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Subarachnoid hemorrhage (SAH), the rupture of a cerebral aneurysm, is the most 

prevalent form of stroke.  Treatment options for cerebral aneurysms aim to prevent 

future rupture by isolating the aneurysm orifice from the parent artery.  Endovascular 

treatment with platinum coils has become a popular and less invasive alternative to 

surgical clipping in the past 20 years.  Thrombus formed around the coil serves as a 

scaffold for the formation of fibrous tissue toward the periphery of the aneurysm lumen, 

ultimately leading to coverage of the aneurysm neck with endothelial tissue.  Increasing 

the efficiency of this healing process is of great interest to avoid unwanted growth of the 

aneurysm due to blood flow.   

The purpose of this preliminary study is to identify proteins to be used in a 

bioactive coating for platinum endovascular coils that will increase the efficiency of 

fibrous tissue organization and endothelialization in the aneurysm lumen.  Platinum 

endovascular coils were treated with a 50/50 poly (DL-lactide-co-glycolic acid) (PLGA) 

coating containing proteins such as Connective Tissue Growth Factor (CTGF), Bone 

Morphogenic Protein-4 (BMP-4), Monocyte Chemoattractant Protein-1 (MCP-1), or 

Stromal Cell-Derived Factor-1 (SDF-1).   Protein release into the aneurysm lumen 
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occurred through initial protein release from hydrophilic channels in the PLGA followed 

by PLGA degradation.  Coatings were characterized by scanning electron microscopy 

and an in vitro release study, and a murine aneurysm model was employed to 

characterize the cellular response in vivo.  SDF-1, CTGF, and MCP-1 showed favorable 

results in vivo, with an increase in new smooth muscle cells developing around the 

aneurysm lumen near the site of the coil over the course of three weeks.  A long-term 

goal of this project to be completed in future studies is to optimize the dosage and 

delivery of a protein or combination of proteins that would increase the efficiency of the 

wound-healing response after implantation of endovascular coils. 



 

CHAPTER 1 
INTRODUCTION 

Unruptured intracranial aneurysms are suspected to be present in 3.6 – 6.0% of 

the population older than 30 years61.  Subarachnoid hemorrhage (SAH), the rupture of 

an intracranial aneurysm that causes bleeding into the subarachnoid space of the brain, 

is the most common form of stroke27 and accounts for 25% of cerebrovascular deaths61.  

The combined morbidity and mortality rate of SAH still reaches 60% despite the 

availability of treatment options14.  Furthermore, only 40% of SAH patients will recover 

enough to regain their independence14.  The frequency of SAH in western populations 

has been reported between 6 and 8 per 100,000 person years29. 

Previously, cerebral aneurysms were treated by performing a craniotomy and 

placing a clip at the neck of the aneurysm to prevent blood flow into the aneurysm sac.  

Less invasive endovascular treatments emerged in the 1970s with balloon 

occlusion20,21.  In the past 20 years, treatment with endovascular coils has become 

popular, involving the deployment of a platinum coil via a guiding catheter inserted 

through the femoral artery17,19.  The coil is deployed via a small positive current that 

causes electrothrombosis and forms a clot that will eventually organize into fibrous 

tissue.  The aneurysm is removed from circulation from the parent artery by the 

eventual endothelialization of the aneurysm neck.  

Recanalization, or growth of the aneurysm remnant, is a significant problem 

associated with endovascular coiling45.   Increasing the rate of endothelialization of the 

aneurysm neck is thought to decrease the recanalization rate of coiled aneurysms.  

Several groups have attempted to improve the recanalization rate through modifications 
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of platinum endovascular coils with proteins38, degradable polymers35, and hydrogels37, 

to name a few. 

The purpose of this study was to develop a bioactive coating for platinum 

endovascular coils that would increase the efficiency of the fibrous tissue organization 

of coiled aneurysms. Several objectives were followed in the development of this 

bioactive coating: 

1. Identify an effective vehicle for controlled release of protein and an 

effective coating method for platinum endovascular coils.  A water-in-oil 

emulsion of 50/50 poly(D,L-lactic-co-glycolic acid) (PLGA) was tested as a 

vehicle for protein release.  Airbrushing and dip coating were explored as 

possible coating application techniques. 

2. Characterize the release rate of protein in vitro from a coating for platinum 

endovascular coils.  A Bradford Protein Assay was used to quantify the 

soluble concentration of protein released from coatings. 

3. Identify effective proteins that would increase the efficiency of the 

recruitment and organization of smooth muscle cells in the aneurysm 

lumen and characterize their response in vivo.  Bone Morphogenic 

Protein-4 (BMP-4), Connective Tissue Growth Factor (CTGF), Stromal 

Cell-Derived Factor-1 (SDF-1), and Monocyte Chemoattractant Protein-1 

(MCP-1) were released individually through the coatings and tested in a 

murine aneurysm model.  Their results were examined qualitatively 

through immunohistochemical (IHC) staining of 5 m cross sections of ex 

vivo aneurysms. 



 

CHAPTER 2 
BACKGROUND 

Cerebral Aneurysms and Subarachnoid Hemorrhage (SAH) 

Cerebral aneurysms occur because atherosclerosis or vessel wall injury caused 

by trauma or inflammation increases the tendency of intradural walls to develop 

aneurysms.  Sac formation is initiated due to the local degeneration of the internal 

elastic lamina of the blood vessel by haemodynamic stresses.  Blood flow within this 

newly formed aneurysmal sac causes enlargement, leading to potential rupture9.  

Risk Factors for Subarachnoid Hemorrhage 

Juelva et al. deemed smoking and female gender as risk factors for aneurysm 

growth27.   In fact, 45-75% of SAH patients tend to be smokers, compared to 20-30% of 

the general adult population.  The number of cigarettes smoked daily had a greater 

impact than the amount of years the patient had been a smoker and the age at which 

they started.  Cigarette smokers have an imbalance of elastase and α1-anti trypsin, 

which may contribute to aneurysm formation or SAH, because the increased elastase 

activity in the artery wall coupled with hemodynamic stress may cause aneurysm 

formation or increase the rate of aneurysm growth27.   

Although aneurysm growth rate was not found to differ by gender, women with 

aneurysms were found to be at a higher risk for the formation of new aneurysms than 

men27.  Estrogen has an inhibitory effect on aneurysm formation, therefore fluctuations 

in estrogen, as well as the decreased collagen content of cerebral arteries after 

menopause, may favor aneurysm formation or growth.  Women smokers are further at 

risk, since cigarette smoking has been shown to decrease estrogen levels27. 
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Other risk factors for increased rate of aneurysm formation and SAH include 

excessive alcohol consumption58, cocaine and amphetamine abuse40, oral 

contraceptives26, and high cholesterol4. 

Symptoms of SAH 

The keynote symptom of SAH is a sudden onset of a robust headache.  This 

headache may appear in conjunction with one of the following: nausea or vomiting, brief 

loss of consciousness, or cranial nerve palsies7.  Some patients may experience a 

sentinel bleed or warning leak, which is a milder headache lasting several days.  

