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Physical effects of dietary fibre on simulated
luminal flow, studied by in vitro dynamic
gastrointestinal digestion and fermentation
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M. Victoria Moreno-Arribasa and Laura Laguna *c

During the transit through the gastrointestinal tract, fibre undergoes physical changes not usually included

in in vitro digestion studies even though they influence nutrient diffusion and might play a role in gut

microbiota growth. The aim of this study was to evaluate how physical fibre properties influence the

physical properties of gastrointestinal fluids using a gastrointestinal model (stomach, small intestine,

ascending colon, transverse colon, and descending colon) (simgi®). Analysis by rheological and particle

size characterisation, microbiota composition and short-chain fatty acid (SCFA) determination allows the

achievement of this goal. First, the water-holding capacity (WHC), microstructure, and viscosity of eight

different fibres plus agar were tested. Based on the results, potato fibre, hydroxypropyl methylcellulose

(HPMC), psyllium fibres, and agar (as a control) were selected for addition to a medium growth (GNMF)

that was used to feed the stomach/small intestine and colon compartments in the simgi®. During gastro-

intestinal digestion, GNMF was collected at 5, 30 and 55 minutes of processing at the gastric stage and

after the intestinal stage. Then, samples of GNMF with faecal slurry were collected at 0, 24 and 48 h of

colonic fermentation. Results showed fibre-dependence on apparent viscosity. Although psyllium was

partially broken down in the stomach (decrease in particle size), it was the most viscous at the colonic

stage, opposite to the potato fibre, but both led to the highest total SFCA and acetic acid production

profile. On a microbiological level, the most relevant increase of bacterial growth was observed in the

faecal Lactobacillus species, especially for HPMC and potato fibre, that were not digested until reaching

the colon. Besides fibre fermentability, viscosity also influenced microbial growth, and it is necessary to

characterise these changes to understand fibre functionality.

1. Introduction

Over the years and worldwide, different studies and health
organisations have been recommending, for a healthy adult,
the consumption of 20 to 40 g of fibre per day.1–4 Fibre is an
important dietary component, exhibiting many proven health
benefits, such as decreased blood cholesterol,5 the prevention
and management of diabetes mellitus6 and the improved
reduction of constipation. Fibre also helps to promote the
satiety feeling which can help with weight control.7,8 All these
effects are dependent on the type of fibre. In fact, dietary fibre
is a broad category of non-digestible food ingredients. In 2009,

the Codex Alimentarius disclosed an updated definition of
fibre as “carbohydrate polymers with three or more mono-
meric units, which are neither digested nor absorbed in the
human small intestine and belong to the following categories:

– Edible carbohydrate polymers naturally occurring in the
food as consumed;

– Edible carbohydrate polymers that have been obtained
from food raw material by physical, enzymatic, or chemical
means and which have a beneficial physiological effect demon-
strated by generally accepted scientific evidence;

– Edible synthetic carbohydrate polymers that have a ben-
eficial physiological effect demonstrated by generally accepted
scientific evidence.”9

Therefore, today, non-starch polysaccharides, resistant
oligosaccharides and other carbohydrates, such as resistant
starch and dextrin, are all considered fibres.10–13 Although
fibre is a topic thoroughly investigated regarding quantifi-
cation, and composition, little research exists regarding its
physical changes (i.e., viscosity) through the intestine, changes
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that are associated with satiety control and/or constipation.
Therefore, the study of the viscosity changes along the gastro-
intestinal tract related to the microbiota growth might shed
light on fibre functionality.

Although ideal, it is not possible to study the viscosity
changes of fibre along the intestine, in vivo, for technical, ethic
and economic reasons. There is a real need for the use of
in vitro models, which mimic the physiological conditions
occurring during human digestion. Simple static in vitro diges-
tion models, proposed as alternatives to in vivo experiments, are
basic and limited when recreating the complexity of the diges-
tive tract. In contrast, dynamic models that allow pH regulation,
the flow of the food and the injection of digestive enzymes in
real time, in the different compartments of the gastrointestinal
tract, are more promising at accurately mimicking the digestive
process.14 However, because of its enormous complexity and
also the high cost of the installation and optimisation process,
there are few simulators of this type in the world.14 Simgi® is a
computer-controlled gastrointestinal in vitro model designed to
simulate the physiological processes taking place during diges-
tion in the stomach and small intestine. It can also reproduce
the colonic microbiota responsible for metabolic bioconver-
sions in the large intestine.15,16 In a previous work, when using
simgi®, fed with a hard-to-digest substance (agar), the viscosity
itself was an important factor to condition the growth of
different bacterial groups.17 However, the study of the effect of
dietary fibre viscosity on bacterial growth in an in vitro system
has never taken place thus far.

Hence, this work intends to understand how fibres influence
the physical properties of gastrointestinal fluids (in the gastroin-
testinal lumen) using a gastrointestinal model (stomach, small
intestine, ascending colon, transverse colon and descending
colon) by studying the viscosity, particle size, microbiota and
short-chain fatty acids (SCFAs) of the digest, taking samples
along the different simgi® compartments and at different times.

