lipolysis and can reduce the
body weight.33–35 It was shown that the increase of calcium intake
increases the total fat excretion, but does not affect the excretion
of bile acids.33 Interestingly, it was found that the high calcium
diet significantly reduces the total and the LDL cholesterols, but
does not affect the HDL cholesterol, which can be of potential
benefit to human health.34 As explained by Shahkhalili et al., the
mechanism by which calcium lowers the blood cholesterol still
remains unclear.35
Several in vitro studies considered the effect of calcium on the
initial rate of the lipolysis reaction and on the overall degree of
lipolysis after certain periods of time.11,42,49,50 However, calcium
can also affect the type and the size of the formed aggregates
(micelles, vesicles, precipitates) in the course of fat digestion and,
as a consequence, to affect the bioavailability of the lipophilic
substances in the mixture, such as cholesterol, FFA, and
monoglycerides. As far as the transport through the mucus layer
in the intestine is mainly diffusion controlled, the bioavailability
of the lipophilic substances is controlled by the size and shape of
the molecular aggregates (vesicles and micelles), in which these
substances are solubilized. As shown with colloidal particles,
only particles with sizes smaller than 0.5 mm have high ability to
diffuse through the mucin layer.51,52 Therefore, depending on the
adhesive properties of the micelles and vesicles, the typical size of
the aggregates which can penetrate the mucus layer and transport lipophilic substances is expected to be below ca. 0.5 mm.53
Based on the above literature overview, two major aims of the
current study have been formulated: (1) to develop a relatively
simple in vitro model which allows one to use a bicarbonate
buffer for ensuring the appropriate pH profile of the reaction
mixture. (2) By using this model to evaluate the effect of calcium
on the degree of fat digestion and on the solubility of the lipolysis
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products and cholesterol in the aqueous phase, thus focusing on
the mechanistic aspects of the calcium effects.
Two size ranges of the molecular aggregates are studied –
aggregates with sizes below 200 nm, and those with sizes between
200 nm and 1 mm. Respectively, two methods were used for
separation of the aqueous phase, containing such aggregates:
filtration through 200 nm cut-off filter and centrifugation. Gas
chromatography (GC) and thin layer chromatography (TLC)
were used to determine the overall degree of fat lipolysis and the
concentrations of the monoglycerides, diglycerides (DG),
triglycerides, free fatty acids and cholesterol, solubilized in the
aqueous phase. The aqueous phase was analyzed also by atomic
absorption spectrometry (AAS) to determine the concentration
of soluble Ca2+ ions. To characterize the size and morphology of
the molecular aggregates, we used dynamic light scattering
(DLS) and transmission electron cryo-microscopy (cryo-TEM).
The article is organized as follows: the used materials and
methods are described in Section 2. Section 3.1 compares the in
vitro conditions of the newly proposed lipolysis model with the
conditions in the human stomach and small intestine. In Section
3.2 we present data for the effect of Ca2+ concentration on the
TG hydrolysis, in the presence and in the absence of bicarbonate.
Section 3.3 describes results for the effect of pH profile on TG
hydrolysis. Section 3.4 describes the effect of Ca2+ on the
distribution of the reaction products and cholesterol in the
aqueous phase, as obtained after filtration or centrifugation of
the reaction mixture. The main conclusions are summarized in
Section 4. Note that the methods described in subsections 2.3, 2.4
and 2.7 involve significant original elements, whereas the
remaining subsections in Section 2 describe procedures known
from the literature, with possible minor modifications.

2. Materials and methods
2.1.

Materials

We used commercial sunflower oil (SFO) bought from a grocery
store in Bulgaria. This SFO was purified by multiple passes through
a chromatography column filled with Florisil adsorbent, until the
interfacial tension with pure water became z32 mN m1, which is
an indication of the removal of all polar contaminants.54
Pancreatin from porcine pancreas (Sigma-Aldrich, cat. no.
P8096), containing a range of enzymes including amylase, trypsin,
lipase, ribonuclease and protease, was used as a source of pancreatic lipase and colipase (at 1 : 1 molar ratio in the pancreatic
source55,56). The lot numbers of the used pancreatin samples were
088K0764 and 087K1888. According to the producer, both lots
possessed an activity of 4.9 USP units per mg, defined as follows:
pancreatin releases 4.9 microequivalents of fatty acids per min per
mg pancreatin from olive oil at pH ¼ 9.0 at 37  C.
Pepsin from porcine gastric mucosa (Fluka, cat. no. 77160),
with lot number 1238420, was used. The activity of this pepsin is
643 U mg1. One unit here corresponds to the amount of
enzyme, which increases the absorbance at 280 nm by 0.001 per
minute at pH ¼ 2.0 and 37  C, using hemoglobin as the substrate.
As a source of bile salts we used porcine bile extract, obtained
from Sigma-Aldrich (cat. no. B-8631, lots no. 038K0014,
119K0048, 050M0133, 100M0192V, 031M0106V). This extract
contains 50 wt% bile acids, 6 wt% phosphatidylcholine and less
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than 0.06 wt% Ca2+.11 Our analysis by gas chromatography
showed also the presence of 1.8 wt% cholesterol and 4.3 wt%
fatty acids. According to the producer, the composition of the
bile salts in this extract is 13 wt% hyodeoxycholic acid, 18 wt%
deoxycholic acid, 5 wt% cholic acid, 39 wt% glycodeoxycholic
acid, and 24 wt% taurodeoxycholic acid. The percentages of
these bile acids and the corresponding molecular masses were
used to calculate an average molecular mass of 442 g mol1 – the
latter was used to define the average molar concentration of bile
salts in our experiments.
For the preparation of the electrolyte solutions, we used NaCl
(product of Merck), KCl (product of Merck), CaCl2 (product of
Fluka) and NaHCO3 (product of Teokom), all of purity higher
than 99%.
The standards used for determination of the retention times in
GC and the retention factors in TLC were: myristic acid (98%,
Fluka, cat. no. 70082), palmitic acid (98%, Riedel de Haen, cat.
no. 27734), stearic acid (97%, Acros, cat. no. 174490025), oleic
acid (85%, Tokyo Kasei Kogyo, cat. no. 00011), 2-oleyl glycerol
(95%, Sigma, cat. no. M2787) and dipalmitin (99%, Sigma, cat.
no. D2135), cholesterol (95%, Sigma, cat. no. 26740), and triolein
(99%, Fluka, cat. no. 92859).
2.2.

