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Abstract 
 
The current method for delivering proteins to the posterior segment is by invasive 
injection, which disrupts the eye structure of patients. It was proposed that diffusion 
of drugs through sclera could be enhanced by using ultrasound. In this Project, the 
effects of the enhancement brought by ultrasound on transscleral protein and 
nanoparticle deliveries were studied.  
 
In order to investigate the effect of ultrasound application on the enhancement of 

transcleral diffusivity, experiments were conducted using FITC-BSA. It was found 

that the diffusivity of FITC-BSA without ultrasound application was increased by 

102% after applying ultrasound.  

Also, the duration of ultrasound application on the effects of diffusivities was 

investigated. The diffusivities of FITC-BSA were significantly increased only after 

30s and 60s of ultrasound application while that for 10s and 90s of ultrasound 

application showed no significant difference. 

Furthermore, the effect of ultrasound on the diffusivity of 20kDa, 70kDa and 

150kDa FITC-dextrans was also studied. It was shown that the diffusivity of 

FITC-dextran of sizes experimented was enhanced by ultrasound application 

significantly. 

At last but not least, a prototype was designed for the application on human eyes.  
Supported by all the experimental work, it is hoped that transsceral drug delivery 
using ultrasound can be applied to human eyes in future. 
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1.  Introduction 

The most serious diseases of the eye, like diabetic retinopathy and glaucoma, take 
place at the posterior segment of the eye. With the advancement of biomedical 
sciences and technology, large biomolecules (proteins) have emerged to offer 
treatment to cure the diseases and prevent blindness.  

Current methods for delivering proteins to the posterior segment include taking pills 
and applying teardrops, however, due to digestion of the digestive system and 
removal of external substances by tears produced by eyes; these methods are proven 
to be not effective in treating eye diseases. Amongst the current available methods, 
the most effective method is direct injection of biomolecules into eyes. The injections 
are usually repeated during the treatments, multiple invasive injections may cause 
ocular maladies to patients in the long run. 

In order to avoid the limitations and improve the effectiveness of drug delivery, 
studies have been conducted on finding an alternative drug delivery method. It is 
proposed that diffusion of drugs through sclera can be enhanced by using ultrasound.  

In this Final Year Project, the effect and enhancement brought by ultrasound on 
intrascleral protein and nanoparticle deliveries are studied. The penetration distance 
enhanced by ultrasound is analyzed by comparing with control setups. Different 
parameters are experimented and optimized for drug delivery. The aim of this FYP is 
to investigate the effect of ultrasound in delivering macromolecules across the sclera 
layer by optimizing parameters designed for ultrasound application, such as 
ultrasound application duration and also the effect of ultrasound in delivering other 
macromolecules in order to broaden the applicability of ultrasound delivery to eyes. 

It is hoped that the experiment results can contribute to the research so that 
transscleral drug delivery using ultrasound can one day be applied to human eyes. 

 

Figure 1: A designed work plan for the team 
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2. Background 
Transscleral drug delivery is a relatively new route through which drugs enter the 
degenerated region of the eye, usually the neuroretina. In transscleral drug delivery, 
drugs have to diffuse through several layers of ocular tissues: sclera, Bruch’s 
membrane-choroid (BC) and retinal pigment epithelium (RPE) [1]. Due to the barriers 
attributed by the structural and the physiological properties of these tissues, the 
effectiveness of transscleral drug delivery leaves much to be desired.  

There are three types of transport barriers: static, dynamic and metabolic.  

Static barrier is attributed by the physical structure of the ocular tissues. To 
understand how the structural properties of these tissues hinder drug delivery, their 
structures must be studied first. Sclera, the first static drugs barrier, comprises three 
layers: Tenon’s capsule, episclera and stroma. They are compact connective tissues 
and a matrix of elastin, protein and collagen fibrils forming a hypocellular layer of 
ocular tissues to maintain the integrity of the eye. The interfibrillar space of matrix is 
filled with proteoglycans and glycoproteins [2]. Therefore, the size of the pores in 
matrix and the hydrophilicity of interfibrillar proteins determine the permeability of 
sclera. The scleral permeability was found to increase exponentially with decreasing 
molecular radius [3] and increasing hydrophilicity of the drugs [4].  