2. Materials and methods
2.1 Materials

2.1.1. Fibres. Eight commercial products were tested
including: two wheat fibres of two different sizes (VITACEL®

Wheat fibre, WF101 and VITACEL® Wheat fibre, WF200),
apple fibre (VITACEL® Organic apple fibre, AF401), potato
fibre (VITACEL® KF200), oat fibre (VITACEL® HF401), psyllium
fibre (commercial name: P95), hydroxypropyl methylcellulose
(commercial name: K4M) and microcrystalline cellulose
(VIVAPUR® Microcrystalline Cellulose Gel, MCG). These were
all donated by the Rettenmaier Ibérica (Spain) division of the
company J. Rettenmaier & Söhne (Germany). The physical pro-
perties of fibres provided by the supplier are presented in
Table 1 and are classified according to previous fermentability
bibliography.18,19

Henceforward, wheat fibres will be referred to as WF, and
the sizes will be L for long fibre and S for short fibre. Further
abbreviations include apple fibre (AF), potato fibre (PF), oat
fibre (OF), psyllium fibre (PSF), hydroxypropyl methylcellulose
(HPMC) and microcrystalline cellulose (MCG).

2.1.2. Gut nutrient medium (GNM). A standard medium
was used in simgi® to support the growth of the microbial
ecology of the gastrointestinal tract called Gut Nutrient
Medium (GNM), which has been validated previously for
simgi®.15 The GNM contains arabinogalactan (1 g L−1) (Sigma-
Aldrich, MERK, USA), pectin from citrus peels (2 g L−1) (Sigma-
Aldrich, MERK, USA), xylan (1 g L−1) (Carbosynth, UK), soluble
starch (3 g L−1) (Difco™, BD, USA), glucose (0.4 g L−1)
(Difco™, BD, USA), yeast extract (3 g L−1) (Oxoid,
ThermoScientific, USA), special peptone (1 g L−1) (Oxoid,
ThermoScientific, USA), mucin from porcine stomach (4 g L−1)
(Sigma-Aldrich, MERK, USA) and L-cysteine (0.5 g L−1)
(Panreac, Applichem, USA). All compounds were dissolved in
distilled water and sterilised at 121 °C for 21 min.

2.1.3. Gut nutrient medium with fibres (GNMF). Fibres (at
3% w/w) or agar (at 3% w/w) were added to GNM to prepare
the GNMF mixtures used to feed the stomach and small intes-
tine or the colonic part of the gastrointestinal simulator. The
calculation of fibre concentration was made for the minimum
amount of fibre required, based on European legislation, to
consider a food product as a source of fibre (Corrigendum to
Regulation (EC) No 1924/2006 of the European Parliament and
of the Council of 20 December 2006 on nutrition and health
claims made on foods); fibre content must be ≥3% of a food
product. Therefore, GNMF mixtures included 3% (w/v) pow-
dered fibres.

Table 1 Fibre characteristics as provided by the supplier

Non-fermentable Minimally fermentable Intermediate
fermentable

HPMC MCG AF WFL WFS OF PFa PSF

Medium particle size (μm) 80 >250 (60 mesh): max. 0.1%; >75
(200 mesh): max. 35%

<300 (90% of
particles)

50 150 250–400
(length)

80–250

Purity (%) 85–95 87–92 (8–13 of
carboxymethylcellulose sodium)

60 97 97 96 62 —

Insoluble portion (%) — — 75 94.5 94.5 — 56 30
Soluble portion (%) — — 25 2.5 2.5 — 6 70

Fibres abbreviations correspond to: Hydroxypropyl methylcellulose (HPMC), microcrystalline cellulose (MCG), apple fibre (AF), wheat fibres (WF;
L for long fibre and S for short fibre), oat fibre (OF), potato fibre (PF) and psyllium fibre (PSF). a Potato fibre also contained 12% resistant starch
and 16% starch.
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To prepare the GNMF, all compounds of the GNM and their
corresponding weight of fibre or agar were dissolved in 300 ml
of distilled water and sterilised at 121 °C for 21 min. All
GNMF gel temperatures were lowered to 85 °C inside the auto-
clave, followed by a further reduction to 37 °C overnight at
150 rpm inside an orbital shaker (Minitron, Infors HT,
Switzerland).

2.1.4. Faecal slurry. The faecal slurry inoculated in the
simgi® colonic compartments was prepared from a fresh
faecal sample of a healthy volunteer who had received no anti-
biotic treatment in the six months prior to the experiment. To
obtain the faecal slurry, a dilution of the faecal sample with
20% w/v phosphate saline buffer (0.1 M, pH = 7) and hom-
ogenisation in a stomacher (Stomacher 400 Circulator,
SEWARD, UK) at 230 rpm for 3 minutes, was obtained.

2.2. Methods

2.2.1. Fibres scanning electron microscopy (SEM). To
examine fibre morphology, a scanning electron microscope
(SEM) (model JSM-6500F, Jeol Ltd, Japan) was used. The prepa-
ration of samples to allow imaging involved mounting samples
and sputter-coating them with Au (≈200 Å) in an SPI diode-
sputtering metalliser system.

2.2.2. Experimental setup. As shown in Fig. 1, the experi-
mental setup had three parts corresponding to functional
characterisation of the initial product (before digestion), gas-
trointestinal digestion and colonic fermentation.

Study 1. Functional characterisation before digestion.
Functional characterisation encompassed the evaluation of
WHC, microstructure and rheological properties of a range of
fibres, followed by the selection of three fibres with different
characteristics to feed the stomach/colon.

