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The chemical and physical processing of food ingtmall intestine is an important
step for digestion. If foods are to be designedhm future to control digestion for
impact on obesity and other dietary related chralseases, it is important to have
realistic models of the processes that occur througthe human gastrointestinal
tract (Gl tract). These models need to include hbevfood structure and viscosity
affects enzyme reaction, how they impact on mdsegatting to the Gl tract wall,

how this affects the availability of the nutrierdaed how the flow patterns in the
different parts of the Gl tract impact on the fdmhaviour and breakdown.

In this paper we describe the design oframtro model of the small intestine section
that allows investigation into the behaviour of thed and the delivery of nutrients to
the intestinal wall while mimicking the physiologic contractions of the small
intestine.

By modelling the physical process conditions in gmall intestine it has been
possible to suggest effects that the soluble didtare guar gum has on the delivery
of nutrients to the intestinal wall. Soluble digtdibres form viscous solutions that
are non-Newtonian. Complex flows exist in the snnatestine that affects the bulk
viscosity experienced at different points in thatcaction cycle. This may determine
the rate of digestion of foods by changing delivefynutrients to the intestinal wall

and hence the rate and amount of absorption.ifilv#ro model has been used to
measure the delivery of nutrients to the wall amoves a significant reduction in the
rate of mass transfer across the membrane with avaht by volume incorporation

of guar gum under physiological flow conditions.

Key words: food design, in-vitro model, small irties, guar gum



A. Tharakan et al.
Introduction
Understanding the gastrointestinal tract

In order to exploit the opportunities of foods witlealth advantages due to their
behaviour in the human digestive system, it is sgagy/ to better understand and
predict the digestion and subsequent metabolisnstfctured functional foods.
Currently food product development uses mainly itatale approaches to structure-
function relationships that leads to cycles of ptygting and testing to develop the
final product. As products become more sophisticated and reguirater degrees of
proof of functiord the cost and time for development begin to esealéte final steps
and much over looked stage of food processingashiiman digestive system (Gl
tract). The processing that the food undergoesarhiman Gl tract takes place in the
mouth, stomach, small and large intestine (seerdidl). By (i) understanding the
chemical and physical processes that the food fwesigh in the gastrointestinal
tract and (ii) being able to model them approphlat®od product development time
and cost may be reduced.
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Figure 1: A diagram of the human digestive system

The small intestine was chosen as the area of fodtiglly as it is responsible for
virtually all nutrient absorption and more than 9586 the water absorption in
digestior. Digestion and absorption in the intestine requive only constant mixing
and ante-grade propulsion of the intestinal costent also its local microcirculation
across the absorbing surface of the epithéliufthe movements of the small intestine
are responsible for the fluid dynamics and can ib&ed into mixing contractions
and propulsive contractions’. The mixing contractions occur when a portion g t
small intestine becomes filled with digesta (thedaand intestinal secretions in the
small intestine) and causes a localized concemwmittraction and are spaced at
intervals along the intestineThe mixing contractions are known as segmentation
contractiond The propulsive contractions are responsible fopelling the digesta
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through the small intestine and are known as p@sist They move analward at a
velocity of 0.5 to 2.0 cm/sec, are normally veryakeand die out after 3 to 5
centimetred Figure 2 gives a diagrammatic representatiorhe$é¢ two movements.
Better understanding of the small intestine wilguige similar studies to those
conducted in the stomach using Magnetic resonameging (MRIf®; this will be
possible in the near future.
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Figure 2: A schematic of the segmentation andsfasis contractions found in the small intestine

Molecules within the intestinal lumen are transpdrby diffusion or by convection
set up by intestinal contractions which are resgdamdor the flow of the luminal
contents. This flow is responsible for the mixinfgsabstrate with enzymes but also
the movement of nutrients close to the absorptpitheliunt. The nutrients then
diffuse across a relatively unstirred layer to épéthelium where they are absorbed
Thein-vitro model is required to understand the mixing proaesise small intestine.

