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a b s t r a c t
In vivo (testing on living animals) and in vitro experiments are the two main approaches to studying the
digestive behaviours of different kinds of foods within the gastrointestinal (GI) tract. In our previous
work, an initial dynamic in vitro rat stomach (DIVRS) system was created to investigate its digestion
capacity of casein powder (water suspension) using an angled plate driven by a motor and an eccentric
shaft to create pulsing compression on a polymeric rat stomach model. This indicated that the system
was effective in showing the correct trends of the digestion and emptying of solid or semi-solid food matter with small particle size. In this paper, raw rice particles (larger size) were used as model food to study
their digestive behaviours with the aid of the same DIVRS and a simple stirred tank reactor (STR). These
results were then compared with the in vivo experiments of the living rats. Moreover, the effect of rotating speeds of the impeller in the STR on the digestive behaviours of raw rice particles was also investigated. Better repeatability and similar digestive behaviours were achieved in both the STR and the
DIVRS than that could be obtained in the living rats. Both of the STR and DIVRS were effective in reducing
the large raw rice particles into small ones. However, the digestive efﬁciency and buffering ability in vitro
were lower than that in vivo due to less sufﬁcient mixing of ingested materials. The stirring speed had a
signiﬁcant inﬂuence on the particle digestion in the STR; so, stirring speed must be considered in terms of
using STR as an in vitro digestion system for studying digestive behaviours in the GI tract. The mixing
behaviour needs to be quantiﬁed and understood. Further improvement has to be made by setting up
more powerful contractions within the walls on the DIVRS to make it more attractive for practical
applications.
Ó 2014 Published by Elsevier Ltd.

1. Introduction
Stomach is the major functional component for food disintegration and digestion in a human body or in animals, where both biochemical reactions and mechanical size reduction occur
contributing to the breakdown of the chewed solid foods into small
size or more digestable forms. In vivo and in vitro experiments are
the two main approaches to studying the digestive behaviours of
different kinds of foods within the GI tract. In recent years, various
in vitro GI tract models have been developed to simulate the GI
tract for the purpose of investigating the structural and chemical
changes of foods or medicines under simulated GI conditions
(Löwgren et al., 1989; Garrett et al., 1999; Oomen et al., 2003;
Kong and Singh, 2008a, Hur et al., 2011). These studies have indicated that they were effective to a certain extent due to their
⇑ Corresponding authors. Tel.: +86 592 2189073; fax: +86 592 2188855.
E-mail addresses: xewu@xmu.edu.cn (X. Wu), xdc@xmu.edu.cn (X.D. Chen).
http://dx.doi.org/10.1016/j.jfoodeng.2014.06.010
0260-8774/Ó 2014 Published by Elsevier Ltd.

