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a b s t r a c t
A ‘near-real’ in vitro stomach model should not only resemble of the biochemical and physiological conditions found in the real stomachs, but also possess their geometrical and morphological details. In this
work, quantitative evidences regarding the physiological relevant morphology including wrinkles on the
inner-surface of a new rat model stomach, which assisted the compression and digestion behavior of the
dynamics in vitro rat stomach (DIVRS), have been presented. A good repeatability in the tests on the DIVRS is shown, compared with the in vivo experiments of the living rats. However the digestion efﬁciency
and the buffering capacity in the DIVRS were lower than the in vivo systems, most likely due to the limited motility mechanism of the movement of the model stomach system. Further improvements are
needed to make the DIVRS more attractive for practical applications.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Stomach is a ‘reactor’ where solid foods go through biochemical
reactions and mechanical size reduction. There is a growing interest in developing the in vitro gastrointestinal tract models to test
the structural and chemical changes that occur in different foods
and medicines under simulated gastrointestinal (GI) conditions,
due to their advantages of better time-efﬁciency, accuracy and
reproducibility compared with the in vivo experiments and of having no ethical constraint (Yoo and Chen, 2006; Kong and Singh,
2008b). The current in vitro GI systems may be classiﬁed into hard,
semi-soft and soft systems (Chen, 2012; Chen et al., 2012). Most of
the in vitro approaches mimic the animal and human gastric digestion using hard systems or stirred tanks (Danielsson et al., 1995;
Yamamoto et al., 1999; Ou et al., 2004; Gunasekaran et al., 2007;
Shi et al., 2007; Tang, 2007; Pla et al., 2009; Mahasukhonthachat
et al., 2010; Brinques and Ayub, 2011; Ding et al., 2011; Liu and Sopade, 2011; Parada et al., 2011; Karkle et al., 2012; Tinus et al.,
2012). Moreover, some researchers incubated tissues/cells isolated
from rat’s GI tract in a cultivating tank to investigate the pharmacological activity of some medicines or metal elements (Aoyama
et al., 2008; Severini et al., 2009; Jou et al., 2012). However, there
is no literature that has examined to the semi-soft or soft in vitro
rat stomach system, since it is difﬁcult to reproduce the complex
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ﬂuid behavior and mechanical forces experienced in an actual rat
stomach.
Some semi-soft and soft human in vitro gastric systems have
been investigated and employed to study the bioavailability of
nutrients, pharmaceutics, microecology and toxicology. These systems include the TNO’s GI model (TIM) (Havenaar and Minekus,
1996; Blanquet et al., 2003), the dynamic Stomach model (DGM)
(Wickham and Faulks, 2006; Vardakou et al., 2011) and the human
gastric simulator (HGS) (Kong and Singh, 2010; Kong et al., 2011).
The smooth walls of these human in vitro stomach models were
made with soft latex or silicon materials. The peristaltic waves
on the gastric wall were simulated through the control of a variable
computer-control water pressure system (TIM and DGM) or
through the use of a series of rollers (HGS), respectively. However,
although they mimic the physical movements in the models, the
geometrical details of the real stomach were ignored as the TIM
was a horizontal tube, the DGM and the HGS were invert-cone,
which made them failed to be ‘near-real’ in vitro models (Chen,
2012).
In the current study, two artiﬁcial soft-elastic rat stomach models with smooth and wrinkled inner-surface, respectively, were
made to the DIVRS to investigate the impacts of morphology. The
new setup includes four different compressive conﬁgurations, act
on the speciﬁc locations of the stomach models to investigate the
differences between ‘the ﬂat compression’ (compression on the
glandular portion) and ‘the partial compressions’ (compression
on gastric body, pyloric canal or terminal antrum) as shown in
Fig. 1a. In addition, an innovative ‘one-way valve’ was designed
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pentobarbital (30 mg kg1 of animal weight), tightened on the rat
platform (ST-1, Chengdu Instruments Factory, China) and kept
warm with a standard heating lamp.
2.1.3. Chemicals
Artiﬁcial stomach juice I was prepared by dissolving pepsin
(1.0 g L1, 926 U mg1) in 50 mL deionized water, with pH of
1.63 ± 0.01 adjusted using 1 M HCl. Artiﬁcial stomach juice II was
prepared by dissolving pepsin (0.27 g L1 or 250 U mL1), mucin
(1.5 g L1), NaHCO3 (0.315 g L1) and NaCl (8.775 g L1) in 50 mL
deionized water (puriﬁed by a Milli-Q system, Millipore Corp.,
France) with pH of 1.63 ± 0.01 adjusted using 1 M HCl. Pepsin, Folin
and Ciocalteu’s phenol reagent and mucin were purchased from
Sigma (Sigma–Aldrich, the USA). All the salts were purchased from
Sinopharm Chemical Reagent Co., Ltd. (China).
Fig. 1a. The regionalization and the mean size of the rat stomach.

