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stomach and small intestine mounted in a
rotational rheometer. The rheometer will
monitor the viscosity of fluids foods such as
milk during the in vitro process. The
intestinal section uses a custom designed
membrane unit to simulate absorption of
small molecular weight degradation
components like amino acids from protein
digestion. The prototype has a main chamber,
a cup made of glass, where viscosity
measurements take place. A titrator allows
constant pH monitoring and adjustments, and
a peristaltic pump transports the fluids
between the parts of the system, simulating in
vivo peristalsis4.
PROCESS DESCRIPTION
Process modelling of the in vitro stomach and
small intestine
The in vitro process has been explained
previously1 and it will be summarized in
order to understand the first prototype.
In reference to Fig. 1, the stomach is
represented by the items (1) to (7) and item
(13) where: item (1) a dosing mechanism for
human gastric juices (HGJ) or simulated
gastric juices (SGF), (2) is a rotational
rheometer that aims to mix and measure
viscosity of the fluid composition while the
digestion process occurs, (3) represents a
titrator to monitor and adjust pH with HCl
depending on the buffering capacity of the
food and the target pH, (4) is a peristaltic
pump that mimics the shearing during
peristalsis in the stomach. The peristaltic
pump (4) is connected to an acid resistant
hose, (5), to pump and shear the gastric
mixture. Item (6) is a temperature control
unit, which in this prototype is a water bad.
Item (6) is meant to keep the cup (7) at 37°C.
Item (13) represents the connectivity of the
rheometer (2) and peristaltic pump (4) to a
PC.
For the subsequent duodenal digestion and
absorption, the process is replicated by the
items (1) to (4), and (6) to (13). Item (1) is a
pipette used to add human duodenal juice
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(HDJ) or simulated intestinal fluid (SIF). The
rheometer (2) is used to provide a continuous
mixing of the fluids while monitoring the
viscosity of the digesta, the titrator (3) is used
to gradually increase pH (7-8) to mimic the
duodenal conditions by either sodium
hydroxide (NaOH) or sodium bicarbonate
(NaHCO3). The peristaltic pump (4) is
connected to a hose (8) to pump continuously
the intestinal fluids towards the porous media
(e.g. dialysis membrane, (9)). The membrane
(9) is located at the inside of a custom made
glass tube (10), further referred as membrane
separation unit. This unit resembles a tubetube heat exchanger where the inner pipe is
replaced by a cylindrical membrane. Through
the external tube, a solution flows in counter
flow, this liquid is further referred as buffer.
The reservoir for the buffer is represented by
item (12) and it is pumped through a
peristaltic pump (11) to allow circulation
during the intestinal process.

Figure 1. In vitro process diagram.
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During the simulation of intestinal
digestion and subsequent absorption process
(step 4 in Table 1), the volume is increased
by the addition of HDJ or SIF (~29 ml), a first
stage in this step will be the mixing of the
fluids using the stirrer probe. Once well
mixed, the fluids can be moved by the
peristaltic pump to the membrane separation
unit (see Fig. 3) to start the diffusion of
nutrients through the membrane. This
process will reduce the volume in the cup to
an equivalent to volumes 1, 2 and 3 together
(ref. Fig. 2).
During all stages, it is important to have
enough space in the feed cup to place the
hoses described on Fig. 1, items (5) and (8).
Hoses are placed in the annular gap between
the tip of the mixer propeller and the side
walls of the cup, a top view picture of
assembled hoses to the cup can be seen on
Fig. 4.
Fig. 5 presents a detail view of the
membrane unit presented in Fig. 3. The unit
is made in glass to allow the visualization of
the digestive process throughout the testing
time.

Figure 4. Hoses connected to the feed cup.
Fig. 6 shows the assembly of a membrane
to the feed circuit. Rubber rings are used to
seal the membrane to the glass tube. During
this step, 4, as seen on Table 1, the pH should
neutralize, so the use of rubber rings is not a
problem.
The flow rates of the feed and buffer
should be adjusted to prevent an inflation or
collapse of the membrane. Since the
membrane unit is made of glass, the shape of
the membrane can be easily follow while
adjusting the flow rates in the peristaltic
pump.