Procedure for emulsion preparation

Stock oil-in-water emulsions were prepared by stirring 20 mL
emulsifier solution and 30 mL sunflower oil (60 vol% oil) for 5
min. The emulsifier solution contained 1 wt% Tween 80, 10 mM
NaCl and 0.1 g L1 NaN3. A rotor-stator homogenizer Ultra
Turrax T25 (Janke & Kunkel GmbH & Co, IKA-Labortechnik),
operating at 13 500 rpm, was used for emulsification. The formed
emulsions were stored in glass jars for no more than 1 week, at
room temperature. Before usage, these stock emulsions were rehomogenized by gentle hand-shaking. For performing the actual
lipolysis experiment, the necessary amount of the stock emulsion
was taken by a pipette and diluted in the electrolyte-enzyme
solutions, as explained in Sections 2.3 and 2.4.
The drop size distribution in these emulsions was determined
by video-enhanced optical microscopy.57,58 The oil drops were
observed in transmitted light with microscope Axioplan (Zeiss,
Germany), equipped with objective Epiplan 50, and connected
to CCD camera and video-recorder. The diameters of the
recorded oil drops were measured using custom-made image
analysis software. For each sample, the diameters of at least 1000
drops were measured. The accuracy of the optical measurements
was estimated to be 0.3 mm.57
The volume-surface diameter, d32, characterizes the mean drop
size in the studied emulsions and it was calculated from the relation:
d32 ¼

P

Nid3i /

P 2
Nidi

(1)

where Ni is the number of drops with diameter di. All studied
emulsions had d32 ¼ 20  3 mm.
2.3. Lipolysis experiments in the presence of bicarbonate and
calcium
It is a non-trivial task to reproduce the in vivo pH profile in the
intestine. As mentioned above, the acidic content of the stomach
is neutralized by bicarbonate which is secreted when the stomach
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juice enters the duodenum. The pH at this stage is around 5.5,
increasing to a maximal value of pH ¼ 7.5 during the passage
through the jejunum and the ileum, which takes place for
approximately 6 hours.59
In vitro, the pH of the gastric solution after neutralization with
bicarbonate increases much more quickly: pH z 8 is achieved
after 1 hour of solution stirring in an open reaction vessel.
Therefore, a special in vitro procedure is needed to slow down the
increase of pH of the bicarbonate solutions. One possible way is
to use the procedure developed by Miller et al.,60 in which the
bicarbonate in the system is slowly introduced using dialysis
tubing. However, the focus of our study is on the lipolysis in the
small intestine and that is why we increased the pH from 1.3
(gastric) to 5.5 (duodenal) by adding sodium bicarbonate directly
to the reaction mixture. To ensure a gradual increase of pH from
5.5 to 7.5 in the appropriate time-scale, we slowed down the
release of carbon dioxide from the reaction mixture, as explained
below.
It is known that the process of acid neutralization by
carbonates leads to formation of carbonic acid, which decomposes into water and carbon dioxide, and the latter is released as
gas. This process could be slowed down by increasing the partial
pressure of carbon dioxide gas above the reaction solution, thus
shifting the chemical equilibrium toward higher concentrations
of carbonic acid in the reaction mixture.61 We achieved this goal
by limiting the volume of the gas phase in the reaction vessel, so
that the release of a relatively small amount of carbon dioxide
from the solution was sufficient to increase its partial pressure
above the solution and to slow down the carbonic acid decomposition and the related increase of pH. Technically, this
procedure was realized as follows:
First, we prepared the following basic (stock) solutions: saline
solution (59 mM NaCl + 35 mM KCl + 3.5 mM CaCl2); pepsin
solution (12.5 mg pepsin + 6.5 mL 0.25 M HCl, 5 min stirring at
37  C); bile salts solution (375 mg bile extract + 5 mL H2O, 30
min stirring at 37  C); and pancreatic solution (30 mg pancreatin
+ 5 mL H2O, 10 min stirring at 37  C).
For preparation of all solutions we used deionized water from
a water-purification system, Elix 3 (Millipore, USA). Saline,
CaCl2 and NaHCO3 solutions were prepared and stored at room
temperature. Before their mixing in the actual experiments, these
solutions were thermostated at T ¼ 37  C. The pepsin, bile salts
and pancreatic solutions were prepared directly at 37  C, just
before their use in the actual experiments.
The order of mixing of these solutions is schematically shown
in Fig. 1. The solutions were mixed in bottles of 30 mL volume,
which was essential to obtain the desired pH profile in the
‘‘intestinal’’ stage of the lipolysis experiment (see the explanations below). The bottles were kept closed during the lipolysis
experiment, unless specified otherwise.
To start the lipolysis experiments, we first added 8.5 mL
saline solution to 6.5 mL pepsin solution. In the experiments
aimed at determining the effects of Ca2+, here we added the
required volume of 1 M CaCl2 solution (between 0 and 300 mL).
Afterwards, we added 200 mL of 60 vol% SFO emulsion in the
saline + pepsine solution. The pH at this stage of the experiment
was pH z 1.3 and the solution was stirred for 30 min. Then, we
carefully added 5 mL of 720 mM NaHCO3 solution and
homogenized the sample very gently by hand. Note that the
This journal is ª The Royal Society of Chemistry 2012

oil soluble components in the sample were extracted with chloroform or the sample was filtrated/centrifuged to obtain a clear
aqueous phase for analysis.

2.4.

Fig. 1 Schematic presentation of the procedure for mixing the solutions
and performing the lipolysis reaction in the in vitro test, performed in the
presence of carbonate buffer. The inserted table shows the molar
concentrations of the main components in the complete reaction mixture.

bicarbonate partially neutralizes the acidic solution at this
point, producing CO2, which can cause foaming and overflowing of the sample – the gentle hand-shaking allowed us to
homogenize the sample without excessive foaming and overflow. Afterwards, we added 5 mL of 90 mM bile salts solution
to 5 mL pancreatic solution (containing 0.6 wt% pancreatin),
mixed them by hand, and added them to the reaction mixture,
thus making its final volume equal to 30 mL.
The main components in the final reaction mixture are with the
following concentrations: 4.2 mM sunflower oil (0.4 vol%),
15 mM bile salts, 0.1 wt% pancreatin, 0.0417 wt% pepsin, 1 mM
Ca2+, 10 mM K+, 137 mM Na+, 83 mM Cl, 66 mM HCO3.
These solutions contain also 0.6 mM cholesterol, 1 mM lecithin,
and 1.9 mM fatty acids, which all originate from the bile extract.
It is important that during the addition of bicarbonate, bile
salts and pancreatic solutions, the magnetic stirring is turned off.
In this way, only a small fraction of CO2 is released into the
atmosphere and the pH at this stage is pH ¼ 6.2  0.1 (note that
the equilibrium pH of a sodium bicarbonate solution is around
pH ¼ 8.5). Afterwards, we closed the bottles with the solution
and turned on stirring. The solution started to release CO2 and
the pH in the mixture gradually increased. The rate of CO2
release was reduced by minimizing the gas volume in the bottle
(6.0 mL gas phase above 30 mL solution, with dimensions –
height 1.5 cm, i.d. 2.25 cm) and by closing tightly the bottle cap.
Thus we were able to control the pH profile of the mixture,
without using a pH-stat instrument.
We performed experiments at two pH profiles. The first set of
experiments was performed at pH values that increased gradually from 6.2 to 6.8, and this was achieved by stirring of the
solution for 4 h in a closed bottle. In the second procedure, the
pH was increased from 6.2 to 7.5 and this was achieved by stirring for 2 h in a closed bottle, then removal of the bottle cap and
stirring for another 30 min in an open bottle (the pH raised from
6.5 to 7.4), finally closing the bottle again and stirring for additional 1.5 h (the pH reached 7.5).
After the end of the reaction time, which was 4 h for both
procedures, we added 24 mg Orlistat granules (Xenical, Roche)
to inhibit the lipase action and stirred for 10 min. Afterwards the
This journal is ª The Royal Society of Chemistry 2012