Bruch’s membrane-choroid (BC) in tandem with retinal pigment epithelium (RPE) 
forms the second static barrier for drug delivery. BC, which consists of collagens and 
elastic fibers, shows similar trends of permeability as sclera while that of RPE  
increases with decreasing hydrophilicity as it is composed of a single cell layer.  

Therefore, the static barriers pose a control of drug permeation on drugs’ molecular 
size and hydrophilicity.  

Dynamic barriers correspond to clearance mechanisms of the eye. Even though drugs 
applied to the eye pass through the first static barrier successfully, they are still 
subjected to elimination by blood and lymphatic flow on both the episcleral side and 
the choroid side of the eye. On the other hand, drugs permeating the static barriers 
have to counteract bulk fluid flows in the eye: the uveoscleral outflow which drains 
aqueous humor from the eye and the outward fluid flow which directs fluids flowing 
from RPE to choroid. In addition to the fluid flows, transporter proteins regulating the 
transport of substances into the subretinal space form a part of the dynamic barriers. 
Drug molecules reaching the RPE are actively expelled by specific drug efflux 
proteins: P-glycoprotein and multidrug resistance-associated proteins which are 



 

7 

 

specific for drugs of all charges [5]. Therefore, drugs, regarded as foreign molecules, 
are restricted from permeating across retina.  

Metabolic barriers refer to natural defense mechanisms of the eye. An extensive 
enzymatic system is present to safeguard the eye from infections. The enzymatic 
system consists of different enzymes to digest proteins, polysaccharides, lipids and 
nucleic acids [6]. Foreign and toxic molecules entering the eye are readily degraded 
by the enzymes, mainly in RPE and ciliary body, and be eliminated through blood and 
lymphatic systems. Hence, only a small proportion of drugs applied exert their effects 
on retina.  

The present transscleral drug delivery methods only tackle the hindrances of drugs by 
the static barriers while the final dose of drugs reaching the retina is still subjected to 
the clearance by dynamic and metabolic barriers. Thus, a better transcleral drug 
delivery method is desired. 

3. Market Potential 
There has been a great motivation behind the project. It is not difficult to realize that 
there is a growing market for ophthalmology products worldwide. In the United States, 
more than 3.4 millions of Americans at the age of 40 and over suffered from 
ophthalmic diseases leading to blindness or impaired vision in 2004 [7]. This figure 
was expected to grow up to 5.5 million by 2020, as estimated by the National Eye 
Institute (NEI). In fact, another figure given by the AMD Alliance International 
showed that the age-related macular degeneration (AMD), which is one of the main 
causes for people’s legal blindness, is already affecting 30 millions of people 
worldwide, with a potential of tripling the number in the next 25 years. Considering 
the seriousness that the eye maladies affect humans’ health, it is not surprising more 
ophthalmic therapeutics is desired all around the world. That’s why these numbers 
have triggered the rise of numerous ophthalmic pharmaceutical products in the market. 
In year 2006, the global market for registered ophthalmic products was recorded to be 
$22 billion dollars, with sectors still illustrating a double digit growth potential in the 
years afterwards according to the MedMarket Dilligence report, 2006 [8].   

In the project, the team was focused on posterior ophthalmic diseases which are 
diseases that happen at the back of the eye. At the team’s utmost concern, an 
estimation of 40 percent of ophthalmic diseases is categorized as posterior eye 
diseases such as Glaucoma, diabatic retinopathy and AMD [9]. In relation between 
posterior ophthalmic diseases and its pharmaceutical market, only 3 percent of the 



overall ophthalmic pharmaceutical revenue was found to be related to any treatment 

on the posterior area of the eye [9]. It refers to the fact that the market potential in this 

area is enormous and it is worthwhile to put effort on posterior eye associated 

therapeutics in order to invest in this lucrative business and also satisfy the needs of 

patients' who suffer from posterior ophthalmic diseases. 