2.2. The in vivo experiments
All animal experiments were performed in compliance with the
Xiamen University animal ethics requirements.

Fig. 1b. The mechanism of the ‘one-way valve’.

and incorporated to ensure the gastric contents ﬂowing along one
overall direction in the rat stomach models (shown in Fig. 1b). The
gastric motility, the gastric juice and the characteristics of gastric
emptying observed in the in vivo experiments have been incorporated into the new in vitro rat stomach system. The ‘optimized’
condition of the DIVRS has been compared with the in vivo experiments. The main purpose of this work was to reproduce the trend
of rat’s stomach behavior and to understand if the geometrical details of the real stomach’s inner surface could affect the digestion
process or not. Thereby, the new setup mimics the wrinkles of
the inner surface. The oral digestion, the hormonal feedback mechanism and the microorganisms in living rats’ stomachs were not
considered in the present study, and the study can be isolated from
‘interferences’ induced by these factors.
2. Materials and methods
2.1. Materials
2.1.1. Food
Casein powder which particle size was approximately
131.0 ± 14.7 lm purchased from Sigma (C3400, Sigma–Aldrich,
the USA). Casein was used as the solid food sample digested in
the in vivo and the in vitro experiments, since it is one of the indispensable diets for the rodents, water insoluble and has the advantage of convenient measurement (Reeves et al., 1993). The test
samples feed to the animals or the model stomachs were suspended casein particles with water by a mixer to form a cloudy
suspension.
2.1.2. Animals
Male Sprague–Dawley (SD) rats weighing 220 ± 20 g were deprived of food but not water for more than 20 h prior to the experiments. The animals were anesthetized with 2% sodium

2.2.1. Determination of the in vivo gastric motility
Twelve SD rats were used for this experimentation. A midline
abdominal incision was used to expose the live stomach. The mucous membranes and the ligaments used to connect stomach to
other organs were separated by a glass dissecting needle without
any damage on esophagus and duodenum. The rat stomach was
pulled out of the abdomen carefully and supported by a P.V.C ﬁlm
covered with a pledget (soaking in 37 °C physiological saline) to
weaken the disturbance of the rhythms from heartbeat and breathing. The abdomen of rat was also covered with a pledget wetting by
37 °C physiological saline for the fearing of dehydration. The conducing clip of the myoelectricity tension transducer (JZJ01, Chengdu Instruments Factory, China) was nipped on the serosal
surface of the stomach along the greater curvature with 0.5 cm
above the pylorus according to relevant literature (Liu et al.,
2004; Chang et al., 2006; Tümer et al., 2008). The myoelectricity
tension transducer was connected to a multichannel biological signal acquisation and processing system (RM6240B, Chengdu Instruments Factory, China). The slow wave plays a major role in the
gastric motility. Therefore, gastric slow waves and the contract
tensions were recorded in the present study. In order to isolate
slow waves, 50 Hz digital ﬁlter and 0.3 g sensitivity was used. After
1.0 g feed powders was mixed with clean water (total volume
2.0 mL per 200 g by weigh) were given by gavage, gastric slow
waves and the contract tensions were recorded continuously for
each rat for 2 h of each digestion experiment. All signals were
saved and analyzed automatically using Fast Fourier Transform
(FFT) software.
2.2.2. Determination of the gastric secretion to introduce into the
DIVRS
The pylorus ligation method was that reported by Paiva et al.
(1998). Brieﬂy, abdomen was incised and pylorus was ligated. Animals were given 2.0 mL Barium Sulfate per 200 g animal
weight(0.5 g mL1, noble reagent, performed as solid food substitute to make up the volume which does not affect gastric secretion,
but enhance the motility) by gavage. After 5 h deprivation of food
and water, the stomach of each rat was taken out and the gastric
contents was collected. The volume and pH of the gastric juice
from each rat was measured. The activity of pepsin was determined by the Lowry method (Lowry et al., 1951; Peterson, 2005).
The standard curve was prepared as shown in Fig. 2. The samples
of the rats’ gastric juices were ﬁltered and analyzed spectrophotometrically at a wavelength of 660 nm (UV–VIS Spectrophotometer
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was collected to measure its volume, pH and the concentration of
the soluble peptides. Ten SD rats were used for the above-described experiments.
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Fig. 2. The standard curve for Lowry method.

