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Abstract 

A system of multiple organs integrated on a single chip or human on a chip (HUC) has a great 

potential for drug discovery. Such a system helps to advance the fundamental understanding of 

diseases as well as the complex interactions between cells, tissues and organs. HUC models will 15 

potentially overcome the shortcomings of traditional animal models such as high cost, incompatibility 

with human physiology, the inability to control and manipulate the microenvironment in vivo and the 

lack of efficacy. The matching length scale of biological structures and micromachined components 

makes a microfluidic chip the ideal platform to investigate physiological events. This paper presents an 

overview of the state of the art of the development of HUC. The paper also provides a perspective on 20 

the integration of cell culture on a chip to create an ethical human model and to provide insights into 

the sensitivity of different cell constructs on drugs.  
 
 
1. The quest for a reliable human model 25 

The discovery of new drugs for the treatment of human diseases requires a reliable model. Due to 

ethical concerns, initial investigations on the effect of a new drug and its interactions at the molecular 

and cellular level are often carried out in animal models. Besides ethical problems, the use of animal 

models also faces financial hurdles, as running an animal facility is relatively expensive. The cost 

involved is not only for the maintenance of the animals, but also for the security and safety of the 30 

facility. The major drawback of an animal model is its incompatibility with human physiology. Animal 

models do not always detect the toxic effects of drugs manifested in humans. Furthermore, drugs that 



 
are toxic to animal may not be toxic to humans, leading to the loss of possible promising drug 

candidates [1]. Vice versa, drug candidates tested to be effective to animals may not work in humans. 

For example, when studying the endocrine system, a glucose-dependent insulinotropic polypeptide 

stimulates glucagon-like peptide-1 (GLP-1) in rodent models, but are ineffective on human cells in 

vivo [2-4]. Furthermore, systematic studies through observation of biological changes are limited by 5 

the inability to control and manipulate the microenvironment in vivo [5]. Due to the lack of efficacy in 

animal models or toxicity which was not revealed during pre-screening, only one in nine drugs 

entering clinical trials will finally get approved [6-7].  

 

Recently, a number of excellent review papers on mimicking human organs have been published. 10 

Multi-organ microdevices can model human metabolism, including the therapeutic and toxic effects of 

drugs. Esh et al. [8] reviewed the recent development of multi-organ microdevices and their 

capabilities in studying of drug action. Design considerations for mimicking human metabolism were 

also discussed. Chan et al. [9] reviewed the recent development of organs-on-a-chip devices from an 

engineering perspective including microfabrication and cell patterning technologies. Bhatia and Ingber 15 

[10] recently gave a perspective on the development and applications of organs-on-a-chip devices. The 

review focused on the design and fabrication of microfluidic cell culture devices that simulate tissue- 

and organ-level physiology. 

 

2. Mimicking the in vivo microenvironment of cells  20 

Every cell type needs its own microenvironment. The microenvironment is a specific set of chemical 

and mechanical conditions, which influence and regulate the cell fate. In these conditions, a cell 

constantly senses the various inputs such as soluble factors, cell-matrix interactions and cell-cell 

contacts, as well as other parameters such as pH, oxygen concentration and shear stress [11]. Upon 

sensing these inputs, cells process the information and adapt themselves to the current surrounding. 25 

Therefore, understanding the key inputs of the cellular environment is important for creating 

physiologically acceptable cellular conditions in a microfluidic device. 

 

2.1. 3D cell culture 

Traditionally, cells are grown in Petri dishes and form a two-dimensional (2D) culture. The cells 30 

spread out on the surface of the dish, often in a single layer. This 2D morphology does not reflect the 

three-dimensional (3D) in-vivo state of the cells, having a different expression pattern and altering the 

cell’s function and response, Fig. 1 [12]. Microfluidic technology allows the implementation of a 3D 



 
culture, which mimics the in-vivo state of cells [13]. Cells in a 3D microfluidic culture chip (3D-

µFCC) retain their 3D morphology and show a higher functionality than the 2D counterparts [14] as 

well as a higher sensitivity towards drugs, Fig. 2 [15]. The precise control of the microenvironment 

plays an important role in mimicking the in-vivo conditions. Microfluidic technology allows for a 

higher level of control of microenvironments as compared to petri dish cultures. The technology 5 

enables the control over chemical and mechanical cues such as media composition, growth factors, 

surface rigidity, surface texture, sheer stress, and secreted cues from other cells. 

 

 
Figure 1. Ex-vivo tumor models. Microscopic images of monolayers and spheroids of human 10 

mesotheliomoa cell line NCI-H226. 2D: monolayers; 3D: spheroids. Scale bar: 400 μm. 

Microarray analysis revealed that 142 probe sets were differentially expressed between 

tumor spheroids and monolayers (from [12], with permission from PLoS One).  

 

In addition, microfluidic technology and the development of µFCC make pharmacokinetics more 15 

predictive [16]. These microfluidic devices can potentially mimic the in-vivo physiology more 

accurately, providing physiologically more realistic parameters. For example, in-vitro static hepatocyte 

cultures, which are used as a screen in pre-clinical studies, have serious limitations in predicting the 

human liver response due the loss of liver specific functions [17, 18]. However, 3D hepatic cell 

cultures in a microfluidic device preserve some of the liver functions because of a more realistic 20 

microenvironment [19-21]. The improvement can clearly be observed by the higher level of sensitivity 

towards drugs as compared with a static culture, Fig. 2c [19]. A step closer to a more realistic model is 

the integration of multiple cell types to form co-cultures, as many physiological responses depend on 

their interaction with neighbouring cells. In the case of hepatocytes, the interaction with the sinusoidal 

endothelium improves the predictability by inducing vascularization of the 3D culture [22, 23].  25 

 



 
The physiological model of organs can be further improved by including pharmacokinetic 

parameters such as the organ size ratio, residence time and the relative flow rate. Each organ is 

represented by their specific cell type and compartmentalised on a single microfluidic chip. The organ 

size is modelled by the compartment size, while the fluidic resistance of each compartment determines 

the flow rate and flow distribution. Depending on the cell types, this system provides a more accurate 5 

physiological environment than the conventional static culture plates [24]. Combining the in-vitro with 

in-silico approaches will open a new direction to physiologically based pharmacokinetic (PBPK) 

modelling, with improved predictability of drug candidates [25].  
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Figure 2. The concept of a 3D cell culture chip. (a) An array of 200-µm pillars with 20-µm gaps retain 

the cells. The medium is perfused from both sides of the pillar array. (b) Microscopic image 

of the 3D culture of hepatocytes after 72 hours. (c) Drug sensitivity of a 3D perfusion 

culture as compared to that of a 2D static culture. The graph shows the viability of primary 

rat hepatocytes as function of the drug concentration [15]. 5 

 

2.2 Chemical environment 

The chemical environment of cells includes soluble factors such as growth factors and cytokines as 

well as extracellular matrix (ECM). Growth factors stimulate cellular growth, proliferation and 

differentiation [26]. Cytokines regulate wound healing [27], chemotaxis [28], and angiogenesis [29]. 10 

The microfluidic environments enable cells to retain endogenous growth factors, thereby favouring 

their proliferation [30, 31]. Therefore, a concentration and gradient [32] of soluble factors in the in vivo 

tissue microenvironment of an organ should be carefully controlled in a human on a chip. An effective 

method to deliver soluble factors locally to the cells is using gelatine microspheres [33]. 

 15 

Similar to soluble factors, ECM has profound effects on regulating cell behaviour and 

orchestrating cell functions during the formation of tissue and homeostasis [34]. Integrin as a 

transmembrane receptor mediates the attachment of a cell to the ECM. Through this attachment, 

integrins transmit information about the chemical composition such as ECM specificity as well as its 

mechanical status such as density, elasticity, geometry and surface topography, which alter the shape 20 

of the cell and its cytoskeletal organization [35]. Due to its importance, ECM has been a major target 

of manipulation in both conventional 2D and the-state-of-art 3D cell culture. Among the various 

methods for ECM manipulation, micro contact printing (µCP) is the most widely used technique for 

reconstructing the cellular microenvironment [36]. µCP is a soft lithography technique that uses a 

moulded polydimethylsiloxane (PDMS) stamp to transfer ECM to a substrate [37]. The stamp is first 25 

coated with ECM protein and then transfers it to a substrate through contact. Folch and Toner [38] 

provided an extensive review on the different patterning methods of ECM. Similar to soluble factors, 

ECM should be carefully engineered to reconstitute the in-vivo tissue microenvironment.  

 

2.3 Mechanical Environment 30 

Another consideration is the mechanical environment for engineering the in vivo tissue environment in 

a small scale. In contrast to cells grown on a conventional culture dish, most cells in our body live in a 

dynamic microfluidic condition, where cells take oxygen and nutrients from the laminar flow of blood. 



 
How can we mimic the in vivo mechanical environment of cells? The following discussion on the key 

differences between a culture dish and the in vivo tissues will provide the answer for this question. 

 

2.3.1 Fluid-to-cell volume ratio 

In a conventional culture dish, the volume of fluid is much greater than that of the cells. Thus, soluble 5 

factors released from cells dissipate quickly in the medium. Since the majority of the volume within an 

in vivo tissue is the cell volume, soluble factors from cells can influence neighbouring cells and 

themselves with negligible dissipation. As a result, endocrine and paracrine effects in in-vivo tissues 

are more significant than those in a culture dish. In this regard, microfluidic cell culture devices are 

highly suitable for inducing endocrine and paracrine effects, which play an important role in cell 10 

proliferation, signalling, and chemotaxis [39]. The low fluid-to-cell volume ratio in a tissue suppresses 

the dissipation of soluble factors by uncontrolled convection.  

 

2.3.2 Flow  

The in-vivo tissue environment has a continuous-flow condition. Many types of cells prefer the 15 

continuous-flow condition to the static one. The continuous flow transports oxygen and nutrients to the 

cells and washes away soluble factors. For instance, differentiated cells such as hepatocytes and lung 

cells require a continuous-flow condition for their growth [40]. However, stem cells such as adipose 

tissue-derived stem cells (ATSCs) prefer the static condition to reconstitute their hypoxic niche in vivo 

[41].  20 

 

2.3.3 Mechanical stimuli 

Mechanical stimulus is another important factor to be considered in designing human-on-a-chip 

devices. In in-vivo tissues, cells usually experience dynamic mechanical stimuli such as fluid shear 

stress, tension and compression. Each organ has its preferential mechanical stimuli. For instance, renal 25 

tubular cells in the kidney are exposed to shear stresses exerted by the flow of blood and urine. The 

cells need the shear stress to differentiate and function [42]. Recently, Huh et al. [43] demonstrated 

that lung epithelial and endothelial cells grown on a chip cyclic require mechanical stretching to 

immunologically respond to nanoparticles and bacteria. Similarly, Kim et al. [44] showed that 

mechanical strain enhances the function of human Caco-2 intestinal epithelial cells to form villi-like 30 

structure with a physiologically relevant intestinal barrier functions. However, stem cells and 

hepatocytes do not like the shear stress [41]. Therefore, if different organs are integrated into a single 

chip, mechanical stimuli should be addressed individually to meet their needs. 



