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This focus article introduces the concept of NutriChip, an integrated microfluidic platform for investigating
the potential of the immuno-modulatory function of dairy food. The core component of the NutriChip is a
miniaturized artificial human gastrointestinal tract (GIT), which consists of a confluent layer of epithelial
cells separated from a co-culture of immune cells by a permeable membrane. This setting creates
conditions mimicking the human GIT and allows studying processes that characterize the passage of
nutrients though the human GIT, including the activation of immune cells in response to the transfer of
nutrients across the epithelial layer. The NutriChip project started by developing a biologically active in
vitro cellular system in a commercial Transwell co-culture system. This Transwell system serves as a
reference for the micro-scale device which is being developed. The microfluidic setup of NutriChip allows
monitoring of the response of immune cells to pro-inflammatory stimuli, such as lipid polysaccharide (LPS),
and to the application of potentially anti-inflammatory dairy food. This differential response will be
quantified by measuring the variation in expression of pro-inflammatory cytokines, including interleukin 1

Received 25th July 2012,
Accepted 10th October 2012

(IL-1) and interleukin 6 (IL-6), secreted by the immune cells, and this is achieved by using a dedicated
optical imager. A series of dairy products will be screened for their anti-inflammatory properties using the
NutriChip system and, finally, the outcome of the NutriChip will be validated by a human nutrition trial.
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Therefore, the NutriChip platform offers a new option to evaluate the influence of food quality on health,
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by monitoring the expression of relevant immune cell biomarkers.

Milk and the modulation of the
inflammatory response
It is now generally accepted that food is not only a source of
nutrients but also a modulator of the physiological functions
of the body. The response of the body depends on the type of
diet and it is believed that each meal provokes a kind of
inflammatory response. The cellular metabolism of nutrients,
culminating in the synthesis of biochemical energy, produces
side effects that include the generation of oxidative stress.
These effects accumulate at the level of the organism to
produce a phenomenon, called postprandial stress.1 Under
normal conditions, postprandial stress is of low magnitude
and disappears within a few hours post-ingestion. An
unhealthy diet may, however, increase the magnitude of
postprandial stress and/or delay the person’s recovery to the
initial state.2 A repetition of postprandial inflammatory stress
over prolonged periods of time may significantly contribute to
a
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the development of chronic inflammation. Therefore, the
inflammatory stress imposed by inadequate or inappropriate
diets may contribute negatively to the maintenance of health
by reducing the metabolic plasticity of the organism. A
quantitative analysis of the postprandial presence and kinetics
of inflammatory biomarkers provides information on the
quality of the interaction between specific foods and the
organism. This idea is at the conceptual basis for the
biological module of the NutriChip, as explained in ref. 3.
Milk and dairy products have long been promoted as
healthy nutrients, rich in proteins, vitamins and minerals and
providing the necessary components in the food standard
pyramid for both children and adults. Recently, milk has been
promoted as not only a nutrient source but also as a health
promoter. Indeed, milk is a source of immuno-modulatory
effects, produced through the action of probiotic bacteria,
proteins and bioactive peptides in the fermented milk
products. A potentially important action is based on modulating the production of pro-inflammatory cytokines.4 Fastingrelated lower levels of pro-inflammatory cytokines have been
documented in epidemiological5 and intervention6 studies in
human adults consuming dairy products. Decreased postprandial levels of pro-inflammatory cytokines after the consumption of dairy products were also reported.7 Taking into
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account the vast possibilities of transformation technologies
of milk, in particular fermentation by lactic acid bacteria, and
the importance that gut microbiota have on human metabolism,8 it appears that milk can be a strategic vector to deliver
immuno-modulatory nutrients for improving metabolism and
health.

separated by a membrane that is permeable to the nutrients
added on the apical side of the EC culture. U937 is a histiocytic
lymphoma cell line with monoblastic characteristics and can
differentiate into macrophage-like cells after treatment with
phorbol esters, such as phorbol-12-myristate 13-acetate
(PMA).13 This co-culture setting mimics the in vivo human GIT.

