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Previously, a dynamic in vitro rat stomach system (DIVRS-I) designed based on the principles of morphological
bionics was reported. The digestibilities of casein powder and raw rice particles were found to be lower than those in vivo
due to perhaps the less efficient compression performance and lower mixing efficiency. In this study, a 2nd version of the
rat stomach system (DIVRS-II) with an additional rolling extrusion type motility on the wall of the soft-elastic silicone
rat stomach model is introduced. The DIVRS-II was then tested by comparing the digestive behaviors of the casein
powder suspensions and raw rice particles with those previously published data obtained from the in vivo test on living
rats, the DIVRS-I, and the stirred tank reactor at its optimum stirring speed. The results have indicated that although
the digestibilities of the casein powder and raw rice particles in the DIVRS-II are still lower than the average results
obtained from in vivo, they are significantly improved by about 50% and 32% at the end of digestion compared with that
in the DIVRS-I, respectively. The work has demonstrated that the powerful rolling extrusion is highly effective and has
contributed to the significant improvement of digestibility as shown here. In addition, the digestibility presented in the
DIVRS-II was found already higher than that tested in the STR at its optimum speed, indicating the high potential of the
soft-elastic stomach under the influence of the “rolling and squeezing” for more realistic investigation of food digestion.
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extrusion

The DIVRS-II could be used as a useful “prescreening” tool to predict or investigate changes in the
physical and chemical properties of food matrixes with different material properties (particle size, texture, microstructure,
and chemical components), and the disintegration kinetics as well as gastric emptying behaviors during simulated gastric
digestion.

Practical Application:

Introduction
The stomach is the major functional compartment for food disintegration and digestion in a human body or in animals, where
large particles are reduced into small particulates and more digestable forms due to both physical forces and biochemical reactions (Schulze 2006; Kong and Singh 2008). The experimental
approaches reported in literature for investigation of gastric digestion are focused on either using in vivo or in vitro trials. In
vivo feeding methods using living animals (such as rats, pigs, and
monkeys) usually provide reliable and accurate results due to the

JFDS-2016-1419 Submitted 8/31/2016, Accepted 2/5/2017. Authors Wu, Liao,
Chen, and Chen are with Suzhou Key Laboratory of Green Chemical Engineering,
School of Chemical and Environmental Engineering, College of Chemistry, Chemical Engineering and Materials Science, Soochow Univ., Suzhou, 215123, China.
Author Wu is with ARC Centre of Excellence in Plant Cell Walls, Centre for
Nutrition and Food Sciences, Queensland Alliance for Agriculture and Food Innovation, The Univ. of Queensland, St Lucia, 4072, QLD, Australia. Author
Liao is with Nantong Dong Concept New Material Technology Ltd, Nantong City,
Jiangsu Province, China. Authors Luo and Chen are with School of Biology and
Basic Medical Science, Soochow Univ., Suzhou, 215123, China. Direct inquiries
to authors L. Chen and X. D. Chen (E-mail: chenliding@suda.edu.cn; xdchen@
mail.suda.edu.cn).

R

C 2017 Institute of Food Technologists

doi: 10.1111/1750-3841.13683
Further reproduction without permission is prohibited