 
 

3. Background of Organ on a Chip 

Culturing and connecting more than two cell types together on a single device lead to a more 

sophisticated model that can partially mimic human physiology. Compared to an in-vivo system, an 

organ-on-a-chip (OOC) has several advantages. For instance, such as system proved to be useful for 5 

determining the half maximal inhibitory concentration (IC50) value of drugs [15]. The IC50
 represents 

the capability of a drug to inhibit a specific biological or biochemical function. Furthermore, an OOC 

system provides information, which is not accessible in in-vivo systems due to difficulties in 

instrumentation. An OOC system is useful for evaluating drug mixtures targeting single-drug 

resistance diseases [45]. An OOC device can model a specific disease as well as a personalised 10 

disease. For instance, cells could be taken from a person’s skin and reprogrammed into a cell type 

specific to this person [46]. The toxicity and efficacy of a drug can then be tested specifically for that 

person.  

 

3.1 Organs in bottles 15 

Cell cultures mimicking human physiology did not start with microfluidics [47]. The first 

compartmentalised co-culture for toxicity screening can be traced back to the work of Riley et al. [48]. 

This system consists of 2 Teflon compartments separated by a semi-permeable membrane. One 

compartment holds the drug metabolising system, while the other contains the target cells. To prove 

the device concept, the drug Dapsome was incubated with human microsomal protein and NADPH in 20 

the chamber with metabolising liver cells. Dapsome has no toxic effect on the liver cells, but causes 

8.7% of the target cells (leucocytes) to die. This engineered system proved that although the drug was 

not toxic to the metabolising cells, it does affect target cells due to a toxic metabolic product of the 

drug. This work shows the significance of in vitro toxicity screening, as animal testing does not clearly 

reveal the side effects. Furthermore, the human cells also lead to a more accurate predictive model for 25 

drug screening. 

 

The next step of the above concept is combining multi-compartment computer models with 

single compartment in-vitro cultures to simulate more human physiological conditions [49]. For 

instance, the toxic effect of naphthalene metabolites to lung was shown by using milk dilution bottles 30 

(a square-sided bottle of 160-ml volume that is commonly used for dilutions) for the liver and lung 

cells, and a glass reaction beaker to represent other cells. A set of pumps controls the residence time in 

the three compartments (Fig. 3a). Connecting the water-jacket of the reaction beaker to a water bath 



 
keeps the whole system at 37°C. 

 

 Viravaidya et al. [50] integrated the bioreactors into a silicon wafer using micromachining 

technology to miniaturise the above multi-compartment system, Fig. 3b. While the cell to liquid 

volume ratio in the bottle was less than 1:1000, far exceeding the physiological levels, the on-chip 5 

volume ratio was 1:1 [50]. The residence time and flow rates were determined by the size of the 

compartments and the flow resistance in the connecting channels. In this setup, only the liver and lung 

compartments had cells. The other compartments were used for flow distribution [50]. This system 

was able to show that the metabolic products of naphthalene caused glutathione depletion in the lung 

cells. The same result was also shown in the experiment reported by [49], indicating that microfluidics 10 

can be applied to drug toxicity assays, but using much less cells and reagents.  

 

3.2 Organs in 3D cell cultures 

The next advancement toward developing an OOC system was the integration of 3D culture in 

hydrogel [24]. Compared to cells grown in a 2D culture, those grown in a 3D culture show improved 15 

functionality and higher sensitivity towards drugs. The higher level of complexity in 3D cell cultures 

contributes to a more in-vivo-like response. However, a simple 3D culture is far from mimicking a real 

organ. A 3D cell culture requires interactions between different cell types and a better control of their 

microenvironment to model a real organ. For instance, hepatocytes in the liver tissue make up a single 

cell layer around the bile ductile which in turn flanks the sinusoid separated by a single layer of 20 

endothelial cells. In contrast, a 3D culture is basically just a clump of cells. Drug toxicity test showed 

different results from a clump and a single layer of cells in a 3D-like structure. The architecture of the 

cell culture is here the key factor, as cells do respond to their physical and spatial surrounding. Thus, 

liver on a chip as a typical OOC has progressed from a simple 3D-cell culture in a microchannel to 

something that resembles the shape of a basic liver structure. This shape can be formed by either 25 

dielectrophoresis [51] or micromachining [52] mimicking the permeable endothelium layer between 

the hepatocytes and the sinusoid.  



 
A  B 

Figure 3. Multi-compartment in-vitro cultures for demonstrating the toxicity of Naphthalene: (a) A 

schematic design of organs in bottles [46] (modified with permission of Elsevier); (b) Organs 

on a chip [50] (reproduced with permission of The Royal Society of Chemistry). 5 

 

Culturing different cell types in a single compartment improves their interaction. A micro-

patterned co-culture with hepatocytes and fibroblasts maintained the functionality of the hepatocytes for 

more than 4 weeks [21]. In contrast, the continuously diminishing functionality of pure hepatocyte 

cultures lasted only for 2 weeks. A collagen/matrigel sandwich culture could also maintain the 10 

functionality of hepatocytes only for 2 weeks [53]. These works show that co-cultures have a positive 

effect on the cell functions. The pancreas is another example of a system with more cell types, of which 

the α- and β-cells are the most important [54]. Together as an ensemble, the two cell types regulate part 

of the glucose levels in the blood. Therefore, they should be cultured together to form a model for 

investigating insulin production and glucose regulation.  15 

 

Besides the 3D environment and co-culture of different cell types, the physical location of cells 

also plays an important role in mimicking the real organ, as some cell signals have spatiotemporal limits. 

For instance, the distance between the two different cell types within a co-culture determines the fate of 

the soluble signal. Culturing hepatocytes and stromal cells in a reconfigurable compartment elegantly 20 

tested this hypothesis [55]. Mechanically increasing the distance between the hepatocytes and stromal 

cells decreased the functionality of the hepatocytes. 

 

3.3 Organs on a chip 

In anatomical terms, an organ is a collection of tissues joined together to perform a given function [56]. 25 

The combination of 3D-cell cultures with microtechnology and the integration of chemical and 



 
mechanical cues led to the development of more complex. This section reviews the state of the art of 

OOC devices. These devices may not necessarily mimic an entire organ, but at least model some specific 

functions of an organ. The majority of these devices were made of polydimethylsiloxane (PDMS) using 

soft lithography technology introduced by Whitesides’ group [57]. PDMS is cast against a 

micromachined mould. After peeling off from the mould, fluidic ports are opened. The PDMS part is 5 

then bonded to a glass substrate, usually a microscope slide. Only a few devices are fabricated in glass, 

because the micromachining process of glass is a more laborious and expensive. At the end of the 

following subsections, we list the cells used in the perspective OOC devices. 

 

3.3.1 Brain 10 

The brain is the most vascularised structure in the body. Each neuron is only one cell away from a 

blood vessel [58]. Of great interest is a model of the blood-brain barrier (BBB), which is an intricate 

network of vascular endothelial cells isolating the central nervous system from systemic blood 

circulation (Fig. 4). The main cells in a BBB are astrocytes. Astrocytes provide biochemical support to 

endothelium cells as well as nutrition to neural tissue, endothelial cells, and pericytes, which among 15 

others regulate the capillary blood flow and permeability of the BBB. A model of the BBB allows for 

the detailed study of the drug passage and of any impairment caused by the drug. In the following 

examples, only the endothelial cells were used. The tightness of the junctions between the endothelial 

cells is a defense mechanism to prevent the transport of toxic substances, which would otherwise 

damage the brain tissue. Unfortunately, therapeutic drugs are also prevented from entering the brain.  20 

 

A BBB model was formed by creating a channel with cerebral endothelial cells separated by a 

barrier with micro gaps connecting a central chamber filled with astrocytes (Fig. 5) [59, 60]. Instead of 

constructing microgaps as shown in Fig. 5, endothelium cells can also be cultured on a 10 µm thick 

polycarbonate membrane with a 0.4 µm pore size. In a BBB device, a suitable method is needed to 25 

monitor drugs that specifically target the brain and must pass through the junctions between the 

endothelial cells. The tightness of the junctions can be quantified by measuring the transendothelial 

electrical resistance (TEER) [61]. Measuring a change in the electrical resistance reveals if a drug affects 

the junctions. Griep et al. [61] showed that the addition of a small cell signalling protein, the 

inflammation cytokine tumour necrosis factor α ( TNF- α )  reduces the TEER value by 10 times. In 30 

contrast, the shear stress increase the TEER value by 3 times, meaning that shear stress tightens the 

junctions. 

 

Since fabricating a structure as complex as the brain is a great challenge, it makes sense to culture 

an entire slice of brain on a chip [62]. As the slicing process kills a layer of cells, sharp micro-electrodes 35 

have to penetrate the dead layer to get closer to the living neurons [63]. The disadvantage of a slice 



 
culture is its short life span. Sliced tissue cultures can be maintained for up to 5 days in the above study, 

while cell based cultures usually last beyond 14 days. The cells cultured in the above devices usually 

belong to the cancer cell lines. However, induced pluripotent stem cells (iPSCs) have been recently 

introduced for brain on a chip applications [64]. 

 5 

Cell used: cerebral endothelium derived from iPSC; RBE4 (Rat Brain endothelial); HUVEC (human 

umbilical vein endothelial cells); hCMEc/D3 (Human Brain Endothelial Cell Line) 

 
Figure 4. A schematic drawing of the brain blood barrier and its location in the brain. The BBB consists 

of a capillary blood vessels surrounded by different cell types such as neurons, astrocytes and 10 

pericytes. 

 

 
A B 

Figure 5. A PDMS microfabricated blood brain barrier (BBB) device. (a) A confluent cell culture of 15 

endothelial cells in a 200-µm channel; (b) The cells are separated from the central chamber 

by 3-µm gaps (From [59], reproduced with permission from The Royal Society of 

Chemistry). 

3.3.2 Breast 



 
A model of breast cancer is of great interest for screening a suitable anti-cancer drug. Despite the 

significance of breast cancer, not many microfluidics-based models have been developed. A number of 

research groups investigated the migration of mammalian tumours in a 3D matrix [65]. These migration 

studies could give insight on the origin of metastasis. Chen et al. [66] screened anti-cancer drug on 

mammary epithelial cells 3D cultured in a perfused 96-well plate (Fig. 6). The culture was maintained 5 

for 9 days. Treating the cells with the anti-cancer drug Paclitaxel showed that the 3D culture had a 

higher cytotoxicity than a 2D culture. With the same drug concentration, more cells die in a 3D culture. 