advantages of time-saving and cost-saving, better reproducibility
and of having no ethical constraints compared with in vivo experiments (Yoo and Chen, 2006; McClements and Li, 2010; Hur et al.,
2011). An ideal in vitro digestion system should provide realistic
results in a short time and could serve as a tool for the rapid
screening of foods or delivery systems with different compositions
and structures (Hur et al., 2011). However, in practice, most of
these in vitro digestion models up to now do not successfully in
simulating the complex physicochemical and physiological events
that occur in the GI tract, carrying the risk of over-simpliﬁcation
(Chen, 2012). In vivo feeding methods using living animals are
another way to study food digestive behaviours during the GI tract.
Among the whole animals used, rats have been the primary choice
due to metabolic similarities, small size, relatively docile nature,
short life span and short gestation period (Johnson, 2007). It is
undeniable that the in vivo methods are more time-consuming,
more costly and usually have some ethical issues. However, they
can provide the most realistic and accurate results and they are
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indispensable and useful when designing or creating effective
in vitro digestion models. In vivo results can provide lots of essential parameters such as the amount and feed rate of food-intake,
the secretion rate of gastric juice, the emptying rate, the distribution of particle size and so on. As such, both in vivo and in vitro
experiments are quite necessary and important for studying the
digestive behaviours of foods in the GI tract before an ideal
in vitro stomach model emerges. From a practical standpoint, it is
desirable to possess ‘near-real’ in vitro stomach models, which
may refer to systems that not only resemble of the biochemical
and physiological conditions found in the real stomachs, but also
possess their geometrical and morphological details (Chen, 2012).
In our previous works, two artiﬁcial soft-elastic rat stomach
models with smooth and wrinkled inner-surface respectively, were
made as the an initial dynamic in vitro rat stomach (DIVRS) to investigate its digestion ability of casein powder (Chen et al., 2013). The
DIVRS was made of a soft silicon material using an angled plate driven by a motor to allow foods moving from one side of the stomach
to another and an eccentric shaft to create pulsing compression on
the rat stomach model. A good repeatability in the tests on the DIVRS was reported when 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 mechanism of the motility of the model
stomach system. Literature has reported that the digestion efﬁciency of a food particulate is not only related to the extent of the
physical forces and chemical reactants present in the stomach,
but also structure and physicochemical properties of the food
matrix (Kong and Singh, 2008b). For instance, food types, viscosity,
hardness and food particle size all have some effect on the extent of
disintegration and the emptying rate of food while the previous
work has not been considered. In addition, the effects of food intake
and oral digestion processes on food digestive behaviours have not
been taken into account in the previous work as well.
In the current study, two different kinds of in vitro rat stomach
systems were used to investigate the behaviours of raw rice particles (represented lager particle size and perhaps less digestable
compared with the casein powder) at different digestion times.
During these experiments, food intake (including raw rice particles
and water), the particle size distribution and reducing sugar (maltose) concentration and pH of digesta were determined. These
results were then compared with the in vivo experiments of living
rats. The enzymatic activity of the rat saliva and initial particle size
distribution of raw rice particles in the stomach observed in the living rats have been incorporated into the operating conditions of the
two in vitro rat stomach systems. In addition, the rotating speeds of
impellor were set in the STR to study whether stirring speed has an
impact on the digestive behaviours of raw rice particles. This is inline with the chemical reaction engineering to see if the system is
more internally controlled or externally controlled (Petersen,
1965). Therefore, the main purpose of this study was to mimic
the digestive behaviours of living rat’s stomach and to examine
the validity of DIVRS, which would be of great help to make the
existing DIVRS more practical in future applications. The gastric
emptying was not considered in the current study to reduce the
complexity involved and difﬁculty in determining the emptying
rate of food and to ensure good reproducibility of the test results.