directly relevant to stomach physiology such as gastric motility
and accommodation (Hur and others 2011). Among the whole
animals used, rats have often been a good choice due to similarities in metabolism, anatomy, and physiological parameters to
humans, small size, docile nature, short life span, ease of breeding, and maintenance at a relatively low cost (Kacew and others
1995). However, apart from the high cost and unsatisfactory repeatability of animal-based tests, the biggest challenge is that they
are associated with ethical issues that make such approaches less
favorable for routine gastric digestion analysis (Yoo and Chen
2006; Chen and others 2011; Guerra and others 2012). There
is also a possibility that, a rat used as a model for human-related
works may not actually be all that appropriate due to the differences in the gastric anatomy and structure such as the geometric
shape and dimension between the 2 species (DeSesso and Jacobson 2001). However, in human nutrition, in particular related to
diabetic-related works, the rats have been used for orally delivered
medication research including microencapsulated insulin particles
and in vivo pharmacokinetic studies as well as survival rates of probiotics during digestion in the gastrointestinal tract (Hussain and
others 1997; Martinez-Flores and others 2017; Radwan and others 2017). Although the rat is not the same as human, the essential
stomach morphology and digestive function are similar to the humans particularly at the microscopic level (DeSesso and Jacobson
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2001). Thus, it is not uncommon in literature that the rats have
been employed to assess the glycemic metabolism and biological
response during digestion that is related to human health research
(Miranda and Pelissier 1983; Lee and others 2005; Denardin and
others 2007).
To overcome the drawbacks of the in vivo methods, various in
vitro digestion models have been developed in the past decades to
investigate the structural and physiochemical changes as well as
nutrient release during digestion. Serving as rapid “prescreening”
tools to predict and characterize the food digestive and gastric
emptying behaviors in human stomach, a successfully validated
digestion model will be expected to partially replace the in vivo
tests thus reducing the cost and time as well as avoiding the ethical constraints (Chen 2006; McClements and Li 2010; Chen and
others 2011; Guerra and others 2012). The construction of a
well-recognized digestion models with widespread applications,
however, is challenging and worthwhile, which is a process that
will take a long time to gather experience and improve the current
models. In the past decades, many digestion models have been developed, validated, and applied for simulation of gastric digestion,
including the simulator of human intestinal microbial ecosystem
(SHIME; Molly and others 1993; Nollet and others 1997), TNO
gastric model (TIM-1; Minekus and others 1995, 1999; Cardot
and others 2007), dynamic gastric model (DGM; Wickham and
others 2009), and human gastric simulator (HGS; Kong and Singh
2010). All these models were focused on simulating physiochemical environment and gastric motility in humans, but the main
drawback for all of them is that they ignored the effect of geometrical morphology and inner physiological structure of the stomach
on digestion and gastric emptying (Barros and others 2016), which
might fail to reproduce the fluid mechanics, distribution of gastric
contents, and gastric emptying order that encounter in vivo (Chen
and others 2013; Chen 2016). Moreover, the current models are
human digestion models designed directly to simulate food digestion process in humans. One of the main problems existed in
them is the difficulty of obtaining enough in vivo data to support
the in vitro studies due to the ethical restrictions of human clinical tests and the extremely complex physiochemical environments
in the real gastrointestinal tract (Guerra and others 2012). Hence,
this often involves of a certain degree of inconvenience when setting the in vitro parameters in human models and thus limiting
the establishment of more informative point to point in vitro–in
vivo correlations (IVIVC; Kong and Singh 2008; Guerra and others
2012). However, for the animal digestion models such as a rat
model, the relevant physiological parameters (i.e. enzyme activity,
gastric secretion rate, and peristaltic contraction force) used for in
vitro studies are easier to be benchmarked by conducting tests on
living rats. The experience of development of the animal digestion
models (including the rat stomach models) based on the principles
of morphological bionics is expected to help establish the foundation of more attractive human stomach models in the future for
more practical applications. After all, the construction of a relatively small rat stomach model is easier with low cost compared
to that of a more complex human stomach model directly. At this
early stage, it is reasonable and essential to accumulate sufficient
experience in small scales.
Previously, a “near-real” dynamic in vitro rat stomach (DIVRS-I)
system was tested based on the principles of morphological bionics (Chen 2016), which was intended not only to mimic the
physical movements and chemical conditions present in real rat
stomach, but also to possess the relevant stomach geometry, morphology, and elasticity. The DIVRS-I system has been proved to
1388 Journal of Food Science r Vol. 82, Nr. 6, 2017

be effective in showing similar digestive and gastric emptying behaviors of casein powder and raw rice particles as those found
in vivo experiments of living rats (Chen and others 2013; Wu
and others 2014). It also showed a better repeatability compared
with the in vivo results. However, the digestibility and buffering
ability were lower due to perhaps the less efficient mixing efficiency and less vigorous peristaltic contractions implemented on
the silicone stomach model in the DIVRS-I system (Lentle and
others 2010; Wu and others 2014). In this study, an improved
version of the system, dynamic in vitro rat stomach (DIVRS-II)
was introduced and tested by minimizing the disadvantages of the
DIVRS-I, including incorporation of a more powerful peristaltic
(rolling extrusion) movement to the silicone rat stomach. The
digestive performance of the DIVRS-II was evaluated by investigating the particle size distribution and digestibility of the raw
rice particles and casein powder suspensions, which represented 2
different food matrixes with different particle sizes and structures.
The results have demonstrated that the “near-real” approach, including the soft-elastic stomach model and the relevant mechanics,
is feasible in establishing a useful in vitro digestion device.

