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35  % in bread formulations, indicating the importance of 
chyme rheology on nutrient bioaccessibility.
Conclusions  Overall, the work highlights the significance 
of gut motility in digestive processes and offers a powerful 
tool in nutritional studies that, additionally to biochemical, 
considers engineering aspects of digestion. The potential to 
modulate food digestibility and nutrient bioaccessibility by 
altering food formulation is indicated.

Keywords  Starch digestion · Simulated glucose 
bioaccessibility · Intestinal motility · Dynamic in vitro 
models

Introduction

In line with the increasing awareness on diet and health, 
there is a growing interest in understanding the detailed 
mechanisms of digestion and nutrient absorption in the gut 
for health and disease [1–7]. According to the latest report 
from the World Health Organization (WHO), rates of obe-
sity have more than doubled during the past three decades 
in virtually every country around the world. With approxi-
mately 1.9 billion people being overweight and over 600 
million adults identified as clinically obese, the problem 
is reaching epidemic levels with substantial economical 
implications (WHO 2015). Obesity has been linked with 
increased risk for non-communicable diseases including 
cardiovascular, type-2 diabetes, musculoskeletal condi-
tions, Alzheimer’s, sexual dysfunction [4, 8–11]. In the 
UK, the relevant cost to the NHS has been estimated to 
reach £49.9 billion by 2050 [12, 13].

The majority (80 %) of nutrient absorption occurs in the 
small intestine, a tubular part of the digestive tract, where 
chyme enters from the stomach and it is further broken 
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down to nutrients, such as glucose, accessible for absorp-
tion [14]. Evidence exists that food formulation and micro-
structure play an important role in digestive processes and 
postprandial body response, including increase in blood 
glucose levels [15–22]. An important glycemic carbohy-
drate component, responsible for a 60–70  % of available 
carbohydrate in diet, is starch [23, 24]. Starch digestion rate 
and extend have been directly correlated with postprandial 
glucose and insulin responses in  vivo and in  vitro [2, 23, 
25–28]. Starch digestibility is reported to depend on a num-
ber of factors such as starch variety, crystallinity, chemical 
modification, starch structure, food formulation, processing 
[29–34].

Both in vivo and in vitro methods have been used in the 
literature to estimate the effect of form and structure of 
starches on rates of digestion [21, 32, 33, 35–42]. Because 
of the expense of in  vivo physiological assays for the 
assessment of starch digestibility in humans, in vitro meth-
ods are desired. These in vitro tests employed to quantify 
digestive processes and simulated nutrient absorption, how-
ever, typically disregard the effect of gut motility due to the 
nature of the investigations and the desired outcome [21, 
26, 29, 30, 32, 33, 40–42]. Such ‘batch’, or biochemical, 
models focus on studying the release and bioaccessibility 
of active molecules by using a series of vessels, each mim-
icking digestive conditions (pH, temperature, enzymes) at 
different parts of the digestive tract [43–45]. On the other 
hand, dynamic models take into account temporal features 
of digestion, such as gut motility and fluid motion [46, 
47]. The importance of dynamic models has long been 
acknowledged [48], and a number of models have since 
been developed to mimic oral [49–53], gastric [54–59] or 
intestinal [46, 60] digestion, or a combination of those [45, 
61–66]. Such models have been used to evaluate the bio-
availability of active components [67, 68], stability of anti-
oxidants such as xanthophylls [69] and micronutrients such 
as iron, folic acid and ferulic acid [70], the effect of aller-
gens in foods [71], release of nutrients or bioactive com-
ponents [58], performance of functional foods and survival 
of probiotics [56, 72, 73]. Due to the complexity of food 
systems, generally multiphase materials, and the complex-
ity and variability of the human digestive system, in vitro 
modelling of digestion is still a challenging research area 
[44, 45, 74, 75].

