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Arterial Mimic Gel Layer (AMGL)
SPECIFIC AIMS

Stents have been used to re-open arteries that have become blocked by plaque in a procedure called angioplasty to treat a condition called atherosclerosis since 1986. Stents are also beginning to be used to treat collapsed, deteriorating or torn arteries. Initially, stents were just mesh objects made from metal but more recently stents have been made from other materials like fabric. In the last two decades, stents have been coated with a drug eluting substance to help alleviate thrombosis, a situation when the stent becomes blocked by a clot, and restenosis, where the artery lining grows over the stent and closes off the blood flow again. Different types of polymers, ceramics and biomaterials have been used as scaffolds in these elution systems. However, using this type of stent in an artery with complex damage has often resulted in restenosis and requires a reintervention. This case has been shown to be much more fatal than the original blockage, and has caused further research into a better biological treatment coupled with the stent. Most recently a focus has become creating biodegradable PEG scaffolds around the stent, and loading the scaffolds with smooth muscle cells (SMC’s), endothelial progenitor cells (EPC’s) and endothelial cells (EC’s). This current research focus has shown promise in mimicking the biology of the blood vessel and could potentially treat a weakened artery more effectively than a traditional bare metal stent. Problems also exist with this strategy, as it takes time and resources to grow SMC’s or EPC’s, and introducing these foreign cells into the body could elicit an immune system response. 
EC proliferation has been shown to be inhibited by SMC proliferation via certain proteins secreted by the proliferating SMC’s. Conversely, EC proliferation has been shown to be stimulated when SMC growth is blocked or inhibited. The absence of SMC’s appears to greatly influence the efficiency of EC proliferation.

Our overall goal is to develop a novel, biocompatible system that will dissolve and release a drug, while revealing a structure that mimics an artery lining in vitvo. Our central hypothesis is that this system will use drugs to help heal the initial arterial damage, and then promote healthy tissue growth with EC proliferation. The purpose of this is to determine if we can create this uniquely layered scaffold system that would eventually cover stents to help prevent restenosis in the long term. To test this hypothesis, we propose the following aims:
Aim 1: Construct a PEG gel that selectively binds EC’s based on stiffness.

Hypothesis: If we control the stiffness of the PEG gels, then we can selectively bind EC’s to the gel over SMC’s. 

Method: We will generate PEG gels with appropriate stiffness by altering the ratio of PEG to solvent and the molecular weight of the PEG used. We will then seed SMC’s and EC’s onto these surfaces and monitor if they bind selectively and if so, which binds to what stiffness. 

Aim 2: Observe if EC’s proliferate on the scaffold, or become overwhelmed by SMC proliferation. 

Hypothesis: If we seed EC’s and SMC’s on a scaffold of certain stiffness, then the EC’s will proliferate and create an environment similar to a healthy arterial wall.
Method: Once the EC’s and SMC’s have been seeded we will take pictures of the system at different time points to observe migration or proliferation. 

Our long term goals are to 1) develop a novel system of several scaffold layers containing EC’s and drug, and 2) to increase proliferation of EC’s so to encourage healthy growth and formation of artery tissue. This behavior would be a significant improvement in the development of stent treatments, as it would decrease the risk of restenosis and improve the effectiveness of the treatment.

Health Issue and Current Treatment Background
Atherosclerosis is a condition where an artery wall has been damaged and releases factors that cause a buildup of compounds including fatty acids and cholesterol.[1,2] This buildup is commonly known as plaque, and over time the plaque can block off the artery and slow down or halt the blood flow through the vessel. Atherosclerosis in the region of the heart is considered Coronary Heart Disease (CHD). Because of this impaired blood flow, the heart must work harder to keep a steady supply of oxygen to the different tissues and organs in the body.[1] 
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Figure 1. Visualization of a normal artery with unrestricted blood flow (A) and an atherosclerotic artery with abnormal blood flow that is constricted by hardened plaque buildup on the arterial wall.

The overworking of the heart will often result in heart failure. If the plaque buildup becomes so great that it blocks all blood flow, then the patient will have a heart attack. Each of these conditions are potentially fatal, and only in the past 30-40 years have medical advances been made that can combat the atherosclerotic condition. It is important to note that CHD is the leading killer among human adults in the United States, taking the lives of over half a million men and women each year. [3]