Sentinel bleeds typically occur between 2-8 weeks prior to SAH7. 

Diagnosis of SAH 

A non-contrast cranial computed tomography (CT) scan is first performed in a 

patient presenting with symptoms of SAH.  A negative CT scan requires a diagnostic 

lumbar puncture for analysis of the cerebrospinal fluid7.  A positive result from either of 

these tests requires the patient to undergo further analysis.  Catheter-based 

angiography is typically performed to determine the size and shape of the ruptured 

intracranial aneurysm.  Magnetic Resonance Angiography (MRA) and dynamic spiral 

CT angiography (CTA) may be performed if angiography is not possible due to time 

constraints7.  CTA is a noninvasive, outpatient procedure that may be used to detect 

cerebral aneurysms less than 5 mm in diameter59. 

Treatments for Cerebral Aneurysms and SAH 

Aneurysm Clipping 

Aneurysm clipping is performed with the goal of preventing further aneurysm 

growth and rupture.  A clip is surgically placed at the aneurysm neck in order to block 

the flow of blood into the lumen of the aneurysm.  Morbidity and mortality associated 
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with aneurysm clipping is 2.6% and 10.9%, respectively, due to greater procedural 

successes and training in recent years44. 

Endovascular Aneurysm Occlusion with Balloons 

In 1974, Serbinenko reported balloon occlusion with detachable balloons to treat 

carotid-cavernous sinus fistulas51, which began a movement toward the endovascular 

treatment of cerebral aneurysms with detachable balloons.  Balloons were composed of 

silicone or latex, although latex exhibited a greater rupture rate20.  Silicone balloons 

were made opaque with metrizamide, and filled with 2-hydroxyethylmethacrylate 

(HEMA) once the balloon was inside the aneurysm sac.  After the HEMA solidified, 

traction was applied to the catheter and the balloon was detached23 Balloon-embolized 

aneurysms could rupture if the balloon was overinflated, and aneurysm recurrence was 

a problem due to deflation of balloons over time20. 

Guglielmi Detachable Coils 

In 1989, Guglielmi et al. developed a less invasive method for the occlusion of 

saccular aneurysms than clipping.  Guglielmi detachable coils (GDCs) are pliable 

platinum coils soldered onto a delivery wire made of stainless steel that are deposited 

inside the aneurysm lumen using electrothrombosis and electrolysis19.  

Electrothrombosis occurs when a positive current attracts negatively charged blood 

particles, causing the formation of a clot.  Platinum is an ideal metal to use because it is 

resistant to electrolysis and produces large clots through electrothrombosis43. 

GDCs are placed inside an aneurysm through a relatively non-invasive surgical 

procedure during which the patient is awake and systemically heparinized while 

angiography is used to track the coil in the patient arteries.  First, a guiding catheter 

inserted through the femoral artery leads the coil and delivery wire to the aneurysm 
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neck.  The stainless steel delivery wire is advanced through a microcatheter into the 

lumen of the aneurysm, positioning the platinum coil inside the aneurysm17,19.  Figure 2-

1 depicts a cartoon diagram of the positioning of the GDC inside an aneurysm. 

A positive direct electric current of 0.5 to 2 mA is applied to the delivery guide wire, 

dissolving it through electrolysis and deploying the platinum coil into the aneurysm.  An 

electrode placed at the patient’s groin connects the negative ground pole. 

Electrothrombosis is initiated when the positive current is applied, forming a thrombus in 

approximately 4 to 12 minutes.  Several coils may be deployed to fill the aneurysm 

depending on its size and shape.  Systemic heparinization is reversed at the end of the 

procedure using protamine sulfate.  Angiograms are used post-embolization to 

determine the level of thrombosis and the placement of the coils 17,19. 

Thrombus Formation and Healing Process 

The progression of thrombosis over time occurs because more blood particles 

become entrapped within the coil network in the hours subsequent to the coiling 

procedure, and because clot formation within the coils increases after systemic 

heparinization is reversed19.  GDCs serve as a scaffold by which the thrombus is held 

together, allowing it to grow toward the interior of the aneurysm lumen and eventually 

seal off the aneurysm neck from the parent artery circulation17. 

Thrombus formation in aneurysms treated with detachable coils occurs similarly to 

that of the wound healing response after tissue injury although the process is delayed 

and occasionally incomplete6.  A primary difference between normal tissue injury and 

thrombus formation in aneurysms is that the aneurysm represents a spatial defect with 

a lack of stromal tissue6.  Therefore, aneurysm healing occurs from the periphery of the 

aneurysm lumen to the center. 
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Thrombus begins to organize approximately one week after aneurysm treatment 

with platinum coils.  A thin membrane may be found over the aneurysm neck, which will 

continue to develop over the course of the next month.  Fibrous tissue may be found 

along the periphery of the aneurysm lumen after about 1-3 months, and will cover the 

coils over the course of a year.  New endothelium may be seen covering the aneurysm 

neck after approximately one year after treatment with platinum coils2. 

Mawad et. al studied the growth of neointima in dogs six months after aneurysm 

obliteration with platinum coils and found neointima to be tightly adhered to coils and 

covered with endothelium.  The aneurysm lumen was filled with organized fibrous tissue 

in three layers.  The outer layer consisted of endothelium adjoining that of the parent 

artery.  The second layer contained organized smooth muscle cells, while the innermost 

layer contained disorganized smooth muscle cells.  Minimal foreign body reaction and 

inflammation was noticed30. 

Advantages of Endovascular Coiling 

Coil embolization has several notable advantages over clipping; the most 

paramount being that there is no need for craniotomy and brain manipulation.  

Furthermore, the medical condition of the patient has less of an impact on the timing 

and performance of the procedure, an important benefit, since it is critical to treat 

ruptured aneurysms within 15 days of SAH, most favorably after 2 days10.  Since 

craniotomy is unnecessary, aneurysm location is of less importance, which is beneficial 

to patients with aneurysms in the posterior region of the brain, which is difficult to reach 

for clipping.  Finally, endovascular coiling may be attempted in cases where clipping has 

failed10,18. 
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Ideal aneurysms for coiling are saccular aneurysms with a small neck, as larger-

necked aneurysms do not form a complete endothelial layer.  Small aneurysms range 

between 4 - 10 mm, large aneurysms range between 11 – 25 mm, and giant aneurysms 

are those greater than 25 mm36.  Narrow-necked aneurysms are favored for 

endovascular coiling since the goal is to pack coils as densely as possible without 

encroaching on the parent vessel.  Large-necked aneurysms are susceptible to coil 

movement due to arterial blood flow.  In a well-packed aneurysm, only about 20-40% of 

the volume has been filled, therefore large-necked aneurysms are more likely to be 

compacted by blood flow toward the sac and away from the aneurysm neck18.  