Intestinal motility in vivo is responsible for mixing and 
transfer of chyme, enzymes, and other secretions through 
the tubular intestines. The mixing mechanism is facilitated 
by gut wall contractions that result in circular constrictions 
of the tube [14]. These constrictions either divide the intes-
tinal lumen into a number of segments that enhance intes-
tinal mixing (segmentation movements) or enable aboral 
propagation of the food digesta (peristaltic waves) [14]. 
Segmentation movements occur at alternating locations 

in cycles by gut wall contractions and relaxations, thus 
moving the intestinal material orally and aborally without 
net movement. The maximum cycle frequency has been 
reported at 12 cycles per minute [14].

The main objective of this work is to understand the 
physicochemical phenomena occurring during starch diges-
tion by using a dynamic in  vitro small intestine model 
(SIM). The model simulates the characteristic peristaltic 
and segmentation movements found in the small intestine 
in vivo, with representative physiological features, volumes 
and flow rates using the same model, Tharakan et al. [60] 
have observed up to 30 % reduction in simulated absorp-
tion of riboflavin on addition of guar gum. However, in 
their experiments the effect of enzymatic hydrolysis was 
not considered. In the present work, the effects of motility, 
starch and enzyme concentrations, enzyme flow rates, and 
chyme viscosity (addition of guar gum) on starch digest-
ibility (rates and extent) and associated simulated glucose 
bioaccessibility are presented. Experiments with a com-
mercial food (white bread) are also shown. Results indi-
cate the importance of chyme viscosity on digestibility as a 
means to control mass transfer in the small intestine. Over-
all, this contribution provides an insight of digestive pro-
cesses in the small intestine combining a nutritional with 
an engineering approach and highlights the importance of 
motility and mass transfer in nutrient bioaccessibility for 
the design of in vitro models with improved features. The 
model offers the benefit of combining biological features 
of digestion, such as pH and enzymatic secretions, with 
engineering characteristics. Obtained data can be used to 
estimate the glycemic index and glycemic load of a variety 
of foods, correlating food structure with postprandial blood 
glucose level peaks. Ongoing work aims at correlating cur-
rent in vitro experimental data with in vivo results using the 
same food models. It is thought that in the future, a suc-
cessful in vitro outcome will aid prioritising and strategis-
ing clinical studies for nutritional claims as well as for the 
design of structured foods with improved health benefits.

Materials and methods

All chemicals were purchased from Sigma Aldrich UK, 
and all experiments were performed at room temperature 
and in triplicates, unless otherwise stated. Concentration % 
refers to w/v throughout the text, unless otherwise stated.

Starch solution preparation

Cornstarch (S4126) was dissolved in distilled/deionised 
water (1.0–3.0 %) and was gelatinized for 30 min in a boil-
ing water bath with intermitted mixing. Samples were left 
to cool to room temperature and were used within 2–5  h 
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from preparation. No retrogradation was evident during 
this storage duration.

Enzyme solution preparation

Pancreatic α-amylase (EC 3.2.1.1. A3176 Type VI-B, 
≥30  units/mg solid) and amyloglucosidase (EC 3.2.1.3. 
A7095, ≥300  U/mL, aqueous solution) were dissolved in 
pancreatic mix solution (PMS, 146 mM NaCl, 4.8 mM KCl, 
2.6 mM CaCl2, 0.66 mM MgCl2, 4.1 μM ZnSO4·7H2O in 
distilled/deionised water). Selected concentrations are 
based on reported values by the Institute of Food Research, 
UK [56]. Enzymes solutions were freshly utilised. Enzyme 
concentrations are noted in Units of enzyme per mL of 
chyme (U/mLchyme).

Amyloglucosidase (AMG) from A. niger was used 
to convert maltose and maltodextrins to glucose in the 
lumen side of the SIM, mimicking hydrolysis occurring 
by enzymes present in the intestinal wall. It is noted that 
although AMG may have synergistic or antagonistic actions 
with α-amylase, which may interfere with data interpreta-
tion [76], all experiments were conducted using exactly the 
same protocol thus reducing the effect of such discrepan-
cies. AMG from Aspergillus or Rhizopous have been exten-
sively used in mechanism of digestion in vitro to complete 
hydrolysis of carbohydrates to glucose [26]. Commercial 
pancreatin was not used in this work as the amylase activity 
in unknown, and only starch was used as food model.