pH-dynamic procedure

An alternative procedure was designed to mimic the pH profile
described in the previous section, however, by using pH-STAT
apparatus instead of bicarbonate to control the pH (note that
the titration of the released fatty acids by the pH-stat instrument cannot be performed in the presence of high concentrations of buffer). We used the same solutions as described in the
previous section and the concentrations of the different
components in the final reaction mixture were similar to those
shown in Table 1. The only exception was the bicarbonate,
which was replaced by NaCl to create a similar concentration of
Na+ ions in the reaction mixture. For brevity, we will call this
procedure ‘‘pH-dynamic’’, because of the pH changes
throughout the experiment.
The order of mixing of the solutions is schematically shown in
Fig. S1 (see the ESI†). First, we added 8.5 mL saline solution to
6.5 mL pepsin solution. In the experiments aimed at determining the effect of Ca2+, here we added the required volume of
1 M CaCl2. Afterwards, we added 200 mL of 60 vol% SFO
emulsion. The pH at this stage of the experiment is pH ¼ 1.3
and the solution was stirred for 30 min. Then, we adjusted the
pH to 6.4 with 500 mL of 3 M NaOH and added 1 mL of 2 M
NaCl solution. Thus we ensured the same ionic strength, as in
the experiments with NaHCO3. Afterwards we added 5 mL of
90 mM bile salts solution to 5 mL pancreatic solution (0.6 wt%
pancreatin), mixed them by hand, and added to the reaction
mixture. Then, we fixed the pH to pH ¼ 6.5 with the pH-STAT
program and the solution was stirred for 2.5 h. Afterwards, the
pH-STAT apparatus was set to increase the pH gradually from
6.5 to 7.4 for 30 min. Finally, a pH-STAT programme at pH ¼
7.5 was started and the solution was stirred for an additional 1
h. After the end of the reaction period (4 h, as in the presence of
bicarbonate), we added 24 mg Orlistat granules and stirred for
10 min to block the lipolysis. Finally extraction with chloroform, or filtration/centrifugation was used to separate the
aqueous phase.
Note that around 6.5 mL of NaOH were dispensed while
increasing the pH from 6.5 to 7.4 by the pH-STAT instrument.
To compensate partially for the increase of the solution volume
during titration, the initial volume of the reaction mixture before
titration was designed to be 26.5 mL in this procedure, i.e.
around 10% smaller than that in the presence of bicarbonate
(30 mL). During the increase of pH, this volume gradually
increased up to 33 mL. Thus, on average, the volume of the
reaction mixture was approximately the same in the two procedures to be compared (with carbonate and in the pH-dynamic
procedure).
The pH-STAT apparatus is a product of Metrohm, Switzerland. The controlling module is Titrando 842 and the dosing
device is Dosino 800. The pH electrodes are Ecotrode Plus and
Unitrode, products of Metrohm. The STAT regimes were carried
out at a titration rate of 50 mL min1. The titrant was 25 mM
NaOH solution, which was standardized by titrating to an
Food Funct., 2012, 3, 1206–1220 | 1209

Table 1 Comparison of the concentrations of the main components in the stomach and in the small intestine, as determined in vivo, with those in our in
vitro model with carbonate buffer (see also Fig. 1)
Concentration, mM
Compartment

Ca2+

Na+

K+

HCO3

Bile salts

Stomach

0.6 (ref. 67)
2
0.5–1 (ref. 67 and 70)
1

11–68 (ref. 66–69)
33
140–150 (ref. 66, 67 and 71–73)
136

14–17 (ref. 67–69)
20
4.5–10 (ref. 67 and 71–73)
10

0
0
110–150 (ref. 73–75)
120

0 (ref. 67)
0
10–15 (ref. 6 and 76–79)
15

In vivo
In vitro
Small intestine In vivo
In vitro

endpoint of pH ¼ 7 with a fresh solution of potassium hydrogen
phthalate (KHC8H4O4) of known concentration.
2.5.

Phase separation methods

(A) Filtration. The reaction mixture was first filtered through
filter paper with a pore size of 2–3 mm and a weight of 84 g m2
(BOECO, Germany). The filtration was carried out in a glass
funnel and the filtrate was collected in a glass flask. Afterwards
the obtained permeate was further filtered through a 200 nm filter
Minisart NY25 (Sartorius, Germany) by syringe. The obtained
permeate was clear and was then subjected to chloroform
extraction, as described in Section 2.6. All filtration operations
were performed at 37  C.
(B) Centrifugation. The reaction mixture was centrifuged for
1 h at 3622g (4500 rpm) in a SIGMA 3-16PK centrifuge, at 37  C.
Afterwards, the serum was carefully withdrawn by syringe and
the lipophilic substances in it were extracted with chloroform.
2.6. Extraction of the non-hydrolyzed TG and reaction
products by chloroform
After stopping the lipolysis reaction with Orlistat granules, the
reaction mixture was allowed to cool to room temperature and
its pH was decreased to pH ¼ 2 by adding HCl (to decrease the
solubility of the reaction products in the aqueous phase). Next,
6 mL chloroform was added and the sample was sonicated for
15 min. After every 5 min of sonication, the sample was agitated
by vigorous hand shaking. The obtained complex dispersion was
centrifuged for 30 min at 3622g (4500 rpm), which led to separation of clear aqueous and organic phases, indicating that the
oily drops were entirely transferred into the chloroform phase.
The same extraction procedure was applied to the clear
aqueous phases, separated by filtration or centrifugation – see
Section 2.5. The obtained chloroform phase was further analyzed
by TLC and GC.
2.7.

Thin layer chromatography (TLC)

TLC was used to determine the concentration of the triglyceride
remaining after completion of the pancreatic lipolysis.
We used aluminium backed Silicagel 60 F 254 plates, with 20 
20 cm2 dimensions. The start line was drawn 2 cm from the plate
bottom. The start–front distance was 15 cm. The samples were
deposited on the plate with 5 mL capillaries, at 1.5 cm distance
from each other. As a carrier liquid phase we used the mixture
petroleum ether (product of Merck, cat. no. 1.01775.5000),
diethyl ether (product of Merck, cat. no. 1.00921.100), and acetic
acid (product of Teokom), in a 80 : 20 : 1 ratio by volume. The
1210 | Food Funct., 2012, 3, 1206–1220

depth of the carrier liquid in the chamber was below 1.5 cm and
the chromatography chamber was pre-saturated with vapours of
the carrier liquid for 15 min before introducing the TLC plate
into it. After the carrier liquid had reached the front line, the
plate was taken out of the chamber and left to dry for 15 min.
The plate was then dipped for 1–2 s in a 6 wt% phosphomolybdic acid (product of Riedel de Haen, cat. no. 31426) dissolved
in i-propanol, dried for 15 min, and heated to 100  C for 15 min
to visualize the spots of the separated components.62 During
heating, the phosphomolybdic acid reacts with the lipids, forming ‘‘molybdenum blue’’ spots. This procedure allowed us to
observe the spots corresponding to triglycerides, diglycerides,
monoglycerides, unsaturated free fatty acids and cholesterol. The
different peaks were identified using the standard substances,
described in Section 2.1.
To quantify the spot intensity, the TLC chromatograms were
scanned by a scanner ‘‘Epson Perfection V100’’, with a resolution
of 600 dpi. The scanned image was converted to grayscale by
using Corel Photo Paint 12 or Photoshop CS2. The obtained
image was digitally inverted, so that the spots appear bright on
the dark background, and exported as a tif-file. Afterwards, this
file was imported into custom-made software for image analysis,
which allows the determination of peak intensity, I, as a function
of the vertical position, y, in a rectangle covering the analyzed
lane in the chromatogram. More precisely, the software determines the mean intensity as a function of the vertical position, in
each lane of the chromatogram.
To determine the peak areas, we fitted each peak using a
Gaussian curve and calculated the areas from the best fit
parameters. To determine the concentration of the analyzed
components, we constructed calibration curves which showed
that the peak area and concentration were related by power–law
dependence:
AP(C) ¼ AP0Cn

(2)

The power–law index, n ¼ 0.49, was determined for the triglyceride. The value of the pre-factor AP0 depended on the specific
experimental conditions during chromatogram visualization
(temperature, concentration of phosphomolybdic acid, etc.).
Therefore, AP0 was determined using an internal standard of known
concentration for each chromatogram. In this way, using the values
of n and AP0, we determined the concentration of the substance that
had created a given peak, from the peak intensity AP.
2.8.