Clinical Trials with Endovascular Coils 

Preliminary clinical studies performed by Guglielmi et al. in 1990 found no 

permanent neurological trauma after coil embolization17.  In a subsequent study, 

Guglielmi et al. was able to achieve 70% to 100% endovascular occlusion in 42/43 

posterior fossa aneurysms with respective overall morbidity and mortality rates at 4.8% 

and 2.4%18.  Byrne et al. studied 317 patients with aneurysmal SAH who were treated 

with platinum coils.  Aneurysms remained occluded in 86.4% of small and 85.2% of 

large aneurysms, while 14.7% of aneurysms experienced rebleeding.  Despite complete 

initial occlusion of the aneurysm lumen, instability of the occlusion is common, 

increasing the likelihood of rebleeding after coil embolization.  This indicates the 

importance of a follow-up angiography to determine the stability of the occlusion in the 

months following the original embolization procedure10. 

Raymond et al. conducted a statistical analysis on 501 aneurysms in 466 patients 

treated with GDCs between August 1992 and May 2002, and found that recanalization, 

or growth of the aneurysm remnant, was found in 33.6% of treated aneurysms.  The 
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most significant predictors of a recurrence are treatment during the acute phase after 

rupture, aneurysm size (greater than 10 mm diameter), neck width (greater than 4 mm), 

unsatisfactory initial angiographic result and length of follow-up period.  In this study, 

46.9% of all recurrences were detected by 6 months, while 96.9% were detected by 36 

months, indicating that the suggested 6 month follow-up period for angiograms is not 

enough to accurately track patients45. 

The International Subarachnoid Aneurysm Trial (ISAT) was a multicenter, 

randomized clinical trial that compared the effects of neurosurgical clipping with 

endovascular treatment with platinum coils in patients with ruptured intracranial 

aneurysms.  This trial recruited and followed 2143 patients who were randomly 

assigned to coiling or clipping treatment between the years of 1994 - 2002.  After one 

year, the risk of dependence or death was reduced by 22.6% for patients who 

underwent endovascular treatment31.  A long-term follow-up of the ISAT trial indicated 

that rebleeding from coiled aneurysms tends to occur within 5 years of the initial 

treatment, and found a significantly smaller death risk for patients treated with coils than 

those treated with surgery32. 

After the ISAT, endovascular obliteration became much more popular than 

surgery.  Aneurysm patients now tend to receive surgical procedures only if they are 

unsuitable for endovascular treatment.  An aneurysm may be unsuitable for 

endovascular treatment due to its diameter, its neck size, abnormal intracranial 

vasculature, thrombus in the aneurysm lumen or other thrombo-embolic issues, 

rebleeding following initial endovascular treatment, and unsuccessful endovascular 

treatment11. 
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Modifications to Platinum Endovascular Coils 

After bare platinum coils were introduced, several groups have attempted to 

modify the surface or the coil technique in order to increase the efficiency of thrombus 

formation.  Coils have been coated with proteins, polymers, and hydrogels, among 

others.  The problem of recanalization has been addressed in two major ways: by 

attempting to increase the rate of neointimal formation to seal the aneurysm neck, or 

increasing the percentage of occlusion of the entire aneurysm volume. 

Protein-Coated Coils 

In 1999, Tamantani et al. compared the angiographic and histopathologic results 

of collagen-coated platinum coils in canine aneurysms, and found that coils coated with 

collagen promoted earlier formation of thrombus in the aneurysm lumen in conjunction 

with a decline in recanalization rate of occluded aneurysms57.   Dawson et al. compared 

the results of collagen-coated coils and traditional platinum coils in swine, and found 

that treatment of aneurysms with collagen-coated coils yielded a completely occluded 

aneurysm with collagen-rich fibrous tissue with no evidence of recanalization12. 

Murayama et al. coated platinum coils with type I collagen, fibronectin, vitronectin, 

laminin, or fibrinogen using an ion implantation technique intended to retain the 

mechanical properties of the coil and improve the adhesion of surface cells during 

exposure to shear stresses and enzymes in the aneurysm lumen.  Greater scar 

formation was reported with type I collagen with new endothelium found at the 

aneurysm orifice34.  

Hino et al. continuously administered Factor VIII, also known as the wound-healing 

factor, intravenously for 5 days in swine treated with coil embolization and found 

increased endothelialization at the aneurysmal orifice.  Factor VIII aids in the formation 
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of granulation tissue by acting as an enzyme to drive fibroblasts from surrounding 

tissues to proliferate toward stabilized fibrin22.  Zhu et al. coated a stainless steel stent 

with a heparinized polymer and canine endothelial cells.  The layer of endothelial cells 

on the surface of the stent remained largely intact after 48 hours of a high shear stress 

brushing test intended to simulate blood flow67.  Abrahams et al. coated bare platinum 

coils with Vascular Endothelial Growth Factor (VEGF) and found an increased 

endothelialization response compared with uncoated coils.  VEGF is a glycoprotein 

produced by macrophages, endothelial cells, and smooth muscle cells that binds 

heparin and has been shown to promote angiogenesis2. 

Matrix Coils 

Murayama et al. loosely packed swine experimental aneurysms with several types 

of bioabsorbable polymer matrix (BPM), and observed a linear relationship between 

collagen levels in the experimental aneurysms and the rate of polymer degradation.  

The strongest inflammatory reaction was produced by 50/50 poly(lactic-co-glycolic acid) 

(PLGA), which had the fastest degradation time.  More organized collagen deposits 

were found in the neck and lumen of aneurysms embolized with BPMs with a faster 

degradation time, particularly compared to standard platinum coils39. 

Matrix coils are platinum coils with a 50/50 PLGA coating designed to increase the 

efficiency of thrombus organization in order to prevent aneurysm recanalization.  Matrix 

coils are composed of 70% BPM and 30% platinum35.  Initial testing in swine found 

more organized thrombus in aneurysms treated with Matrix coils after 14 days than with 

bare platinum coils, however, results after 3 months were similar for both GDCs and 

Matrix coils.  Most importantly, a reduction in the size of the aneurysm sac was noticed 
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in the aneurysms treated with Matrix coils, as the BPM was likely replaced by mature 

scar tissue, which retracts in the wound-healing process25.   

Matrix Coils were Food and Drug Administration (FDA) approved in 2002, and 

were the first commercially available bioactive coil for the treatment of cerebral 

aneurysms41.   Initial clinical trials with Matrix coils indicate moderate improvement in 

the recanalization rate compared with bare platinum coils.  However, increased friction 

in the first-generation Matrix coils made them more difficult to insert, and the packing 

density was less than of bare platinum coils.  In theory, the strength of the organized 

connective tissue produced by the Matrix coils is stronger than unorganized thrombus, 

increasing its resistance against the mechanical forces that cause recanalization and 

coil remodeling within the aneurysm37. 

A prospective multicenter registry conducted in France to evaluate the safety and 

efficacy of Matrix coils found a recanalization rate of 25.7%, which increased if the 

volume percentage of the aneurysm occluded was less than 25%41.  Biologic activity 

was demonstrated with the Matrix coils due to a 30% rate of progressive thrombosis at 

mid-term follow-up42.  Another study indicated that long-term results of treatment with 

bare platinum coils compared to Matrix coils do not exhibit a difference in occlusion and 

recanalization rates, while the increased friction of the Matrix coils adds to complications 

with insertion and placement47. 