Materials and Methods
Materials
For comparison with the previous data, the casein powder and
raw rice particles used in this work were the same as those used in
the previous studies (Chen and others 2013; Wu and others 2014).
The casein powder with the particle size of approximately 131.0 ±
14.7 µm was purchased from Sigma (C3400; Sigma-Aldrich,
U.S.A.). The initial (t = 0 min) particle size distribution of the rice
particle samples introduced for in vitro digestion in the DIVRS-II
is dependent on the in vivo experimental results of living rats obtained at 0 min (Table 1). The simulated rat saliva and gastric
juice were prepared following the same method as that had been
described previously (Wu and others 2014).
Development of the DIVRS-II system
The DIVRS-II system kindly provided by Nantong Dong Concept New Material Technology Ltd. (China) is composed of a softelastic silicone rat stomach model, a mechanical driving device, a
temperature controlled box and a gastric secretion and emptying
device (Figure 1). The silicone rat stomach model was created
using a silicone mold with the aid of an actual rat stomach with its
inner-surface turned outwards (Figure 2). The procedure of making the silicone rat stomach has been reported previously (Chen
and others 2013). The completed rat stomach model has similar
geometrical dimensions with the real rat stomach, with an approximate internal volume of 9.0 ± 0.5 mL and occupying a box of 40 ±
2 mm (length), 30 ± 2 mm (width), and 25 ± 1 mm (thickness).
It is composed of 2 distinct parts separated by the “limiting ridge,”
including the for-stomach, which accounts for about two thirds of
the total stomach volume, and the glandular portion with a smaller
size. The consistent morphological structures are also obtained accordingly, with wrinkled inner surface at the glandular portion
whereas smooth inner structure at the fore-stomach (DeSesso and
Jacobson 2001; Gärtner 2002). These physiological and morphological details of the rat stomach model are in line with those of
in vivo (Gärtner 2002; Chen and others 2013). The driving device
mainly consists of fixed plates, stepper motors, eccentric wheels,
bevel gears, support plate, compression plate, and a driving shaft.
There are 2 different movements generated from the driving device, the vertical compression on the part of fore-stomach (already
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Table 1–The initial (t = 0 min) particle size distribution of the raw rice particles with a total mass of 3.39 g introduced for in vitro
digestion in the DIVRS-II model. The data are derived from the previously published data (Wu and others 2014).

Mass (%)

d < 0.30

0.30 < d < 0.45

0.45 < d < 0.60

0.60 < d < 0.85

0.85 < d < 1.00

d > 1.00

14.92

24.58

20.38

19.34

9.80

10.98

existing motion in the DIVRS-I) imposed by the compression
plate, and the rolling extrusion (the introduced new movement)
toward from the glandular portion to the pylorus produced by 2
eccentric wheels. The frequency of these movements is dependent on the speed of stepper motors, which are connected with a
frequency controller, with adjustable speed of 0 to 10 rpm. The
contraction amplitude can be adjusted in a range of 0 to 10 mm by
changing the gap between the 2 eccentric wheels or the compression plate and support plate. The contraction force is dependent
on the contraction amplitude. Chen and others (2013) have previously reported that the mean mechanic force generated by the

compression movement was around 0.2 N at the compression
amplitude of 2.6 mm (The mean peristaltic contraction amplitude
was found to be 2 to 3 mm in the real rat stomachs). During digestion trials, food materials are driven from the fore-stomach to the
glandular portion due to the vertical compression while the rolling
extrusion is responsible for breaking down the large particles into
small particulates and propelling the gastric digesta into the duodenum. Two syringe pumps (TJP-3A/w0109-1B, Baoding Longer
Precision Pump Inc., China) are used to deliver the gastric juice
through a 4.0 mm I.D. PVC pipe connected with 4 small gastric
secretion tubes (I.D. 1.0 mm) into the silicone rat stomach model

Figure 1–Installation diagram of the dynamic in
vitro rat stomach-Ⅱ system (DIVRS-II; 2(B) is a
local magnification of (A) showing the 2 different
types of movements implemented on the wall of
the silicone rat stomach model). (1) Silicone rat
stomach model, (2) model esophagus, (3)
compression plate, (4) eccentric wheel, (5) driving
shaft, (6) fixed plate, (7) model duodenum, (8)
thermocouple, (9) stepper motor, (10) bevel gear,
(11) gear, (12) lamp, (13) temperature-controlled
box.

