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I 

 

Abstract 

Aim 

Recent studies have shown that Connexin43 mimetic peptide (Cx43 MP) can prevent 

secondary damage following several retinal ischaemic and inflammatory disorders by 

blocking uncontrolled Cx43 hemichannel opening. However, efficient retinal delivery 

remains challenging due to limitations in peptide stability and the presence of various ocular 

physiological barriers. The overall aim of this study is therefore to develop a novel 

nanocarrier system to effectively deliver Cx43 MP to the retina for the long-term treatment of 

chronic retinal disorders. 

Methods 

Hyaluronic acid (HA) coated albumin nanoparticles (NPs) encapsulating Cx43 MP were 

prepared and initially characterized in vitro. The diffusive mobility of NPs through the 

vitreous and their permeation across the retina after intravitreal injection ex vivo without and 

with the application of ultrasound were also investigated. Moreover, the influence of ageing 

related vitreous liquefaction on NP diffusion was evaluated in an ex vivo enzymatically 

digested vitreous model. Finally, in vivo biodistribution, retention, retinal targeting, and 

therapeutic efficacy of Cx43 MP encapsulated NPs were investigated in a rat model of retinal 

ischaemia-reperfusion injury. 

Results 

HA coated NPs achieved sustained Cx43 MP release for over four months in vitro, enhanced 

cellular uptake with good biocompatibility, and excellent ex vivo retinal tissue permeability. 

The diffusive mobility of NPs through the vitreous and their permeation across the retina 

were further improved by applying short pulses of ultrasound without causing any detectable 

damage to the ocular tissues. After enzymatic degradation, the ex vivo liquefied vitreous 

provided reduced steric hindrance and enhanced convective flow within the vitreous, 

resulting in increased intravitreal NP mobility. In vivo results showed that HA coated NPs 

rapidly diffused through the vitreous and specifically targeted the retina following intravitreal 

injection. NP elimination was relatively low resulting in sustained therapeutic efficacy in the 

treatment of retinal ischaemia-reperfusion injury compared to the free peptide in solution. 



 

II 

 

Conclusions 

Superior properties of HA coated albumin NPs, including their good biocompatibility, small 

size and negative surface charge enabling rapid vitreous diffusion, high drug loading, 

sustained release and active retinal targeting capabilities, render them promising nanocarriers 

for enhanced peptide delivery in the treatment of chronic retinal disorders. 
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1.1. Preamble 

This chapter partly contains a verbatim reproduction of the review article entitled 

“Overcoming ocular drug delivery barriers through the use of physical forces” published in 

Advanced Drug Delivery Reviews, volume 126, pages 96-112, in 2018 and the book chapter 

entitled “Nanotechnology for ocular drug delivery” included in the Elsevier book series on 

the “Design of Nanostructures for Versatile Therapeutic Applications”, pages 137-188, in 

2018. The Advanced Drug Delivery Reviews covers key issues related to effective drug and 

gene delivery, from administration to site-specific delivery, and had an Impact Factor of 

11.764 in 2016, one of the highest in the area of Pharmaceutical Sciences. The following 

publication has been cited in three journal articles at the time of thesis submission. The 

Elsevier book series was written by an internationally diverse group of academics and edited 

by Dr Alexandru Mihai Grumezescu. It covers novel approaches and applications of 

nanotechnology in biomaterials and pharmaceutical sciences. Priyanka Agarwal, Dr Sachin S. 

Thakur, and I contributed equally to this book chapter; however, only the sections I was 

involved in are partially reproduced in this chapter. 
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1.2. Physiological barriers to efficient ocular drug delivery 

Drugs can be delivered into the eye via anterior or posterior segment routes depending on the 

target site. Each layer of the ocular tissues has special characteristics and poses a different 

barrier following drug administration via a certain route (Figure 1-1). 

 

Figure 1-1. Physiological barriers in ocular drug delivery. 

1.2.1. Cornea and anterior segment barriers 

The cornea is a 0.5 mm thick transparent collagenous structure and the primary barrier to 

topical drug absorption (Doughty & Zaman, 2000). Physiologically, the cornea consists of 

five recognized layers, three cellular layers (epithelium, stroma, and endothelium) and two 

interface layers (Bowman’s and Descemet’s membrane). The most critical barrier to 

penetration is the epithelium, which consists of six to eight layers of cells and strictly controls 

the permeability of solutes. Epithelial cells become flatter during maturation and eventually 
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form tight intercellular junctions with a tiny paracellular pore diameter of 2.0 nm resulting in 

a relatively tight diffusion barrier for drug absorption from the tear fluid to the anterior 

chamber. Thus only molecules with a molecular radius of less than 5.5 Å or a molecular 

weight (MW) of 500 Da are generally able to penetrate across the corneal epithelium through 

the paracellular route (Edwards & Prausnitz, 2001; Maurice & Mishima, 1984). As such, 

drug passage across the cornea mainly depends on the physicochemical characteristics of the 

molecule, with epithelium and endothelium preventing hydrophilic molecules to pass into the 

aqueous humor, while permitting the passage of small lipophilic molecules. The stroma, on 

the other hand, resists the passage of lipophilic molecules but allows diffusion of hydrophilic 

drugs. This sandwich-like structure makes the cornea a unique barrier to most lipophilic and 

hydrophilic drugs. Thus, only small molecules possessing the optimal lipophilicity (log D 

values between 2 to 3) can efficiently penetrate these layers (Huang, Schoenwald, & Lach, 

1983). In addition to the MW and the lipophilicity of the molecule, corneal permeability is 

also heavily affected by the charge of the solute. The corneal surface is generally negatively 

charged above its isoelectric point of 3.2. Consequently, cationic compounds bind to and 

permeate more easily across the cornea than anionic species (Liaw, Rojanasakul, & Robinson, 

1992). Below its isoelectric point, the cornea is more permeable to anionic molecules 

(Rojanasakul & Robinson, 1989); however, applying highly acidic formulations to achieve a 

tissue pH of 3.2 is impractical in the clinical setting due to the strong tissue irritation. Overall, 

the charge discriminating effect of the cornea primarily decreases the absorption of 

negatively charged molecules. Besides the corneal barrier itself, there is also a constant flow 

of tear fluid across the outer surface of the eye with 50% of the normal human tear film being 

replaced every 2 to 20 min (Van Haeringen & Glasius, 1980). This significantly reduces drug 

residence on the ocular surface thus decreasing the time for absorption with most eye drops 

being completely washed away within minutes. All of these factors limit drug penetration 

into or across the cornea resulting in low drug bioavailability of generally less than 5% for 

most topically applied drugs with this value even lower for macromolecules (Hughes, Olejnik, 

Chang-Lin, & Wilson, 2005). 

The conjunctiva is a thin translucent vascularized mucus membrane, which can be divided 

into three portions, including the bulbar conjunctiva, conjunctival fornix as well as the 

palpebral conjunctiva (Pe’er, 2014). It is composed of two layers: an outer epithelium that 

acts as the major penetration barrier and its underlying stroma. In humans, the conjunctiva 

occupies a 17-fold larger surface area than the cornea (Watsky, Jablonski, & Edelhauser, 
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1988) generally allowing for higher absorption to occur across this tissue. Also, intercellular 

spacing in the conjunctival epithelium is wider than that in the corneal epithelium, being 3.0 

nm in the bulbar and 4.9 nm in the palpebral conjunctiva (Hamalainen, Kananen, Auriola, 

Kontturi, & Urtti, 1997), thus the permeability of drugs across the conjunctiva is generally 

greater than across the cornea. For example, the conjunctival permeability of hydrophilic 

mannitol was found to be about 55-fold higher than its corneal permeability while the 

conjunctiva was also permeable to molecules with higher MWs (up to 10 kDa) (Huang, 

Tseng, & Kenyon, 1989). However, drug absorption through the conjunctiva is still minimal 

due to the presence of conjunctival blood capillaries and lymphatics, which can cause 

significant drug loss into the systemic circulation thereby lowering the overall ocular 

bioavailability. 

The intraocular environment, such as the aqueous humor, is also protected by the blood-

aqueous barrier (BAB). Two discrete cellular layers (the endothelium of the iris-ciliary blood 

vessels and the non-pigmented ciliary epithelium) form the BAB in the anterior segment of 

the eye, which controls the traverse of solutes between the anterior and posterior segment and 

is poorly permeable due to the presence of tight junctions. It is generally considered 

impractical to treat anterior segment disorders by intravenous injection, as the BAB prevents 

the passage of plasma-derived albumin and hydrophilic drugs from the plasma into the 

aqueous humor (Urtti, 2006). This is strongly impacted by the MW of the solute; thus, 

concentrations of solutes in the aqueous humor generally decrease with increasing MW, 

suggesting the presence of a selective barrier or molecular sieve (Freddo, 2001). Furthermore, 

the passage of drugs from the anterior to the posterior segment is limited by the BAB because 

of the continuous drainage of aqueous humor with a turnover rate of 2.0 to 3.0 mL/min (Barar, 

Javadzadeh, & Omidi, 2008). Therefore, conventional topical eye drop administration 

generally fails to provide efficient drug concentrations for the treatment of posterior segment 

diseases. 

1.2.2. Sclera and Bruch’s-choroid complex 

The human sclera has a large and accessible surface area of approximately 16.3 cm
2
 and 

mainly consists of an extracellular matrix consisting of collagen fibrils and glycoproteins 

(Olsen, Aaberg, Geroski, & Edelhauser, 1998). It is generally more permeable to solutes than 

the cornea and the conjunctiva, especially to hydrophilic compounds, as transscleral diffusion 

is primarily a matter of diffusion through an aqueous medium of proteoglycans or porous 
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spaces within the collagen network (25 to 300 nm in diameter) rather than diffusion across 

cellular membranes (Ambati & Adamis, 2002; Cruysberg et al., 2002). Similar to other 

ocular tissues, scleral permeability is strongly dependent on the drug MW, with 

macromolecules exhibiting lower permeability than small molecules (Boubriak, Urban, 

Akhtar, Meek, & Bron, 2000). However, for the sclera the molecular radius seems to be a 

better predictor of macromolecule (e.g. dextrans and proteins) permeability than the MW. For 

example, the scleral permeability of a 70 kDa dextran was not significantly greater than for a 

150 kDa dextran, whereas a globular protein with a molecular radius of 5.23 nm was more 

permeable than a linear dextran of the same MW, but with a molecular radius of 8.25 nm 

(Ambati et al., 2000). Transscleral permeability is also strongly influenced by the charge of 

the molecule. Opposite to the permeation across the cornea, positively charged molecules 

have lower permeability across the sclera than those with negative charges, as the 

proteoglycan matrix of the sclera is negatively charged, which contributes to the binding of 

positively charged solutes and hinders their transport across the tissue (Maurice & Polgar, 

1977). Nevertheless, recent literature has highlighted the difficulties in predicting 

macromolecular behavior based on physicochemical properties due to interactions between 

molecular radius, charge, and molecular conformation thus preventing individual analysis of 

these factors (Pescina et al., 2015). 

The choroid is a significant dynamic barrier, as it is a highly vascularized and innervated 

tissue supplying blood to the retina. It is composed of a network of fenestrated capillaries and 

supported by Bruch’s membrane, which is a thin (2-4 µm), pentalamellar, elastic membrane 

that also represents the basement membrane of the retinal pigment epithelium (RPE). 

Bruch’s-choroid (BC) complex poses a more critical barrier to drug delivery by the 

transscleral route than the sclera itself, as it is more discriminating, particularly to positively 

charged lipophilic drugs due to the binding of the solute to the tissue thereby forming a slow-

release drug depot in the BC complex (Cheruvu, Amrite, & Kompella, 2008; Cheruvu & 

Kompella, 2006; Hussain, Starita, Hodgetts, & Marshall, 2010). Furthermore, the molecular 

size also affects BC complex permeability with hydrophilic carboxyfluorescein and dextrans 

having shown an exponential decrease with increasing molecular radius in bovine tissues. 

1.2.3. Retina and blood-retinal barrier 

The retina is a thin transparent tissue which forms the innermost layer of the eye and adheres 

to the choroid. It consists of the outer RPE and the inner neural retina. The RPE is a 
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monolayer of polarized cells while the neural retina is composed of nine layers with the inner 

limiting membrane (ILM), mainly comprised of extracellular matrix proteins, posing the most 

significant barrier to drug penetration (Candiello et al., 2007). The retina is considered a 

significant barrier to ocular drug delivery with larger molecules penetrating the retina with 

progressively more difficulty (Jackson, Antcliff, Hillenkamp, & Marshall, 2003; Kamei, 

Misono, & Lewis, 1999). For example, carboxyfluorescein, a small molecule with a 

molecular radius of 5.5 Å, could freely cross the retina from the subretinal space to the 

vitreous within 2 h, whereas 70 kDa (58 Å) and 150 kDa (85 Å) dextrans only penetrated the 

retina after 72 h (Marmor, Negi, & Maurice, 1985). 

The blood-retinal barrier (BRB) mainly hinders substance diffusion from the systemic 

circulation into the retina (Runkle & Antonetti, 2011). It is divided into the inner and outer 

BRB. The inner BRB is composed of retinal capillary endothelial cells which possess 

intercellular tight junctions and selectively protect the retina from foreign substances in the 

blood circulation, especially hydrophilic compounds and macromolecules (Hammes et al., 

2002; Kansara & Mitra, 2006; Motiejunaite & Kazlauskas, 2008). The outer BRB is 

comprised of the RPE, which is located between the photoreceptors and the choriocapillaries 

(Sarin, 2010). The unique transport processes within the RPE along with its critical barrier 

characteristics strictly govern the diffusion of compounds. The molecular radius is again the 

major factor affecting drug diffusion across the RPE with the permeability declining 

exponentially with an increasing radius. For instance, the permeability of 376 Da (5 Å) 

carboxyfluorescein was found to be 35-fold higher than that of 80 kDa (64 Å) dextran 

(Pitkanen, Ranta, Moilanen, & Urtti, 2005). Solute lipophilicity also has an impact on the 

permeation across the RPE. Hydrophilic compounds permeate mainly through tight junctions 

(paracellular route), while lipophilic drugs cross the RPE via the transcellular route (Pitkanen 

et al., 2005). Thus, only small lipophilic molecules can transfer efficiently between the 

choroid and retina, which limits drug delivery both in the inward (blood to vitreous) and 

outward (vitreous to blood) direction. Table 1-1 summarizes the effect of physicochemical 

drug characteristics on ocular tissue permeability. 

Table 1-1. Summary of physicochemical properties affecting ocular tissue permeability. 

Ocular tissue Molecular size Lipophilicity Charge 
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Cornea Decreases with 

increasing molecular 

radius (Edwards & 

Prausnitz, 2001) 

Preference for 

lipophilic molecules 

(log D 2 to 3) (Huang et 

al., 1983) 

Preference for 

positively charged 

molecules (Liaw et al., 

1992) 

Conjunctiva Decreases with 

increasing molecular 

radius (Hamalainen et 

al., 1997) 

Preference for 

lipophilic molecules 

(Prausnitz & Noonan, 

1998) 

Not studied 

BAB Decreases with 

increasing MW 

(Freddo, 2001; Grabner, 

Zehetbauer, Bettelheim, 

Honigsmann, & Dorda, 

1978) 

Preference for 

lipophilic molecules 

(Urtti, 2006) 

Not studied 

Sclera Decreases with 

increasing molecular 

radius (Ambati et al., 

2000) 

Preference for 

hydrophilic molecules 

(Cruysberg et al., 2002) 

Preference for 

negatively charged 

molecules (Kim, Lutz, 

Wang, & Robinson, 

2006; Maurice & 

Polgar, 1977) 

BC complex Decreases with 

increasing MW 

(Hussain, Rowe, & 

Marshall, 2002) 

Preference for 

hydrophilic molecules 

(Cheruvu & Kompella, 

2006) 

Preference for 

negatively charged 

molecules (Cheruvu & 

Kompella, 2006) 

BRB Decreases with 

increasing molecular 

radius (Freilich, Lee, & 

Freeman, 1966; 

Pitkanen et al., 2005) 

Preference for 

lipophilic molecules 

(Kansara & Mitra, 

2006) 

Not studied 

1.3. Nanotechnology in ocular drug delivery 

Nanotechnology has become a popular research topic over recent decades due to its great 

potential in a number of fields related to chemistry, engineering, and medical sciences. The 

field typically includes the study, fabrication, and application of nanoscale materials and 

devices for therapeutic and diagnostic purposes (Kagan, Bayir, & Shvedova, 2005). Their 

unique physical and chemical properties can aid entrapped, conjugated or otherwise co-

delivered drugs achieve their therapeutic potential.  
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Delivering therapeutic agents to specific intraocular targets and achieving an optimal drug 

concentration is limited by the presence of inherent anatomical and physiological barriers and 

unique intraocular clearance mechanisms (section 1.2.). Due to this, conventional ophthalmic 

formulations generally fail to achieve efficient treatment and frequent administration is 

necessary, which can result in unwanted side effects and impact on the patient’s quality of 

life. It is thus important to design novel formulations that can deliver therapeutic agents 

effectively to intraocular target sites and maintain effective drug concentrations for prolonged 

periods. The use of nanotechnology has been intensively investigated for this purpose with a 

variety of nanoscale drug delivery systems, including nanoparticles (NPs) (Balzus et al., 

2017), micelles (Prosperi-Porta, Kedzior, Muirhead, & Sheardown, 2016), liposomes (Dong 

et al., 2015), dendrimers (Tai et al., 2017), and nanocrystals (Tuomela et al., 2014), 

developed in order to enhance drug and gene delivery to ocular target tissues (Figure 1-2). 

 

Figure 1-2. Examples of nanocarriers investigated for ocular drug delivery. 

1.3.1. Types of nanocarriers for ocular drug delivery 
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1.3.1.1. Polymeric NPs 

Polymeric NPs have been extensively investigated as systems for enhanced drug delivery to 

the target site. They are engineered from various synthetic and natural polymers which then 

adsorb, absorb, attach, or encapsulate (dissolve or disperse) drug molecules. Poly(D, L-lactic-

co-glycolic) acid (PLGA) is of particular interest for ophthalmic applications due to its 

excellent biocompatibility and mechanical strength as well as ready biodegradability, and has 

been approved by the United States Food and Drug Administration (US FDA) and the 

European Medicine Agency for use in drug delivery in humans. Over recent decades, PLGA 

NPs have been developed to deliver a variety of therapeutic agents, such as small molecular 

weight drugs (Vasconcelos et al., 2015), peptides (Chen, Green, Wang, Danesh-Meyer, & 

Rupenthal, 2015), and genes (Zhang et al., 2010), for the treatment of anterior and posterior 

segment diseases. Other common polymeric compounds that are currently being fabricated 

into nanocarriers for ocular drug delivery include poly(D, L-lactic acid) (PLA) (Nagarwal, 

Singh, Kant, Maiti, & Pandit, 2010), poly(ε-caprolactone) (PCL) (Suen & Chau, 2013), 

poly(β-amine ester) (Sabzevari et al., 2013), and chitosan (Chhonker et al., 2015). 

1.3.1.2. Protein NPs 

Amongst potential colloidal nanocarriers, protein NPs are particularly interesting as they 

offer a number of specific advantages such as better stability during storage, absence of 

toxicity in vivo, and ease of scale-up during manufacture over other materials (Langer et al., 

2003). Albumin NPs represent an attractive strategy, as a significant amount of drug can be 

incorporated into the particle matrix due to different drug binding sites present in the albumin 

molecule (Patil, 2003). Due to their primary structure featuring a high content of charged 

amino acids, albumin NPs allow electrostatic interactions with both anionic and cationic 

drugs without the need for additional excipients (Irache et al., 2005). Indeed, an albumin NP 

formulation of paclitaxel (Abraxane
®
, Celgene Corporation, USA) has been approved by the 

US FDA for the treatment of breast cancer. Commercially, albumins are obtained in 

significant quantities from egg whites, bovine, and human serum (Elzoghby, Samy, & 

Elgindy, 2012). Among these, human serum albumin (HSA) is the most abundant plasma 

protein (35-50 g/L human serum) with a relatively long half-life of 19 days (Kratz, 2008). 

Also, several desirable features of HSA, including the ability to increase drug solubility, 

reduce drug toxicity and immunogenicity, stabilize drugs, promote preferential uptake into 
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inflamed tissues, and easily functionalize the particle surface, make HSA an ideal candidate 

for drug delivery (Elzoghby et al., 2012).  

In ophthalmology, HSA NPs have shown great potential in drug delivery to the posterior 

segment of the eye (Merodio, Irache, Valamanesh, & Mirshahi, 2002), with NPs administered 

via intravitreal injection showing excellent trans-retinal penetration. Kim et al. (2009) 

reported that HSA NPs might be endocytosed into Müller cells at the ILM, diffuse within the 

intracellular space, and then be exocytosed from the Müller cells at the external limiting 

membrane (ELM) into the interphotoreceptor matrix. HSA NPs have also been used for 

ocular gene delivery. Encapsulating plasmid containing Cu, Zn superoxide dismutase genes 

into HSA NPs resulted in over 80% transfection efficiency in human RPE cells due to 

enhanced cell uptake via receptor (glycoprotein 60)-mediated endocytosis (Mo, Barnett, 

Takemoto, Davidson, & Kompella, 2007). Additionally, these in vitro results were 

successfully translated into detectable expression levels of superoxide dismutase in mouse 

eyes in vivo 48 h post-intravitreal injection, whereas the injected plasmid solution resulted in 

no protein detection. 

1.3.1.3. Nanomicelles 

Nanomicelles are nano-sized self-assemblies of amphiphilic block copolymers with a 

hydrophobic core surrounded by a hydrophilic shell (Nishiyama & Kataoka, 2006). The shell 

is responsible for micelle stabilization and in particular circumstances interacts with 

biomembranes. Amphiphilic block copolymers can be tailored to prolong the stability of 

nanomicelles in ocular fluids, improve bioadhesion, and control drug release (Trivedi & 

Kompella, 2010). These properties as well as their ability to enhance the solubility of 

hydrophobic drugs, prevent drug degradation, and improve drug permeation through ocular 

epithelia render them excellent ophthalmic drug delivery systems. The most commonly used 

shell-forming polymer is poly(ethylene glycol) (PEG), which has several advantages, 

including high aqueous solubility, low toxicity and immunogenicity, as well as the capacity 

to prolong the circulation time and decrease protein adsorption on the nanomicelle surface 

(Adams, Lavasanifar, & Kwon, 2003). 

1.3.1.4. Liposomes 

Liposomes are lipid assemblies comprising an aqueous compartment surrounded by a 

phospholipid bilayer, with drugs typically loaded in the core or bilayer. Liposomes 
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demonstrate versatile drug loading properties, as they can encapsulate hydrophilic and 

lipophilic drugs in the core and bilayer, respectively. Ionic drug loading can be further 

facilitated by using cationic or anionic lipids. Encapsulated drugs may be released from 

liposomes by passive diffusion, vesicle fusion, or vesicle disruption. Currently, liposomes 

have been explored extensively in ocular drug delivery and some products are already in the 

market for the treatment of retinal diseases. For example, Visudyne
®
 (Novartis 

Pharmaceuticals, USA), an intravenous liposomal formulation incorporating verteporfin, is 

clinically used for the treatment of subfoveal choroidal neovascularization induced by age-

related macular degeneration (AMD), pathologic myopia, or ocular histoplasmosis. Photrex
®
 

(Miravant Pharmaceuticals, USA) containing rostaporfin is a similar liposomal light-activated 

formulation indicated for the treatment of AMD and has completed Phase III clinical trials 

(Miravant, 2005). 

1.3.1.5. Dendrimers 

Dendrimers are tree-like structures possessing repetitive branched molecules surrounding a 

central core. Drugs can either be entrapped in the dendrimer network through hydrogen bonds, 

hydrophobic interactions and ionic interactions, or be conjugated through covalent bonds. 

Commonly used dendrimers in ocular drug delivery include poly(amidoamine) (PAMAM) 

(Yavuz, Pehlivan, Vural, & Ünlü, 2015), poly(L-lysine) (Marano, Toth, Wimmer, Brankov, 

& Rakoczy, 2005), poly(propylene imine) (Duan & Sheardown, 2006), and phosphorus 

dendrimers (Spataro et al., 2010). Within this field of application, these molecular carriers 

have been primarily employed for gene delivery (Sun et al., 2015), although some small 

molecular therapeutic agents, including hydrophilic (e.g. antibiotics) (Lopez, Reins, 

McDermott, Trautner, & Cai, 2009) and lipophilic (e.g. anti-glaucoma drugs) drugs (Yang, 

Tyagi, Kadam, Holden, & Kompella, 2012), have also been loaded into dendrimers for the 

treatment of various ocular diseases. Furthermore, it has been found that functionalization of 

amino-terminated dendrimers with PEG can reduce the toxicity induced by the cationic 

surface charge and further enhance therapeutic efficacy (Holden et al., 2012; Lopez et al., 

2009). 

1.3.1.6. Nanocrystals 

Nanocrystals, consisting of pure drugs and a minimum of surface active agents required for 

stabilization, are a nano-sized carrier-free colloidal drug delivery system with crystalline 
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characteristics. Drug crystals are surrounded by excipients that improve their stability and 

influence their interaction with biological membranes. When drugs are disintegrated into 

nanocrystals, their saturation solubility significantly increases, which could be of particular 

benefit for the delivery of poorly soluble drugs to the eye (Gao, Zhang, & Chen, 2008). In 

addition, nanocrystals have great mucoadhesive features that can be exploited to minimize 

the loss of drug caused by outflow of lacrimal fluid and thus improve their ocular retention. 

Kala Pharmaceuticals is currently developing mucus-penetrating particles comprising the 

nanocrystalline form of therapeutic compounds stabilized by PEG, which uniformly and 

rapidly permeate mucosal barriers to achieve improved distribution and prolonged retention, 

leading to sustained local drug concentrations in the eye (Enlow, Nguyen, & Ong, 2017). So 

far, nanocrystals of anti-inflammatory and anti-glaucoma drugs have been formulated with in 

vivo results showing advantageous dissolution and absorption behavior and thereby enhanced 

ocular bioavailability (Ali, York, Ali, & Blagden, 2011; Tuomela et al., 2014).  

1.3.2. Benefits of nanocarriers in ocular drug delivery 

1.3.2.1. Enhanced bioadhesion and rapid internalization 

Topical instillation is a highly desirable route for ocular drug delivery due to its non-invasive 

and patient-friendly administration in addition to the relatively low cost. Consequently over 

90% of ophthalmic formulations currently in the market are topical eye drops (Abdelkader & 

Alany, 2012). However, eye drops generally require frequent dosing because of rapid 

elimination from the ocular surface mainly due to conjunctival absorption, solution drainage, 

induced lacrimation, and tear turnover, resulting in inefficient drug concentrations and low 

bioavailability in the eye, especially for the treatment of posterior segment diseases (Gaudana, 

Ananthula, Parenky, & Mitra, 2010). This route of administration can therefore especially 

benefit from nanocarriers that enable enhanced adhesion to and rapid internalization into 

corneal and conjunctival epithelia. A variety of natural polymers with mucoadhesive 

properties, such as hyaluronic acid (HA) (Ibrahim, El-Leithy, & Makky, 2010), chitosan 

(Bhatta et al., 2012), and pectin (Sharma, Ahuja, & Kaur, 2012) have been employed for 

nanocarrier preparation to enhance ocular surface adhesion and thus prolong the retention 

time. Amongst these, chitosan has proven to be the most promising material due to its 

protonated amine groups, which readily adhere to the negatively charged mucins via 

electrostatic and hydrogen bond interactions and improve the paracellular transport of 

hydrophilic macromolecules by loosening or opening the tight junctions between epithelial 
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cells (da Silva, Ferreira, Pintado, & Sarmento, 2016; Thanou, Verhoef, & Junginger, 2001). 

Similarly, cationic dendrimers have also been considered as a promising platform for ocular 

drug delivery via topical administration. Due to the strong adhesion to mucin groups and 

enhanced corneal epithelial cell uptake, PAMAM dendrimer NP hydrogels resulted in 

sustained ocular surface retention and drug delivery into various eye tissues for one week 

after a single topical application without causing any inflammation or discomfort (Yang et al., 

2012). 

1.3.2.2. Sustained drug release 

A number of progressive and chronic ocular diseases require long-term treatment, especially 

posterior segment disorders, such as AMD and diabetic retinopathy (DR). Intravitreal and 

periocular administrations are useful approaches here as they can achieve high drug 

concentrations at the target site. However, simple drug solutions administered via these routes 

are rapidly eliminated, necessitating frequent injections to maintain therapeutic 

concentrations. Also, repeated administration is associated with many risks and may result in 

serious side effects, sight-threatening complications, and poor patient compliance. To avoid 

frequent administration, several sustained release systems, including ocular inserts (Franca et 

al., 2014), hydrogels (Lovett et al., 2015), and nanocarrier formulations (Lee, Li, Huang, & 

Lai, 2017), have been developed over the years to enhance drug delivery efficacy to the eye. 

Nanocarriers are capable of controlled and sustained drug release and prolonged therapeutic 

activity at the target site. A number of biodegradable polymers have been employed to 

fabricate ocular nanocarriers with the release duration of encapsulated drugs mainly 

depending on the carrier matrix material and the physicochemical properties of the 

formulations. Chen et al. (2015) encapsulated a peptide drug into PLGA NPs to achieve 

sustained drug release for up to two months via intravitreal injection and promote survival of 

retinal ganglion cells (RGCs) following retinal ischaemia-reperfusion injury in a rat model. 

Similarly, Iezzi et al. (2012) evaluated the in vivo efficacy of hydroxyl-terminated PAMAM 

dendrimer-drug conjugates in a rat model of retinal degeneration. Their results showed that a 

single intravitreal injection of 1 μg of fluocinolone acetonide conjugated to 7 μg of PAMAM 

dendrimer was able to arrest retinal degeneration, preserve photoreceptor outer nuclear cell 

counts, and attenuate activated microglia for one month. 
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To reduce the initial burst release of drugs from nanocarriers and further prolong the overall 

drug release duration, nanocarrier embedded hydrogels have recently been developed. Pachis 

et al. (2017) prepared a novel hybrid formulation by entrapping flurbiprofen loaded 

liposomes into thermosensitive hydrogels consisting of Pluronic F-127 and performed a 

series of experiments in comparison with conventional liposomes. In vitro studies revealed 

that the flurbiprofen release from the hybrid formulation was significantly sustained 

compared to conventional liposomes, while in vivo pharmacokinetic studies confirmed that 

the hybrid system prolonged the residence time of flurbiprofen in the vitreous, aqueous 

humor, and retina/choroid tissues following intravitreal injection, thereby increasing the 

overall drug bioavailability in the eye. 

1.3.2.3. Active targeting via surface modification of nanocarriers 

Utilization of ligand-receptor mediated endocytosis has been a promising strategy for decades, 

as it enables to actively target drugs and nanocarriers to specific cells and enhance their cell 

affinity and uptake into ocular tissues. Intensively investigated receptors for drug targeting to 

the retina hereby include integrins (Singh et al., 2009), EphA2 (J. L. Wang et al., 2012), 

GM1 (Zhao et al., 2017), folate (Suen & Chau, 2013), and CD44 (Gan et al., 2013).  

HA, a high molecular weight linear glycosaminoglycan composed of repeating disaccharide 

units of β-1,4-D-glucuronic acid-β-1,3-N-acetyl-D-glucosamine, is an important component 

of the extracellular matrix and specifically binds to several plasma membrane receptors, 

including CD44 (Murata & Horiuchi, 2005). Since the interaction between HA and CD44 

receptors enables active targeting of nanocarriers to the retina (Figure 1-3), HA has been 

considered an attractive targeting moiety decorating drug delivery vehicles with various 

functionalized nanocarriers fabricated by modifying their surface with this 

glycosaminoglycan. Gan et al. (2013) prepared HA modified liponanoparticles and compared 

their distribution in experimental autoimmune uveitis rats with non-functionalized NPs. 

Results showed that HA modified NPs successfully reached the retina and specifically 

targeted RPE cells after intravitreal injection, while non-functionalized NPs were primarily 

retained in the vitreous cavity or only reached the inner layers of the retina. More recently, 

HA coated nanocarriers were employed to facilitate intravitreal gene delivery, and the 

influence of the HA molecular weight on CD44-receptor mediated endocytosis as well as 

gene transfection efficiency were evaluated (Martens et al., 2017; Martens et al., 2015). It 

was found that covalent HA coated carriers significantly enhanced gene transfection 
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efficiency in a human RPE cell line compared to uncoated carriers and coating with low 

molecular weight HA resulted in higher gene expression than coating with high molecular 

weight HA, which could attribute to the increased metabolic activity of low molecular weight 

HA. 

 

Figure 1-3. Proposed internalization pathway of HA modified nanocarriers via interactions 

with CD44 receptors on the cellular membrane; ER, endoplasmic reticulum. Image adapted 

from (Contreras-Ruiz et al., 2011). 
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1.4. Intravitreal administration of nanocarriers 

The commonly available routes to target the posterior segment of the eye include topical, 

systemic, intravitreal, and periocular administration with each route having its own specific 

advantages and disadvantages. To date, intravitreal administration remains the most effective 

route to deliver drugs to the posterior segment of the eye (Thakur, Barnett, Donaldson, & 

Parekh, 2014). 

1.4.1. Basis of intravitreal administration 

Intravitreal administration involves the direct application of drugs or carriers into the vitreous 

via the pars plana using a 30G needle or through surgical insertion in the case of implantable 

delivery systems. A number of therapeutic agents targeted towards posterior segment 

disorders, including anti-vascular endothelial growth factors (e.g. ranibizumab and 

aflibercept), anti-infectives (e.g. ganciclovir, foscarnet, and amphotericin B), and anti-

inflammatory steroids (e.g. dexamethasone, fluocinolone, and triamcinolone), are currently 

administered via this route. 

Intravitreal injection achieves substantially higher doses of therapeutics in the posterior 

segment of the eye compared to other administration routes. For instance, intravitreal 

injection of 1.25 mg bevacizumab into Dutch Belted rabbit eyes resulted in a therapeutic Cmax 

of 93,990 ng/g in the retina/choroid, a concentration over 300-fold greater than when an 

equivalent dose was administered via the subconjunctival route (Nomoto et al., 2009). 

Intravitreal injection also led to ocular retention of therapeutic bevacizumab levels over 11.7 

weeks, in contrast to 8.6 weeks administered via the subconjunctival route. Furthermore, 

intravitreal injection achieved a superior half-life compared to suprachoroidal administration 

due to relatively slow blood flow and elimination rate (Tyagi, Kadam, & Kompella, 2012; M. 

Wang et al., 2012). 

Formulations injected into the vitreous may be cleared either via the anterior or retinal route. 

Generally, large or highly hydrophilic molecules and particles are primarily cleared through 

the anterior trabecular meshwork (Li, Hao, Liu, & Lee, 2012; Meyer, Krohne, & Holz, 2011; 

Nieto, Hou, Sailor, Freeman, & Cheng, 2013). Conversely, smaller and specifically lipophilic 

molecules have a greater tendency to favour elimination through the posterior processes 

(Mains, Tan, Wilson, & Urquhart, 2012; Pitkanen et al., 2005). It is thus important to tailor 
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nanotechnology to favour posterior clearance and localization in order to effectively target 

retinal diseases. 

In spite of its observed efficacy, the intravitreal route remains highly undesirable given its 

poor patient acceptability and the potential to cause various complications, including retinal 

detachment, formation of cataracts, hyphema, uveitis, and raised intraocular pressure (IOP) 

(Peyman, Lad, & Moshfeghi, 2009). In light of this, strategies aiming to minimize the 

frequency of administration via this route have been employed. Intravitreal implants remain 

the benchmark for prolonged drug delivery, with non-biodegradable formulations reporting 

therapeutic effectiveness for up to three years in some cases (Kane, Burdan, Cutino, & Green, 

2008). A variety of novel formulations incorporating anti-viral (Vitrasert
®

) or corticosteroid 

(Retisert
®
) therapeutics have already received market approval globally. However, no 

marketed intravitreal implant to date has been able to deliver macromolecules due to 

difficulties in effectively entrapping and controlling release of such molecules. Nevertheless, 

efforts continue with delivery systems such as the Tethadur
TM

 nanoporous silicone matrix, 

demonstrating at least 50-days of controlled bevacizumab release in simulated vitreous fluid 

(Kelly et al., 2016). Bevacizumab is hereby loaded into the carrier matrix via electrostatic 

interactions with the release behavior governed by matrix erosion. 