Hydrogel-Coated Coils 

Platinum coils have been shown to reach a volume occlusion percentage of 

approximately 25-33%, despite post-procedural angiography indicating complete 

occlusion of the aneurysm57.  The HydroCoil Embolic System (HES) is designed to 

improve the rate of aneurysm recanalization by addressing the issue of volume 
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occlusion percentage.  HES is composed of a platinum coil coated with a hydrogel that 

swells to three times its original diameter in contact with blood and stops swelling upon 

contact with the aneurysm wall.  In an in vitro model of a ruptured intracranial aneurysm, 

HES eliminated gaps within the aneurysm lumen without inciting changes in aneurysm 

size61.  HES received a CE mark and FDA 510(k) clearance in 2002.  A clinical study 

comparing HydroCoil with bare platinum coils found the mean volume percentage 

occlusion with HydroCoils to be 70.7%16.  An animal study comparing several second-

generation endovascular devices, including HES, found greater occlusion at 

angiography, however, the level of organization of fibrous tissue around the aneurysm 

necks was similar for all devices tested28. 

Controlled Release of Proteins 

The FDA has cleared lactic and glycolic acid copolymers (PLGAs) for use in 

several pharmaceutical products or medical devices50.  PLGA has gained popularity for 

use in medical devices due to its excellent biodegradability, mechanical strength, and 

biocompatibility25.  In body fluids, PLGA undergoes hydrolysis of its ester backbone and 

degrades back to lactic and glycolic acid monomers.  These monomers are metabolized 

and eliminated in vivo as carbon dioxide and water in the Krebs cycle52. 

PLGA microspheres have been widely studied for applications involving controlled 

release of drugs or proteins55.  Proteins and peptides may be encapsulated into 

microspheres using a water-in-oil-in-water emulsion and solvent evaporation technique, 

in which the hydrophilic protein is protected by a hydrophobic polymer layer63.   Protein 

release from microspheres occurs through two mechanisms: pore diffusion of the 

protein through hydrophilic channels, and PLGA degradation.  Protein release profiles 

are characterized by an initial burst followed by a lag phase, followed by increased 
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release when the polymer degrades63.   In this study, this popular double emulsion 

technique has been adapted for use as a coating for polymer coils as a water-in-oil 

emulsion.

Proteins Released from Bioactive Coating 

This study will examine the cellular response elicited by the release of four 

proteins into a murine aneurysm lumen over the course of three weeks.  Each protein 

has been linked to angiogenesis or recruitment of smooth muscle cells.  Proteins will be 

evaluated for their ability to recruit new smooth muscle cells to the aneurysm lumen. 

Monocyte Chemoattractant Protein-1 

Monocyte Chemoattractant Protein-1 (MCP-1) is a member of the CC chemokine 

family proven to activate monocytes, macrophages, and lymphocytes.  MCP-1 has been 

shown to promote the development of aneurysms, and is expressed in aneurysms 

through endothelial cells and some smooth muscle cells5.  Progenitor cell migration in 

the brain after ischemic incidents is due in part to MCP-1, since MCP-1 protein is 

expressed in ischemic cortex in murine stroke models.  Furthermore, elevated levels of 

MCP-1 were present in the cerebrospinal fluid of ischemic stroke patients49.  Vascular 

smooth muscle cells and fibroblasts have specific receptors for MCP-1, and MCP-1 has 

induced the migration of smooth muscle cells in vitro.  Collagen expression by 

fibroblasts was enhanced in vitro due to the production of TGF- β produced by MCP-133. 

Stromal Cell-Derived Factor-1 

Stromal Cell-Derived Factor-1 (SDF-1) is a CXC chemokine whose receptor, 

CXCR4, is expressed on the surface of endothelial progenitor cells, and plays an 

important role in the regulation of proliferation, mobilization, and angiogenesis64.  SDF-1 

mediates the recruitment of smooth muscle cell progenitors from the bone marrow65.  



 

Bone marrow derived circulating EPCs play an important role in the creation of new 

vascular tissue in response to SDF-1 and other cytokines.  In particular, EPCs exhibit a 

dosage-dependent response to SDF-164.  SDF-1 is secreted by activated platelets, 

supporting the chemotaxis of EPCs into a thrombus54. 

Bone Morphogenic Protein-4 

Bone Morphogenic Proteins (BMPs) are secreted growth factors of the 

transforming growth factor  (TGF) family, that have been shown to affect cellular 

processes such as proliferation, differentiation, chemotaxis, motility, and cell death24.  

BMPs stimulate osteoblasts to produce Vascular Endothelial Growth Factor A (VEGF-

A), which in turn stimulates angiogenesis by coupling the process to bone formation13.  

Furthermore, BMP-4 has been linked to the regulation of ocular angiogenesis by 

stimulating VEGF release from retinal pigment epithelial cells60.  Finally, malignant 

melanomas tend to express BMPs, and BMP-4 is suggested to act as an angiogenic 

factor due to its positive effect on the migration of endothelial cells in vitro48. 

Connective Tissue Growth Factor 

Connective Tissue Growth Factor (CTGF), a member of the CCN family of 

secreted proteins, is involved in angiogenesis, skeletogenesis, and wound healing.  It 

contains a cysteine-rich domain known to bind BMP-43.  CTGF plays a significant role in 

the production of extracellular matrix (ECM) in conditions of excessive collagen 

deposition15.  CTGF promotes the adhesion, proliferation, and migration of vascular 

endothelial cells in vitro, and induces the tube formation of vascular endothelial cells52.  
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Figure 2-1.  Cartoon Diagram of Platinum Coil Insertion.  The coil is inserted into the 

aneurysm lumen through the guide wire.  Multiple coils are typically required 
to completely occlude an aneurysm. 

 
 



 

CHAPTER 3 
MATERIALS AND METHODS 

Materials 

Coatings 

Coatings were primarily composed of ester terminated (nominal) 50/50 Poly (D,L-

lactide-co-glycolide) (PLGA) in hexafluoroisopropanol (HFIP) with an inherent viscosity 

of 0.61 dL/g (Lactel Absorbable Polymers, Pelham, AL).  PLGA was dissolved in 

methylene chloride (Fisher Scientific, Pittsburgh, PA).  Anhydrous 95.0% magnesium 

hydroxide was used as a neutralizing agent (Sigma Aldrich, St. Louis, MO). 

Vicryl Sutures and Endovascular Coils 

Dr. Brian L. Hoh in the Department of Neurosurgery at UF provided endovascular 

coils and Vicryl sutures for all experiments.  Sterile Polyglactin 910 coated Vicryl violet 

braided sutures (Ethicon, Inc., Somerville, NJ) were used for preliminary testing of the 

coatings.   TruFill DCS OrbitTM Detachable Coils (Cordis Neurovascular, Miami, FL) 

were used to test the coatings in subsequent experiments. 