The ductal system inside the breast tissue has been modelled by microchannels [67]. In this work, 

fluorescently labelled super-paramagnetic beads were pumped through the ducts to simulate mammary 

ductoscopy. This method could potentially be used to tag cancer cells preceding a surgery. 10 

Cells used:  MCF7 (human breast adenocarcinoma cell line); HMT-3522 S1 cells (human breast 

epithelial cell line series); MCF-10A (human mammary epithelial cells) 

 

 
Figure 6. Model of breast cancer: (a) A 32 units of a 3D microfluidic cell culture array; (b) A single 15 

unit. (c) The cross section of a unit. Cells are loaded directly in the culture chamber. The 

flow is gravity driven from the inlet well to the outlet well (from [67], reproduced with 

permission from Biomedical Microdevices) 

 

3.3.3 Eye 20 

A few studies on retina cultures in microfluidic format have been reported. A recent study focused on 

the visual impairment caused by photoreceptor degeneration. The retina disease was modelled by a 

microchannel PLGA (poly(lactic-co-glycolic acid) scaffold with micro-columnar space to model the 

basic level of retinal organisation, mimicking what is observed in vivo, Fig. 8 [68]. Viability of the 

photoreceptors could be increased 18-fold by culturing the cells at the gas-liquid interface, as opposed to 25 

a fully submerged culture. The radial-columnar unit has a diameter in the range of 15-20 µm, which is 

necessary to facilitate the alignment of the retinal neurons. In this system, mouse and human embryonic 

stem cells were grown and exhibited several characteristics of retinal cells.  



 
 

Cells used: retinal progenitor cells derived from hESC (human embryonic stem cell); retinae of E 6–7 

chick embryos chick retinal ganglion cell (RGC) 

 
Figure 7. A cross section of the photoreceptor layer in the eye.  5 

 

 
Figure 8. Retinal model: (a) Dissociated neonatal mouse retinal neurons (Nrl-GFP) are layered on 

retinal pigment epithelium (RPE) explants; (b) A cross section of the Nrl-GFP rods; (c) A TEM image of 

the scaffold on the RPE layer; (d) A higher magnification of the scaffold cross section in a microchannel 10 

(from [68], reproduced with permission from Biomaterials). 

 

3.3.4 Heart 

The heart is a powerful natural pump that delivers blood to the other organs. Thus, building a 

microfluidic pump from cardiomyocytes is an obvious step to mimic heart function. A pump powered by 15 

cardiomyocytes can be controlled by changing the culture temperature [69]. This heart model is self-



 
actuating and requires only a chemical energy source (Fig. 9) [70, 71]. Integrating a heart as a pump in a 

microfluidic device provides an interesting tool for screening drugs against heart diseases. The effect of 

the drug can be directly monitored by the flow rate generated by the pump.  

 

Recently, ventricular myocytes were cultured on top of an elastomeric thin film to measure the 5 

contractility, structure function and pharmacology [72]. A microfluidic platform as a disease model can 

characterise in real time the reactive oxygen species, which is a major factor in cardiac diseases [73] and 

cardiac contraction [74]. Fabricating a hydrogel support with nano-features allows for a highly organised 

function of the cardiac tissues constructs in the same manner as observed in vivo [75]. Changing these 

nano-structures results in change of the cell structure and function, opening up a new way to engineer an 10 

organ model on a chip. 

Shimeck et al. [76] reported a multi-organ device that can mimic the transport function of the 

human cardiovascular system. The pulsatile fluid flow was delivered by an integrated peristaltic 

micropump. The system as able to create physiologically relevant shear stress on human dermal 

microvascular endothelial cells.  15 

Cells used:  neonatal rat cardiomyocytes (primary cells); neonatal Sprague- Dawley rat heart cells 

(primary cells); NRVM (neonatal rat ventricular myocytes) 

 

 
A B 20 

Figure 9. Heart model: (a) A cross section of a micro-spherical heart-like pump. A sheet of 

cardiomyocytes is wrapped on to the fibronectin coated PDMS hollow sphere; (b) The 

engineered microheart (from [73], reproduced by permission of The Royal Society of 

Chemistry). 

3.3.5 Intestine 25 

The most characteristic feature of the intestines is the villi structure that lines the apical side of the 

gastrointestinal tract, Fig. 10 [77]. Each villus has many microvilli that increase the absorption area of 

the intestinal walls by 30 to 60 fold (Fig. 10). The villi are around 1 mm high and 0.1 mm in diameter. 

Mimicking these villi and at the same time accommodating intestine epithelium cells in a hydrogel are 

real engineering challenges. Sung et al. [78] combined laser ablation and sacrificial PDMS moulding to 30 

form the hydrogel scaffold mimicking the villi, Fig. 11. Cells could either be encapsulated in the 



 
hydrogel or seeded onto the structure. In the latter case, the cells took 3 weeks to cover the hydrogel 

pillars. 

 

Another method to model intestine is constructing micro-porous membranes in the shape of 3D-

villi [79]. These artificial villi make culturing colon carcinoma cell line (Caco-2 cells) over a period of 3 5 

weeks possible. Since the intestines are important for drug adsorption, drug molecules should be able to 

pass the tight junctions between the intestine endothelium cells. Caco-2 cells were cultured on top of a 

porous membrane inside a microfluidic chamber. The permeation of drug molecules was detected using 

integrated optical fibres [80]. Compared to a conventional in-vitro cell culture system for studying the 

intestinal absorption of drugs, such a microfluidic system requires 80% less cells [81].  10 

  

In-vivo intestinal epithelium cells are covered with beneficial microbes, which contribute 

significantly to the barrier function of the intestines. Culturing microbes such as lactic acid bacteria on 

top of the Caco-2 cells represents a more realistic intestine absorption model [44]. Cyclic mechanical 

strain that mimics the peristaltic motion of bowel movements influences the cell functionality as well as 15 

the absorption rates. Culturing the cells on a stretchable porous membrane can simulate the induced 

strain [82]. Such a device can be used to capture the essential functions of the intestines and contribute 

to drug and toxicity screening. 

 

Cells used: Caco-2 (colon carcinoma cell line) 20 

 

 
Figure 10. The inner structure of intestines consists of villi. Each epithelial cell in the villi has many 

microvilli. 



 

 
A B C D E 

Figure 11. Intestine model: (a) A scanning electron microscopy (SEM) image of a villi made in PDMS; 

(b) Confocal image of a collagen villi shaped scaffold; (c) Caco-2 cells on the collagen villi; 

(d) A SEM image of human jejuna villi; (e) A confocal microscope image of a slice of Caco-5 

2 cells on the collagen villi (from [78], reproduced with permission from the Royal Society 

of Chemistry). 

 
3.3.6 Kidney and spleen 

The main function of a kidney is maintaining the homeostasis of the body by means of osmoregulation 10 

[83]. With the aid of the endocrine system, the permeability of the proximal convoluted tubule in the 

kidneys can be increased to reabsorb water and to prevent it from being excreted. As such, the kidney 

regulates the amount of waste in the urine. The shear stress caused by the fluid flow in the renal tubules 

plays a role in the regulation of the ions and water balance. Shear stress also contributes to the 

reorganisation and reformation in the proximal tubular epithelial cells [84, 85]. Incorporating shear 15 

stress and controlling the topology in a microfluidic chip result in a tube-like environment which 

enhances the formation of tissue with native in vivo kidney physiology [86]. Compared to a flat surface, 

cells on topographical surfaces should increase nuclear alignment. Adding the shear stress using fluid 

flow increases the alignment of the topographical surfaces. Typically, renal cells are cultured on a 

porous membrane with fluidic compartments on both sides, Fig. 13 [87]. The cells are then exposed to 20 

the shear stress. The difference between static and perfused culture can be observed by imaging the tight 

junctions between the cells and the actin rearrangements [88, 42]. The effect of shear stress and the 

subsequent cell arrangements on trans- and paracellular transport can be studied after hormonal 

stimulations [42]. In this manner, albumin handling by renal proximal tubular cells was evaluated. 

Albumin processed by the cells was broken down in smaller fragments and excreted by the cells [89]. 25 

Compared to 2D cultures, the cells exhibited greater albumin transport and glucose reabsorption [90]. 

The spleen is a blood filter that has a similar structure to a lymphoid organ. The spleen removes 

senescent, damaged, or infected red blood cells. The two major areas of a spleen are the red pump and 

the white pulp. While the red pulp consists of filtration beds, the white pulp provides active immune 

response. Rigat-Brugarolas [91] mimicked the filtering function of the spleen on a chip. Using the 30 

device, mechanical and physiological responses on healthy human red blood cells and malaria-infected 

cells were studied. 



 
 

Cell used: HK-2 (human renal proximal tubule cell line); IMCD (primary rat inner medullary collecting 

duct); OK (Opossum kidney epithelial cells); RPTEC (human renal proximal tubule epithelial 

cells); MPT (Mouse proximal tubule cells); LLC-PK1 (Pig Kidney Epithelial Cells); Mouse 

PTC (proximal tubule cells) 5 

 
Figure 12. The kidney filters the blood in the nephron. There are 1-1.3 million nephrons in a kidney. 
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Figure 13. Kidney model: (a) The cross section of a multi-chamber bioreactor. The cells are cultured on 

top of a membrane; (b) The fabricated multi-chamber bioreactor (from [89], reproduced with 20 

permission from Biotechnology & Bioengineering). 

3.3.7 Liver 

Liver is the main metabolic organ in an animal, and is significant for drug toxicity testing. Liver is also 

one of the most vascularized organs [92]. Microfluidic technology allows for the construction of 

microenvironments that closely model the in vivo liver system [93]. The most important aspects to be 25 

taken into consideration in designing liver on a chip are the cell-cell interaction through co-culture and 

the physical microenvironment.  



 
 

For instance, liver specific functions of hepatocytes-fibroblasts co-culture on a 2D patterned 

surface are still significant after 6 weeks. In contrast, a conventional culture with pure hepatocyte will 

lose its phenotypic functions just after one week [24] [53] A 3D co-culture of hepatocytes and micro-

vascular endothelial cells [MVECs] resulted in the formation of capillary structures after 8 days [25]. 5 

Co-cultures also improve the resolution and predictive values of drug clearance [26].  

 

Microfabrication techniques have been used to construct an artificial liver sinusoid with and 

endothelial-like barrier between the flow and the hepatocyte culture [54]. Such a barrier protects the 

cells from the the shear stress induced by the flow, while maintaining diffusion of nutrients and waste 10 

products [14]. Another way to mimic a sinusoid is using of a field-induced electrophoresis trap (Fig. 15) 

[54, 93]. Human liver cells (HepG2) were first positioned in a radial fashion. Human umbilical vein 

endothelial cells (HUVECs) are then trapped in the electric field. Fields above 2×105 V/m caused 

disruption of the cell membranes. This construct could be maintained in a flow rate of 20 µl/min. Other 

methods to position cells include direct cell writing and bio printing [90]. Syringes were used to deposit 15 

layer-by-layer cells, growth factors and scaffold material. Culturing a liver tissue slice has the advantage 

of closely resembling the complex organisation of the in-vivo system, as all cell types are present in their 

natural matrix. The disadvantage of tissue slices is the short lifetime of only up to 24 hours [91]. 