Despite their immense potential to prolong the duration of drug delivery, conventional 

implants need to be surgically inserted and removed, which itself can associated with 

potential complications as well as poor patient acceptability with even newer injectable and 

refillable systems facing some adverse events (Bansal et al., 2012; Forsight Vision4 Inc., 

2014). Given the limitations faced by implantable systems, particles have seen increasing 

interest as reservoirs to sustain drug release in the vitreous. Drug delivery may hereby be 

sustained using formulations with slow intravitreal clearance profiles, with a key example 

being nanoparticulate depots. 

1.4.2. NP diffusion through the vitreous 

It is understood that larger particles have lower mobility in the vitreous. The vast hyaluronan-

collagen network contained within the vitreous acts as a mesh and, in the case of bovine eyes, 

is impermeable to particles larger than 1190 nm while allowing free movement of particles 

smaller than 510 nm in diameter (Xu et al., 2013). The impact of particle size on the diffusion 

dynamics through the vitreous has been evidenced in numerous instances (Barza, Stuart, & 
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Szoka, 1987; Ryu et al., 2011; Xu et al., 2013) and as such many conjugates as well as nano- 

and microparticles have been employed for sustained release applications. 

Complex nanocarriers have been developed to restrict drug diffusion including bevacizumab-

coated PLA NPs which were subsequently entrapped into porous PLGA microparticles 

(Yandrapu, Upadhyay, Petrash, & Kompella, 2013). Direct loading into the microparticles 

resulted in 68-74% of the drug being released within the first 24 h while this burst was 

effectively reduced when the drug was first loaded into NPs which were subsequently 

incorporated into the microparticles with the release sustained for up to 4 months in vitro. 

Bevacizumab release from the hybrid formulation was also sustained in vivo for two months 

with drug being present at significantly higher concentrations in all ocular tissues compared 

to a simple drug solution. 

In order to reach their target site following intravitreal administration, drugs need to diffuse 

across the vitreous. As mentioned earlier, unhindered vitreal migration is possible for drug 

loaded NPs, although this may be substantially impacted by their surface characteristics. The 

vitreous comprises various anionic molecules such as collagen and glycosaminoglycans, 

which substantially restrict the movement of cationic particles (Martens et al., 2013; Xu et al., 

2013). When comparing the mobility of functionalized polystyrene NPs in ex vivo bovine 

vitreous, it was observed that particles coated with cationic amine groups were immobilized 

within the vitreous whereas the ones coated with anionic carboxylic acid groups could freely 

traverse the matrix (Xu et al., 2013). However, when higher concentrations of anionic 

particles were administered, restricted mobility was also observed due to particle aggregation. 

As such the most unhindered migration was found when particles were PEGylated (Figure 1-

4). While neutral PEGylated particles showed excellent vitreous diffusive mobility, 

PEGylation of cationic particles could also substantially accelerate their diffusion (Martens et 

al., 2013).  

Despite progress made through nanotechnology and advanced formulation design, the largest 

challenge facing intravitreal delivery at present remains an inability to direct particles 

towards their site of action. Posterior segment pathology is often localized, while intravitreal 

drug diffusion is a complex process governed by multiple factors including hydrophilicity 

(Mains et al., 2012), vitreous liquefaction (Ryu et al., 2011), flow mechanisms (Missel, 2002), 

and saccadic eye movement (Balachandran & Barocas, 2011). Each of these factors needs to 
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be considered as it grossly impacts the efficacy and ultimate fate of an injected therapeutic 

and delivery system. 

 

Figure 1-4. Impact of particle size and surface functionality of NPs on migration through the 

vitreous. Hydrophobic and negatively charged domains in the vitreous meshwork readily 

immobilize cationic NPs, whereas movement of anionic NPs is restricted due to aggregation 

at higher concentrations. Conversely, PEGylated NPs freely traverse the vitreous meshwork 

up to a particle size of ~510 nm. Image adapted from (Xu et al., 2013). 

1.4.3. NP migration across the retina 

Vitreous migration is an important consideration; however, the ultimate goal of intravitreally 

administered particles is to penetrate the ILM and migrate across the retina. The ILM, like the 

vitreous, primarily comprises anionic substances such as laminin, proteoglycans, and type IV 

collagen (Candiello, Cole, & Halfter, 2010). As such, it poses a strong penetration barrier 

particularly to cationic particles such as those composed of chitosan (Koo et al., 2012). In 

contrast, particles prepared using anionic components such as HSA and HA achieved 

substantial penetration into the retina through the specific pathway from the ILM to the ELM. 
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While non-ionic particles were not evaluated here, various instances of such particles 

permeating through retinal layers have been reported (Kim & Csaky, 2010; Wong et al., 2013; 

Xu et al., 2013). Once permeated, particles may reside in the retina for several months, 

allowing them to sustain their therapeutic action. A key example is cerium oxide NPs 

(nanoceria), which were retained in the rat retina for 120 days post-intravitreal injection with 

no obvious toxicity observed (Wong et al., 2013). 

The permeability of NPs across the retina is affected by various factors, such as the particle 

size and the pathological condition of the retina. A large particle size limits the internalization 

of NPs into cells, as they are too large to diffuse through intact cell membranes (Ryu et al., 

2011). On the other hand, when the retina is under pathological conditions, the tissues are 

more permeable and thereby provide less hindrance to NP penetration, which might be due to 

the disintegration of retinal layers and disruption of physical barriers. This has been observed 

in several retinal disease models, including laser photocoagulated eyes (Kim et al., 2009) and 

experimental autoimmune uveitis (Gan et al., 2013). It is therefore important to consider the 

disease state and target site before designing effective nanocarrier systems for retinal drug 

delivery.  

1.5. Ultrasound enhanced ocular drug delivery 

Sonophoresis, also called ultrasound (US), involves the application of a sound field at 

frequencies higher than 20 kHz to improve drug transport across biological membranes, 

including ocular barriers (Zderic, Clark, & Vaezy, 2004). US is applied over the tissue 

through a coupling medium which enables the propagation of the acoustic field (Polat, Hart, 

Langer, & Blankschtein, 2011). US has been utilized in ophthalmology for decades but 

mostly as a diagnostic imaging tool (Mundt & Hughes, 1956). Recently, therapeutic US has 

emerged as an option to treat glaucoma by cyclocoagulation (Aptel & Lafon, 2015) or 

enhance ocular uptake of molecules such as low MW drugs (Nabili et al., 2013), genes 

(Yamashita et al., 2007), and proteins (Cheung et al., 2010). 

1.5.1. Underlying mechanisms of sonophoresis 

The mechanisms for US enhanced drug delivery include non-thermal (e.g. cavitation, 

acoustic streaming, and mechanical stress) and thermal effects. US parameters, co-

administration of microbubbles (MBs), and drug-related characteristics may all affect US 

mediated delivery (Cheung et al., 2010; Nabili et al., 2013). Although the efficacy of US 
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mediated ocular drug delivery has been confirmed and a few mechanistic studies have been 

undertaken, the dominant contribution of US in inducing a therapeutically relevant bio-effect 

remains unclear. As human eyes are extremely sensitive, it is incredibly important to keep a 

good balance between the efficacy and safety of the applied US. Additionally, a clear 

understanding of the US mechanisms and precise monitoring of mechanically induced bio-

effects (e.g. temperature increase and cavitation regulation processes) can avoid potential side 

effects to the eye thus suggesting US mediated ocular drug delivery as a safe and minimally 

or non-invasive technique (Lafond, Aptel, Mestas, & Lafon, 2017). 

Cavitation is generally considered the predominant factor in the enhancement of drug 

delivery by US (Figure 1-5) (Mitragotri, Edwards, Blankschtein, & Langer, 1995). It is 

defined as the cavity activity and formation of MBs due to an acoustic pressure gradient 

within the acoustic coupling medium. The continuous pulsation of cavitation MBs in the US 

field over many pressure cycles without collapse is considered stable cavitation, which can 

cause rupture of the membrane (Miller, 1987). A dramatic growth of MBs, however, may 

lead to a fierce collapse within a few pressure cycles and generate pits on the surface of the 

membrane (Leighton, 2012). This cycle of growth and collapse is associated with inertial 

cavitation which has also shown to alter ocular barrier properties in drug delivery (Zderic et 

al., 2004). Corneal permeability enhancement is considered a result of cavitation with stable 

cavitation being the only mechanism at low US intensities, whereas both stable and inertial 

cavitation play important roles at higher US strengths (Zderic et al., 2004). Transscleral US-

assisted delivery is also attributed to cavitation by creating more transport channels and non-

covalently modifying the proteoglycan fiber morphology without significantly disturbing the 

collagen network of the sclera. Low intensity US produces sufficient acoustic pressure to 

generate stable oscillating MBs and induces microstreaming; however, much higher 

intensities are required to achieve inertial cavitation (Cheung et al., 2010; Suen, Jiang, Wong, 

Qu, & Chau, 2016). 

When an US wave travels through a medium, a part of its energy is absorbed, which leads to 

an energy and pressure gradient. In fluids, this gradient creates a flow called acoustic 

streaming, which in turn exerts shear stress on the biological membranes (Humphrey, 2007). 

The role of the bulk flow due to acoustic streaming has been investigated in preliminary 

studies and evidence has shown that although acoustic streaming is not as strong as 

microstreaming generated by oscillating MBs, the corresponding shear stress results in an 
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enhancement of both of transcorneal and transscleral drug delivery (Nabili et al., 2013; 

Razavi et al., 2014; Zderic et al., 2004). 

Mechanical stress occurs due to the induction of sinusoidal pressure variations in a medium 

by a longitudinal US wave. This wave has a direct influence on cells and tissues and causes 

density variation in them, resulting in cyclic stress and leading to fatigue. However, the role 

of mechanical stress has not yet been clarified for ophthalmic applications. Under US of 20 

kHz, the mechanical stress can be neglected for the permeability variation across the cornea, 

since the wavelength of the incident beam (~7.5 cm) is much greater than the thickness of the 

cornea (~0.5 mm). Thus, a significant gradient in the net pressure across the cornea is not 

expected (Zderic, Vaezy, Martin, & Clark, 2002). Cheung et al. (2010) also pointed out that 

the mechanical stress in US mediated transscleral delivery could not explain the improvement 

in drug transport. 

With US application, the temperature of the applied tissue might increase due to absorption 

of sound waves with a higher absorption coefficient of the respective tissue leading to a 

greater temperature increase and thus a stronger thermal effect which has also been correlated 

with the enhancement of drug permeability. For example, the corneal permeability of 

ophthalmic agents such as tobramycin and dexamethasone sodium phosphate (DSP) was 

enhanced with a temperature change from 34 to 37 °C after US exposure (0.4 to 1 MHz, 0.3 

to 1.0 W/cm
2
, 5 min) (Nabili et al., 2013). However, this temperature increase and 

overheating of ocular tissues by US application for enhanced drug delivery is a major concern 

in the clinical setting (Barnett et al., 2000; Kowalczuk et al., 2011; Nabili, Geist, & Zderic, 

2015). For US diagnosis, the thermal safety requirements allow a maximal temperature 

increase of 1.5 °C (EFSUMB, 1998). Therefore, researchers have to carefully select US 

conditions at low energy levels to limit any excessive temperature increase and thus tissue 

damage. 
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Figure 1-5. Schematic of stable and inertial cavitation. (A) An acoustic pressure wave, (B) 

stable cavitation and (C) inertial cavitation. Image adapted from (Lentacker, De Smedt, & 

Sanders, 2009).  

1.5.2. Delivery approaches using US 

1.5.2.1. Transcorneal US  

US enhanced transcorneal drug delivery has been investigated for various drugs (Table 1-2). 

A hydrophilic dye was initially delivered through a rabbit cornea under US exposure (880 

kHz, 0.19 to 0.56 W/cm
2
, 5 min) and an up to ten-fold increase in dye concentration in the 

aqueous humor was observed (Zderic et al., 2004). A few ophthalmic agents such as 

tobramycin and DSP were subsequently delivered to evaluate the influence of various US 

waves (0.4 to 1.0 MHz, 0.3 to 1.0 W/cm
2
, 5 min) on the corneal barrier properties and drug 

permeability. Although these compounds had similar molecular properties, the permeability 

of tobramycin without or with US exposure did not change, while the permeability of DSP 

significantly increased after US exposure. Therefore, no conclusions could be drawn 

regarding the effect of molecular properties on US enhanced transcorneal drug delivery with 

further studies required to identify the factors affecting US mediated delivery (Nabili et al., 

2013). Overall, the optimal efficiency of transcorneal US mediated delivery is closely 

associated with the US parameters (e.g. frequency and intensity). When lower frequency US 

(20 kHz) was employed, the enhancement in transcorneal transport, unlike the significant 

increase observed in transdermal delivery, was less than that achieved by US of medium 

frequencies (660 to 880 kHz), although a ten-fold higher intensity and a 12-fold longer 
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exposure duration were used. Therefore, low frequency 20 kHz US was deemed unsuitable in 

the case of transcorneal delivery with further investigations required to determine the increase 

in transcorneal permeability caused by US of various parameter settings (Zderic et al., 2002). 

A combination of US and MBs has been thought to be a more effective approach to deliver 

drugs and genes into the ocular tissues. MBs were originally developed as US contrast agents 

to improve ultrasonographic images. Based on the results from mechanistic studies, US 

increases the permeability of biological membranes by generation of MBs which act as 

cavitation nuclei, effectively focusing US energy and leading to higher image contrast. Thus, 

it was found that the required US energy could be greatly reduced in the presence of MBs 

(Wang, Liang, Dong, Lu, & Blomley, 2005). In terms of ocular drug delivery, the majority of 

studies referring to a combination of US and MBs have focused on gene transfection. For 

example, pEGFP-N2, a green fluorescent protein plasmid, was injected into the rabbit cornea 

in vivo together with MBs (20% w/v) followed by US application (1 MHz, 1 to 2 W/cm
2
, 120 

s, 50% duty cycle). While plasmid deoxyribonucleic acid (DNA) injection alone only 

provided limited gene transfer, plasmid DNA injection with MBs plus US significantly 

increased gene transfer efficiency without apparent tissue damage with gene expression 

mainly in the area exposed to US (Sonoda et al., 2006). 

1.5.2.2. US mediated delivery to the posterior segment 

Studies on the application of US enhanced drug delivery to the posterior segment are rather 

limited (Table 1-2). Due to the unique barrier properties of the eye, it is necessary to develop 

and validate an effective approach with regards to US parameters and permeability kinetics in 

order to transport drugs efficiently without raising safety concerns. 

US mediated ex vivo transscleral delivery of macromolecules was investigated by 

determining bovine serum albumin (BSA) transport through rabbit sclera after US exposure 

(1 MHz, 0.05 W/cm
2
, 30 s) resulting in 1.6-fold higher BSA concentrations without causing 

any damage to the retinal tissues (Cheung et al., 2010). The in vivo efficacy of transscleral 

US was subsequently evaluated at a much lower frequency (40 kHz, 0.12 W/cm
2
, 90 s). 

Results indicated that low frequency US significantly increased the penetration of 

macromolecules via the transscleral route with good tolerability (Suen et al., 2013). Recently, 

a novel macromolecular delivery approach was developed by combining transscleral US with 

nanocarriers. US application (1 MHz, 0.5 W/cm
2
, 5 min) considerably enhanced the 
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penetration efficiency of BSA loaded NPs through ex vivo rabbit sclera, meanwhile 

nanocarriers enabled sustained drug release, which in turn could reduce the need for frequent 

administration and US application (Huang et al., 2014). No safety issues due to US 

application were reported in these studies with the ocular tissues showing normal morphology 

and the temperature rise being below the maximal limit of 1.5 °C for US application in 

ophthalmology (EFSUMB, 1998). 

High intensity focused ultrasound (HIFU), a clinically applicable tool in the treatment of 

glaucoma (Aptel et al., 2011; Aptel, Denis, Rouland, Renard, & Bron, 2016; Aptel & Lafon, 

2015; Denis et al., 2015), has also recently been tested for transscleral drug delivery. One 

hundred HIFU pulses with a pulse duration of 50 ms and a pulse repetition frequency (PRF) 

of 1 Hz increased the penetration depth of two model drugs, bicinchoninic acid and 

rhodamine 6G, by 2.0- and 3.1-fold, respectively, which indicated that HIFU may be an 

effective modality for transscleral drug delivery with a high transporting rate and depth. No 

morphological changes were found in the sclera after HIFU if the pulse duration was shorter 

than 50 ms while temperature elevation was also negligible (< 1 °C). However, erosion on the 

scleral surface was observed after HIFU with pulse durations longer than 100 ms, which was 

due to the subcellular tissue fragmentation by bubble cavitation. In addition to small 

molecules, macromolecules and controlled release systems (e.g. liposomes and NPs) may 

also be suitable for HIFU mediated delivery, as US has no special requirement with regards 

to permeant properties (e.g. charge and lipophilicity), although particle size is considered the 

major factor affecting penetration efficiency (Murugappan & Zhou, 2015). 

US co-administration with various gaseous particles, such as liposomes, bubble liposomes, 

and MBs, has also been applied for drug and gene delivery to the posterior segment of the eye 

(Thakur et al., 2014). It is worth mentioning here that in addition to being the causative 

agents for barrier disruption, these formulations can also serve as drug delivery vehicles 

stably carrying drugs and genes into biological tissues. Drugs and genes can hereby be 

adsorbed onto or embedded into the shell matrix or encapsulated in the internal gaseous core 

(Wang, Wilson, Machtaler, & Willmann, 2013). 

Non-viral gene NPs, including PEGylated polystyrene nanospheres and non-PEGylated 

lipoplexes, were formulated and co-delivered ex vivo through bovine retina under US (1 MHz, 

0.5 to 1 W/cm
2
, 30 to 120 s, 50 to 100% duty cycle) to facilitate NP uptake by RPE cells. 

However, longer durations were necessary to improve the permeation of larger-sized NPs 
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through the neural retina, underlining the importance of developing small-sized carriers (< 

130 nm) for the delivery of nucleic acids to the neural retina and the RPE (Peeters et al., 

2008). More recently, US-targeted MB destruction (1 MHz, 2 W/cm
2
, 5 min, 50% duty cycle) 

was utilized to enhance and accelerate transgene expression in the retina by transferring 

rAAV2-CMV-EGFP, a viral vector encoding a plasmid DNA, through the sclera and vitreous 

into the sub-retinal space of rats. Here, the gene expression was much higher than that of 

other groups (AAV, AAV+MBs, and AAV+US) before day 35; however, there was no 

difference between these formulations after 35 days. A possible explanation was that US 

created transient pores immediately after exposure and provided another pathway for AAV to 

enter thereby facilitating AAV delivery into the cells through US-targeted MB destruction 

with higher amounts delivered than those by natural transfection (Li et al., 2009). 

So far, there has been no evidence that US can enhance retinal permeability upon extraocular 

administration in large animal models. In addition, the lack of retinal targeting of 

extraocularly applied US may result in unpredictable effects in other ocular tissues. Focused 

retinal US application, on the other hand, is expected to result in higher delivery efficiency 

and minimize damage to the surrounding tissues. A tiny intravitreal US transducer as small as 

a 19G needle was therefore designed which delivered US (3 MHz, 0.15 W/cm
2
, 60 s, 6% duty 

circle) selectively and intensively to the retina and enhanced plasmid DNA transfer efficacy 

(Sonoda et al., 2012). This concept may be feasible to treat retinal diseases in the future. 

However, more in vivo data are needed, especially referring to the safety of the device, since 

the intravitreal US application is rather invasive and complex surgical procedures may be 

required, increasing the risk of intraocular infections and other surgical complications. 

Despite locally enhanced ocular drug delivery, targeted delivery of systemically administered 

drugs to the retina using focused US has also recently been achieved. US (10 ms bursts 

applied at 1 Hz for 60 s) was delivered through the cornea and lens into the retina in one rat 

eye along with intravenous injection of MBs, leading to transient disruption of the BRB and 

increasing the concentration of a magnetic resonance imaging contrast agent (Magnevist, 

MW 938 Da) in the vitreous humor. This provided a non-invasive technique for retinal 

delivery of systemically administered drugs. With regards to safety, this study also 

highlighted that the risk of side effects could be reduced at low exposure levels or by utilizing 

a transducer that produces a small focal region (Park, Zhang, Vykhodtseva, Akula, & 

McDannold, 2012). Table 1-2 gives an overview of recent studies on US enhanced drug 

delivery to the eye. 
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Table 1-2. Summary of permeant properties and experimental conditions for US mediated 

drug delivery to the eye. 

Delivery route Permeant Molecular 

size 

Lipophilicity Charge 

(pH 

7.4) 

Frequency 

(MHz) 

Intensity 

(W/cm
2
) 

Duration 

(min) 

Model Ref. 

Transcorneal Sodium 

fluorescein 

376 Da Hydrophilic - 0.88 0.19, 

0.34, 

0.56 

5 Ex vivo 

rabbit 

cornea 

(Zderic et al., 

2004) 

 Sodium 

fluorescein 

376 Da Hydrophilic - 0.4, 0.6, 

0.8, 1 

1.0 5 Ex vivo 

rabbit 

cornea 

(Nabili et al., 

2013) 

 Tobramycin 467 Da Hydrophilic + 0.4, 0.6, 

0.8, 1 

0.5, 0.8, 

1.0 

5 Ex vivo 

rabbit 

cornea 

(Nabili et al., 

2013) 

 DSP 516 Da Hydrophilic - 0.4, 0.6, 

0.8, 1 

0.3, 0.5, 

0.8, 1.0 

5 Ex vivo 

rabbit 

cornea 

(Nabili et al., 

2013) 

 DSP 516 Da Hydrophilic - 0.4, 0.6 0.8 5 In vivo 

rabbit 

(Nabili et al., 

2014) 

 Atenolol 266 Da Hydrophilic + 0.02 2 10, 30, 

60 

Ex vivo 

rabbit 

cornea 

(Zderic et al., 

2002) 

 Carteolol 292 Da Hydrophilic + 0.02 2 10, 30, 

60 

Ex vivo 

rabbit 

cornea 

(Zderic et al., 

2002) 

 Timolol 316 Da Lipophilic + 0.02 2 10, 30, 

60 

Ex vivo 

rabbit 

cornea 

(Zderic et al., 

2002) 

 Betaxolol 307 Da Lipophilic + 0.02 2 10, 30, 

60 

Ex vivo 

rabbit 

cornea 

(Zderic et al., 

2002) 

 pEGFP-N2 NA Hydrophilic - 1 0.8, 1.0 

1.2 

0.33, 1 In vitro 

rabbit 

corneal 
epithelial 

cells 

(Yamashita et 

al., 2007) 

 pEGFP-N2 NA Hydrophilic - 1 1, 2 1, 2 In vitro 
rabbit 

corneal 

epithelial 

cells 

(Sonoda et al., 

2006) 

 pEGFP-N2 NA Hydrophilic - 1 1, 1.5, 2 2 In vivo 

rabbit 

(Sonoda et al., 

2006) 

Subconjunctival  pEGFP-N2 NA Hydrophilic - 1 1.2 0.33 In vivo rat (Yamashita et 

al., 2007) 

Transscleral BSA 65 kDa Hydrophilic - 1, 3 0.05 0.5 Ex vivo 

rabbit 

whole eye 

(Cheung et 

al., 2010) 

 BSA 65 kDa Hydrophilic - 0.04 0.002, 

0.01, 

0.05, 

0.38, 1.8 

0.5 Ex vivo 

rabbit 

sclera 

(Suen et al., 

2016) 

 Dextrans 70 kDa Hydrophilic 0 0.04 0.12 1.5 (RT) In vivo 

rabbit  

(Suen et al., 

2013) 
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 Dextrans 20, 70, 

150 kDa 

Hydrophilic 0 0.04, 0.5, 

1, 3 

0.05 0.5 Ex vivo 

rabbit 

sclera 

(Chau, Suen, 

Tse, & Wong, 

2017) 

 NPs 214 nm NA - 1, 3.3 0.5 5 Ex vivo 

rabbit 

sclera 

(Huang et al., 

2014) 

 Bicinchoninic 

acid  

344 Da Hydrophilic - 1.1 (PRF 1 

Hz) 

NA 10, 20, 

50 ms 

bursts  

Ex vivo 

porcine 

sclera 

(Murugappan 

& Zhou, 

2015) 

 Rhodamine 

6G 

479 Da Hydrophilic + 1.1 (PRF 1 

Hz) 

NA 10, 20, 

50 ms 

bursts 

Ex vivo 

porcine 

sclera 

(Murugappan 

& Zhou, 

2015) 

Intravitreal pEGFP-N2 NA Hydrophilic - 3 0.15 1 In vivo 

rabbit 

(Sonoda et al., 

2012) 

 Lipoplexes 228, 203, 

115 nm 

NA + 1 0.5, 1 0.5, 1, 2 Ex vivo 

posterior 

tissue of 
bovine 

eye 

(Peeters et al., 

2008) 

 Nanospheres 38, 122, 

190 nm 
NA - 1 0.5, 1 0.5, 1, 2 Ex vivo 

posterior 

tissue of 

bovine 

eye 

(Peeters et al., 

2008) 

 NPs 252 nm NA - 1 0.5 0.5 (RT) Ex vivo 

posterior 

tissue of 

bovine 

eye 

(Huang, Chen, 

& Rupenthal, 

2017b) 

Subretinal rAAV2-

CMV-EGFP 

NA Hydrophilic - 1 1, 2, 3 1, 2 In vitro 

human 

RPE cell 

(Li et al., 

2009) 

 rAAV2-

CMV-EGFP 

NA Hydrophilic - 1 2 5 In vivo rat (Li et al., 

2009) 

Intravenous MBs 1.1-3.3 

µm 

NA - 0.69 (PRF 

1 Hz) 

NA 1 (10 ms 

bursts) 

In vivo rat (Park et al., 

2012) 

NA-Not available; RT-Repeated treatment 

1.5.3. Safety and tolerability of US 

Although US is generally considered as a non-invasive approach associated with minimal 

pain or discomfort for patients, the safety of US mediated ocular drug delivery is a concern, 

as excessive US energy can damage the eye thermally and mechanically. Thus, the US FDA 

and the World Federation for Ultrasound in Medicine and Biology have imposed strict limits 

for the thermal (< 1.0) and mechanical indices (< 0.23) for ocular applications (Barnett, Duck, 

& Ziskin, 2007; USFDA, 1997). Moreover, the European Federation of Societies for 

Ultrasound in Medicine and Biology considers that an US procedure is safe if the temperature 

increase is less than 1.5 °C above physiological levels (EFSUMB, 1998). Due to these safety 

limitations, a number of US mediated ocular drug delivery studies have investigated the 

potential damage to the eye with evidence showing that increased US frequency, intensity, 
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and exposure duration result in a thermal elevation above the safety margins as well as 

structural alterations in the ocular tissues (Nabili et al., 2014; Peeters et al., 2008; Razavi et 

al., 2014). Recently, Nabili et al. (2015) performed a modeling study to investigate the 

interaction between US energy and heat distribution in the eye. Results showed that US 

induced a higher temperature rise in the lens compared to the cornea and the optic nerve 

because of its high acoustic attenuation. Thus, the pulsed mode may be a safer way to 

enhance ocular drug delivery with minimal heat generation to avoid overheating of the lens. 

Overall, it is important to keep a good balance between the efficacy and safety of US applied 

to the eye. 

1.6. The role of connexin channels in retinal ischaemia 

1.6.1. Retinal ischaemia and its correlation with human ocular diseases 

The retina is nourished by blood that enters the eye through the central artery and exits 

through the central vein. Retinal ischaemia is a pathological condition that occurs when blood 

supply is insufficient to meet the metabolic demands of the tissue. As the retina has a very 

high metabolic rate, any disturbance in the circulation may affect the supply of oxygen and 

metabolic substrates as well as the removal of metabolic waste, which contribute to retinal 

ischaemia (Osborne et al., 2004). 

Retinal ischaemia is a common cause of irreparable visual impairment and blindness. It is 

observed in various ocular diseases, including glaucoma and DR. The actual effects of retinal 

ischaemia are variable, depending on the exact location of the vascular occlusion (Hayreh, 

2005). The retina has a dual blood supply; nutrients of the inner retina are generally supplied 

by the central retinal artery, while the outer retina is nourished by the choriocapillaris through 

the RPE. Hence, the occlusion of the retinal artery may only result in inner retinal ischaemia 

without causing an insult to the outer retina. On the other hand, occlusion of the ophthalmic 

artery could induce global retinal ischaemia, as it supplies the central retinal artery and the 

posterior ciliary arteries which subdivide into the choriocapillaries. 

DR, the most frequent ocular complication of diabetes, is a leading cause of blindness. It has 

been suggested that elevation of blood and tissue glucose levels initiates oxidative stress, 

which leads to localized hypoxia and inflammation in DR (Katavetin et al., 2006; Tang & 

Kern, 2011). Adhesion of leukocytes to vessel walls, aggregation of platelets, altered blood 

flow, and loss of intramural pericytes are the earliest vascular signs of disease progression 
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(Kaur, Foulds, & Ling, 2008). Subsequent blockage of the retinal capillaries and advanced 

retinal ischaemia lead to the formation of acellular non-perfused capillaries, retinal 

detachment, and vascular leakage, which results in haemorrhages, cotton wool spots, retinal 

oedema, and eventually loss of vision. Moreover, swelling of RGCs precedes degenerative 

changes of retinal neurons and gliosis in the inner retinal layers (Gardner et al., 2002). 

Glaucoma is another leading cause of blindness and visual impairment worldwide with 

current medical and surgical interventions mainly aimed at reducing IOP to minimize 

disease-induced damage. However, treatment does not completely arrest disease progression. 

It has been found that visual deterioration in glaucomatous patients is generally caused by the 

death of RGCs, which is induced by deprivation of neurotrophic factors due to blockage of 

axonal transport at the site of the lamina cribrosa. Ischaemia in the optic nerve head and 

retina is thus proposed as the basis of retinal pathology in glaucomatous patients with the 

model of ischaemic injury widely studied to explore new treatments for glaucoma, as the loss 

of RGCs and damage of both the retina and the optic nerve head are the principal outcomes 

of this model (Flammer & Mozaffarieh, 2007; Pang & Clark, 2007; Quigley et al., 2000). 

1.6.2. Animal models of retinal ischaemia 

A number of mammalian models have been developed to investigate retinal ischaemia. In 

order to translate in vivo results to the clinical setting, an animal model which most closely 

resembles retinal ischaemia and its induced pathology in humans is preferred. Although 

higher primates share virtually identical retinal vascular patterns with humans, their 

widespread use as a research model is prohibited due to financial and ethical constraints. 

More commonly used models are small animals, including rats, mice, guinea pigs, and rabbits, 

although there is a wide variation in retinal vascular supply patterns across these species 

(Minhas, Morishita, & Anand, 2012). The retinal vasculature of the rat has a holangiotic 

pattern (i.e. the entire retinal surface receives a direct blood supply), which is similar to that 

in humans, making it a suitable and widely used animal model for retinal ischaemia 

investigations (Osborne et al., 2004). 

Nevertheless, differences certainly exist between rat and human retinas. The principal 

vascular supply to the retina in rats is through a single posterior ciliary artery which travels 

along the inferior side of the optic nerve, directly enters the optic nerve head, and divides into 

three branches: a central retinal artery supplying the retina, as well as medial and lateral long 
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retinal arteries supplying the choroid (Sugiyama, Gu, Kawase, Yamamoto, & Kitazawa, 

1999). Due to this, a temporary occlusion in rats may cause more serious infarction, 

inflammation, and injury in the retina. In contrast, the human retina is supplied by the central 

retinal artery as well as short posterior ciliary arteries. Moreover, the retinal vessels are 

already within the optic nerve when they enter the eye, thus even permanent occlusion of 

posterior ciliary arteries does not lead to central retinal artery occlusion. Therefore, the 

damage presented in animal studies may not exactly reflect the degree of injury that is 

expected in human eyes. 

As shown in Table 1-3, a number of experimental methods are currently used in order to 

induce retinal ischaemia in animals. Among these, the high IOP model of retinal ischaemia is 

the most commonly used, as it is simple to induce and can be used as a representative model 

to study various ocular diseases, including retinal vascular occlusion, glaucoma, DR, and 

retinal trauma (Danesh-Meyer et al., 2012; Kim, Braun, Wordinger, & Clark, 2013; Riazi-

Esfahani, Kiumehr, Asadi-Amoli, Lashay, & Dehpour, 2008). The fundamental basis of this 

experimental model is to introduce sterile fluid into the eye and consequently elevate the IOP 

to compress the vasculature passing through the optic disc and supplying the retina. The 

blood contained within these vessels is expelled with the supply to the retinal tissue 

subsequently deprived. In rat models, retinal ischaemia is usually achieved by cannulating the 

anterior chamber with a 30G infusion needle that is connected by tubing to a reservoir of 

sterile saline, with the height of the reservoir calibrated to produce an IOP of typically 120 

mmHg, which is greater than the ocular perfusion pressure. This technique produces global 

ischaemia, causing obstruction of both the retinal and uveal circulation as well as pallor of the 

iris and fundus. Pathological features of the high IOP model of retinal ischaemia have been 

confirmed via various examinations, including electroretinography (ERG), spectral-domain 

optical coherence tomography (SD-OCT), fundus photography, and immunohistochemistry. 

It has been found that the scotopic ERG b-wave is attenuated immediately in the high IOP 

model of retinal ischaemia and flattens within minutes, shortly followed by flattening of the 

a-wave. Short-term ischaemia only produces temporary ERG changes with supernormal ERG 

amplitudes completely recovering after reperfusion. Due to this, sustained ischaemia for at 

least 35 min is required to induce reproducible, irreversible, and functional retinal injury in 

rats with permanent ERG and immunological changes (Osborne et al., 2004). On the other 

hand, longer ischaemic periods are necessary to produce observable and quantifiable 

histopathological alterations in the rat retina (Selles-Navarro, Villegas-Perez, Salvador-Silva, 
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Ruiz-Gomez, & Vidal-Sanz, 1996). Interestingly, the degree of retinal injury is also 

dependent on the pigmentation with albino rats incurring more serious injuries than 

pigmented rats due to their higher susceptibility to toxins, such as N-methyl-D-aspartate 

(NMDA), which is a subclass of glutamate receptors and mediates neurotoxicity (Safa & 

Osborne, 2000). 

Table 1-3. Experimental methods commonly used to induce retinal ischaemia in animals. 

Experimental 

method 

Experimental 

animal 

Correlated human 

disease  

Ref. 

High IOP Mouse, rat, and 

rabbit 

Retinal vascular 

occlusion, DR, 

glaucoma, and 

ocular trauma 

(Danesh-Meyer et al., 

2012; Kim et al., 2013; 

Riazi-Esfahani et al., 

2008) 

Endovascular 

catheterization 

Pig Ophthalmic vascular 

occlusion 

(Morén et al., 2009) 

Ophthalmic vessel 

ligation 

Rat and cat Central retinal artery 

occlusion and 

glaucoma 

(Gehlbach & Purple, 

1994; Prasad et al., 

2010; Vidal-Sanz, 

Lafuente, Mayor, de 

Imperial, & Villegas-

Perez, 2001) 

Optic nerve ligation Mouse and rat Central retinal artery 

and vein occlusions, 

DR, retinopathy of 

prematurity, and 

glaucoma 

(Carmignoto et al., 

1991; Zhang, Cheng, & 

Chintala, 2004) 

Bilateral carotid 

occlusion with or 

without occlusion of 

the vertebral arteries 

Mouse and rat Retinopathy of 

carotid artery 

occlusion, cardiac 

arrest, and 

hypovolaemic shock 

(Atlasz et al., 2007; 

Block, Schwarz, & 

Sontag, 1992; Ogishima 

et al., 2011) 

Middle cerebral 

artery occlusion 

Mouse and rat Stroke (Kalesnykas, Tuulos, 

Uusitalo, & Jolkkonen, 

2008; Steele, Guo, & 

Namura, 2008) 
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Cortical 

photothrombosis of 

the sensorimotor 

cortex 

Rat Stroke (Kalesnykas et al., 

2008) 

Post-mortem 

ischaemia 

Rat NA (Bui, Vingrys, & 

Kalloniatis, 2003) 

Intravitreal injection 

of NMDA 

Mouse Glaucoma, optic 

neuropathies, and 

retinovascular 

diseases 

(Inokuchi et al., 2009) 

A number of novel drug molecules have been investigated for the treatment of retinal 

ischaemia using these animal models with Connexin43 gap junction modulators having 

shown promising therapeutic results (Chen, Green, Wang, et al., 2015; Danesh-Meyer et al., 

2012).  

