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Abstract 
 
Development of safe and effective drugs is currently hampered by the poor predictive power of existing 
preclinical animal models that often lead to failure of drug compounds late in their development, after they enter 
human clinical trials. Given the tremendous cost of drug development and the long timelines involved, major 
pharmaceutical companies and government funding agencies, including the U.S. Food and Drug Administration 
(FDA), National Institutes of Health (NIH), Defense Advanced Research Projects Agency (DARPA), and 
Defense Threat and Reduction Agency (DTRA) are now beginning to recognize a crucial need for new 
technologies that can quickly and reliably predict drug safety and efficacy in humans in preclinical studies. 
 
One approach to meeting this challenge is the development of three dimensional (3D) cell cultures in which 
cells are grown within extracellular matrix (ECM) gels to induce expression of more tissue-specific functions. 
These models are currently being used for testing drug efficacy and toxicities; however, they fail to provide 
organ-level functionalities (molecular transport across tissue-tissue interfaces, contributions of vascular and air 
flow, etc.) that are required for the development of meaningful physiological models. A potential solution to 
this problem is the development of human ‘organs-on-chips’ in which microscale engineering technologies are 
combined with cultured living human cells to create microfluidic devices that recapitulate the physiological and 
mechanical microenvironment of whole living organs. These organomimetic microdevices enable the study of 
complex human physiology in an organ-specific context and, more importantly, they offer the potential 
opportunity to develop specialized in vitro human disease models that could revolutionize drug development. It 
is still in the method development phase, but it shows a lot of promise. There’s been a huge effort from the 
regulatory agencies –DARPA, FDA, NIH – which have invested a lot of resources into this over the next five 
years, with the hope that some really interesting tools for regulatory science will emerge. 
 
Use of this microengineering approach also allows for the development of the simplest models possible that 
retain physiological relevance, and then to add complexity to the system as necessary — a flexibility that animal 
models cannot provide. This in vitro organ chip platform is being applied to model diseases, in other organs and 
to predict different drug efficacies and toxicities in humans. It is also being leveraged to engineer a “human 
body on chip” with the goal of recapitulating multi-organ physiology by linking multiple organ chips through 
microfluidic channels. Human organ-on-chip disease models could provide a new approach to enhance our 
fundamental understanding of complex disease processes and to enable more rapid, accurate, cost-effective, and 
clinically relevant testing of drugs, as well as cosmetics, chemicals, and environmental toxins. 
 
 
 
Presentation 
 
The Wyss Institute is a new institute within Harvard University, founded in January 2009. It was initiated by the 
single largest philanthropic gift from an individual, Hansjörg Wyss, a Swiss entrepreneur of medical devices, in 
Harvard’s history. Wyss gave $125 million for five years, to focus on high-risk research — and he recently 
granted a second gift, for another five years. Wyss Institute is heavily focused on technology development, 
spanning academia and industry. With goals to commercialize what it develops and translate the technology into 
useful outcomes for patients and society, Wyss works with a lot of industry partners.  
 
Wyss employs fourteen faculty members that span some of the most innovative technologies within Harvard, 
with interdisciplinary objectives, and people with significant industrial backgrounds and skills that support a 
technology transfer focus, such as product development, engineering, pharmaceuticals, etc. Wyss is structured 



to harness not only Harvard, but many institutions throughout the Boston region, including hospitals, U. Mass, 
Boston University, and Tufts.  
 
The need for new technology 
 
There are a lot of commonalities between drug and medical device development, and approaches to safety in 
those two scenarios. However, the big challenge with the pharmaceutical world is that the current drug 
development model is broken. 
 
Pharmaceutical companies are investing more and more money into development, and yet they are getting fewer 
and fewer drugs. There are a lot of reasons for that, but one of the major reasons is that the pre-clinical models 
used are not very predictive. Testing a single compound is extremely expensive; the research part is well over 
$2 million dollars. The development phase of 1-2-3 clinical trials can enter the range $800,000,000 - 
1,000,000,000 to develop a drug. Lots of animal lives are lost, with a lot of ethical implications. But perhaps the 
most critical thing is that the results from those animal models often don’t predict clinical responses, from both 
efficacy and safety standpoints. As a result, there is a lack of new therapies reaching the patients, whether they 
are drugs or medical devices or biologics. The need for a better model is clear. The organs-on-chips platform – 
the Biomimetics Microystems Platform at the Wyss Institutes, headed by Don Ingber, the Founding Director of 
the Wyss Institute – aims to develop laboratory models pre-clinically that better mimic the whole human organ 
function, and that will lead to better predictive and translational models.  
 
