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ABSTRACT 

We introduce the concept of an artificial human gastro-intestinal tract (GIT) for investigating the potential of immunmodu-

latory function of milk. More specifically, we are investigating the effect of milk on immune cells activation by creating con-

ditions close to those of the human GIT, employing an in vitro model of GIT epithelial cells (Caco2) in co-culture with im-

mune cells (THP1) on a Transwell.  The cytokines (IL1/6) and Toll-like receptors (TLR2/4) expressions by the immune cells 

are monitored upon the application of milk on the epithelial cell layer.  We also present initial results of a Lab-on-a-Chip-

based in vitro GIT model (the NutriChip). 
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INTRODUCTION 

The GIT plays a key role in the adsorption, distribution, metabolism, and excretion of nutrients, xenobiotics as well as 

other molecules originating from commensal and pathogenic micro-organisms. In light of the importance of gastro-intestinal 

immuno-modulation, cell culture in vitro models were developed consisting of a confluent layer of epithelial cells (EC) sepa-

rated from a co-culture of immune cells by a permeable membrane to investigate the transport of molecules through the epi-

thelial barrier and the subsequent activation of the underlying immune system [1-2]. Such in vitro systems can potentially be 

used to screen food for specific physiological properties of nutrients, in particular in the context of the immunomodulatory 

function of the latter.  Inflammation is the major biological response by our immune system to harmful stimuli.  Inflammatory 

response in humans is modulated by macrophages together with epithelial cells by production and release of small regulatory 

proteins called cytokines, such as tumor necrosis factor alpha (TNFα), interferon (IFN) and interleukins (ILs), as a reaction to 

invading micro-organisms or their constituents such as lipopolysaccharide (LPS) [3].  The signal transduction cascade leading 

to the production of inflammatory cytokines by immune cells is initiated by TLRs, such as TLR2 and TLR4, that  are major 

receptors for molecules present on the surface of pathogens [4]. Because of their ability to activate inflammatory cells, 

TLR2/4 are important targets for drug development [5]. In fact, activation of TLR2/4 is beneficial in situations of acute infec-

tion, in which our organism must efficiently and quickly identify and inactivate pathogens. 

The aim of the current study is to develop an in vitro experimental system to investigate the inflammatory response in 

monocytes (THP1)/macrophages upon the application of dairy food on the epithelial cell layer by monitoring a set of bi-

omarkers, including cytokines (IL1/6) and the Toll-like receptors (TLR2/4), which are expressed by the mono-

cytes/macrophages. The conceptual design of the Nutrichip is illustrated in Fig. 1. The system will be used to screen a series 

of dairy products for their anti-inflammatory properties and then will be validated by assessing the ability of a selected dairy 

product to modulate inflammation in a human trial.  Existing analytical methods that interface with the Transwell system 

mostly analyze bulky volumes. In an effort towards miniaturization, we also present initial results of a Lab-on-a-Chip-based 

approach for the development of an efficient miniaturized in vitro GIT model , which in term will allow high-throughput cul-

turing and analysis of the main two cell types present in the human GIT close to physiological conditions.   

 

THE MICROFLUIDIC GIT CHIP  

The basic unit of such microfluidic system is the cell co-culture chip, which comprises two fluidic compartments separated 

by a porous membrane as shown in Fig.2a. The upper compartment hosts a confluent epithelial cell layer and the lower com-

partment hosts the surface-immobilized immune cells. The Nutrichip hereby allows the major processes that characterize the 

passage of molecules, in particular nutrients, through the GIT and can respond to stimuli (e.g. bacterial) by increased produc-

tion of inflammatory markers by the immune cells.  Using the soft lithography technique, the upper (apical) and lower (baso-

lateral) parts of the chip were molded in poly(dimethylsiloxane) (PDMS) employing a master SU-8 negative photoresist which 

was previously fabricated on a silicon wafer. The porous membrane was obtained from a Transwell insert (Millipore, USA). 

The three parts were then assembled by treating the three surfaces with an O2 plasma through a multiple-step bonding process.  