Biological model

Fitting the biological model into a
microfluidic setup

In the human body, food undergoes complex processes that
involve adsorption, distribution, metabolism, and excretion
(ADME). Nowadays, human intervention studies are clearly the
gold standard in nutritional science,8 because all factors that
influence the ADME processes are present. However, it is
impossible to identify the influence of individual factors, and
the resources necessary to screen a large number of products
for specific properties are prohibitive. Furthermore, the use of
human subjects as a screening tool to test products that are
not bio-active or even unsafe poses ethical problems, even if
the trials involve a low grade of invasiveness by limiting
analyses to blood samples. As differences between human and
animal metabolism are significant, human in vitro cell culture
models are needed for the efficient screening of bio-active food
products. Use of such models would increase the predictability
of human responses to nutrients and lead to higher success
rates in follow-up clinical studies, significantly reduce
expenses associated with the clinical studies and speed up
the screening processes.
In analogy to pharmacokinetics, the absorption of nutrients
through intestinal cells is a key factor for their bio-availability.
The mucosal surface of the intestinal tract is covered by a thin
layer of epithelial cells (ECs) underlined by a local immune
system.9 This biological construction plays a dual role: (i) it
transfers nutrients into the circulation for further metabolism,
while maintaining immune tolerance to these nutrients, and
(ii) prevents entry of pathogenic organisms into tissues and
regulates local inflammatory and immune responses to
combat such intrusions. Communication between intestinal
ECs and immune cells is thus essential, and takes place either
via soluble factors or by direct cell–cell interaction at the crossroads of nutrient metabolism and immuno-modulation.10,11 In
vitro intestinal nutrition transport is most often measured
using confluent layers of intestinal cell lines, and Caco-2 cells
are the most popular cellular model in transport studies. Even
though these cells are derived from a human colorectal
adenocarcinoma, they express the majority of the morphological and functional characteristics of small intestinal absorptive cells in culture.12 For example, they differentiate into
polarized intestinal cells, possessing an apical brush border
and tight junctions between adjacent cells. Therefore the core
biological component of the NutriChip is a co-culture of a
confluent layer of Caco-2 cells, which allows the application of
in vitro-digested food on its apical side, and a basolateral
culture of a monocytic cell line (in our case U937 cells)
differentiated into macrophages. The two cell types are
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A microfluidic cell-based system can potentially provide a
better, faster and more efficient characterization of a
nutrients’ absorption and immuno-modulatory functions.
Considerable effort has already been made to provide in vitro
surrogates that are designed to mimic the physiological
architecture and dynamics of human organs. In particular,
we mention here the Ingber group at Harvard University,14–16
who did pioneering work on ‘‘organ-on-a-chip’’ devices and
the Shuler group at Cornell University who have pioneered the
development of in vitro analogues to physiologically-based
pharmacokinetic (PBPK) models.17–21 Such micro-scale devices
have the potential to accurately produce physiologically
realistic parameters and can closely model the desired in vivo
system to be tested. In a recent publication, Kim et al.16
reported a ‘‘human gut-on-a-chip’’ microdevice, which was
composed of a confluent layer of intestinal epithelial (Caco-2)
cells cultured on a porous membrane. The gut microenvironment was mimicked by flowing fluid at a flow rate of 30 mL
h21, producing low shear stress on the cells (0.02 dyne cm2)
and by exerting cyclic strain that mimicked physiological
peristaltic motions. Under these conditions, well-defined
epithelial monolayers were formed in three days in the
microfluidic device, much faster than obtained in macroscopic
conventional cell culture devices, which require 7–21 days of
culture to achieve the same cell morphology. To study
physiologically relevant human intestinal epithelial cell
microbe interactions, the authors co-cultured a strain of
Lactobacillus rhamnosus on the luminal surface of the cultured
epithelium without compromising the epithelial cell viability,
which demonstrated the possibility of mimicking the dynamic
physical and functional features of the human intestine.
Fig. 1 illustrates schematically the biological and microfluidic aspects of the NutriChip platform. The human GIT is
approximated by a monolayer of epithelial cells interacting
with immune cells (Fig. 1a). The intestinal epithelium is
considered a natural gatekeeper that controls the uptake of
nutrients and potentially harmful substances by different
passive and active mechanisms of transfer of these molecules
from the mucosal to the serosal side. The immune cell layer
underlying the epithelial barrier is highly specialized and
devoted to two main tasks, namely avoiding unnecessary and
potentially harmful reactivity to dietary proteins and enteric
flora, while rapidly responding at the same time to episodic
threats from pathogens. In a standard in vitro epithelial cell
culture system, the transport of drugs and nutrients is
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Fig. 1 The NutriChip platform concept. (a) The human GIT is approximated by a biological model consisting of a monolayer of confluent epithelial cells interacting
with immune cells. (b) First co-culture is done in a macroscopic Transwell device: a layer of confluent epithelial cells is grown on a porous membrane that forms the
