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A B S T R A C T

Human digestion is a complex process that involves several phenomena: chemical and enzymatic reactions,
absorption, hydrodynamic processes, and mass transfer. The most accurate way to determine the bioavailability
of different nutrients is through human studies. However, there are ethical, economic, and technical reasons that
restrict their application. Aiming at contributing with a new experimental prototype and phenomenological
model to study nutrient absorption in the human small intestine, an in vitro intestinal digestion system (i-IDS),
based on a hollow fiber dialysis membrane process, was constructed and tested under different operational
conditions of feed flow/dialysate flow ratio. This dialysis membrane process here presented, allowed to simulate
and extrapolate results of the process of glucose transfer in the human small intestine, where the glucose mass
transfer reached around 90% at times ranging between 25 and 40min. The mathematical model was validated
with respect to the experimental results, obtaining a good agreement (root mean square error, %RMS, between
3% and 19%) among them. Overall permeabilities for the experimental conditions ranged between 3.85× 10−6

and 4.86×10−6 m3/s. The experimental results of glucose absorption were extrapolated to those found in the
human small intestine using a phenomenological model, where a good agreement among results of glucose
absorption was found in human studies. This first experimental and phenomenological approach allows to ac-
quire a better knowledge of the complex mass transfer processes found in human small intestine for nutrient
absorption.

1. Introduction

1.1. In vitro systems to simulate human digestion

Human digestion is a complex process wherein several chemical,
enzymatic, and mechanical phenomena occur. The gastrointestinal tract
(GIT) can be viewed as a versatile multi-compartment reactor that
operates on a variable solid/liquid feed but delivers more or less stan-
dardized products [1]. Human studies are the most accurate way of
determining the bioavailability of different foods, but there are ethical,
economic and technical reasons that restrict their application [2–4].
Despite these limitations, several in vitro digestion systems have been
developed to predict the in vivo behavior of foods during digestion and

absorption.
The construction of in vitro digestion systems is challenging because

of the complex biochemical and mechanical phenomena present in the
GIT. The use of realistic digestion systems is a key feature to generate in
vitro results comparable to in vivo data [5]. To date, most of the studies
have focused on fabricating gastric models [2,6–10], but few models
have been developed to simulate the small intestine or other parts of the
GIT [11]. However, intestinal absorption is critical in determining
bioavailability, because what is exclusively absorbed can be then used
by the human body. Simple artificial or biological membrane systems or
assays based on biological cell monolayers (e.g. Caco-2 cells) [12,13]
have been used to simulate the in vitro absorption. According to Marze
[5], a limitation of most in vitro intestinal models is the difficulty to
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separate the used enzymes from their digestion products, because it is
known that the hydrolytic products generated in the GIT tend to inhibit
further enzymatic hydrolysis. Hence, the use of semi-permeable mem-
branes, acting as selective barrier, is valuable for this kind of in vitro
intestinal systems.

Few models of the small intestine based on membrane systems have
been developed. Tharakan et al. [11] fabricated an in vitro small in-
testine model (SIM) to study glucose absorption. The small intestine
was simulated using an inner semi-permeable dialysis membrane and
an outer flexible tube to reproduce peristalsis and segmentation motion;
but no attempt was made to simulate relevant biological phenomena
(e.g., intestinal pH and fluids, and body temperature). An improvement
of the SIM was done by the same research group [14]. The Dynamic
Duodenum (DDuo) model incorporated simulated intestinal secretions
and points of pressure to reproduce segmentations and peristaltic
movements. Recently, Wright and co-workers [15] developed the
Human Duodenal Model (HDM) which mimics the sigmoidal shape of
this first section of the small intestine, simulating the peristaltic motion
by means of pneumatic movement, allowing to estimate nutrient ab-
sorption using a membrane dialysis. Other systems that simulate the
coupled gastric and intestinal digestion are the in vitro dynamic TNO
gastrointestinal model (TIM-1) [7], and the new Engineered Stomach
and Small Intestine (ESIN) model [4]. Both systems use a dialysis
hollow fiber membrane to simulate the passive absorption of water and
digestion products in the small intestine; whereas the SimuGIT model
uses a tubular ceramic microfiltration membrane for the in vitro ab-
sorption [16]. Although these last systems possess comparative ad-
vantages (e.g., dynamic multi-compartmental computer-controlled

models) respect to other systems, they do not shed any new light on the
complex transfer processes found in absorption phenomena in the small
intestine.

To provide a better understanding of the intestinal absorption
phenomena, some mathematical models have been developed, where
permeation of artificial membranes, as well as biological cell layers, are
mainly related to passive diffusion processes [12,13]. Moser et al. [17]
developed a mathematical model for the absorption/desorption process
of lipophilic organic pollutants. This model assumes that the transfer
across the wall of the digestive tract can be modeled as a diffusive
process. Tharakan et al. [11] and Gouseti et al. [14], using an in vitro
mechanical small intestinal model, studied the mass transfer phe-
nomena occurring in the lumen and their potential effect on the con-
centration of species available for absorption. Their results suggest that
nutrient absorption is controlled by mass transfer phenomena, with
motion and viscosity of lumen having a strong effect on increasing and
decreasing the mass transfer coefficient, respectively.