Treatment advances have come in the form of a medical procedure called the percutaneous transluminal coronary angioplasty (PTCA), and a medical device called the stent. The PTCA allowed doctors to non-invasively enter the arteries through the arm, neck or thigh and compress a blockage using an inflatable balloon to reopen the artery and restore blood flow. A few years after the first PTCA, doctors began to use stenting devices made of a thin metal mesh around the balloon.[3,4] The stent would exist in two states, a collapsed structure while it was being maneuvered through the artery towards the blockage, and an expanded structure where it would help compress the plaque buildup and give extra support to the arterial walls at the site of the compressed blockage. 
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Figure 2. The process of stent placement and expansion is shown. First the catheter with a balloon tip and stent surrounding the balloon is threaded into the artery where plaque has formed (B). Then the balloon is inflated to compress the plaque formation and expand the stent into its supportive form (C). The balloon is then deflated and the catheter is removed, while the stent remains expanded and supporting the arterial wall (D). Cross sections of the artery before the angioplasty and after are shown below (B) and (D).
Though the stent is initially very successful, it is recognized by the body as a foreign object and elicits an immune system response. This response comes in the form of blood platelets and fibrin, which help to form blood clots. Sometimes the rush of platelets and fibrin to the stented area results in a clot, called Thromosis, that can block the blood flow through the artery. A longer term immune response is cellular proliferation, called Restenosis, over and around the stent that can also cause arterial blockage and blood flow disruption.

Recent advances in stent technology have been made to try and combat these immune system responses. Drug eluting stents are simply bare metal mesh stents that are coated with some material (polymeric, ceramic) that is loaded with a drug. Over time, the drug diffuses out of the material and into the arterial walls and blood stream. The drugs used are usually a proliferation blocking substance, common examples are paclitaxel and sirolimus.[5] This newer type of stent has proved to be effective against Restenosis initially; but as time goes on, less of the drug remains to diffuse out of the device. As less drug remains to combat the cellular growth, Restenosis again becomes an issue and the resulting blockage can be fatal. 

In effort to try and solve the problem of Restenosis on the cellular level, researchers have begun to work with treatments using arterial cell types such as smooth muscle cells (SMC’s) and endothelial cells (EC’s). They postulate that introducing healthy cells into a damaged arterial environment will provide a better treatment than just drugs alone. The factors that these healthy cells give off help to suppress the immune response of thrombus formation and cytokines that causes the cellular growth that causes Restenosis.[6] A stent coated in some diffusive material, much like the drug eluting stents, is seeded with different types of healthy cells. This device is thought to restore structural integrity to the arterial walls, while providing it with healthy cells and the factors that they introduce into the environment to encourage healthy behavior of the cells that make up the artery.

Innovation (why it’s so novel, creative, what it will lead to) 
Our overall goal is to develop a novel, biocompatible system that will dissolve and release a drug, while revealing a structure that mimics an artery lining in vivo. The purpose of this research is to determine if we can create a uniquely layered scaffold system that will eventually be used to cover stents in order to prevent restenosis. Our proposed AMGL system is a novel contribution to the development of stents. It has been proven that EC proliferation is inhibited by SMC proliferation through the secretion of specific proteins by the proliferating SMCs; previous studies have also shown that EC proliferation is stimulated through the inhibition or blockage of SMC growth [1, 2]. The effects of seeding ECs and SMCs on polyglycolic acid (PGC) scaffolds have also been studied [3]. 

The proposed stent system will bring expand on these findings in order to offer a potential treatment for thrombosis, and especially restenosis, by providing a biocompatible system on a stent that is capable of dissolving and releasing a drug. The extended release of a drug from a stent to treat thrombosis is not in itself a novel idea; our PEG layer with tunable stiffness is not unlike that used previously in drug eluting stents [4]. However, as the drug is released from the layer around the AMGL system, shown in Figure 3, a structure that mimics an artery lining in vivo will be revealed.  The combination of a drug eluting layer along with the AMGL system will help to heal the initial arterial damage, and then provide a uniquely layered scaffold system that will eventually cover the stent in order to prevent restinosis. This combination of treatments in one stent system is an exciting and novel contribution to the development of medical devices and implants.
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Figure 3. Proposed stent design including drug layer and AMGL system.
This project is creative in that it proposes to solve a severe and common medical problem without introducing any new device. By improving and adding to an existing device we will eliminate a significant amount of the time usually required in the testing and eventual approval of our device for clinical use. Additionally, this modified stent will not require any new surgical techniques or procedures. This eliminates the need to further train any doctors or surgeons involved in its implantation and will also expedite the process of bringing our device to market. By eliminating the need for multiple surgeries of the same type in a single patient this device will also vastly reduce the cost to the patient while significantly improving the quality of life that the patient is able to enjoy over a much longer time span

Approach (research methods planned), and including Preliminary Data
To create our AMGL we will be using PEG-PC gels due to their ability to be highly tunable and their biocompatibility. The first step we will engage in is to make methacrylate silane glass cover slips. This is accomplished by plasma treating the slips to increase reactivity, followed by a short incubation in pH 5, 95% ethanol with 2% 3-(Trimethoxysilyl)propyl methacrylate. Sigmacote coverslips must also be created at this time; these slips will not stick to the gels. 

The next step will be to make PEG-PC gels using varying ratios of 20% w/v 2-Methacryloyloxyethyl phosphorylcholine (MPC) and PEGDMA. This solution is placed onto a methacrylate silane glass cover slip, covered with a Sigmacote slip, and cross-linked using UV light. The Sigmacote slip is then removed and the gel is stored in PBS overnight. 