Figure 2–The soft-elastic silicone rat stomach
model.
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and to extract the gastric digesta from the pylorus connected with a
silicone tube (I.D. 2.5 mm) to mimic gastric emptying, respectively
(Figure 2). The temperature-controlled box made of acrylic plates
is created to maintain the inner temperature around 37 °C. The
temperature is monitored by a thermocouple connected with an
intelligent temperature controller.
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In vitro digestion of the casein powder suspensions
A small amount of the simulated gastric juice (0.60 mL) was
injected into the silicone rat stomach model to mimic the fast
state before the food loading (Chen and others 2013). The casein powder suspensions (including 0.30 g of casein powder and
4.0 mL deionized water) were fed into the rat stomach model using a syringe through the simulated esophagus. The driving device
was set to create 3 compressions and 6 extrusions per minute, and
the amplitude of the angled plate was set at 2.6 mm (Chen and
others 2013). The gastric juice was fed to the silicone stomach
model continuously upon the food loading at an average rate of
25 µL/min with the aid of a syringe pump. The gasric digesta was
extracted from the pylorus upon digestion at an average rate of
22 µL/min using another syringe pump. The gastric juice secretion and gastric digesta extraction rates were determined in agreement with the in vivo data reported by Chen and others (2013).
The food sample was digested continuously in the DIVRS-II for
180 min. For every 30 min, the emptied digesta was collected in
a 1.5 mL centrifuge tube for measurement of the concentration
of soluble peptides as expressed by equivalent concentration of tyrosine. The tyrosine concentration was determined following the
Lowry method (Hartree 1972).

In vitro digestion of the raw rice particles
The following procedures were carried out the same as reported
in our previous work (Wu and others 2014). Specifically, a total
amount of 3.37 g of the raw rice particles with different size ranges
(%, shown in Table 1) were well mixed with 2.15 mL deionized
water followed by adding 1.01 mL simulated rat saliva (37 °C). The
ratio of food: water: saliva was in line with the previous in vivo results of living rats (Wu and others 2014). In order to better mimic
the processes of food ingestion and oral digestion as that occurred
in rats, the mixture was averaged into 10 small parts and was introduced into the silicone rat stomach model in batches at an interval
of 3 min. The gastric digestion was started immediately upon the
finish of the food “feeding” (30 min in total). The following procedures including the simulation of the fast state, gastric juice secretion, gastric digesta emptying, and the compression and rolling
extrusion frequencies were the same as the above-mentioned digestion process of the casein powder suspensions. The food samples were digested in batches in the DIVRS-II for 0, 60, 120,
and 180 min, respectively. For the test of each time point, after
the food sample was digested for the given time, the DIVRS-II
was stopped and the gastric digesta remaining in the stomach was
collected for the measurements of the pH, particle size distribution, and reducing sugar (as represented by maltose) concentration.
The gastric digesta pH was determined freshly upon the collection. The particle size distribution as expressed by dry solids in
different size ranges (%) was determined using the wet sieving
method (Kong and Singh 2010). The maltose concentration was
measured by 3,5-dinitrosalicylic acid colorimetric (DNS) method
(Miller 1959).
1390 Journal of Food Science r Vol. 82, Nr. 6, 2017

Statistical analysis
All experiments were conducted in triplicate and the results
were expressed as the means ± standard deviation. A significance
test was conducted using analysis of variance (ANOVA) in the
GLM procedure of the SAS System to analyze the effect of additional rolling extrusion of the DIVRS-II on final digestibility
(t = 180 min) of the raw rice particles and casein powder suspensions as well as particle size distribution and pH of the gastric
digesta of the rice particles when comparing with the previously
published data obtained from the DIVRS-I, stirred tank reactor
(STR) and in vivo. In addition, the influence of time on the particle
size distribution of the raw rice particles in each stomach system
was also considered. Statistical significance was set at a probability
level of 0.05. The coefficient of variation (CV) was calculated as
a percentage of the standard deviation to the mean value (SD/
mean × 100) and was used to evaluate the repeatability of the
stomach models.