Starch is the main source of carbohydrates and energy from foods. In
vitro starch hydrolysis has been widely studied because it can be asso-
ciated with the glycemic response (GR), an indicator of postprandial
glucose response for starch-based foods [18]. Several works have
compared the in vitro starch digestion with in vivo blood-glucose in-
dicators, such as GR, trying to find correlations between the fate of
starch during digestion and the generation and absorption of glucose in
the GIT, but discrepancies have been reported [18–22]. In vitro models
do not resemble the physiology of the GIT, so that differences in di-
gestion protocols can account for the lack of correlations between in
vitro and in vivo tests. Argyri et al. [23] proposed a simulated

Nomenclature

1 Subscript of the equipment input conditions.
2 Subscript of the equipment output conditions
φ Packing fraction of the module (φ = n[dout/Ds]2)
ΔCg Concentration difference between the bulk of the feed and

dialysate phases (kg/m3)
ΔP Transmembrane pressure (Pa)
ε Porosity of the fibers
ρwater Water density (kg/m3)
τ Tortuosity of the fibers
µwater Water viscosity (kg/ms)
AT Total area of mass transfer (m2)
Cg

0 Initial glucose concentration (kg/m3)
CF
g Concentration of glucose in the bulk of the feed solution

(kg/m3)
CD
g Concentration of glucose in the bulk of the dialysate so-

lution (kg/m3)
CL Characteristic length (e.g. internal diameter for the mem-

brane lumen side and equivalent diameter for the shell
side). The characteristic length of the shell side is defined
by the equivalent or hydraulic diameter as dh (4*[flow
surface area]/[wetted perimeter])

Dglucose-water Diffusion coefficient of glucose in water (m2/s)
Ds Shell inside diameter (m)
din Inside diameter of the fibers (m)
dmL Mean logarithmic diameter of fibers defined as (dout-din)/ln

(dout/din) (m)
dout Outer diameter of the fibers (m)
e Fibers thickness (m)
Jg Total flux of glucose in the dialysis membrane process (kg/

m2s)
JD Flux of glucose transferred by diffusive effect (kg/s m2)
JC Flux of glucose transferred by convective effect (kg/s m2)
Jwater Water flux promoted by the TMP present in the system

(m3/s m2)
K Overall mass transfer coefficient (m/s)
KUF Ultrafiltration coefficient reported by suppliers of dialysis

membrane modules (m3/Pa s)
ki The local mass transfer coefficient for the lumen (kL) or

shell side (kS), (m/s)
kL Local mass transfer coefficient in the boundary layer of the

feed solution circulating in the membrane lumen side (m/
s)

km Local mass transfer coefficient through the liquid that fills
the membrane pores (m/s)

kS Local mass transfer coefficient in the boundary layer of the
dialysate solution circulating in the membrane shell side
(m/s)

L Fibers length (m)
Ng Overall glucose transferred through the membrane (kg/s)
Ng

D Glucose transferred by diffusive effect (kg/s)
Ng

C Glucose transferred by convective effect (kg/s)
n The total number of fibers
P Overall permeability (m3/s)
Rei Reynolds number of the lumen (ReL) or shell side (ReS)
ReL Reynolds number of the membrane lumen side
ReS Reynolds number of the membrane shell side
RMS Root mean square error (%)
Sc Schmidt number of the aqueous phases (in this work both

phases were similar to water, therefore Sc had the same
value)

Shi Sherwood number of the lumen (ShL) or shell side (ShS)
ShL Sherwood number of the membrane lumen side
ShS Sherwood number of the membrane shell side
t time (s)
VF Volume of the feed tank (m3)
vi Flow velocity of the solution circulating through the

lumen or shell side (m/s)

M. Gim-Krumm et al. Journal of Membrane Science 564 (2018) 700–711

701



gastrointestinal digestion protocol that uses the concentration of dia-
lyzable glucose (i.e., glucose that passes through a dialysis membrane
with a molecular weight cutoff of 6–8 kDa) as an significant index for
the prediction of in vivo responses.

1.2. Dialysis membrane process

Hollow fiber dialysis membrane process has been widely used in
hemodialysis as an artificial kidney, in which the membrane acts as a
separation barrier for metabolic wastes [24]. Since the used membranes
are hydrophilic, the aqueous phases fill the pores (i.e. the blood and
dialysate water both penetrate the membrane pores). In this regard, the
driving force of the dialysis process is the concentration difference of
elements mainly, between both the lumen and shell sides of the mem-
brane. For hemodialysis, the phenomenology of the mass transfer pro-
moted by a diffusion process has been studied by different authors
[24–29], but only few works [24,29] describe an additional convective
effect that promote the mass transfer, determined by a pressure dif-
ference (transmembrane pressure, TMP) between lumen and shell side,
generating water or solution transfer. Thus, solute transfer through the
dialysis membrane is induced by the following sequential steps (Fig. 1):
(1) Solute transfer through a boundary layer of feed solution to be
treated at the membrane surface; (2) Solute transfer between the feed
solution at the membrane surface and the aqueous solution retained in
the membrane pores; (3) Solute transfer through the aqueous solution
that fills the pores; (4) Solute transfer between the aqueous solution
that fills the pores at the membrane surface and the dialysate solution
circulating through the shell side; (5) Mass transfer of solute into the
bulk of the dialysate solution; and (6) Solute transfer promoted by the
solution flow according to the TMP. Flow direction depends on the TMP
value, i.e. when pressure is higher in the lumen side, this convective
transfer will flow into the shell side (Fig. 1, P1> P2).