Physical properties of food and nutrient delivery and health benefits

The physical form of food ingested and the physisaiperties of the intestinal
contents produced can influence the rate of imaktigestion, absorption and transit
of the food. Certain soluble dietary fibres whidmrh viscous solutions are known to
reduce the rise in postprandial (after eating) agiecand insulin levels in mdrt?
Taylor and co-workers showed that guar gum hasgtieatest effect on glucose
absorption compared with wheat bran, pectin, me#ilose and gum tragacanth for
the standard 50g glucose tolerance test. Resuigeshthat for guar gum there was a
reduction in the area under the one hour glycaeraime of 68%°. Studies by
Blackburn and co-workers showed that the presehgear gum in glucose solutions
fed to humans reduced the peak increase in blasmbgé level by 5098, This work
concluded that guar improved glucose tolerancesycing glucose absorption in the
small intestine. They proposed that the mechanismeduction is by inhibiting the
effects of intestinal motility on fluid convectiofithere has been extensive study into
the effect of guar gum on glucose absorgfiofi?? Even with the large amount of
information from clinical studies carried out asseg the efficacy of guar gum, the
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understanding of the mechanism of action is stitlaefined® and this study attempts
to address this. It is intended that the vitro model will allow for further
understanding of the physical and chemical prosessking place leading to the
beneficial effect of guar gum by mimicking the pees conditions seen in the small
intestine.

Diabetes is a serious illness with several comptioa and premature mortality,
accounting to at least 10% of total health careeagjiure in many countri&s There
were estimated to be at least 170 million peopté @iabetes in the world in 2080
Being able to design foods that give more contdoieicose or other nutrient profiles
would be of benefit to diabetics and those whoatrask of developing non insulin-
dependent diabetes (NIDDM). The small intestinal defocould aid in the
development of such foods.

Chemical Engineering in the Small Intestine

The intestinal motility in the small intestine afte the fluid flow profiles of the
digesta. The digesta is subject to widely differsimtar rates and other deformation
modes such as extensional flow at different sifethe gut and at different tim&s
The digesta is an extremely heterogeneous systenmviestigate and previous
approaches have used simple guar solutions as reggteins to provide some insight
into effects of guar gum on reducing postprandigtemia seerin vivo™. By using
pigs that were fed meals with and without guar dRmberts and co-workers showed
that t£17e maximum zero shear viscosity of jejeungésta ranged from 18 to 1454
mPa.s".

The transport phenomena in the small intestine rave-Newtonian fluid flow,
convective mixing and diffusion of nutrients. Thasealso a reactive component
between complex nutrients and the digestive enzythat break them down into
more simple nutrients that can be absorbed by dldg.b

The delivery of the nutrients to the intestinal hwvéle convective mixing, diffusion
and the kinetics of digestion could be influenced the intestinal contents. To
understand what is happening we need to apply eagirg principles to quantify the
processes within the system. This kind of undedstanmay enable the rational
design of novel foods that breakdown and delivecrmand micro nutrients in the
right place and at the optimal rate within the dmatestine. Without such
information the design of these foods will be pyrnpirical.

Digestion and absorption in the intestine requn@ nixing of the intestinal content
and also the microcirculation across the absorlsimdace of the epitheliutn To
influence these processes it is important to usaledsand control the rheology of the
fluid at the shear rates and flow profiles encoredan the Gl tract. The shear rates
and flow profiles have not been well established thie human small intestine
although there is some information on other animadlels albeit from taking visual
parameters of small intestinal wall movements gjuinea pig and modelling the
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expected flow profiles numericaffy The fluid used and modelled for these studies
was a saline solution which is a Newtonian fluidi aherefore does not exhibit the
shear dependant viscosity of the guar gum formariati The numerical findings of
Jeffrey and co-workers showed downstream and revéosv, and vortical flow
patterns that redistributed particles and mixediidigf®. They also found that
contractions generated pressures and shear st{@saeisnum magnitude of 1.2 Pa)
in particular along the moving section of the Wall

To be absorbed into the body, nutrient must passign the epithelium which is a
layer of cells that lines the wall of the smalleastine and are connected by tight
junctions. The cell wall of epithelium cells is neadf a cell membrane with is a lipid
bi-layer containing phospholipids, steroids andt@irs®. The mechanism of transfer
through the membrane is described in Figure 3.

Tight junction 1 2 3 4
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Intestinal
epithelium
Figure 3: Mechanisms of transport across intakthucosa

1. Passage through the tight junctions between intdstells (paracellular transport). This is only
for very small molecules and is driven by diffusion

2. Passive diffusion of the compound through the &@allmembrane.

3. Active transport using a specific transport protpmesent in the membrane that recognises the
molecule for transport. Active transport requiresne form of energy for this process (amino
acids, iron and glucose are absorbed in this way).