A dedicated chip holder was machined to facilitate introducing cells and culture media into the chip  (Fig. 2b&c). 
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Figure 1: Schematic representation of the Nutrichip concept, in which various stimuli are applied to the Caco2 epithelial cell 

layer and the inflammatory biomarker response is measured in the medium of the THP1 monocytes using fluorescent 

detection via a dedicated CMOS chip. 
 

    
(a)    (b)     (c)  

Figure 2: (a) Schematic representation of the basic NutriChip, which comprises two cell-culture compartments sandwiching 

a porous membrane. (b) The Nutrichip inserted in its fluidic interface unit. (c) The final fabricated device.  
 

THE TRANSWELL ARTIFICIAL GIT MODEL 

So far, a biologically active in vitro cellular system modeling the gastrointestinal tract has been developed in a Transwell 

co-culture system and is composed of an epithelial cell (Caco2) layer and an immune cell (THP1) layer, which are co-cultured 

and separated by a porous membrane, as shown in Fig.3a. The system is being used to investigate the response of immune 

cells to pro-inflammatory stimuli, such as LPS, by the activation of receptors on their surface. This setting mimics the major 

processes that characterize the passage of molecules, in particular nutrients through the human GIT, namely gastro-intestinal 

digestion, transport trough the epithelial cell layer, and activation of the underlying immune system.   

The integrity of the confluent epithelial cell layer was demonstrated by measuring the trans-epithelial electrical resistance 

(TEER) as shown in Fig.3b. The fitness of the THP1 cell line was demonstrated by its ability to differentiate into macrophag-

es. Fig.3c shows the alkaline phosphatase activity and lactase expression in Caco2 cells as indictors of correct cell differentia-

tion. It was observed that THP1 macrophages produce significant amounts of mRNA coding for TLR2/4 in response to LPS 

(Fig.4a&b). We could also demonstrate a significant induction of the cytokine IL1β in the media in response to the activation 

of THP1 macrophages by LPS (Fig. 4c). 

 

          
(a)           (b)         (c)  

Figure 3: (a) Typical design of an in vitro GIT. (b) Trans-epithelial electrical resistance of a Caco2 cell layer cultured on a 

nanoporous membrane, reaching a maximum level after 1 week of culture.  (c)Alkaline phosphatase activity and lactase ex-

pression in Caco2 cells as indicators of correct cell differentiation. 

 

Also, the decomposition of macro-nutrients like proteins, fat and carbohydrates of milk were investigated throughout the 

whole digestion process, i.e. by treating the milk with solutions mimicking the saliva, gastric juice, pancreatic juice and bile. 

As such, a physiologically-relevant in vitro model system for digested dairy products, including milk, cream, cheese and yo-

gurt was developed, mimicking the major sites of human digestion towards establishment of a standard operating procedure to 
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prepare in vitro digested dairy food to be applied to the NutriChip.  Fig. 5 shows the characterization using High Performance 

Liquid Chromatography (HPLC) of released free amino acids during digestion of milk with artificial pancreatic juice and bile. 
 

     
       

  
 (a)      (b)                   (c)  

Figure 4: TLR2 (a) and TLR4 (b) mRNA expression after treatment of THP1 cells with LPS. TLR2 expression up-regulation 

is more rapid than TLR4. Both TLR2 and TLR4 inductions are relatively strong.(c) IL1β and IL6 concentration in the medi-

um after stimulation with LPS of THP1.The IL6 level remains relatively low, while the IL1β level is strongly increased. 
 

 
Figure 5:  Characterization of the free amino acids that are released during digestion of milk with artificial pancreatic juice 

and bile using HPLC 

 

CONCLUSION AND OUTLOOK 

An immuno-competent artificial GIT that responds to LPS stimuli by increased production of inflammatory markers by the  

immune cells has been established in a Transwell co-culture system and a miniaturized microfluidic chip-based aGIT has been 

developed in parallel.  In near future, a series of dairy products will be screened in vitro for their anti-inflammatory properties 

and the miniaturized NutriChip will be used to assess the ability of these products to modulate inflammation in human inter-

vention trials and finally to identify dairy products with significant increased ability to inhibit the inflammatory response. The 

Nutrichip platform thereby has the potential to evaluate in vitro the influence of various food qualities by monitoring the ex-

pression of the relevant immune cell biomarkers. 
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