1.6.3. Connexin gap junction channels and hemichannels 

1.6.3.1. Connexin gap junctions 

Gap junctions are formed by the aggregation of hundreds of protein oligomers into so-called 

plaques in the plasma membrane that are generally about one to two microns in diameter. Six 

gap junction protein subunits (connexins, Cx) assemble into a hemichannel (connexon) that 

spans the lipid bilayer (Figure 1-6). The end to end interaction or “docking” of two 

connexons from adjacent cells generates an intercellular aqueous channel that allows the 

exchange of nutrients, metabolites, ions, and small molecules up to 1 kDa (Loewenstein, 

1981). To date, 21 members of the Cx family with the same structural topology have been 

identified in the human genome with all cells in the human body expressing at least one Cx 

isoforms (Mese, Richard, & White, 2007; Oshima, 2014). 

Cx43 is the most ubiquitous and one of the most intensively investigated Cx isoforms due to 

its important role in normal physiology as well as its response to injury and disease 

(Goodenough, Goliger, & Paul, 1996). Within the central nervous system, Cx43 gap 

junctions are involved in the earliest cellular responses to injury. Both microglia and 

astrocytes respond to central nervous system injury with increased Cx43 expression, 

proliferation, and migration. After injury, increased Cx43 protein expression and the resulting 
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enhanced gap junction communication as well as uncontrolled hemichannel opening 

contribute to astrocytosis, microglial activation, and secondary tissue damage. Death signals 

can be propagated via Cx43 gap junctions, with adenosine triphosphate (ATP) mediated glial 

calcium wave spreading amplifying cytotoxicity under pathological conditions (Lin et al., 

1998). Recently, uncontrolled opening of undocked hemichannels has been proposed as the 

main cause of cell death and tissue inflammation due to the activation of the inflammasome 

signalling pathway (Danesh-Meyer, Zhang, Acosta, Rupenthal, & Green, 2016; Goodenough 

& Paul, 2003; Kim et al., 2016; Mugisho et al., 2018). 

 

Figure 1-6. Basic structures of Cx and undocked hemichannels present in the cell membrane. 

The membrane topology of Cx consists of four membrane-spanning domains (M1-M4), two 

extracellular loops (E1 and E2), and one cytoplasmic loop (CL). The amino (-NH2) and 

carboxy (-COOH) terminal tails are intracellular. A hemichannel is formed by six Cx that 

oligomerize laterally and leave a central pore. In cultured cells under resting conditions, 

hemichannels remain preferentially closed, but can be activated by stimulatory and 

pathological conditions, offering a diffusional transmembrane route between the intra- and 

extracellular milieu. Image adapted from (Orellana,  iaume,   S e , 2011). 
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1.6.3.2. Cx hemichannels 

Cx hemichannels exhibit specific roles, independent of the function of gap junctions. They 

mediate the transport of molecules and communication between the intracellular and 

extracellular microenvironment. In contrast to gap junctions, Cx hemichannels remain 

preferentially closed under resting conditions, displaying very low membrane permeability to 

small molecules and ions. However, hemichannels can be activated and opened by certain 

stimulatory conditions, including tissue injury and inflammation, as well as pathological 

conditions, providing a pathway for the release of ATP, glutamate, nicotinamide adenine 

dinucleotide, and prostaglandins and mediating various aspects of cell signalling and function 

(Bruzzone, Guida, Zocchi, Franco, & De Flora, 2001; Cherian et al., 2005; Cotrina et al., 

1998; Ye, Wyeth, Baltan-Tekkok, & Ransom, 2003). Therefore, abnormal hemichannel 

opening under pathological conditions results in the disruption of normal cell homeostasis 

and function and eventually induces neuronal death and secondary tissue damage. 

Increased Cx protein expression is generally observed after injury, suggesting that there is a 

greater number of unopposed hemichannels in the plasma membrane until newly formed Cx 

hemichannel dock with adjacent cells. These hemichannels commonly exhibit an increased 

opening probability, which can lead to serious adverse events, such as cell death and 

secondary injury. In contrast, gap junctional communication necessary for tissue recovery 

and physiological activities of normal cells may be reduced under pathological conditions. It 

has been reported that some factors have opposing regulatory effects on hemichannels and 

gap junction channels, including growth factors (De Vuyst et al., 2007; Schalper et al., 2012), 

pro-inflammatory cytokines (Retamal, Cortes, Reuss, Bennett, & Saez, 2006), and changes in 

calcium ion concentration (Torres et al., 2012). 

Uncontrolled hemichannel opening may contribute to lesion spread after injury. For instance, 

over-activity of Cx hemichannels under pathological conditions leads to an inability of cells 

to osmoregulate. One study examined the extracellular calcium-dependent modulation of cell 

volume and found that a reduced extracellular calcium concentration did not change the 

volume in non-Cx expressing cells; however, changes were observed following transient or 

stable transfection of Cx43. These changes were prevented by gap-junctional hemichannel-

specific blockers and reversed when the calcium concentration was returned to baseline 

(Quist, Rhee, Lin, & Lal, 2000). Hemichannel opening following ischaemia has been 

associated with cell swelling and rupture as well as hypoxia-activated endothelial cell death 
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(Danesh-Meyer et al., 2012). Additionally, hemichannel opening is also considered to be the 

major cause of tissue swelling post-injury with gap junction channel modulators having 

shown to prevent tissue oedema after optic nerve damage (Danesh-Meyer, Huang, Nicholson, 

& Green, 2008). Therefore, injury induced oedema is a direct consequence of Cx 

hemichannel mediated cell cytoplasmic swelling. 

1.6.4. Cx43 changes following retinal ischaemia 

Cx43 is the main constituent of astrocytic gap junctions and its upregulation as well as the 

subsequent gap junctional communication play an important role in the propagation of cell 

death and survival signals. Vascular leakage has been considered a common pathological 

feature following retinal ischaemic injury (Abcouwer et al., 2010) with blood vessels starting 

to lose their integrity within a few hours after injury and lasting for up to two months (Wilson 

et al., 1995). It has been reported that Cx43 protein expression increases after ischaemic 

injury along with rapid astrocyte proliferation and hypertrophy, which results in enhanced 

vascular permeability in the retina as well as breakdown of the BRB (Haupt, Witte, & Frahm, 

2007; Kaur et al., 2007). More recently, an in vitro ischaemia-reperfusion model was 

developed to further investigate how Cx43 protein expression impacted vascular leakage. 

Results showed that 20% of endothelial cells were found dead under hypoxic conditions, 

while application of Cx43 channel blockers significantly prevented cell death (Danesh-Meyer 

et al., 2012; J. Zhang et al., 2014). 

The relationships between upregulation of Cx43 protein expression in the retina and blood 

vessel leakage, inflammation, and neuronal cell death following retinal ischaemia-reperfusion 

injury were also investigated using an in vivo high IOP model in rats (Chen, Green, Wang, et 

al., 2015; Danesh-Meyer et al., 2012; Kerr et al., 2012). Cx43 expression was upregulated in 

retinal astrocytes, Müller cells, and vascular endothelium as early as 60 min after injury, 

significantly increasing within 1 to 2 h, and doubling within 4 h post-ischaemia. It was found 

that Cx43 hemichannel opening was associated with an inflammatory response surrounding 

the retinal vasculature as evidenced by increased glial fibrillary acidic protein (GFAP) 

labelling and hypertrophy of retinal astrocytes. To further investigate vascular leakage 

following retinal ischaemia-reperfusion injury, Evans blue dye was injected intraperitoneally 

to quantify vascular endothelium permeability. Results showed that extravascular dye leakage 

occurred within 1 h of reperfusion, reaching its peak at 4 h post-ischaemia, and continuing for 

24 h. Furthermore, the upregulation of Cx43 protein expression also mediated RGC loss after 
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retinal ischaemic injury, with modulation of Cx43 gap junction communication efficiently 

reducing neuronal cell death. 

1.6.5. The use of Cx-based therapeutics for the treatment of retinal 

ischaemia 

The involvement of Cx43 in retinal ischaemia has been intensively studied, with Cx43 

hemichannel opening playing a critical role in a series of pathological changes after injury. 

Modulation of Cx43 channels has therefore been considered a promising therapeutic strategy 

to prevent retinal vascular dysfunction and inflammatory response, reduce glial associated 

secondary tissue damage, and rescue RGCs. Such gap junction and hemichannel modulators 

can principally be divided into three categories: global non-specific blockers, Cx isoform 

specific antisense approaches, and Cx mimetic peptide (MP). Among these, Cx MP have 

attracted the most attention due to their ability to specifically block hemichannels without 

affecting gap junction communication (Evans, Bultynck, & Leybaert, 2012). 

Cx MP, which is a small peptide sequence corresponding to specific Cx extracellular or 

intracellular loops, enable effective Cx channel blocking with high specificity. Intracellularly 

acting peptides, such as Gap19 and ACT-1, owing to the variability in intracellular Cx protein 

regions, are isoform and hemichannel specific, but need to enter the cell to perform their 

action (Grek et al., 2015; N. Wang et al., 2013). Although extracellularly acting MP, such as 

Gap26, Gap27, and Peptide5, may not be entirely Cx isoform specific due to conservation of 

amino acid sequences in the two Cx extracellular loops, these peptides can be used to 

selectively block hemichannels in a dose and/or time dependent manner (Evans, 2015; Evans 

et al., 2012). 

The therapeutic efficacy of Peptide5, a Cx43 specific extracellularly acting MP, in retinal 

ischaemia-reperfusion injury has recently been investigated (Danesh-Meyer et al., 2012). 

Rats were given a single intraperitoneal injection of Peptide5 immediately after ischaemic 

injury, and RGC density and vascular leakage were assessed. It was found that 35% of RGCs 

were lost within 1 h post-retinal ischaemia without any treatment. In contrast, a single 

injection of Peptide5 efficiently prevented RGC death by two-thirds (down to 9-14%), which 

was attributed to the inhibition of nitric oxide production by reducing RGC activation and 

dysfunction. Moreover, the application of Peptide5 blocked endothelial Cx hemichannels and 

reduced vascular leakage following retinal damage. These results suggested that Cx43 
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hemichannels could be a potential pharmacological target for the treatment of retinal 

ischaemic damage and inhibition of hemichannel function using a Cx43 MP such as Peptide5 

could provide new opportunities for specific therapeutic intervention.  

In spite of these findings, efficient delivery of Peptide5 to the retina remains challenging due 

to limitations in stability of the peptide having a half-life of only approximately 145 min in 

the vitreous (Chen, Toth, Danesh-Meyer, Green, & Rupenthal, 2013). Environmental 

variables, such as temperature, pH, electrolytes, and the presence of biological factors may 

greatly affect the stability of the peptide, with deamination, deamidation, and oxidation 

involved in peptide aggregation and degradation (Bischoff & Kolbe, 1994; Chi, Krishnan, 

Randolph, & Carpenter, 2003; Roberts, 2014). To enhance the stability of the native peptide 

in rats in vivo, Peptide5 was conjugated to dodecanoic lipoamino acids (Chen, Green, Teague, 

et al., 2015; Chen et al., 2013). Results showed that chemically modified peptides provided 

protection against enzymatic degradation in the vitreous while their functionality to block 

pathological Cx43 hemichannel opening was maintained. Intravitreal injection of these 

modified peptides efficiently reduced vessel leakage, astrocytosis, and neuronal loss 

following retinal ischaemia in vivo; however, the only marginal improvement in stability and 

therapeutic efficacy compared to the native peptide as well as the difficult and costly 

synthesis of modified peptides prevented further investigations. In a later study, native 

Peptide5 was also encapsulated into PLGA NPs and microparticles with particle sizes of 

around 113 nm and 9.13 µm, respectively, to achieve sustained peptide release and thus 

promote RGC survival in retinal ischaemia-reperfusion injury (Chen, Green, Wang, et al., 

2015). In vitro release studies revealed a triphasic release profile with an initial burst of 

surface-attached peptides followed by consistent and relatively slow drug release from 

carriers due to polymer erosion, with complete drug release achieved after two and four 

months for NPs and microparticles, respectively. Therapeutic efficacy of both native Peptide5 

and particle encapsulated Peptide5 was evaluated four weeks post-ischaemia, with intravitreal 

injections of the encapsulated particles resulting in lower Cx43 expression, reducing neuronal 

loss by over 50%, and providing long-term RGC protection. These results suggested that 

particle formulations might have great potential in the treatment of chronic retinal disorders. 

1.7. Hypothesis 

The overall hypothesis of this thesis is that encapsulating Cx43 MP into HA coated HSA NPs 

would achieve sustained drug release, active targeting to the retina, and enhanced therapeutic 
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efficacy in the treatment of chronic retinal disorders. Moreover, short-time US application 

would further improve the diffusive mobility of NPs through the vitreous as well as their 

permeation across the retina after intravitreal injection. Finally, the change in morphology 

and dynamic mechanical properties of the vitreous with age may affect intravitreal mobility 

of NPs and potentially alter the pharmacokinetics of the incorporated drug. 

1.8. Objectives of this thesis 

Retinal ischaemia is considered to be involved in the pathogenesis of various posterior 

segment diseases, including AMD, DR, and glaucoma. Upregulation of Cx43 protein 

expression and uncontrolled hemichannel opening are generally observed following retinal 

injury, which are closely associated with vascular leakage, inflammation, and neuronal loss. 

Cx43 hemichannels could thus be a potential pharmacological target for the treatment of 

retinal ischaemia and blocking Cx43 hemichannel opening using a Cx43 MP, such as 

Peptide5, could provide new opportunities for specific therapeutic intervention. However, 

efficient retinal peptide delivery remains challenging due to the presence of various ocular 

physiological barriers and rapid clearance of peptides with short half-lives in the vitreous. 

The overall aim of the present study is therefore to develop a novel nanocarrier system to 

effectively deliver Cx43 MP to the retina for the treatment of posterior segment disorders, 

including retinal ischaemia. Specific objectives of this thesis include: 

1. To develop HA coated HSA NPs encapsulating Cx43 MP and to characterize their 

properties in vitro and ex vivo, including physicochemical properties, encapsulation 

efficiency, drug loading, drug release, cytotoxicity, active targeting, functionality of the  

released peptide, and NP permeability across the retina (Chapter 2). 

2. To evaluate the diffusive mobility of HA coated HSA NPs through the vitreous as well as 

their permeation across the retina ex vivo after intravitreal injection without and with the 

application of transscleral US and to assess the structural and thermal safety of US 

application (Chapter 3). 

3. To develop an ex vivo ageing vitreous model with specific structural components 

enzymatically degraded, to evaluate its physical properties including rheological 

behaviour as well as morphology, and to determine the diffusive characteristics of HA 

coated HSA NPs in normal and aged vitreous (Chapter 4). 
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4. To evaluate the biodistribution, retention, retinal targeting, and therapeutic efficacy of HA 

coated HSA NPs encapsulating Cx43 MP in a rat model of retinal ischaemia-reperfusion 

injury by evaluation of fundus and retinal morphology, Cx43 protein expression, glial cell 

processes, RGC numbers, and retinal histology (Chapter 5). 
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Chapter 2                                              

Hyaluronic Acid Coated Albumin Nanoparticles 

for Targeted Peptide Delivery to the Retina 
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2.1. Preamble 

This chapter contains a verbatim reproduction of the article entitled “Hyaluronic acid coated 

albumin nanoparticles for targeted peptide delivery to the retina”, which was published in 

Molecular Pharmaceutics, volume 14, issue 2, pages 533-545, in 2017. This periodical is 

published by ACS Publications and covers research with regards to the molecular 

mechanistic understanding of drug delivery and drug delivery systems. Molecular 

Pharmaceutics had an Impact Factor of 4.440 in 2016 and the following publication has been 

cited in 12 journal articles at the time of thesis submission. 

 

2.2. Abstract 

Recent studies have shown that Cx43 MP can prevent secondary damage following several 

retinal ischaemic and inflammatory disorders by blocking the pathological opening of gap 

junction hemichannels. However, the poor stability of peptides and the presence of various 

intraocular barriers limit efficient retinal delivery in the clinical setting. The present study 

aimed to prolong the bioactivity of Cx43 MP and achieve targeted delivery to the retina by 

loading the peptide into HA coated HSA NPs. Two different loading methods, adsorption and 

incorporation, were used with the peptide released slowly over a period of up to four months. 

Compared to uncoated particles, HA coated HSA NPs exhibited enhanced in vitro cellular 

uptake and ex vivo retinal penetration via HA-CD44 receptor mediated interactions. 

Furthermore, cell viability and Cx43 MP functionality assays showed that NPs protected 

Cx43 MP from degradation, sustained its release, and thus prolonged its bioactivity without 

reducing cell viability at concentrations used for Cx43 hemichannel blocking. Therefore, HA 

coated HSA NPs could have great potential for sustained and targeted delivery of Cx43 MP 

to treat various retinal inflammatory conditions. 
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2.3. Introduction 

Cx are transmembrane proteins playing an important role in cellular communication as 

subunits of hemichannels and gap junctions. More specifically of interest here is Cx43, which 

is the most ubiquitously expressed member of the Cx family.(Laird, 2006) In the field of 

ophthalmology, Cx43 has been shown as a vital channel in the maintenance of retinal 

homeostasis and Cx43 upregulation as well as pathological hemichannel opening have been 

linked with secondary damage following several retinal ischaemic and inflammatory 

disorders, including glaucoma, macular degeneration, and DR (Danesh-Meyer et al., 2016). 

Previous studies have reported that Cx43 MP has the potential to reduce oedema, 

inflammation, neuronal death, and vascular leakage after retinal injury by blocking the 

pathological opening of gap junction hemichannels (Danesh-Meyer et al., 2012; Danesh-

Meyer et al., 2016; Evans & Leybaert, 2007). However, efficient retinal drug delivery 

remains challenging due to the presence of various ocular physiological barriers and 

clearance mechanisms which typically limit the delivery of free drug administered 

intravitreally, especially for peptides and proteins having relatively short half-lives in the 

vitreous (Bishop, 1996; El Sanharawi et al., 2010; Laude et al., 2010). The half-life of Cx43 

MP, for example, has previously been reported to be about 145 min in bovine vitreous (Chen 

et al., 2013). Moreover, frequent and repeated injections are generally necessary to treat 

chronic conditions, which may lead to complications, such as retinal detachment, vitreous 

haemorrhage, and endophthalmitis (Jager, Aiello, Patel, & Cunningham, 2004). Therefore, 

developing more effective delivery approaches is urgently required to enhance peptide half-

life and retinal tissue permeability while specifically targeting affected retinal cells. 

NPs constitute a versatile drug delivery platform, with their ability to overcome physiological 

barriers and deliver the drug to specific cells by either passive or ligand-mediated targeting 

mechanisms (Sahoo, Dilnawaz, & Krishnakumar, 2008). Biodegradable NPs hold significant 

promise for ocular drug delivery and many natural and synthetic biocompatible polymers, 

such as chitosan (De Campos, Sanchez, & Alonso, 2001), PLGA (Chen, Green, Wang, et al., 

2015), and PCL (Suen & Chau, 2013), have already been evaluated in various cell and animal 

models in order to improve ocular drug delivery. However, a mild inflammatory reaction 

after the injection of some polymeric NPs has sometimes been observed in the vitreous and 

the retina (Bourges et al., 2003). HSA NPs, with numerous benefits such as their high drug 

loading capacity, possibility for surface modification, and non-immunogenicity, have been 
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regarded as an ideal platform to deliver various agents, including synthetic drugs (Merodio et 

al., 2002), nucleic acids (Steinhauser, Langer, Strebhardt, & Spankuch, 2008), and proteins 

(Kim et al., 2011). In particular, it is believed that HSA NPs are well tolerated in the eye and 

possess superior penetrating ability across the ILM by interaction with Müller cells (Koo et 

al., 2012). 

For the purpose of retinal drug delivery, NPs administered intravitreally have to diffuse 

through the vitreous and penetrate into the neural retina and RPE cells. CD44 is a widely 

expressed transmembrane glycoprotein in the retina and a cell surface receptor for HA, one of 

the major glycosaminoglycans found in extracellular matrix (Ponta, Sherman, & Herrlich, 

2003). This makes HA an interesting molecule for retinal drug delivery as it is a major 

constituent of the vitreous (Bishop, 2000) and is present throughout the retina (Clark et al., 

2011) with many retinal cell types, including RPE cells (Liu et al., 1997), Müller cells (Rich, 

Figueroa, Zhan, & Blanks, 1995; Shinoe et al., 2010), and RGCs (Ries, Goldberg, & Grimpe, 

2007), expressing CD44 receptors at high levels on their membranes. Moreover, CD44 

expression is upregulated in a variety of retinal inflammatory and degenerative conditions 

(Kuhrt et al., 1997), indicating that the interaction between HA and CD44 receptors could 

achieve ligand-mediated targeting of NPs specifically to diseased retinal cells and tissues 

(Martens et al., 2015; Mizrahy et al., 2011). 

In the present work, Cx43 MP was loaded into HSA NPs via two methods, adsorption and 

incorporation, with sustained release characteristics expected due to the slow degradation and 

hydration of HSA. HSA NPs were further coated with HA in order to achieve active targeting 

to CD44 positive retinal cells. In vitro cell viability, cellular uptake, and Cx43 hemichannel 

blocking with various NP formulations were investigated using human RPE cells (ARPE-19). 

The penetrating ability of NPs with and without HA coating across the neural retina was also 

evaluated in an ex vivo model using fresh bovine eyes. 

2.4. Materials and methods 

2.4.1. Materials 

HSA (MW 66 kDa), phosphate buffered saline (PBS), 50% aqueous glutaraldehyde, N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), polyclonal rabbit anti-

Cx43 antibody (C6219), and Triton
®
 X-100 were purchased from Sigma (St. Louis, MO, 

USA). Fluorescein isothiocyanate labelled Cx43 MP (FITC-Cx43 MP, FITC-
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AVDCFLSRPTEKT, MW 1856 g/mol) was purchased from Auspep (Tullamarine, VIC, 

Australia). HA (MW 120 kDa) was purchased from Lifecore Biomedical (Chicago, IL, USA). 

Human RPE cells (ARPE-19) were purchased from American Type Culture Collection 

(Manassas, VA, USA). Dulbecco's modified Eagle's medium/growth factor F12 (1:1) culture 

medium (DMEM/F12), TrypLE
™

 Express, and normal goat serum were purchased from 

Gibco Laboratories (Auckland, New Zealand). Cell viability reagent 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyl tetrazolium bromide (MTT), wheat-germ agglutinin conjugated with 

Texas Red (WGA-Texas Red
®
-X, W21405), 40,6-diamidino-2-phenylindole (DAPI), and 

goat anti-rabbit secondary antibody labelled with Alexa 568 (A11036) were purchased from 

Molecular Probes (Carlsbad, CA, USA). Polyclonal rabbit anti-CD44 antibody (GTX102111) 

was purchased from GeneTex (Irvine, CA, USA). Paraformaldehyde (4%) aqueous solution 

was from Electron Microscopy Sciences (Hatfield, PA, USA). Water used was pre-treated 

with a Milli-Q water purification system (Millipore, Billerica, MA, USA). All other 

commercially available chemicals were used at analytical grade. 

2.4.2. Preparation of FITC-Cx43 MP-HSA NPs 

Blank HSA NPs were prepared by a previously described desolvation technique (Kim et al., 

2009). Briefly, 10 mg of HSA was dissolved in 0.5 mL of Milli-Q water at room temperature. 

A volume of 2 mL of ethanol was added drop wise to the HSA solution at 1 mL/min and 

stirred at 250 rpm for 1 h. HSA particles were then cross-linked with 0.4 μL of 50% 

glutaraldehyde at room temperature under stirring for 24 h. To remove free HSA and 

glutaraldehyde, NP fractions were purified by centrifugation at 13,000 rpm for 50 min at 4 °C 

(Centrifuges 5430 R, Eppendorf, Hamburg, Germany) and re-suspended in Milli-Q water 

using an ultrasonic processor (UP 200S, Hielscher, Teltow, Germany) at an amplitude of 40% 

and a duty cycle of 0.4 s for 1 min on an ice bath. The resulting NP suspensions were stored 

at 4 °C or lyophilized (VirTis, SP Scientific, Gardiner, NY, USA) until further use. 

FITC-Cx43 MP was loaded into HSA NPs using two different methods (Merodio, Arnedo, 

Renedo, & Irache, 2001), namely adsorption and incorporation (Figure 2-1). NPs prepared 

by adsorption were obtained by mixing FITC-Cx43 MP with the pre-formed blank HSA NPs 

at 5% mDrug/mMatrix for 24 h at room temperature. Unbound FITC-Cx43 MP and FITC-Cx43 

MP loaded HSA NPs (FITC-Cx43 MP-HSA NPs) were separated by repeated washing with 

Milli-Q water and centrifugation at 13,000 rpm for 50 min at 4 °C. For the incorporation 

method, FITC-Cx43 MP was initially mixed with the HSA solution for 24 h at room 
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temperature. A volume of 2.4 mL of ethanol was added drop wise to the mixture under 

stirring at 250 rpm for 1 h. FITC-Cx43 MP-HSA NPs were then stabilized with 0.4 μL of 50% 

glutaraldehyde at room temperature under stirring for 24 h. The resulting FITC-Cx43 MP-

HSA NPs were then purified by repeated washing and centrifugation as aforementioned. 

 

Figure 2-1. Schematic representation of the preparation processes of FITC-Cx43 MP-HSA 

NPs. 

2.4.3. Surface coating of FITC-Cx43 MP-HSA NPs with HA 

HA coating was applied to the two types of FITC-Cx43 MP-HSA NPs via electrostatic 

interaction and chemical modification respectively. For the FITC-Cx43 MP-HSA NPs 

prepared by adsorption, since the carboxyl groups of HA are ionized at pH ~7.0 (Choi et al., 

2009), negatively charged HA could be coated onto the positively charged surface of FITC-

Cx43 MP-HSA NPs through electrostatic interactions. HA coated FITC-Cx43 MP-HSA NPs 

(HA-FITC-Cx43 MP-HSA NPs) were obtained by dissolving HA in a colloidal solution of 

FITC-Cx43 MP-HSA NPs at a concentration of 2 mg/mL under stirring overnight at 37 °C. 

For the FITC-Cx43 MP-HSA NPs prepared by incorporation, chemical modification of the 

particle surface was performed as previously described to achieve HA coating (Yerushalmi & 

Margalit, 1998). Briefly, HA was dissolved in 0.1 M sodium acetate buffer pH 4.5 to a final 

concentration of 2 mg/mL and pre-activated by incubation with EDC for 2 h at 37 °C. The 

activated HA was then added to a suspension of FITC-Cx43 MP-HSA NPs, buffered by 0.1 

M borate buffer to pH 9, and incubated overnight at 37 °C. EDC activates the carboxyl 

groups of HA in aqueous solution at pH 4.5 to form an O-acylurea carbodiimide-HA adduct, 
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which is an unstable intermediate derivative (Kuo, Swann, & Prestwich, 1991). In the 

presence of a nucleophilic group, such as the primary amine R-NH2 on the surface of the 

HSA NPs, a predominant reaction to form a more stable amide adduct between O-acylurea 

and R-NH2 occurs resulting in conjugation of HA to the surface of FITC-Cx43 MP-HSA NPs 

(Figure 2-2). 

 

Figure 2-2. Conjugation of HA to the surface of HSA NPs (grey ball) using EDC. 

2.4.4. Characterization of uncoated and HA coated FITC-Cx43 MP-HSA 

NPs 

2.4.4.1. Particle size, zeta potential, and morphology 

The particle size, size distribution, and zeta potential were determined by dynamic light 

scattering (DLS) using a Malvern Nano ZS (Malvern Instruments, Worcestershire, UK), and 

the mean value and standard deviation (S.D.) of three different batches were recorded. For 

transmission electron microscopy (TEM), NPs were dispersed in Milli-Q water at a 
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concentration of 5 mg/mL by mild shaking. Samples were stained with an aqueous solution 

of 1% phosphotungstic acid for approximately 2 min. A drop of the particle suspension was 

then applied to a carbon-coated copper grid and the excess was drawn off using filter paper. 

The grid was allowed to air-dry thoroughly and morphological observations were performed 

using a Tecnai G² Spirit Twin TEM (FEI Company, Hillsboro, OR, USA) at an accelerating 

voltage of 120 kV. 

2.4.4.2. Encapsulation efficiency and drug loading 

During the fabrication process of FITC-Cx43 MP-HSA NPs, the supernatant was collected 

after centrifugation and the amount of unbound in comparison to originally added FITC-Cx43 

MP (mfree FITC-Cx43 MP and mtotal FITC-Cx43 MP, respectively) was determined at an excitation and 

emission wavelength of 488 and 528 nm, respectively, using a fluorescence microplate reader 

(Synergy 2, Biotek Instruments, Winooski, VT, USA). Encapsulation efficiency (EE%) and 

drug loading (DL%) of FITC-Cx43 MP into HSA NPs were calculated according to the 

following equations: 

       
                   

                   
            (Equation 2-1) 

     
                                      

    
            (Equation 2-2) 

2.4.5. In vitro release and morphological changes 

Uncoated and HA coated FITC-Cx43 MP-HSA NPs were placed into a pre-swollen dialysis 

bag (MWCO 12,000-14,000 Da, Medicell International Ltd., London, UK) and immersed in 8 

mL of 0.01 M PBS (pH 7.4) at 37 °C with gentle agitation at 300 rpm using a 

Thermomixer (Eppendorf, Hamburg, Germany). A volume of 0.5 mL of release medium was 

withdrawn at pre-determined time points and replaced with an equal volume of fresh PBS to 

maintain sink conditions. Samples were analyzed for FITC-Cx43 MP concentration using a 

fluorescence microplate reader as described above. The concentration of FITC-Cx43 MP 

released from NPs was expressed as the cumulative percentage of the total FITC-Cx43 MP in 

NPs and plotted as a function of time. Simple FITC-Cx43 MP solutions were used as a 

control. 

For morphological analysis, NPs were collected and lyophilized before the study and after 30 

days in the release medium. Freeze-dried samples were mounted onto aluminium stubs using 



 

50 

 

double-sided adhesive tape and then sputter coated with a thin layer of gold under an argon 

atmosphere using a Q 150RS rotary-pumped sputter coater (Quorum Technologies Ltd., 

Lewes, UK). The surface morphology was investigated using a Philips XL30S FEG scanning 

electron microscope (SEM, Eindhoven, Netherlands) at an acceleration voltage of 5 kV. 

2.4.6. Assessment of cell viability 

ARPE-19 cells were routinely cultured in DMEM/F12 supplemented with 10% fetal calf 

serum at 37 °C with 5% CO2 and 95% relative humidity. The medium was routinely changed 

every two days and cells were separated by TrypLE Express before reaching confluency. 

In vitro cell viability after incubation with various NPs was determined using an MTT assay, 

which is based on the mitochondrial conversion of the tetrazolium salt. ARPE-19 cells were 

seeded onto 96-well plates at a density of 1 × 10
4
 cells per well and cultured in 5% CO2 at 

37 °C for 48 h. Then, free FITC-Cx43 MP, FITC-Cx43 MP-HSA NPs, and HA-FITC-Cx43 

MP-HSA NPs prepared by the two different methods were added to the cells in DMEM/F12 

medium at the same final FITC-Cx43 MP concentrations of 20, 10, and 5 µM, respectively 

(Table 2-1), and cells were further incubated in 5% CO2 at 37 °C for 24 h. Subsequently, 100 

µL of MTT solution (5 mg/mL) was added to each well and incubated at 37 °C for 4 h. After 

removal of all treatments, 100 µL of 0.04 M HCl in absolute isopropanol was added and the 

plate was left on a shaker for 10 min. The absorbance was measured using a microplate 

reader at a wavelength of 570 nm with background subtraction at 650 nm. Cells incubated 

with 1% Triton X-100 and medium alone served as positive and negative controls, 

respectively. 

Table 2-1. Concentrations of free FITC-Cx43 MP and FITC-Cx43 MP-HSA NPs and HA-

FITC-Cx43 MP-HSA NPs prepared by adsorption (A) and incorporation (I). 

 Cx43 

MP 

(µM) 

Cx43 MP-HSA 

NPs (A) 

(mg/mL) 

HA-Cx43 MP-

HSA NPs (A) 

(mg/mL) 

Cx43 MP-HSA 

NPs (I) 

(mg/mL) 

HA-Cx43 MP-

HSA NPs (I) 

(mg/mL) 

C1 20 0.644 0.694 0.953 0.983 

C2 10 0.322 0.347 0.476 0.491 

C3 5 0.161 0.174 0.238 0.246 
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2.4.7. Active targeting of HA-HSA NPs to CD44 positive expressing RPE 

cells 

ARPE-19 cells were cultured as described above, harvested with TrypLE Express, seeded 

onto eight-chamber slides at a density of 2.5 × 10
5
 cells/mL, and cultured in 500 µL of 

DMEM/F12 medium per well with 5% CO2  at 37 °C for 48 h. After washing with PBS, cells 

were incubated with 200 µL of FITC-Cx43 MP simple solution or various FITC-Cx43 MP 

loaded NP suspensions in serum-free DMEM medium at 37 °C for 4 h with a final FITC-

Cx43 MP concentration of 5 µM. Subsequently, cells were washed three times with cold PBS 

to remove any remaining NPs and dead cells. For fixed cell imaging, cells were treated with 

200 μL of 4% paraformaldehyde aqueous solution for 15 min at 37 °C, and nuclei were 

counterstained with DAPI (100 nM in PBS) for 10 min while cell membranes were stained 

with WGA-Texas Red-X (5 μg/mL) for 10 min at room temperature. Finally, cells were 

imaged under a confocal laser scanning microscope (FV1000, Olympus, Tokyo, Japan) and 

images were processed using the FV10-ASW 3.1 software (Olympus, Tokyo, Japan). Cells 

without any treatment were used as control. For competitive inhibition studies, cells were 

pre-treated with free HA solution (hydrated overnight in serum-free DMEM medium at 10 

mg/mL) for 1 h at 37 °C, followed by the same procedure as described above. Average 

fluorescent spots per cell were qualified using ImageJ software.  

2.4.8. Cx43 gap junction labelling 

ARPE-19 cells were initially assessed for Cx43 gap junction expression. Cells were seeded 

onto eight-chamber slides at a density of 2.5 × 10
5
 cells/mL and cultured in 500 µL of 

DMEM/F12 medium per well with 5% CO2 at 37 °C. After 48 h of adhesion, each well was 

washed with PBS three times, followed by addition of 200 µL of FITC-Cx43 MP solution or 

various FITC-Cx43 MP loaded NP suspensions in serum-free DMEM with a final FITC-

Cx43 MP concentration of 5 μM. At predetermined time points (8 and 24 h), treatments were 

removed and cells were carefully washed three times with cold PBS. Cells were then fixed 

and permeabilized with 200 µL of 4% formaldehyde-methanol solution for 15 min at 37 °C 

before incubation with a rabbit anti-Cx43 antibody (1:2000 dilution) overnight. After 

removing the primary antibody and washing with cold PBS, cells were incubated with a goat 

anti-rabbit secondary antibody labelled with Alexa 568 (1:500 dilution) in a DAPI solution 

(100 nM in PBS) for 2 h at room temperature on a shaker. Finally, cells were observed and 

imaged using a confocal laser scanning microscope as described above with cells without any 
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treatment serving as control. Also, a secondary antibody only control was included, following 

the same protocol but without the addition of the primary antibody in order to ensure that the 

secondary antibody did not bind non-specifically to any cellular components. Average Cx43 

gap junction plaque counts per cell were qualified using ImageJ software. 

2.4.9. Ex vivo retinal penetration of NPs 

Fresh bovine eyes were obtained from a local abattoir and used within 3 h. Eyes were treated 

as previously described by Pitkanen et al. (2004) with the experimental set-up schematically 

depicted in Figure 2-3. Briefly, after removal of any extraocular tissues, an incision through 

the sclera on the side of the eyeball around 8-10 mm behind the limbus was made using a 

blade and the initial incision was circumferentially extended around the entire eye using 

scissors. Anterior segment tissues and vitreous were carefully separated from the neural 

retina. Subsequently, 1 mL of suspensions of uncoated and HA coated NPs prepared by 

incorporation with a final FITC-Cx43 MP concentration of 20 μM was applied onto the 

neural retina inside the eye cups. After 2 and 4 h of incubation at 37 °C, all treatments were 

removed and the surface of the neural retina was gently washed three times with PBS. The 

treated tissue area was cut into small pieces, immersed in a mold filled with optimal cutting 

temperature (O.C.T.) compound (ProSciTech, Sydney, Australia), and snap frozen in liquid 

nitrogen. Cross-sections of 20 µm thickness were cut using a cryostat microtome 

(CryoStar
TM

 NX50, Thermo Scientific, Waltham, MA, USA) and mounted onto slides before 

incubation with a DAPI solution (100 nM in PBS) for 15 min at room temperature. Finally, 

sections were washed three times with PBS before qualitatively observing NP penetration 

across the retina using a confocal laser scanning microscope. 

