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Drugs currently utilized for AMD are delivered via repeated intravitreal 

injections of the drug into the eye. Risks of repeated intravitreal injections can include 

intraocular infections (endophthalmitis), intraocular hemorrhage, and retinal detachment. 

Also, reducing the frequency of dosing will clearly benefit the patient by reducing the 

need for risky intravitreal injections and improving the pharmacokinetics of the drug in 

the eye. Eye disease in the posterior segment includes two different forms of AMD such 

as Dry and Wet. Approximately 90% of patients with AMD have the Dry form 

shown in small yellow and white deposits form made of proteins and waste 

products. Wet AMD is caused by abnormal blood vessels grow out of the retina 

followed by rapid vision loss. However these AMD diseases limit drug delivery in the 

retina region driven by eye drops [14, 15].  The treatment of vitreous body segment 

disease still has a significant limitation and difficulty in delivering effective doses of 

drugs to targeted area in the vitreous body of the eye [16, 17, 18].  

 

a) b) 

c) 
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Figure 1. 2 Comparisons between normal and AMD diagnosed human eye; a) left, CT 

scan of normal and b) AMD diagnosed, c) people clearly perceive an object with normal 

vision, d) AMD patient has a difficulty to see center area of vision. A computed 

tomography (CT) scan captured from the www.FightBlindness.org, "Treatment & 

Therapy for AMD." 

 

1.3.2 Drug Administration for Human Eye Diseases 

Many ophthalmic drug delivery systems were developed and available to 

overcome specific problems. In the past decades, significant advances have been made to 

develop the drug delivery devices for the eye disease and to maintain effective drug doses 

methods such as in situ gel (hydrogels), ocular insert, nano/micro particle, nano/micro 

suspension and micro-emulsion has been developed [2, 19-24].  

It can be seen in Figure 1.3 a), b) that high peak levels or less effective drug levels 

of dug amount can cause severe side effects. The controlled release and implant release 

concept (Figure 1.3 c), d)) are appropriate for drugs with a longer period of time to 

maintain therapeutic plasma concentrations. The administration intervals can be increased 

in accordance with elimination rate of drugs in the eye. Moreover, high plasma peak 

levels which can cause side effects can be reduced. 

d) 
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Figure 1. 3 Four different types of drug release; a) frequently dose every 1 or 2 weeks, b) 

rarely dose every 10 or 20 months, c) one time dose with controlled release, d) implant 

dose with diffusion release.  

 

It is shown in Figure 1.4 that nonbiodegradable and biodegradable drug delivery 

methods in the eye region in accordance with the function of time and derivatives of fluid 

sources (drugs) are discussed [25]. The Vitrasert implant contains a ganciclovir tablet 

coated with polyvinylalcohol (PVA) and ethylene vinyl acetate (EVA) polymers. 

Research is continuing on biodegradable implants to determine their clinical application. 

Right side view shows biodegradable release systems include Lacrisert®, scleral plug, 

Episcleral implant, and Injectable rod. Figure obtained and modified from Tsutomu et al 

[25].  Left side view shows nonbiodegradable release systems include Prosert® (IOL 

Tech), Lacrisert®(hydroxypropyl cellulose-ocular system; Merck), Vitrasert®(sterile 
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intravitreal implant with ganciclovir; Bausch &Lomb), and Retisert® (fluocinolone-

intravitreal implant;Bausch & Lomb) [25]. 

 

 

Figure 1. 4 Schematics of ocular controlled release systems; a left-side view shows 

nonbiodegradable release systems (reservoir type) include Ocusert®, Prosert®, Vitrasert®, 

Retisert®, Intrascleral disc, and Macular implant. A right side view shows biodegradable 

release systems include Lacrisert®, scleral plug, Episcleral implant, and Injectable rod. 