In this work, a dialysis membrane process is used as an artificial
small intestine due to its ability to simulate the diffusive transfer and
absorption phenomena occurring in the small intestine, characteristics
that are also complemented with the high contact area per equipment
volume found when using hollow fiber membrane modules. The dialysis
membrane process is the only membrane process capable of transferring
solutes with high molecular weight by diffusive mass transfer, instead
of micro, ultra and nanofiltration which only use the TMP as a driving

force. The objective of this work was to study the glucose transfer in an
in vitro intestinal digestion system (i-IDS) based on dialysis membranes
to simulate the glucose absorption, and also to model the mass transfer
phenomena to extrapolate results of this system in the human small
intestine. This work is the first comprehensive approach of this in vitro
experimental alternative to study the glucose absorption in the human
small intestine.

2. Materials and methods

2.1. Glucose solutions

Model glucose (Sigma Aldrich, USA) solutions at 15mg/mL
(83mol/m3) were prepared in ultrapure water (resistivity 15.0MΩ cm)
to be used as feed solutions for the simulated absorption process. This
concentration is equivalent to a cup of coffee or tea with a half a sachet
of sugar added, and it is also over ten times the homeostatic blood
glucose level (4–6mol/m3) found in humans [30].

2.2. Design of the in vitro intestinal digestion system (i-IDS)

The experimental design of the i-IDS to simulate the glucose transfer
in the small intestine was divided into three zones: (i) Feed zone, (ii)
Mass transfer zone, and (iii) Dialysate zone, as shown in Fig. 2. Each
zone is described as follows:

(i) Feed zone: A jacketed glass vessel (volume: 3 L) was used as feed
tank. Warm water was circulated through the jacket to keep the
feed at the human physiological temperature of 37 °C. Glucose
solution was pumped from the feed tank to the absorption zone
using a peristaltic pump.

(ii) Mass transfer zone: The absorption process was simulated by using
a hemodialysis hollow fiber membrane module (Nipro, Elisio 17H-
PP, USA), with a transfer area of 1.7m2, inner diameter of 200 µm,
and pores of 40 µm. The feed solution circulated through the
lumen, while ultrapure water as dialysate liquid, coming from the
dialysate tank, was transferred through the shell of the membrane
module.

(iii) Dialysate zone: A high density polyethylene vessel (volume: 25 L)
was used as dialysate tank to supply the dialysate liquid. The same
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Fig. 1. Schematic representation of the mechanisms involved in the dialysis membrane process.
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vessel was used as dialysate sample receptor. An electrical re-
sistance of 2000 W and a digital thermostat (STC 1000, Veto,
Chile) were used to control and keep the temperature at 37 °C in-
side the dialysate tank. The dialysate solution was pumped from
the dialysate tank to the mass transfer zone using a peristaltic
pump.

2.3. Operation of the i-IDS

2.3.1. Preparation of the dialysis membrane module
In order to moisturize the hollow fibers of the dialysis membrane

module, they were primed with ultrapure water prior to each experi-
ment. Also, ultrapure water was recirculated through the lumen and
shell of the membrane for 5min, before the experimental assays.
Because membranes were reused at least twice, they were washed with
a 4% (v/v) solution of Germisan 430 (Difem Laboratories S.A., Chile) at
the end of each assay. Germisan solution was then re-circulated through
the lumen and shell for 15min as suggested by the manufacturer.

2.3.2. Experimental assays
To evaluate the impact of the flow rate in the glucose transfer

through the dialysis membrane, five assays were carried out according
to the ratio of feed flow/dialysate flow: 396.6/410.4, 396.6/317.5,
396.6/250.5, 306.5/410.4 and 236.4/410.4 (nominally named as 400/
410, 400/300, 400/250, 300/410 and 200/410, respectively). For each
experiment, the feed tank was filled with 2 L of glucose solution (CF

g),
while the dialysate tank was filled with 20 L of ultrapure water (CD

g ),
assuring a ratio of feed volume/dialysate volume of 1:10 which allows
to generate the required driving force induced by the glucose con-
centration gradient between the bulk of the feed and dialysate phases.
The feed flow circulated though the membrane lumen side, and dialy-
sate solution was fed into the shell side of the membrane module. Both
tanks were maintained at 37 ± 1 °C during the assays. In order to
determine the glucose concentration in each tan h during the process
time, each test was carried out during 1 h, simultaneously taking ali-
quots (2mL) from both the feed and the dialysate tanks. During the first
20 min of the experiment, the aliquots were taken at intervals of 2min
and then at intervals of 5min until completing 1 h of assay. In addition,
the volume of both tanks was registered during the assays. The ex-
perimental conditions and membrane characteristics are summarized in
Table 1. All experiments were done in triplicate and results are pre-
sented as mean values with standard deviations.