 

Cell used: Rat primary hepatocytes; Cryopreserved human hepatocytes and endothelial cells; HepG2 20 

(human liver hepatocellular carcinoma); HepG2 /C3A (clonal derivative of Hep G2) 

 
Figure 14. The liver is made of hepatic sinusoids, which in turn are built up from hepatic lobules that 

includes bile ducts and blood veins. 
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Figure 15. Cell patterning of HepG2 cells by field induced dielectrophoresis trap (from [48] reproduced 

with permission from The Royal Society of Chemistry). 

3.3.8 Lung 

The lung is a very complex organ, with functions ranging from the molecular level (e.g. gas exchange) 5 

to the whole organ level (e.g. bulk airflow) [97]. This means, both molecular and macroscopic functions 

should be considered in designing a lung on a chip. During the normal respiration, cyclic stretching 

forces act on the lung alveolar epithelium and the adjacent endothelium, Fig. 16. Huh et al. [43] 

simulated cyclic stretching by culturing human alveolar epithelial cells and human pulmonary 

microvascular endothelial cells on opposite sides of a porous PDMS membrane. This work showed that 10 

the cyclic strain enhances the uptake of nanoparticles by the cells. In a subsequent work, this lung on a 

chip device mimicked drug toxicity responses of cancer patients treated with interleukin-2 (IL-2) and 

identified lead compounds that prevent the toxicity of IL-2 [98]. 

 

A key function of the lung is the exchange of oxygen and carbon dioxide. A surface facilitating gas 15 

transfer between the blood and the surrounding is needed for the lung model. Kniazeva et al. [99] 

fabricated an artificial lung in a microfluidic device consisting of multiple layers of branched micro-

vascular networks. The device aims at the study of scaling effect associated with fluidic resistance and 

oxygen transfer [100]. Integrating a lung model, which includes a chamber mimicking the alveolus, into 

a more complex system of human on a chip requires the optimisation of the residence time inside the 20 

chamber and depends on the membrane used, Fig. 17 [101, 102]. Sun et al. [103] reported a more in-vivo 

like system that has an alveoli-like 3D-scaffold to study the migration of cancer cells in the lung. The 

scaffold consists of an array of uniform spherical pores in gelatine. The migration speed and direction of 

various lung cancer cell lines in this scaffold were measured. The results indicated that migration 



 
properties are different in a 2D and 3D environment, probably because of the different cell 

morphologies. 

 

Cell used: HPMEC (Human pulmonary microvascular endothelial cells); NCI-H441(Human lung; 

adenocarcinoma epithelial cell line); CL1-0 (Human lung carcinoma cell lines) ; CL1-5 5 

(Human lung carcinoma cell lines); NCI-H292 (human lung mucoepidermoid carcinoma 

cells) 

 

 
Figure 16. The lung consists of alveoli, which comprises the interface between of air and blood. 10 

 

 
Figure 17. A microfluidic in vivo model of an alveolus [101] (reproduced with permission from 

Springer). 

 15 

3.3.9 Neuron 

Unlike most other cell types, neurons are elongated and highly branched. A neuron receives various 

signals via its dendrites and transmits them via a single axon (Fig. 18). Communication between neurons 

occurs at the synapses. Microfluidics technology allows for a high-resolution spatial control that enables 

the access to a single domain in the neuron network. Neurons extend their neuritis along the flow 20 

direction and topological features [104] and grow along polyelectrolyte adhesion line [105]. The type of 

surface coating determines the adhesion and morphogenesis of neurons. For instance, matrigel and 

lamine cause more neuritogenesis than poly-lysine [106]. Self-assembled adhesion of neurons is 



 
facilitated by coating the patterns with astrocytes. Again here, co-culture is the key for a longer culture 

time. For instance, hippocampal neurons and glia co-culture and culture of compartmentalised networks 

could be maintained for several weeks [107, 108]. 

 

Another advantage of microtechnology is the possible integration of electronic circuits on the 5 

neuron chip. The circuits must be confined to a specific location to establish contact and to pick up 

signals from a single neuron. One option is using “picket fences” to prevent the neuron from migrating 

away and thus losing contact with the electrodes, Fig. 19 [109]. Integrated electrodes were able to detect 

cell responses to external stimuli such as a serine hydrolase inhibitor [110]. Another option is using an 

integrated microelectrode array (MEA) or lateral patch-clamp to measure neuron activities [111, 112]. 10 

These detection methods enable high-throughput electrophysiology in neuron cultures.  

 

Cell used: Neuronal cultures isolated from CD1 mouse embryos at E17; hippocampal neurons 

isolated from E18, E19 rats embryos; cortical neurons isolated from 18-day-old Wistar rat 

embryos; RBL-1 (Rat basophilic leukemia cell line); LUHMES (Lund human mesencephalic); 15 

SH-SY5Y (human neuroblastoma cell line); R28 (rat retinal cells); NG108-15 

(neuroblastomaxglioma hybrid cell line: mouse neuroblastoma and rat glioma); N1E-115 

(mouse neuroblastoma cell line); neurons isolated from the A-clusters in the central ganglion 

rings from the pond snail L. stagnalis  

 20 

Figure 18. Neurons consist of dendrites and axons. Neurons are connected to each other via synapses at 

the end of the axons and dendrites. 

 



 

 
Figure 19. Interfacing neuron cells with electrodes: (a) SEM of a two-way electrode contact and a picket 

fence (scale bar 20 µm); (b) SEM of a neuron in a fenced enclosure after a 3-day culture (scale 

bar is 20 µm); (c) Neurons after a 2-day culture inside picket fences on a circle of two-way 

contacts connected by neuritis (bright threads) (scale bar is 100 µm.) (from [109], reprinted 5 

with permission from National Academy of Sciences, USA). 

 

3.3.10 Pancreas 

The pancreas is essential for insulin production (Fig. 20). Together with the liver, intestines and fat, the 

pancreas controls the glucose level in the body. To date, research involving microfluidic pancreas 10 

models has focused on the islets of Langerhans, partly to measure their function before transplantation 

[113]. Of interest is the deterioration of the islet endothelium cell-morphology due to serum free media 

composition in a non-perfused system, Fig. 21 [114]. A fluid flow increased the density of endothelial 

cells, as the flow improves the penetration and therefore media exchange. Lee et al. [115] studied the 

insulin production in a pancreas model under a well-defined temporal glucose gradient. Adding glucose 15 

to the system stimulated the insulin production. Five minutes from the introduction of the glucose were 

needed for the islets to produce insulin. After 12 minutes, the insulin production decreases, similar to 

what happens in vivo [116].  

 

Animal cells are used in these microfluidic devices, as they are more readily available. Only 20 

recently a human pancreatic β-cell line was used for secreting insulin. It took almost 30 years to get this 

human cell line because of the difficulty of obtaining a functional cell line that can preserve the 

characteristics of the parental cells [117]. 

Cell used: INS-1 (rat Insulin secreting beta cell); Islets of Langerhans from C57/BL6 mice 
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Figure 20. The ß-cells inside the islet of Langerhans produce insulin, while the α-cells produce glucagon 

which is an essential part of the glucose level regulation in the blood. 

  

 5 

Figure 21. Islet of Langerhans inside a microfluidic device held by a ‘pea pod’ shaped dam. The islets 

were cultured 24 hours prior loading (from [114] reprinted with permission from PlosOne). 

 

3.3.11 Skin 

Skin is the largest organ in the human body. The main function of the skin is to preserve the body 10 

homeostasis [118]. Cosmetic and drug companies are very interested in human skin models to test the 

toxicity of topical and transdermal products [119]. Although there was a media report in 2010 about 

testing skin allergies by replacing animals with a microfluidic chip which connects artificial skin with 

lymph nodes, an actual device has not been reported in scientific literature. Table 1 summarises the key 

achievements in the state of the art of organs on a chip discussed in the above sections.  15 

 

Table 1. State of the art of organs on a chip 

Organ Achievements Authors, year 

Brain Modelling of the blood-brain barrier; 
Using micro slits or a membrane as 
barrier; Tightness of the cell junctions is 
measured with TEER. 

Prabhakarpandian et al. 2013; Yeon et al. 2012; 
Griep et al. 2013 

Breast Migration of mammalian tumours into a 
3D matrix . 

Liu et al. 2009 



 
Eye Retinal cells seeded on PLGA scaffolds. McUsic et al. 2012 

Heart A pump powered by cardio-myocytes; 
Real time measurement of the reactive 
oxygen species and cardiac contraction.  

Tanaka et al. 2007; Park et al. 2007;  
Cheah et al. 2010; Agarwal et al. 2013 

Intestine Cultivation of Caco-2 cells on a porous 
membrane, and exposed from two sides 
with media; Simulating peristaltic bowel 
movement. 

Esch et al. 2012; Imura et al. 2009; Kimura et al. 
2008; 
Kim et al. 2012 

Kidney Shear stress and controlled the topology 
in vitro result in a tube-like 
environment; Renal cells cultured on a 
porous membrane with fluidic 
compartments on both sides. 

Frohlich et al. 2012; Jang and Suh 2010; 
Sciancalepore et al. 2014; Gao et al. 2011; Jang and 
Suh 2010 

Liver Liver cells co-cultured with fibroblasts 
or micro-vascular endothelial cells; 
Liver cells in chamber and a barrier 
between the flow and the hepatocyte 
culture. 

Khetani and Bhatia 2008; Ukairo et al. 2013 [50]; 
Sudo et al. 2009; Novik et al. 2009; 
Lee et al. 2007; Toh et al. 2007 

Lung Cyclic stretching with cultured human 
alveolar epithelial cells and human 
pulmonary microvascular endothelial 
cells on opposite sides of a porous 
PDMS membrane; Lung was fabricated 
in microfluidics consisting of a multi-
layer of branched micro-vascular 
network; Alveoli-like 3D-scaffolds to 
study cancer cell migration. 

Huh et al. 2010; Huh et al. 2012; 
Kniazeva et al. 2011; Kniazeva et al. 2012; 
Sun et al. 2012 

Neuron Spatial control that enables the control 
of a single domain in the neuron 
network; Electrodes to measure the 
signals from single neurons. 

Takayama et al. 2012; (Reyes et al. 2004; 
Zeck and Fromherz 2001; Gebinoga et al. 2012; 
Morales et al. 2008; Tang et al. 2010 

Pancreas Isle of Langerhans cultured in device 
and exposed to glucose to measure the 
insulin response. 

Lee et al. 2012; Wang et al. 2012 

Skin None http://m.technologyreview.com/biomedicine/24384/) 

 

4. Connecting all organs together: the state of the art  

The various organs in the human body need to work together to maintain homeostasis. Extracellular 

fluid that circulates throughout the body is a key component in maintaining a stable internal 

environment. Just like the human body, micro-organs in separated compartments of a chip should be 5 

systematically connected to construct a human on a chip (HUC). A HUC consists of organ 

compartments linked through a microfluidic network mimicking the circulatory system of extracellular 

fluid [120]. A rational design of the microfluidic network in consideration of other organs is necessary 

[121]. The flow resistance within the compartments and their shape determine the required flow rate and 

the corresponding residence time. The size of the compartments determines the amount of cells. The 10 

device should reflect the organ mass ratio, blood distribution over the organs and the residence times as 

found in the human physiology. The residence time determines the duration of drug exposure, the drug 

uptake and its cytotoxicity. Such a system will not only improve the predictability of drug toxicity, but 



 
also improve insights to the mechanism of the drug lifetime within a physiological system. 

