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ABSTRACT 

Background and Aim: Currently, frequent intravitreal (IVT) drug solution injections are used to treat 

posterior eye diseases and may be associated with pain and serious side effects. Commercially available site 

specific implants, on the other hand, require surgical implantation and removal after complete drug release. To 

overcome these limitations, this thesis aimed to develop nanoparticle-loaded light-responsive in-situ forming 

injectable implants (ISFIs) as a promising platform for minimally invasive and effective drug delivery to the 

posterior eye segment.  

Methods: A high performance liquid chromatography (HPLC) method was developed and validated to 

determine stability and degradation kinetics of connexin43 mimetic peptide (Cx43MP) under various 

experimental conditions, and in biological fluids. A validated liquid chromatography tandem mass spectroscopy 

(LC-MS/MS) method was used along with intravitreal microdialysis to determine the ex-vivo tissue distribution of 

Cx43MP following IVT administration. During the first phase of formulation development, poly (lactic-co-glycolic) 

acid nanoparticles (PLGA NPs) were prepared using the one-step nanoprecipitation technique and statistically 

optimized using Box-Behnken design, with their biocompatibility also evaluated. Due to the low peptide 

entrapment achieved using the one-step method, the two-step nanoprecipitation technique was subsequently 

used and the developed Cx43MP-loaded PLGA NPs characterized for various physicochemical properties 

including peptide-excipients compatibility, size, zetapotential (ZP), polydispersity index (PDI), entrapment 

efficiency (%EE) and cell uptake. In the second part of formulation development, methacrylated alginate (MA) 

was synthesized and developed formulations were characterized for various physicochemical properties 

including gelling time, clarity, morphology, syringeability, hardness, rate of swelling and degradation. Ex-vivo 

studies were performed to investigate the formation of ISFIs inside bovine vitreous upon photoirridiation through 

the cornea. The biocompatibility of developed NPs and ISFIs was evaluated using the sulforhodamine B (SRB) 

assay on ARPE-19 cells and the zebrafish embryo toxicity (ZET) model. Finally, Cx43MP-loaded NPs were 

incorporated into light-responsive ISFIs and in-vitro drug release from NPs, ISFIs and NP-loaded ISFIs was 

studied.  

Findings: The HPLC method showed excellent linearity over the concentration range of 0.9 to 250 μg/ml (R
2
 ≥ 

0.998), with the limits of detection (LOD) and quantification (LOQ) found to be 0.90 and 2.98 μg/mL, respectively. 

Accelerated stability studies revealed that Cx43MP was more sensitive to basic conditions, completely degrading 

within 24 h at 37 ºC. Cx43MP was found to be more stable in bovine vitreous (t1/2 slow= 171.8 min) compared to 

human plasma (t1/2 slow = 39.3 min) at 37 ºC, according to the two phase degradation kinetics model. During ex-
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vivo microdialysis studies, Cx43MP concentration was found to increase slowly in the vitreous body for up to 16 

h, after which it declined. After 48 h, the Cx43MP concentration was higher in vitreous, cornea, and retina 

compared to lens, iris, and aqueous humour. NPs developed using the two-step nanoprecipitation technique 

ranged between 149.3 to 235.4 nm in size, with a PDI between 0.24 and 0.46, a ZP of -32.4 to -27.0 mV and an 

EE% of 34.3 to 55.3%. The successful synthesis of MA and its subsequent photocrosslinking upon 

photoirridiation was confirmed by 
1
H NMR. Photocrosslinked MA exhibited the required clarity and its gelling 

time, morphology, syringeability, hardness, rate of swelling and degradation were found suitable for prolonging 

its residence in the posterior eye segment. The SRB assay on ARPE-19 cells and the ZET model confirmed the 

biocompatibility of NPs and ISFIs. NP entrapment within the gel network was confirmed via morphological 

studies. Finally, in-vitro peptide release studies revealed peptide instability in phosphate buffer saline over 

prolonged periods at 37 ºC.  

Conclusion: This project reported, for the first time, a validated stability indicating HPLC method and 

degradation kinetics of Cx43MP in biological fluids. Compared to drug-free human plasma, Cx43MP was found 

relatively stable in bovine vitreous which assures its clinical applicability. Moreover, the developed ex-vivo 

microdialysis model may be a useful tool for investigating short-term ocular disposition and intravitreal kinetics of 

drugs after IVT injection. Both NPs and light-responsive ISFIs exhibited suitable physicochemical properties and 

a high degree of biocompatibility, rendering them suitable for ocular drug delivery applications. However, no 

conclusions could be drawn with regard to the improved in-vitro release profile of the combined system as the 

peptide seemed to degrade rapidly in the release medium at physiological temperature. Nevertheless, the 

information obtained from the present in-vitro release studies with regard to Cx43MP stability under various 

experimental conditions will be highly valuable in designing a suitable peptide delivery system in the future.  
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1.1. Age-related macular degeneration and 
Connexin43 mimetic peptide 

1.1.1. Introduction  

Age-related macular degeneration (AMD) along with diabetic retinopathy (DR), diabetic macular oedema (DME), 

endophthalmitis, cytomegalovirus (CMV), retinitis, proliferative vitreoretinopathy (PVR), and retinitis pigmentosa 

are all diseases affecting the posterior segment of the eye. AMD is one of the leading causes worldwide of 

irreversible blindness and low vision in people over the age of 50, with around 20 million patients reported 

globally (Bharadwaj et al., 2013, Volz and Pauly, 2015). The number of people living with AMD is projected to 

reach 196 million by 2020, and about 288 million by 2040 (Thakur et al., 2014, Bharadwaj et al., 2013). In New 

Zealand, AMD is responsible for about 48% of blindness and affects 1 in 7 people over the age of 50. More than 

25,000 New Zealanders have the most severe form of AMD and this figure is expected to double over the next 

twenty years. However public awareness of AMD is relatively low. While around 67% of New Zealanders aged 

50 plus have heard of AMD, only 48% understand that it is an eye disorder. Further, it is estimated that by 2030 

the number of people affected by AMD will have increased by 70% (Mdnz, 2017).  

To date, various strategies have been developed in response to AMD, ranging from simple preventive measures 

to management by frequent injections of anti-vascular endothelial growth factor (anti-VEGF) (Martin et al., 2012). 

However, effective management is still a challenging due to the issues associated with the physicochemical 

properties of the drugs and finding ways to deliver them to the posterior segment of the eye, and the retinal 

tissues in particular (Kim et al., 2014). The following sections describe AMD, its classification, and currently 

available treatment options and their limitations. The last section introduces Connexin43 mimetic peptide 

(Cx43MP) and its potential use in the treatment of retinal diseases.  

1.1.2. Age-related macular degeneration 

The retina of the human eye is a complex cellular structure made up of a multi-layered membrane (average 

thickness of 250 μm) lining the back of the eye (Hoon et al., 2014). It consists of the inner limiting membrane 

(ILM), nerve fibre layer (NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), 

outer plexiform layer (OPL), outer nuclear layer (ONL), external limiting membrane (ELM), retinal pigment 

epithelium (RPE) and Bruch’s membrane (Figure 1-1). Light travelling through the cornea and lens is focused on 

the retina, where it is converted into neural signals which are transmitted to the brain for visual recognition. The 

retina comprises the central retina which is about 6 mm in extension and the peripheral retina. The central retina 
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consists of the optic nerve, an oval white area (2×1.5 mm) is where major blood vessels of the retina originate 

(Nag and Wadhwa, 2012).  

        

Figure 1-1. Schematic illustration of the eye, the macula and the retina. Ganglion cell layer (GCL), Inner 
plexiform layer (IPL), Inner nuclear layer (INL), Outer plexiform layer (OPL), Outer nuclear layer (ONL), retinal 
pigmented epithelium (RPE) and age-related macular degeneration (AMD).  

Also contained within the retina is a slightly oval-shaped, blood vessel-free reddish spot known as the macula or 

macula lutea, at the centre of which is the fovea (Figure 1-1). The macula is responsible for colour discrimination 

and sharp vision as it is rich in cones (cone cells) relative to the rest of the retina (Nag and Wadhwa, 2012). In 

AMD, progressive macular damage results in the loss of central vision, however peripheral vision is generally not 

affected (Michalska-Małecka et al., 2015).  

1.1.2.1. Classification of AMD 

Clinically, AMD can be divided into two major forms: ‘dry’ (or atrophic/degenerative) and ‘wet’ (or neovascular) 

AMD (Mousavi and Armstrong, 2013).  The dry (non-neovascular) form accounts for 80–90% of all cases and is 

characterized by thickening of the retinal pigment epithelium (RPE) and Bruch’s membrane, with subsequent 

drusen formation (yellowish deposits of extracellular material) and RPE atrophy (De Jong, 2006) (Figure 1-2). 

The wet form is less prevalent; however, it is responsible for more than 80% of serious vision loss seen in AMD. 

In wet AMD, choroidal neovascularization (CNV), the proliferation of abnormal blood vessels, results in 
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subretinal or sub-RPE vascular leakage of fluid, blood and lipids, and much of the central retinal tissue is 

replaced by fibrous scarring (Jager et al., 2008, Podbielski and Noble, 2008) (Figure 1-2). In addition, the 

formation of new vessels causes detachment of the RPE from the underlying choroid causing fibrotic scars and 

severe vision loss as a result (Lim et al., 2012).  

 

 

 Figure 1-2. Complication involved in wet and dry types of AMD. CNV-choroidal neovascularization. 

 

1.1.2.2. Risk factors 

Various risk factors have been identified as having strong, moderate or conflicting association with AMD (Table 

1-1). Ageing is the strongest risk factor associated with AMD (Klein et al., 2010), while smoking is the strongest 

modifiable risk factor (Seddon et al., 2006). Heredity factors are also strongly linked to AMD incidences (Smith 

and Mitchell, 1998). Risk factors showing moderate associations with AMD include obesity, history of 

cardiovascular disease, hypertension, low intake of antioxidants and lutein, and higher plasma fibrinogen 

(Seddon et al., 2003). Factors which have been found to have weak association with AMD include gender, iris 

colour, sunlight exposure, diabetes, history of cerebrovascular disease, and serum total cholesterol and 

triglyceride levels (Mitchell et al., 1998). Some studies have also shown an association between cataracts and 

AMD; however, clinical trials are needed to confirm this relationship (Freeman et al., 2003).  
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Table 1-1. Risk Factors for Age-Related Macular Degeneration (AMD). 

Strong evidence Moderate evidence Conflicting evidence 

Age 
Smoking 
Caucasian ethnicity 
Heredity 

Obesity 
Hypertension 
History of cardiovascular 
disease 
Elevated plasma fibrinogen 
levels 
Low intake of antioxidants and 
lutein 

Female gender 

Sunlight exposure 

Iris colour 

Diabetes 

History of cerebrovascular 

disease 

Serum total cholesterol level 

Serum total triglyceride level 

History of cataract surgery in 

at least one eye 
 

 

1.1.2.3. Present treatment strategies 

A number of preventive strategies have been reported as helpful in reducing the risk of AMD developing, and 

high doses of beta-carotene, zinc, and vitamins C & E found effective in delaying its progression (Chew et al., 

2013, Christen et al., 2012). The effectiveness of other supplements, such as Omega-3 fatty acids, lutein, and 

zeaxanthin has also been studied (Olea et al., 2012, Robman et al., 2007). However, these preventive measures 

may only be helpful in the early stages of the disease, or in combination with other treatment strategies to 

produce a synergistic therapeutic effect. For many years, thermal laser photocoagulation was also used in the 

treatment of AMD. Laser photocoagulation is useful in treating wet age-related macular degeneration (wet AMD) 

only. An intense beam of light is used to burn the abnormal blood vessels beneath the macula. The scar tissue 

formed at the site of the burn seals the leaking blood vessels under the macula (Stoffelns, 2002). However, only 

about 15 out of 100 cases can be effectively treated with laser photocoagulation surgery and there is a high rate 

of recurrence associated with this technique (Kallitsis et al., 2007). In addition, laser photocoagulation can also 

result into loss of vision immediately after treatment (Virgili and Bini, 2007).  

 

In an effort to address the limitations associated with laser photocoagulation, photodynamic therapy (PDT) has 

emerged as a minimally invasive treatment technique, involving light and a light-sensitizing dye (photosensitizer). 

When the photosensitizer is activated in the retina, it sets in motion immune responses causing local thrombosis 

in the neovascularization. Currently, Visudyne
®
 (Verteporfin) is the only light-activated liposomal system 

approved for use in the treatment of AMD. Photrex (Rostaporfin), another light-activated liposomal formulation 

has entered Phase III clinical studies, but is still awaiting US Food and Drug Administration (FDA) approval. Both 

of these formulations are administered systemically, reaching the retinal tissues through leaky blood vessels and 

the compromised blood-retinal barrier (BRB). However, there are major problems associated with this treatment. 
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It requires frequent systemic injections and the associated photosensitivity means patients are not allowed to be 

exposed to any light (Christie and Kompella, 2008). PDT has also been used in combination with anti-vascular 

endothelial growth factor (anti-VEGF) therapy to improve therapeutic outcomes (Tozer et al., 2009, Englander 

and Kaiser, 2013).  

 

Currently, anti-VEGF therapies are the first-line treatment for wet (neovascular) AMD (Aiello et al., 1997). So far, 

the FDA has approved three anti-VEGF medications for ocular use: pegaptanib sodium (Macugen
®
, Pfizer), 

ranibizumab (Lucentis
®
, Genentech) and aflibercept (Eylea

®
, Regeneron). Although, bevacizumab (Avastin®, 

Genentech) does not have FDA approval for the treatment of AMD, it is frequently used off-label due of its 

relatively low cost (Brechner et al., 2011, Melamud et al., 2008). However, studies have shown that regular 

administration of anti-VEGF agents is associated with increased incidence of adverse cardiovascular effects, 

increased intraocular pressure (IOP), haemorrhages, retinal detachment and other systemic side effects (Eandi 

et al., 2016, Ng et al., 2015). In addition, the incidence, size and growth rate of dry AMD (also termed geographic 

atrophy) increase with extended anti-VEGF use (Grunwald et al., 2016). At present PDT in combination with anti-

VEGF is used as a second-line therapy in patients not responding to anti-VEGF therapy alone, or who require 

more frequent intravitreal (IVT) injections (Fernandez-Robredo et al., 2014). The high incidence of serious 

adverse effects associated with long-term anti-VEGF has created an urgent demand for new AMD therapeutics 

with minimal adverse events. In recent years, Cx43MP has emerged as a new chemical entity with great promise 

for the treatment of various diseases, including retinal conditions.  

 

1.1.3. Connexin43 mimetic peptide 

Gap junction channels are the transmembrane proteins present at the plasma membrane. They are responsible 

for direct cell to cell communication by allowing rapid transport of ions, secondary messenger molecules, 

nutrients and metabolites (up to 1 kDa), which play important roles in cell development, maintenance of tissue 

homeostasis, regulation of immune responses and electrical coupling (Danesh-Meyer et al., 2016). Connexins 

(Cx) are the subunits of gap junctions and have four transmembrane domains, two extracellular loops (EL1 and 

EL2) and one amino acid loop, and one terminal carboxyl moiety located in the cytoplasm (Goodenough et al., 

1996) (Figure 1-3). Of the 21 connexin isoforms identified in the human genome to date, Connexin43 (Cx43) is 

the most common and is found in gap junction proteins throughout the body. Studies have shown that gap 

junctions are involved in the spread of inflammatory signals from affected to neighbouring healthy cells (Cotrina 

et al., 1998, Frantseva et al., 2002). Blocking these gap junctions along with the uncontrolled hemichannel 
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opening in undocked cells can reduce the influx of inflammatory mediators (Cronin et al., 2008, Danesh-Meyer et 

al., 2008, Mori et al., 2006, Qiu et al., 2003).  

                          

Figure 1-3. Schematic representation of gap junction, hemichannel and connexin structure. Connexin proteins 
are transmembrane proteins that possess four transmembrane domains (M), two extracellular (E) and one 
cytoplasmic (CL) loops with intracellular amino (NH2) and carboxyl (COOH) terminals.  

 

About 10 different Cx have been found within the human eye and they play a significant role in the transport of 

nutrients and waste, as well as tissue regulation (Danesh-Meyer et al., 2008). Studies have identified Cx43 

expression in different parts of the retina, including the photoreceptor, horizontal, bipolar, amacrine, ganglion and 

glial cells (astrocytes, Müller cells and microglia), as well as blood vessels and retinal pigment epithelium 

(Masland, 2012). Cx43 plays an important role in maintaining homeostasis in the retina. Adenosine triphosphate 

(ATP) efflux through Cx43 hemichannels is responsible for the RPE regulation of underlying neural retinal 

development (Pearson et al., 2005). Cx43 gap junctions are also involved in the intercellular transport of ions 

and metabolites from dying astrocytes to healthy ones following retinal ischaemia (Cotrina et al., 1998), while 

Cx43 expression is found in relation to retinal glial response to ischaemic injury with subsequent loss of retinal 

ganglion cells (RGC) (Kerr et al., 2012). Therefore, blocking the uncontrolled Cx43 hemichannel opening shows 

promise for the effective treatment of retinal diseases.  
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1.1.3.1. Role in the treatment of posterior eye diseases 

Diseases affecting the posterior eye segment, such as wet AMD are associated with abnormalities in the 

choriocapillaries, Bruch’s membrane, RPE, and photoreceptors. Previous research has mainly focused on the 

degeneration of the RPE which results in irreversible damage to the photoreceptors (Spraul et al., 1996). 

However, the rise of AMD has drawn research attention to this vascular disease, where the growth of abnormal 

blood vessels leads to haemorrhage under the macula of the retina and damage to the photoreceptors (Zarbin, 

1998, De Jong, 2006). Currently, anti-VEGF agents (such as bevacizumab and ranibizumab) are the primary 

treatment used to target these ‘‘abnormal’’ vessels. However, there are indications that repeated use of anti-

VEGF agents may increase the chances of developing new dry AMD, possibly through their effects on healthy 

vessels (Martin et al., 2012). Anti-VEGF drugs generally target the VEGF (VEGF-A) molecules responsible for 

the growth of abnormal blood vessels under the retina and vascular permeability (Ozkiris, 2010). However, 

repeated and long term anti-VEGF therapy is associated with various serious side effects, including 

reoccurrence of dry AMD (Ghasemi Falavarjani and Nguyen, 2013) which occurs when the extended treatment 

irretrievably damages rather repairs leaky blood vessels. By contrast, Cx43MP, also known as peptide5, inhibits 

both gap junction and hemichannel signalling without affecting normal gap junction communication (Danesh-

Meyer et al., 2016). The blockade of Cx43 hemichannels thereby inhibits uncontrolled hemichannel opening in 

an inflammatory environment, preventing cell death and aiding in the recovery of leaky blood vessels (Cronin et 

al., 2008, Danesh-Meyer et al., 2012).  

Cx43MP is a small peptide (12 amino acids, VDCFLSRPTEKT) and was developed against the extracellular 

loops (E1 and E2) of the connexin protein (Berthoud et al., 2000). Apart from its therapeutic application in the 

management of various eye disorders, Cx43MP has also been investigated for the management of spinal cord 

injury (O'carroll et al., 2013, O'carroll et al., 2008), wound healing (Moore et al., 2013, Wong et al., 2016) and 

ischaemia-induced brain damage (Frantseva et al., 2002) among others. It has previously been shown that 

vascular leakage and retinal ganglion cell death due to retinal ischaemia can be reduced by blocking Cx43 

hemichannels, leading to increased retinal ganglion cell survival at 7 and 21 days at levels equivalent to those in  

uninjured retinas, and without any side effects (Danesh-Meyer et al., 2012). In another study from the same 

research group, Cx43MP was chemically modified to C12-C12-Cx43MP to increase its lipophilicity and vitreous 

half-life. Following IVT injection, Cx43MP and C12-C12-Cx43MP both demonstrated minimized vessel leak, 

reduced inflammation, and protected RGC after ischaemic injury in a rat retinal ischaemia-reperfusion model. 

However, due to its prolonged vitreous stability, C12-C12-Cx43MP showed significantly reduced Cx43 labelling 

with greater reductions in vessel leak and increased protection for RGC (Chen et al., 2015b). In another study, 
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the retina of Sprague-Dawley rats was damaged by light (2700 Lux light for 24 h). IVT injection of Cx43MP given 

2 h post retinal injury resulted in significant reduction in choroidal inflammation and suppression of glial-mediated 

inflammatory response (Guo et al., 2016). 

1.1.4. Challenges with peptide delivery 

Cx43MP has shown significant effects in the management of various retinal diseases without any noticeable side 

effects. However, the biggest challenge associated with the majority of therapeutic molecules used in the 

treatment of retinal diseases including peptides and proteins is protecting them from possible degradation and 

rapid elimination from the vitreous body. Due to the short intravitreal half-life of these molecules, frequent IVT 

dosing is generally required which leads to various side effects. The more than 18 million intravitreal injections 

performed annually create a massive burden for both healthcare professionals and patients due to the frequency 

of injections required. Thus, controlled-release drug delivery technologies that can protect the therapeutic 

molecule from possible degradation, and so reduce its rapid elimination from the vitreous body, are highly sought 

after. Such technologies would allow the required therapeutic concentration of Cx43MP to be maintained at the 

target site for a prolonged period of time, reducing the treatment burden on the patients and resulting in better 

management of the diseases. The next section deals with the challenges associated with ocular drug delivery, 

particularly to the posterior eye segment. In addition, the potential benefits of using polymeric nanoparticles, 

particularly poly (lactic-co-glycolic) acid based nanoparticles (PLGA NPs), to overcome the shortcomings of 

current treatment strategies will be discussed. Examples of various studies including preclinical investigations 

are also cited in support of the concept.   
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1.2. Application of nanotechnology in the treatment of 
posterior eye diseases 

Bisht, R., Mandal, A., Jaiswal, J, K., Rupenthal, I. D. (2017). Nanocarrier mediated retinal drug delivery: overcoming 
ocular barriers to treat posterior eye diseases. WIREs Nanomed Nanobiotechnol. e1473:1-21 

 

 

1.2.1. Preamble 

Most of the therapeutic moieties, including proteins and peptides, used in the management of wet AMD have a 

low intravitreal half-life and are sensitive to degradation by vitreous enzymes. Thus, frequent IVT injections are 

needed, bringing risks for serious side effects. Recent advances in the field of nanoparticle-based drug delivery 

have possible applications for addressing these issues, and various preclinical studies have demonstrated 

promising results for nanotherapies in the treatment of retinal diseases. This section covers the different 

challenges associated with drug delivery to the posterior segment of the eye, especially the retina, and highlights 

the application of nanocarriers, and PLGA nanoparticles in particular, to overcome these challenges as reported 

by preclinical studies. This section is a slightly edited reproduction of the review article entitled “Nanocarrier 

mediated retinal drug delivery: overcoming ocular barriers to treat posterior eye diseases”, which has been 

accepted for the publication in WIREs Nanomedicine and Nanobiotechnology. 

1.2.2. Introduction 

Retinal diseases such as age-related macular degeneration (AMD), diabetic retinopathy (DR), diabetic macular 

edema (DME), endophthalmitis, cytomegalovirus (CMV), retinitis, proliferative vitreoretinopathy (PVR), and 

retinitis pigmentosa are the leading cause of irreversible blindness (Thrimawithana et al., 2011, Bansal et al., 

2016). Conventional ophthalmic formulations such as eye drops fail to deliver sufficient drug to the retinal tissues 

due to the presence of various elimination mechanisms (tear turnover, nasolacrimal drainage, protein binding, 

systemic absorption and enzymatic degradation) and complex penetration barriers (corneal, blood-aqueous 

barrier (BAB) and blood-retinal barrier (BRB)). These mechanisms and barriers quickly result in low ocular 



CHAPTER ONE - INTRODUCTION 
 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 11 
 

bioavailability of the topically administered drug of typically less than 5% (Ruponen and Urtti, 2015, Cholkar et 

al., 2013, Leong and Tong, 2015). Thus, frequent intravitreal (IVT) injections remain the gold standard for the 

treatment of retinal diseases. However the frequent injections required to maintain the required therapeutic 

concentration at the target site can be associated with side effects including pain and risk of infection, while also 

leading to high treatment costs (Rodríguez Ramírez et al., 2014). So far, various site-specific ocular implants 

including Vitrasert
®
, Retisert

®
, Ozurdex

®
 and Iluvien

®
 have been approved for sustained drug delivery to the 

posterior segment of the eye, with many others currently in clinical trials. However, two of these implants, 

Vitrasert and Retisert, require surgical implantation and then removal after complete release of the loaded drug, 

with only one, Ozurdex, being completely biodegradable. Therefore, achieving effective drug delivery to the 

retinal tissues in a minimally invasive manner remains a challenging task for researchers, formulation scientists 

and clinicians (Lloyd et al., 2001, Bourges et al., 2006).  

Recent advances in the field of nanotechnology hold significant promise for effective drug delivery to the back of 

the eye. For instance, colloidal systems can enhance the solubility of hydrophobic drugs in aqueous solution, 

allowing topical or intravitreal delivery of therapeutic agents (Nagarwal et al., 2009b). They may also overcome 

the poor stability and low intravitreal half-life of therapeutic moieties, including proteins and peptides (Fangueiro 

et al., 2016, Patel et al., 2014, Tan et al., 2010). As controlled release systems, they can reduce the need for 

frequent intravitreal injections while their small size (< 500 nm) may enhance penetration across any rate limiting 

barriers, thus providing the potential to deliver therapeutic concentrations to the retinal tissues (Kaur and Kakkar, 

2014, Fangueiro et al., 2016). Additionally, nanocarriers can remain in the eye for several months after 

administration maintaining therapeutic concentrations at the target site over longer periods (Kaur and Kakkar, 

2014, Battaglia et al., 2016).  

 

1.2.3. Routes of ocular drug delivery  

Drug delivery to the anterior and posterior segments of the eye can be achieved by various means, including 

topical, systemic, periocular, and intravitreal routes (Nirmal et al., 2016, Yamada and Olsen, 2016) (Figure 1-4).  

Topical administration is the most common and patient friendly route for the treatment of anterior segment 

diseases. However, topical formulations such as eye drops fail to deliver drug to the retinal tissues due to their 

limited contact time with the ocular surface. This is due to the presence of various elimination mechanisms such 

as tear turnover, nasolacrimal drainage, protein binding and systemic absorption in the precorneal area (Kim et 

al., 2014, Lee and Robinson, 1986). For topically instilled formulations, the cornea is the major barrier restricting 

the entry of therapeutic molecules into the eye (Urtti, 2006, Barar et al., 2008).  In addition, the long diffusional 
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path from the site of administration to the retinal tissues also contributes to inefficiencies in the treatment of 

posterior segment diseases following topical eye drop administration (Kato et al., 2004). The systemic route is 

also not very effective in delivering drugs to the retinal tissues due to the presence of the BRB, which restricts 

ocular entry of therapeutic molecules from the systemic circulation. Thus, relatively high systemic doses are 

required to achieve sufficient ocular concentrations, which may then lead to systemic side effects (Hughes et al., 

2005).  

 

Figure 1-4. Schematic illustration of the routes of ocular drug delivery. (1) Corneal barrier; (2) BAB and (3) BRB. 

 

1.2.4. Barriers to ocular drug delivery 

Ocular drug delivery remains challenging due to the presence of complex barriers that limit the entry of 

therapeutic molecules into the eye (Figure 1-4). After topical administration, a large amount of the instilled dose 

is eliminated from the eye either by nasolacrimal drainage or systemic absorption from the conjunctival sac, 

resulting in poor drug bioavailability (Battaglia et al., 2016, Pearce et al., 2015, Kang-Mieler et al., 2014). In 

addition, the cornea acts as an efficient penetration barrier. Intercellular tight junctions (zonula occludens) in the 

lipophilic corneal epithelium prevent the diffusion of macromolecules via the paracellular route with only small, 

lipophilic molecules able to traverse the epithelium transcellularly. The corneal stroma, on the other hand, is 

highly hydrophilic in nature and only allowing  the diffusion of hydrophilic molecules up to 500 kDa of size, while 

restricting the entry of most lipophilic drugs (Wadhwa et al., 2009). Lastly, the corneal endothelium enables the 
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diffusion of molecules and particles with dimensions up to about 20 nm (Rajapakshal et al., 2015, Yellepeddi and 

Palakurthi, 2016). Besides molecular weight, the log P value, which is the partition coefficient of a drug in 

octanol-water, also plays an important role in transcorneal permeation. Drugs exhibiting a log P > 0 are 

hydrophobic in nature and more easily diffuse the epithelium, while those with log P < 0 are highly water soluble 

which facilitates stromal diffusion (Haghjou et al., 2013). After topical application, drugs may also be absorbed 

through the conjunctiva and the underlying sclera directly into the vitreous humor in a mechanism facilitated by 

passive diffusion through scleral water channels/pores (ranging from 30 to 300 nm in size) (Kompella et al., 

2010, Ali and Byrne, 2008, Sasaki et al., 1999). Intraocular drug pharmacokinetics is also influenced by protein 

binding (melanin pigments in iris and ciliary body), and enzyme mediated metabolism in the vitreous by enzymes 

such as esterases and cytochrome P450 reductase (Urtti, 2006, Worakul and Robinson, 1997).  