2.3.3. Glucose concentration measurements
Glucose concentration in the feed and dialysate tanks was de-

termined using a spectrophotometric method for the analysis of redu-
cing sugars (Miller's technique) with the 3,5 dinitrosalicylic acid (DNS)
[31,32]. The absorbance of solutions was measured by an UV–vis

spectrophotometer (Shimadzu Corporation, UV mini-1240, Japan) at
600 nm.

2.4. Dialysis membrane process and phenomenological approach

Mass transfer of glucose from the feed solution into the dialysate
solution is determined by the difference of chemical potentials between
feed solution and dialysate solution, expressed as the difference of
concentration (diffusive effect) and transmembrane pressure (con-
vective effect) [24,29]. Hence, the glucose transfer (Jg) in the dialysis
membrane process can be presented as follows:

= +J J Jg D C (1)

The transfer of glucose promoted by diffusion can be estimated by a
glucose concentration gradient between both phases, and a mass
transfer coefficient. Thus, the glucose transfer rate by diffusive effect
can be described as:

= −J K C C( )D g
F

g
D

(2)

Eq. (2) can be rewritten to estimate the glucose transferred by dif-
fusive effect in the following equation:

Thermoregulated
bath

Diaphragm pump

Temperature 
meter

Digital
thermostat

Hollow
fiber
membrane
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Peristaltic
pump

Overhead
stirrer

Jacketed
tank

Electrical
resistance

Polyethylene
tank

Peristaltic
pump

Overhead
stirrer

Fig. 2. Experimental scheme of the i-IDS to simulate the glucose transfer in the human small intestine.

Table 1
Experimental conditions of the i-IDS and membrane characteristics.

Description Value Unit

Feed tank volume 3.0 L
Dialysate tank volume 25.0 L
Feed solution volume 2.0 L
Dialysate water volume 20.0 L
Feed solution flow 236.6–396.6 L/min
Feed flow/Dialysate flow

ratioa
396.6/410.4; 396.6/317.5; 396.6/
250.5; 306.5/410.4; 236.4/410.4

mL/mL

Temperature 37.0 °C
Glucose concentration in the

feed solution
83 mol/m3

Membrane material Polyethersulfone –
Number of fibers 9984 –
Surface contact area 1.7 m2

Fiber outer diameter 280 µm
Fiber inside diameter 200 µm
Shell inside diameter 0.036 m
Membrane contactor length 0.271 m
Porosityb 0.38 –
KUF 74 mL/h/

mmHg
Module model Elisio 170H –

a The feed flow/dialysate flow ratio were nominally named as 400/410,
400/300, 400/250, 300/410 and 200/410.

b Porosity was measured by using a gravimetric method [45,46].
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=N K A ΔCg
D

T g (3)

The overall mass transfer coefficients are widely used to estimate
mass transfer of solutes by the incorporation of the mass transfer re-
sistance concept, particularly for hollow fibers membrane contactor
processes [33]. Thus, the overall mass transfer coefficient can be re-
presented as a global resistance (see Eq. (10), Appendix A).

The resistances-in-series mass transfer model is useful for processes
where the determination of concentrations at the interface is complex.
This model has been applied in different membrane separation pro-
cesses. For example, in cyanide recovery, when a gas filled membrane
absorption process [34] or supercritical separation of fluids are used in
membrane contactors [35].

The local mass transfer coefficient at the feed solution boundary
layer in Eq. (10) can be estimated by a specific correlation [36,37],
which considers the geometry and the dimensionless Reynolds (Re),

Schmidt (Sc) and Sherwood (Sh) numbers of the system. In this study,
the feed solution was circulating on the membrane lumen side, and the
dialysate solution was circulating on the membrane shell side. The mass
transfer coefficient of the liquid feed boundary layer can be estimated
by the Yang and Cussler model [38] (see Eq. (11), Appendix A).

On the other hand, the mass transfer coefficient of the dialysate
solution boundary layer can be estimated by the Gawronski and
Wrzesinska correlation [39], which fits with the operational conditions
performed in this work, correctly representing the hydrodynamic con-
ditions of the membrane module (see Eq. (12), Appendix A).

The estimation of the local mass transfer coefficients requires de-
termination of the physical properties of both liquid phases. These
physical properties can be estimated by empirical and semi-empirical
models dependent on the operational conditions of the system. Thus,
experimental data of density and viscosity for the water phase can be
obtained from Green and Perry [40], which have been correlated as a

Fig. 3. Experimental profiles of glucose concentration in the feed and dialysate tanks for different feed flow/dialysate flow ratios: (A) 400/410, (B) 400/300, (C)
400/250, (D) 300/410, (E) 200/410.
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function of temperature by Estay et al. [35].
The value of the glucose diffusion coefficient in water can be esti-

mated from experimental data dependent on water temperature and
viscosity, based on the Stokes-Einstein's equation [37]. Data of the
glucose diffusion coefficient in water were obtained from Cengel [41],
who reported a value of 0.69×10−5 cm2/s at 25 °C. Considering this
value, the glucose diffusion coefficient in water for different conditions
can be then estimated by Eq. (17) (see Appendix A).