 

Shuler’s group pioneered the HUC concept by showing the possibility of a human surrogate for 

predicting human response in clinical trials using a three-chamber (lung-liver-other organ) microscale 

cell culture analog (µCCA) device with a PBPK model [122]. Viravaidya et al. [50] reported a similar 5 

device with the lung and liver compartments containing hepatocytes and lung epithelial cells of rat. A fat 

compartment was added as well, however, without cells. This device demonstrated that the metabolism 

of the drug Naphthalene resulted in a toxic component for liver cells. In another example, the response 

to the anticancer drug Tegafur (an oral pro-drug of 5-fluorouracil) in a 3D culture of colon cancer and 

hepatoma cells in the liver chamber and myeloblasts in the marrow chamber are similar to those of a 10 

clinical test. In contrast, a static test on 96-well plate showed no response [24].  

 

Most recently, the same group demonstrated that the HUC system could be used to predict the 

toxicity of the anticancer drug 5-fluorouracil, with a pharmacokinetics–pharmacodynamics (PK–PD) 

modelling for three different dosages of the drug [123]. The results, analysed with a PK-PD model, 15 

showed a different response compared to that of a static cell culture. The authors suggested that in a 

lower concentration range of the drug the cells in the dynamic perfusion system were more sensitive 

than those in a static culture. Furthermore, the liver cells in both systems were more resistant towards the 

drug then the other cells, which is consistent with clinical findings. However, the differences in the drug 

effect on the different cell types were more pronounced in the dynamic system. This finding shows that 20 

response of the cell types is dependent on the environment they are in.  

 

Focusing on a different aspect of the environment of a multi-cell culture, Yu’s group developed a 

multi-channel 3D microfluidic cell culture system with four compartmentalized microenvironments 

containing four different human cell types representing liver, lung, kidney and the adipose tissue for 25 

potential applications in human drug screening, Fig. 22 [123]. Each cell type actually needs its own 

specific microenvironment, be it physical or chemical cues. Interestingly, all the four types of cells were 

successfully grown with a common, serum-free culture medium which Yu’s group developed, while 

growth factors were locally released by gelatine microspheres [33]. This work showed that incorporating 

the spheres with the cells in every chamber could create cell specific microenvironments. The functions 30 

of the lung cells A549 were increased, while the other cells, including the liver cells C3A, were not 

affected. When C3A was directly exposed to TGF-β, the cell functions were inhibited.  

 

Sonntag et al. [124] reported another multi-organ bioreactor that includes a liver, a brain cortex 

and a bone marrow compartments. However, the cells were keratinocytes (from the outer layer of the 35 

skin), fibroblasts and endothelial cells, which have no relation with the designed compartments. The 



 
device also has waste and nutrient reservoirs which are rechargeable and could sustain the culture for 

months. Unfortunately, the cultures have only been demonstrated for 14 days. 

 

The latest development of HUC features an interconnected microfluidic hanging drop system 

[125]. Spheroid formations could be cultured in a hanging drop. The device consists of 4 columns with 6 5 

hanging drops each. A microfluidic network interlinks all the hanging drops and allows for multi-tissue 

experiments, depending how they are connected. The drawback of this method is the exposure of the 

hanging drop to its surrounding environment and evaporation. 

 10 

B  C 
 

Figure 22. Human on a chip: (a) A representation of the fluidics for a four-organ chip. The four 

channels are of the same design as presented in Figure 2. All media will first go through the 

lung chamber and then distributed over the other 3 chambers; (b, c) Controlled stimulation of 15 

lung cell function on chip. 30 ng/ml of TGF-β1 was controlled-released from gelatin 

microspheres (GMs) in the A549 channel but not other channels on the chip; and the 

functions of (b) C3A and (c) A549 were measured. The controlled-release of TGF-β1 

produced a two-fold enhancement in A549 function, but had no effect on the functions of 

other cell types compared to the control where no TGF-β1 was present (first and third bars). 20 



 
The functional levels observed by supplementing 30 ng/ml of TGF-β1 in the culture media 

are shown for comparison (the bar in the middle) and the function of C3A cells was reduced. 

Data are the standard errors of the mean of 2 independent experiments, **: p < 0.05, *: p < 

0.1. (reprinted with permission from [33]).  

 5 

5. Perspective: integration and automation 

The current problem of microfluidic technology is the user friendliness. The introduction of pneumatic 

PDMS valves [126] was a big step forward computer-controlled microfluidics. However, a user interface 

and the integration with controllers are still lacking. In many applications, personnel with trained 

technical skills are still needed to operate these devices. As microfluidic devices become more 10 

complicated, a fully controlled system is desired. A good example for a fully automated system is the 

microfluidic Large Scale Integration (mLSI) system, which is comparable with integrated circuits in 

electronics [127]. Although on chip integration is progressing, it has not reached the same level of a 

robotic liquid handling system, which faced the same issues before. 

 15 

The bottleneck in control is holding back the use of microfluidic devices for high-throughput and 

highly-complex analysis [82]. Ideally, an essay should be performed with just a press of a button, 

especially when dealing with cells, let alone multiple cell types. The system should be devised in such a 

way that all media, cells and drugs can be loaded automatically into the chip. Manual cell loading onto a 

chip still requires an extensive amount of training. The user needs to be familiar with the quirks of the 20 

chip as not to lose or kill the cells. A recent trend is the integration of an automated system in an array 

format that potentially can work with conventional robotic sampling and loading [128].  

 

 Another bottleneck is the detection of the results. Often, the chip design needs to meet stringent 

optical requirement to work with conventional imaging facilities such as confocal scanning microscopy 25 

[129]. Sensors need to be integrated in to the cell culture chip. A major problem and but also a major 

benefit of microfluidics is the small quantity of products. For instance, the pancreatic β-cell produces 80 

ng of insulin per one million cells [130]. However, only 5.000-10.000 cells are typically used in a chip. 

Standard analytical lab bench equipment would have to operate at their limits to detect these samples, 

introducing significant noise levels in the results. They also need a minimum volume of supernatant to 30 

operate. Furthermore, collecting samples and then transferring it to another piece of equipment invites 

contamination. Integrated and real-time detection should be made possible in the future development of 

HOC. 

 

 As a final point, automation and integration of the chip will result in better repeatability, as it 35 

does not depend on the user of the chip. To seamlessly connect with existing automated tools, 



 
microfluidics could be integrated into an existing robotic liquid handling system [131]. 

 

6. Conclusion 

While an increasing amount work has been reported on 3D cell cultures and organ-on-a-chip, especially 

after a 2012 NIH/DARPA initiative injected US$76 million over for a period of 5 years in to this 5 

research area, there has been little progress made on human-on-a-chip devices. So far, only four research 

groups have attempted developing such devices. One of the reasons might be the complexity issue. The 

first complexity problem lies in the device fabrication, if the organ sizes and residence times are to be 

considered. The other problem is culturing multiple cells on a single device. Only Yu’s group has 

addressed the issue of different media for each cell type by mixing cells with gelatine microspheres 10 

loaded with specific growth factors in each chamber. 

 

More efforts should be done to connect the organs on a chip together. The integration should 

consider the relative organ size, the residence time and the controlled microenvironments to establish an 

even more realistic in vitro human model. The human-on-a-chip could eliminate false drugs passing the 15 

animal test and approved by FDA, as shown by Shuler’s group, and have drugs that failed to pass the 

animal model tested again on an in vitro human model. This technology could lead to huge saving in 

drug development cost, shorter development time, less animal test, and even abolishing animal models. 
 

7. Acknowledgement 20 

This work was equally supported by research grants (#2012-012221) and BioNano Health-Guard 

Research Center (H-GUARD_2013M3A6B2078959) funded by National Research Foundation of the 

Korean Government.  

 

References 25 

[1] Li, A. P. Accurate prediction of human drug toxicity: a major challenge in drug development 

Chemico-Biological Interactions, 2004, 150(1), 3-7. 

[2] Brubaker, P. L.; Schloos, J.; Drucker, D. J. Regulation of glucagon-like peptide-1 synthesis and 

secretion in the GLUTag enteroendocrine cell line Endocrinology, 1998, 139(10), 4108-4114. 

[3] Kreymann, B.; Williams, G.; Ghatei, M. A.; Bloom, S. R. Glucagonlike Peptide-1 7-36 - A 30 

physiological Incretin in man Lancet, 1987, 2(8571) 1300-1304 

[4] Nauck, M.A.; Bartels, E.; Orskov, C.; Ebert, R.; Creutzfeldt, W. J. Additive insulinotropic effects of 

exogenous synthetic human gastric-inhibitory polypeptide and glucagon-like peptide-1-(7-36) amide 

infused at near-physiological insulinotropic hormone and glucose-concentrations Clin. Endocrinol. 

Metab., 1993, 76(4), 912-917. 35 



 
[5] Welsh, M.; Mangravite, L.; Medina, M. W.; Tantisira, K.; Zhang, W.; Huang, R. S.; McLeod, H.; 

Dolan, M. E., Pharmacogenomic discovery using cell-based models Pharmacol Rev., 2009, 61(4), 413-

429. 

[6] Kola, I.; Landis, J. Can the pharmaceutical industry reduce attrition rates? Nat. Rev. Drug Discovery 

2004, 3(8), 711-715. 5 

[7] Booth, B.; Glassman, R.; Ma, P. Oncology's trials Nature Rev. Drug Discov., 2003, 2(8), 609-610. 

[8] Esch, M. B.; Smith, A. S. T.; Prot, J. M.; Oleaga, C.; Hickman, J. J.; Shuler, M. L. How multi-organ 

microdevices can help foster drug development Advanced drug delivery reviews, 2014, 69, 158-169. 

[9] Chan, C. Y.; Huang, P. H.; Guo, F.; Ding, X. Y.; Kapur, V.; Mai, J. D.; Yuen, P. K.; Huang, T. J.  

Accelerating drug discovery via organs-on-chips Lab on a chip, 2013, 13(24), 4697-4710. 10 

[10] Bhatia, S. N.; Ingber. D. E. Microfluidic organs-on-chips Nature biotechnology, 2014, 32(8), 760-

772. 

[11] Jones, L.; Wagers, A. J. No place like home: anatomy and function of the stem cell niche Nat. Rev. 

Mol. Cell Biol., 2008, 9(1), 11-21. 

[12] Kim, H.; Phung, Y. ; Ho, M. Changes in Global Gene Expression Associated with 3D Structure of 15 

Tumors: An Ex Vivo Matrix-Free Mesothelioma Spheroid Model PLoS ONE, 2012, 7(6), e39556. 

[13] Abbott, A. Cell culture: Biology's new dimension Nature, 2003, 424(6951), 870-872. 