Gas chromatography (GC)

GC analyses were performed on TRACE GC apparatus (ThermoQuest, Italy), equipped with a capillary column (Quadrex,
This journal is ª The Royal Society of Chemistry 2012

USA) with the following specifications: 5% phenyl methylpolysiloxane, 10 m length, I.D. 0.53 mm, 0.1 mm film thickness, a
PTV injection was used at a split ratio of 1 : 10, inlet temperature
was 80  C, injection phase was 0.10 min, transfer phase of 5 min
and a temperature of 350  C (at a rate of 12  C s1). The oven
was programmed as follows: start at 120  C, hold for 1 min, ramp
1: to 325  C at 10  C min1, ramp: 2 to 345  C at 5  C min1, hold
for 5 min. The flame-ionization detector (FID) temperature was
set to 350  C. The carrier gas was helium, set in a constant
pressure flow mode (60 kPa). The detector gases were hydrogen
and air, with nitrogen as the make-up gas. All gases were of
99.999% purity.
An illustrative chromatogram obtained by the procedure
described above, is presented in Fig. 2. The different peaks were
identified using the standard substances described in Section 2.1.
The fatty acids are observed to elute first, at retention times from
2 to 6 min. They are followed by the region of monoglycerides,
which elute at 8.7, 8.9 and 9.1 min. Cholesterol elutes around
10.7 min, and the non-conjugated bile acids elute in the window
12–14 min. The diglycerides are detected in the range 15–18 min
and the triglycerides are eluted after 22 min. Note that the oleic
and linoleic acids, which represent z80% of the fatty acids in
sunflower oil,63 form a single peak with a regular shape.
The chromatograms were analyzed with the following integration parameters: peak width – 3 s, peak threshold – 3,
minimum area – 5000, and skim ratio – 100. Manual integration
was applied where needed. The obtained peak areas were corrected with response factors to account for the fact that different
substances caused different detector responses. The following
response factors were used to multiply the peak areas: 1.0 for
fatty acids and monoglycerides, and 1.15 for cholesterol and
diglycerides. These factors were determined by analyzing standard mixed solutions, containing fatty acids, mono- and diglycerides, and cholesterol of known concentrations. The TG
concentration was not determined from the GC data, because of
the bad baseline around the TG peak and irreproducible loss of
material due to partial thermal decomposition.
After determining the quantities of all lipid components, we
checked whether the molar balance of the fatty acid chains was
satisfied, by comparing the moles of FFA, MG and DG from
the GC, and the moles of TG from the TLC, on one side, with
the total moles of TG introduced initially in the reaction
mixture, on the other side. The molar ratio of measured vs.
initial glycerides was close to 1 (between 0.8 and 1.2). The
differences observed in some samples (unsatisfied mass balance)

were most probably due to the limited accuracy of the TLC
measurements. In these cases, the mass balance was finely
tuned by multiplying all measured substances in the final
reaction mixture by an appropriate correction factor to ensure
a self-consistent mass balance.
Summarizing, we determined by GC the amounts of MG, DG,
cholesterol, and saturated and unsaturated FFA, whereas TLC
was used to determine the amounts of TG.
2.9.

Dynamic light-scattering (DLS)

To simplify the system composition, the solutions for these
experiments were prepared by mixing all components, except for
sunflower oil. In this way, no TG lipolysis occurred in these
solutions. Note, however, that the solutions contained bile salts,
phospholipids, free fatty acids and cholesterol introduced with
the bile source (see Section 2.1). These solutions were centrifuged
for 3 h at 3622g (4500 rpm) on a SIGMA 3-16PK centrifuge to
obtain a clear aqueous phase (serum). Afterwards, one fraction
of the serum was withdrawn by syringe and studied directly by
DLS. Another fraction was first filtered through a 100 nm syringe
filter and then subjected to DLS. The DLS was performed on a
Malvern 4700C apparatus (Malvern Instruments, UK), equipped
with a solid state Nd:YAG laser (lW ¼ 532 nm). All described
operations were performed at 37  C.
2.10.

Atomic absorption spectroscopy (AAS)

Calcium concentration in the aqueous phase was determined by
AAS on an instrument Analyst 400 (PerkinElmer, USA) in an
air/acetylene flame. The samples were prepared as follows: after
filtration or centrifugation of the reaction mixture by the
procedure described in Section 2.4, part of the sample was taken
and diluted with solutions containing NaCl, KCl, NaN3 and
Na2EDTA. We added Na2EDTA to these solutions to prevent
calcium precipitation, while NaN3 was added as an antibacterial
agent. The dilution was designed in such a way that all studied
solutions had similar Ca2+ concentrations, falling around the
middle of the calibration curves. The final concentrations of Na+
and K+ ions in the calibration solutions was equal to that in the
studied solutions, because these elements interfere with calcium
when measured by AAS.64
2.11.

Degree of TG hydrolysis

TG transformations to DG and MG occurs via consecutive
reactions.65 Hence, we define three quantitative characteristics of
TG transformation – overall degree of TG transformation, a;
degree of TG transformation to DG, b, and degree of transformation to MG, g. These three characteristics are related: a ¼
b + g.
The overall degree of TG transformation is defined as:
a¼

Fig. 2 Typical GC result, obtained with sunflower oil emulsion, subject
to lipolysis and extraction with chloroform.
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INI
CTG
 CTG
INI
CTG

(3)

here CINI
TG is the initial molar concentration of TG (which is
known), and CTG is the molar concentration of the remaining
non-hydrolyzed TG, as determined by TLC. The value of a
accounts for the relative amount of TG that has been transformed into both MG and DG.
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The degree of TG transformation to DG is defined as:
b ¼ CDG/CINI
TG

3.2. Effect of bicarbonate on the TG hydrolysis, at different
Ca2+ concentrations
(4)

here CDG is the molar concentration of the formed and nonhydrolyzed DG. The value of b accounts for the amount of TG
which is transformed into DG, without further transformation to
MG.
The degree of TG transformation to MG is defined as:
g ¼ CMG/CINI
TG

(5)

here CMG is the molar concentration of the formed MG, as
determined by GC. The value of g could be determined also by
the relation:
g¼

CFA
a
INI
CTG

(6)

where CFA is the concentration of the formed FFA.
In practice, we determined the value of a from the initial and
the final TG concentrations, eqn (3), and the value of g was
determined from CMG, using eqn (5). The value of b was determined by the relation b ¼ (a  g), because the concentration of
FFA was determined with higher accuracy than the concentration of DG. The latter concentration was used only to check
whether the overall mass balance of the glycerides was satisfied.
2.12.