2. Materials and methods
2.1. Materials
2.1.1. Food
Raw rice (Golden Arowana Rice, Nanchang, Jiangxi, China) with
length (5.3 ± 0.5 mm), width (2.1 ± 0.2 mm) and thickness
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(1.6 ± 0.2 mm) was purchased from the local supermarket. About
200 g of the above raw rice particles were grinded to smaller particles by a pulveriser (DFT-100, Shanghai Instrument Equipment
Company, China), and the smaller particles were then ﬁltered using
ﬁve different pore diameters of standard test sieves, namely, 1.0,
0.85, 0.60, 0.45 and 0.30 mm, respectively. Thus, the raw rice particles with size less than 0.30 mm, in the range of 0.30–0.45 mm,
0.45–0.60 mm, 0.60–0.85 mm, 0.85–1.00 mm and larger than
1.00 mm could be obtained, which were prepared for the in vitro
experiments.
2.1.2. Animals
The Ethics Committee for Laboratory Animals of Xiamen University approved all these in vivo experiments on living rats.
Forty-four male Sprague–Dawley (SD) rats weighing 220 ± 20 g
were obtained from the Animal Experimental Centre of Xiamen
University and were randomly distributed among the treatments
(8 animals each treatment), being individually housed in metabolic
cages under a 14:10 h light: dark cycle, with free access to the
unprocessed raw rice particles and water. The period of adaptation
to the experimental diets was ﬁve days.
2.1.3. Chemicals
Simulated gastric juice was prepared by dissolving pepsin
(0.27 g L 1
or
250 U mL 1),
mucin
(1.5 g L 1),
NaHCO3
(0.315 g L 1) and NaCl (8.775 g L 1) 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 hydrochloric acid (HCl), and kept
37 °C (Oomen et al., 2003; Chen et al., 2013). Simulated rat saliva
was prepared by dissolving 0.1128 ± 0.0005 g a-amylase in
1.01 mL deionized water to reduce the complexity of the mixture.
To ensure good reproducibility of the test results, they were kept
at 37 °C. Pepsin, a-amylase, mucin, monohydrate maltose, potato
starch and 3,5-dinitrosalicylic acid were purchased from Sigma
(Sigma–Aldrich, USA). The other reagents such as sodium potassium tartrate solution, sodium phosphate, sodium chloride, hydrochloric acid, sodium hydroxide and so on were purchased from
Sinopharm Chemical Reagent Co. Ltd. (China).
2.2. In vivo experiments of living rats
2.2.1. Determination of enzymatic activity of rat saliva to introduce
into in vitro experiments
2.2.1.1. Saliva collection. Twelve Sprague–Dawley (SD) rats were
deprived of foods but allowed for free access to drinking water for
24 h before saliva collection. To collect saliva the rats were anesthetized with 10% (wt%) chloraldurate injected intraperitoneally
(3.5 mL kg 1 body weight) and secured on a rat platform (ST-1,
Chengdu Instruments Factory, China) in a supine position, and kept
warm with a standard heating lamp. The trachea was intubated to
facilitate management in case of respiratory complications. Salivary
secretion was stimulated by subcutaneous injection of pilocarpine
(2 mg kg 1 body weight), given at 0 and 20 min (Vissink et al.,
1989; Kimura et al., 2008). The saliva began to secret about 90 s
later after the injection and a 1000 lL-ﬁnnpipette (Thermo Scientiﬁc Finnpipette F1, Thermo Fisher Scientiﬁc, USA) was used to
extract the saliva out of the mouth at intervals of about one minute
each time. It was then collected in a 5 mL previously weighed polyethylene tube [dia. 12 mm (outer), 9 mm (inner)] packed in ice and
covered with paraﬁlm to prevent evaporation (Garcia et al., 1976).
In the collection procedure, the ﬁrst few drops were excluded.
The saliva was collected for 40 min each rat in total and the saliva
samples collected were stored at 0 °C before chemical analysis.
2.2.1.2. Chemical analysis of the rat saliva. The volume of saliva collected was estimated by weight, assuming the speciﬁc gravity of
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saliva to be 1.0 g cm 3 (Vissink et al., 1989). The total acidity was
measured using a pH meter (S40, Mettler-Toledo International
Inc., Shanghai, China). 4 mL deionized water was added to dilute
the above collected rat saliva and 0.1 mL sample diluent was withdrawn to a 100 mL-volumetric ﬂask, then diluted with deionized
water to 100 mL, and mixed intensely by hands. The enzymatic
activity of saliva was determined by 3,5-dinitrosalicylic acid colorimetric (DNS) method (Miller, 1959; Marlida et al., 2000). The following operations were made according to Sigma–Aldrich Web site
(Enzymatic Assay of a-AMYLASE, 2012). The samples of processed
rat saliva were analysed spectrophotometrically at a wavelength of
540 nm using a spectrophotometer (UV–VIS Spectrophotometer
2250, Shimadzu, Japan). The standard curve for maltose concentration analysis was prepared shown in Fig. 1.

2.2.2. Determination of the digestion of raw rice particles
Thirty-two Sprague–Dawley (SD) rats were used for the following experiments. They were randomly distributed among the treatments (8 animals in each treatment). The digestion of the abovementioned raw rice particles in rat stomach was evaluated for
the digestion of 0 min, 60 min, 120 min and 180 min, respectively.
Eight rats were used for each group. The rats were withheld for
24 h before the following operations, while they were allowed to
drink water to drink freely. First of all, eight previously marked rats
were separated from each other and the raw rice particles and
drinking water were provided for each rat for 30 min, and then
the amount of food and water intake for each rat were determined.
After eating for 30 min, they were anesthetized immediately with
10% (wt%) chloraldurate injected intraperitoneally (3.5 mL kg 1
body weight) and secured on the rat platform. The following operations were carried out largely according to these described by
Ohno et al. (1987). Brieﬂy, the abdomen was incised, and pylorus
and oesophagus near to the stomach were ligated ﬁrmly using a
surgical line to study food digestion progresses without emptying.
In order to determine the particle size introduced into the in vitro
experiments at 0 min, the rat stomach was removed from the
abdomen immediately and carefully as soon as the above operations were carried out (for the other trials, food should be digested
for 60, 120, 180 min before removing the stomachs). The rat stomach was then immersed in boiling water for two minutes to terminate the enzymatic activity of rat saliva and to remove the surface
blood stains and mucous membranes of the rat stomach. Several
ﬁlter papers were used to soak up the whole droplets of the surface
stomach and the weight of the stomach was determined. Next, the
stomach was incised and gastric contents were transferred to a
previous weighed clean tube completely. The weight of the gastric