Proteins 

A Coomassie (Bradford) Protein Assay Kit (Pierce, Rockford, IL) was used for 

protein release rate measurements of the coatings.  Coomassie (Bradford) Protein 

Assay Reagent was composed of G-250 dye, methanol, phosphoric acid, and 

solubilizing agents in water.  The kit also contained Bovine Serum Albumin (BSA) 

standard ampoules with a concentration of 2 mg/mL in a solution of 0.9% saline and 

0.05% sodium azide.  BSA was used as a standard for the Bradford assays as well as 

in control experiments as a sample protein to model the in vitro release rate of the 

PLGA coatings. 
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 The PLGA coatings incorporated proteins in a water in oil emulsion.  One type of 

protein was encapsulated in each coating sample, and various proteins were tested to 

determine their effect on the development of new fibrous tissue and smooth muscle 

cells.  Proteins involved in the study included Monocyte Chemoattractant Protein-1 

(MCP-1) (Sigma, St. Louis, MO), Stromal Cell-Derived Factor-1 (SDF-1) (R&D Systems, 

Inc., Minneapolis, MN), Connective Tissue Growth Factor (CTGF) (PeproTech, Inc., 

Rocky Hill, NJ), and Bone Morphogenic Protein-4 (BMP-4) (PeproTech, Inc., Rocky Hill, 

NJ).  Proteins were reconstituted in Dulbecco’s sterile Phosphate Buffered Saline (PBS) 

solution without calcium and magnesium (Mediatech, Inc., Herndon, VA).  Dr. Hoh’s 

research group in the UF Department of Neurosurgery provided all proteins. 

Methods 

Poly (D,L-lactide-co-glycolide) (PLGA) Coatings 

PLGA Coating 1 for sutures and platinum coils 

A coating solution composed of a water-in-oil emulsion was used to encapsulate 

proteins in 50/50 PLGA.  The oil phase of the emulsion was composed of 5 (w/v)% 

50/50 amorphous PLGA dissolved in methylene chloride.  The aqueous phase of the 

emulsion was prepared by mixing 10 g/mL of a given protein solution and 3(w/v)% 

magnesium hydroxide in PBS.  The magnesium hydroxide was used as neutralizing 

agent to protect the protein stability from acidic byproducts of PLGA degradation, and 

3(w/v)% magnesium hydroxide has been shown to yield greater protein release66. An 

emulsion was created by mixing the aqueous phase with the oil phase in a 1:10 ratio 

under an ice bath, forming a milky solution with small white agglomerations of protein.  
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PLGA Coating 2 for platinum coils 

Vicryl sutures and preliminary platinum coils in trial 1 were treated PLGA Coating 

1.  PLGA Coating 2 was used for trial 2 with platinum coils, and used 3 (w/v)% 

magnesium hydroxide in 50/50 PLGA, with 10g of protein in 100L of PBS forming the 

aqueous phase.  The oil and aqueous phases were mixed again in a 1:10 ratio in an ice 

bath.  Smaller quantities of protein solution and PLGA were mixed in the same ratio in 

hopes of increasing protein collisions with the surface of the coil and increasing the 

amount of proteins contained in the PLGA coating. 

Coating technique  

Vicryl sutures were originally used to test coatings due to cost-effectiveness, but 

were later discarded in favor of platinum endovascular coils due to fraying of the suture 

upon implantation.  Coils or sutures were cut into approximately 2 mm samples, rinsed 

in 70% ethanol inside a Petri dish, and allowed to air dry inside of a fume hood for 10 

minutes.  Samples were dip-coated into the PLGA solution five times at 15-second 

intervals, and allowed to dry by laying flat for approximately 2 hours inside a Petri dish.  

Samples were stored at 4 C until use. 

Airbrush coating technique 

Preliminary coatings were applied to the suture and coil surfaces using an 

airbrush.  PLGA Coating 1 was loaded into a Master Airbrush Brand Model G22 

Precision Dual-Action Gravity Feed airbrush (TCPGlobal.com).  Airbrushing of coatings 

was discontinued due to substantial loss of PLGA solution in the coating process from 

airbrush flow and contamination concerns for proteins. 
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Polyelectrolyte complex coating technique 

Preliminary coatings were also made using a polyelectrolyte complex (PEC) 

composed of acetic acid, chitosan, and protein solution23.  Sodium alginate powder was 

used to prepare a 1.0 (w/v)% alginate solution in water, and chitosan powder was used 

to create a 1.0 (w/v)% chitosan solution in acetic acid.  Vicryl sutures were used to test 

the PEC coatings.  Vicryl sutures were cut into 4 mm sections and rinsed in 70% 

ethanol in a Petri dish and allowed to dry as previously described.  Sutures were dip-

coated in alginate solution for 15 seconds, dipped into a 10 g/mL BSA solution for 15 

seconds, and then dipped in chitosan solution for 15 seconds.  Sutures were allowed to 

dry for several hours and were stored at 4 C. 

Protein Release Measurements 

BSA was used as a sample protein to obtain an estimate of the release rate of 

both PLGA Coatings 1 and 2 and the PEC coatings.  Coated coil or suture samples 

were placed in a 1.5 mL micro centrifuge tube containing 1 mL PBS.  Samples were 

placed in a hybridized incubator at 37 C, and were tested at 1, 3, 7, 14, and 21 days 

after placement in PBS.  Separate samples were used for each time point, and n=3 

samples of each type were tested each time.   

The concentration of BSA released was measured using a Bradford protein assay, 

in which BSA was used as a standard. Samples were prepared for the Bradford protein 

assay by transferring 0.5 mL of PBS solution from their micro centrifuge tubes to a 

cuvette and adding 0.5 mL of Coomassie protein assay reagent.  Absorbance of the 

samples was measured at 595 nm using a UV-2410PC spectrophotometer (Shimadzu).  

Each sample was assayed four times, and the soluble BSA concentration released was 
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determined by comparing the absorbance of a sample against a standard curve created 

with BSA.   The standard curve was constructed by drawing a line of best fit between 

the absorbance values of BSA standards of known concentrations.  Unknown sample 

concentrations were determined using the equation for the line of best fit, where y 

indicated sample absorbance and x indicated sample concentration.  Figure 3-1 shows 

a sample standard curve used. 

Scanning Electron Microscopy 

The surface morphology of uncoated coils, airbrushed coils, dip-coated PLGA 

coils, and ex-vivo dip-coated PLGA coils was examined using a JEOL SM-31010 field 

emission scanning electron microscope at 15 kV.  Samples were attached to a stub 

using double adhesive tape and sputter coated with carbon.  SEM images were used to 

qualitatively compare the morphology of two coating techniques, as well as to analyze 

the progression of the PLGA coating morphology prior to implantation in a murine 

aneurysm model and ex-vivo. 