[14] Toh, Y.-C.; Zhang, C.; Zhang, .J; Khong, Y. M.; Chang, S.; Samper, V. D.; van Noort, D.; 

Hutmacher, D. W.; Yu, H. A novel 3D mammalian cell perfusion-culture system in microfluidic 

channels Lab Chip 2007, 7(3), 302-309. 20 

[15] Toh, Y.-C.; Lim, T. C.; Tai, D.; Xiao, G.; van Noort, D.; Yu, H., A microfluidic 3D hepatocyte chip 

for drug toxicity testing Lab Chip, 2009, 9(14), 2026-2035. 

[16] Esch, M. B.; Sung, J. H.; Yang, J.; Yu, C.; Yu, J.; March, J. C.; Shuler, M. L. On chip porous 

polymer membranes for integration of gastrointestinal tract epithelium with microfluidic 'body-on-a-

chip' devices Biomed. Microdevices 2012, 14(5) 895-906. 25 

[17] Hawksworth, G. M. Advantages and Disadvantages of Using Human-Cells for Pharmacological and 

Toxicological Studies Hum. Exp. Toxicol. 1994, 13(8), 568-573. 

[18] Butterworth, B. E.; Smith-Oliver, T.; Earle, L.; Loury, D. J.; White, R. D.; Doolittle, D. J.; 

Working, P. K.; Cattley, R. C.; Jirtle, R.; Michalopoulos, G.; Strom, S. Use of Primary Cultures of 

Human Hepatocytes in Toxicology Studies Cancer Res. 1989, 49(5), 1075-1084. 30 

[19] Sivaraman, A.; Leach, J. K.; Townsend, S.; Iida, T.; Hogan, B. J.; Stolz, D. B.; Fry, R.; Samson, L. 

D.; Tannenbaum, S. R.; Griffith L. G. A microscale in vitro physiological model of the liver: Predictive 

screens for drug metabolism and enzyme induction Curr. Drug Metab. 2005, 6(6), 569-591. 

[20] Powers, M. J.; Domansky, K.; Kaazempur-Mofrad, M. R.; Kalezi, A.; Capitano, A.; Upadhyaya, A.; 

Kurzawski, P.; Wack, K. E.; Stolz, D. B.; Kamm, R.; Griffith, L. G. A microfabricated array bioreactor 35 

for perfused 3D liver culture Biotechnol Bioeng. 2002, 78(3), 257-269. 



 
[21] Khetani, S. R.; Bhatia, S. N. Microscale culture of human liver cells for drug development Nat 

Biotechnol. 2008, 26(1), 120-126. 

[22] Sudo, R.; Chung, S.; Zervantonakis, I. K.; Vickerman, V.; Toshimitsu, Y.; Griffith, L. G.; Kamm, 

R. D. Transport-mediated angiogenesis in 3D epithelial coculture FASEB J. 2009, 23(7) 2155-2164. 

[23] Novik, E.; Maguire, T. J.; Chao, P.; Cheng, K. C.; Yarmush, M. L. A microfluidic hepatic coculture 5 

platform for cell-based drug metabolism studies Biochem Pharmacol. 2009, 79(7), 1036-1044. 

[24] Sung, J. H.; Shuler, M. L. A micro cell culture analog (mu CCA) with 3-D hydrogel culture of 

multiple cell lines to assess metabolism-dependent cytotoxicity of anti-cancer drugs Lab Chip 2009, 

9(10), 1385-1394. 

[25] Leist, M.; Lidbury, B. A.; Yang, C.; Hayden, P. J.; Kelm, J. M.; Ringeissen, S.; Detroyer, A.; 10 

Meunier, J. R.; Rathman, J. F.; Jackson, G. R.; Stolper, Jr., G. ; Hasiwa, N. Novel Technologies and an 

Overall Strategy to Allow Hazard Assessment and Risk Prediction of Chemicals, Cosmetics, and Drugs 

with Animal-Free Methods ALTEX 2012, 29(4), 373-388. 

[26] McCarthy, N. J.; Smith, C.A.; Williams, G.T. Apoptosis in the Development of the Immune-System 

- Growth-Factors, Clonal Selection and BCL-2 Cancer Metastasis Rev. 1992, 11(2), 157-178.  15 

[27] Werner, S.; Grose, R. Regulation of wound healing by growth factors and cytokines Physiol. Rev. 

2003, 83(3) 835-870.  

[28] Sozzani, S.; Locati, M.; Allavena, P.; van Damme, J.; Mantovani, A. Chemokines: A superfamily of 

chemotactic cytokines Int. J. Clin. Lab. Res. 1996, 26(2), 69-82.  

[29] Lamalice, L.; Le Boeuf, F.; Huot, J. Endothelial cell migration during angiogenesis Circ. Res. 2007, 20 

100(6), 782-794. 

[30] Fung, W.T.; Beyzavi, A.; Abgrall, P.; Nguyen, N.T.; Li, H. Y.  Microfluidic platform for controlling 

the differentiation of embryoid bodies Lab Chip, 2009, 9(17), 2591-2595. 

[31] Yu , H.; Alexander, C. M.; Beebe, D. J. A plate reader-compatible microchannel array for cell 

biology assays Lab Chip 2007, 7(3), 388-391. 25 

[32] Toh, A. G. G.; Wang, Z. P.; Yang, C.; Nguyen, N. T. Engineering microfluidic concentration 

gradient generators for biological applications Microfluidics Nanofluidics, 2014, 16(1-2), 1-18. 

[33] Zhang, C.; Chia, S. M.; Ong, S. M.; Zhang, S.; Toh, Y.-C.; van Noort, D.; Yu, H. The controlled 

presentation of TGF-beta 1 to hepatocytes in a 3D-microfluidic cell culture system Biomaterials 2009, 

30(23-24), 3847-3853. 30 

[34] Lukashev, M. E.; Werb, Z. ECM signalling: orchestrating cell behaviour and misbehaviour Trends 

Cell Biol. 1998, 8(11), 437-441.  

[35] Geiger, B.; Spatz, J. P.; Bershadsky, A. D. Environmental sensing through focal adhesions Nat. 

Rev. Mol. Cell Biol., 2009, 10(1), 21-33. 

[36] Ruiz, S. A.; Chen, C. S. Microcontact printing: A tool to pattern Soft Matter, 2007, 3(2), 168-177.  35 

[37] Xia, Y.; Whitesides, G. M. Soft lithography Angew. Chem. Int. Ed. Engl., 1998, 37(5), 551-575.  

http://www.ncbi.nlm.nih.gov/pubmed?term=Locati%20M%5BAuthor%5D&cauthor=true&cauthor_uid=8856360
http://www.ncbi.nlm.nih.gov/pubmed?term=Allavena%20P%5BAuthor%5D&cauthor=true&cauthor_uid=8856360
http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20Damme%20J%5BAuthor%5D&cauthor=true&cauthor_uid=8856360
http://www.ncbi.nlm.nih.gov/pubmed?term=Alexander%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=17538714
http://www.ncbi.nlm.nih.gov/pubmed?term=Beebe%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=17538714


 
[38] Folch, A.; Toner, M. Microengineering of cellular interactions Annu. Rev. Biomed. Eng. 2000, 2, 

227. 

[39] Ong, S. M.; Zhang, C.; Toh, Y. C.; Kim, S. H.; Foo, H. L.; Tan, C. H.; van Noort, D.; Park, S.; Yu, 

H. A gel-free 3D microfluidic cell culture system Biomaterials, 2008, 29(22), 3237-3244.  

[40] Gomez, F. K. Biological applications of microfluidics, John Wiley & Sons, Inc., Hoboken, USA, 1st 5 

ed., 2008, 88. 

[41] Choi, J.; Kim, S.; Jung, J.; Lim, Y.; Kang, K.; Park, S.; Kang, S. Wnt5a-mediating neurogenesis of 

human adipose tissue-derived stem cells in a 3D microfluidic cell culture system Biomaterials, 2011, 

32(29), 7013-7022. 

[42] Jang, K.-J. ; Suh, K.-Y., A multi-layer microfluidic device for efficient culture and analysis of renal 10 

tubular cells Lab Chip, 2010, 10(1), 36-42.  

[43] Huh, D.; Matthews, B. D.; Mammoto, A.; Montoya-Zavala, M.; Hsin, H. Y.; Ingber, D. E. 

Reconstituting Organ-Level Lung Functions on a Chip Science 2010, 328(5986), 1662-1668. 

[44] Kim, H. J.; Huh, D.; Hamilton, G.; Ingber D. E. Human gut-on-a-chip inhabited by microbial flora 

that experiences intestinal peristalsis-like motions and flow Lab Chip, 2012, 12(12), 2165-2174. 15 

[45] Tatosian, D. A.; Shuler, M. L. A Novel System for Evaluation of Drug Mixtures for Potential 

Efficacy in Treating Multidrug Resistant Cancers Biotechnol. Bioeng. 2009, 103(1), 187-198. 

[46] Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult 

fibroblast cultures by defined factors Cell, 2006, 126(4), 663-676.  

[47] Millet, L. J.; Gillette, M. U. New perspectives on neuronal development via microfluidic 20 

environments Trends in Neurosciences, 2012, 35(12), 752-761. 

[48] Riley, R. J.; Roberts, P.; Coleman, M. D.; Kitteringham, N. R.; Park, B. K. Bioactivation of 

Dapsonce to a Cytotoxic Metabolite - invitro Use of a Novel 2 Compartment System Which Contains 

Human Tissues Br. J. Clin. Pharmacol., 1990, 30(3), 417-426. 

[49] Sweeney, L. M.; Shuler, M. L.; Babish, J. G.; Ghanem, A. A Cell-Culture Analog of Rodent 25 

Physiology - Application to Naphthalene Toxicology Toxicol In Vitro 1995, 9(3), 307-316. 

[50] Viravaidya, K.; Sin, A.; Shuler, M. L. Development of a microscale cell culture analog to probe 

naphthalene toxicity Biotechnol. Prog., 2004, 20(1), 316-323. 

[51] Ho, C.-T.; Lin, R.-Z.; Chang, W.-Y.; Chang, H.-Y.; Liu, C.-H. Rapid heterogeneous liver-cell on-

chip patterning via the enhanced field-induced dielectrophoresis trap Lab Chip, 2006, 6(6), 724-734. 30 

[52] Lee, P. J.; Hung, P. J.; Lee, L. P. An artificial liver sinusoid with a microfluidic endothelial-like 

barrier for primary hepatocyte culture Biotechnol. Bioeng., 2007, 97(5), 1340-1346. 

[53] Ukairo, O.; Kanchagar, C.; Moore, A.; Shi, J.; Gaffney, J.; Aoyama, S.; Rose, K.; Krzyzewski, S.; 

McGeehan, J.; Andersen, M. E.; Khetani, S. R.; Lecluyse, E. L. Long-Term Stability of Primary Rat 

Hepatocytes in Micropatterned Cocultures J. Biochem. Mol. Toxicol., 2013, 27(3), 204-212. 35 



 
[54] Elayat, A. A.; el-Naggar, M. M.; Tahir, M. An Immunocytochemical and Morphometric Study of 

the Rat Pancreatic-Islets Journal of Anatomy 1995, 186, 629-637.  