4. Transcytosis is where the molecule is absorbedidyfosis and the vesicle is transported to the
other side of the cell and then released.

However, to be absorbed the material must reachmmbrane: here the complex
mixing structures within the small intestine aréical. Flow in the small intestine is
induced by the propulsive forces generated from rtitevement of the intestinal
wall®,

The characteristic Reynolds numbers of the ovéiall are in the range 1x10 10
from fluid viscosities given by Roberts and co-wen&’ and the flow velocity given
by Guyton.

Our hypothesis is that the bulk processes aredteelimiting step in the absorption
process. There is evidence for this, as noted ahavthat guar gum significantly
decreases postprandial glycefliddowever, this had never been tested as until now
there has not been a realistic mechanical modedlitov the parameters to be
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controlled independently. We have developed a @ngystem with a non-active
membrane to simulate the transport through the fhuilf, to gain an estimate of the
mixing processes in the small intestine.

A number of simulators for the gut have been predgosPal and co-workers
developed a two-dimensional computer model of ttemach using the 'lattice-
Boltzmann' numerical method from the laws of physiand stomach geometry
modelled from MRI. This model was subsequently combined with vitro
experiments to quantify tablet erosion rate vs.famer shear stre¥s Other
mathematical models have been developed such asobmperistaltic flow and
absorption in the small intestine by Letfeand one developed by Stoll and co-
worker$®. Experimental models exist that are of various easp of the
gastrointestinal tract. A model of a segment efsmall intestine was developed by
Macagno and co-workers that investigated the effettwall movement on
absorptiof The Institute of Food Research (Norwich, UK) Haseloped a model of
the stomach that simulates human digestion. TNtharNetherlands have a model of
the gastrointestinal tract that is a dynamic medtmpartmental system simulating
conditions in the stomach and small intestine

This paper describes the first mechanical modeigded to simulate transport

phenomena in the small intestine by mimicking tBgnsentation action. The work

presents the design, development and the resaftstine experimental investigations
using this novel approach. Investigations wereiedrout to understand how soluble
dietary fibres influence the physical and chempralcesses that affect the absorption
of nutrients in the small intestine.

M aterials and M ethods

Materials

Model formulations of the fluid in the small inte® were made from solutions of
guar gum and riboflavin in water. Guar gum is apbigmer from a leguminous
seed®. Guar gum was the soluble dietary fibre of intetkat forms viscous solutions.
The guar gum used for these studies was purchasedWilly Benecke (Germany).
Riboflavin (Vitamin B2) is essential for mammaliealls®® andwas used as the model
nutrient for its fluorescent properties and low emilar weight of 376. The riboflavin
was supplied from Sigma-Aldrich, Poole, URhe membrane was a cellulose ester
semi-permeable membrane (Spectra/Por 7, MWCO 808floms, size 8). The
membrane was supplied from Medicell International, LLondon, UK. A non-active
membrane was chosen for the controlled investigatito the effect of the
biopolymer on the rate of nutrient transfer acriiesmembrane. The convection and
diffusion through the bulk and near the wall of thembrane is simulating that of the
small intestine up to the mucus layer and intektiradl.
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Methods

Formulation preparation

Initially a 0.1mM solution of riboflavin was prepat by dissolving the correct mass
of riboflavin into water. To prepare the guar smlof a known weight by volume
(w/v) of guar powder was slowly added to the ribgih solution in a beaker being
stirred using a magnetic stirrer. Once the guar beein added the container was
weighed and the solution heated tc°®Gand kept at 8C for 10 minutes before
cooling to room temperature, stirring throughouirriag continued for 12 hours to
ensure complete hydration of the guar gum; thel fweacentration was calculated
after finding the weight loss through evaporati®he containers used to store and
prepare the riboflavin solutions were covered inl fo prevent light induced
degradation of riboflavin. Concentrations betweeh &hd 1% were prepared by this
method. The formulations were used within 24 hoafrgreparation as microbial
growth after this time changes the properties efftmmulation.

Material Characterisation

The riboflavin was characterised for fluorescensmgi a Perkin-Elmer Fluorimeter.
The parameters for the fluorescence spectrophotwmetre 488nm excitation and
522nm emission at 2.5nm slit widths. The rheoldgm®perties of the guar gum
were characterised using a Physica UDS 200 rheor(®éon Paar). Using the zero
shear viscosities it was possible to determinectiieal entanglement concentration
for the polymet’ (C') which was found to be 0.08% wiv.