 In Vivo Analyses 

Murine aneurysm model 

The cellular response of the sutures and coils was analyzed in vivo using a murine 

aneurysm model.  In vivo analyses were performed in collaboration with Koji Hosaka, 

Erin Wilmer, and Daniel Downes in the Department of Neurosurgery at the University of 

Florida.  Briefly, the right common carotid artery (RCCA) of a mouse was bathed in 25 

mg/mL of diluted and filter sterilized porcine pancreatic elastase for 20 minutes, causing 

the artery to swell.  The distal end of the artery was cauterized to occlude blood flow, 

creating an aneurysm.  Animals were closed up, allowed to regain consciousness and 

become ambulatory, and were monitored for any post-surgical complications or distress. 
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 Three weeks post-surgery, the aneurysms were treated with the PLGA-coated 

sutures or coils.  An incision was made on the RCCA wall by a microsurgical blade, and 

the suture or coil was inserted into the resulting pocket.  Sutures were used in 

preliminary testing and were later replaced by coated coils since the sutures were more 

difficult to manipulate and would dissolve over time inside tissue.  Preliminary suture 

testing included uncoated sutures, sutures coated with PLGA only, and sutures coated 

with PLGA and CTGF.  Each type of sample was tested on n=3 mice.  Subsequent 

studies with coils included coils coated with PLGA and CTGF, SDF-1, BMP-4, or MCP-

1.  Uncoated coils and coils coated with only PLGA were used as controls. 

Sutures or coils were allowed to remain inside the animal for three weeks, after 

which the animal would be euthanized.  The right and left common carotid arteries were 

immediately excised and placed in a 4% paraformaldehyde solution.  After the arteries 

were excised, the coils or sutures were removed and the arteries were cut into cross-

sections and analyzed. 

Analysis of ex vivo samples 

In preliminary suture studies, the presence of CTGF was determined by coupling 

with anti-CTGF.  Hemotoxylin and eosin (H&E) staining was also used to evaluate 

cellular behavior of aneurysms treated with coils.  Immunohistochemical (IHC) staining 

was performed on the 5 m cross-sections embedded in OCT cryoembedding media 

from treated aneurysms fixed in 4% PFA.  Sections were treated with acetone at -20 C 

for 5 minutes and air-dried prior to staining.  The OCT media was removed from the 

sample slides by rinsing with 1X Wash Solution (DAKOCytomation, Carpinteria, CA) for 

5 minutes.   
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Smooth muscle staining was performed by biotinylating the primary antibody.  

Slides were blocked in Serum Free Blocking Solution (DAKOCytomation, Carpinteria, 

CA), then avidin and biotin (Vector Labs, Burlingame, CA) for 15 minutes each.  Slides 

were washed between each step.  Mouse anti-actin (Sigma, St.Louis, MO) was applied 

for 20 minutes at room temperature using a dilution of 1:600.  After washing twice for 

five minutes, Streptavidin Alexa Fluor 594 (Molecular Probes, Eugene, OR) was applied 

at 1:500 for 45 minutes as a detection agent. 

Staining with Fibroblast-Specific Protein-1 (FSP-1) (Abcam, Cambridge, MA), at a 

titer of 1:150, required 25-minute heat induced antigen retrieval with 10mM Citra buffer, 

pH 6.0 for optimal staining.  Slides were blocked in 2% horse serum for 30 minutes prior 

to the application of primary antibody overnight at 4 C.  Slides were incubated for 45 

minutes in 1:500 Alexa Fluor 594 anti-rabbit raised in donkey (Molecular Probes) and 

were washed twice for 5 minutes and mounted in VectaShield with 4’,6-diamidino-2-

phenylindole (DAPI) prior to imaging.  Positive control tissues and concentration-

matched Ig controls were included with each immunoassay. 
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Figure 3-1.  Standard Curve at 595 Nanometers.  Known concentrations of BSA were 

used to construct a standard curve based on absorbance at 595 nm.



 

CHAPTER 4 
RESULTS AND DISCUSSION 

Protein Release Measurements  

Bovine serum albumin (BSA) was used as a model protein to determine the 

protein release rate from the PLGA and PEC coatings.  BSA was chosen for its cost-

effectiveness, as well as because it is the standard for the Bradford assay, therefore the 

absorbance of the unknown samples would more closely match that of the standard.  

The release rate of BSA from each coating was intended to serve as a model for protein 

release. 

Ultimately the PEC method coatings were discontinued from testing due to 

concerns regarding the solubility of the alginate.  Alginate has been attempted as an 

embolic agent for cerebral aneurysms; however, the water-soluble nature of the alginate 

causes escape of the embolic agent into the parent artery circulation46.  Furthermore, 

Koji Hosaka in the Department of Neurosurgery at UF attempted unsuccessfully to inject 

alginate into a murine aneurysm as an embolic agent and experienced significant 

difficulty maintaining the alginate inside the aneurysm lumen due to the water solubility 

of the alginate.  The PEC coatings were discontinued due to these concerns.  

Bradford assays for the coils coated with the PEC method PLGA Coating 1 were 

inconclusive, since the absorbance readings for the unknown samples were extremely 

close to those for the 0 g/mL standard, suggesting that the concentration of BSA 

released from each coating was on the order of nanograms or picograms.  Since the 

tested proteins were only available in 10g/mL concentrations due to budget concerns, 

the BSA was diluted to this concentration in order to maintain uniformity with the rest of 

the protein coatings.  Although an in vitro release rate could not be determined for 
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PLGA Coating 1, it was evident that the coatings were indeed releasing protein, since 

the in vivo results with each coating were consistently different. 

Bradford assays for the PLGA Coating 2 were also inconclusive.  This time, the 

coatings were made with a 100 g/mL BSA solution instead of a 10 g/mL solution.  

The emulsions were composed of 100 g of protein solution and 1 mL of PLGA and 

magnesium hydroxide solution.   Although the initial Bradford assay was inconclusive, 

the release rate experiment will be repeated to determine a release rate, since the 

greater concentration of BSA in these coatings should release at detectable amount of 

protein. 

Scanning Electron Microscopy 

Scanning Electron Microscope (SEM) images were used to examine the 

morphology of the PLGA coatings on the platinum coils.  A homogeneous coating was 

desired that would cover the entire surface of the coil.  Figure 4-1 depicts an uncoated 

coil at 20X magnification (A) and 100X magnification (B).  The uncoated coil is smooth 

and has a ribbed appearance due to tight winding of the platinum wire. 

The morphology of the airbrushed coils differs from that of the dip-coated coils.  

Airbrushing was discarded as a coating technique due to difficulties with controlling the 

flow of the airbrush, significant waste of PLGA solution during the coating process, and 

contamination concerns for the proteins.  The morphology of a coil airbrushed with 

PLGA Coating 1 is shown in Figure 4-2 at 20X magnification (A), and at 100X 

magnification (B).  These images show a ragged coating with agglomerations of PLGA 

on the sides of the coil.  The size of the coils and the thin stream of PLGA emerging 
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from the nozzle of the airbrush make it difficult to see how much is accumulating on the 

surface of the coil. 