To quantify the amount of fluorescent NPs permeated into the retina after 4 h of incubation, 

neural retina and RPE/choroid were carefully peeled off and homogenized on ice in 500 µL 

of PBS containing 2% Triton X-100. After centrifugation at 5,000 rpm for 20 min at 4 °C, 

supernatants were analyzed using a fluorescence microplate reader. Fluorescence intensities 

in the neural retina and the RPE/choroid were expressed per gram of tissue. Tissues without 

any treatment were used as controls. 
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Figure 2-3. Set-up of ex vivo penetration studies in fresh bovine eyes. An incision was made 

through the sclera on the side of the eyeball around 8-10 mm behind the limbus (A). The 

initial incision was extended circumferentially around the entire eye (B). After removal of the 

anterior segment and the vitreous, NP suspensions were added onto the neural retina inside 

the eye cups (C). 

2.4.10. CD44 expression in retinal cross-sections 

CD44 expression in retinal cross-sections was evaluated using immunohistochemistry. Eye 

sections were incubated with a blocking buffer (10% normal goat serum in PBS) at room 

temperature for 1 h to block non-specific binding sites. After incubation with a rabbit anti-

CD44 antibody (1:500 dilution) overnight at 4 °C, sections were incubated with a goat anti-

rabbit secondary antibody labelled with Alexa 568 (1:500 dilution) for 2 h and then 

counterstained with DAPI (100 nM in PBS) for 15 min at room temperature. 

2.4.11. Statistical analysis 

All studies were performed in triplicate and data points were expressed as mean values plus 

or minus S.D. (mean ± S.D.). To determine statistical significance, analysis of variance (one-

way or two-way ANOVA) followed by Tukey’s multiple comparison test was performed 

using GraphPad Prism 6. Differences were considered statistically significant if p ≤ 0.05. 

2.5. Results and discussion 

2.5.1. Characterization of uncoated and HA coated FITC-Cx43 MP-HSA 

NPs 

Table 2-2 summarizes the physicochemical characteristics of blank HSA NPs and uncoated 

and HA coated FITC-Cx43 MP-HSA NPs. Blank HSA NPs exhibited a particle size of 
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212.90 ± 4.42 nm and a relatively narrow size distribution with a polydispersity index (PdI) 

of 0.04 ± 0.02. The zeta potential of blank HSA NPs was -23.77 ± 0.21 mV due to the 

negative charge carried by HSA. FITC-Cx43 MP-HSA NPs prepared by adsorption displayed 

a significant increase in particle size (394.53 ± 3.35 nm) correlating with the high EE% 

(98.42 ± 0.08%), while the zeta potential shifted from negative to positive values (11.37 ± 

0.21 mV), due to the adsorption of positively charged FITC-Cx43 MP on the outer surface of 

the negatively charged blank HSA NPs. After coating with HA, the particle size decreased to 

363.60 ± 5.63 nm, probably due to some of the FITC-Cx43 MP detaching from the particle 

surface during the coating process, which was confirmed by the decreasing EE% after HA 

coating (85.40 ± 3.74%). Another possible explanation could be that the electrostatic HA 

coating tightened the structure of FITC-Cx43 MP-HSA NPs reducing the overall particle size 

despite the additional coating layer. The zeta potential switched from positive (11.37 ± 0.21 

mV) to negative values (-18.17 ± 0.68 mV), which indicated the successful coating of HA 

over the FITC-Cx43 MP-HSA NP surface. 

For NPs prepared by incorporation, the particle size did not increase significantly (235.87 ± 

2.45 nm) and the zeta potential remained negative after peptide incorporation, although 

values increased slightly (-17.1 ± 0.62 mV) after loading, as the negative surface charge of 

HSA NPs was neutralized to a certain degree by encapsulating positively charged FITC-Cx43 

MP into the HSA polymer matrix with some of the peptide potentially attached to the particle 

surface. EE% and DL% via incorporation were relatively low (78.97 ± 1.85% and 3.90 ± 

0.37%, respectively) compared to FITC-Cx43 MP-HSA NPs prepared by adsorption (98.42 ± 

0.08% and 5.76 ± 0.36%, respectively). Significant aggregation of FITC-Cx43 MP-HSA NPs 

was observed when the mass ratio of FITC-Cx43 MP to HSA matrix reached 6% or above. A 

plausible explanation is that only limited amounts of positively charged FITC-Cx43 MP can 

be incorporated into the negatively charged HSA matrix with increased peptide loading 

adversely affecting the self-assembly of HSA NPs thereby inducing particle aggregation. 

Moreover, the absolute zeta potential values decreased with an increasing mass ratio of FITC-

Cx43 MP to HSA matrix further triggering aggregation. It is commonly believed that the 

higher the absolute zeta potential value, the higher the surface charge, which in turn results in 

electrostatic repulsion between the NPs dispersed in solution, thus preventing aggregation 

and stabilizing the particle suspension (Feng & Huang, 2001). With HA surface coating via 

the EDC reaction, the particle size increased only slightly to 252.70 ± 7.29 nm while the zeta 

potential decreased greatly to -43.97 ± 0.38 mV. This highly negative surface charge of HA-
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FITC-Cx43 MP-HSA NPs prepared by incorporation might prevent particle aggregation and 

thus provide long-term stability of the particle suspension. 

Table 2-2. Physicochemical characteristics of blank HSA NPs, uncoated and HA coated 

FITC-Cx43 MP-HSA NPs (data points represent mean values ± S.D., n=3). 

Formulation Drug loading 

method 

Particle size 

(nm) 

PdI Zeta potential 

(mV) 

EE (%) DL (%) 

Blank HSA 

NPs 

NA 212.90 ± 4.42 0.04 ± 0.02 -23.77 ± 0.21 NA NA 

FITC-Cx43 

MP-HSA NPs 

Adsorption 394.53 ± 3.35 0.14 ± 0.05 11.37 ± 0.21 98.42 ± 0.08 5.76 ± 0.36 

HA-FITC-

Cx43 MP-HSA 

NPs 

Adsorption  363.60 ± 5.63 0.11 ± 0.07 -18.17 ± 0.68 85.40 ± 3.74 5.35 ± 0.42 

FITC-Cx43 

MP-HSA NPs  

Incorporation 235.87 ± 2.45 0.07 ± 0.03 -17.1 ± 0.62 78.97 ± 1.85 3.90 ± 0.37 

HA-FITC-

Cx43 MP-HSA 

NPs  

Incorporation 252.70 ± 7.29 0.08 ± 0.01 -43.97 ± 0.38 71.07 ± 0.76 3.78 ± 0.28 

The morphology of various NPs was visualized using TEM. Blank HSA NPs appeared as 

dispersed dark spheres with a particle size of around 200 nm (Figures 2-4A). The density of 

NPs after drug loading became non-uniform, which was probably related to the distribution 

of FITC-Cx43 MP in the NPs (white arrows, Figures 2-4C and 2-4E). HA coated HSA NPs 

demonstrated a spherical shape, exhibiting a dark core surrounded by a lighter gray rim likely 

corresponding to the HA coating (black arrows, Figures 2-4D and 2-4F). 
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Figure 2-4. TEM images of blank HSA NPs (A), HA coated blank HSA NPs (B), FITC-

Cx43 MP-HSA NPs prepared by incorporation (C) and adsorption (E), HA-FITC-Cx43 MP-

HSA NPs prepared by incorporation (D) and adsorption (F); white arrows (C and E) mark the 

loaded FITC-Cx43 MP and black arrows (D and F) mark the lighter HA coating. 

2.5.2. In vitro release and morphological changes 
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Figure 2-5 shows the cumulative amounts of FITC-Cx43 MP released from different NP 

formulations as a function of time. Released FITC-Cx43 MP concentrations exceeded 80% 

after four days, indicating that the dialysis bag had a slightly rate-limiting effect on drug 

diffusion probably due to peptide adsorption onto the membrane. However, FITC-Cx43 MP 

release from both uncoated and HA coated HSA NPs was highly sustained. 

For the uncoated FITC-Cx43 MP-HSA NPs prepared by adsorption, the drug appeared to be 

released in a biphasic manner, characterized by an initial rapid release period followed by 

slower and more sustained release. A significant initial burst was observed with 

approximately 20% of the drug released from HSA NPs over the first day, which was 

probably due to desorption of peptide molecules loosely attached to the NP surface. The later 

sustained release was attributed to more tightly bound FITC-Cx43 MP or peptide entrapped 

in the HSA matrix, as drug molecules attached to the NP surface may migrate slightly into 

the interior matrix during the formulation process with the carrier matrix maintaining a tight 

interconnected network structure to retard drug release. The rate of drug release from HA 

coated HSA NPs was much slower than that of uncoated HSA NPs, with the initial burst 

decreasing greatly from 20.1 to 5.4% over the first day with the HA coating adding a further 

barrier to drug diffusion, especially with regards to electrostatic interactions between 

negatively charged HA and positively charged FITC-Cx43 MP. Moreover, it has been 

reported that modifying the surface of nanocarriers with HA can restrict water diffusion into 

the carrier matrix which subsequently slows down the drug release process (Hyung et al., 

2008). 

For uncoated FITC-Cx43 MP-HSA NPs prepared by incorporation, the peptide was released 

at a relatively slow but constant rate without an initial burst. Here, the covalent linkage of 

FITC-Cx43 MP to HSA via glutaraldehyde was responsible for the highly sustained release 

behavior with only slow drug diffusion upon HSA matrix erosion and degradation. Similarly 

to NPs prepared by adsorption, FITC-Cx43 MP release significantly decreased after coating 

NPs with HA. 

After 133 days in the release medium, the remaining NPs were seen aggregated at the bottom 

of the dialysis bag. Overall, drug release profiles obtained in this study were relatively slow 

compared to previous reports, which is likely due to the cross-linker type used as well as the 

cross-linking density achieved (Kim et al., 2011; Sebak, Mirzaei, Malhotra, Kulamarva, & 

Prakash, 2010). In fact, cross-linking with glutaraldehyde would affect the degradation rate of 
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HSA NPs, which in turn plays an important role in the stability and release of the 

encapsulated peptide (Langer et al., 2008). It has also been found that the presence of 

enzymes such as proteinase K and trypsin in the release medium can increase the drug release 

rate from HSA NPs and result in complete degradation of NPs without cleavage of the link 

between drug and carrier (Merodio et al., 2001). However, Cx43 MP is composed of natural 

amino acids and the molecular structure of the peptide may be altered in the presence of 

enzymes over long periods of time thereby influencing the quantitative analysis and any 

therapeutic outcomes. Moreover, proteinase K and trypsin are generally not present in the 

vitreous of the eye. Therefore, pH 7.4 PBS without addition of any enzymes was employed in 

the in vitro drug release studies. 

 

Figure 2-5. In vitro drug release profiles in PBS pH 7.4 at 37 °C of uncoated and HA coated 

FITC-Cx43 MP-HSA NPs prepared by adsorption (A) and incorporation (I) (data points 

represent mean values ± S.D., n = 3).  
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Figure 2-6 shows the morphology of freeze-dried uncoated and HA coated FITC-Cx43 MP-

HSA NPs prepared by the two drug loading methods immediately after preparation (Figures 

2-6A - 2-6D) as well as the change in surface morphology after 30 days in release medium 

(Figures 2-6E - 2-6H). At higher magnification, the surface morphology of uncoated and 

coated NPs prepared by the two drug loading methods was quite similar immediately after 

preparation, showing spherical structures with even surfaces. After 30 days of immersion in 

pH 7.4 PBS at 37 °C under gentle agitation, NPs still kept their spherical morphology but 

exhibited a slightly wrinkled surface. However, no obvious pore formation or particle 

collapse was observed. These observations support the in vitro release behavior and confirm 

that the hydration and degradation of HSA NPs is very slow, thus resulting in an initial phase 

of relatively fast peptide release followed by a lag phase characterized by sustained FITC-

Cx43 MP release from the slowly eroding nanocarriers. 

 



 

60 

 

 

Figure 2-6. SEM images of FITC-Cx43 MP-HSA NPs after preparation by adsorption (A) 

and incorporation (C), HA-FITC-Cx43 MP-HSA NPs after preparation by adsorption (B) and 

incorporation (D) as well as FITC-Cx43 MP-HSA NPs prepared by adsorption (E) and 
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incorporation (G) and HA-FITC-Cx43 MP-HSA NPs prepared by adsorption (F) and 

incorporation (H) after 30 days in release medium. Scale bar = 200 nm. 

2.5.3. Assessment of cell viability 

Figure 2-7 shows that the ARPE-19 viability with addition of simple FITC-Cx43 MP 

solutions slightly decreased in a dose dependent fashion probably due to uncoupling and thus 

isolation of cells at higher Cx43 MP concentrations. However, even at the highest 

concentration (C1, 20 µM Cx43 MP) no significant cytotoxicity was observed (p > 0.05). 

There was also no significant difference in cell viability between free peptide and the 

negative control (p > 0.05). Cell viability after incubation with uncoated and HA coated 

FITC-Cx43 MP-HSA NPs prepared by incorporation was higher than 80% for all three 

concentrations tested with no significant difference between these two formulations and the 

free FITC-Cx43 MP at C1 (p > 0.05), indicating both uncoated and HA coated NPs exhibited 

excellent biocompatibility. 

Interestingly, cell proliferation was significantly inhibited when cells were incubated with 

uncoated and HA coated FITC-Cx43 MP-HSA NPs prepared by the adsorption method at C1 

(34% and 28% inhibition, respectively) when compared to free FITC-Cx43 MP solution (p ≤ 

0.0001). This can be explained by the different physicochemical properties of the NPs 

prepared by the different methods. NPs prepared by adsorption were much larger with a 

wider size distribution compared to those prepared by the incorporation method due to the 

non-uniform electrostatic adsorption of FITC-Cx43 MP onto the surface of HSA NPs, which 

could lead to particle instability with NPs eventually aggregating on the cell surface. Previous 

studies have shown that excess NP adsorption on the cell surface may be the major trigger of 

cytotoxicity for biocompatible nanomaterials due to hindrance of ion exchange and disruption 

of exocytotic processes (Wang et al., 2015). Furthermore, FITC-Cx43 MP-HSA NPs 

prepared by adsorption were positively charged due to the presence of FITC-Cx43 MP on the 

particle surface, thus interacting with the negatively charged cell membranes as well as 

disturbing the internalization process thereby decreasing cell viability. Conversely, the 

additional HA coating and thus surface charge reversal resulted in reduced cytotoxic effects, 

especially at C3 (p ≤ 0.05). 
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Figure 2-7. Cell viability of ARPE-19 cells after 24 h of incubation with free FITC-Cx43 MP 

solution, FITC-Cx43 MP-HSA NPs prepared by adsorption (A) and incorporation (I) as well 

as HA-FITC-Cx43 MP-HSA NPs prepared by adsorption (A) and incorporation (I) at three 

different peptide concentrations (data points represent mean values ± S.D., n = 3). 

2.5.4. Active targeting of HA-HSA NPs to CD44 positive expressing RPE 

cells 

To prove the active targeting of HA coated HSA NPs to CD44 expressing RPE cells, both 

uncoated and HA coated FITC-Cx43 MP-HSA NPs prepared by the two methods were 

studied with ARPE-19 cells using confocal microscopy. When blank serum-free medium 

(control group) or simple FITC-Cx43 MP solution were incubated with the cells, only nuclei 

(blue) and cell membranes (red) could be observed (Figure 2-8). However, when cells were 

incubated with HA-FITC-Cx43 MP-HSA NPs, a uniform and well-dispersed green 

fluorescent signal originating from fluorescent FITC-Cx43 MP, was detected inside the cells, 

indicating that HA coated HSA NPs were taken up by ARPE-19 cells. Negatively charged 

HA coating leads to repulsion between particles, thus preventing agglomeration, and may 

stabilize NP dispersions around and inside the cells as well as in in vivo conditions. In 
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contrast, incubation with uncoated FITC-Cx43 MP-HSA NPs resulted in a significantly 

weaker green fluorescent signal in limited areas, suggesting reduced NP internalization by 

ARPE-19 cells (p ≤ 0.05). No significant difference was observed between cellular uptake of 

HA coated FITC-Cx43 MP-HSA NPs prepared by adsorption or incorporation (p > 0.05), 

suggesting that the distribution of FITC-Cx43 MP in the NPs did not affect their uptake. 

To further verify the specific interaction of HA-FITC-Cx43 MP-HSA NPs with ARPE-19 

cell receptors, competitive binding experiments were performed by pre-treating cells with 

free HA solution (10 mg/mL) to block CD44 receptors prior to incubation with HA-coated 

NPs (Figures 2-8C and 2-8F). Results showed that the intracellular FITC signal intensity 

after HA pre-treatment significantly decreased compared to application of HA-FITC-Cx43 

MP-HSA NPs alone (p ≤ 0.01), indicating that the interaction between HA-FITC-Cx43 MP-

HSA NPs and CD44 receptors as well as the subsequent HA receptor-mediated endocytosis 

were partially suppressed due to ligand competition with free HA. Overall, results confirmed 

that HA-FITC-Cx43 MP-HSA NPs can actively target CD44 positive expressing ARPE-19 

cells via HA receptor-mediated interactions exhibiting improved NP endocytosis compared to 

uncoated FITC-Cx43 MP-HSA NPs. 
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Figure 2-8. Representative confocal micrographs of ARPE-19 cells without any treatment 

(control) (H), with incubation of free FITC-Cx43 MP solution (G), FITC-Cx43 MP-HSA 

NPs prepared by adsorption (A) and incorporation (D), HA-FITC-Cx43 MP-HSA NPs 

prepared by adsorption (B) and incorporation (E), and cells pre-treated with free HA (10 

mg/mL) together with HA-FITC-Cx43 MP-HSA NPs prepared by adsorption (C) and 

incorporation (F). Green fluorescence arises from internalized FITC-Cx43 MP with nuclei 

counterstained by DAPI (blue) and cell membranes by WGA-Texas Red-X (red). Scale bar = 

50 µm. A representative magnified area is displayed in the bottom left corner of each image 

with white arrows pointing towards internalized NPs. Quantification of average green 
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fluorescent spots per cell was performed using ImageJ software (I); data points represent 

mean values + S.D., n = 3. 

2.5.5. Cx43 gap junction labelling 

Results for Cx43 gap junction labelling as an indirect measure of Cx43 MP hemichannel 

blocking activity are shown in Figure 2-9. After 8 h of exposure to the simple Cx43 MP 

solution, Cx43 gap junction plaque labelling in ARPE-19 cells was reduced; however, levels 

returned back to normal within 24 h, indicating that the free peptide may have degraded and 

lost its activity by then and/or existing hemichannels may have turned over. Cells treated with 

the various Cx43 MP loaded NP formulations, on the other hand, showed a progressive 

reduction in Cx43 plaque labelling. There were no significant differences in Cx43 gap 

junction plaque expression after 8 h of incubation with the different NPs (p > 0.05), while all 

NP groups exhibited reduced Cx43 plaque labelling after 24 h of exposure confirming the 

sustained release of still active peptide from NPs. In the secondary antibody only control 

group, only nuclei were observed in blue with no red signal detected, indicating that there 

was no non-specific secondary antibody binding. Moreover, each group showed a similar cell 

density to the control group, suggesting that cell viability was not decreased within 24 h due 

to hemichannel blocking and cell isolation at the concentrations used (5 μM Cx43 MP), 

which was consistent with results shown in Figure 2-7. 

In fact, the functional activity of hemichannels can be blocked in various cell types, including 

epidermal (Wright, van Steensel, Hodgins, & Martin, 2009), vascular (Martin, Wall, & 

Griffith, 2005), and neuronal cells (Danesh-Meyer et al., 2012). Cx43 MP, as a hemichannel 

blocker, is able to prevent hemichannel docking but has no effect on gap junction 

communication at low concentrations, while both effects can be observed at higher 

concentrations (O'Carroll, Alkadhi, Nicholson, & Green, 2008). In the present in vitro study, 

low concentrations (5 μM Cx43 MP) were used to achieve hemichannel blocking. This 

prevents opening of the pathological hemichannel pore and thus influx of proapoptotic factors 

from the extracellular environment into otherwise viable cells, but does not completely 

isolate cells, which may occur at high Cx43 MP concentrations. 

It is worth mentioning here that Cx43 MP is composed of natural amino acids and might 

degrade upon prolonged incubation with cells thus losing its bioactivity. According to our 

previous studies (Chen et al., 2013), the half-life of Cx43 MP in bovine vitreous is around 
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145 min, predicting that Cx43 MP might be completely degraded within 14 h without any 

protection. This would explain why Cx43 hemichannels were blocked within the first few 

hours of incubation with the simple Cx43 MP solution while there were no significant 

differences in the level of Cx43 gap junction plaque labelling in the same treatment group 

after 24 h compared to the control group (p > 0.05). Free Cx43 MP in solution may have 

completely degraded at that point and existing Cx43 hemichannels would have been 

internalized and replaced by newly formed hemichannels. On the contrary, Cx43 MP loaded 

NP formulations exhibited a progressive reduction in Cx43 gap junction plaque labelling over 

24 h, especially for the group treated with the HA-Cx43 MP-HSA NPs prepared via the 

incorporation method exhibiting a significantly decreased level of Cx43 expression after 24 h 

of incubation (p ≤ 0.001). This was likely due to HA receptor-mediated cellular binding, 

exposing the cells to higher Cx43 MP concentrations over an extended period of time. 

Studies have also shown that nanocarriers of different sizes might be internalized via 

different endocytic pathways in ARPE-19 cells and that smaller NPs have faster 

internalization rates (Suen & Chau, 2014). According to the results shown in Table 2-2, the 

Cx43 MP loaded NPs prepared by the incorporation method possessed a smaller particle size 

and a more narrow size distribution compared to NPs prepared via adsorption, which could 

explain their more efficient hemichannel blocking. It seems that all NP formulations provided 

protection of Cx43 MP, sustained its release, and therefore prolonged its bioactivity, although 

no significant effect was observed within 8 h possibly due to insufficient Cx43 MP being 

released from the nanocarriers at that time point. However, overall cells were exposed to 

higher Cx43 MP concentrations correlating with increased hemichannel block and thus 

reduced Cx43 gap junction plaque labelling after 24 h. Overall, this study confirmed that both 

uncoated and HA coated HSA NPs not only facilitate Cx43 hemichannels block in ARPE-19 

cells but also protected Cx43 MP from degradation until released. 
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Figure 2-9. Representative Cx43 gap junction plaque labelling in ARPE-19 cells without any 

treatment (control) (A), with incubation of free FITC-Cx43 MP (C and D), FITC-Cx43 MP-

HSA NPs prepared by adsorption (E and F) and incorporation (I and J), and HA-FITC-Cx43 

MP-HSA NPs prepared by adsorption (G and H) and incorporation (K and L) after 8 and 24 h, 

respectively. A secondary antibody only control was also included, following the same 

staining protocol without addition of the primary antibody (B). Merged images of cell nuclei 

stained with DAPI (blue) and Cx43 gap junction plaques in red. Scale bar = 50 µm. 
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Quantification of Cx43 spots per cell was performed using automated particle counts in 

ImageJ software (M); data points represent mean values + S.D., n = 3. 

2.5.6. Ex vivo retinal penetration of NPs and retinal CD44 expression 

Figure 2-10 demonstrates the penetration of uncoated and HA coated FITC-Cx43 MP-HSA 

NPs prepared by incorporation across ex vivo retinal tissues after 2 and 4 h of incubation at 

37 °C. An even distribution of green fluorescence was found in both uncoated and HA coated 

NP groups after 2 h with a relatively high fluorescent intensity detected in the ILM and the 

ganglion cell layer (GCL), indicating that HSA NPs with and without HA coating had 

partially passed through the ILM and into deeper retinal structures. Strong green fluorescence 

relating to HA-Cx43 MP-HSA NPs was found in the outer nuclear layer (ONL) and the RPE 

after 4 h of incubation with the HA coated NPs, which was not observed in the uncoated NP 

group, suggesting that HA coating facilitated NP diffusion across the entire retina to the 

photoreceptor layer and the RPE. Performing immunohistochemical labelling of CD44 

receptors, high quantities were found in the RPE layer (Figure 2-10B). It is thus believed that 

HA coated NPs resulted in specific targeting to RPE cells due to ligand-receptor interactions 

between HA and CD44 receptors. 

To further analyze the amount of NPs penetrated into the retinal tissues after 4 h of 

incubation, neural retina and RPE/choroid were collected and NP concentrations, extracted 

from the different tissues, were analyzed. Figure 2-10G illustrates that the ex vivo 

penetration of NPs into the bovine retina was significantly improved by HA coating of Cx43 

MP-HSA NPs (p ≤ 0.05). Compared to the uncoated NP group, fluorescence intensities in 

neural retina and RPE/choroid in the HA coated NP group were enhanced approximately 1.2 

and 1.5 folds, respectively, suggesting that HA coated NPs exhibited superior penetrating 

ability across the neural retina and thus enhanced NP uptake into RPE cells. These 

observations were consistent with the results shown in Figure 2-8, demonstrating that HA 

coating facilitated targeted delivery to RPE cells. 
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Figure 2-10. Ex vivo retinal tissue distribution of uncoated (C and D) and HA coated (E and 

F) FITC-Cx43 MP-HSA NPs (green) prepared by incorporation after 2 and 4 h of incubation, 

respectively. CD44 expression (red) in retinal cross-sections was evaluated using 

immunohistochemistry (B). Green fluorescence arises from FITC-Cx43 MP, retinal cell 

nuclei were stained with DAPI (blue), and CD44 receptors were stained with Alexa 568 (red). 

Scale bar = 100 µm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear 

layer; and RPE, retinal pigment epithelium. Quantitative analysis of green fluorescence per 

gram of neural retina and RPE/choroid after 4 h of incubation (G); data points represent mean 

values + S.D., n = 3. 
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2.6. Conclusions 

A peptide delivery system based on HA coated HSA NPs was developed with different 

preparation methods to specially target CD44 positive expressing RPE cells. Compared to 

uncoated HSA NPs, HA coated HSA NPs resulted in enhanced in vitro cellular uptake and ex 

vivo retinal tissue penetration via ligand-receptor interactions between HA and CD44 

receptors. Furthermore, HA coated HSA NPs achieved sustained release of Cx43 MP, 

especially for the particles prepared by peptide incorporation, which also exhibited better cell 

biocompatibility, potentially reducing the need for frequent intravitreal injections in the 

clinical setting. At the concentrations used, reduced Cx43 gap junction plaque labelling was 

observed over prolonged periods of time proving the bioactivity of the slowly released 

peptide. Overall, this Cx43 MP delivery platform based on HA coated HSA NPs for specific 

cell targeting could have great potential in the treatment of various retinal inflammatory 

disorders. 
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Supplementary figure 2-1. CD44 expression in ARPE-19 cells without any treatment 

(control, A) and after treatment with a cytokine cocktail (10 ng/mL IL-1-β and 10 ng/mL 
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TNF-α, B); nuclei were stained with DAPI (blue) and CD44 receptors were labelled with 

Alexa Fluor 568 (red). Scale bar = 50 µm. Quantification of red fluorescence intensity was 

performed using ImageJ software (C); data points represent mean values + S.D., n = 3. 

2.10. Afterword 

Recently, nanotechnology has been intensively investigated in ocular drug delivery. NP-

based therapeutics can confer the ability to overcome biological barriers, effectively deliver 

drugs, and preferentially target the therapeutic site. However, despite these potential 

advantages, only a few NP-based formulations have now been approved for clinical use in the 

eye, with numerous challenges at different stages of development. The complexity of NPs as 

three-dimensional and multi-component structures requires careful fabrication, detailed 

optimization, and reproducible scale-up and manufacturing processes to achieve a consistent 

product with the intended physicochemical properties, biological effects, and 

pharmacological profiles. 

In the case of HA coated NPs, a number of aspects need to be further investigated before 

industrial scale-up for clinical use. For example, formulation stability is a major issue during 

long-term storage of NPs, with aggregation observed in suspensions or during freeze-drying 

processes. The ideal dosage form of the final NP therapeutic would be a lyophilized powder, 

with NPs prepared for administration by resuspension in sterile saline. More studies need to 

be performed to optimize the formulation and storage conditions thus improving the 

formulation stability. Additionally, the safety and efficacy of NPs can be influenced by minor 

variations in multiple parameters and need to be carefully examined in preclinical and clinical 

studies, particularly in terms of the biodistribution and targeting to the therapeutic site, with 

the in vivo properties and therapeutic efficacy of HA coated NPs further presented in Chapter 

5. 

In addition to formulation-based approaches including NPs, physical force-based techniques 

have also attracted significant attention in overcoming intraocular barriers and improving 

drug delivery efficacy. These techniques generally require a physical device, driven by a 

power generator, to deliver energy to the barriers resulting in transient drug transport 

enhancement in a minimally or non-invasive manner. The next chapter will discuss a novel 

method for enhanced ocular drug delivery to the retina by combining HA coated NPs with 

short-pulsed US application. 
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Chapter 3                                             

Ultrasound-mediated Nanoparticle Delivery 

across Ex Vivo Bovine Retina after Intravitreal 

Injection  
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3.1. Preamble 

This chapter contains a verbatim reproduction of the article entitled “Ultrasound-mediated 

nanoparticle delivery across ex vivo bovine retina after intravitreal injection”, which was 

published in European Journal of Pharmaceutics and Biopharmaceutics, volume 119, pages 

125-136, in 2017. This periodical is published by Elsevier and covers novel, innovative, and 

hypothesis-driven research in the area of pharmaceutics and biopharmaceutics. The European 

Journal of Pharmaceutics and Biopharmaceutics had an Impact Factor of 4.159 in 2016 and 

the following publication has already been cited twice at the time of thesis submission. 

 

3.2. Abstract 

Intravitreal injection is the most common administration route for the treatment of retinal 

diseases. However, the vitreous and some of the retinal layers themselves act as significant 

barriers to efficient delivery of drugs administered intravitreally. This study aimed to improve 

the diffusive mobility of NPs in the vitreous and enhance their permeation across the retina 

after intravitreal injection by application of US. Ex vivo posterior bovine eye cups were used 

and the vitreous was either left intact or removed gently from the neural retina. HA coated 

HSA NPs were administered into the eye cups and continuous US with a frequency of 1 MHz, 

an intensity of 0.5 W/cm
2
, and a duration of 30 s was applied once or repeatedly via the 

transscleral route. After pre-determined time points, fluorescence intensities in the vitreous 

and the retina were analyzed. Short pulses of US significantly improved the diffusive 

mobility of NPs through the vitreous as well as their penetration across the neural retina into 

the RPE and choroid without causing any detectable damage to the ocular tissues. Therefore, 
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transscleral US could be a powerful and safe tool to enhance retinal delivery of intravitreally 

injected NPs. 

3.3. Introduction 

Despite the great advances made in ocular drug delivery over the past decades, delivery to the 

retina remains challenging due to the long diffusion distance from the administration site, 

ocular clearance mechanisms, and the presence of various penetration barriers, especially 

when aiming to deliver peptides and proteins with short half-lives (minutes to hours) (Bishop, 

1996; El Sanharawi et al., 2010; Laude et al., 2010). Currently, intravitreal injection is the 

most common and effective administration route for the treatment of retinal disorders. 

However, efficient targeting of specific retinal layers affected in posterior segment diseases, 

such as AMD, DR, and glaucoma, is limited. As a result, frequent injections are required, 

which increase the potential of unwanted side effects including retinal detachment, cataract 

formation, vitreous hemorrhage, and endophthalmitis (Jager et al., 2004). Therefore, there is 

a clear and urgent need to develop more efficient strategies to overcome these barriers and 

enhance drug delivery to the target site while reducing the frequency of injection. 

NPs constitute a versatile drug delivery platform with the ability to protect their cargo from 

degradation, sustain drug release, penetrate physiological barriers, and deliver the drug to 

specific cells by either passive or active targeting mechanisms (Sahoo et al., 2008). 

Biodegradable NPs hold significant promise for ocular drug delivery and numerous natural 

and synthetic biocompatible polymers such as chitosan (Lu et al., 2014), PLGA (Chen, Green, 

Wang, et al., 2015), and PCL (Suen & Chau, 2013) have been evaluated in vitro and in vivo 

in order to enhance drug delivery efficacy. HA, a high molecular weight linear 

glycosaminoglycan composed of repeating disaccharide units of β-1,4-D-glucuronic acid-β-

1,3-N-acetyl-D-glucosamine, is an important extracellular matrix component and specifically 

binds to several cell surface receptors, including CD44 (Murata & Horiuchi, 2005). HA 

modified delivery systems intended for intravitreal administration have previously been 

developed to enhance drug accumulation in highly CD44-expressing RPE cells and have 

exhibited superior cellular uptake performance via HA-CD44 receptor-mediated interactions 

(Gan et al., 2013; Martens et al., 2015). Utilizing HA modified NPs is therefore a promising 

strategy for targeted retinal drug delivery. However, NPs still have to diffuse through the 

vitreous and penetrate across the neural retina before reaching the RPE layer. After 

intravitreal injection, the dense vitreous network might immobilize NPs while tight junctional 
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structures between neural retinal cells could hinder NP penetration towards the RPE, thereby 

limiting NP delivery efficacy. 

US, which is routinely used for diagnostic imaging and therapeutic applications, is currently 

being adopted for drug delivery purposes by transiently disrupting biomembranes. It is 

commonly believed that the mechanisms of US-mediated biomembrane alterations include 

non-thermal (e.g. cavitation, acoustic streaming, and mechanical stress) and thermal effects. 

In ocular drug delivery, transcorneal US has primarily been investigated to improve drug 

transport across the corneal epithelium (Zderic et al., 2002). However, with the development 

of advanced topical formulations that can more easily penetrate the cornea, this strategy is 

rarely being studied today. Nevertheless, other US application routes may still be of interest, 

especially when aiming to enhance drug delivery to the retina. Suen et al. (2013) performed 

preliminary US studies to enhance drug delivery via the transscleral route; however, the drug 

reservoir which contained the aqueous protein solutions had to be in constant contact with the 

scleral US application site. Moreover, the actual drug concentrations reaching the retina were 

very low and rather unpredictable. In addition, free protein drugs may degrade rapidly while 

frequent US treatment may cause unwanted side effects due to a possible temperature 

increase in the eye. Furthermore, US-mediated gene delivery to the retina has been reported 

by Peeters et al. (2008) where the US probe was directly in contact with the neural retina 

significantly improving retinal permeability of the gene; however, slight damage to the retinal 

tissues was also observed. Ultimately, applying US intravitreally even using a needle-sized 

probe would be rather invasive in a clinical setting and could thus cause more damage than 

benefits. 

In the present study, transscleral US was utilized to enhance the vitreous diffusivity and 

retinal permeability of intravitreally administered NPs in order to achieve higher retinal drug 

concentrations. Cx43 MP, a potential therapeutic agent for the treatment of various retinal 

inflammatory diseases (Danesh-Meyer et al., 2012), was encapsulated into HA coated HSA 

NPs and the physiochemical characteristics of HA coated Cx43 MP HSA NPs were evaluated 

as described previously (Huang, Chen, & Rupenthal, 2017a). Ex vivo models using freshly 

collected bovine eyes were subsequently used to investigate the diffusivity of NPs in the 

vitreous as well as NP permeation across the retina without and with US application. Finally, 

histological examination and measurement of ocular surface temperature were performed to 

analyze if currently employed US parameters caused any damage to the ocular tissues. 

Overall, this work aimed to provide an initial assessment of the feasibility and safety of 
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nanocarriers combined with US application for efficient retinal drug delivery after intravitreal 

injection. 

3.4. Materials and methods 

3.4.1. Materials 

HSA (MW 66 kDa), PBS, 50% aqueous glutaraldehyde, EDC, and Triton
®
 X-100 were 

purchased from Sigma (St. Louis, MO, USA). FITC-Cx43 MP (FITC-AVDCFLSRPTEKT, 

MW 1856 g/mol) was purchased from Auspep Pty Ltd (Tullamarine, VIC, Australia). HA 

(MW 120 kDa) was purchased from Lifecore Biomedical LLC (Chicago, IL, USA). 

Hematoxylin (Gill II) and eosin (Eosin Y) were obtained from Surgipath
®
, Leica Biosystems 

GmbH (Wetzlar, Germany). Xylene and ethanol used for histological examination were 

purchased from Thermo Fisher Scientific Inc. (Auckland, New Zealand). Lithium carbonate 

and DPX (Distrene, Plasticiser, and Xylene) were from BDH Chemicals (Poole, UK). Sirius 

Red F3BA was purchased from Pfaltz & Bauer Inc. (Waterbury, CT, USA). Water used was 

pre-treated with a Milli-Q water purification system (Millipore, Billerica, MA, USA). All 

other commercially available chemicals were used at analytical grade. All samples were 

light-protected until fluorescence measurements were performed. 