On the other hand, the glucose transfer by convective effect is
promoted by the water transfer determined by the TMP according to
[27].

=J K ΔPwater UF (4)

The convective flow of water transports glucose has then the same
concentration of the respective phase. Therefore, the convective flow of
glucose will depend on the water flow transferred, which in turn, will
be limited by glucose concentration in the receiving phase. The fol-
lowing expression can be applied to estimate the convective transfer of
glucose.

= =J N K ΔP ΔCC g
C

UF g (5)

Replacing the Eqs. (5) and (3) in the Eq. (1), it is possible to estimate
the overall glucose transfer by combining the diffusive and convective
effects, according to:

= +N KA K ΔP ΔC( )g T UF g (6)

This last equation describes the transferred glucose through the
membrane, which can be applied to quantify the diffusive and con-
vective effects that govern the process. From this equation, it is also
possible to combine the parameters KAT+KUFΔP with the purpose of
determining the overall permeability (P, m3/s) of the membrane.

The Eq. (6) can be used in a non-stationary mass balance of glucose
in the system, in agreement with the experimental conditions assessed
in this work (Fig. 2), with the aim of obtaining a phenomenological
approach for the glucose transfer including diffusive and convective
effects:

⎛

⎝
⎜

−
−

⎞

⎠
⎟ = −⎛

⎝
⎜ + ⎞

⎠
⎟

C C
C C

KA K ΔP t
V

ln g
F

g
D

g g
D T UF

F
0

(7)

Thus, Eq. (7) allows estimating the glucose concentration profile for
each time of the dialysis extraction process. This model considers the
following main assumptions:

• The glucose concentration profile does not suffer variations along
the length of the membrane module for each process time.

• The glucose concentration in the dialysate phase is the same for each
process time.

Fig. 4. Percentage of transferred glucose for different feed flow/dialysate flow ratios.

Fig. 5. Cumulative water flow and transferred into and from dialysate solution (positive curves correspond to the water flow from the dialysate solution into the feed
solution and vice versa).
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• There are no reactive phenomena in this system. Further studies
should include a reactive effect during dialysis process, in order to
simulate the enzyme reactive behavior found in the human small
intestine.

The two first assumptions regarding the glucose concentration can
be conducted by using a mean logarithmic glucose concentration in Eq.
(6), described as:

= +N KA K ΔP ΔC( )g T UF mlg (8)

Thus, Eqs. (6) and (8) can be combined with a steady-state glucose
mass balance in the dialyzer for each process time in order to obtain the
Cg

F profile.
The phenomenological approach was used to scale-up the human

small intestine conditions to the operational parameters of the i-IDS
(artificial small intestine). This means that when using the i-IDS is
possible to represent the absorption performance of the human small
intestine according to fixed experimental parameters. The phenomen-
ological approach involves two models based on Eqs. (1)–(18), which
were developed by a numerical algorithm that estimates the transferred
glucose from the feed solution into the dialysate solution. Both models
estimate the physical properties of water for both feed and dialysate
solutions (density and viscosity) and diffusion coefficient (Eq. 17). In
addition, both models estimate the dimensionless numbers of Sh, Re and
Sc, and the respective mass transfer coefficients. Furthermore, the
transmembrane pressure was estimated using the experimental results
of water flow for each feed flow/dialysate flow ratio assessed.

In terms of simulation, both models were defined as Model 1 and
Model 2. Model 1 estimates the glucose concentration profile with re-
spect to time using Eq. (7). Instead, Model 2 estimates the glucose
concentration profile using Eq. (8) and then comparing the value ob-
tained from these equations with those obtained from a glucose mass
balance to the dialyzer. When the difference between the transferred
glucose values is lower than the set target, the iterative routine was
finished.

Simulations of both models were carried out by comparing their
results with the experimental glucose concentration profiles. All simu-
lations were performed at same experimental conditions studied in this
work. Finally, the model that presented a better adjustment with ex-
perimental results obtained from the i-IDS was compared and scaled-up
to the human small intestine conditions, in order to propose experi-
mental operational conditions of the i-IDS that simulate the absorption
process in the human small intestine. The adjustment of the experi-
mental data to the models was estimated by nonlinear regression, using
as an objective the function of the root mean square error (RMS)
minimization, defined as follows:

∑ ⎜ ⎟=⎛

⎝
⎜

⎛
⎝

⎞
⎠

⎞

⎠
⎟ ×

=

% RMS 1
n

Value -Value
Value

 100%
i 1

n
experimental fit

experimetal

0.5

(9)

3. Results and discussion

3.1. Glucose concentration profiles in the i-IDS under different operational
conditions

Experimental results of the glucose concentration profiles in the
feed and dialysate tanks with respect to time under different ratios of
feed flow/dialysate flow are shown in Fig. 3. For all the experimental
conditions, while the glucose concentration in the feed tank decreased,
the one in the dialysate tank increased, reaching similar values. With
these results, it is important to mention that the glucose transfer is
mainly promoted by the difference of glucose concentration between
both sides of membrane. The contribution to mass transfer by different
effects (diffusive and convective) is quantified in Section 3.2. In this
context, the design and operation of the i-IDS was correct in terms of
defining the dialysate solution volume (20 L) with respect to the feed
solution volume (2 L), which allowed to generate the required driving
force induced by the concentration gradient (difference of glucose
concentration) to promote the glucose transfer in the system.