Figure 4-3 shows a coil that has been dip-coated with PLGA and SDF-1 at 20X 

magnification (A), 50X magnification (B), 100X magnification (C), 200X magnification 

(D), 700X magnification (E), and 2000X magnification (F).  Platinum coils in these 

images were coated using PLGA Coating 2.  These images show a porous coating that 

tends to be sparser towards the middle of the coils and agglomerate at one end.  This is 

most likely due to the manner in which the coils are coated with PLGA.  Since the coils 

are dip-coated, it is likely that during the coating process the PLGA solution would drip 

towards the opposite end of the coil and accumulate at the end.   

Figure 4-3 (D) and (E) show that the coating is uneven in some parts of the coil.  

This is likely due to the fact that the coils are laid flat to dry.  The areas where the coil 

lays flat against the surface of the Petri dish on which it dries will have less PLGA 

coating.  Figure 4-3 (E) shows the uneven coverage of the PLGA coating in more detail.  

Figure 4-3 (F) shows that the surface morphology is rugged and porous.  The lumps in 

the coating could be attributed to the magnesium hydroxide that is added to the PLGA 

solution as a neutralizing agent.  Although these coatings cover the surface of the coil 

unevenly, they are suitable for preliminary testing purposes.  Future testing may require 

more precise coating methods. 

Coils were examined ex vivo prior to treatment with paraformaldehyde.  Figure 4-4 

depicts ex vivo coils at 20X magnification (A), 150X magnification (B), and 200X 

magnification (C).  The coils in these images had been coated with PLGA Coating 2.  

The coil appears thinner than the other coils in Figures 4-1, 4-2, and 4-3 because the 
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wire was unwound during the removal process from the sectioned artery.  Figure 4-4 (B) 

and (C) show what appears to be a mixture of coating as well as tissue growth on the 

surface of the coil.  In these images there appears to be striated sections that could 

possibly be tissue that has remained attached to the coil.  Comparing Figure 4-4 (D) 

with Figure 4-3 (A), it is evident that most of the coating has dissolved from the coil, 

leaving behind mostly uncoated coil. 

 
Murine Aneurysm Model 

Vicryl Sutures 

Vicryl sutures were used for preliminary testing of PLGA Coating 1 due to their 

cost-effectiveness.  Since an in vitro analysis yielded inconclusive results due to low 

amounts of protein contained in the coating, an in vivo analysis was conducted in order 

to determine the effects of the protein released.  Vicryl sutures with PLGA, PLGA and 

CTGF, and uncoated Vicryl sutures were tested in vivo in a murine aneurysm model as 

described in Chapter 3.  Sutures were implanted in the aneurysm site and were left in 

the mice for three weeks.  After three weeks, the mice were euthanized as outlined in 

Chapter 3, and then the affected arteries were removed, cross-sectioned, and stained 

as described previously. 

Fluorescence microscopy was used to analyze ex-vivo cross-sectioned arteries 

after the sutures were removed.  The nuclei of recruited progenitor cells were stained 

blue with 4’,6-diamidino-2-phenylindole (DAPI), and anti-CTGF was used to determine 

the presence of CTGF.  Red fluorescent tags indicated the presence of CTGF when it 

coupled with the CTGF present.  Since Vicryl sutures are designed to dissolve in the 

tissue environment, in vivo results from the uncoated suture could not be examined.  
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Figure 4-5 depicts fluorescence microscopy images at 10X magnification of Vicryl 

sutures coated with PLGA (A) and Vicryl sutures coated with a PLGA coating containing 

10 μg of CTGF (B).  Although a significant number of cells may be observed in these 

images, it is unclear what type of cells they are, and whether they were recruited to the 

area by the CTGF present.  These preliminary inconclusive results, in addition to the 

fraying of the uncoated suture during implantation efforts, were the driving force behind 

the decision to use platinum coils instead of sutures in order to obtain an effective 

control. 

Platinum Coils 

Platinum coils with PLGA Coating 1 

The first trial with platinum coils involved PLGA coatings with CTGF, SDF-1, or 

BMP-4.  Uncoated platinum coils and platinum coils coated with only PLGA were used 

as controls.  In this trial, the PLGA Coating 1 was used, where 1 mL of 10 g/mL protein 

was mixed with 10 mL of PLGA to create the emulsions as described in Chapter 3.  This 

resulted in a small concentration of protein contained in each coating, leading to the 

release of a concentration of each protein inside the aneurysm lumen that could not be 

determined using the Bradford Assay. 

Figure 4-6 depicts hematoxylin and eosin (H&E) staining of the cross-sectioned ex 

vivo arteries from this trial.  Ideal results would show smooth muscle tissue growth 

around the periphery of the aneurysm lumen, indicated by a strong red color.  Figures 4-

6 (A) and (B) show ex vivo arteries treated with an uncoated platinum coil, and an ex 

vivo artery treated with a platinum coil coated with only PLGA.  These images serve as 

controls by which to compare the protein-encapsulated coatings.   
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Figure 4-6 (C), which shows an ex vivo artery treated with PLGA and BMP-4, does 

not differ significantly in appearance from the controls.  However, Figures 4-6 (D) and 

(E), which show images of ex vivo arteries with treated with CTGF and SDF-1, 

respectively, show a significantly larger amount of what appears to be new smooth 

muscle cells, indicated in deep red in the images.  In this first trial, it appears that SDF-1 

elicits the most favorable cellular response, with CTGF also showing a favorable 

although less robust response.  Although the results of the first trial were promising, 

more data was required in order to prove that SDF-1 and CTGF indeed elicited the 

growth of new smooth muscle cells along the periphery of the aneurysm lumen. 

Platinum coils with PLGA Coating 2 

A second trial with platinum coils was performed to corroborate the data from the 

first trial.  In the second trial, the PLGA Coating 2 emulsions were composed of smaller 

volumes of protein and PLGA in a 1:10 ratio.  The purpose of using smaller volumes 

was to increase the concentration of proteins present on the coils by having the same 

amount of protein present in a smaller volume of solution, increasing the number of 

collisions between protein molecules and the coil and thus leading to more protein 

embedded in the coil coating.  The second trial tested PLGA coatings with CTGF, SDF-

1, BMP-4, or MCP-1.  PLGA coatings with no protein were used as a control. 

Figure 4-7 (A) shows an H&E stain of an ex vivo artery that was treated with a 

control coil coated only with PLGA.  Figures 4-7 (B-E) show ex vivo arteries treated with 

coils coated with PLGA and SDF-1, MCP-1, BMP-4, and CTGF, respectively.  Similar to 

results from the first trial, BMP-4 once again does not show a favorable cellular 

response in terms of the appearance of smooth muscle cells.  However, SDF-1, MCP-1, 

and CTGF all show greater amounts of smooth muscle cells compared with the PLGA 
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control.  It is interesting to note that despite the increased concentration of protein 

released, SDF-1 yielded a less robust response in the second trial than in the first.  The 

response shown by CTGF is significantly strong.  MCP-1 was not tested in the first trial. 

Further trials are necessary to corroborate this data. 