3.4.2. US device 

A Sonopuls 190 device (Enraf-Nonius B.V., Rotterdam, Netherlands) equipped with a digital 

signal processing system software, offering an innovative method for clinical physiotherapy 

in a standardized and stationary manner, was utilized for these studies. The applicator was a 

hand-held assembly with a sound head area of 0.8 cm
2
 providing ultrasonic energy with a 

frequency of 1 or 3 MHz. US power delivered to the target tissue was expressed in terms of 

the total power in watts (W) or the effective power in the radiating area of the sound head 

(surface intensity) in W/cm
2
. 

3.4.3. Preparation and characterization of HA coated NPs 

FITC-Cx43 MP loaded HSA NPs (FITC-Cx43 MP HSA NPs) were prepared by a previously 

described desolvation technique (Huang et al., 2017a). Briefly, FITC-Cx43 MP was mixed 

with a HSA solution at 5% mDrug/mMatrix for 24 h at room temperature. A volume of 2.4 mL of 

ethanol was added drop wise to the mixture under stirring at 250 rpm for 1 h. FITC-Cx43 MP 

HSA NPs were then stabili ed with 0.4 μL of 50% glutaraldehyde at room temperature under 
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stirring for 24 h. Unbound FITC-Cx43 MP and FITC-Cx43 MP HSA NPs were separated by 

repeated washing with Milli-Q water and centrifugation at 13,000 rpm for 50 min at 4 °C 

(Centrifuges 5430 R, Eppendorf, Hamburg, Germany). Subsequently, surface modification of 

FITC-Cx43 MP HSA NPs was performed to achieve HA coating (Yerushalmi & Margalit, 

1998). HA was initially dissolved in 0.1 M sodium acetate buffer pH 4.5 to a final 

concentration of 2 mg/mL and pre-activated by incubation with EDC for 2 h at 37 °C. The 

activated HA was then added to a suspension of FITC-Cx43 MP HSA NPs, buffered by 0.1 

M borate buffer to pH 9, and incubated overnight at 37 °C. The resulting HA coated FITC-

Cx43 MP HSA NPs were purified by centrifugation as previously mentioned and re-

suspended in Milli-Q water using an ultrasonic processor (UP 200S, Hielscher, Teltow, 

Germany) at an amplitude of 40% and a duty cycle of 0.4 s for 1 min on an ice bath. 

Particle size, distribution, and zeta potential were determined by DLS using a Malvern Nano 

ZS (Malvern Instruments, Worcestershire, UK), and the mean value as well as S.D. of three 

different batches were recorded. Morphological observation of HA coated FITC-Cx43 MP 

HSA NPs was performed by TEM using a Tecnai
TM

 G
2
 Spirit Twin TEM (FEI Company, 

Hillsboro, OR, USA) at an accelerating voltage of 120 kV. 

3.4.4. US-enhanced NP penetration across the retina 

3.4.4.1. Experimental procedure 

Fresh bovine eyes were obtained from a local abattoir and used within 3 h. Eyes were treated 

as previously described by Pitkanen et al. (2004). Briefly, after removal of extraocular tissues, 

an incision through the sclera on the side of the eyeball around 8-10 mm behind the limbus 

was made using a blade and the initial incision was circumferentially extended around the 

entire eye using scissors. The anterior segment and vitreous were separated gently from the 

neural retina. The obtained posterior eye cups were placed into the wells of a six-well plate 

and 1 mL of HA coated NPs with a final FITC-Cx43 MP concentration of 20 μM was added 

onto the neural retina inside the eye cups. Subsequently, US of continuous wave (100% duty 

cycle) was applied either intravitreally or transsclerally with a frequency of 1 MHz, an 

intensity of 0.5 W/cm
2
, and a short duration of 30 s with the experimental set-up 

schematically depicted in Figure 3-1. After US application and 4 h of incubation with NP 

suspensions at 37 °C, all treatments were removed from the eye cups and the surface of the 

neural retina was gently washed three times with PBS. Neural retina and RPE/choroid 
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complex were carefully peeled off from the eye cups, collected, and weighed. Tissue samples 

were then homogenized on an ice bath in 500 µL of PBS containing 2% Triton
®
 X-100. After 

centrifugation at 5,000 rpm for 20 min at 4 °C, supernatants were collected and the drug 

concentration was determined via fluorescence at an excitation and emission wavelength of 

488 and 528 nm, respectively, using a fluorescence microplate reader (Synergy 2, BioTek 

Instruments, Winooski, VT, USA). Fluorescence intensities in the neural retina and the 

RPE/choroid were expressed per gram of tissue after subtraction of any background 

fluorescence from blank tissues without any treatment. 

 

Figure 3-1. Experimental set-up of NP penetration studies with US application using bovine 

eye cups ex vivo adapted from Peeters et al. (2008). Intravitreal US: US probe was in direct 

contact with the surface of the NP suspension inside the eye cup (A). Transscleral US: US 

probe was positioned onto the sclera outside the eye cup (B). 

3.4.4.2. Intravitreal US 

3.4.4.2.1. Effect of US duration on NP penetration 

The general procedure used here is described in section 2.4.1. US applied directly onto the 

surface of the NP suspension inside the eye cups was defined as intravitreal US (Figure 3-1A) 

and was used in this series of experiments. A volume of 1 mL of NP suspension was added to 

the eye cups after which US was administered for 30 or 120 s, respectively. Eye cups were 

subsequently incubated for 4 h before assessment. A passive NP permeation group without 

US application was also included. 
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3.4.4.2.2. Effect of time lapse on US-enhanced NP penetration 

To verify that the effect of US-enhanced NP penetration was temporary, eye cups containing 

1 mL of PBS were initially subjected to US treatment and incubated for 15 min. Subsequently, 

PBS was removed and replaced with 1 mL of the NP suspension which was then incubated 

for another 4 h. The result from this experiment was compared to that of passive NP 

permeation after 4 h. 

3.4.4.2.3. Reproducibility of US-enhanced NP penetration 

Eye cups containing 1 mL of PBS were subjected to 30 s of US. After incubation for 15 min, 

PBS was removed and replaced with 1 mL of NP suspension, with US of the same setting 

applied again before incubation of the eye cup for another 4 h. The result from this 

experiment was compared to that of eye cups incubated with the NP suspension for 4 h after a 

single US treatment of 30 s. 

3.4.4.2.4. Repeatability of US-enhanced NP penetration 

To compare the influences of single and repeated US application on enhanced NP permeation 

across the retinal tissues, eye cups were firstly incubated with 1 mL of NP suspension and 

then subjected to one 30 s US treatment. Following 15 min of incubation, US was applied 

again. The 15 min incubation time followed by 30 s of US application was performed up to 

three times prior to incubation for 4 h. 

3.4.4.3. Transscleral US 

The general procedure used here is described in section 2.4.1. US applied to the sclera outside 

of the eye cups was defined as transscleral US (Figure 3-1B) and was used in this set of 

experiments. Similar to intravitreal US, repeated transscleral US application consisted of two 

steps. Firstly, 1 mL of NP suspension was added to the eye cups after which 30 s of US was 

administered via the transscleral route. Secondly, eye cups were incubated for 15 min. Steps 

one and two were repeated up to a total of three cycles followed by tissue incubation for 4 h. 

To further investigate the effects of different US application routes (i.e. transscleral and 

intravitreal US) on the enhancement of US-mediated NP penetration across the retina, results 

from this experiment were compared to those of eye cups incubated with NP suspensions for 

4 h with triple application of 30 s intravitreal US. 
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3.4.5. Tracking NP diffusion in the vitreous 

The vitreous gel is inherently fragile and liquefaction occurs quickly after removal from the 

eye. Thus, as the microstructure of the vitreous can be easily disrupted by gravitational force 

without ocular support, an intact ex vivo vitreous model using the eye cup was used to reduce 

any damage to vitreous integrity and mimic NP diffusion after intravitreal injection in vivo. 

Bovine eyes were treated similarly to the procedure described in section 3.4.4.1. After 

removal of the anterior segment of the eye, 20 μL of HA coated NP suspension with a final 

FITC-Cx43 MP concentration of 200 μM was gently injected into the intact vitreous at an 

approximately 5 mm depth using a syringe with a 30G needle. For each bovine eye, only one 

condition was tested. Whatman
TM

 lens cleaning tissues were used to gently remove any 

excess liquid on the vitreous surface generated during eye dissection and NP injection. A 

Burton lamp (G. Nissel & Co. Ltd., London, UK) was placed over the eye cup to illuminate 

the fluorescent NPs and assist visualization of NP diffusion in the vitreous. Images were 

recorded immediately after NP injection (baseline). Transscleral US of 30 s was then applied 

three times with a 1 min wait time in-between. An additional set of images was then recorded 

5 min post-NP injection. Intravitreally administered NPs, diffusing passively in the vitreous 

without US application, were used as a control. Fluorescence areas and intensities 

immediately after NP injection and after 5 min of diffusion were quantified using ImageJ 

software and the fold change was calculated by dividing values after 5 min by the results 

obtained immediately after injection. 

3.4.6. Quantitative analysis of NP distribution in the vitreous 

Whole porcine eyes were used to quantitatively analyze NP distribution in the vitreous 

without and with US application. The experimental set-up is schematically shown in Figure 

3-2. Briefly, after removal of extraocular tissues and washing with PBS to remove any blood 

from the ocular surface, eyes were placed into the wells of a 12-well plate. Subsequently, 

each eye was intravitreally injected through the pars plana with 20 μL of HA coated NP 

suspension with a final FITC-Cx43 MP concentration of 200 μM using a syringe with a 30G 

needle at an angle of 15-30 °. Eyes were then transferred into a water bath at 37 °C for US 

treatment and further incubation (Figures 3-2A and 3-2B). The US transducer probe was 

positioned directly onto the sclera adjacent the equator and triple US of 30 s with a wait time 

of 15 min was applied. The region of US application was labeled with a marker. One hour 

after injection, porcine eyes were snap-frozen in liquid nitrogen and dissected into two equal 
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parts along the visual axis of the eye (Figure 3-2C). After removal of any attached retinal 

tissue, the vitreous of both the injection and non-injection side was carefully collected, 

weighed, and homogenized. Homogenates were centrifuged at 4,500 rpm for 5 min at 4 °C. 

Supernatants were collected and the amount of particles present in each half was measured 

using a microplate reader. The fluorescence intensity in each half of the vitreous was 

expressed per gram of vitreous after subtraction of any background fluorescence obtained 

from blank homogenized vitreous without treatment. 

 

Figure 3-2. Set-up for quantitative analysis of NP distribution in the vitreous using whole 

porcine eyes ex vivo. NP suspensions were intravitreally injected and triple 30 s US was 

applied directly onto the sclera near the equator (A). Eyes were kept in a water bath at 37 °C 

after NP injection and US treatment (B). The vitreous was collected from both the injection 

and the non-injection side and the fluorescence intensity in each part was analyzed after 

dissection (C). 

3.4.7. Histological examination 

Fresh bovine eyes were treated with triple 30 s transscleral US as described above. The 

region of US application was labeled with a marker, cut into small pieces (20 × 15 mm), 

immersed in O.C.T. compound (ProSciTech, Sydney, Australia), and snap-frozen with liquid 

nitrogen. Cross-sections of 10 µm thickness were cut using a cryostat microtome 

(CryoStar
TM

 NX50, Thermo Scientific, Waltham, MA, USA) and were mounted onto 

adhesive slides before performing hematoxylin and eosin (H&E) staining for histological 

visualization. Briefly, sections were immersed in tap water for 5 min to remove any O.C.T. 

followed by staining with hematoxylin for 5 min. After differentiating in 1% acid alcohol for 

two dips and rinsing in tap water, slides were dipped in lithium carbonate solution until 
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sections turned blue. Afterwards, slides were rinsed under tap water and stained with 1% 

eosin for ten dips. Finally, sections were dehydrated using absolute ethanol, cleared by xylene, 

and mounted in DPX mounting medium. All stained sections were imaged at 5× (scleral 

sections) and 10× (retinal/choroidal sections) magnification using a Leica DMRA HC 

fluorescence microscope (Leica Microsystems, Wetzlar, Germany) coupled with a digital 

camera (DS-5MC, Nikon, Tokyo, Japan) and images were processed using the NIS-Elements 

BR 4.30.00 64-bit imaging software (Nikon, Tokyo, Japan). 

To further analyze the scleral collagen arrangement, 10 µm thickness scleral sections (parallel 

to the ocular surface) were cut and stained for 1 h with 0.1% Sirius Red in saturated aqueous 

picric acid for collagen bundle staining. US of 30 s was applied on top of the coverslip with 

US contact-gel added in between. Afterwards, sections were immediately observed at 10× 

and 20× magnification under a polarized light microscope (Leica Microsystems, Wetzlar, 

Germany) and images were processed using Leica Application Suite software version 4.3 

(Leica Microsystems, Wetzlar, Germany). The same area was imaged before and after US 

application, with application of US generated by an ultrasonic processor at an amplitude of 

80% and a duty cycle of 0.8 s for 1 min at room temperature used as a positive control. 

3.4.8. Temperature alterations 

To account for any potential thermal damage, heat maps of the ocular surface before and after 

30 s of US application (1 MHz, 0.5 W/cm2) were recorded at room temperature using an 

infrared thermography system TVS-200EX (NEC Avio Infrared Technologies Co., Tokyo, 

Japan) with scleral temperature alterations at the site of US application analyzed using 

Goratec Thermography Studio Software version 4.8 (Goratec Technology, Erding, Germany). 

A positive control was performed by applying 30 s of US with a higher intensity (1 MHz, 2 

W/cm2). 

3.4.9. Statistical analysis 

All studies were performed in triplicate and data points were expressed as mean values plus 

or minus S.D. (mean ± S.D.). To determine statistical significance, analysis of variance (two-

way ANOVA) followed by Tukey’s multiple comparison was performed using  raphPad 

Prism 7. Differences were considered statistically significant if p ≤ 0.05. 
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3.5. Results and discussion 

3.5.1. Characterization of HA coated NPs 

HA coated FITC-Cx43 MP HSA NPs were successfully prepared by the desolvation 

technique followed by HA surface coating via an EDC reaction. A schematic morphological 

illustration of HA coated FITC-Cx43 MP HSA NPs is shown in Figure 3-3A. HA coated 

FITC-Cx43 MP HSA NPs were expected to possess a core-shell structure with FITC-Cx43 

MP encapsulated into the HSA matrix surrounded by an outer HA coating layer. Results 

obtained by DLS showed that HA coated FITC-Cx43 MP HSA NPs possessed a particle size 

of 252.70 ± 7.29 nm and a relatively narrow size distribution with a PdI of 0.07 ± 0.03 

(Figure 3-3C). The zeta potential was in the range of -43.97 ± 0.38 mV preventing particle 

aggregation in suspension. A number of studies have extensively investigated the effect of 

particle size and surface characteristics (e.g. charge and concentration) on the vitreous 

mobility of NPs with hydrophobic, electrostatic, and steric effects significantly contributing 

to NP diffusion (Martens et al., 2013; Xu et al., 2013). Specifically, NPs with a particle size 

larger than 1000 nm are generally immobilized in the vitreous due to steric hindrance, highly 

concentrated NPs in suspensions aggregate in the vitreous due to hydrophobic effects, and 

positively charged NPs bind to the negatively charged vitreous meshwork thus being retained. 

Therefore, the highly negative surface charge and the relatively small particle size of HA 

coated FITC-Cx43 MP HSA NPs render them a promising nano-sized drug delivery platform 

for intravitreal administration.  

The morphology of HA coated FITC-Cx43 MP HSA NPs was examined by TEM. Particles 

demonstrated a spherical shape with a size of around 250 nm, exhibiting a dark core 

surrounded by a lighter gray rim (Figure 3-3B) suggesting a drug-containing HSA matrix 

coated by HA. Thus, the TEM image further supported the results obtained by DLS and 

confirmed successful HA coating onto the surface of FITC-Cx43 MP HSA NPs. 
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Figure 3-3. Physicochemical characteristics of HA coated FITC-Cx43 MP HSA NPs. 

Schematic illustration of HA coated FITC-Cx43 MP HSA NPs, comprising a core-shell 

structure with a particle size of approximately 250 nm (A). TEM image of HA coated FITC-

Cx43 MP HSA NPs with black arrows marking the lighter coloured HA coating (B) (Yu et 

al., 2013). Sample size distribution of HA coated FITC-Cx43 MP HSA NPs measured by 

DLS (C). 

3.5.2. Intravitreal US-enhanced NP penetration across the retina 

Figure 3-4A compares NP penetration across the retina without and with intravitreal US 

application. In the absence of US, only very few NPs penetrated across the neural retina and 

into the RPE/choroid after 4 h of passive diffusion, whereas brief US application (1 MHz, 0.5 

W/cm
2
, 30 s) led to a significant increase (p ≤ 0.05). However, extending the duration of a 
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single US application from 30  to 120 s did not result in any further NP penetration into 

neural retina or RPE/choroid (p > 0.05), suggesting that the US-mediated penetration 

enhancement is transient and might have already reached its maximum threshold after a short 

US pulse. The neural retina is known to form a strict permeation barrier even for nano-sized 

drug delivery systems due to the presence of the ILM and the inter-photoreceptor matrix, 

which significantly block drug and particle transport (Farjo, Skaggs, Quiambao, Cooper, & 

Naash, 2006). Previous research demonstrated that US acted as a powerful tool to transiently 

increase the permeability of ocular tissues and concluded that US-induced cavitation was the 

primary mechanism with the presence of bubble activities enhancing ocular drug delivery 

(Nabili et al., 2013; Peeters et al., 2008; Razavi et al., 2014; Zderic et al., 2004). In our 

experiment, an US intensity of 0.5 W/cm
2
 was selected to produce sufficient acoustic 

pressure to generate oscillating bubbles and induce microstreaming which can reversibly 

change the lipid bilayer, create aqueous pathways, and result in decreased resistance to the 

transport of macromolecules (Merino, Kalia, & Guy, 2003). The corresponding shear stress 

and surface divergence could also contribute to the improvement of retinal permeability by 

disrupting tight cell membrane barriers (Cheung et al., 2010; Collis et al., 2010). 

As there appeared to be a temporary window after sonication during which the retinal 

permeability of NPs remained elevated,  the effect of time lapse on intravitreal US-mediated 

permeation improvement was investigated. The neural retina was firstly treated with US for 

30 s and incubated with PBS only (without fluorescent NPs) for 15 min before application of 

the NP suspension. As shown in Figure 3-4B, no significant particle penetration 

improvement was observed between the passive diffusion (no US) and the US-treated group 

(p > 0.05), when particles were not present at the time of US application. This result suggests 

that retinal permeability only increased during or shortly after sonication, highlighting that 

membrane disruption is only transient with no permanent tissue damage expected. Moreover, 

it suggests that applied drugs or NPs need to be close to the barrier during US application in 

order to improve their permeability. 

Figure 3-4C demonstrates fluorescent NPs in both the neural retina and the RPE/choroid 

when intravitreal US was firstly applied to eye cups incubated with PBS only for 15 min, 

after which PBS was replaced by the NP suspension and US was re-applied. Intensities were 

comparable to the group in which US was applied only once to the neural retina incubated 

with the NP suspension (p > 0.05), suggesting that US-mediated penetration enhancement of 

NPs was reproducible and that previous US application had no overlapping or additive effect. 



 

86 

 

This observation further supported that retinal permeability of NPs was enhanced by US-

induced physical disruption of biomembranes lasting only seconds to minutes with 

endogenous vesicle-based healing processes resulting in fast resealing of these openings (Sud 

& Dindyal, 2012). The original biological structures of tight junctions seemed to recover 

shortly after sonication with repeated treatment re-opening the structures thus allowing 

reproducible US application. 

In addition to the reproducibility, the repeatability of intravitreal US-enhanced NP delivery 

was evaluated by applying repeated US of 30 s after a wait time of 15 min. Results shown in 

Figure 3-4D indicate that when US was applied twice, the fluorescence intensities in the 

neural retina and RPE/choroid were enhanced approximately 1.20 and 1.54 times, 

respectively. Triple US application resulted in a 1.34-fold increase in the fluorescence 

intensity in the neural retina and a 1.62-fold increase in the RPE/choroid compared to single 

US treatment, suggesting that repeated US application significantly improved the amount of 

NPs penetrated into both the neural retina (p ≤ 0.001) and the RPE/choroid (p ≤ 0.01) 

compared to single US application. It appears that while single US application using the 

current settings was able to transiently disrupt the barriers of the neural retina and increase 

retinal permeability of the NPs to a certain degree, repeated US treatment resulted in a 

cumulative but non-linear enhancement of NP transport. Nevertheless, more detailed studies 

on US-enhanced penetration of NPs are required to optimize the US settings for the clinical 

setting. 
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Figure 3-4. Intravitreal US-enhanced NP penetration through the retina using bovine eye 

cups ex vivo. Effect of US duration on retinal permeability of NPs (A). Effect of time lapse 

on US-mediated enhancement (B). Reproducibility of US-enhanced NP penetration (C). 

Repeatability of US-enhanced NP penetration (D). Data points represent mean values + S.D., 

n = 3. 

3.5.3. Transscleral US-enhanced NP penetration through the retina 

The effect of transscleral US-enhanced retinal NP permeability was evaluated and results 

were compared with those of intravitreal US application. Similarly, in the absence of 

transscleral US, fluorescence intensities per gram of tissue reached 2289.66 ± 37.61 and 

930.19 ± 93.70 in the neural retina and RPE/choroid, respectively, solely by passive diffusion. 

The application of 30 s transscleral US significantly improved NP penetration to 2918.54 ± 

22.17 (p ≤ 0.0001) and 1193.87 ± 229.93 (p ≤ 0.05) in the neural retina and RPE/choroid, 
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respectively (Figure 3-5A). In addition, triple transscleral US application led to a further 

1.17-fold enhancement in fluorescence intensity both in the neural retina and the 

RPE/choroid compared to single US treatment, suggesting that even transsclerally applied US 

was able to enhance retinal permeation of NPs with repeated application further improving 

the amount of NPs penetrated, probably due to the same mechanisms as described above. 

Figure 3-5B compares the NP penetration after triple intravitreal and transscleral US 

application. Intravitreal US enhanced NP penetration into the neural retina to a greater extent 

than transscleral US (p ≤ 0.01). One possible explanation is that the distance between the US 

transducer and the neural retina in transscleral US was longer than that of exposing US 

directly to the surface of the NP suspension sitting on the neural retina. During energy 

transport, other ocular tissues including the sclera and choroid might also absorb parts of the 

US energy thereby decreasing the actual intensity on the neural retina. In addition, the 

streaming direction of intravitreal US energy was outward (i.e. from the retina to the sclera) 

which would further facilitate NP permeation in that direction, whereas the streaming 

direction of transscleral US was the opposite way. 

However, while intravitreal US application resulted in higher particle permeation, this 

technique would be rather difficult and invasive to perform in a clinical setting requiring 

vitreoretinal surgery to place the US transducer probe into the vitreous using a 

transconjunctival sutureless vitrectomy system (Sonoda et al., 2012). Moreover, due to the 

sensitivity of the photoreceptors which send signals to the brain via the visual pathways, 

long-term application of intravitreal US might lead to structural or functional alterations of 

the retina thereby causing vision impairment or loss. On the other hand, when transscleral US 

is applied, any minor structural changes caused by the US energy are considered acceptable, 

as the sclera is a fibrous structure and is much less innervated than the retina (Lafond et al., 

2017). In addition, the therapeutic target spot in the retina is generally located around 20 mm 

behind the site of US application on the sclera in human eyes, which could minimize damage 

to the retina through absorption of some of the energy while still allowing for sufficient 

cavitation for enhanced drug/particle permeation. Therefore, this experiment underlined the 

importance of keeping a good balance between efficacy and safety of the applied US. 
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Figure 3-5. Transscleral US-enhanced NP penetration through the retina using bovine eye 

cups ex vivo. Repeatability of transscleral US-enhanced NP penetration (A). Comparison of 

the enhancement of NP penetration across the retina after transscleral and intravitreal US 

application (B). Data points represent mean values + S.D., n = 3. 

3.5.4. Tracking NP diffusion in the vitreous 

Intact bovine vitreous remaining in the posterior eye cups was utilized to evaluate the 

influence of transscleral US on NP mobility in the vitreous. Bovine eyes were selected in this 

experiment as an ex vivo model for mammalian vitreous, as it demonstrates a similar 

composition and microstructure to human vitreous (Sebag & Yee, 1998). Figure 3-6A shows 

that a large amount of NPs remained at the initial injection spot after 5 min without US 

application likely due to interactions with the hydrophobic domains of the collagen fibrils in 

the vitreous. It is commonly believed that adhesive interactions between NPs and the vitreal 

network play an important role in NP diffusion through the vitreous and may even overcome 

the electrostatic repulsion expected between negatively charged particles and vitreous 

constituents (i.e. glycosaminoglycans). This would slow down the movement of NPs and 

cause their relatively high retention at the injection site in the vitreous (Xu et al., 2013). In 

contrast to the passive difussion group (no US), triple transscleral US assisted NP diffusion 

away from the injection site to the surrounding vitreous. Here the region of the vitreous 

adjacent to the injection site showed gradual spreading of NPs 5 min after injection. 

Moreover, a rapid increase in the distribution area as well as a decrease in the fluorescence 

intensity at the original injection site were observed after triple US application (Figure 3-6B), 

suggesting that the application of transscleral US had a substantial effect on the interference 

of the vitreal collagen meshwork with NP diffusive mobility in the vitreous. 



 

90 

 

 

Figure 3-6. NP diffusion in intact bovine vitreous ex vivo without or with US application. NP 

distribution in the vitreous immediately after intravitreal injection (left) and after 5 min of 

diffusion (right) without (top) and with triple transscleral US application (bottom) (A); white 
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arrows mark the site of US application. Quantification of the fold change in fluorescent area 

and intensity using ImageJ software (B); data points represent mean values + S.D., n = 3. 

NP diffusion in the vitreous has important implications for targeted drug delivery to the 

retinal tissues. It is worth mentioning here that the vitreous has a negatively charged 

meshwork structure with the mesh size specifically in the central bovine vitreous being 

approximately 550 nm. The vitreous is a viscoelastic liquid generally allowing the diffusion 

of the NPs with a size smaller than the mesh pores (Xu et al., 2013), although the charge of 

the particles also plays a significant role. HA coated NPs used in this study possessed suitable 

physicochemical characteristics including a small particle size of 252.70 ± 7.29 nm and a 

negative surface charge, which should avoid steric trapping within the vitreous meshwork 

and allow NPs to diffuse relatively freely through the vitreous via electrostatic repulsion from 

the negatively charged glycosaminoglycans in vitreous meshwork. Applying repeated 

transscleral US might also transiently disrupt the vitreous meshwork structure and increase 

the size of the mesh pores as well as the convective flow thereby further enhancing the 

diffusive mobility of NPs in the vitreous. However, further studies on the mechanisms are 

needed to broaden our understanding of US-enhanced particle movement in the vitreous. 

3.5.5. Quantitative analysis of NP distribution in the vitreous 

To quantify the distribution of NPs in the vitreous 1 h after intravitreal injection without and 

with triple transscleral US application, whole porcine eyes were employed and dissected into 

equal two half-balls along the visual axis of the eye after being snap-frozen. Results shown in 

Figure 3-7 demonstrate that the fluorescence intensity in the injection half was significantly 

higher than in the non-injection half of the passive diffusion group without US application (p 

≤ 0.001), suggesting that most of the injected NPs remained near the injection site. Compared 

to passive diffusion, the US-treated group exhibited a more uniform distribution of NPs 

throughout the whole vitreous 1 h after injection with no significant difference between the 

fluorescence intensities in the injection and the non-injection halves (p > 0.05). These results 

further support the hypothesis that NP movement in the vitreous could be facilitated by US 

energy. 
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Figure 3-7. Quantitative analysis of NP distribution in the vitreous of porcine eyes ex vivo 

after intravitreal injection (data points represent mean values + S.D., n = 3). 

While these studies investigated the effect of US application on the diffusive behaviour of 

intravitreally injected NPs and confirmed that transscleral US may enhance NP mobility in ex 

vivo bovine and porcine vitreous, it remains important to take the following two points for 

future in vivo studies into account. Firstly, it is known that an anterior-posterior convective 

flow is present in the vitreous in vivo, which might affect the movement of intravitreally 

injected NPs towards the retina as well as the rate of clearance via the aqueous outflow. 

Previous studies have investigated the coupled convective-diffusive delivery of drugs in the 

vitreous and have shown that the consideration of convective transport is particularly 

important in the development of controlled release systems as convection accounts for around 

30% of the total intravitreal drug transport (Park et al., 2005; Xu, Heys, Barocas, & Randolph, 

2000). Nevertheless, it is expected that the enhanced diffusive mobility of NPs mediated by 

US application in the here presented ex vivo vitreous model will also be observed in an in 

vivo environment, where convective movement towards the posterior part of the eye might 

further assist retinal delivery of intravitreally injected NPs. Secondly, mammalian (i.e. bovine 
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and porcine) vitreous was used in this ex vivo work, which may differ slightly from human 

vitreous with properties also greatly depending on the age and disease state which could also 

greatly influence the mobility of intravitreally injected NPs in vivo. Further in vivo studies are 

required especially on models with various ocular disorders, such as AMD and DR, which 

could contribute to the optimization of US-mediated retinal delivery of nanocarriers to treat 

these diseases more efficiently. 

3.5.6. Histological examination 

To assess whether US application caused any damage to the eye, sections of US-treated 

ocular tissues were stained with H&E, examined under a light microscope, and compared to 

control tissues without US application (Figure 3-8). Microscopically, the overall 

morphological structure of the retina and other ocular tissues (including the sclera and 

choroid) of US-treated eyes were found unchanged when compared to control eyes without 

US treatment. In both groups, the integrity of the retinal layers was maintained with no 

obvious thinning or swelling observed, while the retinal thickness as well as the number of 

nuclei in each of the retinal layers also remained consistent. Fibers in scleral sections were 

arranged in bundles parallel to the surface, suggesting normal scleral morphology. In addition, 

the US treatment did not cause any retinal detachment or deformation of the retinal layers at 

the US application site, although it should again be noted that these results could differ 

slightly in an in vivo setting.  

To further evaluate whether US application disrupted the collagen network in the sclera, 

scleral sections were stained by picrosirius red which associates with cationic collagen fibrils 

and enhances their natural birefringence under polarized light (Junqueira, Bignolas, & 

Brentani, 1979). As shown in Figure 3-9, collagen bundles in the sclera interweaved with 

each other to form a regular network structure with no significant alterations in alignment 

orientation of collagen bundles observed without and with 30 s of US application. However, 

the collagen network structure in the positive control sample (high amplitude ultrasonic probe) 

was significantly changed, accompanied by narrowing and dissociation of the collagen 

bundles and a reduction in collagen fibril diameters. The interlaced structure of scleral 

collagen bundles is functionally important for maintaining rigidity and flexibility of the eye 

ball and protecting it against changes in IOP. Thus it is important to ensure that transscleral 

US does not permanently damage the collagen structure of the sclera. 
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Figure 3-8. H&E examination of the effect of transscleral US application on retinal/choroidal 

and scleral structures. Scale bar = 100 µm in retinal/choroidal sections and 200 µm in scleral 

sections. ILM, inner limiting membrane; GCL, ganglion cell layer; IPL, inner plexiform layer; 

INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, 

external limiting membrane and RPE, retinal pigment epithelium. 
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Figure 3-9. Examination of scleral collagen arrangement without and after US application. 

Scale bar = 200 and 100 µm in the images captured at 10× and 20× magnification, 

respectively. White arrows mark collagen bundles in the sclera. 

3.5.7. Temperature alterations 

Temperature alterations in the eye after US application were measured by a thermographer to 

identify the contribution of thermal effects on particle mobility and eliminate any possible 

tissue damage. As shown in Figure 3-10, the average temperature rise was 1.3 °C after US 

application under the current operating conditions, which is below the maximum limit of 

1.5 °C for diagnostic US applications in ophthalmology even in the absence of blood flow. A 

significant temperature increase of 3.0 °C on the ocular surface was observed in the positive 

control sample where a higher US intensity of 2 W/cm
2
 was applied. It was also noted that 

the temperature only changed at the US application site whereas the temperature of other 

tissues remained constant before and after US application, suggesting that the heat generation 

induced by US energy was mainly due to direct tissue contact. Therefore, the observed 

unchanged tissue structures of sclera and retina as well as the negligible temperature increase 

suggest that US treatment using the current settings did not cause any detectable damage, 

although further in vivo studies may be required to confirm this, especially with regards to 

any structural and functional changes due to a possible temperature rise or mechanical stress. 



 

96 

 

Since tissue damage generally depends on the US parameters (Bohmer et al., 2010), short 

duration and low frequency US (1 MHz, 0.5 W/cm
2
, 30 s) was employed in the present study 

due to potential safety concerns of higher frequencies and longer durations. A maximal 

allowed mechanical index  (a metric of the non-thermal damage caused by US) of 0.23 and a 

thermal index of 1.0 for US application in ophthalmology have been set by the US FDA and 

the American Institute of Ultrasound in Medicine, which are far below the levels applied in 

other organs (USFDA, 1997). In this study, the US energy output with current settings was 

relatively low and there were no significant structural alterations or a significant temperature 

rise in the ex vivo ocular tissues due to the induced low energy level. The US energy 

generated here was only about 12 J (0.5 W/cm
2
 of acoustic intensity × 30 s of duration × 0.8 

cm
2 

of effective area), although the intensity of 0.5 W/cm
2
 was over the US FDA approved 

level of 17 mW/cm
2
 for diagnostic application in ophthalmology (Ng, 2002). Future studies 

should further optimize the US parameters and evaluate the safety of long-term US 

application in vivo by performing functional tests such as ERG. Moreover, it would be useful 

to design an US device specifically for ocular drug delivery that is fitted to the curvature of 

the eye ball. 

 

Figure 3-10. Heat maps of ex vivo bovine eyes at room temperature before and after US 

application. Red crosses mark the site of US application. 

3.6. Conclusions 

This study investigated a novel method for ocular drug delivery by combining nanocarriers 

with US application, allowing for enhanced and sustained drug delivery to the retina to 

achieve a more prolonged clinical effect. Compared to passive diffusion of NPs, short-time 
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US application increased the retinal penetration of HA coated NPs. The effect of US-

enhanced permeation was transient with repeated US application exhibiting a more 

significant effect than single treatment. Furthermore, US improved the mobility of NPs 

through the vitreous with current US conditions not causing any detectable damage to the 

ocular tissues. Overall, this work showed for the first time that transscleral US could be a 

powerful and safe tool to enhance retinal delivery with the combination of nanocarriers and 

US application holding great promise for efficient retinal drug delivery after intravitreal 

injection. 
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3.9. Appendix A. Supplementary materials 

 

Supplementary figure 3-1. Examination of scleral collagen arrangement without and after 

US application using anti-collagen type I antibody staining. The scleral tissue with 

application of US generated by an ultrasonic processor at an amplitude of 80% and a duty 

cycle of 0.8 s for 1 min at room temperature was included as a positive control. Scale bar = 

100 µm. 
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3.10. Afterword 

US has been utilized in ophthalmology for decades but mostly as a diagnostic imaging tool. 

In recent years, therapeutic US has emerged as an option to enhance drug delivery. However, 

when used to target accessible ocular tissues such as the cornea and the sclera, a custom-

designed device is generally required to best suit the shape of the eyeball and control the 

parameters, as ocular tissues are very sensitive, with the external energy source potentially 

causing damage to the eye. Currently, there is no US device specifically designed for ocular 

drug delivery available in the market. Thus all the US mediated ocular drug delivery studies 

utilized a big probe with a sound head area of typically 0.8-4.8 cm
2
 connected to a physical 

therapy device to generate US energy. 

Although results shown here suggest that transscleral US application can enhance intravitreal 

drug diffusion and ocular tissue permeation without causing any detectable damage to the eye, 

further in vivo studies are required, particularly in terms of the safety of repeated US energy 

exposure. Additionally, underlying mechanisms of US enhanced drug delivery should be 

further investigated to optimize US settings and balance efficacy against safety. 