The idea is to take engineered microchips that contain human living cells; everything developed uses human 
cells in one form or another — drawn from established cell lines, human primary cells, and now induced 
pluripotent stem cell (iPS)-derived tissues as well. 
 
You can make these chips using photolithography, the same technology used in the computer industry to make 
microchips — facilitating the creation of very small features in devices. The goal is to reconstitute organ-level 
function for drug screening, diagnostic, toxicology and therapeutic applications. The idea is to try to identify the 
key organ level functions for a particular organ, and then recreate them in the simplest way possible, and 
hopefully eventually replace animal testing. In the meantime, we can also reduce and refine the use of animals 
as we develop these technologies. 
 
The examples below feature efforts by a number of Wyss Institute researchers, including: A. Bahinski, D. Huh, 
H.J. Kim, D.C. Leslie, G.A. Hamilton, and D.E. Ingber. 
 
The initial proof of concept of this organ-on-chip technology was really developed by Dongeun Huh; he 
developed a human breathing lung-on-a-chip (Science, 2010). The name is a bit of a misnomer; it really is an 
alveolus-on-a-chip, which is really the key functional unit of a lung — where gas exchanges occur, where drug 
delivery occurs, and where metastatic cancers can occur.  
 
The lung-on-a-chip reproduces key structural, functional, and mechanical properties of the human alveolar-
capillary interface. There are some key functional aspects that an organ-on-a-chip strives to mimic. First, you 
need different cell types. The lung-on-a-chip included a microfluidic system containing two closely apposed 
microchannels separated by a thin (10 µm) porous flexible membrane made of poly(dimethylsiloxane) (PDMS). 
(PDMS has a lot of really great properties that make it ideal for the creation of microfluidic devices: it is easy to 
prototype, very easy to make very small features within the devices, biocompatible, optically clear, flexible — 
allowing for the incorporation of mechanical motion.) The intervening membrane was coated with ECM, and 
human alveolar epithelial cells and human pulmonary microvascular endothelial cells were cultured on opposite 
sides of the membrane.  
 
One of the key aspects that is often missing from in vitro assays is in the mechanical aspect. Ingber spent many 
years of his career looking at the mechano-sensitive systems and physiology, and trying to understand the 



mechanics of cells, and how that really influences the physiology, and the pharmacology function of cellular 
systems. That understanding is important to get normal physiological function, but also to get proper responses 
to pharmacology and toxicology.  
 
Huh used these bio-design principles to build the initial breathing human lung-on-a-chip tissue-tissue interface, 
to create dynamic flow through alveolar chamber as well as the vascular chamber, then switch to an air-liquid 
interface. Once the cells were grown to confluence, air was introduced into the epithelial compartment to create 
an air-liquid interface and more precisely mimic the lining of the alveolar air space.   
The microsystem reproduces breathing movements and the associated cyclic strain experienced by cells at the 
alveolar-capillary interface, by applying cyclic suction to neighboring hollow microchambers that deforms the 
central porous membrane and attached cell layers. In addition, you can control the frequency of the breathing 
rate (typically about 12 breaths per minute to mimic normal physiology).  
 
The design, basically a three-chamber design, is simple, elegant, and powerful. In a piece about the size of a 
computer memory stick, the actual functional part of the lung-on-the-chip is just a small line in the middle — 
the membrane. 
 
This is a high-resolution scanning electron micrograph of what the chip looks like; this is what it looks like on 
the stage, with the inputs and outputs for the flow, top and bottom channels and the vacuum side ports. It’s 
about 400 microns wide, 2 cm in length, 100 microns tall. You can grow alveolar epithelial cells on the top of 
the channels; the stretching doesn’t tear them apart. You get a nice tight barrier function that is maintained over 
time. 
 
One of the key physiological functions Huh wanted to recreate is the lung inflammatory response. The lung-on-
a-chip replicates the complex organ-level responses of living human lung to physiological inflammatory stimuli, 
such as bacteria or cytokines introduced into the air space. The underlying endothelial cells rapidly become 
activated in response to these cues, which induces adhesion of primary human neutrophils flowing in the 
capillary channel, as well as their transmigration across the capillary-alveolar interface and into the alveolar 
space where the neutrophils engulf the bacteria. 
 
In this simple little plastic device, the whole inflammatory response was recreated, and because of the optical 
clarity of the PDMS, the entire human inflammatory response can be visualized in real-time. You can look at 
materials, and you can put particulate matter in to see if it induces an inflammatory response — a feature that 
could be used to evaluate medical devices. It is also possible to modulate that response as well, by adding a 
corticosteroid to inhibit that response, and pharmacologically modulate the inflammatory response. 
 