Fig. 1. The standard curve for maltose contraction analysis.

contents and pH could thus be determined. The tubes containing
samples were placed in an ice bath while the trial was running.
The maltose concentration of the digesta determined as follows.
0.50 g gastric contents were taken out of the tubes and transferred into a 1.5 mL-centrifuge tube and centrifuged at
12,000 rpm for 5 min. 20 lL supernatant liquids were transferred
into another 1.5 mL-centrifuge tube which contained 0.2 mL 4 M
NaOH and 0.78 mL deionized water in advance and mixed intensely. 500 lL liquid samples were then withdrawn from the tube
using a 100 lL-ﬁnnpipette and transferred into a 15 mL test tube
for the determination of maltose concentration using the abovementioned DNS method.
The particle size distribution was measured using the wet sieving method (Kong and Singh, 2010). The gastric contents collected
were ﬁltered through ﬁve standard test sieves with pore size 1.0,
0.85, 0.60, 0.45 and 0.30 mm, respectively. Six different size ranges
of particles could be determined. The amount of dry solids of each
sieve was determined using a hot air oven at 105 °C for 24 h. The
size distribution was calculated in weight percentages.
2.3. The in vitro experiments
2.3.1. The digestion of raw rice particles in the STR
The stirred tank is one of the most important unit operation
apparatus in process engineering. It is also classic equipment for
transferring momentum, heat or mass in the ﬂow ﬁeld. In the current research, a capped stirred tank with a single turbine had eight
ﬂat impeller blades located 2 mm higher than the bottom of the
tank (turbine diameter D = 20 mm, water bath 37 °C) was used to
simulate a rat stomach (shown in Fig. 2). The food ingestion and
oral digestion processes were simulated according to the in vivo
experiments before food digestion in the STR. The amount of food
intake and its size distribution proportion of raw rice particles with
different size ranges were dependent on the related in vivo experimental results. 0.60 mL simulated gastric juice was added into a
25 mL glass beaker to mimic fast state (Chen et al., 2013). In order
to simulate the processes of food ingestion and oral digestion, the
food was added into the beaker in batches. To be speciﬁc, the total
food and simulated saliva were averaged into ten small parts and
added into the beaker at a regular interval of 3 min every time.
the gastric juice was started to secrete immediately at a controlled
rate (Chen et al., 2013) using a syringe pump (TJP-3A/w0109-1B,
Baoding Longer Precision Pump Inc., China) whose ﬂow rate can
be adjusted between 0.000 and 10.000 mL min 1. The stirring