Smple fluid mechanics

The diffusion coefficient of a nutrient through tHaid is an important parameter
when considering the molecular delivery to the wélihe intestine. A common basis
for estimating diffusion coefficients in liquids the Stokes-Einstein (S-E) equation
(1) which gives diffusion coefficients accurate~t@0%.

kT kT
f 6mR @)

Wheref is the friction coefficient of the solutk,is the Boltzmann’s constant,is the
solvent viscosity, anf is the solute radius aridis the temperatur®.

D

It is more common for engineers to think in termsnass transfer. The advantage of
this approach is that the mass transfer coeffiqiéhtelates the rate of mass transfer,
mass transfer area, and the concentration drivingef

N,= KAC (2)

WhereN; is the molar flux per unit area (mmofirs), K is the overall mass transfer
coefficient (m/s) andiC is the concentration difference (mmoljm
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The reciprocal of the overall mass transfer cowffitK can be represented by the
sum of the guar side resistance, the membrane lendvéater side, represented by
equation 3.

I
i — i 4 —mem _i_i (3)
K Kp Dren Ko
where ky, is the biopolymer side mass transfer coefficidden is the diffusion
coefficient of nutrient through the membrahgy, is the thickness of the membrane
andk.e is the recipient side mass transfer coefficient.

Results and Discussion

The samall intestinal model

The small intestinal model (SIM) was designed teega good representation of the
flow and mixing in the small intestine. It consist$ an inner porous flexible

membrane and an outer flexible tube that is impabigeto water. As molecules
diffuse through the inner tube membrane into thdd fcontained in the outer tube
they are detected by the fluorimeter using on-$iampling.

The segmentation action is responsible for prongotmixing of the solid food
particles with the secretions of the small intestiin the model this action is
reproduced by the inflation and deflation of a reiblzuff around the tube by
alternatively applying compressed air and a vaculihle mechanical squeezing
mechanism was controlled by computer.

The small intestine is on average 6m in length laal a diameter ranging from 4cm
at the stomach end to about 2.5cm at the junctiith the large intestirfé The
diameter of the inner tube was 3cm and the lengttihe tube could be varied as
required. The end result is a concentric mass exghahat allows for the mechanical
deformation of both the inner and outer tubes iphgsiologically representative
manner.

The mechanical squeezing mechanism was induceldebgamputer which controlled
pneumatic inflation and deflation of the cuff wragdparound a section of the tube.
The computer was used to control the inflation|ad®in and delay times.

The layout of the SIM is shown in figure 4.



Modelling of physical and chemical processesin the small intestine

Vacuum and compressed air

line

-
> >

Soueezing cuff

Solennid valves
controlled by PLC
attached to PC

Membrane

- — — _— — —]
Fenstaltic
pump Surge tank Fluorimeter for
continuous on-
_—— Food side line sampling
Eecipient side
Figure 4: A schematic of the intestinal cell spt Llength of the mass transfer cell 0.5m, cuff tang

0.12m, diameter of the inner tube 30.5mm, dianaftére outer tube 50mm. Food volume and

recipient volume both 500ml.

Mass Transfer experiments using the SIM

A series of mass transfer experiments were caoigdising the SIM. Formulations
with differing guar gum concentrations were usedifi@ experiments.

For each concentration of guar gum four processumglitions were investigated:
o no net flow induced by peristaltic purapd no squeezing by cuffs 1 and 2
o net flow induced by peristaltic pungmd no squeezing by cuffs 1 and 2
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o no net flow induced by peristaltic purapd local flow from squeezing by
cuffs 1 and 2 alternatively with a 2 second indatitime, 2 second
deflation time, 2 second delay and 0.5 barg inkepr@essure

o net flow induced by peristaltic pumgnd local flow from squeezing by
cuffs 1 and 2 alternatively with a 2 second indatitime, 2 second
deflation time, 2 second delay and 0.5 barg inkepr@ssure.

These conditions were chosen to investigate thexetf (i) the flow induced by the
peristaltic pump and (i) squeezing to represerd Hegmentation action. Each
experiment was carried out in triplicate and thessnansfer coefficient determined
from the concentration time profiles, using equatio

Food side flow conditions were designed to represent as closely as pogssilte net
flow rate found in the small intesthef 1 cm/min. A peristaltic pump was used to
give a volumetric flow of 1.2 x I0m*/min (a velocity of 1.6 cm/min) which was the
minimum flow rate of the pump.