Nano-particle work 
Since inhalation is a major entry route for nanoparticles, Ingber and Huh decided to look at the inflammatory 
response and the toxicological response of transporting nanoparticles as part of this system, as well. By 
introducing various types of nanoparticles into the air channel, these studies revealed that physiological 
breathing movements accentuate toxic and inflammatory responses of the lung to nanoparticles that mimic 
airborne particulates. 
 
They looked at the production of reactive oxygen species by using a ROS-sensitive dye that increases 
fluorescence with increased generation of reactive oxygen species — indicating that the cells are damaged 
within. One of the nanoparticles Huh examined in this system, colloidal silica, is about 12 nanometers in 
diameter — which happens to be a gold standard for inhalation work. By plotting the ROS generation and the 
cells, vs. whether the cells are stretched or not, it becomes clear that there is an important physiological 
component to actual mechanical activation. In the control, there was no increase in the ROS generation, just 10 
percent strain, no significant increase in the generation of reactive oxygen species; the cells were perfectly 
happy being stretched. If you add the nanoparticles without any stretch, you see an initial increase in ROS 



generation but then it quickly comes back down to baseline. But when you start stretching and add the 
nanoparticles, you get a dramatic increase in your reactive oxygen species.  
 
This is an inflammatory response that probably would have been missed in a typical assay. Mechanical strain 
also enhanced epithelial and endothelial uptake of nanoparticulates and stimulated their transport into the 
underlying microvascular channel.  
 
Prediction tested in whole mouse lung 
To check and see if this is a real effect, the Wyss team wanted to check it in an in vivo model. One of their 
partners, Ben Matthews of Children’s Hospital, identified an isolated ventilated perfused mouse model at a 
partner’s lab. The model allows you to perfuse the lungs, or ventilate the lungs, or apply aerosols via a 
nebulizer. The team recreated the whole experiment, and importantly, observed similar effects of physiological 
breathing on nanoparticle absorption in the whole mouse lung. Without ventilation, you saw very little uptake of 
the nanoparticles; with ventilation, you saw a dramatic increase in the uptake of nanoparticles. Thus, the team 
was able to corroborate the in vitro results with in vivo results, showing this is a physiologically relevant 
response. The lung-on-chip model predicted an in vivo response that had never been seen. 
 
Human disease model: Chemotherapy-induced pulmonary edema 
 
Next, Huh wanted to develop a micro-engineered in vitro disease model (Science Translation Medicine, 2012 – 
in press). He chose to develop a model of pulmonary edema induced by a life-threatening side effect of 
chemotherapy based on interleukin-2 (IL-2). (IL-2) is a chemotherapeutic agent, used for melanoma or kidney 
cancer therapy. Unfortunately, one of the adverse side effects is vascular leakage syndrome (VLs), which leads 
to fluid build-up in the lungs, and fibroid clot formation within the alveolar space. 
 
To investigate, Huh created a pulmonary-edema-on-a-chip, and successfully reconstituted the essential features 
of this disease including fluid accumulation and fibrin deposition in the lung. To recreate the response of the 
lung-on-a-chip, he perfused a clinically relevant concentration of Il-2 in the vascular compartment. Over a 
course of several days of perfusing with the Il-2, fluid begins to travel from the vascular compartment up into 
the alveolar compartment. It initially starts with the formulation of meniscus near the edges, and then the 
channel becomes completely filled with fluid over time; over the course of about four times, the channel 
becomes completely filled. Interestingly, it usually takes pulmonary edema about four days to manifest itself in 
a human, too 
	  
Alveolar Fibrin Deposition On-Chip 
Huh also investigated fibrin clot formation, by perfusing the vascular compartment not only with the IL-2, but 
with prothrombin and fluorescent fibrinogen – members of the coagulation cascade. After he added the IL-2 
over the course of four days, fibrin clots began to form within the device. Con-focal imaging showed that the 
clots formed where expected; the etiology of this pathology was successfully recreated on the chip.  
 
Then, to see what happened to the permeability barrier within the chip, Huh’s team used fluorescently labeled 
inulin, which is used in a lot of renal studies to look at water transport. It is a large molecule, and it should not 
be transported across cell layers if there is a tight permeability barrier. Thus, when you lose the permeability, 
you’ll actually see transport of the inulin. If a tight barrier is maintained across the cell layers, the inulin will 
just stay in the vascular compartment. If you lose integrity, and you actually get increased permeability, you’ll 
start to see the inulin coming into the alveolar compartment. If you add the IL-2, (under control conditions with 
strain), you’ve got a nice tight barrier, with no inulin transport. If you add the inulin Il-2 without strain, a slight 
decrease in the permeability and increased movement of the inulin is apparent. Here again, the  “stretch” is 
important to ensure you see the normal pathological response. 
 