The final step to make AMGL is to couple proteins onto the surface. To do this, gels are treated with Sulfo-SANPAH and UV light. After that the gels are ready to be placed into a protein solution consisting of 90% collagen I and 5% laminin overnight. 

Following this process, HMEC-1 cells will be seeded onto the AMGL and allowed to reach confluency. This will be representative of the environment created in vivo when an anti-restenosis drug loaded stent is inserted into an artery, pushing back the SMC. The HMEC-1 cells will be treated with cell tracker green and then co-cultured with SMC that have been treated with cell tracker red. Using a Zeiss Confocal Microscope images will be taken every 12 hours to track any invasion of the SMC into the HMEC-1 layer. Based on the results of each experiment, the gel stiffness and protein content will be altered to optimize the result. 
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As a preliminary experiment AMGL were created with 5 ug/cm3 of 95% collagen I and 5% laminin proteins at 3 kPa, 50 kPa, and 190 kPa. They were then seeded with EC that were allowed to reach confluency. We found that 15 hours after seeding SMC there was no invasion of the confluent layer of EC. The surface area covered by the SMC, which were seeded at 10,000 cells/well, showed a correlation to the stiffness of the gel. See results below in figure 4. This shows a sensitive response to AMGL that can be tuned to make cells exhibit our desired behaviors. 
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Figure 4: Panel A shows the % of the surface covered with SMC after 15 hours on top of a confluent layer of EC cultured on AMGLs of different stiffnesses. No invasion of the EC layer was noticed. Panel B shows images of the actual cells on the surfaces. 
Benchmarks
In reference to benchmarks, the most important benchmark is reproducibility.  The main benchmark for this experiment is to be able to reproduce the data obtained and that the system is compatible under the same conditions repeatedly in a form which can be used for further experimentation. The main reference for this benchmark is the production of AMGL.  

Once the production of AMGL is standardized, the application of cells to the AMGL and reaching confluency is also considered a benchmark, however our most important benchmark is the creation of MGL and the control of MGL for specific binding.  Simultaneously, the tailoring of MGL should be used to gauge the protection of stent and thus to see the effectiveness of the EC being produced.  

Optional idea: potential pitfalls and solutions 

A potential pitfall to our experimental procedure is the availability of specific proteins to be used. In the event that one of our desired proteins (collagen I, collagen IV, and lamin) is unavailable in the amount that is needed to produce our desired AMGL product (80% collagen I, 15% collagen IV, and 5% laminin), the concentrations will be altered. The most likely scenario would involve increasing the amount of either collagen I or collagen IV if there is a deficiency of either of these proteins. In the event that our experiment in unsuccessful in examing the invasion of SMCs into the HMEC-1 layer we will attempt to create collagen fibers on the PEG gels instead of collagen monomers; this will create a phenotypic difference in the seeded SMCs.

Future Changes   
One of the main changes made in our experiments, was the stiffness of the gel.  The stiffness of the gel can influence the result of mimicking the stiffness of a healthy artery.  While based on previous approximations, we can assume that a healthy artery maintains a certain stiffness and protein content, this is very circumstantial and does not apply as a generalization to all patients.  In other words, the young’s modulus can be dependent from patient to patient, with this being reliant on protein and lipid content.  Future experiments should include the individual standardizations of the stiffness of the gel and protein content, relative to the patients’ own compositions.  The stiffness can be considered reliant upon the mass ratio between MPC and PEGDMA which are then cross-linked by using UV light, therefore by changing any of these factors can influence a change in mechanical stiffness.  

In addition to gel stiffness, protein composition is important.  In particular, the purity of a protein as well as its affinity for the certain stimuli can be valuable information to make our protection of the stent less susceptible.  In addition, certain mutations or change in amino acid code can also influence the transcription and translation of such proteins, which can then allow for the growth and replication of these proteins, which in some cases could be potentially hazardous.

A final change would be to create uniform gels.  Laterally, gels can potentially have variable thicknesses, which can affect the concentration of particular components in a certain area, which can then influence the stiffness and the change in the uniformity of cell growth, thus affecting the effectiveness of the gel to protect to the stent.  In additional, given that proteins and gels have charges, the charge distribution along the gel would be uneven, which means the binding affinity of the gel for certain proteins could be decreased, leading to ineffectiveness of certain areas.

Timeline

The first six months will be spent make MGL that mimic the stiffness and protein content of healthy arteries. The following six months will be used to tailor the MGL to select for the binding of EC over SMC to promote a healthy confluent layer of EC to protect the stent from SMC invasion. The last year will be spent fine tuning the gel preparation so that EC not only grow preferentially but thrive in the environment and grow a new basement membrane. After that point the proof of concept would now be completed. The next step would be to form stents with an outer coating of drug to inhibit restenosis, followed by our MGL, and an inner layer of actual stent.
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