Transmission electron cryo-microscopy (cryo-TEM)

The cryo-samples were prepared using a CryoPlunge 3 unit
(Gatan Instruments) employing a double blot technique. Briefly,
3 mL of the studied solution was pipetted onto a 15 s plasma
etched, 400 mesh holey carbon grid (Agar Scientific), held in the
plunge chamber at approx 90% humidity. The samples were
blotted from both sides for 0.5, 0.8, or 1.0 s. The samples were
then plunged into liquid ethane at a temperature of 170  C. The
grids were blotted to remove the excess ethane, then transferred
under liquid nitrogen at 170  C to a cryo-TEM specimen holder
(Gatan 626). The samples were examined with a Jeol 2100 TEM,
operated at 200 kV, and were imaged using a Gatan Ultrascan
4000 camera and DigitalMicrograph software (Gatan).

To check whether the presence of bicarbonate in the reaction
mixture has any effect on the lipolysis reaction, we performed
comparative experiments using two procedures – with bicarbonate (as described in Section 2.3) and without bicarbonate
(pH-dynamic, Section 2.4). Note that the pH-profiles in these
two procedures are very similar.
The results for the degree of TG hydrolysis, a, obtained by
these two procedures, are compared in Fig. 4. For all Ca2+
concentrations studied, the TG hydrolysis in the presence of
bicarbonate is found to be somewhat higher than that measured
without carbonate. The other important difference was the
overall trend of the dependence of a vs. Ca2+ concentration, CCa.
This dependence passes through a minimum for the solutions
with bicarbonate, whereas in the absence of bicarbonate a is
almost constant, up to 6 mM Ca2+, and decreases significantly at
11 mM Ca2+. Therefore, we can conclude that the bicarbonate
has a noticeable impact on the dependence of a on Ca2+
concentration.
Let us discuss the dependence of a on CCa for the experiments
performed in the presence of bicarbonate. The first important
comment is that the degree of TG hydrolysis does not achieve
100%, even after 4.5 h of reaction time. The highest degree,
observed at the lowest Ca2+ concentration, is z80%. This
concentration, CCa ¼ 1 mM, corresponds to the physiological
conditions and the measured value of a is in very good agreement
with the in vivo results, reported earlier for similar reaction times
– for example, Armand et al.81 found that TG lipolysis in the
duodenum is z73% after 4 h. Therefore, the used experimental
procedure gives results which are comparable to those found in
the in vivo experiments. The increase of CCa above the physiological value of 1 mM leads to lower TG hydrolysis, which passes
through a shallow minimum at 3.5 mM Ca2+ in the presence of
bicarbonate (a z 65%). However, this effect of CCa seems to be
not very significant and probably has no important physiological
consequences, unless combined with other effects.
The observed higher values of a in the presence of bicarbonate
can be explained by the binding of Ca2+ to the HCO3 ions,
which results in decreased concentration of soluble Ca2+ ions in
the solution. Lower concentrations of soluble Ca2+ should lead

3. Results and discussion
3.1. Comparison of the in vitro procedure and the in vivo
conditions
The experimental conditions in our in vitro procedure are
formulated to mimic closely the electrolyte concentrations in the
stomach, duodenum and jejunum, as reported in literature,66–79
see Table 1. In our first series of experiments, we measured pH of
the reaction mixture as a function of time and its evolution was
found to be rather reproducible in the course of the experiment,
0.15 pH units. As seen from Fig. 3, the pH-profile of our in vitro
procedure closely resembles the pH profile determined in the in
vivo experiments. The concentration of the pancreatic enzymes is
chosen to be in excess with respect to the enzyme substrates, as it
is in vivo. Thus we can conclude from Table 1 and Fig. 3 that the
pH profile, and the electrolyte, bile and enzyme concentrations in
our in vitro model resemble closely those found in vivo.
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Fig. 3 pH in the upper gastro-intestinal tract (GIT), as a function of
reaction time (A) in vivo, adapted from Daugherty and Mrsny80 and (B) in
our in vitro model with carbonate. The solid lines indicate the mean
values from 8 independent measurements, while the dashed lines indicate
the minimal and maximal values in these measurements. The different
parts of the GIT are separated by vertical dashed lines and are color
coded as follows: stomach – red; duodenum – pink; jejunum – blue; ileum
– green.
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a higher fraction of saturated fatty chains, such as lard, palm oil,
butter fat, and cocoa butter (these results will be a subject of a
subsequent paper).
Therefore, we cannot expect direct agreement between our
results and those reported by other authors for the effect of Ca2+
on a, while we consider our in vitro conditions to represent better
the in vivo conditions in the human GIT.
The main conclusion from all these experiments is that the
presence of bicarbonate in the solution affects the degree of TG
hydrolysis, especially at high Ca2+ concentrations, which is most
probably due to binding (complex formation) of Ca2+ cations to
the bicarbonate anions.
Fig. 4 Degree of TG transformation, a, as a function of Ca2+ concentration in the aqueous phase, in the presence of bicarbonate (blue
squares) and in the absence of bicarbonate (red circles). The experimental
data in the presence of bicarbonate are the average of 4 independent
series of experiments, while those without bicarbonate are from 2 independent series of experiments. The lines are eye-guides.

to less precipitates of Ca2+-soaps on the drop surface. These
precipitates are known to impede TG lipolysis due to the reduced
contact area of the triglycerides in the oil drops with the
pancreatic lipase.82,83
Let us compare now our results for the effect of Ca2+ ions on
the degree of TG lipolysis with those of other authors. In most in
vitro studies, the authors reported significant increases of TG
hydrolysis with the increase of Ca2+ concentration7,11,42 – an
effect that has not been observed in our experiments. When
analyzing the possible reasons for this apparent discrepancy, we
noticed several important differences in the experimental
procedures used in these studies:7,11,42
(1) In our experiments (and in vivo) the bile salts have molar
concentrations which are in excess of that of the TG and the
lipolysis products – see the table with the composition of the
reaction mixture, shown in Fig. 1. In contrast, in all articles
where a strong effect of Ca2+ on lipolysis was reported7,11,42 the
TG and lipolysis products were in excess with respect to the bile
salts. Some authors have already suggested7 that the main reason
for the observed significant effect of Ca2+ could be the relatively
low ratio of bile salts/lipolysis products, used in the respective
studies;
(2) The pH in the other studies was fixed, whereas in our
experiments pH increased during the experiment, following the
pH profile in the human GIT. This pH evolution should lead to
an increase of the solubility of the reaction products along the
experiment, especially at low Ca2+ concentrations, at which the
other authors reported rather low degrees of TG hydrolysis
(smaller than 30%);
(3) The time scale in the previous experiment was between 20
and 40 min, whereas our experiments were much longer (4 h) to
mimic better the intestinal conditions.
(4) The effect of Ca2+ ions could depend on the type of studied
triglycerides. The results reported in the current study are
obtained with sunflower oil only. This oil is characterized with a
rather low content of saturated fatty acid chains in its molecules
(around 10% of palmitic and stearic acids, the rest are mainly
linoleic and oleic acids). Our preliminary experiments demonstrated much larger effects of calcium for triglycerides containing
This journal is ª The Royal Society of Chemistry 2012