WHC is the ability to retain water in the internal structure
of the fibre. The determination was adapted from Yamazaki
et al. (2005).20 0.5 g of fibre was transferred to a 50 mL centri-
fuge tube. Then, 30 mL of distilled water and GNM at two
different pH (pH = 2.3 and pH = 6.3) were added to the tube.
All tubes were incubated at 37 °C and stirred at 150 rpm over-
night. After, the tubes were centrifuged at 2000g for 10 min in
a Rotina 380R (HETTICH, Germany). Each tube was decanted
for 10 min and the liquid was separated before it was weighed.
The amount of liquid held was calculated by subtracting the
weight before liquid treatment and was expressed relative to
the dry weight. The WHC of all fibres were determined in
triplicate for each liquid (distilled water, GNM pH = 2.3 and
pH = 6.3).

Study 2. Gastrointestinal digestions. Simgi® is a computer-
controlled dynamic SIMulator of the gastrointestinal tract com-
prising five successive reactors which are used separately.15,21

In the present work, simgi® modular design was used to simu-
late digestion in two steps: gastrointestinal digestion (study 2)
and colonic fermentation (study 3).

For gastrointestinal digestions, the link between the
stomach and small intestine reactors simulated the upper
digestion tract. The authors selected the parameters of process
simulation based on literature data to mimic in vivo conditions

(Bellmann, Lelieveld, Gorissen, Minekus, & Havenaar, 2016)
and preliminary experiments.15,22,24

At the gastric level, the peristalsis frequency was set to 10
s−1. The feeding volume of 80 mL of each GNMF was used in
addition to a pH curve descending from the initial feeding pH
to pH = 2 (fasting conditions) during the gastric digestion
stage. Gastric juice (15 mL) was prepared as a solution of
pepsin, from porcine gastric mucosa (2000 U mL−1) (Sigma-
Aldrich, MERK, USA) and high-purity NaCl (0.9 g L−1) (VWR
Chemicals, Avantor®, USA); the solution was kept at 4 °C to
avoid autolysis and before it was delivered at 3.9 mL min−1

flow to the gastric compartment. Enzymatic activity (2500 U
mg−1) using a haemoglobin substrate was obtained. To control
the gastric emptying, the Elashoff power exponential function
was used:

f ðtÞ ¼ 2
� t

t1=2

� �β

ð1Þ

where f (t ) is the fraction of the meal remaining in the
stomach, t is the time of digestion of the meal, t1/2 is the half-
life of delivery to the small intestine and β is the factor that
describes the shape of the curve.23 The selected Elashoff
equation parameters were t1/2 = 53 min and β = 1.2.24

Fig. 1 Experimental set up of the work with the three studies per-
formed and measurements. WFL (wheat fibre long), WFS (wheat fibre
short), AF (apple fibre), PF (potato fibre), OF (oat fibre), PSF (psyllium
fibre), HPMC (hydroxypropylmethylcellulose) and MCG (microcrystalline
cellulose).
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In the small intestinal reactor, the gastric emptying content
is mixed gradually (5 mL min−1) with 40 mL of pancreatic
juice (of a solution of 12 g L−1 NaHCO3 (VWR Chemicals,
Avantor®, USA), 6 g L−1 Oxgall dehydrate fresh bile (Difco™,
BD, USA) and 0.9 g L−1 pancreatin from the porcine pancreas
(Sigma-Aldrich, MERK, USA)) prepared as21,25 during intestinal
digestion (2 h, 37 °C) in anaerobic conditions.

Each of the four different GNMF, with agar, PF, HPMC and
PSF, was added separately, in a single dose, and underwent
dynamic digestion in the simgi® stomach and small intestine
reactors. For viscosity and particle size analysis, samples after
5, 30 and 55 min (T1, T2, and T3) in the gastric stage and at
the end of the intestinal stage (120 min) were taken.

Study 3. Colonic fermentation. For colonic fermentations,
four simgi® reactors were independently used to control the
in vitro conditions (at same pH, temperature and shaking
rate).17

GNMF (with agar, PF, HPMC and PSF) was transferred to
the four intestinal simgi® compartments with the addition of
20 ml of faecal slurry. The reactors were filled and pre-con-
ditioned with nutritive medium in 300 mL of nutrient
medium. Experimental conditions were kept the same for the
four compartments during the whole experimental process.
Using pH controllers (Unitronic Vision 120™, UNITRONICS®,
Israel) pH automatic regulation was kept to 6.3 ± 0.2. The com-
partments were maintained at 37 °C under anaerobic con-
ditions by continuously flushing nitrogen. For SCFA determi-
nation, microbiological and rheological analyses, the samples
were taken simultaneously at 0, 24, and 48 h.

2.2.3. Viscosity measurements. The rheological properties
of the samples were taken before digestion for the initial
characterisation, with the samples being collected at different
times and phases. All were measured using a Kinexus pro rhe-
ometer (Malvern Instruments Ltd, UK), equipped with a
40 mm cone-and-plate geometry set to a gap of 0.150 mm.

The initial characterisation of samples from Study 1 was
measured before digestion, at 25 °C. Samples from study 2
(gastrointestinal digestion) and 3 (colonic fermentation) were
measured at 37 °C, a value representative of the body tempera-
ture. The use of a temperature cover kept the samples at the
specified temperatures, which were controlled to be within
0.1 °C by Peltier elements in the lower plate.

To achieve homogenised mechanical equilibrium before
measurement, a pre-shearing test on all the samples over
1 min at 100 s−1 at the corresponding temperatures of 25 °C
and 37 °C was carried out. The resulting flow curves were
obtained as a function of shear rate ranging between 100 to
0.01 s−1. All samples were measured at least in triplicate.