2250, Shimadzu, Japan). Eight SD rats were used for these
experiments.

2.2.3. Determination of casein digestion and gastric emptying
The following operation was carried out according to Ohno et al.
(1987) with some modiﬁcation. Brieﬂy, the rat was tied on the ratbed and kept face up. The abdomen of the rat was incised and the
stomach and duodenum were exposed. A polyethylene tube (O.D.
4.0 mm, I.D. 3.6 mm) was inserted into an incision the duodenum
orient pylorus and held in place by wrapping a ligature. Another
polyethylene tube (O.D. 2.0 mm, I.D. 1.6 mm) which has been applied to prevent dehydration, was inserted induce to intestine from
the same incision. After the operation, the incision was sutured and
the intestine was perfused at a ﬂow rate of 0.5 mL h1 with saline,
heated at 37 °C. Animals were given at a ratio of food (contain 1.0 g
BaSO4 and 0.3 g casein of the solid particle form) over the weight
of a rat (4.0 mL per 200 g) by gavage. For every 20 min, the digesta

2.3.1. Model development
The DIVRS (shown in Fig. 3) is composed of a soft rat stomach
model, a compressive rig, a heat preservation box and the secreting
and emptying system.
The soft-elastic in vitro rat stomach model was created using a
silicone mold with the aid of an actual rat stomach with their inner-surface turned outwards (shown in Fig. 4). Parafﬁn wax
(Shanghai Yonghua Inc., China) was melted down and poured into
the mold, cooled and then demold. The mixed silica gel A and B
(Dragon Skin, Rowe Trading Company, Australia) was poured over
the wax mold to create the ‘skin’ of the rat stomach model. The
coating was further repeated until the thickness of the stomach
wall was sufﬁcient to allow repeated squeezing without tearing
(0.30 ± 0.01 cm). After the wax mold was taken out of the soft silicone model, the incision was adhered and the inlet/outlet tubes
were attached to complete the rat stomach model. The soft
in vitro stomach model has an approximate internal volume of
7.5 mL and its outer dimensions would be ﬁtted in a box volume
of around 4.0 cm in length, 3.0 cm in width and 2.5 cm in height.
Two new soft-elastic rat stomach models were prepared using this
method as the Stomach model 1 and the Stomach model 2. The
Stomach model 1 has a smooth inner surface, just as the previous
study was used (Chen et al., 2012); but the Stomach model 2 got a
signiﬁcant improvement on the wrinkled glandular portion, similar
to the actual rat stomachs. Two one-way valves made by the
above-mentioned method were installed as the pharynx and pylorus. The pharynx valve was to ensure the gas pressure in the soft
stomach model is consistent, and the pylorus valve was to prevent
the contents in the duodenum from returning to the stomach. The
tubes used for the ‘oesophagus’ and ‘duodenum’ were created
using 5.0 mm I.D. ﬂexible PVC pipes.
The compression rig was set to create three compressions per
minute (cpm), and the amplitude of the angle plate was set at
2.6 mm (Chen et al., 2012). In the current new setup, several new