Results and Discussion
Concentration of soluble peptides
Figure 3 shows the change in the concentration of soluble
peptides (as expressed by equivalent tyrosine) with respect to
digestion time during digestion in the DIVRS-II system. For the
purpose of comparison, the previously published results obtained
from the in vivo, DIVRS-I and STR are also displayed in the same
figure (Chen 2014; Chen and others 2014). As shown in Figure
3, the DIVRS-II shows consistent digestion plots of the casein
powder with the other stomach systems, with the concentration
of tyrosine increasing as the time progressed. However, a higher
digestibility of the casein powder was shown in the DIVRS-II
compared with that in the DIVRS-I throughout the whole
digestion. At the end of digestion, the DIVRS-II (601 ± 60
µg/mL) displayed significantly higher tyrosine concentration than
the DIVRS-I (398 ± 48 µg/mL; P < 0.05), indicating that the
conversion efficiency was improved by 50% in the new in vitro rat
stomach system. Furthermore, the digestibility obtained from the
DIVRS-II was even higher that that obtained from the STR at its
optimum speed of 60 rpm (The optimum speed was defined as the
stirring speed when achieving the highest digestibility. This result
has been previously reported by Chen (2014)). This might be
mainly due to the action of rolling extrusion that generated higher
grinding force and better mixing efficiency between the casein
particles and the gastric juice. In fact, there was a considerable
percentage of the casein particles was observed precipitating in
the bottom of the silicone stomach model in the DIVRS-I due
to the only compression effect (Chen and others 2013; Chen
2014). However, this phenomenon was scarcely observed in the
DIVRS-II, with the particles being mostly suspended due to
the rolling extrusion that might generate a local turbulent effect,
which would promote the mass transfer process between the
particles and digestive juice (Asfour 1985). As stated, the digestive
capacity of the DIVRS-II was greatly improved compared to that
of DIVRS-I, however still far from that in the living rat stomach,
which is attributed from the difficulty to completely simulate the
intrinsic great complexity of a real stomach. The CV of the data of
the concentration of equivalent tyrosine, calculated as the ratio of
the standard deviations to the arithmetic mean, is generally within
10% in the DIVRS-I, DIVRS-II, and STR whereas up to 70% in
vivo, which indicates a better repeatability in vitro than that in vivo.
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Figure 4–pH of the gastric digesta of the raw rice
particles during digestion in the in vivo, in the
DIVRS-I, DIVRS-II, and STR. “30 min” represents
the start of the feeding of the raw rice particles in
vivo and in vitro systems. “0 min” represents the
start of the digestion in vivo and in vitro systems.
The data of the in vivo, DIVRS-I and STR shown
here are derived from the previously published
work (Wu and others 2014).

pH of the gastric digesta of the raw rice particles
As shown in Figure 4, the digesta pH in the DIVRS-II has a
remarkable increase from the initial 1.6 (pH of the storing gastric juice in the fast state) to 4.4 in the 1st 30 min digestion
upon the food “feeding” due to the food dilution effect and the
consumption of acid by the rice particles for their hydrolysis. With
the continuous secretion of the simulated gastric juice, the pH decreased gradually in the following digestion time. The variation
trend is in agreement with that in the other stomach systems
(Figure 4), and it is also consistent with that reported by Kong and
others (2011) who examined the pH changes in gastric digesta of
cooked white and brown rice during digestion in a human gastric simulator (HGS), although the specific value of pH at each
time point is different due to the differences in food sample and