The viscosities in two shear rates between the physiological
range (1 and 10 s−1) were chosen26 to help characterise the
flow curves of the different samples.

2.2.4. Particle size measurement. Particle size and particle
distribution were determined (in triplicate) for samples at
different digestion time (gastric digestion: after 5 minutes,
30 minutes, and 55 minutes of gastric digestion; at the end of
intestinal digestion; and after 48 h of colonic fermentation)

with a Malvern Mastersizer S laser diffraction particle size ana-
lyser (Malvern Instruments Ltd, UK) equipped with a He–Ne
laser (λ = 633 nm). The refractive index of the disperse phase
was 1.53, and the refractive index of the dispersion liquid (dis-
tilled water) was 1.33. The measurement range was
0.05–900 μm. The obscuration range was 8–15%. The authors
obtained particle size calculations using Mie Scattering theory.
The average maximum diameters (d32 and d43) of both the
surface and volume were measured at different times.27 The
measurements were performed at 37 °C.

2.2.5. Microbial community analysis. Microbiological ana-
lysis was performed as previously described.17 Plate counting
was performed in triplicate.

2.2.6. SCFAs determination. Acetic acid, propionic acid
and butyric acid concentrations were determined by
SPME-GCMS following the method developed previously and
reported by Cueva et al. (2015).15

The calibration curves of the analysed compounds were
obtained by diluting the original stock standard solution (20 g
L−1 of acetic acid, 20 g L−1 of propionic acid and 5 g L−1 of
butanoic acid in GNM). The analyses were performed in
duplicate.

2.2.7. Statistical analysis. The use of the analysis of var-
iance (one-way ANOVA) to study the differences between fibre
type and viscosity, as well as to study the differences between
fibre type, incubation time and microbial growth, was carried
out. Significant differences were calculated with the Tukey test
(p < 0.05). These statistical analyses were performed with the
IBM SPSS Statistics for Windows, version 22.0. Armonk, NY:
IBM Corp.

Principal component analysis (PCA) was performed to study
the relationship between physical properties, microbiological
growth, and SCFA production. In addition, Pearson’s corre-
lation was done to specifically study viscosity and microbial
growth. A PCA and Pearson’s correlation were obtained using
the statistical software package XLSTAT-Sensory (Addinsoft-
Barcelona, Spain, version 2018.2).

3. Results and discussion
3.1. Fibre morphology

Fibres can bind water in several ways.28 Besides its chemical
composition and processing history, fibre hydration properties
depend on their physical structures (surface area and particle
size).29 Therefore, to understand the behaviour of fibre in the
gastrointestinal system in-depth, Fig. 2 shows SEM photo-
graphs for the fibres (AF, OF, HPMC, PF, PSF, MCG, WFS and
WFL).

The apple fibre (AF) shows a rounded structure, with
different particle sizes, very heterogeneous distribution and
numerous irregularities on its surface. The oat fibre (OF),
shows an elongated structure with very heterogeneous fibres of
different thicknesses. With the HPMC, two structures can be
seen, long fibres and round particles of small size. The potato
fibre (PF), presents many irregularities in the size and surfaces
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of its particles, being clearer at higher magnifications.
Psyllium fibre (PSF) shows a regular and compact structure.
The MCG fibre corresponds to crystalline methylcellulose,
where the particle size is lower than all the previous fibres,
and a uniform size is seen in its particles. Regarding the wheat
fibres, WFS is a short wheat fibre made up of numerous small
fibrils packed together to form a matrix, whilst for WFL, the
long wheat fibre, its appearance is similar to that of WFS but
presents greater fibril size, with greater particle length and
thickness.

3.2. Initial physical characterisation of GNMFs

Gastrointestinal sections are anatomically different from each
other, creating different environments and secretions, with
one major difference being the pH and another being the gas-
trointestinal motility of each section. Therefore, the WHC and
apparent viscosity of the GNMF (at 3%) were measured before
transferring it to simgi® at two different pH (2.3 and 6.3).

3.2.1 Water-holding capacity. Table 2 shows the WHC of
the fibres, determined in two different solvents (water and
GNM at pH = 2.3 and 6.3), together with the viscosities of
GNMF at two physiological shear rates (1 and 10 s−1).26,30

In all the mediums and at different pH, psyllium fibre (PSF)
had the highest significant (p < 0.05) WHC, followed by hydro-

xypropyl methylcellulose (HPMC) and microcrystalline cell-
ulose (MCG), which had WHC similar to agar. AF, PF and WFL
had similar WHC, while OF, under the three studied con-
ditions, had the lowest WHC.

By using water as a solvent, PSF and MCG also resulted in
significantly higher water retention capacities compared with
the use of GNM as a solvent at pH 2.3 and 6.3. Attributing this
to other polysaccharides in the GNM results in a lack of water
availability for these fibres with a high ability for water absorp-
tion. pH also had an influence on the WHC, increasing at pH
= 6.3 for PSF, MCG and agar.

3.2.2 Initial viscosity of GNMF before simgi® feeding.
Viscosity (η), or the resistance to flow, is defined as the ratio of
shear stress to shear rate. In Table 2, the apparent viscosities
of fibres at two different shear rates (1 and 10 s−1) are shown.
It can be observed there was a decrease of apparent viscosity as
the shear rate increased, exhibiting non-Newtonian flow,
typical of most polysaccharides in solution.31 Despite the
shear rate, the most viscous fibres were PSF followed by HPMC
and WFL. Additionally, at pH = 6.3, agar was also among the
most viscous fibres.