Fig. 3. Installation diagram of the dynamic the in vitro rat stomach (DIVRS). (1) Soft in vitro rat stomach model; (2) compressive rig; (3) heat preservation box; (4) syringe
pump; (5) one-way valves; (6) oesophagus; (7) duodenum; (8) compressive plate; (9) support; (10) tubes for secretion; (11) spot lamps; (12) sensor of the thermostat.
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Fig. 4. The manufacturing operation of the new rat stomach model. (A) the actual rat’s stomach; (B) the silicone mold on a real rat stomach then ﬁlled with wax melt; (C) after
the wax was cooling down, demolding to get a wax rat stomach model with smooth or wrinkled glandular portion; (D) coating on (C) with dragon skinÒ to get a soft-elasticity
silicone rat stomach model.

activities took place. Here, four supports were used to compare the
different conﬁgurations of the rat stomach models to the digestion.
The support-a is a square aluminum bar where the glandular portion of each rat stomach model was compressed on, to obtain a ‘ﬂat
compression’. The other supports (b/c/d) made by plexiglass are
used to deploy ‘locally concentrated compressions’ on the gastric
body, the pyloric canal and the terminal antrum of the rat stomach
models respectively (shown in Fig. 5a). A temperature controlled
plexiglass box was made and heated with spot lamps, which are
controlled by a thermostat (WK-1, OHCHIDA, Germany). The temperature inside was maintained at 37 °C. It usually takes about
10 min to reach the predetermined temperature. The experiment
on the DIVRS was started after the system reached 37 °C.
The DIVRS is intended to provide mechanical force on the gastric contents, as well as gastric secretion and empty the digesta
to mimic the rat digestion process. Two syringe pumps (TJP-3A/
w0109-1B, Baoding Longer Precision Pump Inc., China) were used
as the secreting and emptying system, respectively. One of them
delivered simulated gastric juice into the soft rat stomach model
though a 5.0 mm I.D. PVC pipe into ﬁve polyethylene tubes (I.D.
1.0 mm) as shown in Fig. 5b. Inside each soft model, the ﬁve tubes
which play the roles of secretory glands, are placed along the glandular portion, approximately 10 mm height from the bottom of the
model, to allow a uniform distribution of the gastric juice. The
other syringe pump is used to extract digesta from duodenum to
mimic gastric emptying. Flow rate of the syringe pump can be adjusted between 0.000 and 10.000 mL min1.

2.3.2. Batch digestion of casein in the DIVRS
The mechanical force generated by the four compression conﬁgurations was measured respectively by using a texture analyzer
(EZ-S, EZTest, Shimadzu, Japan) with a cylindrical ﬂat ended probe
(4 cm diameter) to compress the rat stomach models with different
supports in each run.
Batch process was employed in the DIVRS without gastric juice
secretion and emptying. Casein powders (0.30 g) were mixed with
4.0 mL simulated gastric juice I, digesting in the DIVRS for 6 h in
the two rat stomach models (one smooth and one wrinkled) with
four compressive supports respectively in digestive test. The bioavailability of casein represented by the concentration of the soluble peptides has been determined by Lowry method. The
conﬁguration with the highest digestive efﬁciency was recognized
as an optimal condition. The particle size distribution of the digesta
on the optimal condition was obtained using Micromeritics Saturn
DigiSizer (Micromeritics Inc., the USA), which can analyze a particle size range of 0.1–2000 lm.

Fig. 5a. The supports used for ﬂat compression and locally concentrated compressions on the rat stomach model.

Fig. 5b. The tubes that deliver gastric juice into the model stomach.

2.3.3. Comparisons between the in vivo and the in vitro experiments
0.60 mL gastric juice II was injected into the DIVRS before meal
to mimic fast state. 0.30 g casein mixed with 4.0 mL water were fed
to the Stomach model 2 under the optimal condition. The gastric
juice secretion and the emptying were started immediately after
the mixture was introduced into the DIVRS, and continued at the
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ﬂow rates which are determined based on the results of the abovementioned in vivo experiments. For every 30 min, the emptying
digesta were collected in a plastic tube. For each sample, pH and
the concentration of the soluble peptides were determined.