Small intestinal model (SIM)

The SIM has been developed at the School of Chemical 
Engineering, University of Birmingham UK, and has been 
described in detail elsewhere [60]. The model (schematic 
of Fig. 1) functions as a concentric mass transfer exchanger 

composed of an inner semi-permeable RC membrane 
(Spectra/Por 7®, MWCO 8 kDa, 32 mm diameter, Medicell 
International Ltd., London, UK) and an outer non-active, 
impermeable silicone tube (Flexible Hose Supplies, UK, 
50 mm inner diameter, 3 mm thickness). Enzyme solution 
is fed into the membrane using a polypropylene tube (3 mm 
diameter, shown in red in Fig.  1) at controlled flow rates 
(peristaltic pump). Segmentation is simulated by squeezing 
the membrane using two pneumatically controlled, inflat-
able cuffs. Alternating cycles of 2-s inflation–2-s deflation–
2-s delay were performed, marking a total of 10 cycles per 
minute, which is within the reported range of maximum 
12 cycles per minute occurring in vivo [14]. Recirculation 
of the luminal and recipient fluids is facilitated by peri-
staltic pumps. Sample collection is possible from both the 
luminal and recipient sides (tank 1 and tank 2 in Fig. 1) to 
study starch hydrolysis and simulated glucose absorption, 
respectively.

The aim of the SIM is to provide a simple, easy to use 
and easy to interpret intestinal model that considers the 
effect of mass transfer, alongside with physiological con-
ditions, in small intestinal digestion and simulated absorp-
tion. As such, some simplifications have been adopted. 
Absorption in the SIM occurs only by diffusion through the 
porous membrane rather than taking into account the com-
plex in vivo absorption mechanisms. In addition, the model 
does not take into consideration the effect of the villi, such 
as local mixing induced by the movement of the villi pro-
trusions and increase in the gut wall surface area, for sim-
plicity. Surface area available for absorption in the present 
configuration is 0.05 m2.

Mixing experiments

The effect of rigorous mixing (baffled stirred tank reac-
tor with Rushton turbine impeller, STR) and segmentation 
movements (SIM) on starch (1.0 %) hydrolysis was stud-
ied (see schematic of Fig. 2). In the STR, impeller speed, 
temperature, and pH were kept constant at 300 ± 50 rpm, 
25 ± 2 °C and 6.50 ± 0.05, respectively, and sample vol-
ume was 250 mL. Sample volume in the SIM was 600 mL. 
Enzyme solution (25  mL for the STR and 60  mL for the 
SIM) was freshly prepared by dissolving the α-amylase 
(5 U/mLchyme) and amyloglucosidase (0.5 U/mLchyme) into 
PMS for 10 min at room temperature. Enzyme solution was 
fed (~3.0 mL/min) into the SIM at approximately 5.0  cm 
distally to the first cuff (Fig. 1) and into the STR at 3.0 cm 
from the base. Chyme recirculation was restricted by clos-
ing the two ends of the membrane.

Samples were collected from the distal end of the 
SIM’s lumen and the centre of the STR at time zero (prior 
to enzyme injection) and at time intervals up to 90  min. 

enzyme mixcuff 1 cuff 2

tank
1

tank
2

tank
3

luminal fluid

recipient fluid

Fig. 1   Schematic of the experimental SIM: food recirculates through 
tank 1 in the luminal side and recipient fluid (initially water) recircu-
lates through tank 2. Segmentation is induced with the aid of two rub-
ber cuffs with controlled inflation/deflation patterns. Enzyme solution 
is added at a controlled flow rate in the middle of the luminal side. 
Starch hydrolysis and simulated glucose absorption are determined 
from samples obtained from tanks 1 and 2, respectively
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Samples were treated with the DNS method (see “Sample 
analysis” section) for determination of reducing sugars.