bottom of an insert, which is placed inside a well containing the immune cells. (c) Schematic of the microfluidic chip forming the miniaturized GIT. (d) A top view of a
single apical fluidic chamber with small perfusion channels. (e) The miniaturized GIT inserted in a prototype microfluidic interface unit.
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measured through a confluent layer of epithelial cells.12,22 A
confluent Caco-2 cell monolayer is commonly used in studies
of the mechanism of drug transport and its absorption23 and,
similarly, such a system can be used to identify metabolite
transport originating from a variety of digested food types.24
When going for a cell co-culture model, this allows additional
measuring of the activation of immune cells in response to the
transfer and processing of nutrients across the epithelial cell
layer, and such system can therefore potentially be used to
screen food for specific physiological properties of nutrients,
in particular in the context of the immuno-modulatory
function of the latter. In a classical Transwell (Millipore,
USA) co-culture device, a layer of confluent epithelial cells is
grown on a porous membrane that forms the bottom of an
insert, which is placed inside a well containing the immune
cells (Fig. 1b). Such a system allows access to the cells from
both the apical and basolateral side. In the NutriChip project,
the co-culture system has been designed to allow measurement of the differential response of immune cell stimulation
through the epithelial monolayer using two parallel co-culture
units. These units contain the same cell co-cultures and grow
under the same conditions, however, the cells in the first unit
are stimulated by a pro-inflammatory stimulus, for example
lipo polysaccharide (LPS), which is an endotoxin found in the
outer membrane of Gram-negative bacteria and is known as a
powerful activator of immune cells,25 while the cells in the
other unit are treated with digested milk and dairy products
for investigating the potential anti-inflammatory properties of
the latter.
Although such insert systems are easy to deal with and
represent a logical option for starting our research, they
require a large amount of cells, reagents and culture media,
which makes this a rather expensive approach. Furthermore,
the culture environment within these inserts does not closely
mimic the in vivo microenvironment due to the absence of the
fluid flow and shear stresses.26 Also, they are less suited to
providing a dynamically controlled flow of cell nutrients and
stimuli and, additionally, the accumulation of waste within
the insert leads to a pH drift in the static culture. Other
drawbacks of the classical cell culture systems are the long
growth times needed for the intestinal cells to differentiate
into functional enterocytes and to reach confluence, and an
external signal detection system that requires the manual
manipulation of samples. It is therefore highly desirable to
downscale such cell cultures and to make them more
amenable to automation in order to promote efficient in vitro
screening of the physiological properties of selected food
products. Microfluidic culture systems can provide the steadystate culture conditions that mimic the in vivo fluid flow and
shear stress in a controllable manner, thus bringing the GIT in
vitro model closer to the physiological micro-environment.
Fig. 1c illustrates the structure of a basic miniaturized GIT,
which comprises two microfluidic layers made of polydimethylsiloxane (PDMS), which are termed here as the ‘apical’
and the ‘basolateral’ layers, respectively. These two layers
sandwich a polyester membrane with a pore size of 0.4 mm.
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The apical layer contains a single chamber (Fig. 1d), which
hosts the epithelial cells and is interfaced by a chamber made
in the basolateral layer, which receives the chemicals and
nutrients transported through the epithelial confluent cell
layer grown on the membrane. It was found that the culture
conditions of the epithelial and the monocytic cells are
incompatible, therefore, a dedicated culture chamber was
created for the monocytes next to the EC basolateral chamber.
The two chambers are separated by a normally-closed valve,
which is opened for the monocyte stimulation process.
Downstream of the monocyte chamber, there is another
chamber dedicated to performing an immunomagnetic assay,
within which magnetic beads functionalized with antibodies
against the targeted cytokines dynamically capture the latter.
Utilizing magnetic beads allows in situ cytokine capturing and
simultaneous washing27 before the final fluorescent detection.
The apical and the basolateral layers were individually
molded in PDMS employing a master structure of SU-8
negative photoresist, which was previously micropatterned
on a silicon wafer. The porous membrane was obtained from a
Transwell insert. The three parts were then assembled together
by treating the three surfaces with O2 plasma in a multiplestep bonding process. A cell culture chamber is designed to be
nested inside a larger chamber with permeable side walls
implemented by an array of small perfusion channels, which
only allows the perfusion of the chamber with media while
preventing cells to escape (Fig. 1d). Injecting the media
through these small channels allows for a uniform radial
fluid flow from all directions and uniform fluid transport over
the cells. In this way, the perfusion chamber protects cells
from elevated shear stresses and only supplies a mild shear
stress which is beneficial for the natural culture conditions.
The NutriChip is mounted in a custom-fabricated chip holder
to facilitate cell loading as well as continuous infusion of the
culture media (Fig. 1e).