2.4. Statistical analysis
All results are expressed as the means ± SE (n = 3). The statistical analysis of the data was made by two-way analysis of variance
(ANOVA). A value of p < 0.05 was accepted as being statistically
signiﬁcant.

3. Results and discussion
3.1. The in vivo experiments
Gastric myoelectricity tension activity, recorded as the serosal
Electrogastrography signals, were analyzed by Fast Fourier Transform (FFT) analyses to obtain the frequency and the force of the
dominant contraction. The dominant gastric frequency in the 12
rats was 2.98 ± 0.88 cpm, which is closed to the human gastric contract frequency. The dominant contractive force was 2.26 ± 1.42 g.
The slow wave and contraction tension recorded by the myoelectricity tension transducer was shown in Fig. 6a. It was observed
that the slow waves of the gastric peristaltic contractions begin
from the bordering fold between the forestomach and the glandular portion of rat stomach, traveling towards the pylorus in a
sequential manner. One or two peristaltic contractions occur on a
stomach at the same time (shown in Fig. 6b). The average propagation velocity of the peristaltic wave was found to be 0.4 mm/s. The
propagation velocity increases from the proximal to the distal
stomach. As the peristaltic wave reaches the pylorus, the contraction widens and deepens reaching to the strongest, referred to as
the ‘‘terminal antral contraction’’ (Bilecen et al., 2000; Schulze,
2006). In some rats, no peristaltic contraction was observed in their
stomachs within the ﬁrst 45 min or longer after pulling on stomachs with the surgical instruments during the operations.
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In 5 h digestion of the pylorus ligated rats, solid food caused a
signiﬁcant increase in the volume of gastric juice as compared to
liquid food. The mean gastric secretion of a 200 g rat for 1 h was
1.38 ± 0.48 mL after being given solid food, while the mean gastric
secretion was up to 0.75 mL h1 per 200 g animal weight after
being given liquid food (Paiva et al., 1998). The average total acid
output was 23.17 ± 14.69 mM in the whole 5 h after taking food.
The mean activity of pepsin in the gastric juice was
252 ± 67 U mL1.
It was also observed that solid food and liquid food layered in
rat stomachs according to their densities. Air bubble ﬂoated on
top, particles settled on the bottom with liquid in between, which
is accordance with Schulze described (Schulze, 2006). This is the
reason why 60–70% of the liquid part in the rat stomachs emptying
quickly during the ﬁrst 10–30 min. An exponential decrease in the
rate of gastric emptying during the ﬁrst 3 h was shown in Fig. 7,
while continuous emptying of the mainly liquid digesta was going
on. However, in the last 3 h, the gastric emptying rate was maintained around 0.611 ± 0.128 mL h1, and the proﬁle became a stable plateau. At the end of the 5 h digestion, a viscous mixture with
thick rotten smell of 0.558 mL ± 0.330 mL was still retained in the
rat stomachs, which is a good agreement with the storage capacity
of rat stomach reported in literature (Gärtner, 2002).

3.2. Compressive forces of DIVRS
Gastric emptying is roughly an isobaric process without a distinct pressure gradient (Indireshkumar et al., 2000; Hausken
et al., 2002). The pressure pulses produced by peristaltic contractions not only affect the rate of outﬂow, but also generate forces
to promote food mixing and digestion. It was observed that the
peristaltic waves propagate intensifying along the greater curvature of the rat stomach to distal stomach in the in vivo experiments. In other words, the contractive force might be different
depending on the locations on the stomach. Figs. 8a and 8b revealed that the compressive forces at different locations of the
two rat stomach models are basically determined by the positions

Fig. 6a. The contraction tension recorded by the myoelectricity tension transducer on one of the actual rat stomachs tested.
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Fig. 6b. A peristaltic wave spreads on the rat stomach wall (noting the ﬁrst and the second wave move along the stomach at the same time).
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Table 1
The maximum forces and the apparent elastic coefﬁcients generated by the newly
made DIVRS.