Annual revenue for ophthalmic 
pharma~utical products in 2006 

R3venue 
asrodated with 

non-posterior part 
of the eye 

97% 

posrerior part of 
the eye 

3% 

Figure 2: Pie chart showing that there is a huge market potential for posterior eye disease associated 

products 

Ratio of ophthalmic disease on different 
parts of the eye 

Posteri or 

ophthalmic 
d isease 

40% 

Non-posterior 
oph thalmic 

d isease 
60% 

Figure 3: Ratio of ophthalmic disease on different parts of the eye showing that there are as much 

as 40% posterior ophthalmic disease sufferers 

As mentioned in the above section, at the moment there is still no one best intraocular 

drug delivery route or method which can increase the effectiveness and reduce side 

effects during the delivery. Thus, any development in the area is highly favored by 

organizations which are concerned about this issue. In year 2007, an emerging 

micro-needle and nanotechnology aimed at curing posterior eye diseases though a 

sustained-release implanted was granted a funding of $7 million by the National Eye 

Institute in the United States [10]. This further explained why this final year project 
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targeted at the research on ultrasound mediated transscleral drug delivery is much 
encouraged and supported. 

4. Inspiration – The Ultrasound Technology 
Ultrasound is a longitudinal wave. Several mechanisms on drug delivery enhancement 
by ultrasound e.g. transdermal drug delivery have been proposed, with cavitation 
posing the greatest effect, in the following manners:  

1. Non-inertial cavitation induced convection  

Bubbles originally present in fluids are forced to oscillate, sometimes grow in size, 
collapse and then rebound, when ultrasound is being applied. Such oscillations form a 
basis for convective currents transporting drugs across tissues.  

2. Tissue structure disruption due to inertial cavitation  

Bubbles form and collapse due to cyclic pressure changes in fluids. When the pressure 
of a region in fluids drops below its vapor pressure, fluids vaporize and form a cavity. 
When pressure in the region surrounding the cavities increases, bubbles collapse, 
releasing a vast amount of energy to the surroundings. Energy released creates shock 
waves and microstreaming by rapid condensation of vapour back to the liquid. Hence, 
it disrupts the tissue structure facilitating drugs permeation.  

 

Figure 4: Figure illustrating the effect of cavitation  
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5. Testing of Hypothesis 
Materials and setup 

Fluorescein isothiocyanate conjugated albumin (FITC-BSA) (MW = 66kDa) and 

FITC-dextran (MW = 20kDa, 70kDa and 150kDa) were adopted as drug models in 

this study. Sizes of drug models were chosen according to the common eye drugs 

sizes (70kDa and 150kDa). The drug models were labeled by fluorescein to enable the 

estimation of diffusivity across sclera.  

A Franz diffusion cell (PermeGear, Bethlehem, PA) which consists of donor and 

receiver chambers was adopted as the experiment setup for ex-vivo studies. The 

justification of choosing ex-vivo study was: the effect of ultrasound on the static 

barriers (structure) of the specimen can be examined independently. This facilitates 

the primary study and the design of ultrasound application on drug delivery. 

Sclera from eyes enucleated from white rabbit (the animal model), with periocular 

tissue, choroid and retina removed, was mounted in between the donor and receiver 

chamber, as shown in Figure 5. 

 

Figure 5: Diffusion cell for experiments 

Experiments 
1ml of 0.1% different drug model solution (FITC-BSA and 20kDa, 70kDa and 
150kDa FITC dextran) was placed in the donor chamber while the receiver chamber 
was fully filled with phosphate-buffered saline (PBS) solution.  

The ultrasound probe was placed in the donor chamber contacting the drug solution to 
apply ultrasound at 1MHz, with an intensity of 0.5W/m2 for different time period (10, 
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30, 60 and 90 seconds) while there was no ultrasound application in control 
experiments. Different sizes of FITC-dextrans were used in another set of 
experiments. After ultrasound application, the sclera remained mounted in the 
diffusion cell, immersed in the drug model solution, for another 15 minutes to 
simulate drug applications. After 15 minutes, the sclera was removed from the setup 
and transferred to the aluminum foil container filled with Optimum Cutting 
Temperature medium (O.C.T.) (Leica, Wetzlar, Germany). It was afterwards frozen 
by liquid nitrogen to halt the diffusion of drugs across sclera after the designated time 
period.  