First experimental results
Our first approach has been to create a biologically active in
vitro co-culture cellular system in Transwell devices. This
allowed the modeling of the GIT and it’s response to proinflammatory stimuli, such as LPS by the activation of
receptors on the surface of immune cells underlying the
epithelial layer. The transport function of the epithelial layer
plays a vital role in the inflammatory response of the immune
cells. The epithelial cells are joined at their apical surface by
tight junctions (TJs), and mass transfer from the apical side to
the basolateral side of the epithelium is dependent on the
integrity of the epithelial monolayer. TJ permeability is
regulated by various factors, including bacteria toxins and
cytokines28 (Fig. 2a). Recent studies have shown that the
intestinal functions are also affected by food factors that
modulate the TJ.28,29 The integrity of the confluent epithelial
cell layer was shown by measuring the Trans Epithelial Electric
Resistance (TEER) which reached a maximal level after one
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Fig. 2 (a) Schematic of the experimental design of the GIT model, showing the cells’ co-culture and the setup for Trans Epithelial Electric Resistance (TEER)
measurements, the stimuli applied to the epithelial cell layer, and the detection biomarkers. (b) TEER measurements in a Transwell device indicate that the Caco-2 cells
form a confluent monolayer (inset) after one week of culture. (c) Alkaline phosphatase (AP) activity, i.e., the conversion of the substrate p-nitrophenylphosphate into
phosphate and p-nitrophenol, as detected by measuring the p-nitrophenol concentration, indicates correct Caco-2 cell differentiation. (d) The percentage of AP
expression with reference to day zero of the differentiation process, as measured using western blotting. (e) Caco-2 monolayer permeability to FITC-dextran,
modulated by applying LPS (1 mg mL21 [LPS(1)] and 10 mg mL21 [LPS(10)]) and TNFa, or a combination of these stimuli; UT: untreated. TNFa appears to be the
strongest permeability modulator. (f) IL-6 expression measured at the basolateral side as a response to apical stimulation with LPS and TNFa, or a combination of both
stimuli. (g) Increase of IL-6 secretion after treating differentiated monocytes (U937) with LPS, as measured using an immunomagnetic assay. Error bars indicate
standard deviations from the average of at least three measurements.