Figure obtained and modified from Tsutomu et al [25].   
1.3.3 Features of Vitreous Body 

The vitreous body is supported by a network of collagen and contains a 

transparent gel between the lens and the retina. It is about 80% of the volume of the 

eyeball and delivers an object image to the optic nerve. About 2% of salts, sugars and 

Subretinal and epiretinal 
 implant 
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collagen fibers make up the vitreous body. 98 % of the body is hyaluronic acid that a 

substance is an excellent eye lubricant and a stronger bonder with water. Viscosity of 

vitreous is about 2 to 4 times higher than pure water. There are no blood vessels. Vitreous 

keeps contact with the retina and helps it keep immobile by pressing against the choroid. 

Vitreous contents are not continually replenished like those of aqueous humor. The 

contents are static, meaning that if anything gets into it, it will remain there unless 

surgically removed [26]. 

 

1.3.4 Types of Controlled Drug Release System 

Typical oral administrations are essentially inefficient and often require repeated 

dosing to maintain the amount of drug within the therapeutic range. It sometimes requires 

increased dosages to ensure release of a sufficient amount of drug to the target site. 

Moreover, specific methods of injection administration can be painful based on the cyclic 

dose and the amount of injection. The controlled drug release system of therapeutics 

offers significant advantages over conventional delivery methods of drug administration. 

Controlled release devices can provide drugs at a steady-state, and constant rate for over 

long periods of time while minimizing deviations from the therapeutic range. Such 

advantages of controlled-release devices increase a patient convenience and reduce a 

waste of drug. 
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1.3.4.1 Dissolution controlled systems  

There are two main types of dissolution controlled system; the encapsulation and 

matrix dissolution controlled system. Micro-encapsulation of drug particles is a common 

method that is used to develop reservoir type of devices including drug cores. Typical drug 

particles are coated by microencapsulation form which can be added into the drug device.  

The drug encapsulation is influenced by certain characteristics of the particle such as 

properties of drugs, biodegradable polymer, and organic solvent; and operating conditions 

including drug concentration, diffusion coefficient, solubility, temperature, pressure, and the 

level of mixing. Therefore, optimization of these conditions is very important to produce the 

appropriate particle size with narrow distribution [27, 28, 29].  

Matrix dissolution controlled system is related to the fraction of drug loaded into 

the matrix that will eventually be released. The volume fraction dissolubility is 

importance of matrix dissolution controlled system as a release rate of drug from 

polymeric matrices. These applications have enabled new insights about the design and 

characterization of dosage forms and drug release properties. In this system the drugs in 

surface layer exposed to the solution are dissolved and then diffused out of the 

matrix.  This process continues within the boundary between solution and the solid drug 

moving controlled. The rate of dissolution of drug particles within the matrix must be 

faster that the diffusion rate of dissolved drug leaving matrix. Some researchers were 

studied basic percolation concepts to modify and evaluate the pseudo-steady models in 

pore diffusion problems as matrix release systems [30, 31, 32].  
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1.3.4.2 Diffusion (reservoir) controlled systems  

The drug release rate of diffusion controlled systems is dependent on its diffusion 

coefficient through membrane barrier. A core of the drug is surrounded by polymeric 

membrane. The nature of this membrane determines the release rate of drug from system. 

According to the Fick’s law, the amount of drug passing across a unit area in the process 

of diffusion is proportional to the concentration difference across the area [33]. 

 

1.3.4.3 Water penetration controlled systems  

The release rate in water penetration controlled delivery systems is determined by the 

penetration of water into the system. Two general types of these systems include, swelling 

controlled release systems and osmotically controlled delivery systems. Swelling controlled 

release systems are initially dry, when first placed into the body. The system will absorb 

water or other biological fluids and swells. Swelling increases the aqueous solvent content 

within the formulation as well as the polymer mesh size, enabling the drug to diffuse through 

the swollen network into the external environment. However most of the materials used in 

swelling controlled release systems will swell without dissolving when exposed to water or 