The frozen sclera was cryosected by a cryostat (CM1850, Leica, Wetzlar, Germany). 
The penetration of drugs into sclera can be visualized under fluorescence microscope 
(Nikon, Melville, NY) 

The image of sclera was taken using fluorescence microscope. The thickness of the 
sclera and the penetration distance of drug molecules were measured by SPOT® 
(Diagnostic Instruments, Inc., MI, USA) and Image J. 

After measuring the penetration distance of FITC-BSA, the diffusivity of the drug 
molecules was determined by the simple one-dimension diffusion model assuming 
random walk. The diffusion equation is shown as follow [11]: 

. L = 2Dt     (1) 

 where  L = Penetration distance of drug models (cm) 

    D = Diffusivity (cm2/sec) 

    t = Time of immersion time (sec) 

The temperature of conducting the experiment was assumed to be 200C. In order to 
compare the results from other research groups, the diffusivity of the drug models at 
20 0C was converted into that at 370C by the following equation derived from 
Stokes-Einstein equation,  

    D37

D20

=
310K ×η20

293K ×η37

 (2) 

where η = viscosity of the fluid          
An ultrasound application parameter (ultrasound application duration) and size of 
drugs were varied to investigate their effect on the enhancement of transcleral drug 
diffusivity and the applicability for ultrasound mediated transcleral drug delivery. By 
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analysing these results, potential grounds to be worked on for the application of 
ultrasound in clinical transcleral drug delivery were found.  

6. Result 
6.1 The effect of ultrasound application on the enhancement of transcleral 

diffusivity of FITC-BSA. 

The effect of ultrasound on the enhancement of transcleral diffusivity was primarily 

studied using FITC-BSA (66kDa) as drug model. The diffusivity of the experimental 

setup and control setup are in Figure 6: 

 
Figure 6: The effect of ultrasound on diffusivity of FITC-BSA (at 37°C); a) With ultrasound 

application (Frequency = 1MHz, Intensity= 0.5W/m2, Duration= 30s, Immersion time= 15 mins), b) 

Control (without ultrasound application, immersion time= 15 mins) Error bar shows + SD. The 

results were analyzed to be statistically different with two tailed t-test (p =0.000394)  
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Figure 6 shows the transcleral diffusivity of FITC-BSA with and without ultrasound 
application. In the control experiment, no ultrasound was applied and the sclera was 
immersed in FITC-BSA solution for 15 minutes. The penetration distance was 

measured to be 48.86 μm with a diffusivity of  cm2 /sec at 37°C. After 

ultrasound application, the penetration distance increased to 69.36 μm with a 

diffusivity of  cm2 /sec. The diffusivity was significantly increased by 

102%.  



6.2 The effect of ultrasound application duration on the enhancement of 

transcleral diffusivity of FITC-BSA 

The effect of ultrasound application duration on the enhancement of transcleral 

diffusivity was studied using FITC-BSA as drug model. The thickness and the 

penetration distance of FITC-BSA under different ultrasound application duration 

measured were shown in Figure 7. 

 
Figure 7: Representative photos of ten-micron section of sclera with different durations of 

ultrasound application of (a) 10 seconds (D10) ,(b) 90 seconds (D90), (C )60 seconds (D60),. The 

penetration distance and the sclera thickness were marked on the photos. S: Sclera; O: Orbital side; 

U: Uveal side 
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Figure 8: The effect of ultrasound application duration on the enhancement of transcleral 

diffusivity. Frequency= 1MHz, Intensity= 0.5W/m2, Immersion time= 15 mins; Blue bars show the 

result of setup with US application. Red bars shows the result of control. a) 10 second ultrasound 

application, b) 30 second ultrasound application, c) 60 second ultrasound application, d) 90 second 

ultrasound application. Error bar shows + SD. The results of b) and c) were analyzed to be 

statistically different from that of control with two tailed t-test while that of a) and d) showed no 

statistically difference (p# = 0.622922, p* = 0.000394, p^ = 3.61E-05, p’=0.059375)  

Figure 8 shows the degree of enhancement of diffusivity by different ultrasound 

application duration. Four different durations (10s, 30s, 60s and 90s) were studied. 