Using high-level microscopy to investigate why this permeability increased inulin transport, the investigators 
determined that there were actually gaps occurring between the cells, cells were coming apart in both the 



endothelial and epithelial side. These could be quantified; there was not only an increase in the gaps, but also in 
the size of the gaps with the IL-2. 
 
The results were again confirmed in the mouse whole lung model, as well. Inulin transport on the mouse model, 
compared to the lung-on-a-chip, was virtually identical. 
	  
This disease model revealed previously unknown effects of physiological mechanical force on the development 
and progression of VLS, and that circulating immune cells are not required for the development of this disease. 
These studies also led to identification of potential new therapeutics, which might prevent this life-threatening 
toxicity of IL-2 in the future. These data demonstrate the ability to leverage the unique capabilities of the human 
lung-on-a-chip microdevice to create a clinically relevant human disease model in vitro, ultimately to reliably 
predict drug toxicity and efficacy in humans. Importantly, these findings suggest that a micro-engineered in 
vitro human disease model can potentially replace preclinical animal models of pulmonary edema currently 
used by the pharmaceutical industry to evaluate the effects of drugs on VLS in the lung.  
 
Predicting Drug Efficacy  
GlaxoSmithKline approached the Wyss Institute with their efforts to develop a compound for cardiogenic 
pulmonary edema (basically, pulmonary edema that is associated with heart failure). They were developing a 
TRPV4 inhibitor, which is a mechanosensitive ion channel. Upon sensing mechanical activity, this ion channel 
actually non-specifically passes through a Ca2 ion (sodium and calcium). They wanted to see, does this 
compound actually work in our system? Sure enough, if you apply the IL-2 with the TRPV4 inhibitor, it 
completely abolishes the permeability. The cells no longer separate, and you do not get the increase in the inulin 
transport. This was a significant impact.  
 
Wyss Institute also worked with the FDA’s Center for Devices and Radiological Health  
(CDRH) epidemiology department. They were interested in looking at organs-on-chips to potentially evaluate 
medical devices — such as using the lung-on-a-chip to look at different ventilation devices and ventilation-
induced lung injury (VILI) in adults and premature babies. One of the main issues with ventilation is the risk of 
over-inflating lungs and damaging them. By experimenting with different levels of stretch in the lung-on-a-chip 
model, the researchers hope to explore things like frequency, and types of breathing patterns that might induce 
VILI. The idea is that if some of the pathological breathing motions can be mimicked in the chip model, it 
might allow for the identification of novel biomarkers, to help detect early subclinical changes in the 
development of VILI. The Wyss Institute anticipates moving ahead with this research in 2014. 
 
Advancing Regulatory Science 
 
In 2010, the Wyss Institute was one of first recipients of an Advancing Regulatory Science grant, a joint effort 
of the FDA-NIH, for the development of a heart-lung micromachine looking at cardio-toxicity for aerosol 
delivered compounds. They hoped to link two organ systems together: the breathing lung mimic and Kit 
Parker’s beating heart-on-a-chip. The ideas was to deliver in aerosol form – whether nanoparticles or potential 
drugs that may have some toxicity – to the lung-on-a-chip. They would be absorbed into the vascular 
component, then that would be linked to the heart chip to check for electrical or cardiotoxic changes.  
 
Engineering cell and tissue shape 
Dan Leslie at the Wyss Institute created a method to efficiently deliver aerosols to the chip.  
Next, the Wyss team worked to link that to the heart-on-a-chip, which has a slightly different design in that it 
uses micropatterns, a technology developed by Don Ingber and George Whiteside. It enables you to stamp down 
patterns onto a substrate, typically a PDMS coated cover plate, then seed your cells on these patterns/lines that 
occur. Usually, the cells they would be randomly oriented in a petri dish, but micropatterning allows you to 
actually put boundary requirements on there and force them to have an alignment, which is much more 
physiological. If you look at a cross section of muscle, you can see that the sarcomeres are very well aligned; 
the cells are oriented with each other in a certain manner, and that is very efficient for force generation. For the 



heart-on-chip, the Wyss team wanted the sarcomeres to contract and generate force in a unilateral manner. 
Typically when cardiac cells from culture are put into in a dish, the sarcomeres are aligned in all different 
orientations, and you can imagine that does not lead to very efficient force generation.  
 