Except for the long wheat fibre (WFL) and the microcrystal-
line cellulose (MCG), the remaining samples with higher WHC
had more viscosity, as viscosity depends on the degree of

Fig. 2 SEM photographs showing different fibres morphologies. Abbreviations in the pictures refer to AF: apple fibre; OF: oat fibre; HPMC: hydroxy-
propylmethylcellulose; PF: potato fibre; PSF: psyllium fibre; MCG: microcrystalline cellulose; WFL: wheat fibre long; WFS: wheat fibre short.
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hydration.32 In the case of WFL, which had a lower WHC than
MCG, the viscosity was significantly higher than the other
fibres (MCG, WFS, PF, AF, OF and agar). Although both wheat
fibres (WFL and WFS) had the same composition, WFL had a
larger particle size (observed in Fig. 2), which was proven to
increase the viscosity coefficient.33 This increase resulted from
more holes and pores produced, with the ability to hold water,
when polysaccharide single chains interact with other chains
to form junction zones, trapping larger amounts of water,
strongly bound and fixed.28,34

GNMF with psyllium (PSF) has a viscosity, approximately
ten times higher than the rest of fibres. Previous studies
showed that PSF is a highly branched arabinoxylan polysac-
charide consisting of a xylose backbone and arabinose and
xylose containing side chains,28 with a negative charge due to
ionized carboxyl groups.35 The intermolecular electrostatic
repulsions due to equal charges make the chain molecular
structures completely extended, in which the adjacent chains
form intermolecular cross-links that form a gel.19,35

Regarding the viscosity of the cellulose studied (HPMC and
MCG), it can be seen that HPMC viscosity, after the psyllium
fibre (PSF), is the greatest and is greater than MCG. Previously,
it had been reported that in celluloses, lower viscosities corre-
lated to more degraded cellulose molecules, which consisted
of shorter chains,36 as observed in Fig. 2.

The viscosity of agar at pH = 6.3 was higher, as the back-
bone structure of agar, the agarose, is essentially sulphate-free
and consists of alternating chains of β-1,3-D-galactose and
α-1,4-3,6-anhydro-L-galactose37 that form a stronger gel at high
pH than at low pH.

The viscosity for GNMF with WFL, WFS, AF, PSF, MCG and
agar, increased with increasing pH, but for HPMC and PF, the
viscosity decreased when increasing pH. Therefore, the influ-
ence of pH on viscosity depended on dietary fibre type because
there was an optimum pH for each dietary fibre. Today, there
is still controversy about the influence of pH on viscosity. It
has been stated that the optimum pH of the samples is depen-
dent on the chemical composition of the fibre source,38 so
each fibre has an optimum pH. However, one study using the
same fibres have claimed that with pH increment, the viscosity
increased,39 while other study showed that a decrease in pH
produced an increase in viscosity.38 The discrepancy could be
related to the non-starch polysaccharide fractions of fibre
sources and their purity, as they may be released and broken
down upon acidification.40 In the case of HPMC and PF it is
apparent that both suffer alkaline depolarisation with a conse-
quent loss of gel strength and viscosity. Furthermore, previous
authors have found that acid mediums increase the hydration
of HPMC and might be the reason for its high viscosity at low
pH in comparison with at high pH.41

At the physiological level, it might be expected that HPMC
and PF fibres are more viscous in the stomach (acidic pH),
while WFL, WFS, AF, PSF, MCG and agar might be more
viscous in the small intestine (neutral pH). However, the rheol-
ogy of fibres before digestion is not necessarily a reflection of
their rheological effects in the gut when ingested, as there is aT
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dilution effect (gastrointestinal tract fluids), different shears,
different pH, as well as diffusion throughout the lumen.42,43

It is noteworthy that the medium (GNM) might be influen-
cing viscosity. From one side, the monovalent ions added to
adjust the pH of the GNM affects fibres viscosity at both pHs.
H+, Na+, and K+ have been reported to interact with hydrocol-
loids through specific and non-specific interactions, H+ at low
pH often because the protonation of carboxylic groups induces
weaker gel formations in polysaccharides carrying carboxylic
groups.44 From the other side, mucin (4 g L−1) in the GNM
may slightly increase the viscosity of all the samples at pH 2.3,
as it has the property of increasing its gelation ability by lower-
ing the pH, resulting in the change in viscosity.45 However,
because all samples have the same concentration of mucin, it
would have affected all the GNMF samples similarly, and as a
result, the difference observed is because different fibres or
agar were added. A previous study showed that the apparent
viscosity of GNM without agar, measured at pH 6.3 and at 1
s−1 shear rate, was 0.005 ± 0.001 Pa s.17 However, the addition
of fibres and agar used in this study at 3% (w/w) concentration
conferred to the GNMF viscosity range from 0.31 to 22 Pa s
(Table 2).

GNMF using OF fibre had no measurable viscosity because
of its high instability and precipitation in an aqueous medium.

3.2.3 Fibre selection. The selection criteria for testing
fibres in simgi® was based on having a different spectrum of
reported fermentability, water retention and viscosities
depending on the pH. Finally, from the eight initial fibres
tested, to cover a wider spectrum of behaviour with different
fibre solubility, the HPMC, PSF and PF fibres incorporated
into the GNM were tested in the simgi®; furthermore, GNM
with added agar was also used as a control.