analyzing method. Furthermore, the pH profiles are very similar among the in vitro stomach systems; however, the pH values
in the end are significantly different between in vivo and in vitro
(P < 0.05). Specifically, the final pH values are around 2.3, 2.5,
2.2, and 3.1 in the DIVRS-I, DIVRS-II, STR, and in vivo, respectively, indicating a better buffering capacity in vivo than that in
vitro (Kong and Singh 2010; Kong and others 2011). This is perhaps due to the more buffering component such as enzymes and
bile salts present in vivo (Culen and others 2013) than that in the
in vitro stomach systems which are still oversimplified compared to
the real rat stomachs.
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Figure 3–Soluble peptides (as expressed by
equivalent tyrosine) of the gastric digesta of the
casein powder during gastric digestion in the in
vivo, DIVRS-I, DIVRS-II, and STR. The data of the in
vivo, DIVRS-I and STR-60 rpm shown here are
derived from the previously published work (Chen
and others 2013; Chen 2014).
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gastric digesta of the raw rice particles with respect to digestion
time during in vitro digestion in the DIVRS-II. Similarly, the previously published results obtained from in vivo, DIVRS-I and STR
(at its optimum speed of 300 rpm, refer to Wu and others 2014)
are also presented and compared. The overall variation trends of
the proportion of the dry solids in each size range during digestion
in these stomach systems were analogous, with the percentage of
smaller-size (d < 0.60 mm, Figure 5A) particles all gradually increased whereas the middle-size (0.60 < d < 0.85 mm, Figure 5B)
and larger-size (d > 0.85 mm, Figure 5C) particles decreased as
time progressed. Specifically, for the in vivo, in the DIVRS-I,
DIVRS-II, and STR, the proportions of the smaller-size particles
were significantly increased from 62.0% (t = 0 min) to 81.1%,
80.2%, 87.4%, and 85.2% after 180 min digestion, respectively
(P < 0.05), correspondingly the large-size particles were significantly decreased from the initial 19.4% to 4.2%, 4.4%, 2.3%, and
2.1%, respectively (P < 0.05), whereas the middle-size particles
had a slight decrease (P > 0.05). These results indicate that the
raw rice particles experienced a great disintegration both in vivo
and in vitro due to the combined actions of physical grinding and
biochemical hydrolysis (Wu and others 2014). There is no significant difference (P > 0.05) in each particle size range between in
vivo and DIVRS-I, or DIVRS-II and STR-300 rpm throughout
the digestion process. This may indicate that these in vitro systems
could actually generate similar particle breakdown to the in vivo
system. However, compared with the DIVRS-I, the DIVRS-II
showed significantly higher proportions of smaller-size particles
(P < 0.05) and lower larger-size particles (P < 0.05) at the end of
digestion (t = 180 min), indicating an improvement of crushing
efficiency for the DIVRS-II. Kong and Singh (2010) have reported that a higher mechanical force in the stomach would cause
a greater level of the cooked rice disintegration contributing to
a smaller average particle size. Thus, the higher crushing capacity
for the DIVRS-II was possibly attributed to the additional rolling
extrusion that could generate greater mechanical force on the rice
particles.

Figure 5–Particle size distribution (as expressed by proportion of the dry
solids in different size ranges, %, A: d < 0.60 mm; B: 0.60 < d < 0.85 mm;
d > 0.85 mm) of the gastric digesta of the raw rice particles during gastric
digestion in the in vivo, DIVRS-I, DIVRS-II, and STR. The data of the in
vivo, DIVRS-I and STR-300 rpm shown here are derived from the previously
published work (Wu and others 2014).

Particle size distribution of the gastric digesta of the raw
rice particles
Figure 5 shows the change in the particle size distribution
(as expressed by dry solids in different size ranges, including
d < 0.60 mm, 0.60 < d < 0.85 mm, and d > 0.85 mm) of the
1392 Journal of Food Science r Vol. 82, Nr. 6, 2017