Fig. 2. The dynamic in vitro rat stomach (DIVRS) system. (1) soft in vitro rat stomach
model; (2) compression device; (3) temperature controlled box; (4) one-way
valves; (5) model oesophagus; (6) model duodenum; (7) compression (angle) plate;
(8) contraction support; (9) tubes for secretion; (10) lamps; (11) sensor of the
thermostat.
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speed was set at 60 rpm (Souliman et al., 2006). After thirty minutes later, 20 lL digestive juices were withdrawn immediately
from the beaker using a 100 lL-ﬁnnpipette to determine the maltose concentration at 0 min. The raw rice particles were digested in
the STR for 60, 120 and 180 min respectively to study the digestive
behaviours in various digestion times. The particle size distribution, maltose concentration and pH of the digesta could be determined. The procedures were the same as above-mentioned
in vivo experiments. During the experimental periods, the water
bath temperature inside the STR was calibrated by a thermometer
and maintained at 37 °C.
2.3.2. The effect of stirring speeds on the digestive behaviours of raw
rice particles in STR
The STR was commonly used as a simulated in vitro GI tract for
various functional foods, pharmaceutical and digestive researches
(Combet et al., 2010; Hasjim et al., 2010; Kaur et al., 2010;
Ranawana et al., 2010). Several reports have been published to
explain the inﬂuential factors that determine the state of ﬂow
and the reaction efﬁciency in a stirred tank reactor, including the
tank structure, the operating conditions and the nature of the reactants (Bakker and Van den Akker, 1994; Heigoldt et al., 2010;
McAllister, 2010; Derksen, 2012). However, there has been little
study on in vitro stirred tank for the stomach digestive study considered these factors. For instance, the type of the stirrer paddles
and the stirring rates chosen were adhoc. A good reactor should
have an ability of high mass/heat transfer, high reaction yield, good
repeatability and economic efﬁciency. In this paper, the effect of
impeller stirring speeds on the digestive behaviours of raw rice
particles has been investigated to investigate whether the STR
was suitable to simulate the in vivo stomach digestion and in what
range it was appropriate. The digestion of raw rice particles in the
STR were carried out at the impeller stirring speeds of 30, 60, 100,
200, 300 and 400 rpm, respectively. The total digestion time for
each run was set at 180 min. For every 30 min, 20 lL digestive
juices were withdrawn to measure the concentration of maltose.
After each trial was ﬁnished, the digesta was collected for particle
size analysis.
2.3.3. The digestion of raw rice particles in DIVRS
The DIVRS system (shown in Fig. 3) is composed of a soft rat
stomach model, a compression device, a temperature controlled
box and the secreting and emptying system, which has been
proved to be suitable and effective to simulate the digestion processes of casein particles in previous work (Chen et al., 2013) in
the same laboratory. 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. The soft
in vitro stomach model has an approximate internal volume of
7.5 mL and its outer dimensions would occupy a box of around
4.0 cm, 3.0 cm, and 2.5 cm. The compression device 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 our previous
work, two kinds of soft-elastic rat stomach models were prepared,
namely, the stomach model 1 with a smooth inner surface and the
stomach 2 with a wrinkled inner surface on the glandular portion.
The previous research results indicated that the stomach with
wrinkles had a better ability of simulating the digestion of casein
powder compared with the smooth stomach model. This was
attributed to the assistance of the wrinkles on mixing. Therefore,
in the current study, the stomach model with wrinkles was
selected as the in vitro rat stomach to investigate the digestive
behaviours of raw rice particles. In addition, previous work showed
that pyloric canal compression had the best repeatability of the
existing experimental models (Chen et al., 2012), thus it was
selected as the best condition and used in the current study.

Fig. 3. The stirred tank reactor (STR) device. (1) Injection pump; (2) syringe; (3)
silicone tube; (4) beaker; (5) stirring paddle; (6) ﬁxed support; (7) water bath.

Similar to the above-mentioned food digestion in the STR and
living rats, the main purpose of the current study was to investigate the digestion processes of raw rice particles digested for various digestion times, namely 60, 120 and 180 min, respectively.
The speciﬁc operations were also similar with some modiﬁcations.
First of all, 0.60 mL simulated gastric juice was injected into the
DIVRS before food was added into mimic the fast state. The following operations were the same as that in the STR. The inside temperature of the heat preservation box was maintained at 37 ± 1 °C
with the aid of a controlled lamp.
2.4. Statistical analysis
All results are expressed as the means ± SE (n = 3 in vitro and
n = 8 in vivo). The statistical analysis of the data was analysed by
two-way analysis of variance (ANOVA). 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.
3. Results and discussion
3.1. Determination of the rat saliva collected in the living rats
The average total amount of rat saliva stimulated by pilocarpine
in 40 min’ collection was 1.01 ± 0.02 mL. The calculated secretion
rate of rat saliva was about 25 lL min 1, which was about 50% of
the values reported by Abe et al. (1982), Abe (1987). It should be
noted that a maximum total dose of 8 mg kg 1 pilocarpine was
used by them, which leaded to the higher secretion rate (Li et al.,
2006). The mean enzymatic activity of the rat saliva was
7982 ± 779 U mL 1 with a pH value of 7.80 ± 0.44. The enzymatic
activity of a-amylase used in the current study was measured as
71,493 U g 1 (pH = 7.80, 37 °C). The density of the rat saliva was
assumed as 1 g mL 1. Therefore, the simulated rat saliva could be
prepared by dissolving 0.1128 ± 0.0005 g above-mentioned aamylase in 1.01 mL deionized water and adjusting to a pH value
of 7.80 with 1 M hydrochloric acid (HCl).
3.2. Comparison of the digestion process of raw rice particles between
in vivo and in vitro experiments
The particle size distribution, pH and maltose concentration of
digesta were measured and compared between in vivo (in the living rat stomach) and in vitro (in STR and in DIVRS) experiments,
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Table 1
The raw rice particles in different size ranges before being introduced into the in vitro experiments.
Size (mm)

d < 0.30

0.30 < d < 0.45

0.45 < d < 0.60

0.60 < d < 0.85

0.85 < d < 1.0

d > 1.0

Mass (g)