3.3. Effect of the pH-profile on TG hydrolysis, at different
Ca2+ concentrations
As shown in Fig. 3A, the pH profile in the human tract varies in a
certain range from individual to individual, and it depends on the
type and amount of food consumed. In the previous subsection
we presented results about the effect of Ca2+ on the degree of TG
hydrolysis, in experiments where the pH profile reached 7.5 after
4 h – this profile corresponds to the upper boundary observed in
the clinical studies.
In the current section we present results about the effect of
Ca2+ concentration on TG lipolysis using a modified procedure,
in which the pH profile corresponds to the lower boundary found
in vivo (pH reached 6.8 after 4 h). In this series of experiments we
stirred the samples with bicarbonate for 4 h in a closed vessel, as
explained in Section 2.2.
The results for the TG hydrolysis, obtained by these two
procedures (higher and lower final pH), are compared in Fig. 5.
One sees that the values of a show very similar trends for both
pH profiles, when plotted as functions of CCa. The main difference is that the degree of TG hydrolysis is somewhat higher for
the higher pH. This effect could be explained by the better
solubility of the reaction products and/or by higher enzyme
activity, at the higher pH. Note also that at the physiological
Ca2+ concentration of 1 mM, the value of a in both procedures is
very similar – this means that the pH variation in the physiological range does not affect significantly the degree of TG
lipolysis. However, in the range between 3 and 6 mM Ca2+, a
noticeably lower degree of TG hydrolysis is observed at the
lower pH.

Fig. 5 Degree of TG transformation, a, as a function of Ca2+ concentration for solutions where the pH reaches 7.5 (red circles) or 6.8 (blue
squares) at the end of the lipolysis reaction. All experimental points are
the average of at least three independent experiments.
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From now on, we present experimental results obtained with
the procedure leading to a final pH of z 6.8, unless otherwise
specified. This procedure was chosen for most experiments,
because the observed effects were more pronounced, as
compared to the procedure at which the final pH was z 7.5.
Along with the total degree of TG hydrolysis, a, we measured
the TG hydrolysis to MG and DG, represented by the values of g
and b (see eqn (3)–(5)). From Fig. S2†, it can be seen that the
main fraction of TG is transformed into MGs, at all Ca2+
concentrations studied. Only about 10% of the TG is transformed into DG after 4 h of reaction time.
Thus we conclude from these experiments that: (1) TG
hydrolysis passes through a shallow minimum at 3 mM Ca2+; (2)
the increase of pH increases the TG hydrolysis for Ca2+
concentrations $3.5 mM and does not significantly affect TG
hydrolysis at 1 mM Ca2+; (3) TG is hydrolyzed preferentially to
MG when a > 0.5, regardless of Ca2+ concentration.
3.4.

Effect of Ca2+ on the composition of the aqueous phases

In this section we present results about the concentrations of the
lipolysis products (free fatty acids, monoglycerides, diglycerides)
and cholesterol in the aqueous phase. All experiments were
performed using the procedure described in Section 2.3, with the
pH-profile reaching a final pH of z 6.8.
3.4.1. Illustrative results for the effect of the phase separation
procedure on the solubilization of reaction products. The studied
systems are heterogeneous – typically, they contain an oily phase,
solid phases (precipitates), and an aqueous phase. In the literature, ultracentrifugation,2,3,12,14 filtration84 or dialysis18 are used
for phase separation in such systems. Each of these methods has
certain advantages and disadvantages. Ultracentrifugation is
relatively easy but it disturbs the phase equilibrium and could
cause changes in the material distribution between the various
phases. Filtration at low pressure is a mild method for phase
separation, but here the question being what is the relevant filter
pore size. Dialysis is a very slow process and again questions
appear about the appropriate membrane cut-off and the possible
disturbance of the phase equilibrium. Therefore, none of these
methods are perfect.
We applied two procedures for the separation and subsequent
analysis of the aqueous phase – centrifugation and filtration, see
Section 2.5. The aqueous phase passing through the filters is called
‘‘a permeate’’ in the following discussion. The filter pore size of 200
nm was chosen because, according to literature,85,86 entities smaller
than 200 nm easily pass through the mucus layer. However, it is
known that transport through the mucus membrane depends
significantly on the adhesive properties of the particles as well.87,88
Therefore, this filtration procedure gives information about the size
of the aggregates, but no direct conclusions about the bioavailability of the components could be made.
The centrifugation was performed for 1 hour at 3620g (4500
rpm) at 37  C and it allowed us to characterise the bigger
aggregates which were present in some of the samples. The clear
aqueous phase, obtained after centrifugation, will be called
hereafter ‘‘a serum’’. The lipophilic components in the serum and
permeate were extracted as described in Section 2.6 and analyzed
by TLC and GC.
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Illustrative results from the TLC analysis of the serum and
permeate are shown in Fig. S3.† The results obtained with the
extract from the whole sample (non-filtered and non-centrifuged)
are also shown in Fig. S3† for comparison. It can be seen that
both the serum and the permeate do not contain any TG,
whereas the whole sample contains a significant amount of nonhydrolyzed TG (see the first lane in Fig. S3†). A noticeable
difference between the serum and permeate is observed with
respect to the concentrations of FFA, DG, MG and cholesterol –
cf. the second and fourth lanes in Fig. S3.† The concentrations of
all these substances are lower in the permeate obtained after
filtration through the 200 nm filter, as compared to the serum
obtained after centrifugation.
For quantitative analysis of these substances we used GC. As
an illustration, we show in Fig. 6 the regions in the GC chromatograms, corresponding to the fatty acids and cholesterol. It
can be seen that the peaks for palmitic, stearic, and oleic +
linoleic acids correspond to much higher concentrations in the
serum, as compared to the permeate. A significant difference is
also observed for the peaks of cholesterol in the serum and the
permeate.
To analyze the reasons for the different compositions of the
serum and the permeate, we measured the concentration of Ca2+
in these phases by AAS, and the size and type of the molecular
aggregates by DLS and cryo-TEM – these results are described in
the following Section 3.4.2. The entire set of data for the
compositions of the serum and permeate, at different Ca2+
concentrations, is presented and discussed in Section 3.4.3.
3.4.2. Determination of soluble Ca2+ concentration and characterization of the molecular aggregates. The concentration of
soluble Ca2+ in the aqueous phase (serum or permeate) was
determined by AAS and the results are presented in Fig. 7. It can
be seen that most of the calcium is in the soluble form at CCa # 6
mM, whereas the calcium measured in the permeate is significantly less than that in the serum at 11 mM Ca2+. This difference
could only be explained by assuming that relatively large Ca2+binding colloid aggregates are formed at high Ca2+ concentration (e.g., vesicles or planar aggregates) which cannot pass
through the 200 nm filter, while still being sufficiently small
enough to remain dispersed after centrifugation.
To analyze the contents of the serum and permeate with
respect to the aggregate size, we used dynamic light-scattering
(DLS). These experiments were performed without adding
triglyceride oil to the solutions, in order to simplify the data