Important structures of the posterior segment of the eye include sclera, choroid, retina and vitreous. The sclera is 

generally more permeable to drugs than the cornea (Prausnitz and Noonan, 1998), and mainly prevents 

transport of lipophilic drugs, although it is molecular radius more than lipophilicity that influences scleral drug 

permeability (Lawrence and Miller, 2004). The choroid and especially Bruch's membrane also act as significant 

barriers to permeation of macromolecules. The pigmented nature and the presence of efflux transporters, such 

as P-glycoprotein (P-gp) and multidrug resistance-associated proteins (MRP), limit the permeation of therapeutic 

molecules from the choroid to the retina and into the vitreous chamber (Cheruvu et al., 2008, Kennedy and 

Mangini, 2002). The vitreous humor is mainly composed of water (98-99% w/w), with only a few solid 

components such as collagen and glycosaminoglycans (Le Goff and Bishop, 2008). It acts as a diffusional 

barrier to injected therapeutic molecules, particularly high-molecular weight compounds and/or suspended solids 

(Mains and Wilson, 2013). However, aging, vitreoretinal surgery and multiple injection procedures may influence 

its distribution characteristics and intravitreal drug kinetics (Laude et al., 2010, Tan et al., 2011). The BRB also 

acts as a significant barrier to ocular absorption of molecules delivered through transscleral or systemic routes 

(Del Amo and Urtti, 2008). It is primarily composed of tight junctions between retinal endothelial blood vessel and 

retinal pigment epithelium (RPE) cells (Toris and Pederson, 1984). The RPE is a rate-limiting permeation barrier, 

especially to hydrophilic molecules where permeation lag time increases with increased molecular weight (Ranta 

and Urtti, 2006). In addition, small, lipophilic, and cationic molecules may bind with the melanin in the RPE, 

which limits their permeation across this tissue (Edelhauser et al., 2010, Pitkanen et al., 2005). To date, various 

nanocarriers such as polymeric NPs have emerged as promising technologies to overcome the majority of these 

ocular barriers and deliver drug more effectively to the back of the eye. Their favorable physicochemical 



CHAPTER ONE - INTRODUCTION 
 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 14 
 

properties, such as the small size and adjustable surface properties, render them advantageous for targeting 

drugs to the retina. 

1.2.5. Nanostructured drug delivery systems 

Nanostructured carriers have emerged as minimally invasive drug delivery systems which can maintain 

therapeutic drug concentrations in the posterior segment of the eye for prolonged periods, so removing the need 

for frequent injections. Their small size avoids ocular irritation, which is generally seen with ocular suspensions 

of particle sizes over 5 µm (Nagarwal et al., 2009a). The use of nanocarriers can enhance the biopharmaceutical 

properties of the incorporated drug, including solubility, stability, permeability and retention at the site of 

application. Such nanosystems can efficiently deliver both lipophilic and hydrophilic therapeutic molecules. 

Moreover, it is possible to formulate drug-entrapping nanocarriers as a clear aqueous solution that can be 

administered in the form of an eye drop or intravitreal injection (Sahoo et al., 2008, Parveen et al., 2012, Araujo 

et al., 2009). Apart from their use as common therapeutic micro- and macromolecules, nanocarriers are also 

effective in delivering genetic materials into retinal tissues while maintaining their stability inside the eye (Conley 

and Naash, 2010). 

1.2.6. Polymeric nanoparticles 

Polymeric nanoparticles (PNPs) are colloidal particles (10-1000 nm) where the drug is either uniformly 

distributed throughout the particle matrix (nanospheres) or encapsulated inside a polymer shell (nanocapsules) 

(Birch and Liang, 2007).  PNPs can be developed from synthetic and natural biocompatible polymers. The first 

PNPs developed for ocular applications were made from poly-(alkyl cyanoacrylates) (PACA) (Harmia et al., 

1986a, Harmia et al., 1986b). Various other polymers, such as polycaprolactone (PCL), chitosan, hyaluronic acid 

(HA), Eudragit (RS100 and RL100), Carbopol, gelatin, poly-(butylcyanoacrylate) (PBCA), poly lactic acid (PLA) 

and poly-(lactic-co-glycolic acid) (PLGA) have been used for the fabrication of PNPs for ocular applications 

(Kimura and Ogura, 2001, Kumari et al., 2010). Among these polymers, PLGA has been extensively studied for 

ocular drug delivery, as it has been approved by the Food and Drug Administration (FDA) due to its 

biodegradable, biocompatible and nonantigenic nature. Table 1 lists various PNPs that have been developed for 

drug delivery to the posterior segment of the eye, with specific examples further discussed below. 
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Table 1-2. Polymeric NPs used for drug delivery to the posterior segment of the eye. 

Drug Polymer Mean NP 
size (nm) 

Route of 
administration 

Observation Ref. 

Bevacizumab PLGA 819 IVT Reduction in CNV area (C. K. Pan et al., 
2011) 

Dexamethasone 
acetate 

PLGA 253 IVT Reduction in CNV area and 
fibrosis 

(Xu et al., 2007) 

Hypoxia-inducible 

factor 
1αshRNApDNA 

PLGA 303 IVT Reduction in fluorescein 

angiography leakage 

(Zhang et al., 2010) 

Nintedanib O-

nitrobenzyl 
conjugated 

PLGA 

NR IVT Suppression of CNV with a high 

degree of biocompatibility 

(Huu et al., 2015) 

Cx43 MP PLGA 113 IVT Cx43 down-regulation and RGC 
survival by NPs in a retinal 

reperfusion rat model 

(Chen et al., 2015c) 

Anti-VEGF intraceptor 
pDNA 

PLGA 375–420 IV Reduction in VEGF expression (Singh et al., 2009) 

Anti-VEGF 

intraceptor 
pDNA 

PLGA 570 IV Reduction in CNV area and 

fibrosis 

(Luo et al., 2013) 

6-coumarin PLGA 69 - Endo-lysosomal NP escape due to 

surface charge followed by 
sustained drug release into the 

cytoplasm 

(Panyam et al., 

2002) 

Plasminogen kringle 
5 pDNA 

PLGA-
chitosan 

260 IVT Reduction in VEGF expression (Park et al., 2009) 

C16Y PLA/PLA-

PEG 

302 Subretinal Reduction in CNV area (Kim and Csaky, 

2010) 
Betamethasone 

phosphate 
PLA 100-200 IVT Significant reduction in 

experimental autoimmune 

uveoretinitis 

(Sakai et al., 2006) 

Rh-6G or Nile red PLA 310 
 

IVT NPs remained within RPE cells for 
4 months with no sign of toxicity 

(Bourges et al., 
2003) 

pEGFP-1 plasmid PLA and 
PLGA 

643 Subretinal No deleterious effects on retinal 
structure and significant uptake by 

RPE cells 

(Bejjani et al., 2005) 

Tamoxifen PEG NR IVT Retention for 3-9 days post 
injection, significant effect on 

uveitis 

(De Kozak et al., 
2004) 

DXR PEG-PSA 650 IVT Reduction in CNV area, DXR-
conjugate release with detectable 

levels in aqueous and vitreous 

humor for at least 105 days 

(Iwase et al., 2013) 

Triamcinolone Folate-
(PEG-b- 

PCL) 

130 - Enhanced uptake and controlled 
release resulting in prolonged anti-

angiogenic gene expression in 
RPE cells 

(Suen and Chau, 
2013) 

Basic Fibroblast 

Growth Factor 

Gelatin NR IVT Reduction in photoreceptor 

degeneration 

(Sakai et al., 2007) 

Betaxolol 
hydrochloride 

Chitosan 168-260 Topical High IOP lowering activity (Jain et al., 2013) 

Timolol maleate and 

dorzolamide 
hydrochloride 

HA-chitosan 143.9 Topical High IOP lowering activity, lower 

systemic absorption and well 
tolerated in vivo 

(Wadhwa et al., 

2010) 

Metipranolol PCL NR Topical Reduced systemic absorption 

leading to reduced side effects 

(Losa et al., 1993) 

Fluorescein Polystyrene 2000 and 
200 

Subconjunctival Retention of larger particles (>200 
nm) at the site of administration for 

at least two months 

(Amrite and 
Kompella, 2005) 

 
Fluorescein Polystyrene 2000, 200 

and 50 
IVT Retention in the vitreous cavity for 

over 1 month  
(Sakurai et al., 

2001) 

Fluorescein Carboxylate 
modified 

polystyrene 

20–45 Topical  Mean fluorescence intensity  in 
outer ocular tissues was 2-3 times 
higher for positively charged NPs 

with anodal iontophoresis while in 
inner ocular tissues, it was 5-15 

times higher for negatively 

charged NPs with cathodal 
iontophoresis 

(Eljarrat-Binstock et 
al., 2008) 

Celecoxib Poly(ortho 

ester) 

151–164 - Highly negatively charged surface 

limited interaction with negatively 
charged cell membranes resulting 

in prolonged therapeutic 

concentrations outside the cell 

(Palamoor and 

Jablonski, 2013) 

pDNA Bioreducible 108 - HA-coated polyplexes had good (Martens et al., 
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 polymer 
vector 

p(CBA-
ABOL) with 
HA coating 

mobility in bovine vitreous and 
were able to induce GFP 

expression without apparent 
cytotoxicity (highest expression 

with low MW HA (22 kDa)  

2015) 

Anti-TGF-b2 PS-DN 
 

Polyethyleni-
mine 

35 Subconjunctival Significant increase in intracellular 
penetration of drug into 

conjunctival cells as well as 

uniform retinal distribution 

(Zeng et al., 1993) 

Fluorescein 
 

Human 
serum 

albumin 

107.3  IVT Anionic NPs diffuse vitreous more 
easily than cationic NPs; particles 

taken up by Müller cells  

(Kim et al., 2009) 

PLGA: Poly (lactide-co-glycolide); PSA: Poly(sebacic acid); PLA: Poly lactic acid; PEG: Polyethylene glycol; PCL: Polycaprolactone; ABOL: 

Amine monomers 4-amino-1-butanol; CBA: N,N’-cystaminebisacrylamide; EDA: 1,2-diaminoethane; HA: Hyaluronic acid; IVT: Intravitreal; IV: 

Intravenous; CNV: Choroidal neovascularization; DXR: Doxorubcin; IOP: Intraocular pressure; VEGF: Vascular endothelial growth factor; 

Cx43 MP: Connexin43 mimetic peptide; RGC: Retinal ganglion cell; NPs: Nanoparticles; NR: Not reported and MW: molecular weight. 

Intraocular deposition of Rh-6G or Nile red encapsulated PLA NPs was studied using rabbit eye (Bourges et al., 

2003). A volume of 5 µL of a NP suspension (2.2 mg/ml) was injected intravitreally and rabbit eyes were then 

enucleated at various time points to localize NPs within the intraocular tissues. NPs remained within RPE cells 

for four months with no signs of toxicity. In other research, the intraocular kinetics of fluorescein-loaded 

polystyrene nanospheres (2 µm, 200 nm and 50 nm in diameter) was studied in pigmented rabbit eyes. 

Nanospheres were observed in the vitreous cavity over 1 month compared to the control eyes, where a 

fluorescein solution completely disappeared within 3 days. Histological studies showed the presence of 

nanospheres (200 nm) in the vitreous cavity as well as the retina (Sakurai et al., 2001). Studies have shown that 

PLGA NPs may undergo endo-lysosomal escape due to their selective surface charge reversal in the acidic 

endo-lysosomes, thus preventing lysosomal degradation of susceptible payloads and leading to enhanced 

therapeutic efficacy. Texas red-conjugated transferrin has generally been used as a marker for early and 

recycling endosomes. After internalization of PLGA NPs into the cell via non-specific fluid phase endocytosis, 

NPs were transported to primary and secondary endosomes. The acidic pH of secondary endosomes resulted in 

reversal of the NP surface charge from anionic to cationic, leading to enhanced interaction of the NPs with the 

endosomal membrane and resulting in their escape into the cytoplasm (Panyam et al., 2002). Transferrin, 

arginine-glycine-aspartic acid (RGD) peptide or dual-functionalized PLGA NPs were developed to target an anti-

vascular endothelial growth factor (VEGF) intraceptor plasmid to CNV lesions. As an 80k Da linear RGD peptide, 

transferrin is actively taken up by retinal cells via transferrin receptor-mediated endocytosis. Thus, surface 

functionalization of NPs with transferrin may be a potential strategy for delivering drugs effectively into the retinal 

tissues. CNV was induced in Brown Norway rats using a 532 nm laser. The PLGA NP surface was functionalized 

with transferrin (linear RGD peptide) resulting in increased retinal delivery of NPs, and subsequent intraceptor 

gene expression in retinal vascular endothelial, photoreceptor outer segment and RPE cells when compared to 

non-functionalized NPs (Singh et al., 2009).   
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Nanotechnology based drug delivery systems have great potential to resolve the shortcomings of existing 

strategies for drug delivery to the retina. To date, various nanocarriers have been developed and studied for safe 

and effective drug delivery to the posterior segment of the eye. Among the different nanocarriers, polymeric NPs 

have been extensively studied for ocular applications including anterior and posterior segment delivery, with 

PLGA NPs of particular interest for retinal drug delivery. PLGA has already been included in many FDA and 

European Medicine Agency approved drug products for human application, with a PLGA based intravitreal 

implant, Ozurdex, also already on the market. In addition, the well-established preparation methods, stability, 

biocompatibility and release profiles of PLGA NPs render them the most suitable candidate for development as 

commercially marketable formulations. Recent advances in nanotherapies for retinal diseases using liposomes, 

solid-lipid NPs (SLNs), polymeric micelles and dendrimers have also shown promising results. However, low 

drug loading, possible toxicity of the structural components and formulation instability need to be further 

addressed. Here many examples and proof-of-concept studies for the potential benefits of NPs in the treatment 

of retinal diseases have been discussed. Considering both pros and cons of these systems, these examples 

clearly illustrate the promising nature of such nanocarriers in providing novel treatment approaches for retinal 

diseases in the future. 

1.2.7. Afterword 

Nanocarriers enhance biopharmaceutical properties of the loaded drug by formation of a clear nanosuspension 

that does not interfere with normal vision but prolongs therapeutic Drug concentrations at the target site due to 

their control release properties. However, most biodegradable NPs also suffer from a high initial burst release of 

the encapsulated drug from the polymeric matrix. This can lead to local drug concentrations higher than the safe 

margins. A combination system incorporating NPs into and in-situ forming implants could be a promising drug 

delivery platform as it may reduce this initial burst release. In addition, such a hybrid system would increase the 

residence time of the NPs in the vitreous by reducing their rapid elimination.  

Over the past few years, light-responsive injectable in-situ forming implants (ISFIs) have emerged as a potential 

site-specific drug delivery technology with the required high degree of biocompatibility and biodegradability. The 

next section focuses on the potential application of light-responsive ISFIs for effective drug delivery to the 

posterior segment of the eye. The section includes benefits of ocular light application, mechanisms of drug 

release as well as formulation development strategies. Finally, the challenges associated with such a system 

that need to be addressed before it can be transformed into a successful formulation are discussed.  
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1.3. Light-responsive in-situ forming injectable implants 
Bisht, R., Jaiswal, J.K., Chen, Y.S., Jin, J., Rupenthal, I.D. (2016) Light-responsive in-situ forming injectable implants 

for effective drug delivery to the posterior segment of the eye. Expert. Opin. Drug. Deliv. 13(7):1-10 

 

1.3.1. Preamble  

Frequent IVT injections used in the management of posterior eye diseases place a heavy burden on patients 

and healthcare professionals. Thus drug delivery technologies that can address the shortcoming of the existing 

clinical interventions are highly sought after. The previous section highlighted the benefits and limitations 

associated with NPs, especially the high initial burst release from the NP which could possibly be overcome by 

incorporating them into light-responsive ISFIs. A combined system of this type would release drug in a more 

sustained manner, so avoiding the need for frequent IVT injections. In this next section, light-responsive ISFIs 

are discussed in detail including their structural framework, development strategies and potential applications in 

delivering drug effectively to the posterior eye segment. This section reproduces the review article entitled “Light-

responsive in-situ forming injectable implants for effective drug delivery to the posterior segment of the eye” 

which was published in Expert Opinion on Drug Delivery. 

1.3.2. Introduction 

Externally triggerable ocular drug delivery systems responsive to different stimuli, such as change in 

temperature, pH, ions, or biomolecules have been developed; each with its own advantages and limitations 

(Koetting et al., 2015). For example, thermal diffusion is the rate-limiting factor for temperature sensitive 

systems, while hydrogen ion diffusion limits gelling in pH sensitive gelling systems. Moreover, the delay created 

by the length of time required for sol-gel phase transformation results in high initial burst release of the drug from 

the polymeric matrix (Qiu and Park, 2001). Light (ultraviolet, visible, or near-infrared), on the other hand, is 

inexpensive, easily controlled and can be delivered instantly within a short response time which may reduce the 
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initial burst release (Tomatsu et al., 2011, Bhardwaj et al.). Over the past decade, light-responsive systems have 

emerged as advanced drug delivery platforms holding great promise for ocular applications. Due to the 

transparent nature of the cornea, light-responsive drug delivery systems are eminently suitable for the treatment 

of ocular disorders. Light of a certain wavelength can easily be applied non-invasively through the clear cornea, 

allowing good control over drug release at the target site, and release can easily be manipulated by the 

modification of polymers and photoinitiators (Bisht et al., 2016a). Combining light with in situ forming injectable 

systems has resulted in an innovative, efficient and minimally invasive ocular drug delivery technique with better 

physical properties and more control over the drug release (Hatefi and Amsden, 2002).  

1.3.3. Injectable in-situ forming implants 

The development of in-situ forming injectable implants (ISFIs) has received considerable attention over past 

years because of their various advantages, including ease of manufacturing and minimal invasiveness. They 

reduce pain, patient discomfort, risk of infection, retinal detachment and retinal hemorrhages as well as reducing 

treatment costs, and are able to sustain drug release over prolonged time periods. ISFIs are syringeable liquid 

formulations composed of biodegradable polymers that solidify when injected in the presence of external stimuli 

(pH, ions, temperature and light) to form a solid or semi-solid gel depot. The encapsulated drug diffuses out of 

the depot with subsequent swelling or degradation of the polymeric system (Madan et al., 2009). However, in- 

situ forming systems generally suffer from a high initial burst release of the drug which sometimes results in a 

toxic effect due to the increased concentration of the drug at the target site at levels which exceed safety 

margins (Hoare and Kohane, 2008, Aggarwal and Rupenthal, 2013). The incorporation of light responsive 

moieties into ISFIs results in rapid phase transition upon photoirradiation, which improves mechanical strength, 

reduces the burst release and gives more control over the drug release. The different types of injectable implants 

currently available commercially are listed in Table 1-3.   
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Table 1-3. List of injectable in-situ gelling drug delivery platforms available commercially (Agarwal and 
Rupenthal, 2013). 

Product name (polymer) Mechanism Drug delivered (Product name) 

ReGel
®
 depot-technology 

(PLGA–PEG–PLGA) 

Thermosensitive sol-gel transition Interleukin-2 (Cytoryn
TM

) 

Human growth hormone (hGHD-1) 

Paclitaxel (Oncogel
®
) 

Insulin 

BST-Gel
® 

(Chitosan–GP) 

Thermosensitive sol-gel transition Paclitaxel (Pacligel
®
) 

Camptothecin 

Antitumor necrosis factors 

Bovine serum albumin 

Octodex™ 

(Dextran grafted with PLLA and 

PDLA) 

Stereocomplexation Immunoglobin G and/or lysozyme 

Atrigel
®
 

(PLA and/or PLGA) 

Phase-sensitive precipitation Doxycycline hyclate (Doxirobe
®
) 

Leuprolide acetate (Eligard
®
) 

Bovine serum albumin 

Insulin 

SABER™ 

(Sucrose acetate isobutyrate) 

Phase-sensitive precipitation Human growth hormone 

Bupivacaine (POSIDUR
TM

) 

Pingyangmycin 

Risperidone 

InGell
®
Delta 

(Dextran grafted with d- and l-

lactide oligomers) 

Stereocomplexation Interleukin-2 (rhIL-2) 

InGell
®
Gamma 

(PCL–PEG–PCL) 

Thermosensitive sol-gel transition Proteins, peptides and small molecules 

Atridox
®
, Lupron Depot

®
 Phase inversion  or in situ 

precipitating system 

Doxycycline hyclate 

 

Generally, light-responsive ISFIs are composed of polymeric networks containing light sensitive groups 

(photochromic groups). A schematic model depicting the formation of light-responsive injectable ISFIs upon 

photoirradiation in the vitreous is shown in Figure 1-5. When these systems come into contact with light, 

changes occur in their physical and/or chemical properties including elasticity, viscosity, and shape and swelling 

capacity, all critical factors in determining the mechanical strength, duration of retention at the targeted site, rate 

of degradation and drug release kinetics (Sershen and West, 2002, Bajpai et al., 2008). 
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Figure 1-5. Schematic illustration of light-responsive injectable ISFIs for effective drug delivery to the posterior 
segment of the eye. 

 

1.3.4. Light for ocular applications 

Light-responsive drug delivery systems are well suited to the management of ocular diseases, where light as an 

external stimulus penetrates non-invasively through the transparent cornea and lens to activate the implant. 

Selection of the light source is an important parameter in the development of light-responsive injectable ISFIs 

and will determine the overall effectiveness of the delivery platform. To date, UV/Vis and NIR light have been 

used in the fabrication of light responsive delivery platforms. Because UV light bands UV-B (280-315 nm) and 

UV-C (100-280 nm) are absorbed at the ocular surface and fail to penetrate the entire cornea (Bisht et al., 

2016a), they are less suitable for the development of light-responsive intravitreal systems (Figure 1-6). UV-A 

(315-400 nm), however, is able to penetrate the entire cornea and lens to reach the retina and has been used in 

the development of light-responsive ocular drug delivery systems (Glickman, 2011). Various reversible (switch 

“on-off” / “on demand”) drug delivery systems which undergo reversible structural changes have been developed 

utilizing UV and visible light (Tomatsu et al., 2005, Zhao and Stoddart, 2009). 
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Figure 1-6. Ocular penetration ability of light with different wavelengths. 

 

Limited tissue penetration and cytotoxicity are the two major limitations associated with UV light (UV B and C). 

Longer wavelength lights such as near-infrared (NIR) (750-1000 nm) are safer as they are less absorbed by 

living tissues, and thus preferred for in-vivo applications (Weissleder, 2001). However, photoreactions involving 

NIR-responsive chromophores are generally slow and require longer irradiation times, resulting in a high burst 

release. This limitation can be overcome by using two photon absorption or photon-up conversion mechanisms, 

whereby irradiation can be achieved using safe and clinically acceptable photons or lasers (700-1000 nm range). 

However, application of two-photon activation (TPA) systems requires expert supervision, meaning a hospital 

visit, which may add some cost to the therapy. Hypothetically, devices could be designed to help in applying 

these systems safely in more comfortable home settings. However, this would add different costs to the 

treatment. The majority of light-responsive systems developed to date are based on UV light (365 nm) for light-

triggered drug release (Rwei et al., 2015). In a recent study, light-triggered release of nintedanib (BIBF 1120) 

from UVA based light-responsive NPs showed significant suppression of choroidal neovascularization (CNV) in 

rats. Electroretinograms (ERG), corneal and retinal tomography, and histology evaluation showed the light-

sensitive nanoparticles to be biocompatible, causing no adverse effects on the eye (Huu et al., 2015). The longer 

wavelength of the activating light allowed deeper penetration into tissues and reduced scattering losses due to 

biological components, resulting in a rapid reaction rate with small irradiation time.   
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1.3.5. Mechanisms of photo-triggered drug delivery 

On photoirradiation, light is first captured by the photochromic moiety which subsequently converts it into a 

chemical signal through various photoreaction mechanisms such as photoisomerization, photodimerization and 

photocleavage, depending upon the photoresponsive moiety (chromophores) and the light source used 

(Tomatsu et al., 2011) (Figure 1-7).  

 

Figure 1-7. Chemical groups and mechanisms used in the development of light responsive systems: (A) 
Photoisomerization, (B) Photodimerization and (C) Photocleavage. 

 

Photoisomerization is a process involving a conformational or structural change in a double bond or spirocyclic 

structure that is restricted in rotation. The reversible and repeatable nature of this process allows for tunable 

drug release. Azobenzene is the functional group most commonly found to undergo photoisomerization from the 

trans to the cis form and back again in the presence of visible light/upon photoirradiation with UV-light (Yager 

and Barrett, 2006, Barrett et al., 2007). Other functional moieties, such as stilbene, spironaphthoxazine, and 

spiropyran, also undergo photoisomerization and have been investigated for the development and modification 

of in-situ gelling systems (Meier, 1992, Kuad et al., 2007). UV/Vis light-induced photodimerization is a 

photochemical process involving an electronically excited unsaturated molecule that undergoes addition with an 
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unexcited molecule of the same species. The coumarin group, for example, undergoes photodimerization and 

has been widely used to induce sol–gel transformation. Other photoresponsive moieties that undergo 

photodimerization include anthracene (Zheng et al., 2002) and poly (cinnamic acid) (Shi et al., 2009). 

Photocleavage is another light-responsive mechanism. It involves UV/Vis light induced cleavage of photochromic 

groups (called photoremovable/photolabile groups), such as о-nitrobenzyl- and coumarin-based groups, which 

breaks the polymer network controlling supramolecular interactions to allow in-situ gelling (Kirschner and Anseth, 

2013). Among various photolabile groups, the o-nitrobenzyl group is widely used for the development of 

photoresponsive hydrogels due to the biocompatibility of its residues before and after photodegradation, as well 

as its biocompatibility with biomacromolecules, such as proteins, DNAs and RNAs. The chemistry of 

photocleavable groups has been reviewed in detail previously (Pelliccioli and Wirz, 2002). 

1.3.6. Development strategies for ISFIs  

The development of photoresponsive injectable ISFIs requires incorporation of a photoresponsive moiety into the 

polymeric network which can be achieved by: (i) polymer modification with photoresponsive groups; (ii) polymer 

modification with supramolecularly interacting groups; and (iii) incorporation of photoresponsive low-molecular-

weight gelators (LMWGs) (Figure 1-8). 

 
 
Figure 1-8. Schematic representation of different approaches used for the development of light-responsive ISFIs 
which includes polymer modification with (1) incorporation of photoresponsive groups in a polymer chain 
(irreversible system), (2) reversible supramolecular interacting groups such as trans-azobenzene and β-
cyclodextrin, and (3) incorporation of photoresponsive low-molecular weight gelators (LMWGs) which form 
reversible sol-gel systems. 



CHAPTER ONE - INTRODUCTION 
 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 26 
 

1.3.6.1. Polymer modification with photoresponsive groups 

Polymer modification by incorporation of photoresponsive moieties into the polymeric chain is a simple and 

straightforward method for the development of light-responsive injectable systems. Reversibly photodimerizable 

and irreversibly photocleavable moieties have been used to control crosslinking density as well as drug release 

in gel matrices (Kloxin et al., 2009, Nagata and Yamamoto, 2008). Light-responsive methacrylated alginate (MA) 

hydrogels with tuneable biodegradation rates and mechanical properties were developed using this method. 