Figure 1. Main components of the in vitro system mounted in a Paar Physica UDS200
rheometer.
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calibration procedure will also increase the
accuracy of future predictions.
PRELIMINARY ASESSMENT OF THE
MEMBRANE SEPARATION UNIT
A number of tests need to be done to
determine the reliability of the prototype,
some of them have been done until this
development stage and are presented in this
work. Those tests are referred as preliminary.
One of the most challenging parts to
simulate is the membrane separation unit, at
this stage, the preliminary tests focussing on
this unit are presented.
Methodology to assess the membrane
separation unit
Permeability and diffusivity are common
membrane characterizations. To estimate
permeability, the system needs to be
calibrated in the rheometer as viscosity is
needed (in Darcy’s law). However, at this
stage, diffusivity can be determined in the
system without viscosity measurements by
measuring the concentrations of a substance
on both sides of the membrane (in Fick’s
law).
Before conducting diffusion tests through
the membrane, the membrane system need to
be tested for leakages. For this reason a
substance with strong color, unable to diffuse
through the membrane, easy to detect and
quantify, is added. The substance chosen was
Evans blue and it circulated through the
system for one hour. Repeated preliminary
static and dynamic tests showed that Evans
blue adsorbed to the membrane and did not
diffuse. This was also later confirmed by
direct contact with the suppliers (Spectrum
Labs).
Once the reliability of the membrane unit
was achieved (Fig. 6), a dynamic test was
done to assess the membrane separation
capabilities. L-Tryptophan is chosen for this
test. L-Tryptophan is an aromatic amino acid
present in milk proteins and it was chosen as
it is easy to quantify based on its ability to
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absorb light at 220 and 280 nm. LTryptophan also has good solubility in water.
For the diffusivity calculations, the
following equation derived from Fick’s law
can be used7, 8:
(1)
Where jA is the molar flux of component A
(L-Tryptophan), DA is the diffusion
coefficient, cA is the gradient of feed
concentration and l is the distance in the
direction of diffusion. For this case l is the
thickness of the membrane.
Eq. (1) can be expressed as follows:
∙

(2)

Where c1 is the concentration of LTryptophan in the feed and c2 is the
concentration L-Tryptophan in the buffer.
Two membranes of different pore sizes
were chosen, 3.5 kDa and 8 kDa.
According to the producer (Spectrum
Labs), l for 3.5 kDa membrane is 48.5 µm
and l for 8 kDa membrane is 64.2 µm.
The concentrations c1 and c2 were
measured by spectrophotometry at 220 nm
using 1 mL quartz cuvettes.
Concerning the experimental design for
the membrane tests, since it was no previous
information about DA for L-Tryptophan for
the two membranes, it was not possible to
calculate the molar flux to the buffer
beforehand. If the molar flux is known
beforehand, it is possible to calculate the
amount of buffer volume needed to be in the
detection range of the spectrophotometer
(Shimadzu UV-160A) at 10 minutes. As
consequence, two tests with different buffer
volumes were conducted when using the
membrane with the smallest pore size
(referred as 3.5 kDa).
The same volume of the feed (29 ml, Step
4 in Table 1) is chosen for all tests and the
same initial concentration of L-Tryptophan
(0.73 µM).
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FINAL REMARKS
This work shows that the future use of the
in vitro model presented in this article is
feasible, however many tests will need to be
performed in order to indicate its capabilities
and limitations. Major challenges can be
faced if the in vitro model is intended to
simulate all physic-chemical processes
occurring in in vivo systems. The monitoring
of viscosity and the possibility to control the
shear conditions during the in vitro process,
is with no doubt, a step forward.
The preliminary assessment of the model
presented in this work indicates that the
system can be used to provide information
concerning the digestion of liquid foods
under controlled shear conditions. This is an
advantage over most in vitro models
currently in use, as these do not have in-line
viscosity measurement or control over the
shear conditions during the process.
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