other biological fluids [34]. The drug release from the osmotic system is largely 

independent of the pH reaction. The membrane in the osmotic system is selectively a 

water permeable membrane and an effective isolation of dissolution process of drug core 

from the surrounding environment. The cellulose polymer acetate membrane is 

commonly used because of its high water permeability characteristics and it can be 

adjusted for various degrees of acetylation of the polymer. The permeability of this 
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membrane can be increased further by adding plasticizer to the polymer. This increases 

the water diffusion coefficient or hydrophilic flux enhancer which increases the water 

sorption of the membrane [35, 36, 37]. 

 

1.3.4.4 Hydrogels  

Hydrogels are a special type of mesh like hydrophilic polymer that has the ability 

to absorb large amounts of fluid. It can absorb typically 60-90% fluid at complete swell and 

only 10-40% polymer remains as its fibroin structure. In case of polymer hydrogel, initially 

the diffusion coefficient of agent in the dehydrated hydrogel is very low. However once the 

gel absorbs water, a significant increase of the diffusion coefficient is occurred. The degree 

of cross-linking, linear molecules bonded to each other, is partly determined by the 

concentration of the polymer. The polymer will be a weak mesh at low concentration. 

Cross-linking will become the tighter when concentration is increased. The most well 

known hydrogel is gelatin which is a processed version of collagen that accounts for one 

thirds of the protein in the body [38].  Wang et al [38] have studied the nonlinear 

mechanical coupling between pH-responsive polymers and ion-exchange reactions for 

periodically releasing enclosed particles without external resources. 

 

1.3.5 Refillable Drug Release System 

 

In a recent study, Ellis Meng et al (2012) [39] have investigated the implantable delivery 

device as a micro-electromechanical system (MEMS) for the treatment of chronic and 
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refractory ocular diseases [8, 40, 41]. It can be seen in Figure 1.5 that their device can be 

refilled with drug solution to provide long-term drug therapy while avoiding repeated 

surgeries. The first generation of MEMS is a manually controlled system limited by 

variations in the drug-release duration and force applied for depressing of the reservoir. 

To resolve this problem, the next generation device consists of an electrolysis chamber 

with electrolysis actuation to precise delivery of the desired dosage volume, a drug 

reservoir with refill port, battery and electronics. Biocompatible and flexible parylene is 

used to construct the MEMS. Battery and wireless inductive power transfer can be used 

to drive electrolysis.  

 

Figure 1. 5 Illustration of the implantable ocular drug delivery device concept with a 

refillable port, reprinted from Lo, R. et al, 2009 [8]   

Electrolysis is a low power process in which the phase change of water to 

hydrogen and oxygen gas is induced electrochemically. The change generates pressure in 

the reservoir forcing the drug through the cannula [8]. The reservoir is implanted in the 

subconjunctival space, and the flexible cannula is inserted through an incision into the 
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anterior or posterior segment. Gonzalez-Soto et al [42] have demonstrated that a slower 

prolonged infusion of the same volume and concentration of intravitreal ranibizumab is 

equivalent to a bolus intravitreal injection of ranibizumab in a human VEGF-induced 

retinal hyperpermeability model in rabbits. 

In 2009, Replenish Inc. have started clinical trials for F.D.A. approval for a 

refillable and programmable pump that would be implanted into the eye to feed medicine 

for glaucoma or AMD. They focused on the controlled release, which would last for more 

than 5 years before replacement is required. This is much longer than current treatments 

[43]. 

Genentech developed a refillable port drug delivery system (PDS) that was 

designed to release ranibizumab over a period of months in collaboration with ForSight 

Vision 4 Inc. [44]. To develop the PDS, a safety and preliminary efficacy study have 

been conducted in patients with neovascular AMD [45]. 