The diffusive mobility of NPs through the vitreous is important in directing drugs towards 

their therapeutic site. It is a complex process governed by multiple factors including surface 

characteristics of NPs, externally applied forces (e.g. US application), ocular pathology, and 

patient age. Each of these factors needs to be considered as it grossly impacts the efficacy and 

ultimate fate of an injected therapeutic and delivery system. The next chapter focuses on the 

development and characterization of an ex vivo liquefied vitreous model mimicking aged 

vitreous states in older or diseased eyes and how vitreous liquefaction influences the diffusive 

mobility of NPs following intravitreal injection, which would have a great impact on drug 

pharmacokinetics and thus injection frequency. 
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Chapter 4                                                     

Effects of Enzymatic Degradation on Dynamic 

Mechanical Properties of the Vitreous and 

Intravitreal Nanoparticle Mobility 
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4.1. Preamble 

This chapter contains a verbatim reproduction of the manuscript entitled “Effects of 

enzymatic degradation on dynamic mechanical properties of the vitreous and intravitreal 

nanoparticle mobility”, which was published in European Journal of Pharmaceutical Sciences, 

volume 118, pages 124-133, in 2018.  This periodical is published by Elsevier and focuses on 

topics relevant to drug discovery and development. The European Journal of Pharmaceutical 

Sciences had an Impact Factor of 3.756 in 2016. Particle tracking experiments and relevant 

data analysis were performed by me and Assistant Professor Qingguo Xu during my visit to 

the laboratory of our collaborator, Professor Justin Hanes, at Johns Hopkins University 

School of Medicine in Baltimore, USA. 

 

4.2. Abstract 

Intravitreal mobility of nanocarriers may have implications on the efficacy of the 

encapsulated drug in the treatment of vitreo-retinal diseases, with any changes in the integrity 

of the vitreous microstructure influencing nanoparticle biodistribution. This study 

investigated enzymatically digested vitreous models to mimic the aging eye. Collagenase, 

hyaluronidase, or trypsin was employed to selectively digest the structural components of the 

vitreous. Physical properties of digested bovine vitreous were initially assessed via texture 

analysis and oscillatory shear testing. Morphological changes in bovine vitreous 

microstructure were visualized by scanning electron microscopy and diffusion dynamics of 

hyaluronic acid coated nanoparticles through degraded porcine and bovine vitreous were 

examined using fluorescence spectroscopy and multiple particle tracking microscopy, 
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respectively. After enzymatic treatment, the vitreous liquefied and its dynamic mechanical 

properties significantly changed with a decrease in stiffness and an increase in damping 

capacity. Micrographs confirmed specific digestion of each of the structural vitreous 

components. Furthermore, enzymatic degradation reduced steric hindrance and enhanced 

convective flow within the vitreous, resulting in increased intravitreal nanoparticle mobility 

which could alter the drug pharmacokinetics. 

4.3. Introduction 

The gel-like vitreous is a highly hydrated (98-99% water) extracellular matrix that fills the 

space between the retina and the lens with its three-dimensional microstructure primarily 

comprised of the remaining 1% of structural components, including collagen fibrils, 

hyaluronan, and proteoglycans (Bishop, 2000). In juvenile vitreous, 80% of the water is 

bound and trapped within the collagen-hyaluronan gel network, while the remaining 20% is 

in the free form constituting the liquid portion of the vitreous (Balazs & Denlinger, 1982). 

However, human vitreous undergoes slow and progressive liquefaction with aging, which 

often leads to vitreous detachment and results in sight-threatening vitreo-retinal diseases as 

well as an increased risk of cataract formation and glaucoma development (Carrero, 2012; 

Harocopos et al., 2004; Holekamp, 2010). During the process of vitreous liquefaction, 

proteoglycans attached to collagen fibrils initially degrade and gradually disappear. Collagen 

fibrils, the most important components in the maintenance of the gel structure, subsequently 

collapse into bundles, inducing redistribution of the collagen fibrils and resulting in the 

formation of liquid-filled cavities (Bishop, Holmes, Kadler, McLeod, & Bos, 2004). In 

addition, hyaluronan linear chains depolymerize through free radical reactions, which further 

accelerates the conversion of bound water into the free form (Deguine et al., 1998). Therefore, 

the vitreous of elderly people generally has a higher ratio of liquid to gel compared to 

juvenile vitreous. 

A variety of vitreo-retinal disorders, such as age-related macular degeneration, have a 

relatively high incidence during the latter decades of life with vitreous liquefaction 

potentially involved in the disease process. Although mechanisms responsible for vitreous 

liquefaction in humans are still poorly understood, enzymatically induced degradation has 

been considered a primary factor. Vaughan-Thomas et al. (2000) found that increased levels 

of enzymatic activity in the elderly vitreous may contribute to degenerative changes such as 

vitreous liquefaction and these alterations may also be indicative of underlying tissue 
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degeneration and susceptibility to age-related diseases. Los et al. (2003) also observed 

breakdown of collagen fibrils at the borders of liquefied vitreous using light and electron 

microscopy. Their results suggested that enzymatic fragmentation of collagenous matrices 

might be induced by matrix metalloproteinases, trypsin, and other related enzymes (van 

Deemter et al., 2013).  

Dynamic mechanical properties of the vitreous are essential for maintaining its functions, 

such as mediating growth of the eye, keeping an intact visual pathway, and protecting the 

surrounding ocular tissues during physical activities (Sebag, 1989). They also play a crucial 

role in several sight-threatening diseases, as alterations in macromolecular organization and 

viscoelastic properties may result in localized destabilization of the vitreous thus causing 

retinal traction (Stein et al., 2009). Understanding the correlation of structural components in 

the vitreous with their contribution to the viscoelastic properties is therefore important. In 

recent years, quantitative characterizations of vitreous dynamic viscoelastic properties have 

been performed using oscillatory shear testing showing sufficient sensitivity and accuracy in 

the linear viscoelastic region (Nickerson, Park, Kornfield, & Karageozian, 2008; Sharif-

Kashani, Hubschman, Sassoon, & Kavehpour, 2011). 

Recently, nanotechnology has been intensively investigated for intravitreal drug delivery, 

with nanoparticle (NP) based therapeutics offering the ability to sustain drug release, enhance 

drug stability and improve drug delivery to the retina by active targeting and enhanced 

diffusion across the ocular barriers (Joseph & Venkatraman, 2017). Diffusion dynamics of 

nanocarriers in the vitreous could affect the pharmacokinetics of intravitreally delivered 

drugs in the treatment of vitreo-retinal diseases. The vitreous has previously been shown to 

be a diffusion barrier to nanocarriers, with the interference of the gel network on the mobility 

of nanocarriers highly depending on their physicochemical characteristics (Martens et al., 

2013). Consideration of the vitreous microstructure is also crucial in determining nanocarrier 

transport through the vitreous, as any alterations in the physical properties of the vitreous 

may affect drug release and biodistribution (Kathawate & Acharya, 2008; Park et al., 2005). 

However, the effects of structural component changes and gel liquefaction on the mobility of 

intravitreally administered nanocarriers have not been intensively investigated. Additionally, 

previous studies on the implications of ocular drug delivery were principally based on young 

and healthy vitreous models with high gel content (Eriksen, Brewer, Andresen, & Urquhart, 

2017; Xu et al., 2016). The influence of vitreous degeneration on the intravitreal mobility of 

nanocarriers was thus largely ignored. 
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The purpose of the present study was to investigate enzymatically digested vitreous models 

with specific structural components degraded to mimic the aged eye and thereby better model 

intravitreal nanocarrier delivery in elderly patients. Due to the limited availability of fresh 

human vitreous, ex vivo bovine and porcine vitreous were used, which have a similar 

macromolecular structure to human vitreous. Enzymatic treatments (collagenase, 

hyaluronidase, or trypsin) were performed to selectively digest the involved vitreous 

macromolecules (collagen fibrils, hyaluronan, or proteoglycans, respectively). Physical 

properties of enzymatically digested bovine vitreous were initially assessed via texture 

analysis and oscillatory shear testing. Morphological changes in bovine vitreous 

microstructure were visualized by field emission scanning electron microscopy. Furthermore, 

diffusion dynamics of hyaluronic acid coated human serum albumin NPs through digested 

porcine and bovine vitreous were examined using fluorescence spectroscopy and multiple 

particle tracking microscopy, respectively. 

4.4. Materials and methods 

4.4.1. Materials 

Collagenase (from clostridium histolyticum, No. C-1764), hyaluronidase (No. H-3505), and 

trypsin (No. T-7409) were purchased from Sigma (St. Louis, MO, USA). Phosphate buffered 

saline (PBS) was purchased from Oxoid Ltd. (Basingstoke, Hampshire, UK). Cyanine3 

amine was from Lumiprobe Co. (Hallandale Beach, FL, USA). Water used was pre-treated 

with a Milli-Q water purification system (Millipore, Billerica, MA, USA). All other 

commercially available chemicals were used at analytical grade. All samples were light-

protected until fluorescence measurements were performed. 

4.4.2. Enzymatic treatment 

Fresh bovine eyes were obtained from a local abattoir (transported on ice), dissected and 

prepared within 3 h, and used within 24 h. To selectively digest each of the structural 

components in the vitreous, eyes were treated as previously described by Zhang et al.  (2014). 

Briefly, after removal of extraocular tissues, trypsin (1.0 mg/mL), hyaluronidase (0.4 mg/mL), 

or collagenase (0.5 mg/mL) diluted in PBS were injected through the pars plana into the 

central vitreous with a final injection volume of 300 µL. For distribution experiments in 

section 4.4.8 using smaller porcine eyes, only 100 µL of the same enzymes diluted in PBS 

were injected. Injection of PBS alone was performed as a control. Enzyme-treated eyes were 
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kept in a humidity chamber at room temperature for 1 h to equilibrate before overnight 

incubation at 4 °C. The following morning, samples were warmed to room temperature prior 

to dissection, vitreous isolation, and testing. 

4.4.3. Vitreous liquefaction 

After treatment with different enzymes, eyes were dissected and the anterior segment was 

removed. The vitreous was then carefully isolated from the retina and poured into a pre-

weighted dish. The percentage of vitreous liquefaction was determined by first weighing the 

entire vitreous (MVitreous) followed by weighing the liquefied vitreous content (MLiquid) after 

removal of the gel portion with a pair of forceps (Equation 4-1). 

                         
       

         
       (Equation 4-1) 

4.4.4. Texture analysis 

After dissection of enzyme-treated eyes, the entire gel portion of the vitreous was transferred 

into a specimen container. A texture analyzer (TA.XT plus, Stable Micro Systems Ltd., 

Surrey, UK) was used to measure the force-time curve and analyze the mechanical properties 

of the vitreous. All measurements were carried out at controlled room temperature to 

minimize any variability. A cylindrical probe (10 mm in diameter) was moved downwards to 

compress the vitreous at a test speed of 1 mm/s once to a depth of 5 mm. Subsequently, the 

probe was withdrawn at a post-test speed of 1 mm/s. The maximum force required to induce 

deformation of the sample during the compression process (i.e. positive peak force) and the 

maximum force involved in the probe withdrawal from the sample (i.e. negative peak force) 

were recorded using Texture Exponent-32 software. 

4.4.5. Oscillatory shear testing 

To determine the dynamic viscoelastic properties of the vitreous, stress-controlled frequency 

sweeps were performed using an oscillation rheometer (Physica model UDS-200, Parr 

Physica Inc., Stuttgart, Germany) with a 25 mm-radius plate. Enzyme-treated vitreous from 

the center of the gel portion was immediately transferred onto the rheometer stage using a 

spatula. The upper plate was gradually lowered to have full contact with the vitreous. To 

minimize volume effects, the gap between the upper plate and the stage varied between 3 and 

5 mm depending on the size of the sample being tested. All vitreous samples were tested at 
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room temperature and consistent with previously reported studies (Filas, Zhang, Okamoto, 

Shui, & Beebe, 2014), an oscillatory strain amplitude of 3% was applied to obtain an accurate 

modulus with a linear viscoelastic behavior. For all tests, oscillatory frequency sweeps (0.63-

6.28 rad/s) at a fixed shear strain amplitude (   = 3%) were performed to measure the 

dynamic shear modulus. Oscillatory sweeps applied a frequency-dependent, sinusoidal stress, 

σo sin (ωt), which subjected the vitreous to a dynamic shear strain (Equation 4-2): 

  =    sin (ωt + δ)  (Equation 4-2) 

where ω is the oscillation frequency, t is the time, δ is the phase angle, and   is the strain 

amplitude. The storage modulus (elastic component of the shear modulus) was determined 

from Equation 4-3: 

G’(ω) = 
  

  
 cos δ  (Equation 4-3) 

with the loss modulus (viscous component of the shear modulus) described by Equation 4-4: 

G”(ω) = 
  

  
 sin δ  (Equation 4-4) 

Deformation is in phase with the applied stress for a perfectly elastic solid, whereas strain 

lags stress by 90 ° in an ideal viscous fluid. For viscoelastic materials, such as the vitreous, 

which fall somewhere in-between, properties are commonly described using the loss tangent, 

which provides a measure of the elastic relative to the viscous behavior of the material and 

shows its damping capacity (Equation 4-5): 

tan δ = 
  

  
  (Equation 4-5) 

4.4.6. Morphology of vitreous microstructure 

Morphological changes in the vitreous microstructure after enzymatic degradation were 

analyzed using a field emission scanning electron microscope (SEM, Philip XL 30 S-FEG, 

Eindhoven, Netherlands) with a Gatan Alto 2500 cryo-trans system (Gatan, Inc., Abingdon, 

UK). Briefly, vitreous samples were loaded into rivets and plunge frozen in nitrogen slush at 

approximately -210 °C. Afterwards, samples were transferred to the cold-stage in the SEM 

cryo-preparation chamber, sublimed at -95 °C, fractured using a cold scalpel tip, and 

stabilized for at least 30 min. After cooling to -120 °C, samples were sputter coated with a 

thin layer of platinum at 10 mA for 2 min and transferred into the SEM cryo chamber, which 
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was cooled by nitrogen gas flow and held at a temperature of -196 °C. Samples were imaged 

at an acceleration voltage of 5 kV. 

4.4.7. Preparation of fluorescent NPs 

Hyaluronic acid coated human serum albumin NPs prepared by our previously published 

technique were used for intravitreal mobility studies (Huang et al., 2017a). For fluorescence 

labeling, 10 mg of NPs were incubated with 0.5 mg of cyanine3 amine in Milli-Q water for 4 

h and then purified by repeated washing and centrifugation at 13,000 rpm for 50 min at 4 °C 

(Centrifuges 5430 R, Eppendorf, Hamburg, Germany). The conjugation rate was measured at 

an excitation and emission wavelength of 540 and 620 nm, respectively, using a fluorescence 

microplate reader (Synergy 2, BioTek Instruments, Winooski, VT, USA). The amount of 

cyanine3 conjugated to NPs was determined to be 43.41 ± 1.26 µg/mg, which provided 

adequate fluorescence for vitreous mobility studies. 

4.4.8. NP distribution in the vitreous 

Whole porcine eyes were used to quantitatively analyze NP distribution in enzymatically 

degraded vitreous. Briefly, after overnight incubation with various enzymes, a volume of 100 

μL of NP suspension was injected intravitreally to the same depth through the pars plana 

using a syringe with a marked 30G needle at an angle of 15-30 °. The needle was kept at the 

injection site for 5 s and the syringe was slightly rotated before removal to ensure that 

consistent amounts of NPs were injected and to avoid any formulation backflow. The 

injection site was then labeled with a marker. The eye was subsequently placed into a 12-well 

plate with the cornea facing up and transferred into a water bath at 37 °C for further 

incubation. Four hours after injection, the whole eye was snap-frozen in liquid nitrogen and 

dissected into four equal quadrants along the horizontal and vertical axis of the eye with the 

initial injection site located in section 1 (Figure 4-6A). After removal of any retinal tissues, 

the vitreous of each quadrant was carefully collected, weighed, and homogenized. 

Homogenates were then centrifuged at 4500 rpm for 5 min at 4 °C. The amount of NPs 

present in each quadrant was determined using a fluorescence microplate reader as described 

above. The fluorescence intensity was expressed per gram of vitreous after subtraction of any 

background fluorescence obtained from blank homogenized porcine vitreous. 

4.4.9. NP diffusion into isolated vitreous 
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Isolated bovine vitreous was used in this experiment to further evaluate the influence of the 

structural integrity of the vitreous on NP diffusion. After overnight incubation with different 

enzymes, the entire gel portion of the vitreous was carefully isolated from the retina and 

placed into a specimen container (44 × 61 mm). A volume of 1 mL of NP suspension (0.2 

mg/mL) was added to the container so that the vitreous sample was fully submerged. After 2 

h of incubation at 4 °C in the dark, the vitreous sample was washed three times with PBS to 

remove any remaining NPs from the surface of the isolated vitreous gel and weighed. 

Subsequently, the vitreous sample was transferred into a 50 mL centrifuge tube, homogenized, 

and centrifuged at 4500 rpm for 5 min at 4 °C. The fluorescence intensity in the supernatant 

was measured using a microplate reader as aforementioned and expressed per gram of 

vitreous after subtraction of any background fluorescence obtained from blank homogenized 

bovine vitreous without treatment. 

4.4.10. NP tracking in digested vitreous 

4.4.10.1. Preparation of vitreous samples 

Bovine eyes containing enzymatically digested vitreous were prepared as previously 

described by Xu et al. (2013) with the experimental set-up schematically depicted in Figure 

4-1. Briefly, an incision through the sclera on the side of the eyeball around 8-10 mm behind 

the limbus was made using a blade and the initial incision was circumferentially extended 

around the entire eye using scissors. A scalpel was then used to carefully cut the vitreous 

body along the same plane as the circumferential incision. After removal of the anterior 

segment of the eye, the NP suspension (0.025 mg/mL) was gently injected into the central 

vitreous at an approximately 5 mm depth using a 1 mL syringe with a 30G needle. Kim wipes 

were used to gently remove any excess liquid on the vitreous surface generated during eye 

dissection and NP injection. A special 50 mm tissue culture dish with a glass bottom (40 × 

0.17 mm; World Precision Instruments, Sarasota, FL, USA) was carefully placed onto the cut 

surface, allowing complete coverage without any air bubble formation between vitreous and 

culture dish surface. The eye cup was then turned over with the cut surface facing down and 

super glue was used to fix the edge of the eye cup to the culture dish. Visual inspection 

ensured that no super glue contacted the cut surface of the vitreous. The eye cup containing 

NP injected vitreous was equilibrated for 30 min at room temperature prior to microscopy 

observations. 
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Figure 4-1. Particle tracking set-up using bovine eye cups. An incision was made through the 

sclera on the side of the eyeball around 8-10 mm behind the limbus (A). The initial incision 

was extended circumferentially around the entire eye (B). After removal of the anterior eye 

segment, NPs were injected into the central vitreous remaining in the posterior eye cup (C). 

The intact vitreous within the posterior eye cup was covered by a culture dish and turned over 

with the cut surface facing down. Subsequently, particle tracking at a depth of 0.35 cm was 

performed on an inverted epifluorescence microscope with a 40× objective lens (D). 

4.4.10.2. Particle tracking microscopy 

The diffusive mobility of NPs in the vitreous was quantified using multiple particle tracking 

(Xu et al., 2013). Briefly, 20 s movies at 67 ms temporal resolution were recorded using an 

Evolve 512 EMCCD camera (Photometrics, Tucson, AZ, USA) mounted on an inverted 

epifluorescence microscope (Axio Observer D1; Carl Zeiss, Hertfordshire, UK). In order to 

minimize possible edge effects due to further liquefaction of the vitreous in contact with the 

cover glass, a 40× objective lens with a long working distance was used to observe the 

vitreous at a depth of at least 0.35 cm from the cut surface. Each condition was performed in 



 

109 

 

triplicate. Movies were analyzed with a custom-made automated particle tracking MATLAB 

script to extract x, y-coordinates of NP centroids, which were subsequently transformed into 

the mean square displacement (<MSD>, <Δr
2
(τ)>) of individual NPs as a function of time 

according to Equation 4-6: 

<Δr
2
(τ)> = [x(t+τ) - x(t)]

2
 + [y(t+τ) - y(t)]

2
 (Equation 4-6) 

where x and y represent NP coordinates at a given time and τ is the time scale or time lag. 

Effective diffusivities (Deff) were also calculated using Equation 4-7 as previously described 

(Schuster, Ensign, Allan, Suk, & Hanes, 2015). 

      
        

  
 (Equation 4-7) 

4.4.11. Statistical analysis 

All studies were performed at least in triplicate and data points were expressed as mean 

values plus or minus standard deviation (mean values ± S.D.) or mean values plus or minus 

standard error of the mean (mean values ± S.E.M.). To determine the statistical significance, 

the non-parametric Kruskal-Wallis test followed by Dunn’s multiple comparison was 

performed using IBM SPSS version 20. Differences were considered statistically significant 

if p ≤ 0.05. 

4.5. Results and discussion 

4.5.1. Vitreous liquefaction 

Various enzymes (i.e. collagenase, trypsin, or hyaluronidase) at optimized concentrations 

were used to partially liquefy the vitreous. Figure 4-2 shows that the liquid composition of 

control vitreous injected with PBS alone was 5.39% after overnight incubation at 4 °C. 

Liquefaction increased by approximately 50% (p ≤ 0.05) when collagenase or trypsin were 

injected into the central vitreous. However, no statistically significant difference (p > 0.05) 

was observed between hyaluronidase treatment and PBS injection. Liquefaction is generally 

characterized by the replacement of vitreous gel by liquefied vitreous, typically free of 

collagen fibrils (Balazs, 1973; Sebag, 1989). Previous studies have suggested that the 

collagen network plays a major role in maintaining the vitreous scaffold with degradation of 

collagen fibrils converting the vitreous from a gel into a fluid state (Pirie, Schmidt, & Waters, 

1948). Similarly, trypsin treatment interrupted the cross-linked protein network and resulted 
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in significant vitreous liquefaction due to digestion of proteoglycans and proteins. It is known 

that liquefaction starts with changes in the non-collagenous components of the matrix. 

Moreover, proteoglycans are essential in preserving the spacing between the collagen fibrils 

thus avoiding the formation of collagen-free and liquid-filled cavities (Bishop, 2000; Scott, 

1992). Interestingly, although hyaluronan is also considered a principal structural component 

in the vitreous, hyaluronidase treatment did not induce a significant transition of bound water 

into the free from, thereby resulting in only minor vitreous liquefaction compared to 

collagenase and trypsin injections. This could be explained by the partial depolymerization of 

hyaluronan at the present enzyme concentration used only inducing a slight reduction in gel 

wet weight without actual gel destruction. The remaining enzyme-resistant hyaluronan may 

therefore have kept the vitreous gel in a highly swollen state, which contributed towards 

maintaining the gel wet weight (Bishop, McLeod, & Reardon, 1999). Overall, our results 

suggest that proteoglycans and hyaluronan work together with collagen fibrils in stabilizing 

the vitreous gel with degradation of the collagen network directly contributing to gel collapse 

and vitreous liquefaction. 
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Figure 4-2. Bovine vitreous liquefaction after treatment with collagenase, trypsin, or 

hyaluronidase. Vitreous injected with PBS alone was included as the control (data points 

represent mean values + S.D., n = 3). 

4.5.2. Texture analysis 

Mechanical gel properties were determined via one-cycle compression using a texture 

analyzer to examine the hardness and adhesiveness of the vitreous after enzymatic treatment. 

As shown in Figure 4-3, the analysis profile consisted of a major positive area during the 

compression process and a minor negative area during the withdrawal process. The maximum 

force of the positive peak showed a reduction after treatment with hyaluronidase; however, 

this difference was not statistically significant compared to the PBS injected control (p > 

0.05). Injections of collagenase and trypsin, on the other hand, significantly decreased the 

maximum value of the positive peak from approximately 30 to 15 g (p ≤ 0.05), suggesting 

that the degradation of collagen fibrils and proteoglycans substantially interrupted the 
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vitreous network and decreased the hardness of the vitreous gel. These results are supported 

by previous findings showing that fluid loss and network relaxation throughout the vitreous 

can change its mechanical properties (Nickerson et al., 2008). 

A minor negative peak appeared in all analysis profiles with the maximum peak value 

changing after treatment with the three enzymes, although no significant differences were 

observed compared to the control (p > 0.05). When the vitreous was treated with trypsin, the 

adhesive force (-0.75 g) was similar to the value obtained for the control group (-0.78 g), 

suggesting that digestion of proteoglycans and cross-linking proteins did not affect the 

adhesiveness of the vitreous gel. Hyaluronidase treatment resulted in a decrease in the 

adhesive force to -1.02 g, indicating that degradation of hyaluronan could induce fluid loss 

and change the vitreous microstructure into a soft state with the remaining collagen fibrils 

and proteoglycans concentrated thus increasing its adhesiveness. In contrast, collagenase 

digested the major backbone of the vitreous network with the hyaluronan network and 

proteoglycans still maintained. This resulted in a liquid-like response and thus reduced 

adhesiveness of the vitreous. 

 

Figure 4-3. Mechanical properties of intact bovine vitreous and vitreous treated with 

collagenase, trypsin, or hyaluronidase. Texture analysis profiles of various vitreous samples; 

Inset: profiles of vitreous samples between 10 and 24 s (A). Peak positive and negative forces 

of various vitreous samples (B); data points represent mean values ± S.D., n = 3. 

4.5.3. Oscillatory shear testing 
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Previous studies have validated that dynamic mechanical testing via oscillatory frequency 

sweeps at a shear strain amplitude of 3% is a reliable approach to assess the viscoelastic 

behavior of vitreous samples (Filas et al., 2014; Nickerson et al., 2008). In our present 

experiments, the storage modulus (  ) and loss tangent (tan δ) were measured to evaluate the 

dynamic mechanical properties of the vitreous gel after degradation induced by the different 

enzymes. Bovine vitreous was selected due to its higher initial moduli allowing easier 

monitoring of the changes induced by enzymatic degradation when compared to porcine 

vitreous with low initial moduli (the average storage modulus (   ) of porcine vitreous is only 

2.53 ± 0.34 Pa). In Figure 4-4A, when bovine vitreous was injected with PBS only, the 

storage modulus increased linearly from 7.37 ± 5.04 to 14.83 ± 5.60 Pa with increasing 

oscillatory frequency from 0.63-3.15 rad/s, which was similar to previously reported data 

(Filas et al., 2014). Compared to the PBS control, storage modulus values for enzymatically 

degraded vitreous samples decreased, confirming that collagen fibrils, proteoglycans, and 

hyaluronan all function as important biomechanical components in maintaining the stiffness 

of the vitreous gel. 

To further analyze the change in storage modulus between control and enzyme-treated groups, 

the average storage modulus in the linear viscoelastic region was calculated. Results shown in 

Figure 4-4C indicate that collagenase and hyaluronidase significantly softened the vitreous 

gel to approximately 20 and 30% of the stiffness of the control, respectively (p ≤ 0.05). It is 

known that the intact double network of collagen fibrils and hyaluronan is responsible for 

maintaining the bulk properties and mechanical integrity of the vitreous, with collagen fibrils 

acting as the load-bearing backbone and hyaluronan imposing tensile strength. These two 

essential components work together in controlling the stiffness of the vitreous with 

hyaluronan driving the network of collagen fibrils into a state of tension by Donnan swelling 

thus increasing the rigidity of the vitreous (Nickerson et al., 2008). Similarly, trypsin 

treatment led to a reduction in the stiffness of the vitreous from 10.90 ± 5.20 to 6.08 ± 1.99 

Pa, although this difference was not statistically significant compared to the control (p > 

0.05). A significant decrease in proteoglycans along with chondroitin sulfate side chains has 

previously been observed in aged human vitreous using transmission electron microscopy 

(Bishop et al., 2004). It is thus expected that enzymatic degradation of these proteoglycans 

and potential cross-linking proteins could weaken the mechanical stability of collagen fibrils 

and reduce the stiffness of the vitreous. 



 

114 

 

The loss tangent is as a measure of the viscoelastic damping ability of the vitreous. The 

frequency-independent and average loss tangent values of vitreous treated with different 

enzymes are shown in Figures 4-4B and 4-4D, respectively. Results indicate that degradation 

of collagen fibrils, hyaluronan, and proteoglycans increased the loss tangent with the vitreous 

exhibiting a viscous-dominant behavior and a damped material response. However, the 

differences between enzyme-treated groups and control were insignificant (p > 0.05). When 

the vitreous was treated with collagenase, the fibrous network was digested without 

disturbing the hyaluronan network. The remaining vitreous microstructure thus exerted a 

viscous-like behavior due to the mobility of macromolecules and the lightly cross-linked 

nature of the gel network. Previous studies have reported that the vitreous loss tangent 

decreased after removal of hyaluronan, as glycosaminoglycan degradation caused significant 

water loss that concentrated the remaining components and increased the solid-like behavior 

(Filas et al., 2014). Although neither significant water loss nor changes in the viscoelastic 

damping capacity of the vitreous were observed when hyaluronan was digested with 

hyaluronidase at the current concentration, it is believed that the viscous behavior of the 

vitreous is mainly attributed to the hyaluronan network due to its biomechanical function in 

binding water to lubricate and strengthen intermolecular associations (Sharif-Kashani et al., 

2011). Results shown here support the fact that collagen fibrils, hyaluronan, and 

proteoglycans play crucial roles in maintaining the dynamic mechanical properties of the 

vitreous. However, it is important to emphasize that the actual process of enzymatic 

degradation in human eyes is progressive and extremely slow due to the generally much 

lower concentrations of enzymes and the presence of several enzyme inhibitors (e.g. serine 

protease inhibitors). Additionally, multi-enzyme activities may be different in pathological 

conditions and even for each individual, which could cause the variability in the extent of 

age-related vitreous liquefaction. 



 

115 

 

 

Figure 4-4. Oscillatory shear testing of intact bovine vitreous and vitreous treated with 

collagenase, trypsin, or hyaluronidase. The storage modulus (  ) and loss tangent (tan δ) 

were obtained by performing oscillatory frequency sweeps from 0.63-6.28 rad/s at a fixed 

shear strain amplitude of 3% (A and B); data in the linear viscoelastic region (modulus 

independent of frequency, ω = 0.63-3.15 rad/s) are presented. Average storage modulus (   ) 

and loss tangent (           ) were calculated in the linear viscoelastic region (C and D); data 

points represent mean values + S.D., n = 3. 

4.5.4. Morphology of vitreous microstructure 

The morphology of the vitreous microstructure in control and enzyme-treated samples was 

observed using cryo SEM (Figure 4-5). The control vitreous without any treatment appeared 

as a three-dimensional fibrous network along with circular globules bound to the side chains 

of fibrils, which was similar to previous findings (Worst & Los, 1995). Since collagen fibrils 

are principally responsible for the preservation of the vitreous microstructure, their 

microscopic morphology has been intensively investigated using transmission electron 

microscopy, identifying that parallel collagen fibrils are packed into bundles that aggregate 

and form the visible fibrous backbone, while randomly oriented fibrils on side chains 

interweave with each other, forming connections between the fibrous backbone, and thus 

ultimately the network microstructure. Although less attention has been directed to examine 
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the morphology of non-collagenous macromolecules in the vitreous, it is commonly believed 

that proteoglycans and hyaluronan fill the spacing between the collagen fibrils, protect 

collagens against aggregation, and stabilize the network of the vitreous gel (Sebag & Balazs, 

1989). 

After treatment with collagenase, the vitreous structure was interrupted with a significant 

decrease in the density of fibrillary side chains (green arrows) compared to untreated control 

vitreous, suggesting the potential collapse of the collagen network. The circular globules 

attached to fibrillary side chains (red circles) were preserved indicating that collagenase 

treatment specifically targeted collagen fibrils without degrading non-collagenous 

macromolecules. When the vitreous was digested with trypsin, the density of circular 

globules significantly reduced and the remaining collagen fibrils were more aligned than in 

the control vitreous. Based on this observation, the circular globules could be proteoglycans 

or other cross-linking proteins. The hyaluronidase treatment did not significantly change the 

morphology of the vitreous with the overall microstructural alignment and the density of the 

fibrous network as well as the circular globules remaining similar to the control sample. This 

could be attributed to the fine structure of hyaluronan, exhibiting very thin filaments with a 

diameter of only about 8.3 nm (Worst & Los, 1995), with differences potentially not visible 

using the current settings. 

Cryo SEM imaging allowed examination of the delicate vitreous network in the fully 

hydrated state providing a three-dimensional view of the associations among the structural 

components and the alterations in fibril alignment as well as the density of protein globules 

following treatment with various enzymes. Although cryo SEM imaging preserves the 

original morphology of the vitreous, the inability to differentiate between the different 

microstructural components could be a limitation of this technique. 
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Figure 4-5. Representative cryo SEM images of control bovine vitreous and vitreous treated 

with collagenase, trypsin, or hyaluronidase at two magnifications (left column: 2,000×, right 

column: 6,500×); Green arrows and red circles mark collagen fibrils and 

proteoglycans/proteins in the vitreous, respectively. Scale bar = 10 µm. 
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4.5.5. NP distribution in the vitreous 

The distribution of NPs in the vitreous was assessed to determine the influence of changes in 

the vitreous microstructure on NP diffusion dynamics following intravitreal injection (Figure 

4-6). Porcine instead of bovine eyes were employed in this experiment, allowing easy whole 

eye snap-freezing and dissection, which are difficult to perform in the much larger bovine 

eyes. To aid quantitative analysis, the vitreous was divided into four equal quadrants and 

numbered from the section into which NPs were intravitreally injected (section 1) to the 

opposite corner (section 4) (Figure 4-6A). 

Figure 4-6B depicts the distribution of NPs in control vitreous 4 h after intravitreal injection 

in comparison with vitreous samples treated with collagenase, trypsin, or hyaluronidase, 

respectively. NPs showed an uneven distribution throughout the control vitreous at 4 h post 

injection. The fluorescence intensity in section 1 was significantly higher than in the adjacent 

sections (2 and 3) with an almost negligible signal in the opposite section 4 (p ≤ 0.0001), 

suggesting that most of the NPs remained close to the injection site. This was possibly due to 

a combination of relatively slow diffusion and minimal convective flow associated with the 

NP injection. In contrast to the distribution behavior in control vitreous, NPs exhibited a more 

uniform distribution throughout the entire vitreous treated with collagenase at 4 h post 

injection with no significant difference observed between the fluorescence intensities in the 

four sections (p > 0.05), indicating that degradation of collagen fibrils and breakdown of the 

gel network substantially accelerated particle diffusion. Compared to the control vitreous, a 

decrease in the fluorescence signal in section 1 was observed for vitreous digested with 

trypsin, whereas the fluorescence intensities in the other three sections increased. There was 

no significant difference between values in sections 1 and 2 (p > 0.05); however, the 

fluorescence intensity in section 1 was significantly higher than in sections 3 (p ≤ 0.01) and 4 

(p ≤ 0.001). A similar pattern was seen for the vitreous treated with hyaluronidase; however, 

the majority of the injected NPs remained adjacent to the initial injection site with the 

fluorescence intensity in section 1 still significantly different to sections 2-4 (p ≤ 0.05). 

Overall, these results suggest that digestion of proteoglycans and hyaluronidase only slightly 

influence NP diffusion in the vitreous compared to the digestion of collagen fibrils. 

It is believed that the interference of the vitreous network with intravitreally injected NPs is 

mainly dependent on their physicochemical properties, with anionic and small-sized NPs 

avoiding steric trapping within the vitreous and diffusing freely via electrostatic repulsion 



 

119 

 

(Martens et al., 2013). NPs used in this study were thus ideal to investigate the influence of 

the vitreous structure on NP diffusion (rather than the effect of particle characteristics) as 

they were relatively small (252.7 ± 7.3 nm) with a negative surface charge (-44.0 ± 0.4 mV). 

It has previously been reported that besides nanocarrier characteristics, vitreous liquefaction 

and network microstructure integrity may affect NP transport through the vitreous with each 

of the structural components hindering NP diffusion via different mechanisms  (Tan et al., 

2011). Specifically, the network of collagen fibrils immobilizes NPs in the vitreous through 

non-electrostatic and hydrophobic interactions (Peeters et al., 2005). Significantly enhanced 

NP mobility in the collagenase digested vitreous was thus observed in the present study, 

highlighting that degradation of collagen fibrils and collapse of the collagen network increase 

NP diffusion and may thus accelerate drug delivery to the retina, the most common target site 

in the treatment of posterior segment diseases. The negatively charged hyaluronan network, 

on the other hand, is known to trap cationic NPs and suppress their mobility via electrostatic 

interactions, whereas anionic NPs may diffuse freely through the vitreous due to electrostatic 

repulsion if their size is sufficiently small to escape the steric trapping within the vitreous 

network (Xu et al., 2013). Our results indicated that hyaluronan digestion did not 

dramatically enhance NP diffusion, further supporting the fact that the anionic NPs did not 

interact with the hyaluronan network. It is worth mentioning that naturally present or injected 

hyaluronidase may partially digest the hyaluronic acid coating and may thus influence NP 

mobility in the vitreous. However, incubating our particles with hyaluronidase for the same 

incubation period during our pilot studies did not result in any significant change in the 

particle coating properties. Unlike the collagen-hyaluronan network, the role of proteoglycans 

and other cross-linking proteins in intravitreal drug delivery has not been intensively 

investigated. Based on the results observed in this work, trypsin treatment slightly improved 

NP diffusion through the vitreous. However, it remains unclear if the digested proteins 

influence the intravitreal mobility of NPs directly or indirectly via the modification of the 

collagen network. 
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Figure 4-6. NP distribution throughout ex vivo porcine vitreous following intravitreal 

injection. The entire vitreous was divided into four equal quadrants; the asterisk marks the 

NP injection site in section 1 (A). Distribution of NPs in each section of control and enzyme 

treated vitreous (B); data points represent mean values + S.D., n = 3. 