Fig. 6 GC results for the serum obtained after centrifugation (red solid
curves) and the permeate obtained after filtration (blue dashed curves) of
the reaction mixture, after extraction with chloroform. The lipolysis is
performed in presence of 11 mM CaCl2.
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Fig. 7 Calcium measured by AAS in the serum after centrifugation (red
circles) and in the permeate after filtration (blue squares) vs. the total
calcium present in the system. The dashed line indicates the concentration
that would be measured if all calcium was dissolved in the aqueous phase
and/or bound to the small bile micelles. The difference between the
dashed line and curve for the serum shows the amount of the precipitated
calcium, whereas the difference between the curve for the serum and the
curve for the permeate shows the calcium bound to the large molecular
aggregates with size >200 nm.

interpretation – all the other components were mixed as usual.
The results are presented in Fig. S4.† It can be seen that the mean
particle diameter is typically around 4 nm in the permeate after
filtration, which is in good agreement with the size of the small
bile micelles reported in the literature.5,89,90 The size of these
micelles remains constant with the increase of calcium concentration up to 6 mM. At the highest concentration of 11 mM Ca2+,
however, bigger aggregates with a diameter of around 30 nm
were registered in the permeate. On the other hand, the aggregates in the serum after centrifugation had a diameter of 30 nm,
even at the lowest Ca2+ concentration, and this diameter
increased up to z300 nm at the higher Ca2+ concentrations.
To clarify what is the type of large aggregates detected by
DLS, we used cryo-TEM for investigation of the systems after
TG lipolysis, at 1 mM and 11 mM Ca2+. These experiments are
performed after digestion process (in presence of FFA). Representative images of vitrified samples of the serum and the
permeate are shown in Fig. 8. Note that for all these systems, the
concentration of the lipolysis products is similar, as the degree of
TG hydrolysis is a z 0.8. At the low Ca2+ concentration of
1 mM, only small micelles are seen in both the permeate and the
serum. In contrast, at 11 mM Ca2+ we observe large planar
aggregates in the serum, and worm-like aggregates in the
permeate. Single small micelles can be also seen in these samples.
Similar in structure and size aggregates were observed in a model
lipolysis system by other authors.90,91
The obtained results allow us to conclude that: (1) only a small
fraction of Ca2+ precipitates in these systems, (2) at high
concentrations, calcium induces formation of calcium-binding
large aggregates, which are retained upon filtration with a 200 nm
filter. The formation of these large aggregates explains the
different concentrations of Ca2+ in the serum and in the permeate
– the large aggregates bind very efficiently the calcium ions.
3.4.3. Effect of Ca2+ on the quantity of soluble reaction
products and cholesterol
Free fatty acids (FFA). The results for the concentration of
free fatty acids (FFA) measured in the whole sample (before
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Fig. 8 Cryo-TEM micrographs of the aqueous phase after lipolysis, in
the presence of (A and B) 1 mM Ca2+, (C and D) 11 mM Ca2+, (A and C)
serum after centrifugation, and (B and D) permeate after filtration. Only
small dietary micelles are seen in (A) and (B), whereas both small and
large micelles are seen in (C) and (D). The lipolysis experiments are
described in Section 2.3, the aqueous phase was separated as described in
Section 2.5, and the cryo-TEM procedure is described in Section 2.13.

phase separation), and in the serum and permeate, are compared
in Fig. 9A. It can be seen that the total concentration of solubilized FFA has a shallow minimum at 3.5 mM Ca2+, which is in
accordance with the observed minimum in the degree of TG
transformation.
The dependences of FFA on CCa, as measured in the permeate
and in the serum, are different. In the permeate, the concentration of FFA decreases steadily with the increase of Ca2+
concentration, while in the serum this concentration increases
significantly at 6 and 11 mM Ca2+ (and almost reaches the value
of the total FFA concentration).
At the lowest Ca2+ concentration studied, 1 mM, the
concentrations of FFA in the serum and in the permeate coincide, while they both differ by z3 mM (which is z30% of all
fatty acids in the system) from the total concentration in the
whole sample, see Fig. 9A. This means that z30% of the total
FFA is not in the aqueous phase at 1 mM Ca2+. These ‘‘missing’’
FFA could be either in the oily drops, together with the nonhydrolyzed TG and DG, or in the sediment where FFA can coprecipitate with Ca2+. For brevity, hereafter we use the term
‘‘water-insoluble’’ FFA for those fatty acids which are missing
from the aqueous phase, though this term is not precise. From
the measured soluble Ca2+ in the samples, see Fig. 7, we know
that the precipitated Ca2+ is only z0.3 mM. Assuming that the
precipitated calcium binds two FFA per Ca2+ ion, we estimate
that the maximum amount of co-precipitated FFA should be
z0.6 mM. Therefore, we estimate that the main fraction of the
FFA (around 2.4 mM), which is absent from the aqueous phase
at 1 mM Ca2+, is trapped in the oily drops.
At 3.5 mM Ca2+ we measured different FFA concentrations in
the serum and in the permeate, which means that some fraction
of FFA (around 1 mM) are solubilised in the large aggregates
with sizes larger than 200 nm. The water-insoluble fraction of the
FFA is z2.2 mM (this is the difference between FFA in the
whole sample and in the serum) and it is very similar to that
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Fig. 9 Concentration of (A) solubilized free fatty acids and (B) solubilized cholesterol, as a function of the total Ca2+ concentration, in the whole
sample (green triangles), in the serum after centrifugation (red circles), and in the permeate after filtration (blue squares). All experimental points are
average of at least three independent experiments.