week (Fig. 2b). Caco-2 cell differentiation was confirmed by
measuring the alkaline phosphatase (AP) activity, which is a
digestive brush-border enzyme up-regulated during small
intestinal epithelial cell differentiation; detection was done
using the AP determination kit from Roche (Roche Applied
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Science, Switzerland). The assay is based on the conversion of
the substrate p-nitrophenylphosphate into phosphate and
p-nitrophenol by alkaline phosphatase. The amount of
p-nitrophenol is assessed by measuring the absorbance using
a spectrophotometer at 405 nm at the end of the reaction. In
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parallel, AP expression was followed by western blotting using
a specific antibody (Sigma, Switzerland). AP activity reached
maximal levels after two weeks of differentiation (Fig. 2c),
whereas the expression was already maximal after one week
(Fig. 2d). The apical-to-basolateral transport flux (correlated to
the paracellular transport route) has been quantified by
measuring the permeability of the epithelial monolayer to
fluorescein isothiocyanate (FITC)-4 kDa dextran (Fig. 2e). IL-6
was selected as the primary measure in our experiments.
Nevertheless, the final selection of the inflammation marker to
be monitored will depend on the results of the running human
trial. Other biomarker candidates are tumor necrosis alpha
(TNFa) and interleukin-1b (IL-1b). A significant increase of IL-6
secretion was observed in the basolateral media after treating
the apical side of Caco-2 cells with LPS and TNFa for 24 h
(Fig. 2f). Since the Caco-2 intestinal barrier protects macrophages from LPS very well, more than a thousand-fold
increased concentration of LPS had to be added on the apical
side to reach a level of pro-inflammatory cytokine production
that is similar to the response induced when LPS is added
basolaterally. No cell de-sensitization was observed after LPS
and TNFa treatment.
Differentiated monocytes (macrophages) were also treated
on-chip with different concentrations of LPS and the secreted
IL-6 was quantified using an immunomagnetic assay. To this
purpose, magnetic beads of 2.8 mm in diameter (Invitrogen,
Switzerland) were conjugated with human IL-6-specific antibody (Invitrogen, Switzerland) and mixed with the supernatant
of the stimulated cells to capture the released IL-6.
Phycoerythrin-conjugated detection antibody against IL-6
(BioSciences, Switzerland) was then introduced to complete
the sandwich immunoassay under magnetic trapping of the
beads. After washing, the fluorescence intensity due to the
phycoerythrin-conjugated detection antibody was measured
using a fluorescent microscope and analyzed using ImageJ
software (see Fig. 2g). Our preliminary results show a
significant increase of the IL-6 concentration after treating
the macrophages with LPS, which demonstrates the possibility
of quantifying the induced cytokines using an on-chip
immunomagnetic assay. Also, a human intervention study is
being conducted to validate the in vitro co-culture model
system for measuring the pro-inflammatory activity of a highfat meal, followed by comparison with the effect of the
application of anti-inflammatory dairy products.
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ductor (CMOS) imager. The CMOS imaging sensor is made
using a conventional CMOS semiconductor manufacturing
process. Several transistors next to each photosensor convert
the light energy to a voltage. Additional circuitry on the chip
may be included to convert the voltage to digital data. These
imaging sensors have gained popularity recently as powerful
and low-cost devices for cell imaging applications. A special
CMOS design will reduce the imager noise while decreasing the
pixel area of the sensors. This approach enables an image
quality comparable with state-of-the-art charge coupled device
(CCD) cameras.30 The ‘‘smart’’ aspect of the NutriChip imager
lies on the interpretation of the collective information gathered
by the output of the imaging system. This task will be carried
out by a dedicated image-processing unit, which will enhance
the quality and the detection sensitivity thanks to the target subresolution and generation of synthetic images of fluorescently
stained cells.31 The related algorithms will be implemented in a
Digital Signal Processor or Field Programmable Gate Array
Integrated Circuit in order to have on-line image processing and
data analysis. Therefore, the final optical detection system will
combine a CMOS imager and a CMOS processing unit for realtime quantitative analysis.
As we have seen before, an increased concentration of LPS
induces pro-inflammatory cytokine. Bogunovic et al.32 showed
that the Toll-like Receptor 2 (TLR2) is found by in vitro immunofluorescence staining of intestinal cells. Moreover, Chen et al.33
demonstrated that LPS, in addition to its classical receptor
TLR4, induces the expression of TLR2 in intestinal cells and
that TLRs appears to be important for regulating the intestinal
epithelial barrier integrity by regulating the expression of
proteins involved in TJs. In our preliminary studies, we
confirmed similar findings by inducing TLR2 expression on
Caco-2 cells treated with LPS. Therefore, the ultimate goal of our
fluorescence detection and imaging system is to provide
imaging and quantitative analysis of both cytokine and
expressed TLRs, including TLR2. In both cases, fluorescent
staining using specific antibodies provides imaging of the
biomarkers. For example, Fig. 3a shows TLR2 induced by LPS
on Caco-2 cells. These images are acquired in the NutriChip
system in order to get an on-line quantitative estimation of the
TLR2 receptors. In analogy, images like the one shown in Fig. 3b
are acquired using fluorescent microbeads in order to obtain an
on-line quantitative estimation on pro-inflammatory cytokines.