[55] Hui, E. E.; Bhatia, S. N. Micromechanical control of cell-cell interactions Proc. Natl. Acad. Sci. 

U.S.A., 2007, 104(14), 5722-5726. 

[56] Widmaier, E. P.; Raff, H.; Strang, K. T. Vander's Human Physiology (11th ed.), McGraw-Hill 5 

2003. 

[57] McDonald, J. C.; Whitesides, G. M. Poly(dimethylsiloxane) as a material for fabricating 

microfluidic devices Acc. Chem. Res., 2002, 35(7), 491-499. 

[58] Tsai, P. S.; Kaufhold, J. P.; Blinder, P.; Friedman, B.; Drew, P. J.; Karten, H. J.; Lyden, P. D.; 

Kleinfeld, D. Correlations of Neuronal and Microvascular Densities in Murine Cortex Revealed by 10 

Direct Counting and Colocalization of Nuclei and Vessels J. Neurosci., 2009, 29(46), 14553-14570.  

[59] Prabhakarpandian, B.; Shen, M.-C.; Nichols, J. B.; Mills, I. R.; Sidoryk-Wegrzynowicz, M.; 

Aschner, M.; Pant, K. SyM-BBB: a microfluidic blood brain barrier model Lab Chip, 2013, 13(6), 1093-

1101. 

[60] Yeon, J. H.; Na, D.; Choi, K.; Ryu, S.-W.; Choi, C.; Park, J.-K. Reliable permeability assay system 15 

in a microfluidic device mimicking cerebral vasculatures Biomed. Microdevices, 2012, 14(6), 1141-

1148. 

[61] Griep, L. M.; Wolbers, F.; de Wagenaar, B.; ter Braak, P. M.; Weksler, B. B.; Romero, I. A.; 

Couraud, P. O. BBB ON CHIP: microfluidic platform to mechanically and biochemically modulate 

blood-brain barrier function Biomed. Microdevices, 2013, 15(1), 145-150. 20 

[62] Huang, Y.; Williams, J. C.; Johnson, S. M. Brain slice on a chip: opportunities and challenges of 

applying microfluidic technology to intact tissues Lab Chip, 2012, 12(12), 2103-2117.  

[63] Heuschkel, M. O.; Fejtl, M.; Raggenbass, M.; Bertrand, D.; Renaud, P. A three-dimensional multi-

electrode array for multi-site stimulation and recording in acute brain slices J. of Neuroscience Methods 

2002, 114(2), 135-148. 25 

[64] Pamies, D.; Hartung, T.; Hogberg, H.T. Biological and medical applications of a brain-on-a-chip 

Exp. Biol. Med., 2014, 239(9), 1096-1107. 

[65] Liu, T.; Li, C.; Li, H.; Zeng, S.; Qin, J.; Lin, B. A microfluidic device for characterizing the 

invasion of cancer cells in 3-D matrix Electrophoresis, 2009, 30(24), 4285-4291. 

[66] Chen, S.-Y. C.; Hung, P. J.; Lee, P. J. Microfluidic array for three-dimensional perfusion culture of 30 

human mammary epithelial cells Biomed. Microdevices, 2011, 13(4), 753-758. 

[67] M. M. G. Grafton, L. Wang, P.-A.e Vidi, J. Leary, S. A. Lelièvre, Breast on-a-chip: mimicry of the 

channeling system of the breast for development of theranostics Integr. Biol., 2011, 3(4), 45-459. 

[68] McUsic, A. C.; Lamba, D. A.; Reh, T. A. Guiding the morphogenesis of dissociated newborn 

mouse retinal cells and hES cell-derived retinal cells by soft lithography-patterned microchannel PLGA 35 

scaffolds Biomaterials, 2012, 33(5), 1396-1405. 



 
[69] Tanaka, Y.; Morishima, K.; Shimizu, T.; Kikuchi, A.; Yamato, M.; Okano, T.; Kitamori, T. 

Demonstration of a PDMS-based bio-microactuator using cultured cardiomyocytes to drive polymer 

micropillars Lab Chip, 2006, 6(2), 230-235. 

[70] Tanaka, Y.; Sato, K.; Shimizu, T.; Yamato, M.; Okano, T.; Kitamori, T. A micro-spherical heart 

pump powered by cultured cardiomyocytes Lab Chip, 2007, 7(2), 207-212. 5 

[71] Park, J.; Kim, I. C.; Baek, J.; Cha, M.; Kim, J.; Park, S.; Lee, J.; Kim, B. Micro pumping with 

cardiomyocyte-polymer hybrid Lab Chip, 2007, 7(10), 1367-1370. 

[72] Grosberg, A.; Alford, P. W.; McCain, M. L.; Parker, K. K. Ensembles of engineered cardiac tissues 

for physiological and pharmacological study: Heart on a chip Lab Chip, 2011, 11(24), 4165-4173. 

[73] Cheah, L.-T.; Dou, Y.-H.; Seymour, A.-M. L.; Dyer, C.E.; Haswell, S.J.; Wadhawan, J. D.; 10 

Greenman, J. Microfluidic perfusion system for maintaining viable heart tissue with real-time 

electrochemical monitoring of reactive oxygen species Lab Chip 2010, 10(20), 2720-2726. 

[74] Agarwal, A.; Goss, J. A.; Cho, A.; McCain, M. L.; Parker, K. K. Microfluidic heart on a chip for 

higher throughput pharmacological studies Lab Chip, 2013, 13(18), 3599-3608. 

[75] Kim, D.-H.; Lipke, E. A.; Kim, P.; Cheong, R.; Thompson, S.; Delannoy, M.; Suh, K.-Y.; Tung, L.; 15 

Levchenko, A. Nanoscale cues regulate the structure and function of macroscopic cardiac tissue 

constructs Proc. Natl. Acad. Sci. U.S.A., 2010, 107(2), 565-570. 

[76] Schimek, K. ; Busek, M.; Brincker, S.; Groth, B.; Hoffmann, S.; Lauster, R.; Lindner, G.; Lorenz, 

A.; Menzel, U.; Sonntag, F.; Walles, H.; Marx, U.; Horland, R. Integrating biological vasculature into a 

multi-organ-chip microsystem Lab Chip, 2013, 13(18), 3588-3598. 20 

[77] Faller, A.; Schünke, M.; Schünke, G.; Taub, E. The Human Body: An Introduction to Structure and 

Function. Thieme Verlag, 2004. 

[78] Sung, J. H.; Yu, J.; Luo, D.; Shuler, M. L.; March, J. C. Microscale 3-D hydrogel scaffold for 

biomimetic gastrointestinal (GI) tract model Lab Chip 2011, 11(3), 389-392. 

[79] Esch, M.B.; Smith, A.S.T.; Prot, J.-M.; Oleaga, C.; Hickman, J.J.; Shuler, M.L. How multi-organ 25 

microdevices can help foster drug development Adv. Drug Deliv. Rev., 2014, 69, 158-169. 

[80] Imura, Y.; Asano, Y.; Sato, K.; Yoshimura, E. A Microfluidic System to Evaluate Intestinal 

Absorption Anal. Sci., 2009, 25(12), 1403-1407. 

[81] Kimura, H.; Yamamoto, T; Sakai, H.; Sakai, Y.; Fujii, T. An integrated microfluidic system for 

long-term perfusion culture and on-line monitoring of intestinal tissue models Lab Chip, 2008, 8(5), 30 

741-746. 

[82] Kim, S.-J.; Lai, D.; Park , J. Y.; Yokokawa, R.; Takayama, S. Microfluidic Automation Using 

Elastomeric Valves and Droplets: Reducing Reliance on External Controllers Small, 2012, 8(19), 2925-

2934. 

[83] Berry, C. A.; Ives, H. E.; Rector Jr., F. C. The Kidney, 5th ed., Brenner BM, Philadelphia, WB 35 

Saunders, 1996. 



 
[84] Duan, Y.; Gotoh, N.; Yan, Q.; Du, Z.; Weinstein, A. M.; Wang, T.; Weinbaum, S. Shear-induced 

reorganization of renal proximal tubule cell actin cytoskeleton and apical junctional complexes Proc. 

Natl. Acad. Sci. U.S.A., 2008, 105(32), 11418-11423.  

[85] M. Essig, F. Terzi, M. Burtin, G. Friedlander, Mechanical strains induced by tubular flow affect the 

phenotype of proximal tubular cells, Am. J. Physiol. Renal. Physiol., 2001, 281(4), F751-F762. 5 

[86] Frohlich, E. M.; Zhang, X.; Charest, J. L. The use of controlled surface topography and flow-

induced shear stress to influence renal epithelial cell function Integr. Biol., 2012, 4(1), 75-83. 

[87] Sciancalepore, A.G.; Sallustio, F.; Girardo, S.; Passione, L.G.; Camposeo, A.; Mele, E.; Di 

Lorenzo, M.; Costantino, V.; Schena, F.P.; Pisignano, D. A Bioartificial Renal Tubule Device 

Embedding Human Renal Stem/Progenitor Cells PLoS One, 2014, 9(1), e87496. 10 

[88] Gao, X.; Tanaka, Y.; Sugii, Y.; Mawatari, K.; Kitamori, T. Basic Structure and Cell Culture 

Condition of a Bioartificial Renal Tubule on Chip towards a Cell-based Separation Microdevice 

Anlytical Sciences, 2011, 27(9), 907-912. 

[89] Ferrell, N.; Ricci, K. B.; Groszek, J.; Marmerstein, J. T.; Fissell, W.H. Albumin handling by renal 

tubular epithelial cells in a microfluidic bioreactor Biotechnology and Bioengineering, 2012, 109(3), 15 

797-803.  

[90] Jang, K.-J.; Mehr, A. P.; Hamilton, G. A.; McPartlin, L. A.; Chung, S.; Suh, K.-Y.; Ingber, D. E. 

Human kidney proximal tubule-on-a-chip for drug transport and nephrotoxicity assessment Integr. Biol., 

2013, 5(9), 1119-1129. 

[91] Rigat-Brugarolas, L. G.; Elizalde-Torrent, A.; Bernabeu, M.; De Niz, M.; Martin-Jaular, L.; 20 

Fernandez-Becerra, C.; Homs-Corbera, A.; Samitier, J.; del Portillo, H. A. A functional microengineered 

model of the human splenon-on-a-chip Lab Chip 2014, 14(10), 1715-1724. 

[92] Griffith, L. G.; Naughton, G. Tissue engineering - Current challenges and expanding opportunities 

Science 2002, 295(5557), 1009. 

[93] van Midwoud, P. M.; Verpoorte, E.; Groothuis, G. M. M. Microfluidic devices for in vitro studies 25 

on liver drug metabolism and toxicity Integr. Biol. 2011, 3(5), 509-521. 

[94] Schütte, J.; Hagmeyer, B.; Holzner, F.; Kubon, M.; Werner, S.; Freudigmann, C.; Benz, K.; Böttger, 

J.; Gebhardt, R.; Becker, H.; Stelzle, M. "Artificial micro organs"-a microfluidic device for 

dielectrophoretic assembly of liver sinusoids Biomed. Microdevices 2011, 13(3), 493-501. 