3.3. Rheological properties of the gastric and small intestinal
digestion of GNMF

Table 3 shows viscosity values at 1 and 10 s−1 (ηa1 and ηa10) for
the PF, HPMC, PSF and agar GNMF in the stomach at three
different times (5, 30 and 55 minutes) through gastric and
intestinal processes (after 120 minutes). In all cases, a pro-
nounced diluting effect was observed between the initial feeding
(previous section), the gastric compartment and the intestinal
compartment. This diluting effect can be attributed to the simu-
lated gastric secretions in the stomach and to the simulated
intestinal secretions (pancreatic juice) in the small intestine.

In line with the rheological behaviour of the feeding pro-
ducts, along the gastrointestinal tract, all samples exhibited
similar flow behaviour at all concentrations and digestion
stages, showing a non-Newtonian behaviour or a pseudoplastic
behaviour.

In the gastric compartment, in comparison with the other
fibres (PF and HPMC) and the control (agar), psyllium fibre
(PSF) showed the highest viscosity, with no statistical variance
with time. Although not statistically significant, HPMC showed
a viscosity decrease over time in the stomach. Previous authors
have stated that HPMC is stable over the pH range of 3.0–11.0
and is enzyme resistant.46 In this work, as the pH was below

3.0 (pHstomach = 2.3), it is believed that this was the cause of
the viscosity decrease.

Furthermore, regardless of the simgi® compartment,
GNMF with PSF had the highest viscosity, while those with
added potato fibre (PF) had the lowest viscosity (Table 2),
although with no difference from HPMC or the control with
agar.

The lowest viscosity values corresponding to GNMF contain-
ing PF could be because potato fibre is more insoluble and
had less WHC (Table 2) than HPMC and PSF. However, though
it provides less viscosity to the viscosity of the luminal fluid,
this does not mean that it does not play a role in intestinal
health, as it can be fermented (to be discussed in the next
section) or, if it is not digested and highly insoluble, might
promote a laxative effect. Laxative effects can occur through
two different mechanisms. One is by mechanically irritating
the large bowel mucosa with the presence of insoluble par-
ticles.47 The other is by the production of a gel-forming fibre
(psyllium) that will resist dehydration (by water reabsorption)
in the large bowel.47

Psyllium fibre (PSF) was very viscous during the gastric and
small intestinal digestive processes. These results are in
accordance with the previously reported psyllium properties,
lowering after-meal glucose and insulin levels, due to a delay
in the gastric emptying, and also lowering cholesterol by
impeding enzyme–substrate interaction. This second effect is
highly dependent on the viscosity.48,49

3.4. Rheological properties during the fermentation of
inoculated GNM gels with added fibres

The flow curves of the GNMFs with added faecal slurries at
different times (0, 24 and 48 h) are shown in Fig. 3.

Table 3 Effect of dietary fibre on viscosities at 1 and 10 s−1 (ηa1 and
ηa10) of Gut Nutrient Medium with fibres (GNMF) or agar at 3% (w/v) con-
centration throughout simgi® gastric (at three time points) and intestinal
digestive processes

Fibre Simgi® compartment ηa,1 (Pa s) ηa,10 (Pa s)

Agar Gastric at 5 min 0.166 ± 0.027B 0.030 ± 0.005C

PF 0.020 ± 0.013B 0.006 ± 0.004C

HPMC 0.204 ± 0.037B 0.135 ± 0.004B

PSF 1.63 ± 0.377A 0.246 ± 0.045A

Agar Gastric at 30 min 0.210 ± 0.006B 0.040 ± 0.001B

PF 0.063 ± 0.005B 0.028 ± 0.006B

HPMC 0.112 ± 0.009B 0.076 ± 0.007B

PSF 1.84 ± 0.434A 0.320 ± 0.110A

Agar Gastric at 55 min 0.209 ± 0.019B 0.042 ± 0.005B

PF 0.029 ± 0.003B 0.008 ± 0.002B

HPMC 0.073 ± 0.007B 0.046 ± 0.002B

PSF 1.72 ± 0.220A 0.286 ± 0.048A

Agar Intestinal 0.010 ± 0.002B 0.003 ± 0.000B

PF 0.005 ± 0.003B 0.001 ± 0.001B

HPMC 0.010 ± 0.000B 0.004 ± 0.000B

PSF 0.376 ± 0.035A 0.062 ± 0.006A

A–CEffect of fibre type at each simgi® compartment and time point.
For each viscosity, mean values in the same column without the same
letter are significantly different (p < 0.05). PF: potato fibre; PSF: psy-
llium fibre, HPMC: hydroxypropyl methylcellulose.
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Agar gels (control) were significantly (p < 0.05) the most
viscous along with fermentation in the colonic vessels, con-
firming that human intestinal microbiota does not degrade
bacteriological agar.

Among all the fibres presented in Fig. 3, psyllium fibre
(PSF) experienced a major drop in viscosity over time (Fig. 3d).
For potato fibre (PF) (Fig. 3b), the viscosities were slightly
higher after 24 and 48 h than at 0 h, likely caused by the resist-
ant starch content of this fibre (Table 1).