Maltose concentration
Similarly, the maltose concentration of the gastric digesta of
the raw rice particles in the DIVRS-II increased continuously
during digestion, which is in line with the already published
results obtained from the DIVRS-I, STR, and in vivo experiments
(Figure 6). The digestibility was actually improved by around
32% in the final of digestion (t = 180 min), with the maltose
concentration increasing from 68.8 mg/mL in the DIVRS-I to
90.8 mg/mL in the DIVRS-II (P < 0.05), although the conversion efficiency was still significantly lower than that in vivo
with the final concentration of 134.7 mg/mL (P < 0.05). The
improved conversion efficiency is expected mainly due to the
additional rolling extrusion of the DIVRS-II that enhanced the
particle crushing efficiency leading to a higher specific surface area
of the particles. It has been known that the nutrients containing
in the food sample particles will be released faster from the small
food particles due to their higher specific area than those from
the large particles by increasing the contact areas between the
substrate and enzymes (Heaton and others 1988; Al-Rabadi and
others 2009).
When compared with the STR at the optimum speed of 300
rpm for the large raw rice particles (Wu and others 2014), the
DIVRS-II showed slightly lower conversion efficiency in the 1st
90 min; however, it displayed higher digestion efficiency in the
following periods of digestion (Figure 6). This different digestion
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rate might be due to the different “breaking” mechanisms between
the 2 in vitro stomach systems. The DIVRS-II is thought to provide
some “rubbing” actions on the food particles due to the effects
of compression and rolling extrusion as well as the inner-surface
wrinkle structure of the silicone stomach model. In the early stage
of digestion, the raw rice particles with larger sizes accounted
for a considerable percentage in these 2 systems (Figure 5); the
relatively high shearing force at the high speed of 300 rpm in the
STR could be expected to efficiently reduce the large raw rice
particles into small particulates thus contributing to the release of
nutrients compared with that in the DIVRS-II. However, with
the increasing large particles being reduced into small particulates
(Figure 5C), the centrifugal force in the STR could force most
small particles to rotate with the stirring impeller, which would
decrease the relative shearing and mixing efficiency (Wu and others
2014). As a result, the conversion digestion rate was reduced in
the later stage of digestion in the STR.
From the perspective of chemical reaction engineering, a real rat
stomach can be served as a natural “biochemical reactor,” in which
the mixing and enzymatic efficiency was still much higher as revealed by the final digestibility than those in the in vitro biomimetic
rat stomach systems (Figure 3 and 6). It should be noted that the
current silicone rat stomach model has similar geometry and morphology with the real rat stomach, but there appears to be still some
way to go to reproduce the identical physical and chemical conditions as those are present in vivo due to the inherent complexity
of the stomach. For example, the compositions of the simulated
rat saliva and gastric juices used in this study would be overly
simplified compared with the actual digestive juice that composes
of multiple enzymes and salts. Moreover, the effects of hormones
and nerves on the secretion of digestive enzymes and motility of
gastric wall were not mimicked and considered. In addition, the
phase of retropulsion occurred in the gastric antrum was not fully
mimicked which may be responsible for better mixing and grinding efficiency (Schulze, 2006; Lentle and others 2010). All of these
factors should be considered step by step in the future when developing a good in vitro stomach system. Despite of the imperfections,

the 2nd version of the dynamic rat stomach system, DIVRS-II, is
now more close to the real rat stomach digestive system compared
with the DIVRS-I. Our next objective is to investigate the effect
of secreting channel arrangements in terms of physical locations,
number of secretion tubes, flow velocity, etc. In other words, the
details of the secreting and mixing mechanisms are worth studying
in the immediate future.

Conclusion
Here an improved version of the dynamic in vitro rat stomach
system (DIVRS-II) is reported, which introduces an additional
rolling extrusion on the wall of the soft-elastic silicone rat stomach model compared to the previous version, DIVRS-I, in which
only the relatively weak compression movement was applied. The
DIVRS-II was tested by comparing the digestive behaviors of the
casein powder and raw rice particles with the previously published
results obtained from the in vivo tests, the DIVRS-I, and the STR.
The results showed that the digestibilities of the casein powder suspensions and raw rice particles after 180 digestion in the DIVRS-II
were significantly improved by about 50% and 32%, respectively,
compared with that in the DIVRS-I, although they were still
lower than the average results from the in vivo. The improvement
of the digestibility in the DIVRS-II could be due to the additional rolling mechanism that might generate greater mechanical
force to the particles leading to the higher particle crushing and
mixing efficiency. The digestibility in the DIVRS-II was found
even higher than that in the STR at its optimum stirring speed,
indicating the significance of mimicking as closely as possible of
the geometrical and morphological structures of the silicone rat
stomach model. Future improvements on the DIVRS-II will be
carried out with regards to the gastric juice secretion supply and
more refined mixing mechanisms. The experience gained in this
work is expected to support future applications of the DIVRSII in food digestion studies and to provide a new prospective to
develop the next generation of gastrointestinal digestion models.
Vol. 82, Nr. 6, 2017 r Journal of Food Science 1393

Food Engineering, Materials
Science, & Nanotechnology

Figure 6–Maltose concentration of the gastric
digesta of the raw rice particles during gastric
digestion in the in vivo, in the DIVRS-I, DIVRS-II,
and STR. The data of the in vivo, DIVRS-I and
STR-300 rpm shown here are derived from the
previously published work (Wu and others 2014).
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