[95] Chang, R.; Emami, K.; Wu, H.; Sun, W. Biofabrication of a three-dimensional liver micro-organ as 30 

an in vitro drug metabolism model Biofabrication 2010, 2(4), 045004. 

[96] van Midwoud, P. M.; Merema, M. T.; Verpoorte, E.; Groothuis, G. M. M. A microfluidic approach 

for in vitro assessment of interorgan interactions in drug metabolism using intestinal and liver slices Lab 

Chip 2010, 10(20), 2778-2786. 

[97] Kaminsky, D. A.; Irvin, C. G.; Sterk, P. J. Complex systems in pulmonary medicine: a systems 35 

biology approach to lung disease J. Appl. Physiol., 2011, 110(6), 1716-1722. 



 
[98] Huh, D.; Leslie, D. C.; Matthews, B. D.; Fraser, J. P.; Jurek, S.; Hamilton, G. A.; Thorneloe, K. S.; 

McAlexander, M. A.; Ingber, D. E. A Human Disease Model of Drug Toxicity-Induced Pulmonary 

Edema in a Lung-on-a-Chip Microdevice Sci. Transl. Med., 2012, 4(159), 159ra147. 

[99] Kniazeva, T.; Hsiao, J. C.; Charest, J. L.; Borenstein, J. T. A microfluidic respiratory assist device 

with high gas permeance for artificial lung applications Biomed. Microdevices, 2011, 13(2), 315-323. 5 

[100] Kniazeva, T.; Epshteyn, A. A.; Hsiao, J. C.; Kim, E. S.; Kolachalama, V. B.; Charest, J. L.; 

Borenstein, J. T. Performance and scaling effects in a multilayer microfluidic extracorporeal lung 

oxygenation device Lab Chip, 2012, 12(9), 1686-1695. 

[101] Long, C.; Finch, C.; Esch, M.; Anderson, W.; Shuler, M.; Hickman, J. Design Optimization of 

Liquid-Phase Flow Patterns for Microfabricated Lung on a Chip Annals of Biomedical Engineering, 10 

2012, 40(6), 1255-1267. 

[102] Sreenivasan, R.; Bassett, E. K.; Hoganson, D. M.; Vacanti, J. P.; Gleason, K. K. Ultra-thin, gas 

permeable free-standing and composite membranes for microfluidic lung assist devices Biomaterials, 

2011, 32(16), 3883-3889. 

[103] Sun, Y.-S.; Peng, S.-W.; Lin, K.-H.; Cheng, J.-Y. Electrotaxis of lung cancer cells in ordered 15 

three-dimensional scaffolds Biomocrofluidics, 2012, 6(1), 014102. 

[104] Takayama, Y.; Kotake, N.; Haga, T.; Suzuki, T.; Mabuchi, K. Formation of one-way-structured 

cultured neuronal networks in microfluidic devices combining with micropatterning techniques J.of 

Bioscience and Bioengineering 2012, 114(1), 92-95. 

[105] Reyes, D. R.; Perruccio, E. M.; Becerra, S. P.; Locascio, L. E.; Gaitan, M. Micropatterning 20 

neuronal cells on polyelectrolyte multilayers Langmuir, 2004, 20(20), 8805-8811. 

[106] Sun, Y.; Huang, Z; Liu, W.; Yang, K.; Sun, K.; Xing, S.; Wang, D.; Zhang, W.; Jiang, X. Surface 

Coating as a Key Parameter in Engineering Neuronal Network Structures In Vitro Biointerphases, 2012, 

7(1-4), 29. 

[107] Majumdar, D.; Gao, Y.; Li, D.; Webb, D. J. Co-culture of neurons and glia in a novel microfluidic 25 

platform J. Neurosci. Methods, 2011, 196(1), 38-44. 

[108] Dinh, N. D.; Chiang, Y. Y.; Hardelauf, H.; Baumann, J.; Jackson, E.; Waide, S.; Sisnaiske, J.; 

Frimat, J.P. Microfluidic construction of minimalistic neuronal co-cultures Lab Chip, 2013, 13(7), 1402-

1412. 

[109] Zeck, G.; Fromherz, P. Noninvasive neuroelectronic interfacing with synaptically connected snail 30 

neurons immobilized on a semiconductor chip Proc. Natl. Acad. Sc. U.S.A, 2001, 98(18), 10457-10462. 

[110] Gebinoga, M.; Mai, P.; Donahue, M.; Kittler, M.; Cimalla, I.; Lübbers, B.; Klett, M.; Lebedev, V.; 

Silveira, L.; Singh, S.; Schober, A. Nerve cell response to inhibitors recorded with an aluminum-

galliumnitride/galliumnitride field-effect transistor J. of Neuroscience Methods, 2012, 206(2), 195-199. 



 
[111] Morales, R.; Riss, M.; Wang, L.; Gavín, R.; Del Río, J. A.; Ramon, A.; Claverol-Tinturé, E. 

Integrating multi-unit electrophysiology and plastic culture dishes for network neuroscience Lab Chip, 

2008, 8(11), 1896-1905. 

[112] Tang, K. C.; Reboud, J.; Kwok, Y. L.; Peng, S. L.; Yobas, L. Lateral patch-clamping in a standard 

1536-well microplate format Lab Chip, 2010, 10(8), 1044-1050. 5 

[113] Mohammed, J. S.; Wang, Y.; Harvat, T. A.; Oberholzer, J.; Eddington, D. T. Microfluidic device 

for multimodal characterization of pancreatic islets Lab Chip, 2009, 9(1), 97-106. 

[114] Sankar, K. S.; Green, B. J.; Crocker, A. R.; Verity, J. E.; Altamentova, S. M.; Rocheleau, J. V. 

Culturing Pancreatic Islets in Microfluidic Flow Enhances Morphology of the Associated Endothelial 

Cells Plos One, 2011, 6(9), e24904. 10 

[115] Lee, D. Y.; Mendoza-Elias, J. E.; Adewola, A. F.; Harvat, T. A.; Kinzer, K.; Gutierrez, D.; Qi, M.; 

Eddington, D. T.; Oberholzer, J. Dual microfluidic perifusion networks for concurrent islet perifusion 

and optical imaging Biomed. Microdevices, 2012, 14(1), 7-16. 

[116] Wang, Y.; Lee, D. Y.; Zhang, L. S.; Jeon, H.; Mendoza-Elias, J. E.; Harvat, T. A.; Hassan, S. Z.; 

Zhou, A.; Eddington, D. T.; Oberholzer, J. Systematic prevention of bubble formation and accumulation 15 

for long-term culture of pancreatic islet cells in microfluidic device Biomed. Microdevices, 2012, 14(2), 

419-426. 

[117] Ravassard, P.; Hazhouz, Y.; Pechberty, S.; Bricout-Neveu, E.; Armanet, M.; Czernichow, P.; 

Scharfmann, R. A genetically engineered human pancreatic beta cell line exhibiting glucose-inducible 

insulin secretion J. Clin. Invest. 2011, 121(9), 3589-3597. 20 

 [118] Slominski, A. T.; Zmijewski, M. A.; Skobowiat, C.; Zbytek, B.; Slominski, R. M.; Steketee, J. D. 

Sensing the Environment: Regulation of Local and Global Homeostasis by the Skin's Neuroendocrine 

System Adv. Anat. Embryol Cell Biol., 2012, 212, 1-115. 

[119] Förster, M.; Bolzinger, M. A.; Fessi, H.; Briançon, S. Topical delivery of cosmetics and drugs. 

Molecular aspects of percutaneous absorption and delivery Eur. J. Dermatol., 2009, 19(4), 309-323. 25 

[120] Sin, A.; Chin, K. C.; Jamil, M. F.; Kostov, Y.; Rao, G.; Shuler, M. L. The design and fabrication 

of three-chamber microscale cell culture analog devices with integrated dissolved oxygen sensors 

Biotechnol. Prog. 2004, 20(1), 338-345. 

[121] Moraes, C.; Labuz, J.M.; Leung, B.M.; Inoue, M.; Chun, T.H.; Takayama, S. On being the right 

size: scaling effects in designing a human-on-a-chip Integr. Biol., 2013, 5(9), 1149-1161. 30 

[122] Sung, J. H.; Kam, C.; Shuler, M. L. A microfluidic device for a pharmacokinetic-

pharmacodynamic (PK-PD) model on a chip Lab Chip, 2010, 10(4), 446-455. 

[123] Zhang, C.; Zhao, Z.; Rahim, N. A. A.; van Noort, D.; Yu, H. Towards a human-on-chip: culturing 

multiple cell types on a chip with compartmentalized microenvironments Lab Chip, 2009, 9(22), 3185-

3192. 35 

http://www.labmeeting.com/papers/author/zhao-z
http://www.labmeeting.com/papers/author/abdul-rahim-na


 
[124] Sonntag, F.; Schilling, N.; Mader, K.; Gruchow, M.; Klotzbach, U.; Lindner, G.; Horland, R.; 

Wagner, I.; Lauster, R.; Howitz, S.; Hoffmann, S.; Marx, U. Design and prototyping of a chip-based 

multi-micro-organoid culture system for substance testing, predictive to human (substance) exposure 

Journal of Biotechnology, 2010, 148(1), 70-75. 

[125] Frey, O.; Misun, P.M.; Fluri, D.A.; Hengstler, J.G.; Hierlemann, A. Reconfigurable microfluidic 5 

hanging drop network for multi-tissue interaction and analysis Nat. Commun., 2014, 5, 4250. 

[126] Unger, M. A.; Chou, H. P.; Thorsen, T.; Scherer, A.; Quake, S. R. Monolithic microfabricated 

valves and pumps by multilayer soft lithography Science, 2000, 288(5463), 113-116. 

[127] Melin, J.; Quake, S. R. Microfluidic large-scale integration: The evolution of design rules for 

biological automation Annu. Rev. Biophys. Biomol. Struct., 2007, 36, 213-231. 10 

[128] Huang, Y.L.; Nguyen, N. T.; Lok, K. S.; Lee, P.P.F.; Su, M.; Wu, M.; Kocgozlu, L.; Ladoux, B. 

Multiarray cell stretching platform for high-magnification real-time imaging Nanomedicine, 2013, 8(4), 

543-553.  

[129] Huang, Y.L.; Nguyen, N. T. A polymeric cell stretching device for real-time imaging with optical 

microscopy Biomedical Microdevices, 2013, 15(6), 1043-1054. 15 

[130] Asfari, M.; Janjic, D.; Meda, P.; Li, G.; Halban, P. A.; Wollheim, C. B. Establishment of 2-

mercaptoethanol-dependent differentiated insulin-secretig cell-lines Endocrinology, 1992, 130(1), 167-

178. 

[131] Meyvantsson, I.; Warrick, J. W.; Hayes, S.; Skoien, A.; Beebe, D. J. Automated cell culture in 

high density tubeless microfluidic device arrays Lab Chip, 2008, 8(5), 717-724. 20 