 

1.3.6 Computational Models for Investigating Ocular Drug Delivery 

A  simplified  cylindrical  vitreous  body  model  had  been developed  b y  

Ohtori et al [46] for  the  pharmacokinetic  model  of  intravitreal drug injection. Their 

cylindrical vitreous body model had well presented the elimination profile of ocular 

drugs in the rabbit eye. The model parameters, such as the diffusion coefficient, the 

partition coefficient, the metabolic reaction rate constant were studied. The vitreous 

concentration is basically very low and decreases extremely close the posterior segment 

based on the boundary barrier and elimination factors, which are related to complicate 
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distribution and consumption. The retina membrane could be considered as an 

elimination component of drug molecules while analyzing a cylindrical vitreous model. 

They also investigated the parameters of binding in the vitreous body from the in-vitro 

experiment [46, 47].  

Drug diffusion in the vitreous body of the three dimensional eye model have 

been performed by Friedrich  et  al [48] and Park et al [49]. The combined effects of 

diffusivities were simulated to evaluate the influence of vitreous outflow on drug 

distribution while keeping the retinal permeability constant. The effect of the high (Dh; 

1x105 cm2/s) and low (Dl; 1x107 cm2/s) diffusivity of drug in vitreous humor was 

investigated while comparing an intravitreal injection and implant using a finite 

element model.  They suggested that the implantable drug delivery device could be 

advantageous to reduce the risks of instantaneous high concentration from an injection 

and to sustain the releasing of the drug for a long period of time. 

 

1.3.7 Drugs and Diffusion Coefficient for AMD   

Several models have been used to study the drug delivery mechanisms [50, 51]. 

Recently, a review of barriers to posterior eye drug delivery and the challenges and 

opportunities were discussed by Thrimawithana et al. [52]. Table 1 summarizes various 

drugs, their diffusion coefficients, the average dosage, and the frequency to treat AMD 

diseases. Fick’s second law of diffusion can be used to describe the transport of drug into 

the eye using microchannels. As the drug delivery device is implanted in the vitreous 
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body of the eye, usually the diffusion rate depends on the local concentration between the 

drug reservoir and the vitreous humor. 

Table 1 Diffusion coefficient of drugs for the AMD disease 

Drug Drug name (type) 
Diffusion 
Coefficient 
(cm2/s) 

Average 
Dosage 
(nl/min) 

Injection 
amount/periods 

References 

Anti-angiogenic  

Macugen 
(Pegaptanib sodium) 

 

3 x 10-7 0.2083 3mg/10days 
Swanson S. D. 
(2006) [53] 

Lucentis  
(Ranibizumab) 

 

2.08 x 10-7 0.0124 0.5mg/month 
Molokhia et al. 
(2010)[54] Intravitreal Avastin 

(Bevacizumab) 
 

1.25 x 10-7 0.0289 1.25mg/month 

Synthetic 
corticosteroid 

Fluocinolone 
Acetonide, 

2.3 x 10-7 0.0744 15mg/20weeks 
Li T.et al. (1997) 
Jaffe G. J. (2000)
[55, 56] 

 

1.3.8 Drug Therapy for Ocular Glaucoma Disease 

Treatment in glaucoma disease is mainly to lower intraocular pressure (IOP) in 

order to decrease the risk of severe progress and vision loss. The brimonidine is one of 

the appropriate drugs to effectively lower IOP [82, 83]. Due to the similar diffusion 

boundary conditions with AMD, the Brimonidine is applied to characterize the diffusion 

rate and is well tolerated.  In this study, the Brimonidine for the treatment of glaucoma is 

investigated for the possible drug for diffusion. 

 

1.4  Specific Objectives 

The overall goal of this research is to develop the optimized drug delivery system 

while studying the role played by various geometrical components of fluidic 

microchannels. And then develop the microchannel fluid model to study velocity and 
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pressure distributions in the eye. After understanding fluid characteristics of the 

microchannel, diffusion with hydrophilic surface for drug delivery application is 

developed. The various microchannels in a drug delivery device are investigated to 

achieve a constant diffusion rate for its application in the AMD disease. 