Effect of enzyme flow rate, enzyme concentration, 
starch concentration and chyme viscosity

A series of experiments were conducted to study the 
effect of (1) enzyme solution flow rate (1.5–4.5  mL/
min); (2) α-amylase concentration (5–25  U/mLchyme); (3) 
starch concentration (0.5–3.0  %); (4) system’s viscos-
ity (addition of 0–0.75 % guar gum in the starch solution) 
on simulated digestibility and nutrient bioaccessibility. 
Amyloglucosidase concentration was kept constant at 3 U/
mLchyme. Table  1 summarises the relevant experimental 
conditions. Total α-amylase increase with time for experi-
ments 1 and 2 of Table  1 is shown in Fig.  3a, b, respec-
tively. Selected flow rates fall within the range reported 
by [77] (4.13  ±  0.88  mL/min). Maximum concentration 
of α-amylase (25  U/mLchyme) was selected according to 
IFR [56]. Digestion was performed at room temperature in 
600 mL chyme consisting of 550 mL pregelatinised starch 
and 50 mL 0.1 M Bis–Tris buffer (pH 6.5 ±  0.2). Starch 
hydrolysis was monitored by sampling the lumen, whereas 
simulated glucose absorption was monitored by sampling 
the recipient side of the SIM. Samples were treated with 

the DNS method (“Sample analysis” section). Chyme was 
recirculated along the SIM by a peristaltic pump during 
2 h. Experiments with different enzyme concentration/flow 
rate and starch concentration were conducted in duplicates. 
Experiments at different guar gum concentrations were 
conducted in triplicates.

The percentage of starch transformed during in  vitro 
digestion was estimated as follows; the molecular weight of 
the starch monomer (C6H10O5)x is 162 g/mol; therefore, the 
maximum concentration of total starch in 600 mL of 1.0 % 
(w/v) starch digesta is 37 mM. This value was used as ini-
tial starch concentration. The maximum digested starch 
measured in the experiment was then used as final starch 
concentration. For example, since the maximum digested 
starch concentration achieved in Fig.  5a was ~31.4  mM, 
the percentage of starch digested after 2 h was estimated at 
approximately 85 %.

Bread experiments

Fifty grams of white bread with and without 0.5  % guar 
gum was digested in the SIM, and samples from the recipi-
ent side were collected to estimate simulated glucose 
absorption.

0.08 m 

0.0085 m 

0.045 m 

0.075 m 

Pancreatic
solution 

0.02 m 0.12 m 

Inner tube
Lumen side 
Biopolymer 

Outer tube 
Recipient side 
Water side 

Pancreatic 
solution 

0.5 m 

0.6 m 

0.0305 m 

(a) (b)

Fig. 2   Models used for the mixing experiment, a stirred tank reactor (STR) and b small intestine model (SIM)

Table 1   Investigated experimental conditions for starch hydrolysis in the SIM

Enzyme flow rate (mL/min) α-Amylase conc. (U/mLchyme) Starch conc. (%w/v) Guar gum conc. (%w/v)

1 1.5; 3.0; 4.5 10 1.0 –

2 3.0 5; 10; 15; 25 1.0 –

3 3.0 15 0.5; 1.0; 2.0; 3.0 –

4 3.0 15 1.0 0.0; 0.25; 0.50; 0.75
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Sample analysis

Collected samples from the luminal and recipient sides were 
analysed for reducing sugars using the 3,5-dinitrosalicylic acid 
(DNS) method [46, 78]. One millilitre sample was mixed with 
1  mL DNS reagent (0.1  % dinitrosalicylic acid; 30  % w/w 
potassium sodium tartrate; 0.4  M NaOH) and immediately 
placed into boiling water for 5 min to inactivate the enzymes 
and allow for the redox reaction to take place. Absorption at 
540 nm was then measured at room temperature.