0.5058

0.8335

0.6909

0.6558

0.3321

0.3724

respectively. The masses of raw rice particles and water ingested
by twelve living rats in 30 min were 3.39 ± 0.32 g and
2.15 ± 0.37 mL. The particle size distribution of the digesta collected from the living rats at 0 min was shown in Table 1. The data
were introduced into the in vitro experiments as the initial (at
0 min) digestion samples. Fig. 4 presents the percentage of dry solids in different size ranges at 0 min in order to help the observation
of the results.
3.2.1. Comparison of the particle size distribution of the digesta during
the digestion of raw rice particles
Figs. 5a–5c and 6 reveal the particle size distribution of digesta
at various digestion times, from which a small difference could be
observed between in vivo and in vitro experiments (P > 0.05). As
can be seen from Fig. 6, after 180 min digestion, for the in vivo,
in the STR and in the DIVRS trials, the percentage of large rice particles (d > 0.85 mm) decreased from 19.38% to 4.24%, 19.38% to
5.97% and 19.38% to 4.42%, respectively, the small rice particles
(d < 0.60 mm) were signiﬁcantly increased from 62.04% to
81.13%, 62.04% to 76.52% and 62.04% to 80.21%, respectively, while
the middle rice particles only had a little change.
These results indicate that the rice particles experienced a great
breakdown both in vivo and in vitro with the combined actions of
physical grinding, acidic hydrolysis and chemical degradation. Further observations show that the particle size distribution has a little change when compared among the digestion times at 0 and
60 min, similar result was also found at 120 min and 180 min.
The reasons could be explained as follows. The disintegration rate
of a food particle in the stomach was related to the structure and
physicochemical properties of the food matrix, as well as the
extent of the physical forces and chemical reactants present in
the stomach (Kong and Singh, 2008b). The smaller ones disintegrated or dissolved to nano-scales yet large ones became smaller.
Upon ingestion of the raw rice particles, the gastric juice was
absorbed into the particles leading to some swelling. Moreover,
the physical forces in the stomach are less than the cohesive forces
which hold the food matrix together due to a hard texture of the
raw rice particles at the beginning of digestion. As a result, the rice
particles kept relatively intact and were not broken into smaller

Fig. 4. The percentage of dry solids in different size ranges at 0 min before being
introduced into the in vitro experiments.

Fig. 5a. Comparison of the particle size distribution of the digesta after digestion
for 60 min between in vivo (n = 8) and that in vitro (n = 3) (P > 0.05).

Fig. 5b. Comparison of the particle size distribution of the digesta after digestion
for 120 min between in vivo (n = 8) and that in vitro (n = 3) (P > 0.05).

Fig. 5c. Comparison of the particle size distribution of the digesta after digestion for
180 min between in vivo (n = 8) and that in vitro (n = 3) (P > 0.05).
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Fig. 6. Dry solids of the digesta in different size ranges in various digestion times
between in vivo (n = 8) and that in vitro (n = 3) (P > 0.05).

Fig. 7a. Comparison of the maltose concentration of the digesta in various digestion
times between in vivo (n = 8) and that in vitro (n = 3) (P > 0.05).

particulates if without the chemical inﬂuence. With the gastric
juice absorbed into the rice particles, the texture of the rice particles became soft gradually and the cohesive force within the food
matrix became weakened which promoted the fragmentation of
the rice particles. Therefore, the more dramatic change of particle
size distribution was observed during 60–120 min (shown in
Fig. 6). Once the large particles were reduced to certain size ranges,
the smaller particles had a greater tendency to aggregate and
adhere to each other because of the relatively high viscosity of
the digesta. The behaviours went against the interactions between
the gastric ﬂuids and the food matrix thus leading to a small
change of particle size distribution between 120 min and
180 min (shown in Fig. 6).
The CV of the data of the particle size distribution, calculated as
the ratio of the standard deviations to the arithmetic mean, is generally within 3% in the STR and DIVRS while 7% in vivo, which indicates a better repeatability in vitro than that in vivo (shown in
Figs. 5a–5c).