Quantifying engineered cardiac architecture 
To ensure that the alignment with the sarcomeres is much more like what you see in a normal isotropic muscle, 
Kit’s team adapted a software program that was initially developed for fingerprint analysis to look for order, so 
they are actually able to quantify the order of these sarcomeres. The isotropic culture is virtually random. But 
the engineered ventricular muscle using this micropatterning technique and an adult ventricular muscle are 
much closer to each other, showing that you get much better orientation if you micropattern. 
 
If you take it to the next step, you can make little cantilevers (muscular thin films topped with the extracellular 
matrix collagen, fibrinogen, and myocytes). Initially, this was a very labor-intensive procedure and the thin 
films were cut out manually by scalpel, which led to very big thin films, with a lot of non-uniformities — but it 
worked. The thin films can beat freely, or you can electrically paste them at different frequencies and calculate 
the force generation.  
 
Orienting or not orienting the cells has a profound effect on the contractual activity. In the randomly oriented 
chip, compared to the micropatterned chip, there is a dramatic difference between the generation of diastolic as 
well as peak systolic tension. 
 
Higher throughput fluidic heart on a chip 
Since then, Parker’s lab has taken it a step further, and actually moved these elements into microfluidic devices. 
Parker’s team is also working to standardize and miniaturize the generation of the cantilevers. So instead of 
cutting these out with scalpels, they now use a VersaLasor, allowing for much more uniformity and also smaller 
thin films. 
 
Biomimetic Microsystems Technology Pipeline 
 
Wyss is developing many organs-on-chips, some further along then others. In all, there are at least 12. A few in 
the pipeline include a bone marrow-on-chip, a small airway-on-chip, and a gut-on-chip. In earlier stages of 
development, they’re also doing a liver-on-a-chip, skin-on-a-chip in conjunction with Tufts University, and a 
blood-brain barrier that Andres Vandimer of the Albert Vandimer Group is working on with Wyss Institute. 
 
Gut-on-a-chip 
 
The human gut-on-a-chip that the Wyss Institute developed experiences peristalsis and trickling flow. This 
system uses a variation of the lung chip platform technology to develop a gut chip that is lined by human 
intestinal epithelial cells and cultured under flow conditions to produce a physiological shear stress (~0.02 
dyne/cm2) while simultaneously exerting cyclic mechanical strain (10% elongation, 0.15 Hz). Human CaCO2 
cells cultured under these conditions differentiate by changing their entire transcriptome (measured using gene 
microarrays), and form 3D villus structures that match the height of the microfluidic Interstitial Channel. In 
addition, the physiologically relevant conditions recreated in our gut chip have allowed us to culture living gut 
bacteria (Lactobacillus) directly on top of the living human gut epithelium, and hence, open the possibility to 
interrogate the influence of gut microbiome on drug absorption and metabolism in our studies. 
 
Even with the initial CaCO2 cells used, some extremely interesting results were seen. Drug transport studies 
typically use a static system, a Transwell system, and it takes about 21 days for these cells to fully differentiate, 
form tight junctions, and get a good barrier function. But if you actually look at them, they’re not very healthy 
looking. They are not what you would expect a normal gut epithelial cell to look like. They are very flat, not 
well polarized, and they don’t have a nice cobblestone structure.  
 



If you put these on a gut-on-a-chip, and add a trickling flow, as well as the peristaltic stretch, within just three 
days, you get the same or better barrier function. In addition, if you look at the height of the cells, they are much 
more cuboidal in shape, they are taller, look healthier — they look more like epithelial cells, and you get much 
better polarization of the cells. That is the first difference; just adding that stretch and flow made a dramatic 
difference in phenotype and physiology. Over the course of several days, the cells appeared to pile up on each 
other. In fact, they started to look like the crypt and villi structure of normal gut epithelia.  
 
In normal intestinal epithelia, there are stem cells at the base of the crypt structure, where all gut epithelia 
initiate. These proliferate and come up the sides, and start to differentiate into the four different cell types that 
you see in your gut … the absorptive cells, goblet, enterocyte, and endocrine cells. 
 
Restoration of Intestinal Physiology 
To see if the gut-on-a-chip model was recreating that regenerative capacity, and whether there were 
proliferative cells at the base of these crypt-like or villi-like structures, Kim Huen ran an experiment labeling 
the DNA, and following the proliferative cells over 24 hours. It looks like these proliferative cells were in fact 
at the base of these villi-like structures and this crypt-like structure, and over the course of 24 hours, they 
actually start to migrate up the sides. The model is actually mimicking the villi-like structure. 
 