MAs with different degrees of methacrylation were synthesized and mixed with the photoinitiator (Irgacure 2959) 

to develop the light-responsive in-situ gelling system. Photocrosslinked MA hydrogels showed low cytotoxicity 

when incubated with chondrocytes isolated from bovine articular cartilage. While this system was not indicated 

for ocular applications, the biocompatibility of polymer and photoinitiator used, as well as the physicochemical 

properties of the system, may render it a useful platform for intravitreal drug delivery (Jeon et al., 2009). In 

another study, methacrylated starch-based polymers were developed for topical ocular delivery of timolol 

maleate. Starch was modified with 2-isocyanatoethylmethacrylate and crosslinked via UV irradiation using 

Irgacure-2959 as the photo-initiating agent. In-vitro release of timolol maleate in 0.9% NaCl solution at 37ºC was 

observed for more than 240 h, with the results indicating this system could be useful for ocular drug delivery; 

however, no further studies were performed to test the biocompatibility of the system (Vieira et al., 2008). 

1.3.6.2. Polymer modification with supramolecularly interacting groups 

Supramolecular hydrogels are a novel class of non-covalently cross-linked polymer materials consisting of a 

solid three dimensional network with various non-covalent interactions, such as hydrogen bonding, metal–ligand 

coordination, host-guest recognition, and electrostatic interaction (Dong et al., 2015). These hydrogels show 

improved mechanical properties, reversible gel–sol transition behavior in response to a wide range of stimuli 

(e.g. pH, redox agents, enzymes, light, and bioactive molecules) and serve as intelligent carriers for delivering 

various therapeutic agents (Amin et al., 2015). Photoresponsive supramolecular assemblies have also been 

utilized as photocrosslinker for the development of light-responsive systems. For example, an azobenzene-β-

cyclodextrin (Azb-β-CD) complex was used as a reversible crosslinking agent for drug delivery applications. 

Azobenzene (Trans form) was found to bind in the cavity of cyclodextrin and create multiple photoresponsive 

crosslinking points by forming inclusion complexes. Upon photoirradiation with UV light (365 nm), trans–cis 

photoisomerization occurred in the gel, with the geometrical structural changes in the azobenzene unit triggering 

dissociation of the host–guest gel assembly and resulting in the release of encapsulated drug (Tomatsu et al., 

2006, Pouliquen et al., 2007). To date various supramolecular hydrogels have been developed and found 
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suitable for general drug delivery applications; however, investigations on their compatibility with the ocular 

tissues are still ongoing. 

 

1.3.6.3. Incorporation of photoresponsive low-molecular weight gelators 

Combining LMWGs with polymers is a recent approach, and has been used for the development of self-

assembling smart materials with a wide range of applications (Zhao et al., 2009, De Loos et al., 2005b). LMWGs 

are small molecules that form fibril structures through non-covalent interactions, such as hydrogen-bonding, van 

der Waals forces, π–π interactions or metal–ligand bonding (De Loos et al., 2005a). A temperature and pH-

based injectable hydrogel composed of a peptide gelator was developed for the entrapment and release of 

vancomycin and Vitamin B12 for systemic delivery. Vancomycin and Vitamin B12 were released over two days 

at physiological pH and temperature. An MTT assay of the gelator molecule on a breast cancer cell line (MCF7) 

showed almost 100% cell viability for up to 24 h, indicating its suitability for clinical applications. Various studies 

have been reported on the development of in-situ forming gels based on different LMWGs for general drug 

delivery applications (Baral et al., 2014). Due to their excellent physiochemical properties and biocompatibility, 

peptide- and amino acid gelator-based light-responsive injectable gel systems could also be very promising for 

ophthalmic applications. 

1.3.7. Light-responsive ISFIs for the treatment of posterior eye diseases 

Various light-responsive systems including gels, nanoparticles, liposomes, dendrimers, bioactive glasses, and 

membranes have been reported; however, the biocompatibility and ocular safety of photo-responsive moieties 

used in their fabrication is not well understood and needs further investigation (Alvarez-Lorenzo et al., 2009). 

Previously, photoinitiators such as Irgacure-2959 (F. H. Nasr et al., 2016, Misra et al., 2009), o-nitrobenzyl 

(Griffin and Kasko, 2012), anthracene (Vieira et al., 2008), and 2,2-dimethoxy-2-phenylacetophenone (Hsu, 

2007) have been used for ocular and other site specific drug delivery applications and shown a high degree of 

biocompatibility. Different photoinitiators (Irgacure 2959, 184, and 651) have been tested for their possible 

cytotoxicity on various cell lines, including rabbit corneal epithelial cells, and Irgacure-2959 was found to be well 

tolerated over a wide range of concentrations (Williams et al., 2005). However, a number of issues still need to 

be considered before light-responsive drug delivery systems are ready for use in clinics: (a) safety and 

biocompatibility of the photoresponsive moieties and the light source used; (b) toxicity related to photo-

degradation products; (c) sensitivity of the delivery platform to light to avoid prolonged exposure times and 

subsequent tissue toxicity; (d) reproducibility of light triggered drug release to the desired ocular tissues; (e) 

intravitreal injection volume limit (100 μl) which may limit the system’s life span; (f) patient acceptance and 
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compliance; and (g) sufficient laser availability in clinics and adequate specialist training to administer these 

systems effectively. Light-responsive ocular drug delivery technologies are still in the initial stages of 

development and further investigations are needed to establish an optimized drug delivery system that has a 

high level of in vitro–in vivo correlation, biocompatible components, and the ability to maintain its structural 

integrity within the eye for the intended delivery period. The ocular biocompatibility of system components and 

safe elimination of degradation products remain major concerns. Moreover, the effect of light exposure on ocular 

tissues needs further investigation, keeping the light source and the exposure duration in mind. Combining light 

with other external stimuli (dual responsive systems) such as temperature could be a potential approach for 

better control over physicochemical properties, and thus drug release.  

1.3.8. Afterword 

Nanocarriers and light-responsive drug delivery technologies have shown promise in delivering drug effectively 

to the posterior eye segment. However, individually these drug delivery platforms each have their own 

limitations, such as high initial burst release of the drug from the polymer matrix. A combined system could 

reduce this initial drug burst while also increasing their duration in the vitreous by enclosing them into a gel 

matrix, thus preventing their free movement and subsequent elimination. As such, this combined system would 

offer more control over the drug release as well as the ability to maintain the required therapeutic concentration 

for a prolonged time. I therefore hypothesize that NP-loaded light-responsive ISFIs would bring great benefit and 

innovation as advanced ocular drug delivery platforms. The proposed hypothesis will be evaluated in the next 

section in a discussion of different aspects of combined systems, including their structural components and drug 

release mechanisms.  

 

 

 

 

 

 

 

 

 

 

 



CHAPTER ONE - INTRODUCTION 
 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 29 
 

 

 



CHAPTER ONE - INTRODUCTION 
 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 30 
 

1.4. Hypothesis 
Bisht, R., Jaiswal, J.K., Rupenthal, I.D. (2017) Nanoparticle-loaded biodegradable light-responsive in-situ forming 

injectable implants for effective peptide delivery to the posterior segment of the eye. Med. Hypo. 103:5-9 

 

 

1.4.1. Preamble 

IVT injections have become the gold standard in the management of posterior segment diseases. Drug solutions 

are administered directly into the vitreous, thus overcoming the majority of the ocular barriers and elimination 

mechanisms (Santarelli et al., 2015, Yasukawa et al., 2004). Most drugs used in the treatment of posterior 

segment diseases have relatively short intravitreal half-lives. The associated requirement for 4-8 weekly 

injections to maintain the therapeutic drug concentration at the target site can be associated with pain, risk of 

infection and high treatment costs (Rodríguez Ramírez et al., 2014). Two of the currently marketed ocular 

implants for the management of posterior segment diseases (Vitrasert® 
and Retisert®) require surgical 

implantation and removal after release of the loaded drug. While they are able to deliver the drug over months to 

years, implantation is still a rather invasive procedure, and has been associated with various side effects and a 

high cost burden for patients and healthcare providers (Yasukawa et al., 2004, Barar et al., 2016, Lloyd et al., 

2001). 

With recent advances in the field of drug delivery technologies, formulation scientists and clinicians are looking 

for safer and more effective ways to deliver drugs to the posterior segment of the eye. Nanoparticle (NP)-loaded 

light-responsive in-situ forming injectable implants (ISFIs) have potential to emerge as a novel system for 

overcoming the limitations associated with existing clinical interventions, by providing site-specific controlled 

drug delivery to the retina with great accuracy, safety and minimal invasiveness. In the following section, the 
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potential benefits of biodegradable NP-loaded light-responsive ISFIs for safe and effective management of 

posterior segment diseases are discussed. This section reproduces the article, “Nanoparticle-loaded 

biodegradable light-responsive in situ forming injectable implants for effective peptide delivery to the posterior 

segment of the eye”, which has been published in Medical Hypothesis. 

 

1.4.2. Introduction 

In response to the growing global impact of sight-threatening diseases, there has been a recent shift in focus 

from the anterior to the posterior segment of the eye among formulation scientists and clinicians. Despite huge 

developments in the field of ocular therapeutics over the last decades, effective drug delivery to the retinal 

tissues remains challenging.  Light responsive systems are attractive for drug delivery to the back of the eye in a 

safe and effective manner, as light of a certain wavelength can easily pass through the transparent cornea and 

lens in a noninvasive manner (Bisht et al., 2016a). Accordingly, light can be used for site specific 

photocrosslinking of such systems in the vitreous, resulting in in-situ implant formation and thus avoiding the 

need for surgical implantation. Here, we propose NP-loaded light-responsive ISFIs as a platform for safe and 

effective drug delivery to the posterior segment of the eye. ISFIs are basically light-responsive liquids which can 

be injected into the vitreous in a minimally invasive manner, and quickly form a clear gel or solid depot upon non-

invasive photoirradiation through the cornea. In comparison to other stimuli (pH, ions and temperature), light may 

enable more rapid sol-to-gel transformation, thereby lowering the diffusion rate of both the polymer and the 

entrapped drug. This would reduce the drug burst release from the polymer matrix and thus avoid any 

cytotoxicity related to free drug concentrations higher than the recommended safety margins.  

 

Rapid sol-to-gel transformation would also result in improved physical properties helpful in maintaining the 

structural integrity of the system over longer durations, thus enhancing drug retention and bioavailability. In 

addition, the biodegradable nature of the ISFIs would avoid the need for surgical removal of the system after the 

drug release is completed. It is anticipated that incorporation of NPs into light-responsive ISFIs will further 

reduce burst release, resulting in an even better safety profile, and also improve the sustained release properties 

of this dual system, thereby reducing the need for frequent IVT injections.  

 
 

1.4.3. Evaluation of the hypothesis 

For conventional ocular dosage forms, such as topical eye drops, the majority of the instilled drug is immediately 

lost from the precorneal area due to lacrimal secretion and nasolacrimal drainage. Any drug remaining on the 
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ocular surface then has to be absorbed through corneal and non-corneal routes. The corneal route involves the 

permeation of the drug across the cornea and into the aqueous humor, from where it is distributed to the various 

intraocular tissues. The non-corneal route involves the absorption of the drug through the conjunctiva, from 

where it reaches the choroid and retinal pigment epithelium through the sclera (Kim et al., 2014). The long 

distance between the site of drug administration and the retinal tissues, which includes several complex barriers, 

further limits the entry of drug into the posterior segment of the eye. Thus, conventional eye drops which are 

found to be safe for ocular use generally fail to deliver sufficient drug concentrations to the retinal tissues 

(Ahmed and Patton, 1985). At present, the treatment of posterior segment diseases involves frequent IVT 

injections, which are associated with some side effects and high treatment costs. NP-loaded light-responsive 

ISFIs would therefore bring great benefit as innovative and advanced ocular drug delivery platforms. 

 

Stimuli-responsive ISFIs offer various benefits for ophthalmic applications, including: (i) direct injection into the 

vitreous, thereby circumventing the majority of the penetration barriers; (ii) ease of manufacturing; (iii) 

biodegradability, so avoiding the need for surgical removal; (iv) transparency and clarity important for unhindered 

vision; (v) their ability to protect the incorporated therapeutics from degradation in the vitreous body; (vi) 

biocompatibility; and (vii) ability to release drug in a sustained manner over prolonged periods of time; thus 

avoiding the need for frequent IVT injections (Aggarwal and Rupenthal, 2013, Balakrishnan and Jayakrishnan, 

2005). Various injectable stimuli-responsive in situ forming systems have been developed for drug delivery to the 

posterior segment of the eye (Shastri et al., 2010, Bisht et al., 2016a). However, despite these advances, active, 

time-dependent and high-resolution control of the in situ gel formation process is still lacking. We will address 

this issue by developing ISFIs that respond to ultraviolet light (UV, 365 nm), resulting in rapid sol-to-gel 

transformation. Light responsive systems for the management of posterior eye diseases have attracted 

increasing attention from formulation scientists and clinicians over the last decade.  

 

Light offers the following benefits as an external stimulus: (i) light of a certain wavelength can easily pass 

through the transparent cornea and lens in a non-invasive manner to reach the back of the eye; (ii) light can be 

applied easily and in a controlled manner; (iii) the rapid sol-to-gel transformation upon photoirradiation results in 

improved mechanical strength, a low drug burst and more controlled drug release; and (iv) light responsive 

systems are less affected by patient- or disease dependent stimuli such as temperature, ions or specific 

biomarkers, as the gelling reaction is controlled solely by the wavelength, intensity and duration of 

photoirradiation. Figure 1-9 schematically outlines implant formation upon photoirradiation in the posterior 

segment of the eye. Light settings and photoinitiator are among the most important factors in determining the 
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overall performance of the system. Different light sources (UV, visible and near infra-red (NIR)) have been used 

previously in the development of light-responsive in situ gelling systems for various applications (Tomatsu et al., 

2005). Photoreactions involving NIR-responsive chromophores have been found to be generally slow and 

require longer irradiation times, again resulting in a higher burst release. 

 

 

 

 

Figure 1-9. Schematic illustration of the formation of ISFIs in the posterior segment of the eye upon 
photoirradiation; (A) PLGA NPs suspended in the polymeric solution before crosslinking and (B) Formation of 
PLGA NP-loaded photocrosslinked gel upon photoirradiation (UV, 365 nm) through the cornea. 

 
 

In the proposed system we will use long wavelength UV light (365 nm) as the external stimulus. Compared to 

UV-B (280–315 nm) and UV-C (100–280 nm), UV-A (315–400 nm) is more suitable for the development of light-

responsive ISFIs as it is less absorbed by biological components and is able to penetrate the entire cornea and 

lens to reach the vitreous without causing any significant damage. Recently, light-responsive polymeric NPs 

were developed for drug delivery to the back of the eye using UV-A as the light trigger. The study revealed that  
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applying UV-A light to human retinal pigment epithelium cells (ARPE-19) for 8–10 min caused no cytotoxic 

effect, and it was thus deemed safe for ocular use (Huu et al., 2015). Besides drug delivery applications, UV light 

is currently also used for corneal crosslinking. The FDA recently approved Avedro’s corneal crosslinking system 

(Photrexa Viscous® (0.146% riboflavin 50-phosphate in 20% dextran ophthalmic solution), Photrexa® (0.146% 

riboflavin 50-phosphate ophthalmic solution) and the KXL® system) for the management of progressive 

keratoconus and corneal ectasia following refractive surgery. This procedure involves application of the 

photosensitizer (riboflavin) to the cornea and subsequent exposure to UV-A light (360–370 nm), with an 

accumulated irradiance of 5.4 J/cm
2
 for 30 min found to be safe for ocular use (Avedro, 2016, Medscape, 2017). 

As the relevant equipment is already available in ophthalmological practice, developing UV-A light-responsive 

formulations for sustained intravitreal drug delivery is clinically relevant. 

 

As seen with corneal crosslinking, the choice of photoinitiator (chromophore) is important, because of its role in 

absorbing the light which initiates the photopolymerization reaction/sol-to-gel transformation. To date, various 

photoinitiators, such as Irgacure variants, o-nitrobenzyl and anthracene have been used for the development of 

in-situ gelling systems for ocular and other applications (Griffin and Kasko, 2012, Farzaneh Hashemi Nasr et al., 

2016). The possible cytotoxicity of different photoinitiators including 2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-

methyl-1-propanone (Irgacure-2959), 1-hydroxycyclohexyl-1-phenyl ketone (Irgacure 184), and 2,2-dimethoxy-2-

phenylacetophenone (Irgacure-651) was evaluated on bovine chondrocytes, goat bone marrow-derived 

mesenchymal stem cells, human bone marrow-derived mesenchymal stem cells, rabbit corneal epithelial cells, 

human foetal osteoblasts and human embryonic germ cells. Compared to other photoinitiators, Irgacure-2959 

was found to be well tolerated at a wide range of concentrations by many cell lines (Williams et al., 2005). We 

therefore suggest Irgacure 2959 as a suitable photoinitiator for ocular drug delivery applications. 

 

For the proposed system, we are incorporating peptide-loaded biodegradable poly(lactic-co-glycolic) acid 

nanoparticles (PLGA NPs) into the ISFIs to further reduce the high initial burst release seen for NPs, or for the 

polymeric matrix alone (Thoniyot et al., 2015). Moreover, most drugs used in the treatment of posterior eye 

diseases, including peptides, have short vitreous half-lives and are prone to degradation. Incorporation of such 

therapeutic molecules into NPs will improve their vitreal half-life and release the drug in a sustained manner. 

Release will be further controlled by incorporating the NPs into the ISFIs. Figure 1-10 depicts different phases by 

which drug release can be controlled through incorporation of NPs into ISFIs. The peptide-loaded NPs will be 

engulfed by the crosslinked gel which will inhibit NP movement in the vitreous and thus prevent their rapid 

elimination (Kim et al., 2009). This will increase the residence time of the NPs in the vitreous, thereby 
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maintaining therapeutic drug concentrations at the target site for prolonged periods of time and reducing the 

need for frequent injections.  

 

 

 

Figure 1-10. Mechanisms involved in drug release from NP-loaded light-responsive ISFIs. (A) Entrapment of 
peptide-loaded PLGA NPs in the photocrosslinked gel; (B) Gel absorbs water from the surrounding vitreous and 
swells; PLGA NPs start to degrade and release peptide into the gel matrix; (C) Peptide diffusion and release is 
further sustained by the surrounding gel; (D) The remaining NPs are released upon gel degradation; (E) PLGA 
NPs and gel are biodegraded and safely eliminate from the posterior segment of the eye. 

 

1.4.4. Consequences of the hypothesis 

Effective delivery of therapeutic molecules such as peptides into the posterior segment of the eye remains 

challenging due to the presence of various penetration barriers. Current treatment of retinal diseases involves 

frequent IVT injections which may result in various side effects. We hypothesize that biodegradable and 

biocompatible PLGA NP-loaded light-responsive ISFIs are able to overcome the majority of the ocular barriers 

non-invasively and deliver the peptide to the posterior segment of the eye in a sustained manner. Using light as 
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an external stimulus will thereby result in rapid sol-to-gel transformation and better physical properties that will 

enhance the overall performance of the in-situ formed implant. We envisage that this will result in an innovative 

and effective intravitreal drug delivery platform in the future. 

 
 

1.4.5. Afterword 

Light-responsive ISFIs offer various benefits such as ease of application in a minimally invasive manner and 

more site specific control over drug release. Moreover, the biodegradable nature of such implants avoids the 

need for surgical removal after release of the payload. Incorporating drug-loaded NPs into these implants may 

reduce the high initial burst release from the polymeric matrix and further sustain drug release, thus avoiding the 

need for frequent injections as well as minimizing associated side effects. However, the use of light-responsive 

systems for ophthalmic application is still in its very early stages. Issues related to the biocompatibility of the 

photoinitiator and the elimination of photo-degraded by-products from ocular tissues need careful consideration, 

from both chemistry and biological perspectives to improve the suitability of these systems for clinical 

applications.  
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1.5. Thesis aim and objectives 

The overall aim of this thesis is to develop PLGA NP-loaded light-responsive ISFIs for effective drug delivery to 

the back of the eye. 

The specific objectives of this project include: 

No. Specific objectives Chapter 
1 Analytical method development: 

 Novel stability indicating reverse phase high pressure liquid chromatography (RP-

HPLC) method for quantification of Cx43MP and determination of its degradation 

kinetics in biological fluids. 

 

 Development and validation of a liquid chromatography tandem mass 

spectroscopy (LC-MS/MS) method for the quantification of Cx43MP in ocular fluids 

and tissues. 

 

 

2 

 

3 

2 Ex-vivo microdialysis model: 

• Development of an ex-vivo intraocular model to evaluate the tissue distribution of 

Cx43MP following its IVT administration using the microdialysis technique and LC-

MS/MS. 

 

3 

3 Nanoparticle system: 

 Preparation and statistical optimization of PLGA NPs using the one-step 

nanoprecipitation technique. 

 Development and characterization of Cx43MP-loaded PLGA NPs using the two-

step nanoprecipitation technique. 

 Toxicity evaluation using the SRB assay and ZET model. 

 

4 

 
5 
 
 
5 

4 Light-responsive in-situ forming injectable implants (ISFIs): 

 Synthesis and characterization of methacrylated alginate. 

 Drug-polymer interaction studies using IR spectroscopy and molecular modelling. 

 Development and characterization of light-responsive ISFIs.  

 Toxicity evaluation using the SRB assay and ZET model. 

 

5 

5 

5 

5 

5 Combination system development and evaluation: 

 Morphological studies 

 

5 

  In-vitro drug release studies of Cx43MP-loaded NPs, Cx43MP-loaded light-

responsive ISFIs and NP-loaded light-responsive ISFIs 

6 
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2. Novel stability indicating RP-HPLC method for 
quantification of Cx43MP and determination of its 

degradation kinetics in biological fluids 
Bisht, R., Rupenthal, I.D., Sreebhavan, S., Jaiswal, J.K.(2017) Development of a novel stability indicating RP-HPLC 
method for quantification of Connexin43 mimetic peptide and determination of its degradation kinetics in biological 

fluids. J. Pharm. Ana. (Accepted, In press)  

 

2.1. Preamble 

A number of delivery systems have been investigated for the more efficient treatment of retinal diseases. 

However, prior to the development of such delivery systems it is essential to gather crucial data on the stability of 

the therapeutic molecule during the formulation development process, under different experimental conditions 

and in biological fluids (vitreous and human plasma). Preformulation studies are part of the research and 

development process, whereby the physicochemical properties of a new drug substance are characterized in 

order to develop stable, safe and effective dosage forms (Sigfridsson et al., 2017b). In addition, properties of the 

various excipients which act as building blocks in the development of a formulation are also investigated. These 

preformulation studies of new drug substances and associated excipients are very helpful in identifying barriers 

in the formulation development process that can limit their transformation into a successful commercial product. 

In addition, stability studies of the formulation under stress conditions and in biological fluids offer valuable 

information regarding the storage conditions and its efficacy in clinical application. 

 

The following chapter covers the development and validation of an RP-HPLC method used to evaluate the 

stability of Cx43MP under various experimental conditions encountered during formulation development and 

storage, as well as in biological fluids including bovine vitreous and drug free human plasma. This chapter is a 

slightly edited version of the article entitled “Novel stability indicating RP-HPLC method for quantification of 
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Connexin43 mimetic peptide and determination of its degradation kinetics in biological fluids” which has been 

submitted to the Journal of Pharmaceutical Analysis and is currently under review. 

2.2. Introduction  

Cx43MP is a twelve amino acid peptide (MW 1396 g/mol) which has been investigated for its therapeutic efficacy 

in the management of various diseases, such as spinal cord injury (O'carroll et al., 2013, O'carroll et al., 2008), 

wound healing (Moore et al., 2013, Wong et al., 2016) and ischemia-induced brain damage (Frantseva et al., 

2002). However, the ability of Cx43MP to withstand physiological and formulation processing conditions has to 

be determined for successful translation into clinical use. Stability studies can be classified into long-term, 

accelerated and stress-stability studies (Blessy et al., 2014, Raghuvanshi et al., 2017). Long-term stability 

studies are usually carried out to evaluate the drug’s shelf-life (time taken for the amount of active ingredient to 

fall by 10% of the original amount). Compared to long-term studies, accelerated stability studies reduce the time 

required to predict the shelf-life of a drug-product at elevated environmental conditions. Lastly, stress-stability 

studies use even more extreme conditions to detect and separate active pharmaceutical ingredients from their 

degradation products. Degradation products generated during such stress-based stability studies may or may 

not form under normal storage conditions; however, they are useful in the development of a stability indicating 

HPLC method (Maheswaran, 2012). 

 

To the best of our knowledge, a validated stability-indicating HPLC method for the quantification of Cx43MP has 

not been reported in the literature to date. Thus, the present investigation aimed to develop a simple, precise, 

accurate, robust, and reproducible RP-HPLC method suitable for the quantification of Cx43MP. The method was 

validated according to FDA guidelines (Raghuvanshi et al., 2017) with the stability of Cx43MP evaluated under 

various stress conditions including acidic/basic hydrolysis as well as oxidative, thermal and photolytic 

degradation. The degradation kinetics of Cx43MP in biological fluids such as bovine vitreous and drug-free 

human plasma was also evaluated. 

2.3. Materials and methods 

2.3.1. Materials 

Peptide (VDCFLSRPTEKT, purity >95%) was purchased from ChinaPeptides Co., Ltd. (Suzhou, China). Sodium 

hydroxide (NaOH), hydrochloric acid (HCl), hydrogen peroxide (H2O2), formic acid (FA) and acetonitrile (ACN) 

were obtained from Sigma Aldrich and Thermo Fisher Scientific (Auckland, New Zealand). Bovine eyes were 
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obtained from a local abattoir (Auckland Meat Processors Ltd., Auckland, New Zealand). Milli-Q water was 

obtained from a Millipore water purification system (Massachusetts, USA). All chemicals used were of HPLC or 

higher grade. 

 

2.3.2. Instrumentation and chromatographic conditions 

HPLC was performed on an Agilent 1100 series HPLC system coupled with a diode array detector (Agilent, 

USA). Chromatographic separation was achieved using a Gemini
® 

C18 reverse phase column (150×3 mm, 3μ 

110Ǻ, Phenomenex; PN 00F-4439-Y0) protected with a SecurityGuard™ C18 (8×3 mm, 3μ, Phenomenex; PN 

AJ0-4287) guard column. Chromatographic separation was performed in gradient mode with a flow rate of 0.4 

ml/min consisting of an aqueous (0.01% v/v FA in Milli-Q water) and an organic phase (0.01% v/v FA in ACN), 

with the column temperature set to 30 °C. The injection volume was 10 μl and UV detection of Cx43MP was 

accomplished at 214 nm. The gradients used are shown in Table 2-1. Instrument control and data acquisition 

was achieved by ChemStation B.04.03-SP2 (Agilent, USA). 

          Table 2-1. Gradients used for HPLC method development 

Time A (ACN) % B (Water) % Max. pressure limit (bar) 

0 5.0 95.0 0.400 
15 50.0 50.0 0.400 
17 100.0 0.0 0.400 
19 5.0 95.0 0.400 
25 5.0 95.0 0.400 

 
 
2.3.3. Preparation of stock solutions, working solutions, calibration standards and quality 
control samples 
 
 
A standard stock solution of Cx43MP was prepared in Milli-Q water at a concentration of 1 mg/ml. The stock 

solution was diluted with Milli-Q water to obtain Cx43MP working solutions at concentrations of 7.8, 62.5 and 250 

μg/ml; these intermediate solutions were used for preparation of the calibration standards and quality control 

samples. All stock and working solutions were stored at -80 ºC and protected from light. 

2.3.4. Method validation  

The developed HPLC method was validated in terms of linearity, limits of detection (LOD) and quantification 

(LOQ), precision, accuracy and robustness according to FDA guidelines. All experiments were performed in 

triplicate (n=3). 
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2.3.4.1. Linearity  

The calibration curve was prepared from the Cx43MP stock solution (1 mg/ml) at concentrations ranging from 

0.9-250.0 μg/ml. The Cx43MP area under the peak was plotted against its corresponding concentration in Milli-Q 

water and the linearity determined by the least square linear regression analysis. 

2.3.4.2. Limits of detection and quantification 

LOD and LOQ were determined from the calibration curve of Cx43MP according to equations (1) and (2), where 

“Sy” is the standard error and “a” is the slope of the corresponding calibration curve. 