Nmax (N)
kapp  103
(N m1)

Fig. 8a. Compressive force generated by DIVRS to compress the stomach model.
Stroke 0 mm and 2.6 mm is the highest and lowest point of the path of the
compressive plate.

of the compressive plate. The maximum forces were also received
at the deepest compression.
The apparent elasticity coefﬁcient kapp was calculated by the
following equation:

DF ¼ kapp  Dx

a-1

b-1

c-1

d-1

a-2

b-2

c-2

d-2

12.76
1.87

4.55
1.18

7.93
0.64

10.30
1.65

5.82
0.91

4.74
0.88

5.87
0.68

3.23
0.53

models may due to the terminal morphological narrow of the rat
stomach. The coefﬁcient of elasticity of the Stomach model 1
(smooth inner surface) is higher than the Stomach model 2 (wrinkled glandular portion), which means the Stomach model 2 has a
better stress resistance, that probably beneﬁts from the stress
absorption by the wrinkles. However, the compressive forces either
on the Stomach model 1 or the Stomach model 2 are larger than the
contractive forces produced during the in vivo experiments
(2.26 ± 1.42 g).

ð1Þ

DF is the strain or the elastic force, N; Dx is the distance of deformation, m. Table 1 indicates that the maximum elastic coefﬁcients
were received with the ﬂat compression (a-1and a-2) on the two
models. The maximum forces deployed from the pyloric canal compressions and the terminal antrum compressions are stronger than
which from the gastric body compressions on the two stomach

3.3. Determination the optimal condition by batch casein digestion in
the DIVRS that corresponds to the best of in vivo trends
The efﬁciency of the batch casein digestion was compared between the two rat stomach models, the results were shown in
Figs. 9a–9d refer to the four conﬁgurations compressed with different geometrical supports. It can be seen that the casein digestion in
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Fig. 9a. Comparison of the accumulated concentrations of the soluble peptides
generated from casein in the 1 – smooth stomach model and 2 – wrinkled stomach
model by DIVRS with compression on the glandular portion (p < 0.05).
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Fig. 9b. Comparison of the accumulated concentrations of the soluble peptides
generated from casein in the 1 – smooth stomach model and 2 – wrinkled stomach
model by DIVRS with compression on the gastric body (p < 0.05).

the Stomach model 2 showed higher digestion efﬁciency than the
Stomach model 1 except the conditions of the b-gastric body situations (Fig. 9b). The results indicate that the wrinkled inner-surface of the glandular portion should play an important role in the
digestion process as there was no wrinkle on the gastric fundus.
The small ditches among the wrinkles might hold some solid foods
during the digestive process, making a longer retention time and
the‘roughness’ promoted mixing of the materials, enhancing casein
digestion. It is also shown that the ﬂat compression a-2 and the
partial compression c-2 and d-2 have almost the same effect on
the casein digestions in the Stomach model 2 (Figs. 10a and 10b).
In summary, the Stomach model 2 has better digestive efﬁciency
and smaller variations were found among the results of ﬂat and locally concentrated compressions than the Stomach model 1.
Although a-2, c-2, d-2 had the same effect, for conveniently, c-2
(pyloric canal compression) was selected as the optimal condition
due to it shows the best repeatability of the existing experimental
model. For three replicated trials, CV of the data of digestive pro-
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Fig. 9d. Comparison of the accumulated concentrations of the soluble peptides
generated from casein in the 1 – smooth stomach model and 2 – wrinkled stomach
model by DIVRS with compression on the terminal antrum (p < 0.05).