Future: nutrikinetic studies
Fluorescence detection and imaging system
Microfluidics and optical detection have been shown to be
matched due to the non-invasive nature of optical measurement
techniques and the transparency of the microfluidic fabrication
materials (e.g. glass and PDMS). The Nutrichip platform will
also encompass a dedicated fluorescence camera and image
processing system. The fluorescence intensity correlated to the
captured cytokines on the surface of magnetic beads will be
acquired by a dedicated complementary metal oxide semicon-
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Intestinal calcium absorption is an important process that is
involved in the maintenance of calcium hemostasis.34 Calcium
is absorbed in mammals along two routes: using a transcellular mechanism, predominantly taking place in the duodenum and a passive paracellular mechanism, where the
concentration is dependent on the diffusional processes. The
importance of pharmacokinetics has long been recognized in
medicine and pharmacology and ADME studies are essential
components for the development of efficient and safe drugs.
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Fig. 3 (a) Fluorescent image of TLR2, as induced by application of LPS, acquired on Caco-2 cells. (b) Fluorescent image of a test sample of fluorescent micro-beads of 6
mm diameter using excitation/emission wavelengths of 505/515 nm.

In nutrition research, the concept of nutrikinetics is still in its
infancy, but will undoubtedly become more important in the
future. Monitoring the bio-availability of nutrients in digested
food is an extremely important task in nutrition research,
which aims at quantifying the contribution of a certain type of
food as a source of a specific nutrient (e.g., calcium). The
NutriChip platform will also be used for investigating the bioavailability of calcium by quantitatively monitoring the
adsorption and transport of calcium through the epithelial
cell layer, as well as calcium uptake by target cells. The Caco-2
cell layer again serves here as a model for the intestinal barrier
through which calcium transport will take place.35 The
NutriChip platform has the potential to significantly improve
nutrikinetic measurements and alleviate some of the restrictions of classical in vitro systems for monitoring the bioavailability of calcium, by a combination of both microfluidicbased cell culture and manipulation with time-resolved
fluorescent imaging. The setup for detecting the bio-availability of calcium includes a dedicated imaging setup, which
relies on the ratio imaging technique and quantification of the
fluorescent emission intensities of specific dyes, which change
their absorbance spectra upon binding to Ca2+. Several
fluorescent probes show a spectral response upon binding
Ca2+, which enabled researchers to investigate changes in
transport and absorption of Ca2+ using fluorescent microscopy, flow cytometery and fluorescent spectroscopy. Fura-2 is
the most popular dye for ratio-imaging microscopy; it is an UVexcited Ca2+ indicator that undergoes a shift in absorption
upon binding to Ca2+.36 Our system will be used for detecting
both free transported Ca2+ through the epithelial monolayer as
well as the intracellular Ca2+ absorbed by the target cells. The
system will be interfaced by a fluidic injection unit for
continuous flow media exchange and will contain a magnetic
washing, purification and separation module.

An integrated platform as a paradigm for
nutrient analysis
The NutriChip platform will be a first-generation integrated
system centered on the miniaturized GIT. After establishing
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the biologically immune competent GIT model, the miniaturized GIT, and the imaging unit, we will turn our attention to
integrate these components in a modular system, which allows
the application od continuous liquid flows that mimic the in
vivo environment of the human GIT. The size of the
miniaturized GIT device would allow for the integration of
an array of identical units, which can be addressed either with
the same or different epithelium regulators or immune cell
stimuli for high-throughput screening and analysis of several
nutrients for faster and efficient prediction of the influence of
food ingestion. In the future, the system can be further
expanded to include an on-chip digestion functionality.
Despite the intrinsic potential of microfluidic devices, accommodating new analysis and protocols into a micro-scale
environment will require the tackling and solving of practical
challenges, particularly those associated with the analysis of
complex samples, such as food.37 Additionally, integrating
sample treatments, such as food digestion, co-culture of
different types of cells and/or bacteria, immunoassays, etc,
would involve designing a microfluidic network capable of
manipulating the involved fluidic samples where and when
desired. We believe that the prototypical NutriChip platform
will be able to clearly demonstrate a new technology paradigm,
and is generic enough to open other applications in the food
technology area, or for the analysis of other types of food.
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