LOD = 3.3 Sy/a (1) 

LOQ = 10 Sy/a (2) 

2.3.4.3. Precision and accuracy 

The precision of the assay was determined in relation to repeatability (intra-day) and intermediate (inter-day) 

values. In order to evaluate the repeatability of the method, three quality control (QC) samples of Cx43MP (7.8, 

62.5 and 250 μg/ml; n=3 each) were quantified on the same day and on three consecutive days. The precision 

value was expressed as the percentage relative standard deviation (% RSD), with a value <15% considered 

satisfactory. Accuracy was assessed by analysing six replicates (n=6) of the three QC samples (7.8, 62.5, and 

250 μg/ml), and was expressed as % RSD. Accuracy was expressed as the recovery percentage which was 

calculated using the following equation: 

Recovery (%) = (concentration calculated from the calibration curve/nominal concentration) ×100 (3) 

2.3.5. Stress degradation studies 

The specificity of the method was demonstrated through forced degradation studies performed under acidic, 

basic, oxidative, heat and ultraviolet light conditions. A specific method should be able to separate and 

equivocally identify the test compound from the various degradation products. All experiments were conducted in 

triplicate (n=3). 
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2.3.5.1. Acid and base hydrolysis 

Cx43MP (250 μg/ml) was prepared in HCl (1 M) and NaOH (1 M), respectively. Aliquots were kept at 37 ºC 

(Thermo Scientific Heraeus
®
 microbiological incubator, USA) and 80 ºC (AccuBlock™ Digital Dry Baths, Labnet 

international, USA) for 24 h. 

2.3.5.2. Oxidative degradation 

Cx43MP (250 μg/ml) was prepared in 30% v/v hydrogen peroxide (H2O2). Aliquots were incubated at 37 and 80 

ºC for 24 h. 

2.3.5.3. Thermal degradation 

Cx43MP (250 μg/ml) was prepared in Milli-Q water and aliquots were kept at room temperature (ca. 22-25 °C), 

37, 80, -20 and -80 ºC for 24 h. Cx43MP solutions were also subjected to two freeze thaw cycles with the 

sample first frozen at −80 °C for 24 h after which it was defrosted under running tap water at room temperature 

for 2 h. In the second cycle, samples were frozen at -20 °C then defrosted under running tap water at room 

temperature for 2 h. 

2.3.5.4. UV degradation 

Cx43MP (250 μg/ml) was prepared in Milli-Q water and aliquots were kept in clear plastic vials to avoid 

unwanted UV absorption which may occur with glass vials. Samples were then exposed to UV light (365 nm, 

Spectroline
®
 E-Series UV lamp, Spectronics Corp., USA) for a duration of 7 h. 

 

2.3.6. Stability in bovine vitreous and human plasma 

Cx43MP (250 μg/ml) was added to bovine vitreous and human plasma, respectively. Solutions were kept at 37 ± 

1 ºC and at predetermined time intervals (0, 5, 10, 15, 30, 60, 120, 180 and 240 min), 100 μl of sample was 

withdrawn, mixed with ice cold ACN (1:3 v/v) and centrifuged at 13,000 rpm for 10 min to precipitate any 

proteins. The clear supernatant (100 μl) was diluted with Milli-Q water (1:1 v/v), filtered through 0.20 µm syringe 

filter (Satorium Minisart, Germany) and analysed by HPLC. The percentage remaining versus time data in 

bovine vitreous and human plasma was fitted to a non-linear two phase decay kinetic model using Prism 7 

(GraphPad, La Jolla USA). Important kinetic parameters, such as half-life (t1/2), degradation rate constant (k), 

area under the curve (AUC) and correlation coefficient (R
2
) were determined.  
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2.4. Results and discussion 

2.4.1. Method development and validation 

 
An HPLC method was developed, which allowed for quantification of Cx43MP. The detection wavelength was 

decided on the basis of its UV-visible spectrum, which showed a peak at 214 nm. The mobile phase was 

optimized after several trials with ACN and water in various proportions to obtain a sharp peak. The best results 

(peak width and retention time ~7.5 min) were obtained when the mobile phase consisted of a changing volume 

ratio of aqueous (Milli-Q water + 0.01% v/v FA) and organic phase (ACN + 0.01% v/v FA), as outlined in Table 2-

1. The chromatographic conditions of the developed method including mobile phase, flow rate, run time, column 

temperature, detection wavelength, retention time and gradient used are shown in Tables 2-1 and 2-2, with 

typical chromatograms of Cx43MP at the optimized conditions shown in Figure 2-1. Cx43MP was found to elute 

at 7.5 min with a total run time of 25 min at the set chromatographic conditions. The method showed good 

linearity with R
2
> 0.998 (Table 2-3). LOD and LOQ were found to be 0.90 and 2.98 μg/ml, respectively. The % 

RSD of Cx43MP in Milli-Q water ranged from 0.98 to 2.07 for intra-day precision, and from 1.13 to 2.0 for inter-

day precision (Table 2-4). Both RSD values were <15% which is within the acceptable limits according to the 

FDA guidelines. The accuracy determined by the mean percentage recovery of various peptide concentrations 

(7.8, 62.5 and 250 μg/ml) was 96.79, 98.25 and 99.06, respectively with a % RSD of <2.2. The method therefore 

showed good accuracy with over 95% recovery of Cx43MP. 

 
 

Table 2-2. Chromatographic conditions for Cx43MP quantification. 

Parameters Conditions 

Stationary phase (column) C18 with Tri-methyl silane (TMS) end capping  
(3µ C18, 110Ǻ, 150×3 mm) 

Mobile phase ACN (100% v/v) + FA (0.01% v/v)                  
Milli-Q water (100% v/v) + FA (0.01% v/v) 

Flow rate (ml/min) 0.40 
Run time (min) 25 

Column temperature (°C) 30  
Volume of injection loop (µl) 20 
Detection wavelength (nm) 214 

Retention time (min) 7.56 
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Figure 2-1. Typical chromatograms of Cx43MP (A) 250 µg/ml and (B) 62.5 µg/ml. 

 

 

Table 2-3. Linearity, LOD and LOQ for Cx43MP 

S. 
No. 

Slope Y-intercept R
2
 

1 10.39 21.48 0.9985 
2 10.30 28.33 0.9982 
3 10.15 25.49 0.9984 

Avg 10.28 25.10 0.9983 
SD  3.07  

LOD  0.90  
LOQ  2.98  

 

 

Table 2-4.Intra- and inter-day precision and accuracy (Mean ± SD) 

S. 
No. 

Concentration 
injected (µg/ml) 

Concentration found 
(µg/ml) 

% Recovery % RSD 

Intra-day (n=3) 
1 7.8 7.58 ± 0.13 97.17 2.02 
2 62.5 61.43 ± 0.55 98.28 0.98 
3 250 246.98 ± 4.66 98.78 2.07 

Inter-day (n=3) 
1 7.8 7.42 ± 0.13 95.12 2.0 
2 62.5 61.41 ± 0.63 98.25 1.13 
3 250 249.81 ± 3.39 99.92 1.49 

Accuracy (n=6) 
1 7.8 7.55 ± 0.15 96.79 2.19 
2 62.5 61.41 ± 0.92 98.25 1.64 
3 250 247.67 ± 2.70 99.06 1.20 
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2.4.2. Stress degradation 

 
Cx43MP (250 μg/ml) solutions prepared with Milli-Q water and stored at 37 ºC for 24 h were found stable with a 

recovery of 99.04% (Table 2-5, Figure 2-2(A)). Cx43MP was found to moderately tolerate acidic conditions (1 M 

HCl) with a recovery of approximately 72% at 37 ºC, whereas approximately 6% remained at 80 ºC (Table 2-5, 

Figure 2-2(B) and 2-3(B)). The degradation of Cx43MP in acidic conditions at 37 ºC could be due to the acid 

catalyzed formation of a cyclic imide intermediate which can cause cleavage of the peptide chain (Cholewinski et 

al., 1996). This acid based degradation was further accelerated at higher temperature (80 ºC). Under basic 

conditions (1 M NaOH) at 37 and 80 ºC, Cx43MP completely degraded with no recovery. The chromatograms 

showed complete loss of the characteristic Cx43MP peak under basic conditions, and the appearance of a small 

chromatographic peak representing a degradation product (Table 2-5, Figure 2-2(C) and 2-3(C)). The instability 

under basic condition (pH>8) could have been due to the reverse oxidation of cysteine and the formation of intra-

chain or inter-chain disulfide bonds (Aldrich, 2017b). Under oxidising conditions (30% v/v H2O2) about 79.9 and 

9.65% were recovered at 37 and 80ºC, respectively (Table 2-5, Figure 2-2(D) and 2-3(D)). The cysteine (C) 

residue within the peptide has been found prone to reversible oxidation, with the thiol group of cysteine easily 

deprotonated and readily forming intra-chain or inter-chain disulfide bonds (Aldrich, 2017b). Accordingly, a slight 

instability of peptide was observed under oxidising conditions which appeared to be temperature dependent with 

higher degradation at 80 °C. Recoveries of Cx43MP subjected to various temperatures are shown in Table 2-5. 

 

Table 2-5. Stability of Cx43MP under various conditions (Mean ± SD; n=3). 

 

S. 

No. 

Condition 37º

C 

80º

C 

Concentration 

(µg/ml) 

Concentration found (µg/ml) % Recovery % RSD 

Duration 
(h) 

37 ºC 80 ºC 37 ºC 80 ºC 37 ºC 80 ºC 

1 Acidic degradation 
(1 M HCl) 

 
24 

 
12 

 
250 

 
182.13 ± 2.13 

 
14.73 ± 2.54 

 
72.85 

 
5.89 

 
0.40 

 
3.90 

2 Basic degradation 

(1 M NaOH) 

24 12 250 0.00 ± 0.00 0.00 ± 0.00 0.00 0.00 0.00 0.00 

3 Oxidative 
degradation 

(30 % H2O2) 

 
24 

 
12 

 
250 199.76 ± 3.21 24.13 ± 2.32 79.90 9.65 1.08 1.87 

4 Thermal 
degradation  

room temperature 
37 ºC 
80 ºC 

-80 ºC 

 
 

24 
24 
12 

24 
 

 
 

250 
250 
250 

250 
 

 
 

248.36 ± 2.11 
247.60 ± 3.22 
103.10 ± 3.11 

248.92 ± 2.67 
 

 
 

99.34 
99.04 
41.24 

99.56 
 

 
 

0.40 
0.76 
10.81 

1.17 
 

5 Freeze thaw cycle 24 (-80ºC) to  
2 (22ºC) to  
2 (-20ºC) 

250 247.54 ± 3.55 89.03 8.39 

6 Photolytic 
degradation 

(UV light, 365nm) 

 
7 

 
250 

 
242.75 ± 2.45 

 
97.10 

 
2.44 
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Figure 2-2. Stability of Cx43MP at 37 ºC in (A) Milli-Q water; (B) 1M HCl; (C) 1M NaOH and (D) H2O2 (30% v/v). 
The degradation products are indicated by D*. 

 

Figure 2-3.Stability of Cx43MP at 80 ºC in (A) Milli-Q water; (B) 1M HCl; (C) 1M NaOH and (D) H2O2 (30% v/v). 
The degradation products are indicated by D*. 
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The peptide was found to be stable at room temperature and 37 °C with a recovery of over 99%; however, at 

higher temperature (80 ºC) only 41.24% was found after 12 h. At -80 °C, Cx43MP was found stable with a 

recovery of over 99%. After two freeze thaw cycles, 89% of the peptide was still able to be recovered. It is known 

that repeated freezing and thawing can cause some degree of peptide degradation (Patel, 1993, Aldrich, 2017a). 

It is therefore recommended that if peptide samples need to be frequently or periodically taken from the stock, a 

series of working aliquots be made from the stock and then stored at -20°C or even lower temperature. Upon UV 

light exposure (365 nm) for 7 h, approximately 97.1% of Cx43MP was recovered (Table 2-5) suggesting that 

Cx43MP is stable under UV light, which is important from a formulation and packaging perspective. 

Nevertheless, peptide containing formulations should generally be protected from light by keeping them in light 

resistant containers (Piechocki and Thoma, 2006). 

 

2.4.3. Stability in bovine vitreous and human plasma 

Peptides are known to undergo enzymatic degradation in biological fluids. As our ongoing studies intend to use 

Cx43MP for the treatment of inflammatory retinal diseases, it was imperative to test its stability in bovine vitreous 

and human plasma. Figure 2-4 and 2-5 show Cx43MP chromatograms in bovine vitreous and human plasma, 

with Cx43MP recoveries shown in Figure 2-6. Sixty-seven percent of Cx43MP was recovered immediately after 

being added to bovine vitreous (initial time point, 0 min), but by the end of incubation period (240 min) only 17% 

remained (Figure 2-6). This finding was similar to a previous report of Cx43MP stability in bovine vitreous (Chen 

et al., 2013). The chromatogram of Cx43MP in bovine vitreous (Figure 2-4) showed three new distinctive peaks 

related to the degradation products which appeared to increase in area over the incubation period. Enzymes, 

such as chondroitinase, hyaluronidase, dispase and plasmin/microplasmin are present in the vitreous which may 

contribute to the enzymatic degradation of the peptide (Gandorfer, 2008, Schwartz et al., 1996). Cx43MP was 

found to be rather unstable in human plasma with recovery of only about 40% at the initial time point (sampled 

immediately after the addition, 0 min), with only 0.4% remaining at the end of incubation period (240 min). A 

previous study has shown that the stability of Cx43MP in the vitreous can be increased almost two-fold by 

addition of two C-12 lipoamino acid groups at the N-terminus of the peptide (Chen et al., 2015b). Another 

approach to increase the stability and half-life in the vitreous could be to incorporate the peptide into polymeric 

particles and hydrogels indented for intravitreal injection (Jitendra et al., 2011, Patel et al., 2014, Bisht and 

Rupenthal, 2016). 
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Figure 2-4. Chromatograms of Cx43MP incubated within bovine vitreous (V) at different time points (0, 120, 180 
and 240 min). The degradation products are indicated by D*.   
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Figure 2-5. Chromatograms of Cx43MP incubated with human plasma (P) at different time points (0, 5, 15 and 
240 min). The degradation product is indicated by D*.    

 

The chromatogram of Cx43MP immediately following its addition to human plasma (Figure 2-5) showed a 

distinctive peak (indicated by an arrow) related to a degradation product which appeared to increase rapidly in 

area over the following 5 min of incubation, while the main peptide peak started disappearing after 15 min. 
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Cx43MP was found to be relatively unstable in human plasma with only about 40% recovered at the initial time 

point (sampled immediately after the addition, 0 min) and only 0.4% remaining at the end of the incubation 

period (240 min) (Figure 2-6). Somatostatin, a 14 amino acid sequence peptide, has a very short plasma half-life 

(t1/2= 2-3 min) which limits its effective clinical application in its native from (Werle and Bernkop-Schnurch, 2006). 

Octreotide (Sandostatin
®
) was developed to overcome this drawback, by shortening the overall amino acid 

sequence of somatostatin from 14 to 8 amino acids, with the L-amino acids also replaced by D-amino acids. 

These modifications led to an improvement in plasma half-life from a few minutes to about 1.5 hours (Harris, 

1994). Unmodified peptides do not usually circulate in the blood for more than a few minutes due to enzymatic 

degradation, and have generally poor bioavailability in tissues and organs. Once in the tissue or cellular 

compartments, the inactivation of the peptide involves specific endopeptidases, while in the systemic circulation 

and in peripheral organs less specific exopeptidases (amino- and carboxy-peptidases) are responsible (Adessi 

and Soto, 2002). In general, chemical modifications of peptides at potential enzymatic cleavage sites may 

significantly increase their in-vivo stability. 

 

2.4.4. Degradation kinetics 

The non-linear two-phase decay kinetic model described the best fit and was used to determine the degradation 

kinetics of Cx43MP in bovine vitreous and human plasma. The degradation followed two-phase decay, the first a 

shorter but rapid phase followed by a longer but slower phase (Figure 2-6). As outlined above, Cx43MP had 

better stability in bovine vitreous compared to human plasma due to the higher number and quantity of protein 

and peptide degrading enzymes present in the plasma compared to the vitreous (Mason, 1964, Astrup et al., 

1950). The kinetic parameters obtained for Cx43MP in bovine vitreous were half-life (t1/2 fast= 4.51 and t1/2 slow= 

171.8 min) and rate constant (kfast= 0.015 and kslow= 0.0010 min
−1

), with a high correlation coefficient (R
2
 = 

0.999) and an area under the curve (AUC) of 6643 μg.h/l. The kinetic parameters for Cx43MP in human plasma 

were half-life (t1/2 fast= 5.06 and t1/2 slow= 39.27 min) and rate constant (kfast= 0.0048 and kslow = 0.0088 min
−1

), 

with a correlation coefficient of R
2
 = 0.999 and an AUC of 818.2 μg.h/l. Half-life (t1/2 fast= 4.51 vs 5.06 min) was 

found to be similar in bovine vitreous and human plasma; however, the respective t1/2 values in the slower phase 

were quite distinct, indicated that Cx43MP was more stable in bovine vitreous compared to human plasma. This 

may be explained by fast enzymatic action as the peptide is mixed with the biological fluids. However, over time, 

the enzymes present become saturated thus resulting in a slower degradation rate during the second phase. 

However, further investigations are warranted to explain the underlying mechanisms. 
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Figure 2-6. Non-linear two-phase degradation kinetics of Cx43MP in bovine vitreous and human plasma. 

 

2.5. Conclusion  

The reported HPLC method was found simple, reliable, sensitive, and precise for the analysis of Cx43MP and 

can therefore be used to determine the peptide stability in various formulations intended for pre-clinical 

formulation and pharmacokinetic studies. Cx43MP was found to moderately tolerate the majority of the stress 

conditions excluding basic conditions. It should be noted that the described stress conditions are extreme and 

are not generally encountered in peptide drug development and formulation. With regard to clinical applicability, 

Cx43MP was found to be more stable in bovine vitreous compared to human plasma. The information presented 

here will be useful in designing a sustained release drug delivery system for clinical application of Cx43MP in the 

treatment of inflammatory retinal diseases. The developed HPLC method will be used in the evaluation of 

entrapment efficiency (%EE) of the PLGA NPs and ISFIs. In addition, the HPLC method will also be used in the 

quantification of Cx43MP during in-vitro peptide release from the NPs and ISFIs.  

 

2.6. Afterword 

The degradation of Cx43MP in bovine vitreous is mainly due to enzymes, such as chondroitinase, 

hyaluronidase, dispase and plasmin/microplasmin. Serum proteases present in human plasma act on functional 

groups of particular amino acids and cleave them from the main peptide chain. For example, clostripain and 
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thrombin proteases act on the carboxylic site of the arginine residues while trypsin cleaves the carboxylic site of 

arginine and lysine residues. In addition, chymotrypsin acts on the carboxylic site of tyrosine, tryptophan, 

phenylalanine, leucine and methionine residues (Figure 2-7).  

 

Figure 2-7. Mechanism of action of serum protease on specific amino acid of Cx43MP. 

These enzymes and serum protease present in the vitreous and plasma respectively, cleave the peptide into 

different fragments which appear as degradation peaks in the chromatograms. In general, HPLC is able to 

quantify almost all active pharmaceutical ingredients; however, it may have limitations in terms of sensitivity and 

selectivity in the quantification of complex molecules such as peptides and their degradation products. 

Nevertheless, this HPLC method can be used to characterize Cx43MP entrapment efficiency into and in-vitro 

release from NPs and ISFIs. Limitations associated with HPLC can be overcome by combining HPLC with mass 

spectroscopy (MS). Liquid chromatography tandem mass spectroscopy (LC-MS/MS) offers a higher degree of 

sensitivity and selectivity where quantification of peptides and determination of its possible degradation products 

can be done in a shorter time. The next chapter covers the development and validation of a LC-MS/MS method 

used for the quantification of Cx43MP. This method was used to study the tissue distribution of Cx43MP 

following IVT administration in a novel ex-vivo intraocular microdialysis model. 
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3. Ex-vivo investigation of ocular tissue distribution 
following intravitreal administration of Cx43MP using 

the microdialysis technique and LC-MS/MS 
Bisht, R., Mandal, A., Rupenthal, I.D., Mitra, A.K. (2016) Ex-vivo investigation of ocular tissue distribution following 

intravitreal administration of connexin43mimetic peptide using the microdialysis technique and LC-MS/MS.  
Drug Deliv Transl Res. 6(6):763-770. 

 

3.1. Preamble 

Ex-vivo studies to investigate intravitreal pharmacokinetics and tissue distribution of therapeutic molecules can 

give valuable information regarding formulation development and avoid unnecessary animal sacrifice. However, 

ex-vivo studies of drugs and formulations intended for administration into the posterior eye segment are quite 

difficult due to the absence of suitable models. Therefore, this chapter deals with the development of a new ex-

vivo model to investigate the tissue distribution of Cx43MP following IVT administration using microdialysis. This 

research work was accomplished during a visit to Professor Ashim Kumar Mitra’s laboratory, in the Department 

of Pharmaceutical Sciences, University of Missouri-Kansas City, Kansas, USA. Professor Mitra’s research group 

is actively involved in the development of drug delivery platforms for the posterior eye segment and has 

expertise in the intravitreal microdialysis technique. 

In this chapter, a rapid LC-MS/MS method was developed for the quantification of Cx43MP in bovine vitreous 

and different ocular tissues. Another peptide, Octreotide was used as an internal standard during validation of 

the LC-MS method and analysis of ex-vivo study samples. This chapter is a slightly edited version of the article 

entitled “Ex-vivo investigation of ocular tissue distribution following intravitreal administration of 

connexin43mimetic peptide using the microdialysis technique and LC-MS/MS”, which has been published in 

Drug Delivery and Translational Research. 
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3.2. Introduction  

Previously, various systems have been developed for effective drug delivery to the posterior segment of the eye 

(Peptu et al., 2015, Edelhauser et al., 2010). However, more detailed information on the intravitreal 

pharmacokinetics and tissue distribution of the administered agents is necessary for dose optimization and 

development of ophthalmic formulations. Evaluation of intravitreal pharmacokinetics is difficult due to the need 

for continuous sampling of ocular fluids from the vitreous chamber. Conventionally, pharmacokinetic analysis 

has been carried out by taking a single intravitreal sample from different animals, resulting in variability and 

unnecessary animal sacrifice (Macha and Mitra, 2001). Ocular formulations intended for drug delivery to the 

back of the eye usually target the retina, Bruch’s membrane and the choroid. In order to develop a 

pharmacokinetic profile of a drug, six to 20 animals are usually required per time point, with at least ten time 

points needed to define absorption, distribution and elimination processes. Therefore, 120 to 150 animals would 

generally be needed for a single dose pharmacokinetic study (Vaishya et al., 2011). In an effort to reduce animal 

numbers, microdialysis has recently been recognized as a standard sampling technique that can be applied for 

sampling various tissues and fluids including kidneys, brain, liver, skin, tumours, bile, blood and eyes. 

Microdialysis provides advantages over conventional sampling techniques. It enables continuous sampling 

therefore lower numbers of animals are required, there is lower variability and the data is more statistically 

significant and robust (Boddu et al., 2010a). 

 

The microdialysis technique works on the principle of dialysis whereby a probe with a semipermeable membrane 

is inserted into the tissue or fluid of interest (Elmquist and Sawchuk, 1997). A physiological solution is circulated 

through the microdialysis probe at a constant flow rate. The concentration gradient across the semipermeable 

membrane causes the solute to diffuse in or out of the dialysis probe (Figure 3-1). The composition of perfusate 

should be similar to the fluid surrounding the dialysis membrane in order to avoid a change in composition (ionic 

strength) of the surrounding fluid (Boddu et al., 2010a). The molecular weight cut-off of the dialysis membrane 

determines the movement of solute molecules through the probe. Various ocular drug delivery systems have 

been evaluated by microdialysis in-vivo, using rabbits as the experimental model of choice. These models can 

be divided into two main categories: (a) anesthetised (Hughes et al., 1996, Dias et al., 2002, Atluri and Mitra, 

2003); and (b) conscious animal models (Anand et al., 2004). While this has significantly reduced the number of 

animals required, the development of a reliable ex-vivo model for intravitreal drug disposition studies would still 

be of great advantage to further reduce the number of animals required during the development phase of ocular 
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drug delivery systems. While such studies cannot completely replace in-vivo experiments, data from ex-vivo 

studies can yield a great deal of information regarding the behaviour of the delivery system inside the eye. 

Therefore, this technique could play an important role in decision making regarding in-vivo studies of developed 

drug delivery systems and successful evaluation of ophthalmic formulations. 

 

 

Figure 3-1. Diagrammatic representation of a microdialysis probe implanted in the vitreous of the eye. 

 

 

The purpose of the present study was to establish an ex-vivo bovine eye model to evaluate the ocular tissue 

distribution of a peptide drug following intravitreal injection. The microdialysis technique was used for continuous 

vitreous sampling in bovine eyes at particular time intervals, and Cx43MP concentrations in the vitreous and 

various other ocular tissues were analysed by a validated liquid chromatographic tandem mass spectroscopy 

(LC-MS/MS) method. 
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3.3. Materials and methods 

3.3.1. Materials 

Cx43MP (MW = 1396 g/mol, purity >95%) and Octreotide (Octd; MW = 1019 g/mol, purity >95%) were 

purchased from ChinaPeptides Co., Ltd. (China). Microdialysis probes (CMA/20) were purchased from CMA 

Microdialysis AB (Sweden). Syringe pumps were purchased from Bioanalytical Systems, Inc. (USA). Bovine 

eyes were supplied by Bichelmeyer Meats (USA). HPLC grade acetonitrile (ACN, 100%) and formic acid (>98%) 

were purchased from Thermo Fisher Scientific (USA). Ultrapure HPLC grade water was prepared by a Milli-Q
®
 

system, Millipore (USA). All other chemicals used in this study were of reagent grade. 

 

3.3.2. LC-MS/MS method development and validation 

A 1200 Series HPLC system (Shimadzu Scientific Instruments, Columbia, USA) was employed. Mass 

spectrometric detection was performed on a LC-MS/MS system 3200 QTRAP
®
 (Applied Biosystems/BA Sciex, 

California, USA). Data processing was performed on the Analyst 1.5.1 software package (SCIEX). A reverse-

phase (RP) C-18 column (Phenomenex, Gemini
®
, 3µ C-18, 110Ǻ, 150×3 mm, stationary phase- C-18 with TMS 

end capping) was utilized in gradient mode. Acetonitrile: water (1:1) with 0.1% formic acid was selected as the 

mobile phase. The flow rate of the mobile phase was set at 0.3 ml/min with an injection volume of 20 µl and a 

column temperature of 30 ˚C. Octd was selected as the internal standard. The turbo ion spray source was 

operated in positive mode with unit resolution. In addition, the multiple reaction monitoring (MRM) mode was 

applied for the detection of the peptide. For both Cx43MP and Octd, the source dependent parameters were as 

follows: Gas 1 (nebulizer gas): 50.0 psig; Gas 2 (heater gas flow): 50.0 psig; ion spray voltage: 5500 V; turbo 

heater temperature: 400 ºC; interface heater: On; entrance potential: 10 V; collision activation dissociation gas: 

high. The following optimized values for analyte-dependent parameters were set for both Cx43MP and Octd: 

declustering potential (80 V), collision energy (20 V), and cell exit potential (10 V). 

3.3.2.1. Preparation of calibration standards and quality control samples 

Cx43MP and Octd stock solutions were prepared in HPLC grade water to a final concentration of 5 mg/ml. The 

working solutions of Cx43MP and Octd were diluted by HPLC grade water to prepare concentrations of 0.12–

500 µg/ml. A working concentration (31 µg/ml) of the internal standard was prepared in HPLC grade water and 

refrigerated. The quality control samples prepared for Cx43MP were 0.24 (LQC), 3.90 (MQC), and 125 µg/ml 

(HQC). All samples were incubated at 37 ˚C for 24 h for subsequent use. 
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3.3.2.2. Calibration of standard curve (Linearity and Range) 

Calibration curves were constructed using Cx43MP concentrations ranging from 0.11-500 µg/ml. 