The Reynolds number was calculated using the zbearsviscosity. To obtain
meaningful mass transfer coefficients it is impottao calculate the Sherwood
number, equation 4. The Sherwood number is a dimeless number that is used in
mass transfer studies to measure the mass tramsfamcement of systems with
convection compared to diffusion alone.

(4)

Where ki, is the biopolymer side mass transfer coefficient/s], L is the
characteristic length (m) ari@lis the component diffusion coefficient {is). kop Was
determined from the experiments,was taken as 0.0305m the diameter of the tube
and D was taken as 4.97 x 1bmé/s from the Stokes Einstein relationship as this
gives an estimation of the diffusion coefficienthe system.

Table 1 shows the range of Reynolds numbers (02O)1hat are covered for the
overall flow conditions of the experiment. The chans due to the variation in the
zero shear viscosity from 8.9 x 1@ 7 Pa.s.

Flow
conc guar Zero shear velocity Diameter | Density | Re
% wiv viscosity Pa.s | m/s M kg/m3

0 0.00089| 0.000274 0.0305 1000 9
0.1 0.004| 0.000274 0.0305 1001 2
0.25 0.03| 0.000274 0.0305 1003.5 D.3
0.5 0.35] 0.000274 0.0305 1005 0.p2
0.75 3| 0.000274 0.030b 10075 0.0(28
1 7| 0.000274 0.030% 1010 0.0012

Table 1: Reynolds numbers of the system

10
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Experiments to obtain the MTC were carried out frrange of guar gum
concentrations (0, 0.1, 0.25, 0.5, 0.75, 1 % wdr)the four processing conditions
described above in triplicate.

In figure 5 typical data is shown of concentratiersus time (water under squeezed
conditions). A good linear regression®(Bf 0.99) is obtained giving a gradient
(2.66x10°) from whichN; is determined using the recipient side total vau®.001
m®) and the membrane surface area (0.0%. mhis gives a flux of 5.32 x10
mmol/nt.s.

By dividing the molar flux (mmol/fs) by the concentration difference in mmal/m
gives the overall mass transfer coeffici&n{from rearranging equation 2), as 5.32 x
10" m/s.
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c 0.004 -
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0.002 1
0.000 T T T
0 1000 2000 3000
Time s
Figure 5: Example of trace that is obtained frogpegiment of concentration versus time

The overall mass transfer coefficie, was found for the range of guar
concentrations 0.1, 0.25, 0.5, 0.75 and 1% w/v utitke four processing conditions:
() no flow, no squeeze, (i) flow, no squeezej) (o flow, squeeze, (iv) flow,
squeeze. The results for this are shown in figure

11
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6e-7

® no flow, no squeezg

O flow, no squeeze
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Figure 6: A plot of the overall mass transfer coefht K versus concentration of guar for the four

processing conditions: (i) no flow, no squeez¢ fl(w, no squeeze, (iii) no flow, squeeze, (iv)
flow, squeeze. The experiments were carried outriplicate and the error bars show 1
standard deviation from the mean.

By using the maximum overall mass transfer coa&ffitKyax , found for water under
the process conditions that minimise the tube dibhe resistance close to the
membrane, it is possible to determine the systemsteice Rysem), i.€. the combined
resistances of the membrangef / Dmem) and the recipient side resistancekds)
assumindky is then negligible.

I
i — i 4 —mem +i (3)
K Ky Dhen K
Rsysxem
Where:
1 I 1
KMAX Dr’nem krep ngem ( )

kop the parameter of interest for the fluids contajrguar is determined using:

(6)

12
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For experiments at different biopolymer concentragi and process conditions the
overall mass transfer coefficients were found asigure 6. By using equation 6 the
biopolymer side mass transfer coeffici&gt was then determined as on figure 7.

@
£ 4x10
= ® No flow, no squeez€
)
o O  Flow, no squeeze
D v No flow, squeeze
3 3x10° - A Flow, squeeze
ka
[%2]
c
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p
@ 2x106
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)
°
!
) & x
£ 1x106 - ¥
o £ ¥
) i ~
= g = o g s
XD

O T T T T T

0.0 0.2 04 0.6 0.8 1.0 12
concentration of guar % w/v
Figure 7: Plot of the guar side mass transferficoeriit at different guar concentrations in theesiinal

cell under four processing conditions: (i) no flowg squeeze, (i) flow, no squeeze, (iii) no
flow, squeeze, (iv) flow, squeeze. The experimamre carried out in triplicate and the error
bars show 1 standard deviation from the mean.