The glucose concentration in the dialysate tank reached values
around 8–9mol/m3, determining a glucose transfer in around 90% for
each experimental condition assessed (Fig. 4). This final value of glu-
cose transfer was achieved at different times, according to the feed
flow/dialysate flow ratio. When the dialysate flow was higher than the
feed flow (experimental cases 200/410 and 300/410), the 90% of
transferred glucose was achieved at times close to 60min. Instead, the
glucose transfer reached values close to 90% at 15–20min when the
feed flow/dialysate flow ratio was close or over 1.0 (cases 400/410,
400/300 and 400/250). These differences could be explained by the
convective transfer of glucose promoted by the TMP generated between
both sides of the membrane. This TMP was generated by both the
pressure drop along to the module in each side of the membrane and
the variation of tanks level – changing the hydrostatic pressure in the
pumps - promoted by the convective transfer of the solution as de-
scribed in equation (12) (Fig. 5). Even though the glucose transfer is
mainly induced by diffusion (results shown in Section 3.2), the con-
vective flow determines the solution transfer affecting the TMP in the
system. These results demonstrate the ability of the i-IDS to simulate the
glucose transfer by reaching similar values of absorption, just as found
in the human small intestine (~ 96%) [42]. Also, the i-IDS is a highly
flexible experimental prototype able to change operational conditions
to predict absorption values in the human small intestine. However, the

Table 2
Estimated parameters from the simulation of the phenomenological models.

Parameter Feed flow-Dialysate flow ratio

400/410 400/300 400/250 300/410 200/410

ϕ 0.604 0.604 0.604 0.604 0.604
Velocity of lumen side, m/s 0.021 0.021 0.021 0.016 0.013
Velocity of shell side, m/s 0.017 0.013 0.010 0.017 0.017
ReL 6.07 6.07 6.07 4.69 3.62
ReS 4.43 3.42 2.7 4.43 4.43
kL, m/s 1.27× 10−5 1.27×10−5 1.27× 10−5 1.16× 10−5 1.07× 10−5

kS, m/s 5.14× 10−6 4.29×10−6 3.63× 10−6 5.14× 10−6 5.14× 10−6

km, m/s 4.36× 10−6 4.36×10−6 4.36× 10−6 4.36× 10−6 4.36× 10−6

K, m/s 2.43× 10−6 2.28×10−6 2.13× 10−6 2.39× 10−6 2.35× 10−6

TMPa, mmHg 19.66 18.45 59.73 − 9.97 − 7.25
Mass transfer resistance of lumen side, % 19.2 18.0 16.8 20.6 22.0
Mass transfer resistance of shell side, % 33.8 38.0 42.0 33.3 32.7
Mass transfer resistance of membrane, % 47.0 44.0 41.2 46.2 45.3

a TMP was estimated from the water flows measured in test-work (Fig. 5). This value corresponds to the mean TMP for each feed flow/dialysate flow ratio.
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presence of convective and diffusive processes during the glucose
transfer in the i-IDS makes it difficult to interpret results, particularly
when it comes to scale-up the conditions found in the human small
intestine. This issue forces the development of phenomenological
models when comparing and extrapolating data from experimental

system to the human small intestine. This is a remarkable fact con-
sidering that the majority of studies based on in vitro intestinal models
do not deepen our understanding of the role of the mass transfer phe-
nomena (i.e., diffusion and convection) in absorption outcomes.

Fig. 6. Profiles of glucose concentration in the feed and dialysate tanks for different feed flow/dialysate flow ratios: (A) 400/410, (B) 400/300, (C) 400/250, (D)
300/410, (E) 200/410. Symbols show the experimental data while lines represent the results obtained from the models 1 and 2 for the glucose concentration in the
feed tank.

Table 3
RMS values between experimental data and results obtained from the phe-
nomenological models.

RMS, % Feed flow-Dialysate flow ratio

400/410 400/300 400/250 300/410 200/410

Model 1 7.51 3.73 18.56 3.21 7.11
Model 2 20.51 27.65 9.20 49.75 35.89

Table 4
Quantification of the convective effect in the glucose transfer in the i-IDS.