Results

Mixing experiments

Figure 4 shows the hydrolysis curves (increase in reducing 
sugars concentrations during starch hydrolysis) from sam-
ples collected from the STR and the SIM. Initial fast appar-
ent starch hydrolysis (44.8 µM/s) was observed in the STR, 
followed by a decreasing rate, until an equilibrium plateau 
was reached at approximately 20 min, with maximum glu-
cose concentration of 31  mM. Unlike the STR, the SIM 
showed a sigmoidal starch hydrolysis profile, featuring an 
initial 10-min “lag phase”, when practically no hydrolysis 
was observed. Following the lag time, kinetics of starch 
hydrolysis in the SIM showed the same trend as those in 
the STR, with a rapid rate (24 µM/s, at 10–30 min), a sub-
sequent decreasing rate, and final equilibrium glucose con-
centration (at 31 mM), reached after 40 min of digestion.

Results were further analysed to quantify the kinetic 
constants k for the STR and SIM assuming first-order 
reaction kinetics (Eq.  1), by plotting value of ln [S]

[S]0
 with 

time and calculating the slope, as seen in Eq. 2 (integrated 

from Eq.  1). Starch concentrations were estimated using 
data from Fig.  4. It is noted that whereas excellent agree-
ment was found between Eq. 2 and hydrolysis in the STR 
(R2 = 0.94), results from the SIM indicated some discrepan-
cies (R2 < 0.9). This is probably due to the presence of the 
lag phase (Fig. 4), which induces deviations from Eq. 2 at 
initial stages of SIM hydrolysis. The reaction kinetic con-
stants for the STR and the SIM are summarised in Table 2.

S is the concentration of starch at time t, S0 is the concen-
tration of starch (mM) at t =  0, k is the kinetic constant 
(min−1), and t is time (min) [79].

(1)
d[S]

dt
= −k[S]

(2)ln
[S]
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= −kt
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Fig. 3   α-Amylase increase in the luminal side of the SIM for experimental conditions 1 (a) and 2 (b), as shown in Table 1
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Effect of flow rate of the enzyme solution

Figure  5 shows results of starch digestion in the SIM at 
different flow rates of the pancreatic solution (1.5, 3.0, 
and 4.5  mL/min), all other parameters being constant 
(experimental conditions 1 in Table 1). It is reminded that 
although enzymes are added at different rates (Fig.  3a), 
the final enzyme concentrations are the same for all inves-
tigated flow rates (α-amylase 10 U/mLchyme amyloglucosi-
dase 3 U/mLchyme).

Figure  5a indicates overall faster starch hydrolysis in 
the luminal side on increasing enzyme flow rates. Starch 
was hydrolysed to the extent of 85 %, and maximum glu-
cose concentration (31 mM) was reached after 60, 30 and 
30 min for 1.5, 3.0 and 4.5 mL/min, respectively. Interest-
ingly, while increasing flow rate from 1.5 to 3.0  mL/min 
had a significant effect on both the rate of starch hydrolysis 

and time to reach saturation, further increase to 4.5 mL/min 
only marginally affected simulated starch digestion.

In agreement with the results of starch hydrolysis, 
Fig. 5b indicates no significant variation in glucose absorp-
tion (samples collected from the recipient side of the SIM) 
when the enzymatic flow rate increased from 3.0 to 4.5 mL/
min. No glucose was detected during the first twenty min-
utes of digestion (lag phase). Following the lag phase, 
glucose increased linearly over time reaching a concentra-
tion up to 3.5 mM, which represents 10 % of the glucose 
generated in the lumen of the SIM. As no significant dif-
ference was observed in digestion and absorption process 
between 3.0 and 4.5 mL/min, the flow rate of 3.0 mL/min 
was selected for the remaining experiments.