and digestion of a solid particle should be higher in smaller particle
sizes, and it was expected that the contained nutrients would be
released into the luminal liquid more rapidly. Because smaller solid
particles had higher available surface area or speciﬁc area per
mass, which contributed to the higher rate of disintegration and
nutrient release (Kim et al., 2004). However, the results obtained
here are not consistent with this theory. It can be seen from
Fig. 7a that the maltose concentration was almost constant especially in vivo and in the DIVRS during 120–180 min, though the
percentage of small particles (d < 0.60 mm) increased from
76.64% to 81.13% in vivo and 73.88% to 80.21% in the DIVRS, respectively. This could be explained by the fact that a reduction in particle size could lead to increased digestibility down to a critical
size, after which further size reduction either had little effect or a
much reduced digestibility (Kong et al., 2003). Furthermore, smaller particles had a greater tendency to aggregate and may adhere to
each other. This can be a disadvantage for achieving a good mixing
of particles and gastric juice. In addition, with the continuous
secretion of gastric juice, the pH of the gastric contents gradually
decreased which limited the activity of amylase.
On the whole, the trend of maltose concentration variation is
similar compared the in vivo with the in vitro. However, it is obvious that the absolute value of maltose concentration was not the
same in vivo with in vitro. The ﬁnal concentration of maltose
reached up to 134.35 mg mL 1 in vivo while 70.13 mg mL 1 and
69.92 mg mL 1 in the STR and DIVRS, respectively. These results
indicate that the natural digestion in vivo was much more effective
than that in the current in vitro digestion systems. It could be
explained by the fact that both the STR and DIVRS were too
over-simpliﬁed after all to effectively and accurately simulate the
highly complex real rat stomach. In practice, the forestomach of
living rat stores food supply over a period of a few hours and has
an ability to continuously supply the actual needs of intermediary
metabolism with well-regulated amounts for further digestion
(Gärtner, 2001). According to Peters and Gärtner (1973), the contents of the forestomach had a pH value of 5.6 ± 0.2, at which amylase could maintain 50% of its maximal activity. The forestomach
enables rats to maintain a ‘‘steady state’’ digestive regime which
promotes the disintegration and nutrient release of the rice particles. However, because of lacking of the protection of ‘‘forestomach’’, the activity of a-amylase may be inhibited even inactivated
quickly due to the continuous gastric juice secretion in both STR
and DIVRS. In addition, the solid foods in the living rat stomach
would normally present a heterogeneous reaction process and better mixing with the gastric juice due to their particle size involved
had wide size distribution. This was in contrast to be the homoge-