Convective effect Feed flow-Dialysate flow ratio

400/410 400/300 400/250 300/410 200/410

Percentage of glucose
transferred by
convective effect

8.9 8.9 25.3 − 5.3 − 3.9
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3.2. Validation and simulation results of the phenomenological approach

The two phenomenological models previously described (Section
1.2) were analyzed using the operational parameters shown in Table 1.
Likewise, Table 2 presents the parameters values estimated for both
models. These results indicate that the membrane (termed “mass
transfer zone”) was the controlling stage of the mass transfer by dif-
fusive effect, in the process, although the mass transfer resistances of
the lumen and shell side represented the 55–60% of the overall mass
transfer resistances. In addition, the TMP values were based on the
water flows reported in an earlier section (Fig. 5), determining its
magnitude and direction (negative for the water transfer into the feed
solution, and positive for the water transfer into the dialysate solution).
The values reported in Table 2 are the base for the glucose concentra-
tion profiles results shown in Fig. 6. According to these results, both
phenomenological models fit with the experimental results; however,
Model 1 presented %RMS values lower than 18.6%, as shown in
Table 3. These results could be unexpected, since Model 2 includes the
effect of module length in the glucose concentration profile and the
variation of glucose concentration in the dialysate. This behavior could
be explained by the fit of the Gawronski and Wrzesinska's correlation
[39] for the glucose transfer by diffusive effect, although the results of
the convective effect shown in Table 4 indicate that the fit of the Model
2 to the experimental data increases when the diffusive effect has de-
creased. Therefore, the glucose transfer by convective effect is more
influenced by the changes produced along the module with respect to
the diffusive effect. Hence, Model 1 - simpler than Model 2 - can be used
for a feed flow/dialysate flow ratio close to 1.0, whereas model 2
should be used when this ratio is far from 1.0.

A final estimation to scale-up the results from this study with the
realistic conditions of the human small intestine was performed. The
scaling-up procedure is a critical step to extrapolate future experimental
results from the operation of the i-IDS to the human small intestine.
With this in mind, Table 5 shows the scaling-up results, where the i-IDS
reached the mass of glucose transferred in the human small intestine in
a time ranging between 2 and 3min. Instead the 180min reported for
the human small intestine reached the same value (7.23 g, value esti-
mated as described in Table 5). This difference in the processing time is
explained by the high feed flows used when operating the i-IDS
(200–400mL/min) with respect to the conditions found in the human

small intestine (3mL/min) [8]. The higher feed flows used in the i-IDS
determined the increase in the overall permeability of the membrane
(from 1.54×10−7 to around 4.0×10−6 m3/s), increasing the overall
kinetic of the process from 180 to 2min.

Notwithstanding the above results, the processing times studied
with the i-IDS could be modified according to the chosen nutrient
(solute) to be extracted or transferred in this system. For this purpose,
some experimental adjustments could be addressed in order to promote
a slower extraction process. For example, the use of a dialyzer with a
lower area and smaller membrane pore size, the operation at lower feed
flow/dialysate flow ratio, or the use of a higher dialysate solute con-
centration. However, these adjustments should be implemented after
testing and modeling the process, but now also including the reactive
effects present in the human small intestine.

On the other hand, the use of dialysis membranes to study glucose
available for absorption has been previously reported. The quantifica-
tion of the overall permeability of the small intestine, in terms of ef-
fective permeability, was performed by Wright et al. (2016) [15], using
an experimental duodenum prototype. These authors found lower va-
lues (3.27× 10−3 L/cm h, equivalent to 5.2×10−8 m3/s according to
the length used by them) than those estimated in this study
(3.85–4.86×10−6 m3/s, Table 5). The value of effective permeability
obtained by Wright and co-workers [15] was compared to in vivo results
(1.0× 10−3 L/cm h, equivalent to 1.6× 10−8 m3/s) found by Fine
et al. [43], who conducted in vivo test on intestinal permeability of
humans. These results show lower values of overall permeabilities than
the estimated ones in this work due to hydrodynamic differences among
the experimental systems. However, the experimental and theoretical
methodology here presented allows to predict nutrient transference in
the human small intestine. Further studies, including the reactive effect,
will be relevant to move along in the understanding and prediction of in
vitro systems of the human small intestine.

Based on the same purpose, Tharakan et al. [11] and Gouseti et al.
[14] studied mass transfer using a model of small intestine based on a
mono-tubular semi-permeable membrane dialysis module. These stu-
dies were focused on describing the hydrodynamic conditions in the
lumen side of the simulated small intestine. The values of the overall
mass transfer coefficients obtained from these studies (ranging from
3.2×10−7 to 5.35×10−7 m/s) are lower than the overall perme-
ability of the human small intestine predicted in this work (Table 5)

Table 5
Results of scaling-up of the i-IDS to the human small intestine using Model 1.

Parameter Human small intestine Feed flow-Dialysate flow ratio

400/410 400/300 400/250 300/410 200/410

Glucose Transfer, % 96.4a 23.75b 23.75b 23.75b 23.75b 23.75b

Cg
0, mg/mL 15 15 15 15 15 15

Cg
F, mg/mL 0.54 11.385 11.385 11.385 11.385 11.385

Cg
D, mg/mL 0 1.4c 1.4c 1.4c 1.4c 1.4c

VF, L 0.5d 2 2 2 2 2
Ng

e, g 7.23 7.23 7.23 7.23 7.23 7.23
t, min 180 2.3b 2.4b 2.1b 2.7b 2.7b

AT, mb 30f 1.7 1.7 1.7 1.7 1.7
K, m/s – 2.43×10−6 2.28× 10−6 2.13× 10−6 2.39× 10−6 2.35× 10−6