Effect of enzyme concentration

The sensitivity of the measurements on enzyme concen-
tration was studied by measuring starch digestion kinetics 
at different α-amylase activities (Fig.  6), all other param-
eters being constant (experimental conditions 2 in Table 1). 
Results shown in Fig.  6 indicate reduced rate of starch 
hydrolysis at low enzyme concentrations (5 and 10  U/
mLchyme). It appears, however, that at 15  U/mLchyme the 
apparent rate of reaction was not limited by the amount 
of α-amylase added, and any further increase in enzyme 
concentration did not significantly affect simulated 
starch digestion. As such, 15  U/mLchyme was the selected 
α-amylase concentration for the following experiments (as 
per Table  1). Interestingly, a lag phase of 10  min, where 
measured concentration of reducing sugars was below 
2  mM, was observed in all cases. The saturation plateau 
was reached after approximately 30 min.
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the recipient side (b) of the SIM at varying enzymatic flow rates (1.5, 
3.0 and 4.5  mL/min). Starch and α-amylase concentration: 1.0  % 
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Effect of substrate concentration

Figure 7 shows starch hydrolysis in the SIM at various ini-
tial starch concentrations (experiment 3 in Table 1). Simi-
larly to previous experiments with the SIM, a 10-min lag 
phase is observed for all investigated conditions, where 
practically no reaction can be observed. Following the lag 
phase, the amount of hydrolysed starch increases at higher 
starch content, as the available substrate increases.

For direct comparison between the different condi-
tions, Fig.  8 shows the extent of hydrolysis (concentra-
tion of reducing sugars divided by the concentration of the 
plateau concentration in Fig.  7) with time at the different 
initial starch contents. As Fig. 8 indicates, the relative rate 

of hydrolysis decreases on increasing starch concentration. 
In addition, the time to reach equilibrium was 30 min for 
0.5–2.0 % w/v initial starch content, whereas 60 min were 
required at 3.0 % starch.

Figure 9 presents results of simulated glucose absorption 
in the recipient side of the SIM at different initial starch 
concentrations. As expected, the rise in glucose concen-
tration was greater at increasing starch content due to the 
higher luminal glucose content. Similarly to observations 

Time (min)
0 10 20 30 40

G
lu

co
se

 c
on

ce
nt

ra
tio

n 
(m

M
)

0

20

40

60

80

100

0.5% (w/v) starch 
1.0% (w/v) starch
2.0% (w/v) starch
3.0% (w/v) starch

Fig. 7   Starch digestion in the lumen side of the SIM, varying the 
concentration of starch: (a) 0.5, (b) 1.0, (c) 2.0 and (d) 3.0 % (w/v). 
Pancreatic solution containing 15 U/mL of α-amylase and 0.5 U/mL 
of amyloglucosidase was fed at 3.0 mL/min

Time (min)
0 20 40 60 80 100 120 140

C
/C

in
f

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.5% (w/v) starch
1.0% (w/v) starch
2.0% (w/v) starch
3.0% (w/v) starch

Fig. 8   Starch digestion in the lumen side of the SIM, varying the 
concentration of starch from 0.5 to 3.0 % (w/v)

Time (min)

0 20 40 60 80 100 120 140

G
lu

co
se

 c
on

ce
nt

ra
tio

n 
(m

M
)

0

2

4

6

8

10

0.5% (w/v) 
1.0% (w/v) 
2.0% (w/v) 
3.0% (w/v) 

Fig. 9   Glucose absorption in the recipient side of the SIM, varying 
the concentration of starch from 0.5 to 3.0 % (w/v)

Table 2   Kinetic constant based on first-order reaction behaviour

Model Mixing method Kinetic constant, k (min−1)

STR Impeller (300 rpm) 0.052

SIM Segmentation contractions 0.012
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of “Effect of enzyme concentration” section, absorption of 
approximately 10 % of the total reducing sugars generated 
in the luminal side (as defined in Fig. 7) after 2 h of diges-
tion was measured. A 15-min lag phase was observed on all 
occasions.

Effect of viscosity of the digesta

Samples of 1.0 % starch with addition of guar gum were 
digested in the SIM (experiment 4 in Table 1). Due to the 
opacity of the investigated systems, restricting colorimetric 
analysis of the luminal material, starch hydrolysis was not 
monitored and simulated glucose absorption was the only 
parameter measured. 