ﬁles, calculated as the ratio of the standard deviation to the arithmetic mean, are generally within 5.0%.
Fig. 11 revealed the change of the solid food particle size during
the casein digestion on the optimal condition (c-2). The average
particle size was signiﬁcantly reduced from 131.0 ± 14.7 lm to
100.9 ± 5.4 lm during the 5 h digestion, with the cumulative percentages of the particles less than 10 lm had a signiﬁcantly
increasing of 9.9%. Interestingly, a ﬁerce swelling for the solid
digesta particles can be seen as the proﬁle of the cumulative percentage of the particles greater than 200 lm, changing from the
initial 2.1–16.5% in the ﬁrst 0.5 h digestion, retained 11.7% even
after the 5 h digestion. The swelling phenomenon of the solid protein digesta particles may be explained as follow. In the gastric
juice, the proteins undergo degradation by pepsin (Sevedberg
et al., 1985). The food structure is also permeated by the gastric
juice. This endopeptidase exhibits preferential cleavage for the
hydrophobic residues at the C-terminal region, such as Try, Tyr
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Fig. 10a. Comparison of the accumulated concentrations of the soluble peptides
generated from casein digestion in the Stomach model 1 by DIVRS with compression on a – glandular portion; b – gastric body; c – pyloric canal; d – terminal
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Fig. 11. Change of the solid food particle size during the casein digestion on the
optimal condition (c-2). -h-Average particle size; -D- cumulative percentage of the
particles greater than 200 lm; -s- cumulative percentage of the particles less
than10 lm.
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Fig. 12a. Schematics of the chemical reaction in the conventional reactor.
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Fig. 12b. Schematics of the biochemical reaction in the in vitro digestive system
(the DIVRS).
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Fig. 10b. Comparison of the accumulated concentrations of the soluble peptides
generated from casein digestion in the Stomach model 2 by DIVRS with compression on a – glandular portion; b – gastric body; c – pyloric canal; d – terminal
antrum (p < 0.05 between b-2 and a-2/c-2/d-2).

and Phe (Chabance et al., 1998; Malito et al., 2008; Miquel et al.,
2006; Schmelzer et al., 2007). At the beginning of the digestion,
the cleavage on casein may not turn it to short chain polypeptides
immediately due to its net-like molecule spatial structure but degrade the special peptide chain, with the combined effect of the
acid in the gastric juice helping in breakage the hydrogen bonds,
the protein molecular was from the original orderly tight structure
into disorder loose stretch structure, which just like cut the strings
of a net and it falls apart, generate wet holes to let the gastric juice
diffusing in and swelling the particles (Kumosinski et al., 1993;
Kong and Singh, 2008a; Hasjim et al., 2010). A large number of
internal hydrophobic regions exposing by these digestion and
denaturation process, absent the water ﬁlm on the particle, the collision among the particles tend to aggregation and strongly stabilize the whole molecule (Chiti et al., 2002; Ventura et al., 2004;
Qi et al., 2005; Wright et al., 2005).

3.4. Comparison between the in vivo and the in vitro experiments for
casein digestion with continuous gastric secretion and emptying
The release of nutrients from solid food depends on the physical
and chemical characteristics of foods as well as dynamic physiological events including pH, gastric emptying, and enzymatic secretion (Kong and Singh, 2010). In a conventional chemical process
the chemical reactor is the core as it provide suitable conditions
for chemical reactions. The in vitro rat stomach model is such kind
of improved soft biochemical reactor, which offers a soft surface
compressed by DIVRS to produce a rhythmic mixing between food
(substrate) and the gastric juice (enzyme). It also offers wrinkles
inside the surface to disperse the stress and improve the repeatability (as shown in Figs. 12a and 12b).
As mentioned earlier, experiments were conducted using casein
as model food to compare the digestion efﬁciency between the
in vivo and the in vitro experiments. In these experiments, the ﬂow
rate of gastric juice added into the Stomach model 2 and its emptying rate are determined based on the results of the above-mentioned in vivo experiments to simplify the digestion process
under the optimal conditions. Fig. 7 showed the matched gastric
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7

in vivo

3000
back-facing-up
2500

Soluble peptides (µg/mL)