4.5.6. NP diffusion into isolated vitreous 

Since the structural components of the vitreous can vary in concentration and molecular 

weight between species (Bishop, 2000), isolated bovine vitreous was used in this experiment 

to further identify the key components involved in NP trapping in this species. Figure 4-7 

shows that enzymatic degradation of hyaluronan resulted in moderately enhanced diffusion of 

NPs into isolated bovine vitreous by approximately 58% when compared to the control 

vitreous (p ≤ 0.05). Similarly, particle diffusion accelerated after collagen and proteoglycan 

digestion with the fluorescence intensities in the vitreous increasing 1.74 and 1.76 fold, 

respectively, while also being statistically significant (p ≤ 0.05). 

Previous studies have reported that the diffusion of macromolecules or particles is mainly 

hindered by the vitreous network. Unlike small molecules, which diffuse freely into in all 

directions, macromolecules or particles have to travers through the porous gel meshwork 

(Park et al., 2005; Stay, Xu, Randolph, & Barocas, 2003; Tan et al., 2011; Xu et al., 2000). 

Our findings are in agreement with previous studies showing a potential correlation between 
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the integrity of the bovine vitreous network microstructure and the diffusive mobility of NPs, 

which was consistent with the results in porcine vitreous (Figure 4-7). 

Although macromolecular vitreous components are similar in humans and mammals, 

including bovine and porcine eyes, the concentration and molecular weight of the vitreous 

components can vary in different species and regionally within each sample, which may lead 

to differences in mechanical properties of the vitreous as well as NP diffusion. Additionally, 

more types of nanocarriers with different particle sizes and surface characteristics, 

particularly with regards to positively charged and larger sized particles which are typically 

immobilized in the vitreous, should be further investigated to analyze the correlation between 

vitreous liquefaction, the integrity of the network microstructure, and the diffusive mobility 

of NPs. 

 

Figure 4-7. NP diffusion into intact bovine vitreous and vitreous treated with collagenase, 

trypsin, or hyaluronidase (data points represent mean values + S.D., n = 3). 
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4.5.7. NP tracking in the vitreous 

Multiple particle tracking microscopy was used to specifically monitor the transport 

dynamics of individual NPs in bovine vitreous. The eye cup model for vitreous sample 

preparation described above is considered an optimal method to avoid removal of vitreous 

from the eye cup, preserve the structural integrity of the vitreous gel, and minimize any 

vitreous liquefaction (Xu et al., 2013). NPs were initially tracked in fresh bovine vitreous in 

order to verify their dynamic properties as well as the feasibility of the eye cup model. As 

shown in Figures 4-8A and 4-8B, NPs rapidly diffused through fresh bovine vitreous, as 

evident by their diffusive and Brownian trajectories spanning large distances over 3 s as well 

as the high <MSD> values. The distribution of individual particle Deff at 1 s was also 

analyzed, with NPs exhibiting uniformly high diffusion rates (Figure 4-8C). No obvious 

convection was observed in the 20 s movies, suggesting that the vitreous structure was well 

maintained (Supplementary video 4-1). 

To investigate the effects of vitreous microstructure disruption and liquefaction on the 

diffusive mobility of NPs, the transport dynamics of NPs were tracked in both vitreous 

injected with PBS or treated with collagenase, with enzyme digestion resulting in the most 

significant changes in mechanical vitreous properties as well as NP distribution using the 

bulk vitreous models described above. Compared to the motions of NPs in fresh vitreous, 

NPs diffused more rapidly through the vitreous injected with PBS, with minor convection 

observed (Supplementary video 4-2). This was likely associated with the injection of PBS 

into the vitreous center, destabilizing the vitreous matrix. After treatment with collagenase, 

NP movement was even quicker than that in the vitreous injected with PBS only with 

significant convection observed, indicating that the vitreous microstructure was substantially 

disrupted with the degraded vitreous providing reduced hindrance to NP diffusion 

(Supplementary video 4-3). However, due to the additional convection observed in PBS and 

collagenase injected vitreous, detailed transport properties of NPs could not be quantitatively 

analyzed for these samples. 

Convection accounts for approximately 30% of the total intravitreal drug transport and is 

particularly important in determining the intravitreal distribution of controlled release 

systems, including NPs (Park et al., 2005; Xu et al., 2000). Diffusion, on the other hand, is of 

subordinate importance. It is believed that age-related vitreous liquefaction can lead to 

increased convective flow thereby affecting the distribution of therapeutic agents 
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administered via intravitreal injection (Park et al., 2005; Tan et al., 2011). Similar results 

were found in the present work where convection was caused due to the injection of 

collagenase and subsequent collapse of the gel microstructure resulting in vitreous 

liquefaction. Faster intravitreal distribution of NPs was observed as a result of enhanced 

diffusive-convective fluid motions in the liquefied vitreous. 

Overall, our results show that convective flow and diffusive NP mobility were enhanced in 

liquefied compared to control vitreous. However, the extent to which this may alter the 

pharmacokinetics of the incorporated drug and thus the overall drug efficacy needs further 

investigation. Nevertheless, the faster clearance rate in partially liquefied vitreous might need 

to be taken into consideration to optimize dose regimens in elderly patients. Moreover, the 

obtained information could be beneficial to help optimize controlled release NP therapeutics 

with regards to particle size, drug loading and drug release duration. 

 

Figure 4-8. Diffusion of NPs through fresh bovine vitreous. Representative trajectory of NPs 

in fresh bovine vitreous; scale bar = 1 µm (A). Ensemble-averaged geometric mean square 

displacement (<MSD>) as a function of time scale (B). Distribution of the logarithms of 

individual particle effective diffusivities (Deff) at a time scale of 1 s (C). Experiments were 

performed in triplicate with NPs automatically tracked using a custom-made MATLAB script 

for each experiment (data points represent mean values ± S.E.M, n = 3). 

4.6. Conclusions 

To mimic aging in the eye, liquefied vitreous models were developed through selective 

degradation of structural components using different enzymes. With gel liquefaction, 

dynamic mechanical properties of the vitreous significantly changed with a decrease in the 

stiffness and an increase in the damping capacity. Cryo SEM images confirmed the 
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morphological changes of the vitreous microstructure after enzymatic degradation, enabling 

enhanced intravitreal mobility of NPs as shown by particle diffusion and tracking studies. 

Overall, faster nanoparticle diffusion in older or diseased eyes could alter the 

pharmacokinetics of the incorporated drug; however, whether this has any significant impact 

on drug efficacy needs further investigation. 

4.7. Conflicts of interest 

The authors report no conflict of interest. 

4.8. Acknowledgements 

The authors would like to thank the Health Research Council of New Zealand [14/018] and 

the Buchanan Charitable Foundation for their financial support. 

4.9. Appendix A. Supplementary materials 

Supplementary video 4-1. Transport of NPs in the fresh and intact bovine vitreous over 20 s. 

The trajectories of the particles were diffusive and Brownian. 

Supplementary video 4-2. Transport of NPs in the bovine vitreous treated with PBS only 

over 20 s. The trajectories of the particles were diffusive and Brownian. Minor convention 

was observed. 

Supplementary video 4-3. Transport of NPs in the bovine vitreous treated with collagenase 

over 20 s. The trajectories of the particles are diffusive and Brownian. Significant convention 

was observed. 

4.10. Afterword 

Intravitreal injection of NPs holds promise for drug delivery to the back of the eye. When 

developing nanomedicines for intravitreal injection, the first requirement is that the NPs are 

not trapped in the vitreous. The diffusive mobility of NPs has long been associated with their 

particle size and surface characteristics, with most studies generally performed in young and 

healthy vitreous models with intact gel microstructures. This study investigated the influence 

of vitreous liquefaction related to ageing on dynamic mechanical properties of the vitreous as 

well as NP movement. These results could be of particular importance for a number of 

sustained release formulations currently in clinical trials for the treatment of posterior 

segment conditions, as patient age and pathology may significantly affect drug 
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pharmacokinetics and thus therapeutic efficacy and required injection frequency of such 

systems. 

Nevertheless, ex vivo data might not completely translate to humans due to species 

differences in the vitreous microstructure. Moreover, the actual process of enzymatic 

degradation in human eyes is progressive and extremely slow due to the much lower 

concentrations of enzymes and the presence of several enzyme inhibitors (e.g. serine protease 

inhibitors) in the vitreous. Additionally, multi-enzyme activities may be different in 

pathological conditions and even for each individual, which could cause variability in the 

extent of age-related vitreous liquefaction. Therefore, more in vivo data in combination with 

computational modelling are needed taking the intraocular dynamic circulation into 

consideration. 

In the preceding chapters, HA coated NPs have shown great potential in sustained and 

targeted delivery of Cx43 MP to the retina following intravitreal injection with excellent in 

vitro and ex vivo properties, including small particle size, high drug loading capacity, 

sustained release, enhanced cellular uptake into retinal cells, rapid diffusion through the 

vitreous, and superior retinal tissue permeation. The next chapter focuses on the in vivo 

evaluation of HA coated NPs, investigating retinal targeting, intraocular biodistribution, and 

retention in the retina. More importantly, the therapeutic efficacy of HA coated NPs 

encapsulating Cx43 MP in the treatment of retinal ischaemia-reperfusion injury is also 

discussed.   
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5.1. Preamble 

This chapter contains a verbatim reproduction of the manuscript entitled “Hyaluronic acid 

coated albumin nanoparticles for targeted peptide delivery in the treatment of retinal 

ischaemia”, which was published in Biomaterials, volume 168, pages 10-23, in 2018. This 

periodical is published by Elsevier and covers a wide range of physical, biological, and 

chemical sciences that underpin the design of biomaterials and the clinical disciplines in 

which they are used. Biomaterials had an Impact Factor of 8.402 in 2016 and is one of the 

most highly regarded journals in the area of drug delivery. 

 

5.2. Abstract 

Recent studies have shown that Cx43 MP can prevent secondary damage following retinal 

ischaemic and inflammatory disorders by blocking uncontrolled Cx43 hemichannel opening. 

However, limitations in peptide stability and the presence of various intraocular barriers limit 

efficient retinal delivery in the clinical setting. The present study aimed to achieve targeted 

and sustained peptide delivery to the retina by encapsulating Cx43 MP into HA coated 

albumin NPs. Intraocular biodistribution, particle retention, retinal targeting, and therapeutic 

efficacy of intravitreally injected NPs encapsulating Cx43 MP were evaluated in a rat model 

of retinal ischaemia-reperfusion injury. NPs rapidly diffused through the vitreous and 

specifically targeted CD44-expressing retinal cells. NPs remained at the target site for 

extended periods enabling sustained peptide release and thus prolonged therapeutic action. 

Compared to free Cx43 MP, Cx43 MP loaded NPs enabled enhanced therapeutic efficacy 

preventing thinning of retinal layers and disruption of retinal blood vessels. 

Immunohistochemical results confirm that Cx43 MP loaded NPs efficiently reduced Cx43 
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expression, thereby suppressing ongoing inflammation and preventing the loss of retinal 

ganglion cells. Overall, HA coated NPs could have great potential as a peptide delivery 

platform in the treatment of chronic retinal degenerative and inflammatory disorders. 

5.3. Introduction 

Retinal ischaemia is a common cause of visual impairment involved in the pathogenesis of 

various sight-threatening conditions, such as central retinal artery occlusion (Hayreh, 

Zimmerman, Kimura, & Sanon, 2004), ocular ischaemic syndrome (Chen & Miller, 2007), 

DR (Osborne et al., 2004), and the development and progression of glaucoma (Flammer & 

Mozaffarieh, 2007). After ischaemic injury, a series of pathological changes occur in the 

retina, including vascular dysfunction and inflammatory responses, glial associated secondary 

tissue damage, and neuronal cell death, which have been associated with increased Cx43 

expression levels and subsequent abnormal hemichannel opening (Danesh-Meyer et al., 

2012). Cx43, a ubiquitous gap junction protein primarily expressed in glial, blood vessel 

endothelial, and retinal pigment epithelial cells, plays an important role in the maintenance of 

retinal homeostasis and modulation of the response to retinal injury (Danesh-Meyer et al., 

2016; Kerr et al., 2010). Cx43 hemichannels have thus been considered a potential 

pharmacological target for the treatment of retinal ischaemia with transient block of 

uncontrolled Cx43 hemichannel opening by mimetic peptides providing new opportunities 

for specific therapeutic intervention. 

Cx43 MP, a small peptide sequence derived from one of the protein’s extracellular loops, 

blocks Cx43 hemichannel opening with high specificity (Evans & Leybaert, 2007). Previous 

research has shown that intraperitoneal administration of Cx43 MP successfully reduced 

vascular leakage and loss of RGCs following retinal ischaemia-reperfusion injury by 

transiently blocking Cx43 hemichannel opening (Danesh-Meyer et al., 2012). However, 

efficient retinal drug delivery remains challenging due to the presence of various ocular 

physiological barriers and rapid clearance resulting in short peptide half-lives in the vitreous 

after intravitreal injection. The half-life of Cx43 MP has previously been reported to be 

approximately 145 min in the vitreous ex vivo (Chen et al., 2013), with an even faster 

elimination rate expected in vivo due to dynamic circulation and eye movements. Thus, the 

need for frequent intravitreal injections to efficiently treat posterior segment diseases has 

encouraged the investigation of novel ocular drug delivery systems. 
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NPs constitute a versatile drug delivery platform with the ability to protect their cargo from 

rapid degradation, sustain drug release, penetrate physiological barriers, and deliver the drug 

to specific tissues/cells by either passive or active targeting mechanisms (Sahoo et al., 2008). 

Our previous studies have shown that encapsulating Cx43 MP into PLGA NPs protected 

against rapid peptide degradation and promoted prolonged RGC survival after retinal 

ischaemia-reperfusion injury (Chen, Green, Wang, et al., 2015). However, a common issue of 

PLGA NPs is irregular drug release associated with an initial drug burst, which may result in 

toxicity (Makadia & Siegel, 2011). Moreover, unexpected immune and inflammatory 

responses have been observed in the vitreous and retina following intravitreal injection of 

PLGA NPs possibly due to the poor biocompatibility of its acidic degradation products 

(Peters et al., 2017; Prow et al., 2008; Thackaberry et al., 2017). HSA NPs, with numerous 

benefits including high drug loading capacity, possibility for surface modification, and non-

immunogenicity, have been regarded as an ideal platform to deliver various agents such as 

synthetic drugs (Merodio et al., 2002), nucleic acids (Steinhauser et al., 2008), and proteins 

(Kim et al., 2011). In particular, it is believed that HSA NPs are well tolerated in the eye and 

possess superior penetrating ability across the ILM via interaction with Müller cells (Koo et 

al., 2012). 

For the purpose of drug delivery to the retina, intravitreally injected NPs have to diffuse 

through the vitreous and penetrate across the neural retina to reach the RPE. HA, a high 

molecular weight linear glycosaminoglycan, is a major constituent of the vitreous and an 

important extracellular matrix component present throughout the retina (Bishop, 2000; Clark 

et al., 2011). HA can specifically bind to several cell surface receptors including CD44, 

which is a widely expressed transmembrane glycoprotein in the retina (Murata & Horiuchi, 

2005). Due to its superior properties, HA modified delivery systems intended for intravitreal 

administration have recently been developed to achieve drug targeting to highly CD44 

expressing human RPE cells in vitro with enhanced cellular uptake due to HA-CD44 

interactions observed (Huang et al., 2017a; Martens et al., 2015). Therefore, coating NPs 

with HA could be a promising strategy for drug targeting to the retina in the treatment of 

posterior segment disorders. 

In the present work, active targeting of intravitreally injected NPs to the retina was 

investigated by labelling of CD44 receptors in the retina of both control animals and rats 

having undergone retinal ischaemia-reperfusion injury. Intraocular NP biodistribution and 

retention were subsequently assessed in dissected ocular tissues (i.e. cornea, vitreous, retina, 
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and choroid/sclera) using fluorescence spectroscopy. Furthermore, NPs encapsulating Cx43 

MP were administered intravitreally and their therapeutic efficacy in comparison to free Cx43 

MP was evaluated in terms of morphological and functional retinal changes using in vivo 

fundus imaging, SD-OCT, immunohistochemistry, and histology. 

5.4. Materials and methods 

5.4.1. Materials 

Cx43 MP (VDCFLSRPTEKT, MW 1396 g/mol) was purchased from Auspep (Tullamarine, 

VIC, Australia). HA (MW 120 kDa) was purchased from Lifecore Biomedical (Chicago, IL, 

USA). Cy3 amine was from Lumiprobe Co. (Hallandale Beach, FL, USA). HSA (MW 66 

kDa), PBS, 50% aqueous glutaraldehyde, EDC, polyclonal rabbit anti-Cx43 antibody 

(C6219), monoclonal mouse anti-GFAP antibody labelled with Cy3 (C9205), and Triton
®
 X-

100 were purchased from Sigma (St. Louis, MO, USA). Normal goat and horse serum were 

purchased from Gibco Laboratories (Auckland, New Zealand). Polyclonal rabbit anti-CD44 

antibody (ab157107) and monoclonal anti-ionized calcium binding adaptor molecule 1 (Iba1) 

antibody (ab178846) were purchased from Abcam (Cambridge, UK). Polyclonal goat anti-

brain-specific homeobox/POU domain protein 3a (Brn3a) primary antibody (SC-31984) was 

from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Polyclonal donkey anti-goat 

secondary antibody tagged with Cy3 (705-165-147) was purchased from Jackson 

ImmunoResearch Laboratories, Inc. (West Grove, PA, USA). 40,6-diamidino-2-phenylindole 

(DAPI, D1306), goat anti-rabbit secondary antibody labelled with Alexa Fluor 488 (A11034), 

donkey anti-rabbit secondary antibody labelled with Alexa Fluor 488 (A21206), xylene and 

ethanol used for histological examination were purchased from Thermo Fisher Scientific 

(Auckland, New Zealand). Haematoxylin (Gill II) and eosin (Eosin Y) were obtained from 

Surgipath
®
, Leica Biosystems GmbH (Wetzlar, Germany). Lithium carbonate and DPX were 

from BDH Chemicals (Poole, UK). Ketamine was purchased from Parnell Laboratories 

(Auckland, New Zealand). Domitor (medetomidine hydrochloride) was from Novartis 

Animal Health (Sydney, NSW, Australia). Minims oxybuprocaine hydrochloride and 

tropicamide were purchased from Bausch & Lomb (Surrey, UK). Antisedan (atipamezole) 

was from Pfizer (Auckland, New Zealand). Poly Gel was purchased from Alcon Laboratories, 

Pty Ltd. (Sydney, NSW, Australia) and Citifluor from ProSciTech (Sydney, NSW, Australia). 

Water used was pre-treated with a Milli-Q water purification system (Millipore, Billerica, 

MA, USA). All other commercially available chemicals were used at analytical grade. 
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5.4.2. Preparation of NPs 

HA coated HSA NPs encapsulating Cx43 MP were prepared using a previously described 

method (Huang et al., 2017a). Briefly, Cx43 MP was mixed with a HSA solution at 5% 

mDrug/mMatrix at room temperature. A volume of 2.4 mL of ethanol was added drop wise to the 

mixture under stirring at 250 rpm for 1 h. Cx43 MP loaded HSA NPs were then stabilized 

with 0.4 μL of 50% glutaraldehyde at room temperature under stirring for 24 h. Unbound 

Cx43 MP and NPs were separated by repeated washing with Milli-Q water and centrifugation 

at 13,000 rpm for 50 min at 4 °C (Centrifuges 5430 R, Eppendorf, Hamburg, Germany). To 

achieve HA surface coating, HA was initially dissolved in 0.1 M sodium acetate buffer pH 

4.5 at a final concentration of 2 mg/mL and pre-activated by incubation with EDC for 2 h at 

37 °C. The activated HA was then added to a suspension of Cx43 MP loaded HSA NPs, 

buffered by 0.1 M borate buffer to pH 9, and incubated overnight at 37 °C. The resulting HA 

coated NPs were purified by centrifugation as described above and re-suspended in 0.9% 

saline. In order to track NP distribution in the eye, blank HA coated HSA NPs were 

conjugated with red fluorescent Cy3 by incubating NPs (10 mg) with 0.5 mg of Cy3 amine in 

Milli-Q water for 4 h, purifying them by repeated washing and centrifugation at 13,000 rpm 

for 50 min at 4 °C, and re-suspending them in 0.9% saline. 

As previously reported (Huang et al., 2017a), HA coated NPs possessed a uniform spherical 

morphology with a high encapsulation efficiency of approximately 71% (37.8 ± 2.8 μg Cx43 

MP  per mg of NPs) and an average particle size of around 250 nm, which is optimal for 

intravitreal injection as an aqueous suspension through a standard 30G needle. 

5.4.3. Animals 

A total of 63 adult male Wistar rats weighing 200-250 g were used and grouped according to 

the experimental purpose, retinal condition, administered formulation, and housing time 

(Table 5-1). Animals sourced from the Vernon Jansen Unit at the University of Auckland 

(Auckland, New Zealand) were housed under normal cyclic light conditions (12 h light [174 

lux]:12 h dark [< 62 lux]) and received food and water ad libitum. All experimental 

procedures described in this work were approved by the University of Auckland Animal 

Ethics Committee and were in compliance with the guidelines for the use of animals in vision 

research established by the Association for Research in Vision and Ophthalmology. 
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Table 5-1. Experimental design with the number of animals used in each group. 

Experiment Retinal condition Formulation  

(final Cx43 MP 

concentration) 

Time point Number of 

animals 

(study eye) 

NP distribution in the 

retina and 

colocalisation with 

CD44 

Control Cy3 NPs 24 h 6 (left eye) 

Control Cy3 NPs 7 days 6 (left eye) 

Injured Cy3 NPs 24 h 6 (left eye) 

Injured Cy3 NPs 7 days 6 (left eye) 

     

Intraocular NP 

biodistribution and 

retention 

Injured Cy3 NPs 24 h 6 (left eye) 

Injured Cy3 NPs 7 days 6 (left eye) 

     

Therapeutic efficacy 

(Fundus and SD-OCT 

images were acquired 

in live animals at each 

time point; 

immunohistochemistry 

and histology were 

performed after culling 

animals 8 weeks post-

injection) 

Control - 0 (baseline), 1, 4, 

and 8 weeks 

3 (both eyes) 

Injured Saline 0 (baseline), 1, 4, 

and 8 weeks 

6 (left eye) 

Injured Free Cx43 MP (20 µM) 0 (baseline), 1, 4, 

and 8 weeks 

6 (left eye) 

Injured Cx43 MP loaded NPs (20 

µM) 

0 (baseline), 1, 4, 

and 8 weeks 

6 (left eye) 

Injured Cx43 MP loaded NPs (10 

µM) + Free Cx43 MP (10 

µM) 

0 (baseline), 1, 4, 

and 8 weeks 

6 (left eye) 

5.4.4. Induction of retinal ischaemia-reperfusion injury 

Rats were anaesthetised with a cocktail of 100 mg/mL Ketamine and 1 mg/mL Domitor (3:2 

ratio) administered by intramuscular injection at 0.1 mL/100 g of body weight. A topical 

anaesthetic (Minims oxybuprocaine hydrochloride, 0.4% w/v) was applied to the left eye to 

remove the corneal reflex prior to cannulation. Retinal ischaemia was induced by cannulating 

the left anterior chamber with a 30G infusion needle connected by silicone tubing to a 

reservoir of sterile 0.9% saline. Cannulation was performed using a stereotaxic manipulator 

arm to avoid injury to the corneal endothelium, iris, and lens. IOP of the cannulated eye was 

raised to 120 mmHg by elevating the saline reservoir to the calibrated height as previously 

described (Chen, Green, Wang, et al., 2015; Danesh-Meyer et al., 2012). Retinal ischaemia 

was confirmed by pallor of the posterior segment of the eye. After 60 min, the cannula was 
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removed to allow normalisation of IOP and reperfusion of retinal blood vessels, which was 

confirmed by ophthalmoscopy. Animals showing ocular complications due to the 

manipulation, such as lens damage and excessive haemorrhage, were excluded from the study. 

5.4.5. Intravitreal NP injection 

Intravitreal injection was performed immediately after reperfusion. A 10 µL Hamilton 

syringe (Model 701 LT SYR, Hamilton Company, Reno, NV, USA) with a 30G needle was 

inserted posterior to the limbus in the superior retina at a 45 ° angle to avoid contact with the 

lens capsule and to direct the content into the vitreous chamber. For therapeutic efficacy 

studies, 2 µL of formulations containing a total of 580 µM Cx43 MP diluted in 0.9% saline 

were injected into the injured left eye to achieve a final peptide concentration of 20 µM (final 

NP concentration of 0.739 mg/mL) in the vitreous based on an estimated rat vitreous volume 

of 56 µL (Berkowitz, Lukaszew, Mullins, & Penn, 1998). The Cx43 MP loaded NPs + Free 

Cx43 MP group was prepared by physically mixing 0.370 mg/mL of Cx43 MP loaded NP 

suspension (encapsulating 10 µM of Cx43 MP) with 10 µM of free Cx43 MP in solution. An 

intravitreal injection of an equivalent volume of 0.9% saline was performed in the injured left 

eye for vehicle controls. For distribution studies, each rat received 2 µL of Cy3 labelled blank 

NPs suspended in 0.9% saline with a final NP concentration of 0.739 mg/mL. To achieve 

animal recovery, 0.1 mL/100 g body weight of 5 mg/mL Antisedan in 0.9% saline (1:9 ratio) 

was injected subcutaneously. 

5.4.6. NP distribution in the retina and colocalisation with CD44 

Six rats per group were euthanized with an inhalation of CO2 followed by cervical dislocation 

at 24 h or 7 days post-injection. Eyes were enucleated, fixed by submersion in 4% 

paraformaldehyde for 60 min, and cryoprotected in sucrose by gradually increasing 

concentrations from 10 to 30% overnight at 4 °C. Eyes were then embedded in O.C.T. 

compound (ProSciTech, Sydney, NSW, Australia) and snap frozen in liquid nitrogen. Cross-

sections of 12 µm thickness were cut using a cryostat microtome (CryoStar
TM

 NX50, 

Thermo Scientific, Waltham, MA, USA) and mounted onto Superfrost Plus slides (Labserv, 

Auckland, New Zealand) before incubation with a blocking buffer (10% normal goat serum 

in PBS) at room temperature for 60 min to block non-specific binding sites. After incubation 

with the rabbit anti-CD44 antibody (1:1000 dilution) in PBS containing 5% normal goat 

serum overnight at 4 °C, sections were incubated with the goat anti-rabbit secondary antibody 
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labelled with Alexa Fluor 488 (1:500 dilution) in PBS for 2 h and counterstained with DAPI 

(100 nM in PBS) for 15 min at room temperature. Sections were then mounted in Citifluor 

anti-fading medium and coverslips were sealed with nail polish. Finally, slides were imaged 

under a confocal laser scanning microscope (FV1000, Olympus, Tokyo, Japan) and images 

were processed using the FV10-ASW 3.1 software (Olympus, Tokyo, Japan). Six images 

were taken per retinal cross-section with six sections used per eye and quantitative analysis of 

average red and green fluorescence was performed using ImageJ software. 

5.4.7. NP biodistribution and retention  

Twenty-four hours and 7 days after NP injection, six rats per group were euthanized and 

cornea, vitreous, retina, and choroid/sclera were dissected, collected, and weighed. Tissue 

samples were then homogenized in tissue grinding tubes (CKMix50-R, Bertin Technologies, 

Montigny-le-Bretonneux, France) containing 300 µL of PBS with 2% Triton X-100 using a 

Precellys homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France) for 5 × 40 s 

at 8,500 rpm with a pause of 60 s. After centrifugation at 5,000 rpm for 10 min at 4 °C, 

supernatants were collected and NP concentrations were determined via fluorescence 

spectroscopy at an excitation and emission wavelength of 550 and 580 nm, respectively, 

using a SpectraMax i3x multi-mode detection platform (Molecular Devices, Sunnyvale, CA, 

USA). Fluorescence intensities in the cornea, vitreous, retina, and choroid/sclera were 

expressed per microgram of tissue after subtraction of any background fluorescence from 

blank tissues without any treatment. 

5.4.8. Fundus imaging and optical coherence tomography of the retina 

A SD-OCT (Micron IV, Phoenix Research Laboratories, Pleasanton, CA, USA) was 

employed to investigate fundus and retinal morphology before (baseline) as well as 1, 4, and 

8 weeks after induction of retinal ischaemia-reperfusion injury and administration of the 

various formulations. After anaesthesia with a cocktail of 100 mg/mL Ketamine and 1 

mg/mL Domitor (3:2 ratio) administered by intramuscular injection at 0.1 mL/100 g body 

weight, the rat pupil was dilated with 1% tropicamide. Animals were placed on a 37 °C 

heating pad during the assessment period to maintain their body temperature and to prevent 

the development of cold cataracts. Dilated eyes were covered with Poly Gel (containing 3 

mg/g Carbomer) to allow intimate contact with the OCT lens. Fundus and SD-OCT images 

were acquired serially and processed using the StreamPix 6 software (version 7.2.4.2, 
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Phoenix Research Laboratories, Pleasanton, CA, USA). The SD-OCT horizontal line B-scan 

had 2 µm axial resolution and consisted of 1024 pixels per A-scan. To obtain a high-quality 

mean image, up to 50 frames were acquired in the superior quadrant 2 mm away from the 

optic nerve in the dorsal retina and averaged. 

Fundus images were analysed using ImageJ software to calculate the change in retinal vein 

and artery diameter at a defined distance from the optic nerve head (area between the two 

green circles, Figure 5-4A). Six rats were imaged per group and four to six veins or arteries 

were measured per eye. SD-OCT images were also analysed using ImageJ software to 

calculate the change in retinal layer thickness with each thickness measured in three different 

locations. The total retinal thickness spanning from the RPE to the edge of the nerve fibre 

layer (NFL) as well as the thickness of the IPL, INL, and ONL were measured. Data points 

were expressed as a percentage of the baseline value determined before induction of retinal 

ischaemia-reperfusion injury and intravitreal injection of the formulations. 

5.4.9. Immunohistochemistry studies in retinal cross-sections 

5.4.9.1. Tissue collection and processing 

After completion of fundus and SD-OCT imaging 8 weeks post-injury, six rats in each group 

were euthanized. Eyes were enucleated, fixed, cryoprotected, and sectioned as described in 

section 5.5.6. Slides were stored at -20 °C until required for immunohistochemistry 

procedures. 

5.4.9.2. Cx43 and GFAP labelling 

Slides were initially incubated with a blocking buffer (10% normal goat serum and 0.1% 

Triton X-100 in PBS) for 60 min at room temperature. After incubation with the rabbit anti-

Cx43 antibody (1:2000 dilution) and the mouse anti-GFAP antibody conjugated to Cy3 

(1:1000 dilution) in PBS containing 5% normal goat serum overnight at 4 °C, the goat anti-

rabbit secondary antibody labelled with Alexa Fluor 488 (1:500 dilution) in PBS was applied 

for 2 h and sections were counterstained with DAPI (100 nM in PBS) for 15 min at room 

temperature before mounting. 
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5.4.9.3. Iba1 and RGC labelling 

After application of the blocking buffer (10% horse serum and 0.1% Triton X-100 in PBS) 

for 60 min at room temperature, sections were incubated with the rabbit anti-Iba1 antibody 

(1:2000 dilution) and the goat anti-Brn3a antibody (1:200 dilution) in PBS containing 5% 

horse serum overnight at 4 °C. The next day, the donkey anti-rabbit secondary antibody 

labelled with Alexa Fluor 488 (1:500 dilution) and the donkey anti-goat secondary antibody 

conjugated to Cy3 (1:500 dilution) in PBS were applied for 2 h and sections were 

counterstained with DAPI (100 nM in PBS) for 15 min at room temperature before mounting. 

5.4.9.4. Confocal microscopy and image analysis 

Labelled sections were imaged using a 60× objective lens on a confocal laser scanning 

microscope (FV1000, Olympus, Tokyo, Japan) with 405, 473, and 559 nm wavelength 

excitation capability. Six eyes obtained from different animals were analysed per group with 

six images taken per retinal section. All images were acquired using the same settings with 

gain (high voltage) and offset settings first adjusted to best discriminate individual labelling 

and avoid oversaturation of the image. Quantitative analysis of the number of Cx43 spots, 

area covered by GFAP labelling, and integrated density of Iba1 labelling, was performed 

using ImageJ software. The Cx43 spot count was carried out using the automated spot count 

function as previously described (Kerr et al., 2012). Briefly, each Cx43 image was converted 

to a binary image using a threshold of 100 to reduce the background. To separate closely 

adjacent spots, a watershed binary algorithm was applied. The number of Cx43 spots was 

counted in the NFL and GCL where Cx43 expression was largely localised. Spots fewer than 

three pixel
2
 were considered as noise and were excluded from particle counts. For GFAP 

quantification, each image was converted to a binary image and an equal threshold value of 

130 was applied. The area (%) of GFAP was obtained by quantifying the area covered by 

GFAP labelling as a fraction of the total area spanning from the NFL to the ONL. Similarly, 

to measure Iba1 levels within retinal layers, each image was converted to a binary image and 

an equal threshold value of 130 was applied. The integrated density of Iba1 labelling was 

quantified separately in the inner (GCL+IPL+INL) and outer (OPL+ONL) retinal layers. 

5.4.10. Histological examination 

H&E staining was performed for histological analysis. Briefly, cross-sections of 12 µm 

thickness were immersed in tap water for 5 min to remove any O.C.T. followed by staining 
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with haematoxylin for 5 min. After differentiating in 1% acid alcohol for two dips and rinsing 

in tap water, slides were dipped in lithium carbonate solution until sections turned blue. 

Afterwards, slides were rinsed under tap water and stained with 1% eosin for ten dips. Finally, 

sections were dehydrated using absolute ethanol, cleared by xylene, and mounted in DPX 

mounting medium. All stained sections were imaged using a 20× objective lens on a Leica 

DMRA HC fluorescence microscope (Leica Microsystems, Wetzlar, Germany) coupled with 

a digital camera (DS-5MC, Nikon, Tokyo, Japan) and images were processed using NIS-

Elements BR 4.30.00 64-bit imaging software (Nikon, Tokyo, Japan). 

5.4.11. Statistical analysis 

All studies were performed at least in triplicate and data points were expressed as mean 

values plus or minus S.D. (mean values ± S.D.). To determine statistical significance, 

analysis of variance (one-way or two-way ANOVA) followed by Tukey’s multiple 

comparison was performed using GraphPad Prism 7. Differences were considered 

statistically significant if p ≤ 0.05. 

5.5. Results and discussion 

5.5.1. NP distribution in the retina and colocalisation with CD44 

Figure 5-1 illustrates the distribution of NPs in the retina of both control and injured eyes at 

24 h and 7 days post-injection. Twenty-four hours after NP injection into control eyes, a 

strong red fluorescence was detected throughout the retina, particularly in the photoreceptor 

and RPE layers, suggesting that intravitreally administered NPs had rapidly diffused through 

the vitreous, penetrated across the neural retina, and reached the RPE layer. NP surface 

properties have been shown to play a critical role in the diffusive mobility of NPs through the 

vitreous as well as their penetration across the retina. The vitreous is composed of a three-

dimensional network of collagen fibrils bridged by anionic proteoglycans, which 

substantially restricts the movement of cationic and large-sized particles after intravitreal 

injection via hydrophobic, electrostatic, or steric effects (Bishop, 2000; Martens et al., 2013; 

Xu et al., 2013). The superior particle characteristics of HA coated NPs used in this work, 

including the highly negative surface charge (-43.97 ± 0.38 mV) and the relatively small 

particle size (252.70 ± 7.29 nm) (Huang et al., 2017a), seemed to avoid particle trapping 

within the vitreous meshwork allowing them to freely diffuse towards the retina. Besides the 
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vitreous, the ILM of the retina, consisting of a fine meshwork structure with pore sizes 

between 10 to 25 nm, is also considered a major barrier to retinal penetration of intravitreally 

administered NPs (Nishihara, 1991), while the ELM with pore sizes between 3 to 3.6 nm has 

also shown high resistance to NP transport across the retina (Koo et al., 2012). Considering 

the extremely small pore sizes of ILM and ELM, NPs with a particle size of around 250 nm 

are generally not expected to overcome these physiological barriers. An alternative 

penetration route has thus been recently proposed (Koo et al., 2012), suggesting that 

intravitreally administered NPs might be endocytosed into Müller cells at the ILM, diffuse 

within their intracellular space, and are then exocytosed from the Müller cells at the ELM and 

into the interphotoreceptor matrix. 