After 10s ultrasound application, the penetration distance was 41.05 μm with a 

diffusivity of  cm2 /sec at 37°C. Compared to the control (without 

ultrasound application), the diffusivity was decreased by 32%. Application of 

ultrasound for 60s gave 85.56 μm penetration with a diffusivity of  cm2 

/sec at 37°C. The diffusivity was significantly enhanced by 205%. A 90s-ultrasound 

application increased the diffusivity by 21% to  cm2 /sec with a 

penetration distance of 53.69 μm.  

6.3 The effect of ultrasound on the diffusivity of different sizes FITC-detran 

To investigate effect of ultrasound on the diffusivity of different sizes molecules, 

experiments on FITC-dextran of sizes 20kDa, 70kDa and 150kDa were carried out.  
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Figure 9: The effect of ultrasound application on transcleral diffusivity of different size molecules. 

Frequency= 1MHz, Intensity= 0.5W/m2, Duration= 30s, Immersion time= 15 mins;  a) 20kDa 

FITC-dextran b) 70kDa FITC-dextran, c) 150kDa FITC-dextran. Error bar shows + SD. All results 

were analyzed to be statistically different from that of control by two tailed t-test (p# = 0.000144, p^ 

= 1.67E-06, p* = 2.86E-07)  

Figure 9 shows the diffusivity of FITC-dextran of different sizes with and without 

ultrasound application. The diffusivity of 20kDa FITC-dextran was increased from 

 cm2 /sec to  cm2 /sec after ultrasound application 

(penetration distance of ultrasound setup= 183.25 μm, penetration distance of 

control= 102.37 μm). Diffusivity of 70kDa FITC-dextran with ultrasound application 

was  cm2 /sec compared to that of control, cm2 /sec with 

penetration distance increased from 61.75 μm to 142.83 μm. Diffusivity of 150kDa 

dextran was increased by 151% from   cm2 /sec to cm2/sec 

with penetration distance increased from 53.6 μm to 88.29 μm.  
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7. Discussion 

 

Figure 10: Diffusivity of FITC-BSA across sclera under different ultrasound application durations. 

From the results, the diffusivity of FITC-BSA across sclera increases with the 
duration of ultrasound application until it reaches 60s and starts declining. The 
optimum application duration is, thus, suggested to be between 60s and 90s, 
according to the trend. This trend supported the hypothesis that the effect of cavitation 
increases with the amount of energy input (directly related to duration of US 
application). So, the diffusivity increases with application duration. However, the 
diffusivity under 90s ultrasound application is lower than expected. It is proposed to 
be related to the temperature rise of the sclera specimen caused by ultrasound energy 
input. According to US Food and Drug Administration, the temperature rise of the 
sclera cannot exceed 1 °C under any operation so that no potential harm is brought to 
human eye. During the experiments, the temperature rise for 90s ultrasound 
application was 1°C sharp. Therefore, the sclera structure might be damaged or 
altered in response to the 1°C- temperature rise which in turn affect diffusivity. 
Furthermore, the results of 60s-ultrasound application shows a relatively large  
SD with n= 9 (2.519E-08 cm2/ sec ) compared to 10s and 30s. Its temperature rise was 

0.4 °C compared to negligible temperature changes in 10s and 30s application time. 

As a result, it is further proposed that temperature change of the sclera also plays a 

role in affecting the diffusivity, causing fluctuations. Based on this hypothesis, 

60s-ultrasound application was suggested to be the optimal reliable application 

duration to increase diffusivity across sclera significantly.  
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Figure 11: The relationship between diffusivity across sclera and dextran size with and without 

ultrasound applied 

The graph shows that the diffusivities of dextrans at all sizes were enhanced significantly. 