3.3.2.3. Recovery, accuracy and precision 

The extraction recovery of Cx43MP from bovine vitreous was determined by analysing the quality control 

samples. Recovery at three concentrations (0.24, 3.90 and 125 µg/ml) was determined by comparing peak areas 

obtained from the vitreous sample with those for the standard solution spiked with the blank vitreous residue. A 

recovery of more than 70% was considered adequate. The accuracy of the assay was defined as the ratio of the 

mean of the assay values to the actual value expressed as a percentage. The precision of the method was 

determined by repeated intra-day and inter-day analysis (three successive injections of a standard solution 

(LQC, MQC and HQC (0.24, 3.90, 125 µg/ml)) on days 1, 2 and 3, respectively), expressed as the relative 

standard deviation (RSD) of the replicated measurements. 

3.3.2.4. Limits of detection (LOD) and quantification (LOQ) 

The limits of detection (LOD) and quantification (LOQ) were determined from spiked water samples, as the 

minimum detectable amount of analyte with a signal-to-noise ratio of 3 and 10. The LOD was estimated from the 

injection of a standard solution successively diluted until reaching a concentration level corresponding to a 

signal-to-noise ratio of 3. 

3.3.3. Ex-vivo intravitreal microdialysis studies 

Over the last few years, microdialysis has gained popularity due to its ability to continuously analyze drug 

concentrations and the associated reduction in unnecessary sacrifice of animals (Duvvuri et al., 2005). To date, 

microdialysis has been employed in various ocular pharmacokinetic investigations with either anesthetized or 

conscious animal models, depending upon the duration of the studies. This is the first known ex-vivo 

microdialysis study. 

3.3.3.1. In-vitro probe recovery 

           Probe calibration was performed by placing the microdialysis probe in isotonic phosphate buffer saline 

(IPBS) solution, pH 7.4, containing Cx43MP of known concentrations (125, 62.5 and 31.2 µg/ml). The probe was 

perfused with IPBS at a flow rate of 2 μl/min and the dialysate was collected every 20 min for 1 h, as described 
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in literature (Figure 3-2) (Anand et al., 2004, Dias and Mitra, 2003, Anand et al., 2006). The relative in-vitro 

recovery of Cx43MP was calculated by the following equation: 

                                                       Recovery = Cd / Cs 

where, Cd represents the dialysate concentration and Cs is the known concentration of Cx43MP in IPBS.  

        

 

                         Figure 3-2. Experimental setup for in-vitro probe recovery studies. 

 

3.3.3.2. Probe implantation  

Fresh bovine eyes were collected and prepared by removing extra ocular tissue. Eyes were wrapped in cotton 

sheets soaked with IPBS (pH 7.4) to maintain the required moisture level throughout the study and fixed in 

customized eye holders fitted on a petri dish. A 25G needle was used to help position the microdialysis probes 

(CMA/20) in the vitreous body of each bovine eye at about 3 mm below the corneal scleral limbus on a 45º 

angle. After removal of the needle, the probe was immediately placed into the vitreous body. The position of the 

probe was then adjusted so that the membrane resided in the mid-vitreous, as ascertained by microscopic 

examination. 
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3.3.3.3. Sampling through microdialysis probe 

The inlet tubes of the microdialysis probes were then connected to the syringe fitted on the infusion pump and 

filled with IPBS. The flow rate was set at 2 µl/min and the outlet tube of the probe connected to the sample 

holder (Figure 3-3). The entire setup was placed inside an incubator maintained at 37 ºC throughout the study 

with continuous circulation of carbogen (carbon dioxide and oxygen mixture). After intravitreal injection of 

Cx43MP solution in HPLC grade water (100 µl of 2 mg/ml), samples were collected every 1 h over a period of 24 

h. Samples were then analyzed with the help of the validated LC-MS/MS method described above. Experiments 

were conducted in triplicate (n=3). 

 

 

Figure 3-3. Experimental setup for ex-vivo intravitreal microdialysis studies. 

 

3.3.4. Tissue distribution studies 

Following intravitreal injection of 100 µl of Cx43MP (2 mg/ml) using a 30-gauge needle, bovine eyes were 

incubated for 24 and 48 h at a temperature of 37 ºC. Ocular fluids and tissues (aqueous humor, cornea, iris, 

lens, vitreous humor and retina) were then excised, minced into small pieces using a scalpel, and subjected to 
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homogenization in a homogenizer (Kinematica PolytronTM PT 1300D, Fisher Scientific, USA) set at 15 strokes 

for a duration of 1 min in a suitable volume of IPBS (Figure 3-4). Samples were then centrifuged at 13,000 rpm 

for 1 h at 4 ºC. Following centrifugation, the supernatant was collected and mixed with ACN (1:4) for protein 

precipitation. Prepared solutions were again centrifuged at 13,000 rpm for 1 h at 4 ºC. After centrifugation, 

supernatants (1 ml) were collected for further analysis by LC-MS/MS. All samples were prepared in triplicate 

(n=3) for each tissue type. 

 

 

Figure 3-4. Different ocular fluids and tissues were excised and analyzed for Cx43MP distribution after 24 and 48 
h. (A) aqueous humor; (B) cornea; (C) iris; (D) lens; (E) retina and (F) vitreous humor. 

3.4. Results and discussion 

3.4.1. LC-MS/MS method development and validation 

Cx43MP and Octd were analyzed by LC-MS/MS to find their different molecular weights. Figure 3-5 shows a 

representative chromatogram of Cx43MP and Octd. Linearity was demonstrated by multiple analyses of 

concentrations ranging from 0.11–500 µg/ml for Cx43MP. The regression equation used to find Cx43MP 
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concentration over its peak area ratio was y = 12658x - 2786.6, where x is the concentration of Cx43MP and y is 

the respective peak area. The correlation coefficient (R
2
) was found to be 0.9991, indicating a good linear 

relationship and the method was employed for determining Cx43MP concentrations in various ocular tissues. 

The % recovery was calculated from the ratio of the areas of extracted vs un-extracted samples at each level 

(Table 3-1). Three un-extracted (n=3) low, medium and high quality control samples were prepared by spiking 20 

μl of drug and 20 μl of internal standard with extracted blank bovine vitreous. The recovery results are based on 

a comparison of the LC-MS/MS response in bovine vitreous (un-extracted) samples with the response in blank 

bovine (extracted) vitreous. The mean % recovery for LQC, MQC and HQC (0.24, 3.90 and 125 µg/ml) were 

83.83, 84.92 and 94.52. The mean % recovery for the internal standard (Octd) was 89.09%. The precision and 

accuracy results are reported in Table 3-2. For the three different concentrations (0.24, 3.90 and 125 µg/ml), the 

intra-day precision (% CV) ranged from 1.43 to 7.52%, and inter-day precision (% CV) from 2.13 to 8.32%. Intra-

day accuracy ranged from 97.13 to 99.21%, while inter-day accuracy ranged from 98.36 to 98.97%. The limit of 

detection (LOD) and quantification (LOQ) were 0.12 µg/mL (S/N= 3) and 0.41 µg/mL (S/N = 10) respectively. 

Accordingly, the validated method was selected for quantification of Cx43MP in vitreous samples and ocular 

tissues. 
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Figure 3-5. Representative LC-MS/MS chromatogram of Cx43MP and Octd 

 

 

Table 3-1 Recovery of Cx43MP in spiked bovine vitreous (Mean ± SD, n=3). 

Spiked concentration 

of Cx43MP (µg/ml) 

Peak height ratio   

% Recovery Extracted Cx43MP 

response 

Un-extracted Cx43 MP 

response 

HQC (125.000) 1,494,400.00 ± 325.21 1,583,900.00 ± 347.32 94.34 

MQC (3.906) 16,356.00 ± 375.65 19,486.00 ± 462.56 83.93 

LQC (0.244) 428.34 ± 53.42 538.12 ± 74.23 79.97 
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Table 3-2 Intra- and inter-day precision and accuracy of Cx43 MP (Mean ± SD, n=3). 

Statistical variable Concentration (µg/ml) 

   
LQC (0.24)              MQC (3.90)             HQC (125.00) 

 
Intra-day 

   

Measured  0.23 ± 0.01 3.83 ± 0.11 124.02 ± 1.79 
CV (%) 1.43 5.21 7.52 

Accuracy (%) 97.13 98.10 99.21 
         
        Inter-day 

   

Measured  0.24 ± 0.01 3.78 ± 0.23 123.72 ± 2.32 
CV (%) 2.13 4.21 8.32 

Accuracy (%) 98.36 96.85 98.97 

 

 

3.4.2. Intravitreal microdialysis studies 

The concentration of Cx43MP detected in the dialysate accurately reflects the concentration change at the 

sampling site. Therefore, to validate the in-vitro probe calibration, at least three variable concentrations of 

Cx43MP must be studied. The results of the probe recovery experiments are summarized in Figure 3-6. A 

significant probe recovery (80–95%) was found at all-time points for the different concentrations. 

 

 

Figure 3-6. In-vitro probe recovery at different time points using three Cx43MP concentrations (Mean ± SD, n=3). 
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Vitreous samples were collected hourly over 24 h using the microdialysis probe. Figure 3-7 shows the vitreous 

concentration time profile of Cx43MP after intravitreal injection. Initially, the Cx43MP concentration was low as 

the dose started to diffuse from the point of injection towards the probe. Subsequently, there was a significant 

increase in peptide concentration which was due to rapid diffusion towards the probe. The equilibrium state of 

drug diffusion was maintained over nearly 10 h. Cx43MP is a relatively small peptide and thus rapidly diffuses 

throughout the vitreous body. This rapid diffusion resulted in an increase in Cx43MP concentration from 2–16 h. 

After 16 h, Cx43MP further diffused away from the implanted probe site towards the outer ocular tissues and 

across the posterior segment tissues. This multidirectional diffusion of Cx43MP from the vitreous body to other 

ocular tissues resulted in a significant decrease in Cx43MP concentration at the probe site from 16 to 24 h. The 

movement of Cx43MP from the vitreous body towards other ocular tissues via different pathways was further 

confirmed by quantifying peptide concentrations in the excised tissues. 

 
 

 

Figure 3-7. Ex-vivo intravitreal sampling of Cx43MP using microdialysis from 0 to 24 h (Mean ± SD, n=3). 

 

3.4.3. Ocular tissue distribution 

Due to the avascular, stagnant, gelatinous nature of the vitreous, Cx43MP equilibrates throughout the vitreous 

body by diffusion following bolus intravitreal administration (Park et al., 2005). After attaining equilibrium, a small 

fraction of the molecule may be eliminated from the vitreous body to the anterior chamber through continuous 

diffusion (Laude et al., 2010). Figure 3-8 depicts the various elimination pathways of molecules injected into the 
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vitreous body. Compared to large molecules, molecules with lower molecular weight migrate at a faster rate and 

diffuse rapidly. The intravitreal half-life of low molecular weight substances is usually a few hours but as the 

molecular weight increases beyond 10 kDa, clearance tails off. Intravitreal flow due to a pressure and 

temperature gradient between the anterior chamber and the surface of the retina also determines the movement 

of larger molecules (Missel, 2002). However, this may play a less important role in this ex-vivo model where 

intraocular flow mechanisms and pressure may differ from the in vivo condition. Multiple factors including aging 

(Tan et al., 2011), vitrectomy and vitreous substitutes (Chin et al., 2005), lens status (Mandell et al., 1993, Bakri 

et al., 2007), formulation variables and dosing schedules (Mitchell et al., 2010), needle bore (Chuang et al., 

2008), injection site (Friedrich et al., 1997) and intraocular pressure changes (Adelman et al., 2010) can have 

signifiant  affects on the intravitreal pharmacokinetics of drug molecules. 

 

 

 

 

Figure 3-8. Diagrammatic representation of the routes of elimination of drugs from the ocular vitreous. A: Active 
transport through the retinal pigment epithelium (RPE); B: Diffusion through the porous blood-aqueous barrier 
towards the anterior segment; C: Uveoscleral outflow; D: Trabecular outflow. 

 

Ocular tissues were exercised at predetermined time intervals for this study, and ocular fluids (aqueous and 

vitreous humor) collected and analyzed for Cx43MP concentrations. Figure 3-9 shows the ocular tissue 

distribution of Cx43MP after 24 and 48 h. The Cx43MP concentration was highest in the vitreous after 24 h of 

incubation and continued to increase up to 48 h. Cx43MP concentration in the cornea was lowest after 24 h; 

however, it was significantly elevated after 48 h of incubation, possibly due to the diffusion of Cx43MP from the 
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vitreous to the anterior segment through the porous aqueous barrier (Vaishya et al., 2011). Significant amounts 

of Cx43MP were also observed in the retina due to rapid diffusion of Cx43MP from the site of injection towards 

the retina. Such rapid transport of therapeutic molecules could be beneficial for the management of posterior eye 

diseases. Significant amounts of Cx43MP were also observed in the iris but reduced slightly after 48 h of 

incubation. Cx43MP concentrations in the lens and aqueous humor were also slightly lower after 48 h of 

incubation. This can be attributed to absorption of Cx43MP from the aqueous humor into the cornea, and then 

diffusion out of these tissues due to the concentration gradient. However, further improvements to the model by 

by more closely mimicking in-vivo situations may be needed to give more reliable data. Other ocular tissues, 

such as the sclera and retinal pigment epithelium (RPE), were not considered in the present investigation but 

possibly also absorbed significant amounts of peptide. Additionally, the tissue extraction process involved 

various steps including protein precipitation and recovery. A considerable amount of drug may have been lost 

during these multiple tissue extraction processes. Nevertheless, the proposed model provides a new paradigm 

for screening the pharmacokinetics of ophthalmic formulations applied intravitreally, before moving into in-vivo 

studies. 

 

 

Figure 3-9. Ocular tissue distribution of a Cx43MP after 24 and 48 h (Mean ± SD, n=3). 
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3.5. Conclusion 

In this study, we investigated the intravitreal disposition of Cx43MP using the microdialysis technique coupled 

with LC-MS/MS. To the best of our knowledge, no studies of the intravitreal kinetics of Cx43MP using an ex-vivo 

intraocular model combined with the microdialysis technique have been undertaken to date. Information on 

intravitreal kinetics and ocular disposition of therapeutic molecules is necessary for optimizing intravitreal dosing 

and developing suitable ocular drug delivery systems. The proposed model needs further optimization to mimic 

in-vivo conditions more closely and thus generate reliable data. 

 

3.6.  Afterword 

The developed ex-vivo intraocular model could become a valuable tool in drug discovery and development for 

evaluating short-term intravitreal pharmacokinetics and tissue distribution of therapeutic molecules intended for 

the management of posterior eye diseases. However, due to changes and degradation in the structural integrity 

of ocular tissues once excised, long term studies (more than 48 h) required for sustained release formulations 

are not possible with the developed ex-vivo model. This structural degradation of bovine eyes can be delayed by 

incubating eyes in a suitable temperature with optimum carbogen (CO2 + O2) mixture. In addition, application of 

saline buffer and antibacterials on eyes can further prevent dehydration and contamination of the eyes. 

Nevertheless, the here presented experimental microdialysis set-up could be used to perform long-term 

pharmacokinetic analysis in-vivo studies, for example in a rabbit, particularly for sustained release formulations. 

Thus, the information gained from this short term ex-vivo study will be very helpful in designing in-vivo studies 

that reduce unnecessary sacrifice of animals. While this study was done with peptide injected in water (for LCMS 

purposes), this would not be appropriate in-vivo due to tonicity issues. The ex-vivo study showed rapid 

movement of Cx43MP from the site of administration in the vitreous body toward different ocular tissues 

including the retina, as is seen with most therapeutic molecules used for the treatment of posterior eye diseases. 

Due to short vitreous half-life and rapid elimination from the posterior eye segment, frequent IVT injections are 

generally required to maintain the required therapeutic concentration; however, these are associated with risk of 

various side effects. In order to overcome the limitations associated with frequent IVT injections, Cx43MP-loaded 

PLGA NPs could be a promising platform to protect the peptide from possible intravitreal degradation and so 

reduce peptide clearance, while also sustaining peptide release. The next chapter covers the development and 

statistical optimization of Cx43MP-loaded PLGA NPs using the single-step nanoprecipitation method.  
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4. PLGA nanoparticles for intravitreal peptide delivery: 
statistical optimization, characterization and toxicity 

evaluation 
Bisht, R., Rupenthal, I.D. (2016) PLGA nanoparticles for intravitreal peptide delivery: optimization, characterization 

and toxicity evaluation. Pharm. Dev. Technol. 1-10 (Published online). 

 

4.1. Preamble 

Among the various nanocarriers developed to date, PLGA based NPs have been extensively studied for drug 

delivery to the retina due to their high degree of biodegradability and biocompatibility. Recent preclinical studies 

involving PLGA NPs have already been discussed in detail in Section 1.2, in relation to their potential for 

delivering drug effectively to the posterior segment of the eye. In the study described in this chapter, the 

thermostability of Cx43MP was evaluated at different temperatures (24, 37, -20, -80 and freeze thaw cycle) using 

HPLC. It should be noted that this method was not validated at the time, and was later further optimized in terms 

of chromatographic conditions, the solvent system and gradient, before validation and use in the peptide stability 

studies (Chapter 2). The remainder of the article describes how peptide-loaded PLGA NPs were developed via 

the one-step nanoprecipitation technique and statistically optimized using Box-Behnken Design (BBD) and 

Response Surface Methodology (RSM) to evaluate the effect of three independent process variables on the 

physicochemical properties of the NPs. The statistical design was found very helpful in developing NPs with the 

desired properties, such as size and ZP, as these have a significant effect on the overall performance of NPs in-

vitro and in-vivo. In addition, the zebrafish embryo toxicity (ZET) test was used to evaluate the biocompatibility of 

the developed NPs. This chapter is a slightly edited reproduction of the article entitled “PLGA nanoparticles for 

intravitreal peptide delivery: optimization, characterization and toxicity evaluation”, which is currently in press, but 

already published online in Pharmaceutical Development of Technology. 
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4.2. Introduction  

In recent years, nanotechnology has shown promising results in ocular drug delivery and specifically in the 

management of diseases affecting the posterior segment of the eye (Xu et al., 2013). Poly(d,l-lactic-co-glycolic 

acid) (PLGA) is a biodegradable and biocompatible polymer that is hydrolytically degraded into non-toxic 

oligomers and monomers of lactic and glycolic acid (Danhier et al., 2012, Gupta et al., 2010). Following approval 

by the Food and Drug Administration (FDA) and the European Medicine Agency (EMA) of polymers for use in 

humans, PLGA nanoparticles (NPs) have been intensively investigated for sustained ocular delivery of 

therapeutic agents including DNA, proteins, peptides and low molecular weight therapeutics (Al-Halafi, 2014, 

Parveen et al., 2012, Kamaleddin, 2017). Drug-loaded PLGA nanoparticles are a promising approach for 

effective and sustained drug delivery to the retinal tissues, with potential to reduce the requirement for frequent 

intravitreal injections, and any associated risk factors, while enabling the required therapeutic concentration at 

the target site to be maintained for prolonged periods. 

In the present study, Connexin43 mimetic peptide (Cx43MP), which is currently being investigated for the 

treatment of a number of retinal inflammatory conditions (Chen et al., 2015a, Danesh-Meyer et al., 2016), was 

used as a model peptide drug. First, the influence of the amount of PLGA, acetone and polyvinyl alcohol (PVA) 

on average particle size, polydispersity index (PDI) and zeta potential (ZP) was investigated by means of 

multivariate statistical analysis using Box-Behnken Design (BBD) and Response Surface Methodology (RSM). 

Drug-polymer interactions were evaluated to test their compatibility and suitability for formulation development. 

The stability of Cx43MP was determined under different experimental conditions including in bovine vitreous. 

Toxicity screening using the zebrafish embryo toxicity (ZET) model as well as NP-induced cellular apoptosis in 

zebrafish was also investigated to provide valuable information on their clinical suitability (Clemente et al., 2014, 

Vibe et al., 2016). 

4.3. Materials and methods 

4.3.1. Materials 

Cx43MP was purchased from ChinaPeptides Co. Ltd. (China). Poly (lactic-co-glycolic acid) (PLGA) (50:50, Mw 

30,000-60,000), polyvinyl alcohol (PVA) (MW 85,000-124,000, >99% hydrolysed) and phosphate buffered saline 

(PBS) (pH 7.4) were purchased from Sigma-Aldrich (New Zealand). Acetone was obtained from Merck Millipore 

(New Zealand). HPLC grade acetonitrile (100%) and formic acid (>98%) were purchased from Thermo Fisher 
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Scientific (New Zealand). Zebrafish embryos were provided by the Zebrafish Facility, University of Auckland, with 

institutional animal ethics approval. All other chemicals were of analytical grade and were used without further 

purification. 

4.3.2. Peptide stability studies 

Analysis was performed on an Agilent 1100 HPLC system connected with a DAD detector (Wilmington, DE, 

USA). The chromatographic software ChemStation was used for data acquisition. A reverse-phase (RP) C-18 

column (Phenomenex, Gemini
®
, 3µm C-18, 110Ǻ, 150×3 mm with TMS end capping) was used in gradient 

mode. Chromatographic separation was performed with a flow rate of 0.4 ml/min and the column temperature 

was maintained at 30 ºC. The mobile phase was a gradient mixture of A (Milli-Q (100 % v/v) + Formic acid (0.1% 

v/v)) and B (Acetonitrile (100 % v/v) + Formic acid (0.1% v/v)). After the system had been equilibrated for 30 min, 

10 μl of the sample was injected into the HPLC system. The stability of the peptide was evaluated under different 

experimental conditions (25, 37, -20 ºC and -80 ºC freeze thaw cycle). The amount of peptide present was 

quantified at 214 nm. All experiments were performed in triplicate (n=3). 

4.3.3. Nanoparticle preparation  

Cx43MP-loaded PLGA NPs were prepared by the nanoprecipitation technique (Govender et al., 1999). In brief, 

an aqueous solution of Cx43MP (10 mg/ml) was first prepared. PLGA (10, 20 and 50 mg/ml) was dissolved in 

acetone (2, 3.5 and 5 ml). These two solutions were then mixed and added drop wise with the help of a syringe 

with a 23 G needle into Milli-Q water containing polyvinyl alcohol (PVA) (2, 3 and 4 % w/v), which was used as a 

stabilizer to prevent particle aggregation. The organic solvent (acetone) was removed overnight under stirring. 

NPs were then recovered from the solution by ultracentrifugation for 50 min at 13,000 rpm, washed three times 

with distilled water to remove any unentrapped drug, and subsequently freeze-dried at a condenser temperature 

of -45 ºC for 48 h. 

4.3.4. Statistical optimization 

Design of Experiments (DoE) has frequently been applied for the development of drug delivery systems due to 

the reduced number of experiments needed (Elmizadeh et al., 2013, Feczkó et al., 2011). A 17-run, three-factor, 

three-level BBD, with five replicates at the center point, was employed for the optimization of the 

nanoformulations. The factors investigated were the concentration of PLGA (X1), the organic phase volume (X2) 

and the PVA concentration (X3). Responses evaluated included particle size (Y1), PDI (Y2) and ZP (Y3). Design 
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Expert software (Version 9.0, Stat-Ease Inc., USA) was used in the generation and statistical evaluation of the 

BBD matrix. Effects of different variables on physicochemical properties of NPs were further investigated using 

RSM. 

4.3.5. Experimental data analysis and model validation 

Three-dimensional response surface plots of the experimental data were drawn for the optimization of 

nanoparticle formulations. All responses were fitted to linear, second order and quadratic models and the 

statistical significance determined in terms of p and R
2
 values, using the ANOVA provision available in the 

software to obtain optimal values for the variables by graphical and numerical analyses. 

4.3.6. Drug-polymer interactions 

Drug-polymer interactions are an important parameter that can affect the stability of the peptide, the 

encapsulation efficiency of the drug into the polymeric system as well as the drug release kinetics and thus the 

overall performance of the delivery platform (Huang et al., 2008, Puttipipatkhachorn et al., 2001). Studying such 

interactions is of great importance in the development of various drug delivery systems, including peptide-loaded 

NPs. For the drug-polymer interaction studies, FTIR spectra of Cx43MP, PLGA and peptide-loaded NPs were 

recorded in the range of 4000–600 cm
-1

 using a Tensor II FTIR Spectrometer, Bruker (USA). 

4.3.7. Nanoparticle characterization 

The morphology of NPs was analyzed by transmission electron microscopy (TEM, Zeiss EM900, Germany) 

following negative staining with sodium phosphotungstate solution (0.2 % w/v). The particle size and PDI were 

also measured using the dynamic light scattering method (DLS) of the Zetasizer Nano ZS90 (Malvern 

Instruments Ltd., UK). The ZP was measured by diluting NPs appropriately with distilled water. They were then 

analyzed at a scattering angle of 90º at 25 ºC, using the electrophoretic mobility method on the same instrument. 

4.3.8. Zebrafish embryo toxicity (ZET) model 

Toxicity screening of Cx43MP-loaded NPs was conducted using the ZET model. Zebrafish were provided by the 

Zebrafish Facility, University of Auckland, and used in accordance with institutional requirements in relation to 

animal ethics. Zebrafish embryos were collected 4 to 5 h post-fertilization (hpf) and staged according to standard 

procedures. For toxicity studies, 20 healthy embryos were transferred to each well of a six-well plate, along with 

10 mL of zebrafish E3-based medium (64.75 mg/l NaHCO3, 5.75 mg/l KCl, 123.25 mg/l, MgSO4⋅ 7H2O, and 294 
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mg/l CaCl2⋅ 2H2O). A stock solution of NPs (10 mg/ml) was prepared in zebrafish E3 medium. Different 

concentrations of NPs (50, 100, 250 and 500 μg/ml) were prepared from the stock, using zebrafish E3-based 

medium for the dilutions. Titanium dioxide (TiO2) NPs (500 µg/ml) and ethanol (1% v/v) served as positive 

controls. After addition of the NP and control solutions, the plate was incubated for 144 hpf at 28.5 ºC. At 

particular time intervals (0–144 hpf), zebrafish embryos were examined microscopically for possible mortality 

and malformations such as yolk sac edema (YSE), pericardial edema (PE), head oedema (HE), bent tail (BT) 

and gross malformation abnormality (GMA) (Figure 4-1). The survival rate was expressed as the number of live 

embryos from 0–144 hpf compared to the positive and negative (E3-based medium) control groups. At 72 hpf, 

the heart rate was recorded using a stopwatch by direct microscopic observation. All experiments were carried 

out in triplicate (n=3). 

 

 

 

Figure 4-1. Possible chemically induced malformations in zebrafish embryos. YSE-Yolk sac edema, PE-
Pericardial edema, HE-Head oedema, BT-Bent tail and GMA-Gross malformation abnormality. 

 

4.3.9. NP-induced cellular apoptosis 

To investigate the role of apoptosis associated with possible toxicity of Cx43MP-loaded PLGA NPs, acridine 

orange staining of NP-treated and untreated embryos was performed. After exposure to NPs for 96 hpf, embryos 

were taken out, washed with PBS, transferred to Eppendorf tubes and stained with 100 μl acridine orange (5 

μg/ml) for 20 min at room temperature. Embryos were then rinsed quickly in PBS before being examined under 

an inverse fluorescent microscope. 
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4.4. Results and discussion  

4.4.1. Peptide stability studies 

The stability of Cx43MP was evaluated under different experimental conditions. According to the HPLC studies 

(for a typical chromatogram of Cx43MP refer to Figure 4-2), Cx43MP was found stable under all experimental 

conditions tested, thus indicating its suitability for formulation development (Table 4-1).   

 

          

                            Figure 4-2. Typical chromatogram of Cx43MP. 

 

Table 4-1. HPLC stability of Cx43MP under different experimental conditions (mean±SD, n=3). 

Test conditions Duration (h) % Recovery 

Room temperature (24 
o
C) 24 98.76 ± 1.54 

Incubated at 37 
o
C 24 97.85 ± 0.89 

Stored at -20 
o
C 24 95.77 ± 1.36 

Stored at -80 
o
C 24 95.87 ± 1.78 

Freeze thaw cycle 

-80 
o
C » 24 

o
C » -80 

o
C 

24»2»2 96.93 ± 1.03 

 

4.4.2. PLGA NP preparation and statistical optimization 

Cx43MP-loaded PLGA NPs were prepared via the nanoprecipitation technique (Figure 4-3). A total of 17 runs 

with five center points were developed by BBD for optimization of NPs according to three independent and three 

dependent variables (Table 4-2). All developed NPs were characterized for their average particle size, PDI and 

ZP. The effect of the independent on the dependent variables was investigated via RSM. 
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Figure 4-3. Fabrication of Cx43MP-loaded PLGA NPs using the nanoprecipitation technique. 