At 0 h, it can be noted that viscosity values for the PSF gel
were still significantly higher than those of the PF and HPMC
gels, which were the lowest without significant differences
between them. In contrast, at the end of the fermentation
period (48 h), the PSF gel exhibited much lower viscosities
than at previous times, reflecting that intestinal microbiota
highly fermented this GNMF.

As mentioned in the previous sections, the secretion of
fluids was mimicked according to the gastric secretions that
caused the sequential loss in viscosity along the gastro-
intestinal tract. However, under normal conditions, most of
the fluid in the small intestine is absorbed. A drawback to
in vitro studies is that water and nutrient absorption,
which plays a role in the physicochemical properties, cannot
be taken into account.50 If it was possible to add water absorp-
tion to an in vitro system, an increase in the viscosity of the
chyme would be expected, especially for the gel-forming
fibre,19 psyllium.

3.5. Particle size measurement

The particle size of the digest depends on the medium in
which the fibre is present (pH, composition and enzymatic
presence), as well as the mechanical forces created by simu-
lated peristaltic movements.51 Particle size can reflect fibre
fragmentation and breakdown through gastrointestinal diges-
tion and fibre agglomerate formation. The results represent
the maximum diameter or a spherical particle. However, the
real shape of GNMF particles is unknown, and the sizes pro-
vided were based in a calculation model.

In Fig. 4, the particle size distribution of the GNM gels with
added PSF (a), HPMC (b) and PF (c) fibres and agar gels (d)
during the gastrointestinal digestion at each simgi® compart-
ment is shown. All samples show a mono-modal distribution
during the three different times (T1, T2 and T3) of gastric and
intestinal digestions. Agar gel (Fig. 4d) showed a larger and nar-
rower peak with only one population of particles ranging
between 10 and 100 μm. While for the GMNF with added fibres,
the peak was greater and shifted to the right with the particle
population between 10 and 1000 μm. These observations meant
that agar, the smaller hydrocolloid, was not digested at the
gastric, intestinal or colon level maintaining small particles
sizes at both levels. However, GNMF with fibres (PF, HPMC and
PSF) had a significant size drop in the colon, in correspondence
with microbial fermentation. Meaning that, as expected, the
volume of big particles decreases as digestion progresses.51

Fig. 3 Flow curves of the GNMF with agar or fibres with faecal slurries at different times (diamond = 0 h, square = 24 h and triangle = 48 h). (a)
Agar, (b) potato fibre (PF), (c) hydroxypropylmethylcellulose (HPMC) and (d) psyllium fibre (PSF).
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Previous sources show that hydrophilic matrices reduce in
size and dissolve after initially swelling, as they pass through
the gastrointestinal tract.52 This could explain the slight
increase in HPMC particles.

3.6. Microbial community on a colonic level with different
GNMF

In order to stimulate the proliferation of the intestinal micro-
biota, fibres have to remain relatively intact through the large
intestine.53

Preliminary experiments confirmed that human intestinal
microbiota did not degrade agar with significant effect.17 In
addition, it was shown that agar could increase the intestinal
viscosity at concentrations higher than 0.30%. Therefore, agar

itself does not influence the growth of colonic microbiota
because of fermentation and can be used as a control to
compare fibre behaviour in simgi® tests.

Fig. 5 shows the differences between the different
GNMF, with the increase to agar microbial growth [Δlog (CFU
ml−1)] as a function of fibre type, different bacterial groups
and from the time 0 to 24 and 48 h of the fermentation
process.

As expected, at time 0 h, no significant differences were
observed for any of the groups tested regarding agar (results
not shown). At time 24 and 48 h, there were significant differ-
ences among all bacterial groups. However, from a microbiolo-
gical point of view, statistically significant values are greater
than Δlog ≥ 1.54

Fig. 4 Particle size evolution of different GNMF with fibres or agar; (a) PSF (psyllium), (b), HPMC (hydroxypropylmethylcellulose), (c) potato fibres
(PF), (d) agar; during the gastric (T1: red, T2: black, T3: green), intestinal (orange) and colonic fermentation (blue).
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The most relevant increase of bacterial growth was observed
for HPMC, potato fibre (PF) (24 and 48 h) and psyllium fibre
(PSF) (48 h) on the Lactobacillus species (LAMVAB media).
LAMVAB media is highly selective for lactobacilli, particularly
human faecal species like Lactobacillus paracasei rhamnosus,
Lactobacillus acidophilus, Lactobacillus plantarum and
Lactobacillus reuteri. These species are described as possible
probiotic species55 and have been isolated on this media.56

The lactobacilli isolation meant that the studied fibres
could help the growth of this species in colonic conditions.
However, further studies are needed to establish this
relationship.

After 24 h of colonic fermentation, the PSF fibre showed a
significant reduction in the growth of total aerobes,
Enterobacteriaceae and Enterococcus spp. groups. The PF for
Enterobacteriaceae and lactic acid bacteria groups showed the
same trend. Subsequently, after 48 h of incubation, there was
an observation that PSF fibre led to a significant reduction in
the growth of total aerobes, Enterobacteriaceae, Enterococcus
spp. and lactic bacteria groups. Similarly, there was a decrease

in the growth of Enterobacteriaceae for PF and Enterococcus
spp. for HPMC. This is in accordance with previous results,17

where the total aerobes and Enterococcus spp. showed lower
growth than the rest of the bacterial groups studied. For the
remaining studied fibres and bacterial groups, the current
authors found no significant microbiological differences (con-
sidered as statistically significant being greater than one logar-
ithm) regarding agar.