This study focuses on the design, simulation, and development of an implantable 

ocular drug delivery device. A novel design concept consisting of micro/nanochannels 

embedded between top and bottom covers with a drug reservoir made from PDMS 

material was developed. Several simulations were carried out with different microchannel 

configurations in order to see the feasibility for ocular drug delivery applications. Finally, 

the drug release time from the drug delivery device in accordance with a size of 

microchannel and diffusion coefficient can be predicted from the diffusion rate profile 

by the present model.   

 The procedure consists of four main steps: 

Step 1: Design 

In step 1, simple idealized microchannels with five different sizes of width and 

depth are developed. The straight microchannel A (100µm - 1000µm) is designed 10 mm 

long that can be inserted into the device and tested with same amount of the vitreous 

liquid of eye.   The straight microchannel B (200µm - 1000µm) is designed 20mm long 

that is considered to obtain the diffusion rate and particle image velocimetry. The eyeball 

with device implants is developed based on the possible application and surgery easiness. 

The alignment of the device is optimized when the results of simulation are obtained. The 

four different microchannel configurations are developed to be performed as a filter for 
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drugs and to avoid the back flow from the vitreous segment of eye. The generic drug 

delivery system based on PDMS (Polydimethylsiloxane) is designed. 

Step 2: Simulation 

In order to understand the design characteristics of the channel, a micro-device for 

drug/fluidic transport mimicking the coarse-grained representation of the microchannel 

geometry through computational fluid dynamic analysis and optimization is developed. 

Specifically, the role of the channel configurations in active fluidic transport and passive 

transport is investigated. Results of flow rate, pressure and velocity profiles obtained 

from the models indicate that the microchannel plays a major role in transport through 

this entire device. The results of this investigation show that fluidic transport and flow 

passages are important factors in designing microchannel based devices for drug delivery. 

The present approach can be extended along with multi-scale microchannels to 

further understand the diffusion characteristics of microchannel geometry.  

In practical applications of microchannel flow, we assume that the majority of micro-

system flows are laminar due to the high pressure drop in microchannels caused by 

relatively small channel dimensions. A combination of dimensionless Reynolds numbers 

indicates the importance of inertial to viscous forces, energies and time scales present at 

the microscale [11, 12, 13]. Within a certain low range of Reynolds numbers (Re< 1), 

laminar incompressible viscous flow may dominate the flow field over the entire 

microchannel length. The design concept of microchannels within the drug delivery 

device has been investigated to develop constant diffusion rate and low pressure 

operations if it is applicable.  
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Using ANSYS thermal transient analysis, the several design concepts for drug delivery 

channel within a device are investigated and simulated to obtain an optimum and constant 

diffusion rate for the drug concentration. ANSYS Fluent and Post-CFD is performed to 

optimize diffusion flow of a micro fluidic device in which is implanted into the barrier of 

vitreous body of the human eye.  COMSOL Multiphysics® is performed to compare 

diffusion rate of the Brimonidine (drug therapy for an ocular glaucoma disease) with 

experiments.   

 

Step 3: Fabrication  

In the following, five straight microchannels are fabricated on the Lexan® glass 

to obtain diffusion performance.  And then the fabrication of PDMS and microchips, 

which allows inexpensive, durable, and biocompatible devices, is processed. 

Microchannels are fabricated by micro-electronic technologies onto the substrate 

followed by bonding a PDMS of reservoir. A bonding process is conducted by oxygen 

plasma treatment. PDMS and Si substrate have typically hydrophobic surface that affects 

diffusion coefficient. Thus the surface treatment using optimized oxygen plasma process 

is conducted to form a silanol group. A solvent assisted system is considered to soften 

less than 50 nm of the surface of microchannel during bonding while maintaining 

microchannel integrity.  

 

Step 4: Test 