Figure  10 indicates significantly reduced simulated 
glucose absorption in the recipient side of the SIM for 
starch solutions (1  %) at increasing guar gum concentra-
tions. Indicatively, on increasing guar gum concentration 
from 0.5 to 0.75 % (zero shear viscosities 0.3 and 7.0 Pa s, 
respectively, data not shown) glucose concentration after 
2  h of digestion was practically halved (45 % reduction). 
The associated lag phase increased on increasing viscos-
ity, reaching 30 min for 0.75 % guar gum. Absorption rates 
obtained from Fig. 10 with linear regression (the lag phases 
were ignored in these calculations) are tabulated in Table 3. 
In agreement with the work of Dhital et al. [80], the effect 
of viscosity on starch digestion was marginal at low viscos-
ities and an evident decrease in simulated glucose absorp-
tion on increase in viscosity was only observed at guar gum 
concentrations above 0.5  %, corresponding to zero shear 
viscosity of 0.3 Pa s.

Bread experiments

In order to further investigate the effect of food formulation 
on simulated glucose absorption in the SIM, a real food 
(white bread) was digested with and without 0.5  % guar 
gum. Figure 11 shows a 35 % reduction in glucose concen-
tration in the recipient side after 2 h of digestion on inclu-
sion of guar gum. Interestingly, unlike the linear absorption 
curves obtained for starch systems (Fig. 10), the shape of 
the bread absorption curve shows a change in slope after 
approximately 1  h from the beginning of the digestion 

(Fig. 11). This is indicated by a twofold increase in the rate 
of glucose increase from 0.47 to 0.89 µM/s.

Discussion

This work presents results of simulated starch diges-
tion using a novel in vitro small intestinal model (SIM) 
that considers engineering aspects of digestion (e.g. gut 
motility, enzymatic flow rate) alongside biochemical 
(e.g. enzyme concentrations). First the model was com-
pared with the vigorously mixed STR (Fig.  4). A pro-
found difference between the two mixing mechanisms 
is the presence of a “lag phase” in the SIM, which was 
absent when the STR was used instead. In the STR, mix-
ing is fully turbulent (indicated by a high Reynolds num-
ber, Re = 11,300), apparent starch hydrolysis is fast, and 
saturation is reached within 20 min. By contrast, 40 min 
(double the time) is required to reach equilibrium in 
the SIM, where mass transfer is facilitated by the more 
physiologically representative simulated segmentation 
contractions, and mixing falls within the transitional 
regime from laminar to fully turbulent (indicated by a 
lower Reynolds number of 2100). This “lag phase” may 
therefore be the result of slow, non-homogeneous mixing 
in the lumen, which significantly reduced initial appar-
ent rate of hydrolysis due to mass transfer limitations 
between starch and enzyme molecules. This is the time 
required for the enzyme to meet with the substrate so that 
the reaction can occur. The presence of lag phase will 
have a significant physiological effect on slowing the rate 
of starch digestion in the gut and the associated rise in 
postprandial blood glucose levels.

Table 3   Rate of absorption at various concentrations of guar gum

Guar concentration (%, w/v) Absorption (10−7 M/s)

0.00 5.84 ± 0.12

0.25 5.42 ± 0.52

0.50 3.74 ± 0.17

0.75 3.26 ± 0.34
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Fig. 11   Simulated glucose absorption curve for 50 g of white bread 
with and without (control) 0.5 % guar gum
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The significance of mixing on simulated starch hydrol-
ysis is further quantified when comparing the reaction 
kinetic constants (Table 2): 4.5 times higher constants were 
estimated for the STR, compared to the SIM, reaching 
0.05 min−1. It is noted that similar constants (of the order 
of 0.04 min−1) have been reported for in vitro digestion of 
starchy foods using biochemical (batch) models with fast, 
homogeneous mixing conditions [40, 41]. The difference 
with SIM may indicate a way of controlling glucose bioac-
cessibility after consumption of starchy foods by control-
ling the mixing processes in the gut.