 

4.4.2.1. Particle size 

Polymer concentration is known to play an important role in controlling particle size as well as drug release rate 

from the polymer matrix. The size of the developed Cx43MP-loaded NPs was between 75.6 to 153.8 nm for the 

different variable combinations (Table 4-2). The effect of variables on particle size can be explained by the 

following quadratic equation: 

Particle size =107.30+21.42*X1-16.52*X2+0.98*X3-8.64*X1X2-0.27*X1X3-4.92*X2X3-6.73*X1^2+11.52*X2 ^2   

+1.31*X3^2                                                                                                                                     (1) 

From the polynomial equation, a positive sign represents a synergistic effect, signifying that an increase in 

polymer concentration will result in increased particle size, while a negative sign indicates an antagonistic effect, 

thus an increase in the organic phase will result in a smaller particle size. Analysis of the data by ANOVA 

showed that the model was significant in terms of the effect of different variables on particle size (F-value = 

21.07; p<0.0003) (Table 4-3). 
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Table 4-2. BBD matrix and corresponding results for the dependent variables (mean±SD, n=3). 

Code PLGA (mg) 
(X1) 

Acetone (ml) 
(X2) 

PVA (%v/v) 
(X3) 

Particle size 
(nm)(Y1) 

PDI 
(Y2) 

 ZP (mV) 
(Y3) 

F1 50 2 3 153.8±2.1 0.16±0.02 -32.5±1.9 

F2 30 3.5 3 107.3±1.2 0.11±0.02 -35.8±1.5 

F3 10 2 3 97.1±0.9 0.19±0.01 -35.6±2.1 

F4 30 3.5 3 107.3±1.2 0.11±0.02 -35.8±1.5 

F5 50 3.5 4 121.3±1.3 0.16±0.01 -34.7±2.2 

F6 30 5 2 100.0±0.8 0.17±0.01 -26.3±3.7 

F7 30 2 4 150.1±1.5 0.13±0.02 -45.0±2.6 

F8  30 5 4 100.9±2.1 0.18±0.02 -26.4±1.5 

F9 50 5 3 109.8±0.8 0.15±0.01 -46.0±5.1 

F10 30 2 2 129.5±3.2 0.15±0.01 -36.9±5.6 

F11 10 3.5 2 81.9±2.4 0.20±0.05 -16.4±1.2 

F12 10 3.5 4 75.6±2.2 0.25±0.01 -12.7±2.2 

F13 30 3.5 3 107.3±1.2 0.11±0.02 -35.8±1.5 

F14 50 3.5 2 128.7±0.6 0.19±0.03 -39.7±2.6 

F15 10 5 3 87.7±1.2 0.22±0.01 -9.4±1.3 

F16 30 3.5 3 107.3±1.2 0.11±0.02      -35.8±1.6 

F17 30 3.5 3 107.3±1.2 0.11±0.02 -35.8±1.5 

 

Table 4-3. ANOVA results of BBD for particle size, PDI and ZP (df = degree of freedom) 

 Particle size         PDI ZP 

 df F-value p-value df F-value p-value df F-value p-value 

Model 9 21.07 < 0.0003 9 46.75 < 0.0001 9 52.43 < 0.0001 
PLGA 1 99.63 < 0.0001 1 44.88 < 0.0003 1 196.24 < 0.0001 

Acetone 1 59.26 < 0.0001 1 12.04 0.0104 1 75.90 < 0.0001 
PVA 1 0.21 0.0533 1 1.15 0.0110 1 5.15 0.0448 

Lack of Fit 3   3   3   
Pure Error 4   4   4   

 

The R
2
 value of 0.9755 suggests that 97.55% of variation in particle size was best explained by the formulation 

variables. The signal-to-noise ratio was found to be satisfactory, as the observed adequate precision ratio of 

19.9 was above 4. Thus, the present model was shown able to navigate the design space. From the polynomial 

equation it is clear that factor X1 (PLGA concentration) had a positive effect on particle size, with increasing 

polymer concentration corresponding to increased NP size. ANOVA data confirmed that the polymer 

concentration had a strong impact on particle size with an F-value of 99.63 and p<0.0001 (Table 4-3). The 

polynomial equation showed that factor X2 (acetone concentration) had a negative effect on particle size and 

thus an increase in the amount of acetone resulted in smaller NPs. In agreement with previous studies, the 
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contour and 3D response surface plots for particle size (Figure 4-4) also demonstrated that an increase in PLGA 

concentration resulted in increased particle size. 

 

 

Figure 4-4. Effect of PLGA, acetone and PVA on particle size. (A) Contour and (B) response surface plots. 

 

In a previous study, antibacterial drug-loaded PLGA NPs were developed via the nanoprecipitation technique 

and statistically optimized. The results showed that with higher polymer concentrations, the viscosity of the 

polymeric solution increases leading to higher resistance to emulsification of NPs in the external aqueous phase, 

which reduces NP dispersability in the aqueous phase and results in formation of larger particles (Sonam et al., 

2014). In another study, cromolyn sodium encapsulated PLGA NPs were developed and statistically optimized 
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using Box-Behnken experimental design. The density difference between the two phases was found to reduce 

the rapid diffusion of organic solvent into the external aqueous phase and so increase the chance of collisions 

between particles which contributed to their larger size (Patel et al., 2016). Praziquantel-loaded PLGA NPs were 

developed and the effect of formulation variables on size distribution investigated. The organic phase volume 

(X2) was shown to have an inverse proportionality with particle size. An increase in the amount of organic 

solvent prevents droplet aggregation, which decreases the local polymer concentration as well as viscosity 

resulting in smaller particles (Mainardes and Evangelista, 2005). The concentration of the stabilizer PVA (X3) 

had no significant effect on particle size. 

 

4.4.2.2. Polydispersity index  

The PDI of NPs in different formulations is presented in Table 4-2. The effect of variables on the PDI can be 

explained by the following quadratic equation: 

 

PDI=0.960.056*X1+0.029*X23.210E003*X30.024*X1X20.038*X1X3+0.024*X2X3+0.17*X1^2+0.059*X2^2+0.10

*X3^2                                                                                                                                                             (2) 

 

The R
2
 value of 0.9962 suggests that 99.62% of variation in PDI was best explained by the formulation variables. 

The F-value of 46.75 (p<0.0001) proved the excellent fit of this quadratic model for navigating the design space 

(Table 4-3). It is clear from the polynomial equation that factor X1 (PLGA) negatively affected the PDI, meaning 

that very low polymer concentrations lead to higher PDI, probably due to a lack of adequate shear forces and 

therefore insufficient emulsification. Lack of adequate shear forces may also occur at really high polymer 

concentrations, as was demonstrated in another study which showed that the higher PDI values found with 

increased polymer concentrations, due to insufficient shear stress to overcome the highly viscous forces within 

the polymer solution (Budhian et al., 2005). However, with the concentrations investigated in this study, this 

effect was not seen (Figure 4-5B).  

 

On the contrary, the organic phase (X2), had a positive effect on PDI meaning that an increase in the organic 

phase resulted in an increased PDI, and thus less uniform particle size distribution. The contour and 3D 

response surface plots (Figure 4-5) demonstrate that NPs had a higher PDI at lower polymer concentrations, 

with PDI decreasing with increasing PLGA but then slightly increasing again at the highest PLGA concentration; 

findings which correlate with the results of a previous study (Budhian et al., 2005). In another study, PDI values 
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were found to reduce slightly with an increase in PVA, possibly due to the decreased interfacial tension resulting 

in more monodispersed NPs (Sharma et al., 2014). 

 

Figure 4-5. Effect of PLGA, acetone and PVA on PDI. (A) Contour and (B) response surface plots. 

 

4.4.2.3. Zeta potential  

The zeta potential value relates to the stability of colloidal dispersions as it indicates the degree of repulsion 

between adjacent, similarly charged particles in the dispersion. A high zeta potential (negative or positive) will 

confer stability on a nanoformulation. The ZP of various NPs is represented in Table 4-2. The effect of variables 

on the ZP can be explained by the following quadratic equation: 
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ZP=35.80-12.20*X1+7.59*X2+0.063*X3-14.62*X1X2+0.32*X1X3+2.00*X2X3+8.70*X1^2+0.92*X2^2+1.23* 

X3^2                                                                                                                                                        (3) 

The analysis of the data by ANOVA showed that this quadratic model has an excellent fit (R
2
=0.9977) and can 

be used in navigating the design space (F-value=52.43 and p<.0001, Table 4-3). Polymer concentration showed 

a significant impact on the ZP with F=196.24 and p<.0001 (Table 4-3). From the polynomial equation, it is clear 

that factor X1 (PLGA) negatively affected the ZP, thus an increase in polymer concentration results in a more 

negative ZP which then increases the stability of the nanoformulation due to repulsion of individual particles. This 

was further confirmed via counter and surface response plots which showed increasing ZP with increasing PLGA 

concentration (Figure 4-6). 

 

Figure 4-6. Effect of PLGA, acetone and PVA on ZP. (A) Contour and (B) response surface plots. 

Contrary to our results, another study showed that a higher chitosan concentration resulted in a decreased ZP 

value (closer to zero) leading to the formation of larger particles and subsequent particle aggregation. (Gan et 
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al., 2005). However, no such effect was seen with the PLGA concentrations tested here Factors X2 and X3, on 

the other hand, had a positive effect on the ZP which was also seen in the contour and response surface plots. 

The stabilizer (PVA) had only a limited effect with the ZP remaining almost constant over the stabilizer 

concentrations tested (2-4% v/v). However, ZP values increased (became less negative) with an increase in the 

amount of organic phase (Figure 4-6). This is possibly due to the long time period required to evaporate the 

organic solvent which results in the formation of larger particles as well as aggregates. 

4.4.3. Drug-polymer interactions 

Drug-polymer interactions play an important role in drug stability within the polymeric system, as well as 

encapsulation efficiency and release kinetics. IR spectra of Cx43MP, PLGA and Cx43MP-loaded NPs were 

recorded in the range of 4000–400 cm-1 (Figure 4-7). The IR spectrum of Cx43MP-loaded PLGA NPs showed 

characteristic bands of peptide and PLGA. The characteristic stretching vibrations of the -OH bond (carboxylic 

group) and N-H bond (amine) of the peptide appeared at 3275 cm
-1

 without any shift. The band of peptide at 

3064 cm
-1

 indicated the stretching vibration of =C-H (alkene) and appeared in loaded NPs without any shift. 

Asymmetric and symmetric –CH stretches (alkanes) of peptide and PLGA appeared at 2950 cm
-1
 and 2878 cm

-1
 

respectively. Characteristic bands of Cx43MP and PLGA at 2159 cm
-1

 indicated stretching vibrations of -C≡C- 

(alkyne). The peaks 2031 and 1976 cm
-1

 appearing in the region between 2000–1700 cm
-1

 (also known as the 

“sawtooth” region) indicate aromatic –CH stretching. A strong characteristic band of PLGA due to stretching 

vibrations of carbonyl groups appeared at 1750 cm
-1

 without any shift in loaded NPs. Loaded NPs displayed a 

peptide band of the –C=O stretch and -N-H band of the amide group at 1634 and 1537 cm
-1

, respectively. The 

stretching vibration of the –CO group relating to PLGA appeared at 1170 and 1087 cm
-1

. According to the IR 

spectra there was no sign of interactions between the peptide and the polymer, thereby rendering this system 

suitable for formulation development. 

 



CHAPTER FOUR– PLGA NANOPARTICLES: OPTIMIZATION,  
CHARACTERIZATION AND TOXICITY EVALUATION 

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 87 
 

 

Figure 4-7. IR spectra of Cx43MP, PLGA and Cx43MP-loaded PLGA NPs in the range of 4000-600 cm
-1
. 

 

4.4.4. Morphology, size, PDI and ZP 

The developed nanoformulations exhibited a particle size range of 75.6 ± 2.2 to 153.8 ± 2.1 nm, a PDI of 0.11 ± 

0.02 to 0.25 ± 0.01 and a ZP of -9.4 ± 1.3 to -45.0 ± 2.6 mV. Figure 4-8 shows the average particle size 

distribution of nanoformulations F1, F2, F3 and the optimized formulation. Cx43MP-loaded PLGA NPs were 

optimized by BBD and RSM to obtain NPs with the desired physicochemical properties, including a particle size 

of 100 nm, a low PDI and a highly negative ZP. After investigating the effect of variables on physiochemical 

properties, the statistical model gave 10 possible combinations of different variables to achieve NPs with these 

desired properties, with one of them chosen for further study (X1= 15.92 mg, X2 = 2.51 ml and X3= 3.11% v/v). 

To validate the optimization, NPs were prepared using the proposed combination and found to have achieved 

the desired physicochemical properties, such as a particle size of 100 nm (Figure 4-8 D) and a ZP of -34.4 mV. 
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Figure 4-8. Morphology and average particle size distribution of nanoformulation (A) F1, (B) F2, (C) F3 and (D) 
optimized formulation.  

 

4.4.5. ZET studies 

To rule out any possible toxicity of the Cx43MP-loaded NPs, the ZET model was used to determine whether and 

how Cx43MP-loaded PLGA NPs may influence embryonic development. TiO2 NPs were used as a positive 

control as there is evidence that TiO2 NPs can attach to the chorion of the embryo and be absorbed and 

distributed uniformly throughout the tissues of the embryo, with the resulting toxicity causing body malformations 

(Hill et al., 2005, Rubinstein, 2006, Mcgrath and Li, 2008, Zon and Peterson, 2005). Metallic nanoparticles, such 
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as TiO2 or ZnO, have previously been used as positive controls in biocompatibility evaluations of polymeric NPs 

using the ZET model. The toxicity of biodegradable chitosan nanoparticles has been studied, with 

nonbiodegradable ZnO NPs serving as positive controls. The results confirmed that this model was adequate in 

evaluating the potential toxicity of biodegradable NPs and may help in understanding nanotoxicity aspects of 

drug delivery carriers (Hu et al., 2011). According to our ZET data, there was no sign of abnormal development 

in PLGA NP-treated zebrafish. However, during 0–144 hpf, abnormal developments such as gross malformation 

abnormality (GMA), yolk sac edema (YSE), pericardial edema (PE), and head edema (HE) were observed in the 

positive control groups treated with nonbiodegradable TiO2 NPs (500 µg/ml) and ethanol (1% v/v) (Figure 4-9). A 

higher degree of toxicity was observed in the ethanol- (1% v/v) compared to the TiO2 NP-treated group 

 

Figure 4-9. Microscopic images of zebrafish embryo treated with (A) Cx43MP-loaded PLGA NPs, (B) TiO2 NPs 
and (C) ethanol (1% v/v) from 0-144 hpf. Abnormal developments in zebrafish embryos are indicated with arrows 
and circles (GMA- Gross malformation abnormality, YSE-Yolk sac oedema and PE-Pericardial oedema). 
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Possible toxicity was also evaluated in terms of the percentage survival and hatching rates of zebrafish from 0 to 

144 hpf. The hatching rate was found normal in the groups treated with different concentrations of optimized 

Cx43MP-loaded PLGA NPs (10, 500, 100, 250, and 500 µg/ml). However, the hatching rate was suppressed in 

the presence of TiO2 NPs (500 µg/ml) and ethanol (1% v/v) (Figure 4-10A), findings in agreement with previous 

studies reporting abnormal development and increased apoptosis of TiO2 NP-treated Zebrafish embryos (Hu et 

al., 2011). An almost 100% survival rate was found for zebrafish treated with optimized Cx43MP-loaded PLGA 

NPs, while the  TiO2 NP- and ethanol-treated groups showed survival rates of less than 50% at different time 

points (Figure 4-10B). However, a small reduction in survival rate was observed in the initial stage of incubation 

with higher NP concentrations (500 µg/ml), which may have been due to introducing the zebrafish to new 

experimental conditions. Overall, the ZET data indicated the biocompatibility of optimized Cx43MP-loaded PLGA 

NPs and their suitability for ophthalmic applications. 

 

 

Figure 4-10. (A) % Hatching rate and (B) % survival of zebrafish embryos at different time intervals (0-144 hpf). 
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4.4.6. NP-induced cellular apoptosis 

Acridine orange staining was performed to detect cellular death in live embryos exposed to Cx43MP-loaded 

PLGA NPs and controls. Acridine orange (nucleic acid-selective metachromatic dye) emits green fluorescence 

upon intercalation with DNA and RNA, and is widely used for detecting sites of apoptosis in zebrafish. Normal 

cells are non-permeable to acridine orange, whereas the dye can permeate apoptotic cells and bind to DNA. To 

date, various studies have been reported in which acridine orange staining followed by fluorescent microscopy 

was used as a rapid assay to detect test material induced cellular apoptosis in zebrafish embryos (Usenko et al., 

2007, Kim et al., 2013). In the current study, bright green spots could be observed in the zebrafish exposed to 

TiO2 NPs (500 µg/ml) and ethanol (1% v/v), indicating cellular apoptosis (white arrows in Figure 4-11A and B, 

respectively). Apoptosis seemed absent in the zebrafish exposed to PLGA NPs (Figure 4-11C), again indicating 

the biocompatibility of these NPs. 

 

 

Figure 4-11. Cellular apoptosis induced in zebrafish treated with (A) TiO2 NPs (500 µg/ml), (B) ethanol (1% v/v) 
and (C) the optimized Cx43MP-loaded PLGA NPs. Arrows indicate areas of cell apoptosis. 
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4.5. Conclusion 

Cx43MP has been found stable under different experimental settings and thus should be stable under the 

different conditions involved in the development of these nanoformulations. The nanoprecipitation method was 

used for preparation of Cx43MP-loaded PLGA NPs and resulted in uniform particles depending on the excipient 

concentrations used. BBD and RSM were found effective in evaluating the effects of formulation variables and in 

optimizing the Cx43MP-loaded PLGA NPs using a limited number of experimental runs. From the observations, 

it could be concluded that the particle size of the NPs could be minimized by reducing the polymer concentration 

and increasing the volume of the organic phase. ZP, on the other hand, could be increased by an increase in the 

polymer concentration and a reduction in organic phase. The optimized Cx43MP-loaded PLGA NPs had a size 

of 100 nm, as confirmed by TEM and DLS. FTIR studies confirmed peptide-polymer compatibility with no 

interactions between Cx43MP and PLGA. ZET and cellular apoptosis studies revealed no cytotoxicity with the 

optimized NPs. Therefore, optimized drug-loaded PLGA-NPs were shown to be an effective and safe candidate 

for sustained intravitreal delivery of peptide drugs. Further studies are still needed to establish them as a 

successful drug delivery platform, especially with regard to drug release and their behavior in ocular vitreous. 

4.6. Afterword 

One-step nanoprecipitation is the preferred technique for the development of polymeric NPs using hydrophobic 

drugs. However, when Cx43MP-loaded PLGA NPs were developed with this technique using a fixed excipient 

combination (Cx43MP-10 mg/ml, PLGA-50 mg/ml, PVA-5 %v/v and acetone-2 ml), a relatively low entrapment 

efficiency (%EE) of 31.61 ± 2.1% was achieved. Accordingly, the next chapter investigates the preparation of 

PLGA NPs using the two-step nanoprecipitation technique as way of increasing %EE. Light-responsive ISFIs 

were also fabricated and characterized, and finally the developed NPs were incorporated into the optimized ISFI. 
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5. Preparation and characterization of NP-loaded light-
responsive in-situ forming injectable implants              

Bisht. R., Jaiswal, J.K., Oliver, V.F., Eurtivong, C. Reynisson, J., Rupenthal, I.D. (2017) Preparation and 
properties of PLGA nanoparticle-loaded biodegradable light-responsive injectable implants as a promising 

platform for intravitreal drug delivery. J. Drug Deliv. Sci. Technol.40:142-156. 

 

5.1. Preamble 

PLGA is one of the most widely used polymers in the development of NP based drug delivery systems due to its 

biodegradable and biocompatible nature. Studies have shown that PLGA NPs are excellent carriers for various 

therapeutic molecules, including genes, proteins and peptides (Bala et al., 2004, Acharya and Sahoo, 2011). 

One-step nanoprecipitation is the preferred technique for developing PLGA NPs. However, this method is most 

suitable for hydrophobic molecules that are soluble in organic solvents, such as acetone and acetonitrile (Bilati et 

al., 2005). Encapsulating a hydrophilic drug by this technique is quite challenging, mainly due to the hydrophobic 

nature of the polymer (PLGA) and the rapid partitioning of hydrophilic drugs into the aqueous phase, and thus 

away from the polymer. As a result, very low entrapment efficiency (EE) is generally found in studies of 

incorporating hydrophilic therapeutic molecules (Dalpiaz et al., 2016). In order to overcome the aforementioned 

problems and to improve the encapsulation of hydrophilic therapeutic molecules, such as proteins and peptides, 

the two-step nanoprecipitation technique was introduced (Morales-Cruz et al., 2012). This two-step process 

involves nanoprecipitation of the protein in the organic solvent, followed by the entrapment of protein molecules 

through polymer nanoprecipitation. In this chapter, Cx43MP-loaded NPs were developed using the two-step 

nanoprecipitation technique and characterized for various physicochemical properties. Methacrylated alginate 

was also synthesized and used for the development of light-responsive ISFIs. The transparent nature of the 
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cornea and lens makes light-responsive systems ideal for treating posterior eye diseases. Light as an external 

stimulus can easily reach to the back of the eye in a non-invasive manner and initiate the photopolymerization 

reaction which transforms the syringeable liquid (sol) into a gel or semisolid depot  (Bisht et al., 2016a). The 

developed light-responsive in-situ gelling systems were characterized for various physicochemical properties 

and biocompatibility. Finally, Cx43MP-loaded NPs were incorporated into the light-responsive ISFIs and 

characterized. The incorporation of NPs into the ISFIs system is expected to limit the rapid elimination of NPs 

alone from the posterior eye segment due to their free movement in the vitreous body. In addition, the combined 

system may reduce the possible high initial burst release seen with individual drug delivery platforms (Bisht et 

al., 2017). This chapter is a slightly edited reproduction of the article entitled “Preparation and properties of 

PLGA nanoparticle-loaded biodegradable light-responsive injectable implants as a promising platform for 

intravitreal drug delivery”, which has been submitted to Drug Delivery Science and Technology.  

5.2. Introduction 

Currently, there are only a few site-specific nonbiodegrable ocular implants commercially available to reduce the 

need for frequent IVT injections. However, their implantation as well as removal after the release of the payload 

necessitates surgical procedures (Lloyd et al., 2001). As well as injectable anti-vascular endothelial growth factor 

(anti-VEGF) containing solutions, a light-responsive lipid-based formulation, Visudyne
®
 (Verteporfin) is also 

currently used for the treatment of advanced age-related macular degeneration (AMD). However, this 

formulation requires frequent systemic administration and is associated with photosensitivity, thus patients’ 

exposure to light is restricted and they are instructed to wear protective clothing and eye glasses during the 

therapy (Ebrahim et al., 2005). Therefore, strategies that reduce the invasive nature of frequent IVT injections, 

while maintaining safety and the therapeutic efficacy of the delivered drug at the site of action, are highly sought 

after. 

Possible intravitreal degradation and thus short peptide half-life may be circumvented by encapsulating the drug 

into PLGA NPs (Vandervoort and Ludwig, 2007, Allahyari and Mohit, 2016). However, PLGA NPs also have 

major limitations, such as the high initial burst release of the drug from the polymer matrix. In addition, following 

IVT administration, the NPs move freely in the vitreous body and are rapidly eliminated from the posterior eye 

segment (Kim et al., 2009). This results in a decrease in therapeutic concentration at the target site, and thus 

frequent IVT injections are needed. To overcome these limitations, NPs could be incorporated into a light 

responsive in-situ gelling system where the physicochemical properties of the hybrid system reduce the 

limitations associated with the individual components of the system by providing a synergistic effect (Bisht et al., 
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2017). Light-responsive in-situ forming injectable implants (ISFIs) are basically free flowing liquids that undergo 

sol-gel transition on contact with light to form a gel or semi-solid depot (Thambi et al., 2016). Their structural 

similarities to body tissues, including high water content, soft nature, flexibility and porous structure make them 

an ideal biomaterial with wide applications, including drug delivery (Yang et al., 2014, Nguyen and Lee, 2010). 

Moreover, the transparent nature of the cornea and lens render light-responsive systems ideal for ocular 

applications, where light of a certain wavelength can easily reach the posterior segment in a non-invasive 

manner (Tyagi et al., 2013). The advantage of light-responsive systems over systems responsive to changes in 

other stimuli, such as pH, temperature and ions, is their rapid sol-gel transformation which results in better 

mechanical properties with a reduced initial drug burst. Nevertheless, as an alternative to rapid sol-gel 

transformation, there is still some drug burst which could be further reduced by incorporating drug-loaded NPs 

into light-responsive ISFIs (Agrawal et al., 2012). 

 
In light of these facts, we propose a combined system where peptide-loaded PLGA NPs are incorporated into 

light-responsive ISFIs. We hypothesize that this system will prevent the rapid elimination of peptide-loaded NPs 

from the posterior eye segment and increase their residence time in the vitreous body. In addition, the 

incorporation of NPs into the ISFIs will reduce the possible high initial burst release of the drug from NPs and 

ISFIs alone, and thus allow more control over drug release. The main focus of this study is to develop and 

investigate the physicochemical properties of the NPs, the light-responsive ISFIs and the combined system to 

ensure their acceptability as a promising platform for minimally invasive and safe drug delivery to the posterior 

eye segment. In addition, the biocompatibility of the system with ocular tissues is also evaluated for safe clinical 

application. Finally, the biodegradable nature of the proposed combined system would avoid the need for 

surgical implantation and removal after release of the loaded drug. 

 

5.3. Materials and method 
 
 

5.3.1. Materials 

Connexin43 mimetic peptide (Cx43MP; MW 1396 g/mol, purity >98% by HPLC) was purchased from China 

Peptides Co. Ltd. (China). Fluorescein isothiocyanate labelled Connexin43 mimetic peptide (FITC-Cx43MP, MW 

1856 g/mol; >40% by HPLC) was purchased from Auspep (Australia). Poly (lactic-co-glycolic acid) (PLGA; 

50:50, MW 30,000–60,000), polyvinyl alcohol (PVA; MW 85,000–124,000 g/mol, >99% hydrolyzed), Sodium 

alginate (SA; low viscosity, MW 12,000–40,000 g/mol), 2-morpholinoethanesulfonic acid (MES), N-

hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), aminoethyl 
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methacrylate (AEMA), 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure-2959), formic acid 

(purity >98%, LC-MS grade), phosphate buffered saline (PBS), sulphorhodamine B (SRB) and Dulbecco’s 

Modified Eagle’s Medium (DMEM) were purchased from Sigma-Aldrich (New Zealand). Human retinal pigment 

epithelial (ARPE-19) cells were sourced from American Type Culture Collection (ATCC; USA). 4',6-diamidino-2-

phenylindole (DAPI) and glycine were purchased from Invitrogen (USA). Paraformaldehyde was purchased from 

Ajax Finechem (New Zealand). Zebrafish embryos were provided by the Zebrafish Facility, University of 

Auckland, and used according to institutional requirements for animal ethics approval. Fresh bovine eyes were 

procured from the local abattoir (Auckland Meat Processor Ltd., New Zealand). Ultrapure water was prepared via 

a Milli-Q system (Millipore, USA). All other reagents and solvents were of analytical grade. 

5.3.2. Development and characterization of Cx43MP-loaded NPs 

5.3.2.1.  Fabrication of peptide-loaded NPs 

NPs were prepared using the two-step nanoprecipitation technique with some modifications. Cx43MP (10 mg/ml) 

was solvent precipitated from 1 ml of aqueous solution by adding it dropwise to acetone at a 1:3 volume ratio, 

with 5 min of sonication followed by continuous stirring for 20-30 min to form the peptide suspension. In a 

separate procedure, PLGA (20, 30 and 50 mg/ml) was completely dissolved in acetone and the resulting PLGA 

solution added dropwise to the Cx43MP suspension with 5 min of sonication followed by continuous stirring for 

15-20 min. The resulting mixture was then added directly into a 5% w/v PVA solution under continuous stirring. 