Without ultrasound application, the diffusivity decreases as the size of dextrans increase until 

it reaches 70kDa, suggesting that 70kDa is the limit of effective transport of dextrans across 

sclera under normal circumstances. After ultrasound application, the diffusivity keeps 

decreasing within the size range experimented. It is primarily suggested that ultrasound raises 

the limit of effective diffusion to a size of dextran of 150kDa, in addition to enhancing 

diffusivity. 
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8. Design of Prototype and its Application 
A prototype is designed for future application on human eyes, as shown in the Figure 

12. 

Figure 12: (a )Front view and (b) Cross-sectional view of the probe for ultrasound application 

Silicone hydrogel is being used in making some brands of contact lenses, proven to be 

compatible with human eyes and do not cause irritation to most human eyes. 

The probe inserted in a silicone hydrogel coat is placed on the patient’s eye. Silicone 

hydrogel is strong enough to keep the transducer in position, at the same time soft 

enough to be placed on an eye. 

Buffer solution compatible with human eye is added into the probe setup with a 

needle through a hole in the hydrogel coat. Another hole exists for the removal of air 

trapped. This prevents any air trapped between the eye and the probe which interferes 

the transmission of ultrasound. 

Ultrasound is applied for 30 seconds through the probe. Ultrasound should only be 

applied to the sclera regions of an eye. An acoustics absorber is attached at the centre 

of the probe to absorb ultrasound prevent it from reaching the iris. 

A needle is used to remove the buffer solution used for ultrasound application after 30 

seconds. The transducer setup is removed from the eye. A silicone hydrogel mould 

loaded with the drug (in gel form) used for application is placed on the eye, as shown 

in Figure 13. 
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Figure 13: Silicone hydrogel mould (ring) used for eye drug delivery 

A polymer matrix system composed of silicone hydrogel is adopted for drug delivery 

due to its feasibility of delivering drugs with high molecular weight e.g protein while 

other systems (e.g reservoir system) are permeable to low MW drugs only. Also, 

matrix system can achieve controlled drug release so that drugs can be delivered to 

the eye at a steady rate, keeping the drug concentration at the target region within the 

therapeutic window.  

The drug mould should be maintained on the eye for 15 minutes to allow sufficient 

time for diffusion. It is removed then after 15 minutes. 

This non-invasive design of drug application allows repeated application without 

causing any damage to an eye. Drugs can also diffuse across the sclera effectively for 

treating diseases. Since the effect of ultrasound is removed 15 minutes after its 

application, the disruption it causes to the sclera of an eye is temporary; it is a safe 

method to be used in long term. 
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9. Conclusion 
In view of the high percentage of population catching posterior ophthalmic diseases, better 

and non-invasive methods for treating eye diseases are hoped to be found. In this study, it was 

proposed that diffusion of drugs through sclera can be enhanced by using ultrasound. 

Experiments were conducted using FITC-BSA and results obtained for ultrasound application 

on the enhancement of transcleral diffusivity of it were significant. Diffusivity of FITC-BSA 

across sclera was  cm2 /sec at 37°C without application of ultrasound, whereas 

that with ultrasound application was increased by 102% to  cm2 /sec. 

The duration of ultrasound application on the effects of diffusivities was investigated. The 

diffusivities of FITC-BSA were significantly increased only after 30s and 60s of ultrasound 

application while that for 10s and 90s of ultrasound application showed no significant 

difference. 

The effect of ultrasound on the diffusivity of different sizes FITC-dextran was also studied. It 

was shown that dextran with molecular weight of 70kDa is the limit of dextran transport 

across sclera under normal circumstances. With ultrasound application, however, the limit of 

effective diffusion was raised to a size of dextran of 150kDa. The diffusivity of FITC-dextran 

of sizes experimented were statistically enhanced by ultrasound application from between 

151% to 433%. 

A prototype was also designed for the application on human eyes. With all these experiments 

conducted, it is hoped that this technology can one day apply to human eyes for treating 

posterior ophthalmic diseases. 
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