The model was further used to evaluate the effect of 
enzyme flow rate, enzyme concentration, starch (substrate) 
concentration, and viscosity (addition of guar gum) on 
starch digestion. Overall, the results highlighted the impor-
tance of mass transfer on digestive processes. On all occa-
sions, the presence of lag phase (of the order of 10–15 min) 
was evident on both starch hydrolysis and simulated glu-
cose absorption. At low enzymatic flow rates, slower diges-
tion was observed until a critical level (3.0  mL/min) was 
reached, above which any further increase marginally 
affected digestion kinetics (Fig.  5). It appears, therefore, 
that at higher flow rates mass transfer ceases to be a lim-
iting factor in the apparent rate of reactions. It is interest-
ing to note that this number falls within the physiological 
range of 4.13 ±  0.88  mL/min reported by [77] (see also 
“Effect of enzyme flow rate; enzyme concentration; starch 
concentration; chyme viscosity” section). Similar pattern 
was observed when the independent variable was enzyme 
concentration. Increasing amylase content resulted in faster 
rates of digestion until a critical value (of 15  U/mgchyme) 
was reached. Any further increase in amylase activity had 
an insignificant effect on digestion kinetics under investi-
gated conditions (Fig. 6).

The viscosity of the digested system appeared to have 
a critical role on digestion kinetics. Indicatively, 50  % 
reduced simulated glucose absorption was observed on 
addition of a thickener (0.75  % guar gum) after 2  h of 
digestion (Fig.  10), and approximately 30  % reduction in 
the extent of starch digestion after 40 min was measured on 
increase in starch concentration from 1 to 3 % (Fig. 8). It is 
noted that systems with higher starch concentration exhib-
ited higher viscosities. A possible mechanism of action for 
this reduction observed in the simulated starch digestion is 
through the mass transfer limitations induced as viscosity 
increases. These trends are consistent with in vivo findings 
that viscous fibres, guar gum in particular, reduce postpran-
dial glucose levels after consumption of preparations with 
similar glucose concentrations [17, 81].

Having established the importance of mass transfer, gut 
motility, and digestive conditions on digestibility of starch, 
a more complex starchy food was selected for further stud-
ies. Simulated glucose absorption after digestion of bread 

showed an interesting and unexpected trend: the initial rate 
of digestion was followed by a faster (almost doubled) rate 
after minute 80 (Fig. 11). It is possible that this increase is 
related to a decrease in the luminal viscosity as the bread 
is being hydrolysed, serving as an additional indicator of 
the strong link between mass transfer during digestion and 
associated postprandial response. Any solid conclusions are 
preliminary at this stage, and further work is required to 
determine the effect of digestion on the rheological proper-
ties of chyme. It is noted, however, that addition of 0.5 % 
guar gum resulted in reduced mass transfer and reduced (by 
35 %) simulated glucose absorption after 2 h of simulated 
intestinal digestion.

Conclusions

The importance of mass transfer and gut motility in nutri-
tional studies was considered. Typically, in  vitro nutri-
tional studies are performed in small volumes and the 
effect of segmentation in the small intestine is often dis-
regarded. Using a novel in  vitro small intestinal model 
(SIM) with realistic representation of segmentation con-
tractions, digestion of starch and starchy foods (bread) 
showed increased lag phase before any hydrolysis could 
be observed, compared to digestion using rigorous, homo-
geneous mixing. In addition, increased lag phase and 
reduced mass transfer were obtained on increasing chyme 
viscosity. Decreased mass transfer appeared to reduce 
both starch hydrolysis rates and nutrient bioaccessibility. 
Overall, this work illustrates the potential of controlling 
food digestion and postprandial response, including blood 
glucose levels, by engineering food structures with the 
desired behaviour in the small intestine for the benefit of 
public health.
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