A similar NP distribution profile was also observed in injured eyes 24 h after injection; 

however, significantly higher red fluorescence was observed in outer retinal layers compared 

to that in control eyes (p ≤ 0.0001). This could be attributed to the disruption of the retinal 

layers after ischaemia-reperfusion injury with similar results found in other retinal disease 

models, such as laser photocoagulated eyes and experimental autoimmune uveitis, suggesting 

that injured retinal tissues are more permeable to NPs than healthy ones (Gan et al., 2013; 

Kim et al., 2009). Seven days after NP injection, the overall fluorescence intensities in the 

retina of both control and injured eyes decreased with no significant difference between the 

two groups (p > 0.05). However, red fluorescence remained detectable in deeper retinal layers, 

suggesting relatively slow elimination of HA coated NPs from the retina. 

To further confirm retinal targeting and identify the mechanism of NP accumulation in the 

outer retina, immunolabelling of CD44 receptors was performed. Results show that CD44 

was expressed in various retinal layers with NPs colocalised with CD44 labelling, indicating 

that the HA coating might specifically target the NPs to CD44 expressing tissues/cells via 

ligand-receptor mediated interactions. These results were consistent with our previous in vitro 

and ex vivo findings (Huang et al., 2017a), showing that HA coated NPs resulted in higher 

cellular uptake and enhanced retinal tissue penetration via interactions between HA and 

CD44 receptors when compared to uncoated NPs. As HA is generally expressed in higher 

quantities in various inner retinal layers, including ILM, GCL, and IPL, naturally occurring 

tissue HA could saturate the present CD44 receptors in these inner retinal layers and thus 

reduce NP binding due to ligand competition (Heegaard, Jensen, & Prause, 1986). In contrast, 

only a few endogenous HA molecules exist in the outer retinal layers, thus higher NP binding 
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and retention could be achieved in these layers. Previous studies have also reported an 

upregulation of CD44 during retinal injury (Krishnamoorthy, Agarwal, & Chaitin, 2000; 

Kuhrt et al., 1997); however, no significant difference in CD44 expression between control 

and injured retinas was observed within 7 days in this model. 

 

Figure 5-1. In vivo retinal tissue distribution of HA coated NPs (red) and immunohistochemical 

labelling of CD44 receptors (green) in control and injured rat eyes at 24 h and 7 days post-injection 

(A). Red fluorescence arose from Cy3 labelled HA coated NPs, while CD44 receptors were labelled 

with the Alexa Fluor 488 (green) conjugated secondary antibody, and retinal cell nuclei were stained 

with DAPI (blue). Scale bar = 50 µm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer 

nuclear layer; and RPE, retinal pigment epithelium. Quantification of red (NPs, B) and green (CD44, 

C) fluorescence was performed using ImageJ software (data points represent mean values + S.D., n = 

6; 
****

p ≤ 0.0001).   

5.5.2. NP biodistribution and retention 

To identify the biodistribution of NPs in the anterior and posterior segments of the eye, the 

amount of NPs present in dissected tissues including the cornea, vitreous, retina, and 

choroid/sclera was measured at 24 h and 7 days post-injury (Figure 5-2). Twenty-four hours 



 

140 

 

after NP injection, the strongest fluorescence was observed in the retina (approximately 

4×10
6
 fluorescence intensity units/mg), which was significantly higher than the signal 

detected in any other ocular tissue (p ≤ 0.0001) and suggests that HA coated NPs rapidly 

diffused through the vitreous and specifically targeted the retina after intravitreal injection. At 

7 days post-injection, over 50% of NPs still remained in the retina (approximately 2×10
6
 

fluorescence intensity units/mg), which was consistent with results shown in Figure 5-1B. 

The slow elimination and thus prolonged retention of NPs in the retina might be due to the 

protective HA coating as well as the optimized particle size. It has previously been reported 

that particle modification with HA can minimize the clearance and increase the residence of 

carriers in ocular tissues due to its high viscosity as well as the interactions between the 

carrier and the HA coating  (Bochot & Fattal, 2012). Moreover, the elimination rate of NPs 

from the eye is strongly dependent on the particle size, with extremely small NPs (diameters 

< 20 nm) cleared much faster than NPs in the diameter range of 200-1000 nm (Amrite, 

Edelhauser, Singh, & Kompella, 2008). Our findings suggest that HA coated NPs were 

slowly eliminated by the blood and lymphatic circulations and thus resided in the retina for 

longer periods allowing for sustained therapeutic action. The superior distribution and 

retention of HA coated NPs along with their sustained drug release behaviour, having shown 

to slowly release Cx43 MP over four months in vitro (Huang et al., 2017a), render them a 

promising peptide delivery platform for the long-term treatment of retinal disorders. 
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Figure 5-2. Quantitative analysis of in vivo NP biodistribution and retention in the cornea, 

vitreous, retina, and choroid/sclera 24 h and 7 days post-injury (data points represent mean 

values + S.D., n = 6; 
*
p ≤ 0.05 and 

****
p ≤ 0.0001). 

5.5.3. Morphological changes after retinal injury 

The inner surface of the retina was initially assessed using fundus photography with 

representative images shown in Figure 5-3. During the first four weeks, haemorrhages either 

in the sub-retinal space or the vitreous cavity were observed in some animals across all 

injured groups, which might be related to bleeding from injured retinal or choroidal blood 

vessels. No haemorrhages were observed 8 weeks post-injury across all groups, with exudates 

due to absorption of blood or deposits of lipoproteinaceous substances appearing as small 

punched out yellow spots in deep retinal layers. 

To further investigate changes in retinal morphology following ischaemia-reperfusion injury, 

non-invasive SD-OCT scans were performed. SD-OCT is a frequently used technique in 

clinics to detect morphological features of the retina. Unlike traditional histological 
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assessment, which is terminal and may introduce artefacts during tissue processing, SD-OCT 

scans allow live monitoring of the retina without mechanical invasion or damage. In this 

work, the retina was examined using SD-OCT before as well as at 1, 4, and 8 weeks after 

injury. Retinal detachment/elevation was observed in 50% of injured eyes injected with saline 

when examined 1 week post-injury. While retinal reattachment was seen in one injured, 

saline-injected animal by 4 weeks, the ellipsoid portion of the photoreceptor inner segment 

(IS) and RPE bands were still disrupted in a third of the animals at 4 and 8 weeks. On the 

other hand, retinal detachment quickly recovered within 4 weeks and the disorganized outer 

retinal layers gradually flattened within 8 weeks after treatment with the Cx43 MP 

formulations with the best results observed after injection of Cx43 MP loaded NPs. Retinal 

detachment is a major cause of vision loss in various ocular pathologies, including diabetic 

retinopathy and glaucoma. Interestingly, Kim et al. (2013) induced retinal ischaemia-

reperfusion injury in mice using the same high IOP method and investigated progressive 

morphological changes and impaired retinal function. In contrast to our data, retinal 

detachment completely recovered within 2 weeks without any drug treatment in their model. 

Uckermann et al. (2005) also reported exudative retinal detachment within one week 

following ischaemia-reperfusion injury in rabbits, which was accompanied by changes in the 

K
+
 conductance of M ller cells. The variability in the degree of retinal detachment and 

recovery time is likely due to the different experimental species used. Nevertheless, our 

results support the fact that retinal detachment is a potential pathological mechanism of 

temporary retinal dysfunction and degeneration and can be used as a marker to assess the 

efficacy of novel treatments. 

Another interesting finding during SD-OCT imaging was the presence of hyper-reflective 

foci in the photoreceptor layer of injured retinas. Hyper-reflective foci are well circumscribed 

spots of 20-40 μm in diameter, and are of equal or higher reflectivity than the RPE band 

(Kang, Lee, Chung, & Kim, 2014; Lee, Ji, Chung, & Kim, 2016). The origin of such hyper-

reflective foci remains unclear, although they are reported to be associated with changes in 

orientation of the retinal structures. For example, the linear arrangement of photoreceptors 

becomes irregular in areas of retinal detachment, especially with degeneration of the outer 

retinal layers, which causes more scatter of the reflected light and thus a brighter appearance 

on the SD-OCT image (Cebulla, Ruggeri, Murray, Feuer, & Hernandez, 2010). Additionally, 

changes in the refractive index of tissues, such as extravasation of lipoprotein and activated 

inflammatory processes in the retina, might also cause changes in reflectivity with increased 
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scattering of light (Bolz et al., 2009). As shown in Table 5-2, hyper-reflective foci were 

present in 83.3% of injured eyes injected with saline as early as 1 week after injury, with 

more foci observed in eyes also showing retinal detachment. Moreover, the percentage of 

animals showing hyper-reflective foci did not change over time in the saline-injected group. 

On the contrary, fewer animals presented with hyper-reflective foci in all treated animals, 

with the lowest number of foci at 8 weeks post-injury seen in the Cx43 MP loaded NP 

treatment group. As hyper-reflective foci are indicative of retinal degeneration and 

inflammation, our results suggest that Cx43 MP formulations were able to protect the retina 

following ischaemia-reperfusion injury, with Cx43 MP loaded NPs revealing the highest 

efficacy with no obvious retinal detachment, elevation, or IS/RPE disruption observed in any 

of the animals 8 weeks following retinal ischaemia-reperfusion injury. This was likely due to 

the targeting and sustained release effect of Cx43 MP from HA coated NPs. 
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Figure 5-3. Morphological changes after retinal injury and treatment with the various 

formulations showing representative fundus (top) and SD-OCT (bottom) images. Green lines 

in fundus images indicate the positions where SD-OCT images were obtained. White and 

green asterisks in the fundus images mark haemorrhages and hard exudates, respectively. Red 

and green circles in the SD-OCT images mark vitreous opacities and hyper-reflective foci in 

the retina, respectively. White and green arrows in the SD-OCT images highlight retinal 

detachment/elevation and IS/RPE band disruption, respectively. 

Table 5-2. Summary of morphological changes seen in fundus and SD-OCT images 

following retinal ischaemia-reperfusion injury and treatment with various formulations. 

Group Time 

point 

Fundus imaging  SD-OCT 

Sub-retinal 

haemorrhages 

n (%) 

 

Vitreous 

haemorrhages 

n (%) 

 

Hard 

exudates 

n (%) 

 Vitreous 

opacities 

n (%) 

Retinal 

detachment 

n (%) 

Retinal 

elevation 

n (%) 

 

Hyper-

reflective 

foci 

n (%) 

IS/RPE 

disruption 

n (%) 

Control 

n = 6 

Baseline 0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

1 week 0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

4 weeks 0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

8 weeks 0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

           

Saline 

n = 6 

Baseline 0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

1 week 1 (16.7) 0 (0) 0 (0)  6 (100) 2 (33.3) 1 (16.7) 5 (83.3) 1 (16.7) 

4 weeks 1 (16.7) 0 (0) 1 (16.7)  4 (66.7) 1 (16.7) 1 (16.7) 5 (83.3) 2 (33.3) 

8 weeks 0 (0) 0 (0) 1 (16.7)  5 (83.3) 1 (16.7) 1 (16.7) 5 (83.3) 2 (33.3) 

           

Free 

Cx43 
MP 

n = 6 

Baseline 0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

1 week 2 (33.3) 2 (33.3) 0 (0)  4 (66.7) 1 (16.7) 2 (33.3) 4 (66.7) 1 (16.7) 

4 weeks 1 (16.7) 1 (16.7) 1 (16.7)  1 (16.7) 0 (0) 0 (0) 3 (50) 2 (33.3) 

8 weeks 0 (0) 0 (0) 1 (16.7)  2 (33.3) 0 (0) 0 (0) 2 (33.3) 1 (16.7) 

           

Cx43 

MP 
loaded 

NPs 

n = 6 

Baseline 0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

1 week 0 (0) 0 (0) 0 (0)  4 (66.7) 0 (0) 0 (0) 4 (66.7) 0 (0) 

4 weeks 0 (0) 1 (16.7) 0 (0)  4 (66.7) 0 (0) 0 (0) 2 (33.3) 0 (0) 

8 weeks 0 (0) 0 (0) 1 (16.7)  4 (66.7) 0 (0) 0 (0) 1 (16.7) 0 (0) 

           

Loaded 

+Free 

Baseline 0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
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Cx43 

MP 

n = 6 

1 week 1 (16.7) 1 (16.7) 0 (0)  5 (83.3) 1 (16.7) 1 (16.7) 4 (66.7) 1 (16.7) 

4 weeks 0 (0) 1 (16.7) 2 (33.3)  4 (66.7) 1 (16.7) 0 (0) 3 (50) 1 (16.7) 

8 weeks 0 (0) 0 (0) 2 (33.3)  3 (50) 1 (16.7) 0 (0) 3 (50) 1 (16.7) 

5.5.4. Measurement of retinal blood vessel diameters 

To determine the influence of retinal ischaemia-reperfusion injury on retinal blood vessels, 

the diameter of retinal arteries and veins presented in fundus images was measured. As 

shown in Figures 5-4B and 5-4C, similar changes in retinal artery and vein diameter were 

observed in saline injected eyes, decreasing by approximately 50% at 8 weeks post-injury 

compared to uninjured control eyes (p ≤ 0.0001). Narrowing of retinal blood vessels has long 

been regarded as a feature of hypertension and arteriosclerosis (Leung et al., 2003; Wong et 

al., 2001). In this work, high IOP was used to induce retinal injury in rats, causing global 

ischaemia, obstruction of the retinal circulation, damage to the blood vessel walls, and thus 

changes in blood flow. Also, it is worth mentioning here that retinal veins and arteries run 

very closely together and cross over each other. Therefore, a change in retinal artery diameter 

might cause pressure onto the nearby veins, leading to their narrowing and blockage 

potentially resulting in haemorrhages. 

After intravitreal administration of Cx43 MP formulations, changes in retinal artery and vein 

diameter over time were less pronounced compared to saline injected eyes (p ≤ 0.0001); 

however, both arteries and veins were still significantly narrower than those in uninjured 

control eyes (p ≤ 0.0001). Among the three Cx43 MP treatment groups, free Cx43 MP (20 

µM) exhibited the lowest effect with the artery and vein diameters showing a progressive 

reduction over 8 weeks post-injury to 61.51 and 66.68% of baseline values, respectively. 

Although high initial concentrations of free Cx43 MP are able to protect the retina against 

injury to a certain degree, the free peptide rapidly degrades and/or gets eliminated thus 

further vessel narrowing may have occurred at later time points. Cx43 MP loaded NPs (20 

µM), on the other hand, showed a longer lasting effect on vessel diameter which was only 

decreased in the first week post ischaemia-reperfusion injury but remained relatively constant 

thereafter. This again could be attributed to the retinal targeting and sustained peptide release 

of HA coated NPs. The combination treatment containing a mixture of Cx43 MP loaded NPs 

and free Cx43 MP (each at 10 µM) only achieved an intermediate effect. This could be due to 

the rapid degradation/clearance of free Cx43 MP and the reduced amount of Cx43 MP 
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released from the lower amount of NPs injected thus not reaching the optimal therapeutic 

peptide concentration required.  

Vascular integrity of retinal vessels has previously been shown to be compromised as early as 

1 h following ischaemia-reperfusion injury with administration of Cx43 MP markedly 

reducing the damage to small blood vessels in the retina, which was strongly associated with 

uncontrolled Cx43 hemichannel opening (Danesh-Meyer et al., 2012). However, information 

about Cx43 hemichannel roles in large retinal blood vessels remains limited. 

 

Figure 5-4. Change in retinal blood vessel diameter following ischaemia-reperfusion injury 

and treatment with the various formulations. An example of a rat fundus image (A) 

displaying major retinal veins (V) and arteries (A). Measurement of the retinal blood vessel 

diameter was performed at a defined distance from the optic nerve head in the area between 

the two green circles. Quantitative analysis of the diameter change of retinal veins (B) and 

arteries (C) was performed using ImageJ software (data points represent mean values + S.D., 

n = 6). Asterisks denote statistical significance when compared to the control group (
****

p ≤ 

0.0001) and hash marks denote statistical significance when compared to the saline group 

(
###

p ≤ 0.001 and 
####

p ≤ 0.0001). 

5.5.5. Retinal layer thickness measurements 

As shown in Figure 5-5, the thickness of individual retinal layers, including the IPL, INL, 

and ONL, as well as the entire retina, significantly decreased within 8 weeks after injury in 
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saline injected animals compared to uninjured control eyes (p ≤ 0.0001), with different trends 

observed in the inner and outer retina. Ischaemia-reperfusion injury caused a significant 

decrease in IPL and INL thickness 1 week after injury followed by a plateau phase with no 

further reduction in the thickness observed over the remaining 7 weeks. In contrast, the ONL 

did not thin within 1 week after injury, but showed a progressive decrease in layer thickness 

over the following weeks. These data suggest that ischaemia-reperfusion caused an acute 

injury to the IPL and INL, whereas damage to the ONL was a delayed degeneration process 

possibly associated with reduced blood and nutrient supply by the choroidal circulation due 

to retinal detachment or/and disruption of the outer retinal layers.  

A reduction in retinal thickness after ischaemic injury has previously been reported (Junk et 

al., 2002; Kim et al., 2013). However, these findings focussed predominately on inner retinal 

layers possibly due to the short observation period. As retinal ischaemia-reperfusion injury is 

commonly considered an acute model, retinal morphological changes are typically only 

evaluated over 1 to 2 weeks. However, the longer observation periods used in this work to 

monitor the sustained release effect also allowed observation of changes in both the inner and 

outer retinal layers with degeneration occurring at different stages following injury. Therefore, 

this model can also be used to determine the long-term therapeutic efficacy of drugs, which 

could be of significant value particularly when investigating sustained release formulations. 

Retinal thinning and degeneration are closely associated with neuronal death, which arises in 

part through apoptosis (Nitatori et al., 1995). Previous studies have shown that uncontrolled 

opening of unopposed Cx43 hemichannels plays a critical role in damage spread and 

apoptosis due to the release of apoptotic signals from injured cells to the extracellular matrix, 

where death signals can be passed to adjacent cells through open hemichannels (Iyyathurai et 

al., 2013). Therefore, administration of 20 µM of Cx43 MP to block uncontrolled 

hemichannel opening without uncoupling gap junctions has been identified as a promising 

neuroprotective strategy (Chen, Green, Wang, et al., 2015; Guo et al., 2016). In this study, 

injured retinas were protected from degeneration in all Cx43 MP treatment groups, revealing 

a significantly thicker IPL, INL, ONL, and total retina compared to saline injected eyes. 

However, treatments did not entirely prevent retinal thinning or return the thickness back to 

baseline levels. Among the three Cx43 MP treatment groups, Cx43 MP loaded NPs showed 

the greatest effect with no significant difference in INL and total retinal thickness observed 

compared to uninjured control eyes (p > 0.05), again indicating enhanced drug delivery 

efficacy to the retina. 
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Figure 5-5. Changes in retinal layer thickness following ischaemia-reperfusion injury and 

treatment with the various formulations. (A) A representative SD-OCT image displaying 

major retinal layers. NFL, nerve fibre layer; GCL, ganglion cell layer; IPL, inner plexiform 

layer; INL, inner nuclear layer; ONL, outer nuclear layer; and RPE, retinal pigment 

epithelium. The thickness of each retinal layer was measured at three different locations and 

averaged. Quantitative analysis of changes in the thickness of the IPL (B), INL (C), ONL (D), 

and entire retina (E) was performed using ImageJ software (data points represent mean values 

+ S.D., n = 6). Asterisks denote statistical significance when compared to the control group 

(n.s. = not significant, 
**

p ≤ 0.01, 
***

p ≤ 0.001, and 
****

p ≤ 0.0001) and hash marks denote 

statistical significance when compared to the saline group (n.s. = not significant, 
#
p ≤ 0.05, 

##
p ≤ 0.01, and 

####
p ≤ 0.0001). 

5.5.6. Cx43 and GFAP expression in retinal cross-sections 

Qualitative and quantitative changes in Cx43 and GFAP expression were observed following 

retinal ischaemia-reperfusion injury. As shown in Figure 5-6A, low levels of Cx43 labelling 

were observed in the NFL and GCL of uninjured control retinas and were colocalised with 
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GFAP expression associated with retinal astrocytes in the NFL. Eight weeks after injury, 

higher Cx43 expression and enhanced GFAP immunoreactivity associated with Müller cell 

processes (extending from the NFL to the ONL) were observed in injured retinas injected 

with saline. Here, the mean Cx43 spot count in the NFL and GCL (Figure 5-6B) as well as 

the area covered by GFAP positive glial cells (Figure 5-6C) significantly increased 

compared to uninjured control retinas (p ≤ 0.0001), suggesting retinal astrocyte proliferation 

and vascular remodelling. Previous studies have reported that Cx43 coupled astrocyte end-

foot processes in the retina play an important role in the modulation of inflammation and 

blood vessel permeability through the formation of a comprehensive gliovascular interface in 

the vasculature (Kerr et al., 2012). Moreover, Müller cells play a pivotal role in maintaining 

retinal neuron homeostasis through scavenging of neurotransmitter/waste products and 

protection of retinal neurons (Bringmann et al., 2009). Under pathological conditions, Müller 

cells are activated, undergoing functional and morphological changes associated with gliosis 

(Bringmann et al., 2006). Our data provided further evidence that uncontrolled Cx43 

hemichannel opening and Müller cell-dependent retinal gliosis were involved in the 

progression of retinal ischaemia-reperfusion injury with changes lasting for at least 8 weeks 

after injury. 

Intravitreal injection of free Cx43 MP (20 µM) and the mixture of Cx43 MP loaded NPs and 

free Cx43 MP (each at 10 µM) showed similar results, with Cx43 and GFAP expression in 

the retina significantly decreased compared to saline injected retinas (p ≤ 0.0001); however, 

Cx43 spot counts were still significantly higher than those of the uninjured control group (p ≤ 

0.05) and astrocyte proliferation as well as extended Müller cell processes into the IPL were 

observed. Cx43 MP loaded NPs, on the other hand, displayed the greatest efficacy in 

preventing increases in Cx43 and GFAP expression (in response to inflammation) at 8 weeks 

post-injury, with no significant difference compared to uninjured control retinas (p > 0.05), 

indicating targeted and sustained peptide delivery to the retina.  

Cx43 hemichannels remain preferentially closed under physiological conditions, but can be 

activated by pathologic conditions (Goodenough & Paul, 2003). Abnormal Cx43 

hemichannel opening may cause cytoplasmic oedema, activation of glial cells, ATP 

and glutamate release, onset of calcium waves, and activation of the inflammasome signalling 

pathway (Danesh-Meyer et al., 2016; Goodenough & Paul, 2003; Kim et al., 2016; Mugisho 

et al., 2018). Cx43 MP treatment has proven successful in providing improved functional 

outcomes following retinal injury by transiently blocking the uncontrolled opening of 
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hemichannels. However, our findings suggest that effective hemichannel block by free Cx43 

MP is limited to a short period of time following administration due to rapid 

degradation/clearance of the peptide and replacement of existing hemichannels by newly 

generated ones (Chen, Green, Wang, et al., 2015). In contrast, Cx43 MP released from NPs 

over prolonged periods showed a sustained therapeutic effect and could thus provide an 

efficient long-term treatment for retinal inflammatory diseases. 

 

Figure 5-6. Cx43 and GFAP expression in control and injured retinas treated with the various 

formulations 8 weeks post-injection (A). Cx43 plaques were labelled with Alexa Fluor 488 

(green), GFAP positive glial cells were labelled with Cy3 (red), and retinal cell nuclei were 

stained with DAPI (blue). Scale bar = 50 µm. GCL, ganglion cell layer; INL, inner nuclear 

layer; ONL, outer nuclear layer; and RPE, retinal pigment epithelium. Quantification of Cx43 

spots in the NFL and GCL (B) and area covered by GFAP positive glial cells spanning from 
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the GCL to the ONL (C) was performed using ImageJ software (data points represent mean 

values + S.D., n = 6; n.s. = not significant and 
****

p ≤ 0.0001). 

5.5.7. Iba1 and RGC labelling in retinal cross-sections 

To determine the activated microglial response in the retina, the integrated density of Iba1 (a 

marker for microglia and macrophages) positive cells was quantified separately in the inner 

(GCL, IPL, and INL) and outer (OPL and ONL) retinal layers. In uninjured control retinas, 

Iba1 expression was limited to the GCL and the IPL with fluorescence signals hardly 

detectable in outer retinal layers, including the OPL and the ONL (Figure 5-7A). Following 

injury, Iba1 positive cells migrated into the OPL in saline injected retinas with microglia 

displaying long processes and enlarged cell bodies, correlating with retinal neuronal injury. 

As shown in Figures 5-7B and 5-7C, integrated densities of Iba1 positive microglia increased 

in both the inner and outer retinal layers of saline injected compared to control eyes, with a 

significant difference in the integrated density in the outer retinal layers between these two 

groups (p ≤ 0.0001). For all Cx43 MP treatment groups, Iba1 expression in inner retinal 

layers reduced to around 0.0002, which was comparable to uninjured control levels. 

Quantitative analysis also revealed a significant decrease in Iba1 integrated density in outer 

retinal layers for Cx43 MP treated eyes with very limited Iba1 expression detected when 

compared to saline injected eyes (p ≤ 0.0001) and no difference compared to control eyes 

with the Cx43 MP loaded NP treatment again exhibiting the best effect. These results suggest 

that Cx43 MP effectively suppressed the macrophage mediated inflammatory response and 

prevented activation as well as migration of retinal microglia, which in the case of retinal 

injury might produce neurotoxic factors. A number of neurotoxic substances, such as reactive 

nitric oxide and inflammatory cytokines, have been detected in activated microglia and have 

been found to be involved in several retinal neurodegenerative diseases, including ischaemia-

reperfusion injury (Hangai, Yoshimura, Hiroi, Mandai, & Honda, 1996; Kaur, Rathnasamy, 

Foulds, & Ling, 2015; Neufeld, 1999). It is thus important to modulate these factors to reduce 

the inflammatory processes and the extent of neuronal cell death after tissue injury (Zhang, 

Lam, & Tso, 2005).  

The loss of RGCs is an important sign of neurodegeneration, which occurs in many 

ophthalmic conditions, including retinal ischaemia. In this study, the number of RGCs 

following retinal injury was quantified by counting Brn3a positive cells in the GCL (Figures 

5-7A and 5-7D). At 8 weeks post-injury, the number of RGCs in eyes injected with saline 
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significantly reduced compared to uninjured control eyes (p ≤ 0.0001), indicating that the 

retina responded to the ischaemic insult with severe neurodegeneration induced and mediated 

by pathological hemichannel opening. Eyes treated with free Cx43 MP (20 µM) or the 

mixture of Cx43 MP loaded NPs and free Cx43 MP (each at 10 µM) revealed a slight 

protective effect on RGCs compared to saline injected retinas (p ≤ 0.05), whereas the Cx43 

MP loaded NP (20 µM) group revealed the highest RGC survival rate with no significant 

change compared to uninjured control eyes (p > 0.05). This could again be due to the 

enhanced drug delivery efficacy and sustained therapeutic action of Cx43 MP encapsulated 

into HA coated NPs. Although neuronal rescue following retinal ischaemia-reperfusion injury 

using free Cx43 MP has previously been shown, the majority of studies only investigated 

RGC survival up to 4 weeks after injury (Chen, Green, Wang, et al., 2015; Danesh-Meyer et 

al., 2012), while long-term studies were performed in the present work. Compared to 

previous data showing over 80% of RGC survival at 4 weeks post-injection of free Cx43 MP 

(20 µM) (Chen, Green, Wang, et al., 2015), the number of RGCs continued to further decline 

with time in the free Cx43 MP group, with less than 70% of cells surviving after 8 weeks. It 

therefore seems that free Cx43 MP had a significant rescue effect through modulation of 

uncontrolled Cx43 hemichannel opening in the initial phase following injury; however, RGC 

death was not completely eliminated. Eight weeks after injury and administration of Cx43 

MP loaded NPs, however, a significantly increased RCG survival rate of 85.05% compared to 

free Cx43 MP was observed (p ≤ 0.05), which was similar to previous data using PLGA NPs 

(86.03% of cells surviving at 4 weeks) (Chen, Green, Wang, et al., 2015). However, over 80% 

of the encapsulated peptide was released from PLGA NPs within the first 4 weeks due to the 

high initial drug burst. HA coated NPs used in this work, on the other hand, achieved more 

sustained and constant drug release (Huang et al., 2017a), avoiding potential toxicity induced 

by excessive drug release in the initial burst phase and providing sufficient peptide 

concentrations for at least 8 week efficacy. Overall, these findings highlight the advantage of 

targeted and sustained peptide release from NPs, resulting in greater efficacy in preventing 

lesion spread in the retina and thus providing a longer lasting neuroprotective effect. 
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Figure 5-7. Iba1 and Brn3a labelling in the retina of control and injured eyes treated with the 

various formulations 8 weeks post-injection (A). Iba1 immunoreactive microglia were 

labelled with Alexa Fluor 488 (green), Brn3a positive RGCs were labelled with Cy3 (red), 

and retinal cell nuclei were stained with DAPI (blue). Scale bar = 50 µm. GCL, ganglion cell 

layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, 

outer nuclear layer; and RPE, retinal pigment epithelium. Quantification of Iba1 integrated 

densities in inner (GCL+IPL+INL) (B) and outer (OPL+ONL) (C) retinal layers as well as 

the number of RGCs in the GCL (D) was performed using ImageJ software (data points 

represent mean values + S.D., n = 6; n.s. = not significant, 
*
p ≤ 0.05 and 

****
p ≤ 0.0001). 
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5.5.8. Histological examination 

Histological changes in the retina after retinal ischaemia-reperfusion injury and treatment 

with the various formulations were examined using H&E staining (Figure 5-8). In injured 

eyes 8 weeks after saline injection, the retina exhibited an abnormal morphology, with retinal 

folding associated with disorganization of the outer retinal layers and a reduced number of 

cells in the GCL, which could include RGCs as well as displaced amacrine cells. Moreover, 

the total retinal thickness as well as the thickness of individual retinal layers (IPL, INL, and 

ONL) decreased compared to that of uninjured control eyes, suggesting progressive 

neurodegeneration following retinal ischaemia-reperfusion injury. In contrast, retinas treated 

with the various Cx43 MP formulations revealed a flat and smooth morphology with no 

obvious pathological changes. Among the three Cx43 MP treatment groups, Cx43 MP loaded 

NPs (20 µM) again seemed to have the greatest efficacy, with the entire retina and individual 

retinal layers, especially GCL, INL and ONL, appearing thicker than those treated with free 

Cx43 MP (20 µM) and the mixture of Cx43 MP loaded NPs and free Cx43 MP (each at 10 

µM), although they still remained slightly thinner than those of uninjured control eyes. These 

findings were consistent with the results determined using SD-OCT, indicating that NPs 

provided more efficient and sustained protection against retinal injury (Figure 5-5). 
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Figure 5-8. Histological examination of control and injured retinas treated with the various 

formulations 8 weeks post-injection. White arrows mark folds in the outer retina and the 

black arrow indicates loss of cells in the GCL in the saline injected retina. Yellow asterisks 

highlight the narrowing of IPL, INL, and ONL. Scale bar = 50 µm. NFL, nerve fibre layer; 

GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer 

plexiform layer; ONL, outer nuclear layer; ELM, external limiting layer, and RPE, retinal 

pigment epithelium. 

5.6. Conclusions 

In this work, HA coated albumin NPs rapidly diffused through the vitreous and specifically 

targeted the retina after intravitreal injection, exhibiting enhanced retention and thus 

sustained therapeutic action. Compared to free Cx43 MP (20 µM) and the mixture of Cx43 

MP loaded NPs and free Cx43 MP (each at 10 µM), Cx43 MP loaded NPs (20 µM) revealed 

the best effect in protecting against retinal degeneration and suppressing inflammatory 

processes for at least 8 weeks following retinal ischaemia-reperfusion injury by efficiently 

blocking uncontrolled Cx43 hemichannel opening. Overall, this peptide delivery platform 
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based on HA coated albumin NPs could have great potential in the long-term treatment of 

chronic retinal degenerative and inflammatory disorders. 
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5.9. Afterword 

Hemichannels play an important role in the pathogenesis of neuronal degeneration and have 

been identified as a potential neuroprotective target. Uncontrolled Cx43 hemichannel opening 

causes retinal vascular damage which is associated with activation of glial cells and is 

believed to mediate RGC degeneration following retinal ischaemia. Blocking Cx43 

hemichannel opening after retinal injury protects the retina against degeneration, decreases 

inflammation, and provides significant neuron sparing. This study proved that HA coated 

NPs rapidly and specifically delivered Cx43 MP to the retina, allowing it to achieve sustained 

therapeutic action, including protection against retinal degeneration, suppression of 

inflammation, and promotion of RGC survival. 

Despite the promising results, a number of important aspects have to be taken into account 

for future studies. Firstly, the relationship between Cx43 MP, hemichannels, and gap 

junctions, including the gap junction protein turnover rate and the duration of the effect on 

subsequent gap junction plaque formation, need to be further determined in order to optimize 

the therapeutic dose as well as the drug release kinetics. Secondly, pharmacokinetic studies of 

Cx43 MP loaded NPs in large animals should be performed to further understand diffusion, 

disposition, and elimination of Cx43 MP from the eye, which would provide useful 

information for the optimization of formulation designs and administered doses. Finally, 
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studies on neuroprotectants have generally had low success rates in translating fundamental 

research to clinic trials. It is commonly believed that animal models used in in vivo studies 

fail to precisely mimic the actual pathology in patients and the variability of the disease in 

humans is much higher than that of experimental animals. Future investigations should 

therefore focus on the design of clinical trials and how to efficiently translate in vivo data 

from animal models to humans. 
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Chapter 6                                             

Conclusions 
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From all the studies performed throughout this thesis, it can be concluded that the novel 

nanocarrier system based on HA coated albumin NPs achieved enhanced peptide delivery to 

the retina following intravitreal injection for long-term treatment of chronic retinal 

degenerative and inflammatory disorders.  

In particular, these studies have shown that:  

1. HA coated NPs possessed a small particle size and a negatively charged surface, achieved 

high drug loading capacity, sustained Cx43 MP release for over four months in vitro, 

enhanced in vitro cellular uptake with good biocompatibility, and resulted in excellent ex 

vivo retinal tissue permeability. Encapsulating Cx43 MP into HA coated NPs protected 

the peptide against rapid degradation while maintaining its therapeutic functionality, 

potentially reducing the need for frequent intravitreal injections in the clinical setting 

(Chapter 2). 

2. Retinal penetration of HA coated NPs was further increased by applying short pulses of 

US. The effect of US-enhanced permeation was transient with repeated US application 

exhibiting a more significant effect than single treatment. Moreover, US improved the 

diffusive mobility of NPs through the vitreous with used US settings not causing any 

detectable damage to the ocular tissues (Chapter 3). 

3. With gel liquefaction, dynamic mechanical properties of the vitreous significantly 

changed with a decrease in the stiffness and an increase in the damping capacity. The 

liquefied vitreous also provided reduced steric hindrance and enhanced convective flow 

within the vitreous, resulting in increased intravitreal mobility of HA coated NPs, 

suggesting enhanced retinal drug delivery in aged vitreous (Chapter 4). 

4. In a rat model of retinal ischaemia-reperfusion injury, HA coated NPs rapidly diffused 

through the vitreous and specifically targeted the retina after intravitreal injection. NP 

elimination was relatively slow, resulting in enhanced therapeutic efficacy in protecting 

against thinning of retinal layers and narrowing of retinal blood vessels following retinal 

ischaemia-reperfusion injury when compared to the free peptide in solution. Moreover, 

HA coated NPs successfully suppressed retinal inflammation and promoted RGC survival 

through sustained blocking of uncontrolled Cx43 hemichannel opening (Chapter 5). 
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