3.7. SCFA production during colonic fermentation after
feeding simgi® with different GNMF

Fig. 6 shows the production of SCFAs after 24 and 48 h with
different fibres. As stated previously, agar has low fermentation
rates, although some SCFA production exists. These SCFAs
originate in GNM that contained arabinogalactan, pectin,
xylan and other fermentable sources. Therefore, the differ-
ences between SCFA production and the colonic fermentation
of GNMF are given.

The quantity and type of SCFA produced were dependent
on the type of fibre and time, such that a great increase was

Fig. 5 Logarithmic difference in microbial growth between agar and HPMC (hydroxypropylmethylcellulose), PF (potato fibres) and PSF (psyllium
fibre) for total aerobes, total anaerobes, Enterobacteriaceae, Enterococcus spp., Clostridium spp. and Lactobacillus spp.

Fig. 6 Difference in SCFA production between agar and HPMC (hydroxypropylmethylcellulose), PF (potato fibres) and PSF (psyllium fibre) for acetic
acid, propionic acid, butyric acid and total SCFAs.
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observed after 24 h of colonic fermentation. Acetic acid pro-
duction was as expected, especially for PSF and PF, with a
greater SCFA concentration. However, HPMC acetic acid con-
centration did not show significant differences from agar. All
SCFA production followed a 3 : 1 proportion between acetic
and propionic acid. Propionic acid production was signifi-
cantly higher for PF followed by PSF, while the concentration
of butyric acid was significantly higher for PSF and HPMC gels
in comparison with agar.

The results of this study showed that all fibres significantly
favoured total SCFA production, although the production pro-
files differ for HPMC, PF and PSF. This could be explained by
their different origin sources, signifying different chemical
compositions and different nutritional sources for gut
microbiota.57

Despite the chemical composition differences, physical pro-
perties, such as the structural features of each fibre and the
viscosity of the studied GNMF, could also influence the
differences observed in the SCFA production profile. According
to other authors,18 different gels with different viscosities of
the same nutrition medium, i.e., with the same nutritional
source for gut microbiota, resulted in significantly different
bacterial growth during colonic fermentation. These, and
not only fibre nutritional composition, can impact fibre
utilisation by the gut microbiota. Although fibre chemical
composition is a key factor, other factors previously proposed,
such as physical form, can impact the microbiota and its
fermentation.10

The production of SCFA is considered as beneficial to the
host because they prevent and protect humans against
different diseases and have an important role in maintaining
human health inflammatory homeostasis.58,59 Therefore, it
could be a key factor in understanding how physical pro-
perties, such as viscosity, are related to SCFA production, for
which more studies will be necessary.

Fig. 7 PCA plot of the two principal component with the fibres at two
different times of colon fermentation (at the beginning, T0; and after
48 h of fermentation T48) the main microbial groups studied, the visc-
osities at two different shear rates (vis 1: viscosity measured at 1 s−1; vis
10: viscosity measured at 10 s−1) and particle size (average maximum
diameters: d32 and d43). T
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3.8. Relation among measured physical properties and
microbiota growth

As a summary of the colonic results in Fig. 7, a principal com-
ponent analysis was shown with the data from particle size,
viscosity, microbiota growth, and short chain fatty acids
production.

It can be observed that the most viscous sample at colonic
level was the control (agar sample), also having a larger par-
ticle size; these two facts are related to the non-digestibility of
the agar. The other three fibres used (psyllium, potato and
HPMC) were fermented, having a lower viscosity impact in the
colon GNMF samples and also had smaller particles.

Different physical characteristics of the fibres can be linked
to different beneficial health effects,19 marking the importance
of the physical measurements of fibres in vitro. As it was pre-
sented in Table 1, fibres have different solubilities, meaning
that the number of soluble solids is different. However, solubi-
lity does not allow the prediction of viscosity. Among fibres,
there are also soluble fibres such as inulin or fructo-oligosac-
charides, which are highly beneficial but do not provide
viscosity to intestinal lumen.60 In this case, if there a lower
digestibility of the samples (agar), there is more of an
influence on the physical properties of the gastrointestinal
lumen, through increasing the viscosity and the presence of
larger particles, leading to laxation effects or improvement in
glucose and insulin metabolism, according to the
bibliography.8

A correlation test of viscosity and microbial growth was per-
formed and is presented in Table 4. It can be observed that
total anaerobes were related to the highest viscosities, but this
was not linked with any specific anaerobic group.

4. Conclusion

This work presents new knowledge about how the physical pro-
perties of fibres influence the outcomes in a gastrointestinal
model. Evidence shows that fibres with higher water-holding
capacity provide higher viscosity but depend on the pH at each
gastrointestinal section.

Initial viscosity and WHC do not have a direct correlation
with SCFA production and bacterial growth. SCFA production
was higher for potato fibre (PF), with a low viscosity, but also
for psyllium fibre (PSF), which had a high viscosity.
However, the physical measurements along the intestinal
tract allow us to have a better understanding of the fibre
effect. As shown in this study, gastrointestinal conditions
(pH, temperature, and enzymes) influence the effect of
fibres on microbiota growth and can be potentially corre-
lated to human physiology effects (satiety, postprandial gly-
caemia and nutrition diffusion across the mucosal mem-
brane, among others).

This study highlights the importance of including rheologi-
cal studies for a deeper understanding of the human micro-
biota, a crucial process for the design and screening of func-
tional foods.
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