PLGA nanoparticles formed were immediately centrifuged for 30 min at 13,000 rpm and the pellet re-suspended 

in distilled water. This washing step was repeated three times before freeze-drying the NPs at a condenser 

temperature of −45 ºC for 48 h. Three nanoformulations (NP1-NP3) using different polymer compositions (20-50 

mg/ml) were prepared (Table 5-1). 

5.3.2.2. Drug-excipient compatibility studies 

FTIR spectra of the physical mixtures (1:1) containing Cx43MP, PLGA or PVA were recorded in the range of 

4000–600 cm
-1

 using a Tensor II FTIR Spectrometer (Bruker, USA). 

5.3.2.3. Percentage yield, particle size, zeta potential and polydispersibility index 

The percentage yield of the NPs was calculated using the following equation: 

                    % Yield =              Weight of NPs recovered               × 100 
                                        Weight of polymer + drug + excipients 
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Particle size distribution, zeta potential (ZP) and polydispersibility index (PDI) were determined by dynamic light 

scattering (DLS) using a Zetasizer Nano ZS (Malvern Instruments, UK). Nanosuspensions in Milli-Q water were 

sonicated before sample examination to prevent aggregation. Twenty sub-runs were used for each 

measurement. Each sample was measured in triplicate (n=3) at room temperature. The raw data was 

subsequently correlated to the Z average mean size using cumulative analysis by the Zetasizer 3000 HS 

software package.   

 

5.3.2.4. Morphology, entrapment efficiency and drug loading 

The morphology of NPs was analyzed by transmission electron microscopy (TEM, Zeiss EM900, Germany) 

following negative staining with sodium phosphotungstate solution (0.2% w/v). For entrapment efficiency (% EE) 

and drug loading (% DL), 4 mg of Cx43MP-loaded NPs were added to 0.45 ml of DMSO to allow for polymer 

dissolution. Subsequently, 0.5 ml of water was added and the mixture allowed to stand for 15 min at room 

temperature, before shaking for 50 min to facilitate extraction of Cx43MP into the aqueous phase. Samples were 

centrifuged at 13,000 rpm at 4 ºC for 10 min and the Cx43MP concentration in the supernatant quantified using 

HPLC at a wavelength of 214 nm (Bisht and Rupenthal, 2016). 

 

All samples were tested in triplicate (n=3). The %EE and %DL were calculated using the following formulas. 

 

                                 %EE=     Amount of Cx43MP in NPs (mg)   x 100 
                                                Amount of Cx43MP added (mg)   
 
 

                                 %DL=      Amount of Cx43MP recovered (mg) x 100 
                                                     Total weight of NPs (mg)) 
 
 
 
5.3.2.5. Cellular uptake 
 
For cell uptake studies, ARPE-19 cells were seeded at a density of 2 x 10

5
 cell/ml and 500 µl of this suspension 

was plated into each well of an 8-well chamber glass slide. The slide was incubated overnight to reach 

confluence. The culture medium was removed and FITC-labelled Cx43MP loaded NP3 suspension (200 µg/ml) 

prepared in DMEM/F12 added at particular time intervals (1, 2, 4, 6, 7 and 12 h) and incubated. After the 

incubation period, cells were washed twice with phosphate buffer saline (PBS) and fixed with 500 µl of 4% 

formaldehyde for 5 min at room temperature. After removal of formaldehyde by washing twice in PBS, 500 µl of 
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DAPI (100 nM in PBS) was applied and the slide placed on a shaker for 1 h at room temperature. The cells were 

again washed with PBS, mounted with coverslips using Citifluor (CitiFluor Ltd, UK) and observed under confocal 

laser scanning microscope (FV1000, Olympus, Japan). 

5.3.3. Development and characterization of light-responsive ISFIs 

5.3.3.1. Synthesis and characterisation of methacrylated alginate (MA) and photocrosslinked 

MA 

 

Synthesis of MA was performed, with slight modifications, according to a method reported previously (Jeon et 

al., 2009). In brief, sodium alginate (SA, 1 g) was dissolved in a buffer solution (1% w/v, pH 6.5) of 50 mM MES 

containing 0.5 M NaCl. This solution was continuously stirred using a magnetic stirrer until SA was completely 

dissolved before adding NHS and EDC (1:2) to activate the carboxylic acid groups of alginate. After 10 min of 

continuous stirring, AEMA was added and the reaction maintained at room temperature for 24 h on a mechanical 

shaker. The next day the mixture was precipitated by adding an excess of acetone, dried under reduced 

pressure and rehydrated to a 1% w/v solution in ultrapure deionized water (dilH2O) for further purification by 

dialysis for two days against dilH2O. It was then filtered (0.22 µm syringe filter, Minisart
®
, Sartorius, Australia) 

and lyophilized (Labconco, USA). A total of four different methacrylated alginate formulations (MA1-MA4) were 

synthesized and their compositions are shown in Table 5-4. 

 

Successful synthesis of MA was confirmed via 
1
H NMR recorded on a Bruker Advance 400 MHz NMR 

spectrometer (Bruker Corporation, USA). To fabricate photocrosslinked gels, MA (0.01 g/ml) and photoinitiator 

(0.05% w/v) were dissolved in dilH2O. MA solutions were photocrosslinked in a clear plastic vial by a UV light 

source (λ = 365 nm) at ~8 to 20 mW/cm
2
 for 12-14 min to obtain clear hydrogels. Successful photocrosslinking 

upon photoirradiation was confirmed via 
1
H NMR performing the crosslinking inside the NMR tube. DSC 

thermograms of sodium alginate and MA were also recorded using a differential scanning calorimeter (TA Q 

2000 Instruments, USA) calibrated with indium as standard and operated in a temperature range of 10-300 ºC. 

Samples (10 mg) were heated at 10 ºC/min in an aluminium pan under a nitrogen atmosphere using an empty 

pan as the reference. The melting point and onset of enthalpy of fusion were recorded using PlatinumTM 

software (TA Instruments, USA). 

 
5.3.3.2. Drug-excipients interactions 

Drug-excipient interactions between Cx43MP, MA and Irgacure-2959 were studied through IR spectroscopy. 

Physical mixtures (1:1) of Cx43MP were prepared with MA or Irgacure-2959, with the FTIR spectra recorded on 
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a Tensor II FTIR Spectrometer (Bruker, USA) in the range of 4000–400 cm
-1

 after incubation at 37 ºC for 24 h. 

Possible interactions between Cx43MP and MA were also investigated using molecular modelling. 

ChemBioDraw Ultra 12.0 (Cambridge Soft Corporation, USA) and Scigress Ultra Version 7.7.0.47 (Fijitsu 

Limited, New Zealand) were used to manually prepare and optimize the MA docking scaffold. The Scigress 

software suite was also used to generate Cx43MP using the MM2 force field, with the centre of binding defined 

by the coordinates x = -22.21, y = 11.31, z = 3.78 with a 10 Å distance from the polymeric groove. Fifty docking 

runs were allowed for each ligand with default search efficiency (100%). The basic amino acids lysine and 

arginine were defined as protonated. Furthermore, aspartic and glutamic acids were assumed to be 

deprotonated. The GoldScore, ChemScore, ChemPLP, and ASP scoring functions were implemented to validate 

the predicted binding modes and relative energies of the ligand using the GOLD v5.2 Software Suite. The root-

mean-square deviations (RMSD) were calculated between the heavy atoms of the docked Cx43MP using the 

ChemPLP prediction as a reference.  

5.3.3.3. Gelling properties, visual appearance and gel morphology 

A volume of 2 ml of MA solution containing Irgacure-2959 (0.05% w/v) was transferred into 5 ml sample tubes 

and photoirradiated. The sol-gel transition of the formulations (MA1-MA4) was visually observed by inverting the 

sample tube by 90º, and the gelling times recorded. To determine the percentage gelation, MA formulations 

were prepared and photoirradiated for 12 min. At particular time points the percentage gelation was calculated 

using the following formula:     

                      Gelation =   (Weight of photocrosslinked hydrogel)   x 100 
                                        (Initial weight of the gelling solution)   
 
The pH of the MA formulations was measured using a pH meter (Eutech Instruments, Singapore). Formulations 

were also evaluated for their appearance and clarity via visual inspection to assure undisturbed vision upon 

injection. All samples were tested in triplicate (n=3). The gel morphology of pre and post photocrosslinking MA4 

formulation was studied by bench top scanning electron microscopy (SEM; Hitachi TM3030Plus, USA). 

5.3.3.4. Syringeability, mechanical properties and porosity 

The syringeability of the formulations in a 1 ml syringe fitted with a 27 G needle was examined using a Texture 

Analyzer (QTS-25, Brookfield Engineering Labs, USA) in compression mode and compared to that of water. A 

constant force of 0.5 N was applied to the base, and the work required to expel the contents over a barrel length 

of 30 mm measured. To evaluate the hardness of the photocrosslinked gels a cylindrical probe (35 mm 
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diameter) was lowered into each sample at a defined rate (1 mm/s) to a depth of 10 mm at a temperature of 25 

ºC. The resulting force versus time plots were used to calculate the hardness (the force required to attain a given 

deformation) of the photocrosslinked gels. The solvent replacement method was used for obtaining porosity 

measurements, (Vishal Gupta and Shivakumar, 2010). Dried photocrosslinked MA gels were immersed in 

absolute ethanol overnight and weighed after removal of excess ethanol. The porosity was calculated using the 

following formula: 

Porosity = (M2 – M1) / ρV 

where M1 and M2 are the masses of the hydrogel before and after the immersion absolute ethanol, respectively; 

ρ is the density of absolute ethanol; and V is the volume of the hydrogel. All samples were tested in triplicate 

(n=3). 

5.3.3.5. Rheology, in-vitro swelling and degradation 

A programmable DV-III+ Rheometer (Brookfield Instruments, USA) was used to perform rheology experiments. 

All rheological experiments were performed at 37 ºC using the cone and plate geometry (40 mm diameter and 2º 

cone angle). A typical run used increasing angular velocity from 0 to 250 rpm. The average of two readings was 

used to calculate the viscosity. Evaluations were conducted in triplicate (n=3). Small circular discs of 

photocrosslinked formulations were prepared using small petri dishes (35 × 11 mm, Thermo Scientific, USA), 

weighed (W0) and immersed in PBS (50 ml) at 37 ºC. At scheduled time intervals, the entire buffer was removed 

and the photocrosslinked gel was weighed after blotting excess liquid with a filter paper (Wt). The rate of swelling 

(%) was calculated as (Wt-W0)/W0 ×100 (n = 3 for each time point) to determine the equilibrium swelling. For the 

degradation studies, photocrosslinked discs were incubated in 50 ml of PBS at 37 ºC until equilibrium swelling 

was reached (W0) replacing the buffer every three days. At predetermined time intervals, gel discs were 

removed, rinsed with dilH2O, blotted dry and weighed (Wt). The percentage mass loss was calculated as (W0-

Wt)/W0 × 100 (n= 3 for each time point). 

 

5.3.3.6. Ex-vivo gelling 

Ex-vivo gelling studies were performed to investigate the formation of the photocrosslinked injectable implant 

inside bovine vitreous. Fresh bovine eyes were procured from the local abattoir (Auckland Meat Processor Ltd., 

New Zealand). A volume of 200 µl of formulation was injected at an angle of 45º through the pars plana region 

into the vitreous and the formulation was immediately photoirradiated through the cornea for 12–14 min. At the 
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completion of the study, the photocrosslinked gel was recovered from the vitreous and examined for morphology 

and clarity. All studies were performed in triplicate (n=3). 

 

5.3.4. Biocompatibility studies of NPs and ISFIs 

5.3.4.1. Sulforhodamine B assay 

Sulforhodamine B (SRB) was used to assess the effect of the optimized NPs (NP3) and photocrosslinked gel 

(MA4) on human retinal pigment epithelium (ARPE-19) cells. Briefly, the cell density was adjusted to 2×10
5
 

cells/ml with Dulbecco’s Modified Eagle’s medium (DMEM), and the cell suspension added into a 6-well plate 

(0.1 ml/well, 2×104 cells/well). After 24 h of incubation at 37 ºC, the medium from each well was removed and 

cells were treated with 0.1 ml fresh medium containing freeze-dried NP3 (5, 10, 50, 100 and 250 µg/ml) and 

freeze dried photocrosslinked MA4 (5, 10, 50 and 100 µg/ml). After 24 h of incubation at 37 ºC, the culture 

medium was carefully removed and cells were washed twice with PBS. Cells in each well were fixed with 0.1 ml 

of ice-cold 10% w/v trischloroacetic acid (TCA) and incubated at 4 ºC for 1 h.  The plate was rinsed five times 

with Milli-Q water and dried before adding 0.1 ml of SRB (0.4 % w/v) in 1% v/v acetic acid to each well. After 

incubation at room temperature for 20 min on a shaker, unbound dye was removed by rinsing with 1% v/v acetic 

acid in water five times and the plate was left to air dry. Cell-bound dye was extracted with 0.1 ml of 10 mM Tris 

base buffer (pH 10.5) to solubilize the dye and the absorbance was determined using a plate reader at 510 nm 

(SpectraMax M2, Molecular Devices, USA). The percentage cell viability was plotted against the polymer 

concentration. All experiments were repeated three times with each experiment having four replicates. Cells 

incubated with Triton X (2% in DMEM) served as the positive control. The relative cell viability (%) for control 

wells containing only DMEM was calculated by [A] test / [A] control × 100. 

 

5.3.4.2. Zebrafish embryo toxicity (ZET) model 

The biocompatibility of NP3 and photocrosslinked MA4 was also assessed in zebrafish embryos collected 4 to 5 

h post-fertilization (hpf). For each study, 20 healthy embryos were transferred into a 6-well plate along with 5 ml 

of zebrafish E3-based culture medium (consisting of 64.75 mg/l NaHCO3, 5.75 mg/l KCl, 123.25 mg/l, MgSO4 ⋅ 

7H2O, and 294 mg/l CaCl2 ⋅ 2H2O). A stock solution of freeze-dried NPs (5 mg/ml) and MA4 (5 mg/ml) was 

prepared in E3-based medium and diluted to obtain concentrations of 500 μg/ml NPs and MA, respectively. The 

ethanol (1% v/v) treated group served as positive control and untreated zebrafish in E3-based medium served as 
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negative control. Nonbiodegradable Titanium dioxide NPs (TiO2 NPs) (500 µg/ml) served as an additional 

positive control for particle toxicity. The E3-based medium was replaced with fresh medium every second day. 

Viability and malformations of zebrafish embryos were observed under a stereomicroscope (ZEISS, SteREO 

Discovery.V20, Australia). The survival and hatching rate of zebrafish embryos treated with NP3 and MA4 (10-

500 µg/ml) were also evaluated. The survival rate was expressed as the number of live embryos at 96 hpf 

compared to the negative (E3-based medium only) and positive (ethanol 1% v/v) control groups. Possible 

morphological abnormalities, including pericardial edema (PE), yolk sac edema (YSE), bent trunk (BT), head 

malformation (HM) and gross morphological abnormality (GMA) were observed at 144 hpf (Sipes et al., 2011, 

Hill et al., 2005, Parng et al., 2002). Hatching rates were recorded at different time points (24-144 hpf) by direct 

microscopic observation. All experiments were carried out in triplicate (n=3). 

 

5.3.4.3. Cellular apoptosis 

Acridine orange staining of photocrosslinked MA4-treated and untreated embryos was performed to test for any 

possible cell apoptosis. Only MA4 (and not NPs) were included in this part of the study as MA is easily soluble in 

the culture medium and thus ingested by the zebrafish, while NP degradation would take considerably more 

time. After exposure to the test (MA4, 500 µg/ml), positive (ethanol, 1% v/v) and negative control (medium only) 

solutions for 96 hpf, embryos were removed, washed in PBS, transferred to Eppendorf tubes and stained with 

100 μl acridine orange (5 μg/ml) for 20 min at room temperature. Embryos were then rinsed quickly in PBS 

before being examined under a fluorescence stereo microscope (Leica M205 FA, New Zealand). All experiments 

were carried out in triplicate (n=3). 

 
5.3.5. Preparation and characterization of NP-loaded ISFIs 
 
 
To prepare NP-loaded ISFIs, 8 mg/ml of nanoformulation (NP3) was loaded into the MA4 solution containing 

Irgacure-2959, followed by photoirridiation (UV light, 365 nm). The morphology of freeze-dried NP-loaded 

photocrosslinked ISFIs was then evaluated using a bench top SEM (Hitachi TM3030Plus, USA). 

 

5.4. Results and discussion  

5.4.1. Characterization of Cx43MP-loaded NPs 

Cx43MP-loaded PLGA nanoformulations (NP1, NP2 and NP3) were developed via the two-step 

nanoprecipitation technique, with some modifications (Morales-Cruz et al., 2012). While a single-step 
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nanoprecipitation technique is generally the preferred method for preparation of PLGA NPs containing 

hydrophobic drug molecules soluble in ethanol and acetone, hydrophilic molecules such as peptides are poorly 

encapsulated using this method (Barichello et al., 1999). Therefore, the two-step nanoprecipitation technique 

was employed in order to increase the peptide entrapment into the PLGA NPs. Table 5-1 lists the composition 

and characteristics of the developed nanoformulations (NP1-NP3). 

 

Table 5-1. Composition and characteristics of nanoformulations (mean ± SD; n=3) 

Code Cx43MP 
(mg/ml) 

PLGA 
(mg/ml

) 

PVA 
(% w/v) 

%Yield 
 

Size 
(nm) 

ZP 
(mV) 

PDI %EE %DL 

NP1 10 20 5 91.3 ± 4.3 149.3 ± 2.3 -32.4 ± 3.1 0.24 ± 0.15 34.3 ± 5.4 1.3 ± 0.32 
NP2 10 30 5 94.2 ± 2.7 160.1 ± 3.4 -28.9 ± 2.3 0.29 ± 0.11 39.6 ± 2.7 1.8 ± 0.26 
NP3 10 50 5  92.5 ±  3.5 235.4 ± 2.6 -27.1 ± 2.6 0.46 ± 0.12 55.3 ± 4.2 2.8 ± 0.54 

 

Drug-excipient compatibility was evaluated via IR spectroscopy as shown in Figure 5-1A and B. The IR spectrum 

of the physical mixture (1:1) of Cx43MP with PLGA (A) and PVA (B) showed characteristic bands of each of the 

chemical entities, suggesting no interactions and thus good compatibility (Table 5-2). The developed 

nanoformulations exhibited a percentage yield range of 91.3 ± 4.3 to 94.2 ± 2.7%, a size range of 149.3 ± 2.3 to 

235.4 ± 2.6 nm, a ZP of -32.4 ± 3.1 to -27.1 ± 2.6 mV and a PDI of 0.24 ± 0.15 to 0.46 ± 0.12 (Table 5-1). 

Table 5-2. Characterstic IR bands indicating drug-excipient compatibility for the developed NPs. 

Physical mixture 
(1:1) 

Wave number 
(cm

-1
) 

Functional group Source 

Cx43MP+PLGA 3276.36 –OH (Carboxylic)  
–NH (Amine) 

Cx43MP 

3061.50 =CH (Alkene) Cx43MP 
2951.33 –CH (Alkane) Cx43MP 

PLGA 
2160.55 –C≡C (Alkyne) Cx43MP 
2039.11 
1971.51 

–CH (Aromatic) 
–CH (Aromatic) 

Cx43MP 
PLGA 

1757.15 –CO (Carbonyl) PLGA 
1631.41 –CO (Carbonyl) Cx43MP 
1539.55 –NH (Amide) Cx43MP 

    
Cx43MP+PVA 3271.23 –OH (Carboxylic) 

–OH (Alcohol)  
–NH bonds (Amine) 

Cx43MP 
PVA 

2906.53 –CH (Alkane) Cx43MP 
PVA 

2159.82 –C≡C (Alkyne) Cx43MP 
2027.81 
1976.86 

–CH (Aromatic) 
–CH (Aromatic) 

Cx43MP 
PVA 

1635.99 –CO (Carbonyl) Cx43MP 
1537.89 –NH (Amide) PVA 
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Figure 5-1C shows the particle size distribution (left) and ZP curve (right) of NP3. An increase in PLGA 

concentration from 20 to 50 mg/ml resulted in an increased particle size from 149.3 ± 2.3 to 235.4 ± 2.6 nm 

(Table 5-1). This can be explained by the increase in the amount of PLGA in organic phase resulting in a more 

viscous solution which reduced shear stress, resulting in bigger particles. In addition, increase in the viscosity of 

the organic phase decreased the dispersion of the organic phase into the aqueous phase, resulting in larger 

sized NPs (Bisht and Rupenthal, 2016). The developed NPs had a PDI of 0.24 ± 0.15 to 0.46 ± 0.12 which 

indicates a narrow size distribution. However, there was an increase in PDI with increasing PLGA 

concentrations, possibly due to insufficient shear stress to overcome the highly viscous forces within the polymer 

solution (Budhian et al., 2005). The negative ZP of the developed nanoformulations decreased with an increase 

in PLGA concentration, as also found (Gan et al., 2005). The less negative ZP at higher polymer concentration 

resulted into the formation of larger sized particles and could also result in particle aggregation (Bisht and 

Rupenthal, 2016).  
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Figure 5-1. FTIR spectra of physical mixtures of Cx43MP with (A) PLGA and (B) PVA, (C) average particle size 
distribution and zeta potential, (D) morphology of the nanoformulation (NP3) using TEM and (E) cellular uptake 
of FTIC-Cx43MP-loaded PLGA NPs (NP3) at predetermined time points. 
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The morphology of NP3 was investigated by TEM (Figure 5-1 D).  NPs were spherical in shape with a smooth 

surface without any particle fragments and suggesting proper encapsulation of the peptide under the chosen 

conditions. The %EE ranged from 34.30 ± 3.40 to 55.30 ± 4.20 and the %DL from 1.30 ± 0.32 to 2.80 ± 0.54 

(Table 5-1). An increase in the PLGA concentration has been shown to lead to an increase in drug encapsulation 

and drug loading due to overall formation of larger particles (Halayqa and Domanska, 2014). Based on the 

results for physicochemical properties, including size and %EE, the nanoformulation NP3 was chosen for further 

study. 

The cellular uptake of FITC-labelled Cx43MP-loaded NPs (NP3) was studied at different time intervals using 

ARPE-19 cells and confocal microscopy (Figure 5-1E). As early as 1 h post addition, NPs were found attached 

to the cell surface, with the amount bound to the cell membrane increasing after 3 h and indicating cellular 

internalization. The rate of cellular uptake was found to further increase between 5 to 7 h, but it then plateaued  –

possibly due to saturation of the cell surface (Xiong et al., 2011). The cell uptake pattern seen here was similar 

to that reported previously (Panyam and Labhasetwar, 2003, Desai et al., 1997), where the PLGA NPs were 

described as becoming internalized due to dynamic concentration, time, and energy-dependent mechanisms of 

endocytosis and exocytosis. The decrease in the rate of cell uptake of NPs after a specific time point could be 

due to an increase in speed of exocytosis. During exocytosis,  the exocytic vesicles formation from the cell 

membrane need to replace at the same rate as the internalization (Panyam and Labhasetwar, 2003). 

 

5.4.2. Characterization of light-responsive ISFIs 

To prepare photocrosslinked biodegradable methacrylated alginate hydrogels, methacryl groups were introduced 

into the alginate polymeric chains (Figure 5-2A). The successful synthesis of MA4 and the photocrosslinked in-

situ gelling system was confirmed via 
1
H-NMR spectroscopy. The NMR spectra of MA4 exhibited peaks of vinyl 

methylene and methyl protons that were newly formed by the reaction with AEMA at 6.2, 5.7 (methylene proton) 

and 1.9 ppm (methyl group). Peaks at 2.9 and 1.1 ppm were proton peaks of residual EDC (Figure 5-2B). After 

photocrosslinking, the disappearance of the vinyl methylene peaks and the shift of the methyl peak to 1.2 ppm 

indicated the complete reaction of the methacrylate groups. Peaks at 8.1 and 7 ppm were from the photoinitiator 

(Irgacure-2959) (Figure 5-2B). 
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Figure 5-2. MA and photocrosslinked MA (A) synthesis, (B) 
1
H NMR of MA4 and photocrosslinked gel and DSC 

thermograms of (C) SA and (D) MA4. Sodium alginate (SA), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC), aminoethyl methacrylate (AEMA) and Irgacure-2959. 
[A] represents the alginate molecule. 

 



CHAPTER FIVE – NP-LOADED LIGHT-RESPONSIVE  
INJECTABLE IMPLANTS  

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 110 
 

Thermograms of SA and MA4 were recorded in the temperature range of 10 to 300 ºC and at a heating rate of 

10 ºC/min. The thermogram of SA (Figure 5-2C) showed a wide endothermic peak at 138.01 ºC with a ΔH of 

83.82 J/g, which suggests dehydration. Then a small endothermic peak appeared at 228.95 ºC with a ΔH of 

105.4 J/g, followed by an exothermic peak at 238.93 ºC. The thermogram of MA (Figure 5-2D), on the other 

hand, initially showed a sharp endothermic peak at 128.51 ºC with a ΔH of 135.1 J/g and then another small 

endothermic peak at 213.23 ºC with a ΔH of 30.93 J/g, followed by an exothermic peak at 236.33 ºC. Both SA 

and MA decomposed in two steps after the dehydration process. Comparing the DSC thermograms of SA and 

MA, there was a shift of the endothermic peak of SA from 138.01 to 128.51ºC, suggesting the addition of methyl 

groups on the side chains of SA. Thus, DSC supports the successful grafting of methyl groups onto the SA 

polymeric chain as well as the successful crosslinking upon photoirradiation. 

 

The IR spectra of the physical mixtures (1:1) consisting of Cx43MP in combination with MA4 or Irgacure-2959 

are shown in Figure 5-3A and B, respectively. The physical mixture showed all the characteristic bands 

corresponding to the functional groups present in the individual chemical entities (Table 5-3). This indicates the 

compatibility of the peptide drug with the excipients and their suitability for formulation development. 

Table 5-3. Characterstic IR bands indicating drug-excipient compatibility for the developed ISFIs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Physical mixture 
(1:1) 

Wave number 
(cm

-1
) 

Functional group Source 

Cx43MP+MA 3274 -OH (Carboxylic 
–NH (Amine) 

Cx43MP 
MA 

3374 –OH (Carbonyl) MA 
2159 –C≡CH (Alkyne) MA 
2031 –CH (Aromatic ring) Cx43MP  
1976 –CH (Aromatic ring) MA 
1633 –C=C (Alkene) MA 
1633 –N–C=O (Amide) Cx43MP 
1311 –CH3 (Alkane) Cx43MP 
1260 –CN (Amine) Cx43MP 
1179 –CN (Amine) MA 
1133 –CO (Carbonyl) Cx43MP 

 
Cx43MP+Irgacure-

2959 
3279.18 –OH (Carboxylic) Cx43MP 
3193.58 –NH (Amine) Irgacure-2959 
2973.48 –CH (Alkane) Cx43MP 
2869.81 –CH (Alkane) Irgacure-2959 
2562.55 –OH (Carboxylic)  Cx43MP 
2509.71 –OH (Carboxylic)  Irgacure-2959 
2159.87 –C≡CH (Alkyne) Cx43MP 

Irgacure-2959 
1597.73 –N=H (Amine) Cx43MP 
1567.01 –C=C (Aromatic ring) Irgacure-2959 
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Figure 5-3. IR spectra of Cx43MP with (A) MA4 and (B) Irgacure-2959; (C and D) docked configuration of 
Cx43MP into a short sequence of MA polymer using the GoldScore scoring function. (C) The protein surface is 
rendered. Red depicts a positive partial charge on the surface, blue a negative partial charge and grey 
neutral/lipophilic areas. (D) External and internal hydrogen bonds are depicted as green dotted lines between 
Cx43MP and MA. 
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In the past, molecular docking has been used as a potential approach for drug polymer interaction studies as it 

gives useful information regarding binding sites and types of forces involved in the formation of possible drug-

polymer complexes (Costache et al., 2009, Sanyakamdhorn et al., 2013). Using this approach we found that 

Cx43MP wraps to surround the MA polymer in a double-stranded helix through a network of hydrogen bonding 

(Figure 5-3C and D). Hydrogen bonding was observed between the polymeric carboxylate groups of MA and 

leucine (green) units of the peptide. Amino groups on the threonine-13 (ceruleum) side chain bound to carbonyl 

esters on the methacrylate chain. Lastly, internal hydrogen bonding was observed for amino acids 

phenylalanine-5 (orange), serine-7 (brown), threonine-10 (pink) and glutamic acid-11 (yellow), possibly 

stabilizing the bound complex. Overall, the spectroscopic and molecular modelling results indicated that Cx43MP 

has some sort of binding affinity towards MA, which may help in increasing encapsulation efficiency and slowing 

down peptide release from the polymer matrix (Huang et al., 2008).  