emptying rates. A trial time of 5 h was selected since most solid
foods are emptied within 3–5 h for mammals (Oomen et al.,
2003). During the 5 h trial, the total addition of gastric juice was
about 3.3 mL, and the total volume of emptying digesta was about
3.6 mL. The volume of gastric juice in the fast state was 0.8 mL and
decreased to 0.5 mL at the end of the trial.
Fig. 13 shows the pH proﬁles in the in vivo experiments and the
DIVRS during the 5 h digestion. It can be seen that the pH proﬁle
has a sharp increase when food were given to the living rats or
the rat stomach model due to the diluting effect of food. With a
continuous secretion of gastric juice, the pH of the gastric contents
should be decreased in theory. However the consumption of acid
by the casein for its hydrolysis makes the pH of the gastric contents
increased. Overall, the apparent pH of the gastric contents in rat
stomach was dependent on the combined action of the gastric juice
secretion and the casein digestion. The stomachs of the living rats
also produce a pH lag phase at around 4.27 ± 0.20 in the ﬁrst 3 h
and dropped only 0.78 during the last 2 h of digestion process,
which suggests the existence of buffering effect was found in the
living rat stomach. It is also proved that the casein digestion is
the dominated factor affecting the pH at the initial of the trial, then
the gradual decrease of pH was formed by the gradual emptying of
the digesta and the injecting of the gastric acid. An exponential decrease of pH can be seen in the DIVRS throughout the later 4.5 h
digestion when the gastric juice secretion and the gastric emptying
were the major inﬂuencing factors. At the end of digestion (5 h),
the pH reached 2.73 in the DIVRS while 3.64 in the in vivo experiments although they shared the same react conditions. Moreover,
it showed that the living rats digested greater amount of food than
the in vitro experiments, as they need more gastric juice during the
digestion process, which proved in Fig. 14.
When the conditions for the trials are designed from the in vivo
experiments, the average proﬁles of the soluble peptides present a
near linear increase during 5 h digestion of the in vivo and the
in vitro experiments (shown in Fig. 14). It is can be seen that the
DIVRS showed a much better repeatability for 3 replicated trials,
the ratio of the standard deviation to the arithmetic mean is generally within 7.8%, compared with a signiﬁcant individual difference of 70% of the in vivo experiments. However, the results also
showed that nature digestion in the in vivo experiments is high
effective, complex and heterogeneous that the digestive efﬁciency
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Fig. 14. Comparison of the accumulated concentrations of the soluble peptides
generated from casein digestion in the in vivo (n = 12) tests and in vitro testings on
two body position on the DIVRS (n = 3), respectively.

of the DIVRS was far from that calculated for the actual stomach. In
practice, the natural solid foods in the living rat stomach would
normally present a heterogeneous precipitation and mixing due
to their wide size distribution. This is in contrast to the good homogeneity of the casein mixed with the gastric juice in this study. The
intrinsic actions take place inside the larger food particles, and
they would be more interactive to the compression/contraction
of the wall of the stomach model. This will be further examined.
Further investigation of the current system may be: comparing
the digestive ability of the in vivo and in vitro experiments by some
large particle food such as rice, and setting up contractions within
the walls on the DIVRS, which is of course a great challenge.
It is noted that, due to the clinical protocol, the rats were placed
on their back during the in vivo experiments, which might have an
inﬂuence compared with the other way. In the in vitro work in this
current study, we have examined this impact. The in vitro results
revealed that the rat’s back-facing-up (normal life situation) and
back-facing-down (experimental situation) body position of the
rat had only small effect in the ﬁrst 2 h digestion, but the back-facing-up position showed a better digestive efﬁciency than the backfacing-down position, which corresponds to the fact that the nature is the best structural engineer.

DIVRS

6

4. Conclusion
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Fig. 13. Changes of pH in the in vivo (n = 12) and the DIVRS (n = 3) experiments,
respectively.

The results obtained from the improved DIVRS conﬁrmed a
claim that a physiological relevant simulation of gastric system
morphology, such as wrinkles on inner-surface, may help spreading out of the locality of the designed compression. The improved
DIVRS offers a good repeatability which is superior to the in vivo
experiments since they have very wide individual variations. The
back-facing-up body position was proved to be more efﬁciency
during the digestive process than the back-facing down position
by using DIVRS. However, it has been found that the behavior of
peristaltic wave on the gastric wall using existing techniques of
the DIVRS is rather difﬁcult. Essentially, there are two levels of
movements: single overall compression and sophisticate peristaltic wave movement on the gastric wall. Compression from outside
of the model wall in this study does not provide sufﬁcient mixing
of the gastric juice and the food, resulting a lower digestive efﬁciency in the DIVRS than that in the in vivo experiments. Based
on this interesting feature, there is a great incentive to further
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improve the current DIVRS by testing heterogeneous food and
establishing more nature-like wall contractions.
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