Figure 7 shows (i) that the primary effects of miiare due to squeezing; the tube
side mass transfer coefficiet, is independent of the guar concentration, and
therefore the viscosity of the system, without sqireg occurring. Thdg, without
squeezing is also not affected by the flow indud®d the peristaltic pump.
(i) when squeezing was carried out using 0.1% gusr thek,, was increased from
5.0 x10’ to 34 x10' m/s, by a factor of approximately 7. As the guamaentration is
increased and therefore the viscosity is incredaBeceffect of squeezing is reduced.
At guar concentrations above ~0.5% there is nodig@rence between the squeezed
and un-squeezed systems. It is hypothesised tkatetlison for the reduced mass
transfer enhancement under squeezed conditionsaatogncentrations above 0.5%
wl/v is that the resistance to flow (viscosity) pFets the enhancement from mixing.

Theky, is made up of two components:

k. =

bp

IE @

13
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Where D is the diffusion coefficient ffs) andl is the film thickness (m). In the SIM

it can be assumed that the diffusion coefficientc@nstant at a given guar
concentration. Therefore any change kg between squeezed and un-squeezed
conditions is due to a change in the film thickndss#t is otherwise known as the
boundary layer. At concentrations above 0.5% wérdhs negligible reduction in the
film thickness due to the squeezing motion and thisst be due to the increased
viscosity.

250
® Flow, no squeezsg
O  Flow, squeeze

200 ~
o)
Q

E 150-
c
ge;
o
o
=

o 100 A
<
9p)

O
o)
50 A
O g
« ¢ [} - []
0 T T T
0.001 0.01 0.1 1 10
Reynolds Number
Figure 8: Plot of Sherwood number vs Reynolds remfidr experiments where there was squeezing by

the two cuffs alternatively (2 second inflations@€cond deflation and 2 second delay) and no
squeezing. The Reynolds number was changed by miatiig the viscosity as the flow rate
was kept constant.

Figure 8 shows that the Sherwood number is largelgpendent of the Reynolds
number when there is flow in the cell but no squegzhowever, the Sherwood
number increases as the Reynolds number increaseggderiments when squeezing
takes place. The increase in Sherwood number seethea Reynolds number is
increased is due to the mass transfer enhancemamt rhixing by reducing the

viscosity of the fluid.

These results clearly show that the transporteéatembrane can be controlled by the
properties of the fluid under physiologically repeatative process conditions. The
delivery of molecules to the membrane is largelgftected by the peristaltic flow,
but as the squeezing process will cause more memayflow close to the membrane
surface there is an effect. As the concentratia@iuar is increased under squeezed

14
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conditions then the mixing and flow at the membramdace is decreased resulting in
the reduction oK.

This type of model is simple but shows the soréfécts which may be seen in the
body. Work is ongoing to make the experiment meadistic and study how digesta
viscosity in the Gl tract might affect nutritiondglivery.

Conclusions

Experiments using the SIM have shown the significzffect that the segmentation
motion has on the nutrient delivery to the intedtinmall as a consequence of changes
in the mass transfer coefficient on the biopolyrsiele, ky,. This is probably due to
the increased mixing and a reduced boundary layehea membrane surface. By
increasing the bulk viscosity using guar thereasdirect consequence on the mass
transfer across the membrane if no squeezing adgmurs. However, when the
system is squeezed in a fashion resembling theracti the human intestine the
increase in viscosity reduced tkig as a consequence of a less well mixed system and
an increase in the boundary layer. At concentratioh guar above 0.5% all the
biopolymer side mass transfer coefficients arestimae.

This novel model of the small intestine has beexdus understand how structuring
model foods impacts on nutrient delivery to theegtinal wall. The influence that
segmentation has on the biopolymer side mass &nansgtfficient has been shown to
reduce as the amount of guar gum is increasedrdddts give an understanding of
the observations found by Blackburn and co-woremho showed the reduction in
the rate of glucose absorption in the humans gimesdel foods containing

biopolymers. The SIM can be used to understandhdutiow food ingredients affect
the physical and chemical processes of digestiah asorption from the small

intestine.
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