3.2.2. Comparison of the maltose concentrations during the digestion
of raw rice particles
Fig. 7a reveals that the concentration of maltose has been
increased both in vivo and in vitro due to the increased extent of
digestion of raw rice particles during the trials. Moreover, the proﬁles of maltose concentration all presented a sigmoid form, that is
to say, relatively ﬂat at the ﬁrst 60 min digestion, then a remarkable increase during 60–120 min followed by a trend towards
equilibrium in the last 60 min digestion. No signiﬁcant difference
was observed in all digestion devices (P > 0.05). The reason could
be that the conversion of raw rice particles to maltose is a complex
process with the combined effects of acid hydrolysis and enzymatic reactions. At the beginning of the digestion, the cleavage
on starch molecules may not turn to become polysaccharide or
maltose immediately due to its net-like spatial molecule or crystalline structure. The tight structure is with a high degree of molecular order associated by hydrogen bonding (Holm et al., 1988). Upon
the breakage of the hydrogen bonds due to acid hydrolysis and
enzymatic reactions, the starch with original orderly tight molecule structure would be discorded and become loosely stretched
structure, presenting holes to let the gastric juice to diffuse into
the solids (Kong and Singh, 2008a; Hasjim et al., 2010). With
increasing rate of gastric juice absorption into the rice particles,
the larger size particles seemed to be reduced into small size particulates quickly. The rate of starch converting to maltose was
increasing at the same time during 60–120 min, which is shown
in Fig. 7a. According to Kim et al. (2004), the rate of the dissolution
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neity of selected rice particles mixed with gastric juice in both STR
and DIVRS. As a result, the digestibility of the raw rice particles was
lower in vitro than that in vivo.
Further analyzing the proﬁles of the maltose concentration, it
was found that the net increase percentage of maltose concentration (deﬁned as the difference of the maltose concentration at
180 min and at 0 min divided by the differences of the two adjacent maltose concentration) was similar during the 180 min digestion especially between in vivo and in the DIVRS (shown in Fig. 7b).
A better repeatability was observed in vitro than that in vivo which
is shown in Fig. 7a.
3.2.3. Comparison of the pH proﬁles during the digestion of raw rice
particles
The apparent pH of gastric contents in stomach was dependent
on the combined actions of the gastric juice secretion and the
digestion of particles (Kong and Singh, 2008a; Chen et al., 2013).
Fig. 8 shows the pH proﬁles of the in vivo and in vitro experiments
during the digestion for 180 min. It can be seen that the pH proﬁles
all has a remarkable increase when the foods (including raw rice
particles and water) were given to the living rats or the rat stomach
models due to the diluting effect and the consumption of acid by
the rice particles for their hydrolysis. With continuous secretion
of gastric juice, the pH of digesta gradually decreases. This trend
is similar to our previous research results (Chen et al., 2013). The
living rats also produce an obvious lag phase in the ﬁrst hour,
and the pH dropped to 2.165 in the STR and 2.326 in the DIVRS
while 3.079 in vivo at the end of digestion although they shared
similar reaction conditions, which suggests a better buffering effect
in vivo than that in vitro. According to Culen et al. (2013), the buffer
capacity will not only be determined by concentration of a speciﬁc
buffer and food in fed state, but it will be also heavily inﬂuenced by
the components such as bile salts and enzymes. On the whole, both
the STR and DIVRS are over-simpliﬁed in either bile salts or
enzymes compared with that in living rat stomachs. As a result, a
weaker buffering effect was observed in the current in vitro digestion systems.
3.3. The effect of stirring speeds in STR on digestive behaviours of large
raw rice particles
Fig. 9 presents the particle size distribution of the digesta after
180 min digestion conducted at stirring speeds from 30 to
400 rpm. It can be seen that the proportion of small particles

Fig. 7b. Comparison of the net increase percentage of maltose concentration
(deﬁned by the difference of the maltose concentration at 180 min and at 0 min
divided by the differences of the two adjacent maltose concentration) of the digesta
in various digestion times between in vivo (n = 8) and that in vitro (n = 3) (P > 0.05).

Fig. 8. Comparison of the pH of the digesta in various digestion times between
in vivo (n = 8) and that in vitro (n = 3) (P > 0.05). ‘ 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.

Fig. 9. Comparison among the particle size distributions of the digesta after
180 min digestion in STR obtained at various stirring speeds (P < 0.05).

(d < 0.60 mm) had a gradual increase while the large particles
(d > 0.85 mm) were reduced with the increase of stirring speeds
from 30 to 300 rpm. With further increase of stirring speeds from
300 to 400 rpm, a slight decrease proportion of small particles
and an increase of large particles were observed (shown in
Fig. 9). Similar situations could be seen when considering the maltose concentration during the 180 min digestion as shown in
Fig. 10. The above results indicate that the optimal operating condition for raw rice particle digestion in the STR is at 300 rpm and it
can be concluded that the stirring speeds actually affect the digestive behaviours of raw rice particles in STR. The increase in the rate
and extent of particle digestion could be contributed to the
improved contact between rice particles and ﬂow ﬂuids (including
gastric juice, simulated saliva and water) and the increased shear
force between the impellor (including the ﬂow ﬂuids) and particles
with the increase in stirring speeds. However, when the stirring
rate was faster than 300 rpm, an intense radial ﬂow was found
which not only agitated a large amount of particles suspended in
the ﬂuid but also generated a strong centrifugal force to force the
particles to rotate with the main ﬂuid, thus reducing the relative
shear force and contact opportunity and time between the particles and the impellor or ﬂow ﬂuids. (Yoon et al., 2001; Liao and
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can be directed on improving the current DIVRS which has considered geometrical and morphological details presented in a real
stomach by establishing more nature-like wall contractions.
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