Huen has done some further characterization, and all four different cell types have actually been generated, 
along with increased functionality of the tissue — and the barrier function is much better, with increased 
differentiation.  
 
Co-culture with intestinal microbiome 
The importance of a microbiome in both human physiology, normal and patho-physiology is becoming clear; it 
is implicated in a lot of disease states like Crohn’s, and IBS. Therefore, Huen wanted to see if he could co-
culture bacteria and form a microbiome in the gut-on-a-chip. He started off trying to co-culture with a probiotic 
bacteria (lactobacillus); if you grow these in a Transwell, within 24 hours basically the barrier function goes to 
zero — the cells are dying. But if you add just enough trickling flow, you inoculate with just the right amount of 
cells, and in fact the permeability barrier increases — just like you’d expect with a probiotic. Since then, Huen 
has also looked at more complex cultures of probiotic bacteria (VSL#3, a mixture of eight different probiotic 
bacteria), and they seem to settle into colonies, in these little crypt regions in between the folds.  
 
Microenvironment-dependent changes in gene expression profiles 
Looking at the gene profiles, using another visualization techniques developed by Don Ingber’s lab, you can see 
there’s a big difference in the gene signatures between the static Transwell system and the gut-on-a-chip with 
the flow and the stretch. But then again, if you add the bacteria there’s a synergism there that occurs, and there’s 
an interaction between the mammalian cells and the microbiome, and again those genes are changed … the cells 
experience a phenotypic difference. Thinking in terms of practical applications, hopefully in the future, the idea 
is that we can co-culture these together, and make a normal gut microflora, look at the effects on nutrient 
absorption, drug transport absorption, and develop disease models on a chip, like Crohn’s Disease and IBS-on-
a-Chip. 	  
 
Airway-on-a-chip 
 
After Wyss Institute developed the alveolar lung-on-a-chip, a lot of pharmaceutical industries expressed 
interest, which led to some partnerships. But what they were really interested in were things that are really 
diseases of small airways, not so much the alveolus — like asthma. (Remy, Bill, Kambez Hajipouran Benam … 
please provide names of the three people developing the small-airway-on-a-chip model) have been developing a 
small-airway-on-a-chip model. They took human primary bronchial epithelial cells, and cultured them in the 
chip. The model has a pseudo-stratified epithelial layer, as in a normal human airway, and cilia formation as 
well as mucous formation mucus. In a cross-section profile view, cilia can be seen beating in cross-section.  
 



If you place fluorescently labeled nanoparticles on top of the chip, you can evaluate mucociliary clearance of 
these nanoparticles, and start to look at the functional physiology of the small airway. If you quantify different 
parameters for beating frequency, length, mucociliary velocity that you would see in normal humans compared 
to what is shown in a chip, the Wyss team showed that they correlate pretty well.  
 
Another interesting experiment involved looking at fluorescently labeled nanoparticles. If you just leave the air 
static on top, you see random motion of the nanoparticles. But if you try to mimic the flow of inspiration and 
expiration, you start to see something that looks like a mass flow in one direction. Currently, the researchers are 
exploring how the mechanical stimulation for the cilia is coordinating that, and developing more sophisticated 
devices to mimic air flow across the top of that channel. Next steps include looking at some practical 
applications, such as testing the toxicity of electronic cigarettes, inflammation, and eventually the flu.  
 
Bronchiolar Inflammation on-chip 
The Wyss team also created a bronchiolar inflammation-on-chip, essentially based on the alveolar chip model. 
In that model, by perfusing neutrophils through the vascular component and adding things like TNFα to initiate 
the inflammatory cascade, adhesion and recruitment of neutrophils is visible. Eventually, the Wyss researchers 
hope to study flu and other viral particles in the chips. So far, though, by taking induction TLR3 by poly I.C., 
which mimics the flu response, a lot of the cytokines that you see with a flu infection are initiated. Now, they 
are ready to do monocyte recruitment; the next step is infecting these devices hopefully with things like 
seasonal flu, and then more exotic infectious agents. There is also interest from FDA Medical Countermeasure 
Initiative as well as the NIH in this technology.  
 
Bone marrow-on-a-chip  
 
The bone marrow-on-a-chip is a little bit different than the lung and gut chip design. (U? Spowa and Katie 
Speina?) It is a slightly simpler device. Essentially a cylinder, closed off at one end, it can be filled with bone-
inducing material, usually demineralized bone powder (DMP=BMPs). Then, they can be sutured into a mouse, 
usually one on either side, and over course of eight weeks, check the device for bone marrow formation. You 
can then take that device out of the mouse and put it into a microfluidic device. This technique enables 
researchers to start to look at things like bone toxicity or other effects on bone marrow, which is not as easily 
accessible within an animal model. 
 