TMP, mmHg – 19.66 18.45 59.73 − 9.97 − 7.25
Overall permeability (KAT+KUFTMP)g, m3/s 1.54× 10−7 4.54×10−6 4.26× 10−6 4.86× 10−6 3.86× 10−6 3.85× 10−6

Feed flow, mL/min 3h 400 400 400 300 200

a Value of glucose transfer reported in literature [42].
b Prototype recoveries and time were estimated from the model 1 to fit the Ng value estimated for the small intestine human.
c Average value obtained for dialysate glucose concentration in the experimental runs.
d The stomach volume was defined as an average value of those reported in literature [8,10,47].
e The Ng value was estimated using a mass balance according to: Ng =VF Cg

0 (1-Rec/100).
f Value of the small intestine transfer area reported in literature [48].
g The overall permeability (KA+KUFTMP) was estimated from the model 1 for the human small intestine, while it was directly estimated from the mass transfer

parameters for the experimental prototype.
h Value of the flow fed into the small intestine reported in literature [49–51].
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(1.54×10−7 m3/s, with respect to the equivalent 1.51×10−8 to
2.52×10−8 m3/s estimated by these authors according to the length
and area used in their studies). The differences found among these re-
sults may be due to some drawbacks associated with the model pro-
posed by these authors, such as: (i) the model developed did not include
the convective transfer and reactive effects, (ii) the estimation of mass
transfer coefficients in the lumen, membrane, and shell sides was based
on experimental results, and (iii) the experimental results of the mass
transfer coefficient in the lumen side were fitted with results obtained
from a correlation for turbulent regime, when Re values were less than
1.0 (laminar regime). Despite these limitations, the model developed by
Tharakan et al. [11] and Gouseti et al. [14] could be considered a first
interesting contribution to the research discussion regarding the esti-
mation and understanding of the mass transfer in the human small in-
testine. However, it is restricted in its applicability to predict the mass
transfer of different nutrients in the small intestine, since the theoretical

understanding of the system is limited.
Finally, and as it was mentioned earlier, the in vitro digestion models

have advantages: they are easy-to-use, fast, economic, they could lead
to useful information on trends, and they are also designed for for-
mulation screening. However, some disadvantages are: How realistic
are they? How can models be adapted for different systems? Is there a
standard method possible? How is it possible to obtain useful in-
formation of mechanism of nutrient absorption? Is there an agreement
between in vitro and in vivo measures? In trying to answer at least some
aspects related to these last two questions, it could be useful to compare
the in vitro results for the transferred glucose in this work with in vivo
data reported by previous studies. Blackburn and co-workers [44]
carried out experiments in ten human volunteers to analyze intestinal
absorption of glucose by means of a steady-state perfusion technique.
Glucose solutions (15 and 30mmol/L) were continuously infused at a
steady rate of 10mL/min, obtaining values of glucose absorption

Fig. 7. Flow chart describing the theoretical and experimental methodology to quantify and predict nutrient absorption in the human small intestine using the i-IDS.
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ranging from 6 to 18mmol/h in a length of 25 cm of small intestine,
values that were equivalent to a range of about 255–764mmol/h m2. In
the case of the present study, the glucose absorption fluctuated between
the estimated values of 525 and 600mmol/hm2, considering the fol-
lowing experimental and theoretical parameters: Ng =7.23 g; tabsorption
=2.3–2.7min; AT =1.7m2. It is clear, in these circumstances, that the
results of glucose absorption obtained in this work are in agreement
with those found in human studies. Bearing this in mind, it is possible to
establish that the design and operation of the i-IDS, and the phenom-
enological model (Model 1) developed in this study, were able to si-
mulate realistic absorption values for glucose, just as they occur in the
human small intestine. This issue is the main contribution of the present
work: a comprehensive experimental and theoretical methodology able
to extrapolate or predict the absorption performance of different nu-
trients in the human small intestine (Fig. 7), but interpretation of results
must be done carefully, because human digestion is indeed a complex
process. Future work must be geared towards the designing of more
realistic in vitro intestinal models that simulate nutrient digestion and
absorption, where a phenomenological understanding of the mass
transfer processes involved in these systems is definitely needed as well.

4. Conclusions

This work aimed at proposing a first experimental and

phenomenological approach to simulate the absorption process of glu-
cose in the human small intestine. An in vitro intestinal digestion system
(i-IDS) based on a hollow fiber dialysis membrane process was con-
structed and tested under different operational conditions. Results of
glucose absorption obtained in the i-IDS were in agreement with those
found in human studies. The i-IDS is a highly flexible experimental
prototype able to change operational conditions to predict glucose ab-
sorption values in the human small intestine (~ 96%). This system al-
lowed to study the diffusive and convective processes involved in the
glucose transfer using phenomenological models based on mass
transfer. This phenomenological approach shed new light on the com-
plex transfer phenomena found in the human small intestine. Hence,
the scaling-up methodology here proposed, using the i-IDS and the
mathematical models described, can be a useful tool to predict the in-
testinal absorption of glucose for different starch-based foods. However,
further studies are needed to determine the role of the reactive phe-
nomena -digestion- occurring in the GIT when starch-based foods are
consumed by humans.
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