measured at 1 mM Ca2+. Note, that while the total Ca2+ was
increased from 1 to 3.5 mM, the precipitated Ca2+ remained at
z0.3 mM, which means that only around 0.6 mM out of the
2.2 mM FFA could be co-precipitated with Ca2+ (viz. 30% of all
FFA). Thus we again conclude that the main fraction of the
water-insoluble FFA is trapped in the oily drops.
At 6.5 mM Ca2+, the FFA concentration is 8.3 mM in the
serum, whereas it is only 4.8 mM in the permeate. This significant
difference indicates that 3.5 mM FFA are trapped in molecular
aggregates with sizes larger than 200 nm. The water-insoluble
fraction of FFA decreases from 2.4 mM down to 0.7 mM, while
the quantity of the oily drops (containing TG and DG) is almost
the same for 1 and 6 mM Ca2+. This result indicates that the large
molecular aggregates are able to extract efficiently the FFA from
the oily drops.
Further increases of Ca2+ concentration decreases significantly
the amount of FFA, which are solubilized in the micelles (in the
permeate), down to 3.7 mM. The concentration of FFA bound to
large aggregates increases to 4.6 mM, while the water-insoluble
fraction of FFA is z1.6 mM.
From all these data we can conclude that the increase of Ca2+
concentration leads to formation of large molecular aggregates,
which are able to solubilize very efficiently the FFA. The main
fraction of FFA is incorporated in the small micelles at the lowest
Ca2+ concentration, whereas it is in the large aggregates at the
highest Ca2+ concentration. The decrease of the FFA solubilised
in the small micelles, observed with the increases of Ca2+
concentration, is in qualitative agreement with the clinical studies
showing that the excretion of FFA increases at high Ca
intake.33,34
Saturated free fatty acids (saturated FFA). Along with the
total concentration of FFA in the aqueous phase, another
interesting quantity is the concentration of saturated FFA in the
micelles, large aggregates, and in water-insoluble form (precipitates or oily drops).
The obtained results for the concentrations of the saturated
FFA in the whole sample, the serum and the permeate are
compared in Fig. S5.† One sees that the total concentration of
saturated FFA is almost constant z3.2 mM and does not
depend significantly on Ca2+ concentration. This is rather
interesting result, as far as the total concentration of FFA
(including both saturated and unsaturated) passes through a
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minimum at 3.5 mM Ca2+, see Fig. 9A. This result suggests that
the saturated FFA might be digested preferentially by the
enzyme.
At the lowest Ca2+ concentration, the saturated FFA in the
permeate and in the serum are similar, because the small micelles
are the dominant molecular aggregates under these conditions.
The amount of saturated FFA in the permeate after filtration
decreases from 1.35 mM to 0.8 mM with the increase of Ca2+
concentration up to 6 mM, and remains constant with further
increases to 11 mM. Therefore only 25% of the total saturated
FFA are solubilised in the small micelles at CCa $ 6 mM. The
concentration of saturated FFA in the serum increases with the
increase of CCa and one can estimate from these data that z50%
of the total concentration of saturated FFA is included in large
aggregates at 6 and 11 mM Ca2+.
In Fig. S6† we plot the ratio of the saturated FFA to the total
concentration of (saturated + unsaturated) FFA, as a function of
Ca2+ concentration. It can be seen that the fraction of saturated
FFA remains constant in the permeate (viz. in the small micelles),
while it increases in the serum (i.e., in the large molecular
aggregates). Thus, the large aggregates formed at high Ca2+
concentrations contain more saturated FFA, while the calcium
does not affect the content of saturated FFA in the micelles.
Concluding, the increase of Ca2+ concentration decreases the
concentration of saturated FFA in the micelles, but increases it
significantly in the large aggregates.
Cholesterol. The results for the effect of Ca2+ on the concentration of cholesterol in the permeate, the serum and the whole
sample are compared in Fig. 9B. The cholesterol in our experiments is coming from the bile source only and, as the bile salts
concentration is kept constant in these experiments, so should
the total cholesterol. Indeed, the concentration of cholesterol was
determined to be the same, z0.6 mM, for all non-filtered and
non-centrifuged samples. This is a very good indication of the
reproducibility and self-consistency of the used analytical
procedures.
We found that the cholesterol concentrations in the serum and
in the permeate show the same trends as the concentrations of
FFA: the cholesterol decreases with the increase of Ca2+
concentration in the permeate, while it increases in the serum at
Ca2+ concentrations above 6 mM. These results indicate that,
similar to the FFA, the cholesterol is solubilized preferentially in
This journal is ª The Royal Society of Chemistry 2012

the large aggregates, as compared to the small micelles. The
higher concentration of large aggregates, formed at high Ca2+
concentrations, leads to higher cholesterol concentrations in the
serum, compared to its concentration in the permeate. In the
same line of thought, the difference between the serum and the
permeate increases with the increase of Ca2+ concentration, due
to the formation of more large aggregates which solubilise better
the cholesterol.
The experiments showed that, even at the lowest Ca2+
concentration, only 60% of the total cholesterol is in soluble
form, which is in good agreement with the reported values from
in vivo experiments.92,93 Therefore, about 40% of the cholesterol
is trapped in the precipitates and/or is dissolved in the oily TG–
DG droplets under these conditions.
To check for a possible correlation between the amounts of
solubilised FFA and cholesterol, we plotted the concentration of
cholesterol vs. the concentration of FFA for both aqueous phases
studied – after filtration and after centrifugation. We see in
Fig. 10 a very good correlation between the concentrations of
cholesterol and FFA, which means that these two substances cosolubilize in the micelles and in the large aggregates. From these
data, we can calculate that around 22 molecules of FFA cosolubilize with 1 cholesterol molecule at the used bile salts
concentration of 15 mM and cholesterol concentration of
0.6 mM.
Monoglycerides. Finally, we present results for the concentration of MG in the serum and in the permeate, see Fig. S7.† The
total concentration of MG correlates with the degree of TG
transformation and has a shallow minimum at 3.5 mM Ca2+, as
expected. On the other hand, most of the MG passes through the
filter in the permeate, which means that the main fraction of MG
is solubilized inside the small micelles. Only at high Ca2+
concentrations does a fraction of the MG solubilize in the large
aggregates as well.
We can conclude from all these experiments that the cholesterol and free fatty acids solubilise preferentially in the large
aggregates at high Ca2+ concentrations, whereas MGs are solubilised preferentially within the small micelles.
Finally, we note that the obtained results for the distribution
of reaction products and cholesterol at low Ca2+ concentrations
are in a good agreement with the results obtained by Kossena
et al.,94 where (by using model mixtures) these authors showed

that MG and FFA are predominantly solubilised in the small
micelles, as compared to the large aggregates.

4. Conclusions
We have studied triglyceride lipolysis by pancreatic lipase and
the phase distribution of the reaction products and cholesterol, at
conditions resembling those in the small intestine. To match
these conditions, we developed an in vitro lipolysis model which
uses bicarbonate to realize the pH-profile seen in vivo. The model
is relatively simple, does not require special or expensive equipment, and allows the study of several samples per day. Filtration
and centrifugation were used to separate the aqueous phase from
the heterogeneous reaction mixture, at the end of the lipolysis
reaction. These procedures allowed us to study the degree of TG
lipolysis and the solubilization of the lipolysis products and the
cholesterol in the aqueous phase. The effects of Ca2+, pH profile,
and the presence of carbonate were particularly addressed.
The main conclusions with respect to the degree of TG
hydrolysis are as follows:
 The degree of TG hydrolysis passes through a shallow
minimum at 3.5 mM Ca2+.
 The presence of bicarbonate in the reaction mixture leads to
a higher degree of hydrolysis, especially at high calcium
concentrations.
 The comparison of the degree of TG hydrolysis at two pH
profiles, reaching pH ¼ 6.8 and 7.5, respectively, showed that the
degree of TG lipolysis increases with pH.
 The TG is hydrolyzed preferentially to MG, where only a
small fraction remains as DG.
With respect to the phase distribution of the lipophilic
substances, the main conclusions are as follows:
 The cholesterol solubilized in the aqueous phase increases
linearly with the concentration of the solubilised FFA, with a
slope of 46 mg g1 cholesterol–FFA. Thus, around 22 molecules
of FFA co-solubilize with 1 molecule of cholesterol in the bile
aggregates under the conditions studied (fixed concentrations of
cholesterol and bile salts in the reaction mixture – 0.6 mM and
15 mM, respectively).
 The increase of Ca2+ concentration above 3 mM leads to the
formation of large aggregates which cannot pass through a nylon
filter with a pore size of 200 nm.
 The cholesterol and saturated fatty acids are solubilized
preferentially in the large aggregates (formed at high Ca2+
concentrations), whereas the monoglycerides are preferentially
solubilized in the small bile micelles.
Let us note at the end that the described in vitro model is
appropriate for studying other phenomena, such as the phase
distribution and bioavailability of lipophilic drugs, effect of food
ingredients and supplements on the shape and size of the bile salt
aggregates, precipitation of bile salts and fatty acids under
physiologically relevant conditions, and many others. This
makes it a versatile tool for studying the lipid-related phenomena
occurring in the GIT.
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