Looking at the histology, in about eight weeks you start to see formation of what looks like marrow inside the 
bone; another eight weeks later it looks much more filled and a lot more like bone marrow. If you do a 
hematoxylin and eosin (H&E) stain of the bone marrow chip, you can actually see that there is marrow in the 
center, and formation of cortical bone as well as trabecular bone within the engineered chip. If you compare the 
engineered marrow and the normal endogenous mouse femur, they look virtually identical under H&E stains. 
And then, if you go back and use flow cytometry and compare the hematopoietic stem and progenitor cell 
populations that are present, comparing peripheral mouse blood, the normal mouse marrow as well as the 
engineered marrow, at four weeks it starts to approach what normal marrow looks like. By eight weeks, it is 
virtually identical as far as the stem cell/progenitor cell populations are concerned. If you look at the 
differentiated blood cell populations, again, at eight weeks, it’s fairly close – almost identical – to what you see 
in normal mouse bone marrow. Basically they were able to re-engineer mouse marrow in this device. But could 
they keep it in culture at least 4-7 days outside of the mouse? The standard culture that’s used for bone marrow 
is the Dexter culture.  
 
In vitro culture 
Comparing the Dexter culture to the microfluidic device (which involves taking the bone chip, placing it in the 
microfluidic device and perfusing it). The microfluidic device proved capable of maintaining the cells in a 
manner similar to a Dexter culture; the cells are viable up to seven days. The difference is that with Dexter 
culture, typically what happens is your progenitor cells and hematopoietic stem cells expand and then 
differentiate, but the microfluidic device maintained those progenitor cells and hematopoietic stem cells up to 



seven days. The other nice thing is that they’re forming their own little niche; with Dexter culture you need to 
add back cytokines to maintain the culture. With our engineered bone marrow on a chip on a microfluidic 
device, they’re secreting their own cytokines, so there is no need to add those back.  
 
Bone marrow transplant 
To show that the cells are viable in the microfluidic culture, you can conduct a standard bone marrow transplant 
test with a GFP mouse. After generating engineered bone marrow, culturing it on the chip for four days, then 
put it into a lethally irradiated mouse which is non-GFP, it is possible to see how many of the GFP-labeled cells 
incorporate back into the bone marrow. Good incorporation of the GFP-labeled bone marrow into the lethally 
irradiated mouse after six weeks indicates that the progenitor cells survived for up to four days in the chip. Also, 
after 16 weeks, there was still good engraftment of the GFP-labeled bone marrow, again indicating that our 
hematopoietic stem cells were able to survive on the chip.  
 
More recently, Wyss Institute received a grant from the FDA Medical Countermeasures Grant to look at acute 
radiation syndrome. They were initially interested in the bone marrow and gut chips, the two main systems 
affected in humans with acute radiation syndrome. Longer-term, there is potential interest in developing a lung 
fibrosis model, to look at initiation of lung fibrosis from radiation and explore mitigating agents for that. 
 
The acute radiation syndrome experiments are still in the early stages, but the hope is that we can mimic the in 
vivo responses on chips, and then look at mitigating agents. The team is also moving away from mouse model 
and wants to eventually work with human bone marrow; they are thinking about ways to humanize the systems 
and avoid having to grow these chips in the mouse model. One of the ways they are doing this is by 
collaborating with area hospitals and obtaining bone biopsies, and experimenting with putting those into the 
microfluidic devices.  
 
With the DARPA grant, Wyss hopes to eventually get an integrated human body on a chip – in other words, 
take all the organ systems that they are developing, and put them on a platform where they can be integrated to 
look at things like drug absorption, drug efficacy, and cytotoxicity, with in-line sensors to monitor glucose and 
lactic acid levels, and cell health. A number of collaborative partners working with the Wyss Institute on the 
DARPA grant, including Vanderbilt University for the development of instrumentation and CFDRC for 
modeling development.  
 
When we presented to DARPA, we developed individual chips placed into a universal chip holder. The idea 
was that these could be individualized for each different organ system, then put into a universal cartridge that 
could then be put into an instrument and integrated. This is a way to link them all together. There are also a 
number of efforts underway to develop user-friendly instrumentation, make this technology more broadly 
applicable to different groups. 
 