Figure 4-8 depicts fluorescence microscopy images at 10X magnification of 

immunohistochemical staining of ex vivo arteries treated with PLGA coating with no 

protein (A) and PLGA and SDF-1 coating (B).  Cell nuclei are stained blue with DAPI, 

and smooth muscle actin is stained red.  Figure 4-8 (B) shows a significantly greater 

presence of smooth muscle actin than Figure 4-8 (A), indicating that SDF-1 yields a 

greater presence of smooth muscle cells than the control.  Further examination of the 

effects of SDF-1, CTGF, and MCP-1 will need to be investigated in future trials to 

corroborate this preliminary data. 



 

A    B 
Figure 4-1.  SEM Image of an Uncoated Platinum Coil. A) 20X magnification and B) 

100X magnification. 

 

 

A    B 
Figure 4-2.  SEM Image of a Coil Coated by Airbrushing.  A) 20X magnification and B) 

the middle of the coil at 100X magnification. 
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 A   B 

C   D 

E   F 
Figure 4-3.  SEM Images of Coated Platinum Coil. A) 20X magnification, B) 50X 

magnification, C) 100X magnification, D) 200X magnification, E) 700X 
magnification and F) 2000X magnification.   The coating accumulates at one 
end of the coil due to vertically dip-coating the coil in the PLGA solution.  The 
coating does not evenly cover the surface of the coil since it is laid flat to dry. 
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 A   B  

 C  
Figure 4-4.  SEM Images of an Ex Vivo Coil.  A) at 20X magnification, B) at 150X 

magnification and C) at 200X magnification.  The coil appears stretched due 
to the manner in which it was removed from the artery cross-section.  The coil 
was coated with PLGA and SDF-1. 
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 B 
Figure 4-5.  IHC Staining of Ex Vivo Arteries Treated with Sutures.  A) Suture with only 

PLGA coating, and B) Suture with PLGA and CTGF coating.  Fluorescence 
microscopy images at 10X magnification.  DAPI was used to stain cell nuclei 
blue and anti-CTGF was used to identify the presence of CTGF. 
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A   B 

C   D  

 E 
Figure 4-6.  H&E Staining of Ex Vivo Arteries with Platinum Coils – First Trial.  A) 

Uncoated coils, B) Coils coated only with PLGA, C) BMP-4 D) CTGF, and E) 
SDF-1. 
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 A   B 

 C   D  

 E 
Figure 4-7.  H&E Staining of Ex Vivo Arteries with Platinum Coils – Second Trial.  A) 

PLGA coating with no protein, B) SDF-1, C) MCP-1, D) BMP-4, E) CTGF. 
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 A  

 B  
Figure 4-8.  IHC Staining of Ex Vivo Arteries Treated with Platinum Coils.  A) PLGA 

coating with no protein and B) PLGA and SDF-1 coating.  Cell nuclei are 
depicted in blue and smooth muscle is depicted in red.  Fluorescence 
microscopy images are at 10X magnification.



 

CHAPTER 5 
CONCLUSIONS  

Several coatings capable of releasing protein were examined, with a water–in–oil 

emulsion composed of PLGA and protein showing the greatest promise.  Chitosan and 

alginate in a polyelectrolyte complex proved to be an unsuccessful technique due to the 

solubility of the PEC coating posing problems with migration of the coating into the 

parent artery. PLGA Coating 2 provided a greater initial concentration of protein in the 

coating solution, and shows promise for use as a coating that would be most cost-

effective, requiring smaller initial protein concentrations. 

Airbrushing the PLGA coatings into the coils proved to be an inefficient coating 

method due to significant loss of the PLGA solution during the coating process 

agglomeration of PLGA on the coil, and concerns regarding contamination of protein 

solutions.  Dip coating proved to be an effective method for coating the coils that would 

maintain the sterility of the protein solution and allow the most control in the coating 

process.  Further optimization of the dip-coating method is required to ensure that the 

coating dries evenly on the surface of the coils. 

Release rates for the coatings were unable to be determined in vitro using the 

Bradford Protein Assay, although it is likely that PLGA Coating 2 does release a 

detectable amount of protein.  Further testing is required to determine the in vitro 

release rate of this coating.  However, both PLGA Coating 1 and PLGA Coating 2 were 

proven to release protein based on in vivo studies in a murine aneurysm model due to a 

noticeable difference in the cellular response of ex vivo arteries treated with different 

protein solutions in comparison with the control coatings.  

51 



 

52 

The cellular response of murine aneurysms treated with BMP-4, CTGF, SDF-1, 

and MCP-1 was tested and compared.  CTGF, SDF-1, and MCP-1 elicited a favorable 

response in vivo proven by H&E staining of ex vivo aneurysms indicating a greater 

presence of smooth muscle cells than control coils.  Smooth muscle actin staining of 

aneurysms treated with SDF-1 showed a robust response of smooth muscle cells 

around the periphery of the aneurysm lumen.  This preliminary study proves that CTGF, 

SDF-1, and MCP-1 should be explored further as possible proteins incorporated in a 

bioactive PLGA coating for platinum endovascular coils.



 

CHAPTER 6 
FUTURE WORK 

The data obtained from these preliminary studies show positive steps forward 

toward the development of a bioactive coating for platinum endovascular coils.  The 

following studies should be performed in order to corroborate and expand upon the 

results from this study. 

1. Characterization of the release rate of PLGA Coating 2.  PLGA Coating 2 

uses a significantly higher initial protein concentration in the coating 

emulsion than PLGA Coating 1, therefore, the amount of protein released 

should be able to be detected with a Bradford assay.  A timed-release study 

tested at 0.5, 1, 3, 7, 14, and 21 days is necessary to model the release 

rate of PLGA Coating 2. 

2. Viability of proteins released.  The Bradford Protein Assay measures the 

concentration of soluble protein released from the coatings.  It is of interest 

to determine if the proteins released from the coatings are viable by 

performing an Enzyme-Linked Immunosorbent Assay (ELISA) on each 

protein released from the coatings. 

3. Repetition of in vivo testing with CTGF, BMP-4, SDF-1, and MCP-1.  These 

studies should be repeated in order to corroborate the results from trials 1 

and 2.  Furthermore, further characterization of the cell types present in the 

ex vivo cross-sections of treated aneurysms would be of interest. 

4. Improvement of the uniformity of the PLGA Coating.  SEM images of the 

coils dip-coated with PLGA indicate that a more uniform coating is needed.  
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Mechanical dip-coating methods could be explored in order to achieve more 

uniform coatings.   

5. Optimization of protein dosage.  Determining the optimum dosage for each 

protein is necessary to obtain the most favorable cellular response.  

Eventually, a combination of proteins may be encapsulated in the PLGA 

coating.  The release rate of the proteins could be further optimized through 

the use of additives that would cause proteins to be released at a slower 

rate.  

6. Characterization of Long-Term Results.  Coated coils were tested in a 

murine aneurysm model for 3 weeks, which was long enough for the 

appearance of new smooth muscle cells to occur.  However, more long-

term studies would show more organized fibrous tissue and eventual 

endothelialization of the aneurysm neck. 

. 
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