Personalized organ-on-chips is another idea being considered. While the usefulness approach is not yet clear, 
we can envision possibilities for clinical trials on chips, perhaps looking at different immune responses on these 
chips. Often, when you take a compound into a Phase III clinical trial, it doesn’t meet its endpoints, requiring a 
subpopulation analysis, where you might see that a certain patient population responded well, and then you re-
run the Phase III clinical trial. If you could instead run an initial clinical trial on a chip, target the population 
you want to hit, and then run a smaller, targeted Phase III clinical trial, it would save time and money. Or you 
could potentially identify a population that might be likely to experience an adverse response, or safety issue, 
and exclude them from the clinical trial version. 
 
The Wyss Institute website offers details about the different platforms of technologies, at Wyss.harvard.edu . 
The Wyss Institute also just published a paper in 2013 in Nature Protocols on how to make the gut and lung 
chip for those interested in manufacturing procedures. 
 
Discussion 



 
Mechanical stretch on lung-on-a-chip 
On the lung-on-a-chip, he mechanical stretch is decoupled and not delivered in any coordinated manner with the 
exposure of, for example a nanoparticle. However, the engineers could do it that way, though it would require 
more linking.  
 
One of the key things for DARPA grant is linking 10 organ systems together, and maintaining them for a week 
in our platform, and they get progressively more difficult. By the end of five years, the idea is that you’ll have 
10 organ systems linked together. Many challenges are expected as this work progresses, such as instabilities in 
the systems, missing organs and endocrine functions, etc. 
 
Gut-on-a-chip and wound healing 
While the Wyss team has not looked at the gut-on-a-chip as modeling wound healing, there are some interesting 
implications related to the permeability barrier. Bahinski explained that this is guess at this point, but they think 
the CaCO2 cells are a cancer cell line … and we think that potentially there are some stem cells that are still in 
that culture. If you put them in the right microenvironment they might differentiate into different cell types and 
form that pathology. The team is interested in things that can break down that permeability barrier, especially 
with the microbiome; you can look at things like sepsis that occurs, radiation injury --- that barrier just goes 
away. Already the immune system is compromised in people who are irradiated; the leakage of the gut bacteria 
can affect things. There is also an idea that the permeability barrier is compromised in patients with diabetes.  
 
Cell lifespans in these mechanical systems 
In static systems, the cells have various lifetimes; lung goes for about a year, liver for probably a very short 
period. In these mechanical systems, if media is constantly flowing through, the cells can be kept alive for a 
good period. The alveolar chip has been kept in culture for up to two months; it’s possible they could be kept 
alive longer, but most of the time you just want to use them for something to get an endpoint. In principal it 
would be interesting to see what the true lifespan is for some of the systems. We want to keep them alive for at 
least a month, because we want to be able to do things like chronic toxicity studies. 
 
Tumor formation 
To date, the Wyss Institute has only done initial work developing a cancer-on-a-chip. Potentially, you could 
look at 3-D tumor models in these types of systems, but then also look at metastases and start linking organ 
systems, or to see if cells are migrating out of a lymphatic channel that could potentially metastasize to other 
tissues. While likely possible, it is just something that the Wyss Institute not explored a lot yet. Induction of 
cancer models would have some inherent challenges as well; for example, it might be hard to try to recreate 
mesothelioma by exposure to asbestos molecules; it takes too long to develop (it can take 40 years in a human). 
 
References 

Microengineered physiological biomimicry: organs-on-chips. 

Huh D, Torisawa YS, Hamilton GA, Kim HJ, Ingber DE. 

Lab Chip. 2012 Jun 21;12(12):2156-64. Epub 2012 May 3. Review. 

PMID: 22555377 

Human gut-on-a-chip inhabited by microbial flora that experiences intestinal peristalsis-like motions and flow. 

Kim HJ, Huh D, Hamilton G, Ingber DE. 

Lab Chip. 2012 Jun 21;12(12):2165-74. Epub 2012 Mar 20. 



PMID: 22434367 

From 3D cell culture to organs-on-chips. 

Huh D, Hamilton GA, Ingber DE. 

Trends Cell Biol. 2011 Dec;21(12):745-54. Epub 2011 Oct 25. Review. 

PMID: 22033488 
 

Reconstituting organ-level lung functions on a chip. 

Huh D, Matthews BD, Mammoto A, Montoya-Zavala M, Hsin HY, Ingber DE 

Science. 2010 Jun 25;328(5986):1662-8. 

PMID: 20576885 
 
A human disease model of drug toxicity–induced pulmonary edema in a lung-on-a-chip microdevice 
 
Huh D, Leslie DC, Matthews BD, Fraser JP, Jurek S, Hamilton GA, Thorneloe KS, McAlexander MA, Ingber 
DE 
 
Science Translation Medicine, 2012 – in press	  