 

The gelling times for MA1-MA4 were evaluated via the tube inversion test. Compared to MA1 and MA2 (14.0 ± 

2.4 min and 14.0 ± 1.4 min), the gelling time decreased for MA3 and MA4 (12.0 ± 2.3 min and 12.0 ± 1.8 min) 

(Table 5-4). This was found to be related to increase in the degree of methacrylation and a subsequent increase 

in photocrosslinking of the polymeric chains, which also affected the percentage gelation. Compared to MA1 and 

MA2 (71.32 and 75.45%), the percentage gelation increased for MA3 and MA4 (93.82 and 95.74%) upon 

photoirradiation, with the gels maintaining their morphology upon inversion. The pH of MA1–MA4 was found to 

be in the range of 7.4–7.8 (Table 5-4) which is close to the vitreous fluid pH (7.4), and thus should be well 

tolerated (Donati et al., 2014). Visual clarity and a suitable refractive index are important criteria for successful 

ophthalmic applications to avoid interference with normal vision. Manual inspection of the formulations indicated 

acceptable transparency and clarity, making them suitable for ocular applications (Figure 5-4B). 

 

Table 5-4. Composition and characteristics of MA1-MA4 (mean±SD; n=3). 

Code SA 
(g) 

NHS 
(g) 

EDC 
(g) 

AEMA 
(g) 

pH Gelling 
time 
(min) 

Hardness 
(mg/sec) 

Syringeability 
(mg/sec) 

Porosity 

MA1 1.00 0.13 0.43 0.19 7.47 ± 0.24 14.0 ± 2.4 275.0 ± 2.3 384.0 ± 3.1 45.3 ± 1.2 

MA2 1.00 0.26 0.87 0.38 7.52 ± 0.46 14.0 ± 1.4 281.0 ± 1.6 387.0 ± 2.5 42.8 ± 2.6 

MA3 1.00 0.53 1.75 0.76 7.63 ± 0.22 12.0 ± 2.3 340.0 ± 2.2 392.0 ± 1.6 34.7 ± 3.2 

MA4 1.00 0.53 1.75 1.52 7.42 ± 0.37 12.0 ± 1.8 380.0 ± 2.6 393.0 ± 2.7 30.3 ± 2.8 

Water - - - - - - - 382.0 ± 2.2 - 
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Figure 5-4. Scanning electron microscopy of (A) MA4 gel and (C) photocrosslinked MA4 gel, (B) clarity and 
transparency of photocrosslinked gel,  (D) viscosity, (E) swelling rate (%), (F) mass loss (%) and (G) ex-vivo 
formation of injectable implant inside bovine vitreous. 



CHAPTER FIVE – NP-LOADED LIGHT-RESPONSIVE  
INJECTABLE IMPLANTS  

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 114 
 

SEM images were obtained to characterize the internal structure of the freeze dried MA4 solution pre and post 

photocrosslinking (Figure 5-4A and C). A thin cross-section of freeze-dried MA solution pre photocrosslinking 

showed the internal gel structure, with numerous porous interconnected capillary projections and wide pores 

(Figure 5-4A). Such capillaries usually hold large amounts of water upon swelling. After photoirridiation, the 

pores between the interconnected capillaries reduced in size and the interconnected projections became denser, 

indicating successful photocrosslinking (Figure 5-4C). Such structural change would reduce the water intake into 

the gel and the subsequent rate of swelling and degradation. Photocrosslinking will thus be helpful in maintaining 

the structural integrity of the implant within the vitreous fluid for a longer duration, while the dense interconnected 

architecture present in the photocrosslinked gel is also able to encase the peptide-loaded PLGA NPs, thereby 

preventing their free movement and subsequent rapid elimination from the posterior eye segment. The possible 

high initial burst release of the drug from the surface of the NPs could also be reduced by incorporating them into 

the photocrosslinked gel (Bisht et al., 2017).  

 

The syringeability of the formulations was evaluated manually and using a Texture Analyzer. Manual inspection 

showed a smooth syringeability through both 27 and 30G needles. Easy syringeability is a prerequisite for 

avoiding unnecessary changes in intraocular pressure and patient discomfort. Similarly, the force required to 

expel the content from a syringe fitted with a 27 G needle was close to the force required to expel water (Table 

5-4).  The hardness of the photocrosslinked formulations was also evaluated using the Texture Analyzer, but in 

compression mode. The compression force required to break the photocrosslinked gel increased from MA1 to 

MA4 due to increase in the degree of methacrylation and subsequent photocrosslinking of the polymeric chain 

(Table 5-4). Increased hardness of the photocrosslinked gel will be helpful in maintaining the structural integrity 

of the implant in the vitreous over longer periods of time. In addition, this will significantly reduce the rate of 

swelling and degradation, resulting in more sustained drug release from the polymer matrix and so avoiding the 

need for frequent IVT injections. 

 
 
The photocrosslinked MA gels were also evaluated for porosity, which can affect the physical integrity of the gels 

inside the vitreous and subsequently the drug release profile. The porosity of the MA gels decreased from MA1 

to MA4 due to increased photocrosslinking (Table 5-4). Reduced porosity further sustains drug release from the 

denser polymeric matrix and is thus helpful in maintaining the required therapeutic drug concentration at the 

target site for prolonged periods of time. In addition, with reduced porosity the peptide-loaded NPs would be well 

enclosed within the gel. In ophthalmic formulations, thixotropic properties play an integral role in determining the 



CHAPTER FIVE – NP-LOADED LIGHT-RESPONSIVE  
INJECTABLE IMPLANTS  

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 115 
 

therapeutic efficacy of a formulation by increasing the retention time at the site of administration, thus enhancing 

intravitreal bioavailability (Lee et al., 2009).  

 

Rheological properties of MA gels were evaluated via plotting the viscosity (cps) versus the angular velocity 

(rpm). Rheograms showed the pseudoplastic behavior of the sol, with the viscosity of MA gels decreasing with 

increasing speed (Figure 5-4D). The viscosity of MA3 and MA4 was found slightly higher compared to 

formulations MA1 and MA2, again likely due to the increase in the degree of methacrylation. The pseudoplastic, 

shear-thinning behavior of pharmaceutical formulations is of great interest, particularly for injectable ophthalmic 

formulations, as it allows easier application due to easier syringeability while increasing the residence time of the 

system inside the vitreous and resulting in enhanced drug bioavailability. It should be noted here that the 

rheological properties of the MA formulations were evaluated in the absence of light exposure, as 

photocrosslinked gels would be too viscous to be measure by the current set-up. However, the hardness 

reported in Table 5-4 provides results comparable to the rheological measurements, again showing that the 

higher degree of methacrylation in MA4 resulted in higher hardness of the crosslinked gel.   

 

The developed formulations were also evaluated for their swelling properties, which depend upon the network 

density, solvent nature, extent of crosslinking and polymer-solvent interactions (Lin and Metters, 2006). All 

formulations achieved a swelling equilibrium after 21 days. Formulations MA1 and MA2 showed an overall 

higher rate of swelling compared to MA3 and MA4, which could again be due to the lower extent of 

photocrosslinking (Figure 5-4E). MA4 exhibited the lowest rate of swelling due to the higher degree of 

methacrylation and thus photocrosslinking, leading to lower porosity and swelling of the in-situ gel. The presence 

of large numbers of pores in a polymeric matrix allows more water intake inside the gel, thus resulting in rapid 

swelling and faster degradation. Any increase in the crosslinking density reduces the number of these pores and 

subsequently the swelling of the gel (Hoare and Kohane, 2008). There are a number of factors that influence 

hydrogel degradation, including the extent of crosslinking, number of degradable links and the molecular weight 

of the polymer (Sun and Tan, 2013). The MA1 formulation showed the fastest mass loss compared to the other 

formulations due to the lower photocrosslinking density and thus higher porosity and void fraction. The rate of 

degradation slowed down from MA1 to MA4 due to the higher degree of methacrylation, and so 

photocrosslinking correlated well with the swelling and hardness results. About 80% of MA4 degraded over six 

weeks, compared to almost complete degradation of MA1 and MA2 (>97%) (Figure 5-4F). The slower rate of 

degradation of MA4 may help to further sustain peptide release. Ex-vivo studies confirmed the formation of the 
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light-responsive implant after intravitreal injection and upon photoirradiation through the cornea and lens of 

excised bovine eyes. The formed implant was recovered from the bovine vitreous after 24 h, revealing an oval 

shape with transparency similar to the vitreous body (Figure 5-4G). 

 

5.4.3. Biocompatibility studies of particles and gel 

The biocompatibility of NP3 and MA4 was evaluated using the SRB assay for ARPE-19 cells as well as the ZET 

model (Figure 5-5 and 5-6). The SRB assay showed a high degree of cell viability (above 95%) at all NP 

concentrations, indicating their biocompatible nature and suitability for ophthalmic applications (Figure 5-5A). 

Biocompatibility of NP3 (500 µg/ml) was also evaluated using the ZET model, with nonbiodegradable TiO2 NPs 

(500 µg/ml) and ethanol (1% v/v) as positive controls. The NP3 treated group exhibited normal embryonic 

development revealing no signs of malformations (Figure 5-5B, left panel). However, the TiO2 NP and ethanol 

(1% v/v) treated groups showed abnormal developments, such as gross morphological abnormalities (GMA), 

yolk sac oedema (YSE) and pericardial edema (PE) (Figure 5-5B, middle and right panel). The NP3 treated 

zebrafish embryos showed normal survival and hatching rates compared to the TiO2 NP and ethanol treated 

groups (Figure 5-5C). ZET studies confirmed the biocompatibility of NPs for safe ophthalmic applications. 
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Figure 5-5. Biocompatibility of Cx43MP-loaded NP3: (A) percentage cell viability of ARPE-19 cells using the SRB 
assay and (B) microscopic images of zebrafish embryos (0-144 hpf) treated with NP3 (500 µg/ml), TiO2 NPs 
(500 µg/ml) and ethanol (1% v/v). Growth abnormalities, such as pericardial edema (PE), yolk sac edema (YSE) 
and gross morphological abnormality (GMA) are indicated by red circles and arrows.  (C) Percentage survival 
(left) and hatching (right) rates of zebrafish embryos over time (24-144 hpf) (mean+SD; n=3). 
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For photocrosslinked formulation MA4, the percentage viability of ARPE-19 cells after treatment with the gel at 

various concentrations (5-100 µg/ml) is shown in Figure 5-6A. The percentage cell viability was found to be 

above 94% at all concentrations, indicating the biocompatible nature and suitability of the photocrosslinked gel 

for ophthalmic applications. To further evaluate the in-vivo biocompatibility, the ZET model using ethanol (1% 

v/v) as a positive control was utilized. The E3-based medium treated group (negative control) exhibited normal 

embryonic development (Figure 5-6B, left panel) with photocrosslinked MA4-treated zebrafish embryos also 

showing no signs of malformations or abnormal embryo development (Figure 5-6B, middle panel). However, the 

ethanol (1% v/v) treated group showed abnormal developments, such as gross morphological abnormalities 

(GMA), yolk sac edema (YSE) and pericardial edema (PE),  indicating its toxic nature (Figure 5-6B, right panel). 

 

According to the ZET data, there was no sign of mortality in photocrosslinked MA4 treated embryos. In contrast, 

a very low survival percentage was observed for ethanol treated zebrafish over time (Figure 5-6C, top). The 

zebrafish hatching rate was also found normal at all concentrations of photocrosslinked MA4 (500 µg/ml), 

compared to the ethanol treated group (Figure 5-6C, bottom). ZET studies confirmed the biocompatibility of 

photocrosslinked MA and its suitability for in-vivo applications. To further characterize any potential cellular 

toxicity of the photocrosslinked gel, acridine orange stained zebrafish treated with ethanol (1% v/v) and MA4 

were compared (Figure 5-6D). As the dye is impermeable to normal cells but permeates easily into apoptotic 

cells and then binds to DNA, the affected cells can easily be visualized under a fluorescence microscope (Hu et 

al., 2011, Tucker and Lardelli, 2007). The ethanol treated group showed fluorescent spots inside zebrafish 

embryos which were attributed to ethanol-induced cellular toxicity (Figure 5-6D, top) with no such effects seen in 

the  photocrosslinked MA4 treated group (Figure 5-6D, bottom). 
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Figure 5-6. Biocompatibility of MA4: (A) percentage cell viability of ARPE-19 cells using the SRB assay, (B) 
microscopic images of zebrafish embryos (0-144 hpf) incubated with E3 medium, MA4 (500 µg/ml) and ethanol 
(1% v/v). Growth abnormalities such as pericardial edema (PE), yolk sac edema (YSE) and gross morphological 
abnormality (GMA) are indicated by red circles and arrows. (C) Percentage survival (top) and hatching (bottom) 
rates of zebrafish embryos over time (24-144 hpf) (mean+SD; n=3). (D) Cellular apoptosis-induced in zebrafish 
treated with ethanol (1% v/v) and photocrosslinked MA4 gel (500 µg/ml). E3-M: E3 medium. 
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5.4.4. NP-loaded ISFIs 

The morphology of the developed NP-loaded ISFI (8 mg/ml of NP3 in MA4) was evaluated using SEM (Figure 5-

7). Micrographs showed the internal structure of the implant where NPs were embedded within the polymer 

interconnected structures. Incorporation of NPs in the ISFIs is likely to reduce the burst release seen from NPs 

and ISFIs alone. In addition, the combined system will likely release drug in a more sustained manner (Boddu et 

al., 2010b). Overall, this would reduce the need for frequent IVT injections and minimize the associated side 

effects. 

 

Figure 5-7. Scanning electron microscopy images showing internal morphology of NP-loaded ISFIs. 
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5.5. Conclusion  

Cx43MP-loaded PLGA NPs were successfully prepared by the modified two-step nanoprecipitation technique. IR 

spectroscopy confirmed the drug-excipient compatibility and thus their suitability for the nanoformulation 

development. The obtained results indicated that the particle size and %EE increased with an increase in the 

polymer concentration. Other physicochemical properties, such as smooth surface, PDI and ZP were found 

acceptable for ocular drug delivery applications. In order to develop NP-loaded light-responsive ISFIs, a series of 

methacrylated alginate based light-responsive gels (MA1-MA4) were successfully synthesized and characterized 

for various physicochemical properties. These light-responsive ISFIs are biodegradable in nature which avoids 

the need of surgical implantation and removal after drug release. An increase in the degree of methacrylation 

and subsequent extent photocrosslinking had a significant impact on the implant properties, with a decline in 

swelling and degradation rates and an increase in implant hardness. This ensures that the structural integrity of 

the implants will be maintained over prolonged periods of time within the posterior eye segment, enabling 

release of the incorporated drug-loaded NPs in a sustained manner.  

 

Upon photocrosslinking, there was a decrease in the pore size of the interconnected capillary structures which 

will be helpful in encasing the Cx43-loaded NPs within the ISFIs and preventing free movement and thus rapid 

elimination of the NPs. This arrangement was further confirmed via morphological studies of NP-loaded light-

responsive ISFIs.  The SRB assay and ZET studies indicated the biocompatible nature of Cx43MP-loaded NPs 

and ISFIs, a prerequisite for drug delivery to a sensitive organ such as the eye. In the present study we 

proposed a combined system as an innovative, efficient, and minimally invasive ocular drug delivery technique 

with better physical properties and biocompatibility. The next step includes investigation of in-vitro drug release 

from the hybrid system to determine the duration of implant usage.  

 

5.6.  Afterword 

In this chapter, Cx43MP-loaded PLGA NPs, light-responsive ISFIs and NP-loaded light-responsive ISFIs were 

developed and characterized for their various physicochemical properties. However, further studies are required 

to prove the superiority of the hybrid system over the individual components. Accordingly, the next chapter 

investigated the developed formulations for their in-vitro peptide release properties. 
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CHAPTER-6 
In-vitro drug release studies  
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6. In-vitro drug release studies
 

6.1. Introduction 

To date, in-vitro and in-vivo experiments have been the standard procedures for investigating the quality and 

performance of novel drug delivery platforms (D'souza et al., 2014). The information gained from these 

experiments is useful in assessing the behaviour of the drug delivery platforms in relation to efficacy and safety. 

However, in-vivo experiments are generally expensive, laborious and time consuming, and require animal and/or 

human subjects. Therefore, in-vitro drug release studies are the preferred tool for predicting in-vivo performance 

of novel drug delivery platforms (Buch et al., 2010, D'souza et al., 2014, Amann et al., 2010). In-vitro release 

studies are generally performed at physiological temperature (37 ºC). Apparatus and release medium are very 

important parameters. However, the importance of choosing a proper agitation speed cannot be overlooked. The 

choice of release medium generally depends on the solubility and stability of the drug to be analysed, while the 

agitation speed is particularly important for maintaining prefect sink conditions and to prevent possible 

aggregation of the formulation, as could occur for NPs.  

 
Existing investigations of in-vitro drug release from advanced drug delivery systems, such as NPs, use one of 

three different methods: (i) sample and separate, (ii) continuous flow, and (iii) dialysis membrane. However, in 

recent years combined systems, such as glass basket dialysis and continuous flow dialysis membrane set-ups, 

utilizing principles across the three methods have also been reported (Souza D, 2014, Balzus et al., 2016, 

Ahnfelt et al., 2015). In this chapter, in-vitro drug release from the developed drug delivery systems, Cx43MP-

loaded NPs (NP3), Cx43MP-loaded light-responsive ISFIs (MA4) and Cx43-NP-loaded light-responsive ISFIs 

was investigated using the dialysis membrane model (Figure 6-1) (Zhou et al., 2016). Phosphate buffered saline 

(PBS, pH 7.4) was used as the release medium and was maintained at physiological temperature.  
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Figure 6-1. Dialysis membrane model used for the in-vitro drug release studies of (A) NPs and (B) NP-loaded 
light-responsive ISFIs.  
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6.2. Materials and methods 

6.2.1. Materials 

Connexin43 mimetic peptide (Cx43MP; MW 1396 g/mol, purity >98% by HPLC) was purchased from China 

Peptides Co. Ltd. (China). Phosphate buffered saline (PBS) was purchased from Sigma-Aldrich (New Zealand).  

Dialysis membrane (MW cut-off, 12,000-14,000 Dalton) was purchased from Medicell Int. Ltd. (UK). The 

ThermoMixer was purchased from Eppendorf Ltd. (UK). Acrodisc® syringe filters (0.20 µm, HT Tuffryn
®
 

Membrane) were purchased from Pall Life Sciences (New Zealand). PerformR
® 

15 ml conical tubes were 

purchased from Labcon (USA). Formic acid (FA) and acetonitrile (ACN) were obtained from Sigma Aldrich and 

Thermo Fisher Scientific (New Zealand). The developed Cx43MP-loaded NPs (NP3), Cx43MP-loaded light-

responsive ISFIs (MA4) and NP-loaded light-responsive ISFIs were prepared as described in previous chapters. 

Ultrapure water was obtained from a Milli-Q water system (Millipore, USA). All other reagents and solvents were 

of analytical grade. 

 
6.2.2. In-vitro peptide release studies 

For in-vitro drug release studies, 15 mg each of freeze dried Cx43MP-loaded PLGA NPs and light-responsive 

ISFIs containing Cx43MP were used, as well as the combined system consisting of 8 mg/ml of Cx43-loaded NPs 

incorporated into light-responsive ISFIs. The developed systems were enclosed in the dialysis bag and 

suspended in conical tubes (15 ml) filled with 8 ml of PBS (pH 7.4). The filled conical tubes were fitted into an 

Eppendorf
®
 ThermoMixer maintained at 37 ºC and 300 rpm.  

 

At predetermined time points, which differed slightly for each drug delivery system, i.e. Cx43MP-loaded NPs (12 

h, 24 h, 1 and 2 weeks), Cx43MP-loaded light-responsive ISFIs (24 h, 48 h, 72 h, 1 and 2 weeks) and NP-loaded 

light-responsive ISFIs (12 h, 24 h, 1 and 2 weeks), 1 ml of supernatant was withdrawn and replaced with fresh 

medium to maintain sink conditions. Samples were stored at -80 ± 1 °C until analysis. Additional intermediate 

time points, 48 and 72 h were, were included in the evaluation of drug release from the ISFIs in order to 

determine the change in burst release from the gel matrix. For peptide quantification, samples were freeze 

thawed, centrifuged at 13,000 rpm and the supernatant then filtered through a syringe filter (0.2 µm) before 

analysis by the validated HPLC method at 214 nm with an injection volume of 25 µl. The injection volume was 

increased from 10 µl (as reported in Chapter 2) to 25 µl to enable detection of even very small peptide 

concentrations and visualization of any possible degradation products (Ren et al., 2013). Chromatographic 

separation was achieved using a Gemini® C18 reverse phase column (150×3 mm, 3μ 110Ǻ, Phenomenex; PN 
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00F-4439-Y0) protected with a SecurityGuard™ C18 (8×3 mm, 3μ, Phenomenex; PN AJ0-4287) guard column. 

Instrument control and data acquisition was achieved by ChemStation B.04.03-SP2 (Agilent, USA). 

 

6.2.3. Peptide stability in Milli-Q water and PBS at physiological temperature 

In order to determine the peptide stability in the release medium, Milli-Q water and PBS (pH 7.4) were selected 

and in-vitro release of plain Cx43MP performed under similar experimental conditions to those described in 

Section 6.2.2. Cx43MP (5 mg) was enclosed in dialysis bags, and suspended in conical tubes (15 ml) filled with 

8 ml of Milli-Q water or PBS as release media. At predetermined time points (24-144 h), 1 ml of supernatant was 

withdrawn, filtered through a syringe filter (0.2 µm) and analysed by the validated HPLC method at 214 nm with 

an injection volume of 25 µl. The injection volume was increased from 10 µl (as reported in Chapter 2) to 25 µl to 

enable detection of even small peptide concentrations and visualization any possible degradation products (Ren 

et al., 2013). In order to confirm the origin of any newly appearing peaks, solutions of Irgacure-2959 (250 µg/ml) 

and MA4 (250 µg/ml) were also prepared in PBS (pH 7.4) from their stock solution (1 mg/ml) and incubated at 37 

ºC for 24 h. Only PBS was used as the medium for these excipients, as in-vitro drug release from the final 

formulations was also performed in PBS.  

6.3. Results and discussion  

6.3.1. In-vitro drug release from Cx43MP-loaded NPs 

Previously, fluorescein isothiocynate-labelled (FITC) Cx43MP -loaded PLGA NPs were developed using the 

emulsion-solvent evaporation technique and evaluated for their peptide release properties in PBS (pH7.4), using 

a fluorescence spectrophotometer. The results showed sustained release of the peptide from the NPs over 3 

months (Chen et al., 2015c). However, the results did not provide any information regarding the structure of the 

release peptide and so it was decided to analyse peptide stability in the release samples by fluorescence 

spectroscopy It was thought possible that the fluorescent tag may have broken from the peptide chain and the 

signals appearing in the fluorescence spectrophotometer were solely from the fluorescence tag rather than the 

intact peptide. In addition, studies have shown that the isothiocynate group is stable in aqueous solution only for 

a short period, and degrades thereafter. Under long term storage, FITC can also break down and lose its activity 

(Hermanson, 2013). Even if the FITC tag did not break off or degrade, it is not certain whether the released 

peptide still contained all 12 amino acids or was partially degraded. Therefore, in-vitro release of plain Cx43MP 

from PLGA NPs using a validated HPLC method could provide crucial information regarding the controlled 

release properties of the NPs, as well as the stability of the peptide.  
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Chromatograms related to in-vitro drug release from Cx43MP-loaded PLGA NPs are shown in Figure 6-2. At the 

12 h time point, the chromatogram showed a small peak of Cx43MP at 7.65 min with an area of 34.53 (Figure 6-

2A). However, the chromatogram also clearly showed that the Cx43MP had degraded into various products (D1, 

D2, D3 and D4). The retention time of degradation peaks generally depends upon their molecular weight, as well 

as their polarity. Due to peptide hydrolysis, different fragments with different chemical properties can appear. 

The fragments having more hydroxyl groups in their structure will be more polar and thus elute faster from the 

RP-HPLC column, as seen for the fragment peak D1 (Smith, 1995, Pearlman and Wang, 2013). However, other 

fragments, such as D2, D3 and D4, eluted later, due to their less polar nature and lower molecular weight. At 24 

h, the Cx43MP peak had further reduced in area (15.30) and the peak D2 also significantly reduced in height, 

possibly due to the further break down of the peptide in the medium. After two weeks, the peptide peak had 

completely disappeared with the peptide possibly degraded into product D5, shown eluting after 11 min.  

 
The peak appearing at 12.35 min was likely from PLGA. This assumption is supported by the chromatograms 

indicating the stability of pure peptide in Milli-Q water and PBS (Figures 6-5 and 6-6). Peaks corresponding to 

the pure peptide and its degradation products appeared before 10 min and remained until 144 h in MilliQ-water 

and until 72 h in PBS, with no other peaks appearing after 10min during this time period. Thus the peak at 

12.355 min is most likely from PLGA. In addition, previous studies have shown that with time PLGA hydrolyses 

into glycolic and lactic acid. Figure 6-2 shows that after one week the PLGA peak reduced in height with an 

appearance of a new peak (D6). This could be due to the hydrolysis of PLGA giving rise to another peak D5 

which could be lactic or glycolic acid. A similar pattern was seen previously where the degradation of PLGA in 

PBS was studied using RP-HPLC (Ginjupalli et al., 2013). However, the only way of accurately identifying the 

peak as glycolic acid or lactic acid is analysis of the sample by LC-MS/MS.  

 
From in-vitro release studies of Cx43MP from PLGA NPs it appeared that Cx43MP degrades in the release 

medium, probably due to the acidic pH of the medium created by the hydrolysis of PLGA. Studies have shown 

that The hydrolysis of PLGA is known to create an acidic environment which could affect the stability of the 

encapsulated peptide molecules (Houchin and Topp, 2008). Moreover, the stability studies mentioned in Chapter 

2 revealed that the Cx43MP undergoes some degradation within basic conditions and this could possibility be 

accelerated under physiological conditions. Thus, further studies of peptide alone released into PBS at 

physiological temperature were performed. These are discussed below.  
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Figure 6-2. In-vitro drug release from Cx43MP-loaded PLGA NPs at (A) 12 h, (B) 24 h, (C) 1 week and (D) 2 
week. Degradation products are indicated via D.   

 

6.3.2. In-vitro drug release from Cx43MP-loaded ISFIs 

Chromatograms related to in-vitro drug release from the Cx43MP-loaded light-responsive ISFIs are shown in 

Figure 6-3. Chromatograms at predetermined time points (24 h, 48 h, 72 h, 1 and 2 weeks) indicated the 
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complete degradation of Cx43MP into various products (D1–D13) (Figure 6-3 A–E). Peaks representing the 

photoinitiator (Irgacure-2959) are indicated by ‘I’. The photoinitiator also seemed to degrade over time resulting 

in new degradation peaks (D12 and D13). The degradation of the Cx43MP could be due to the medium (PBS), 

or possibly the interaction of the Cx43MP with one of the gel components, although no interactions were shown 

previously using FTIR (Chapter-5, Figure 5-3). However, it should be noted that the FTIR spectroscopy studies 

were performed with samples in dry state, so peptide hydrolysis would be unlikely. Generally, the presence of a 

small fraction of water molecules in the sample can accelerate hydrolysis which could then affect the stability of 

the compound,  resulting in one or more degradation products (Snape et al., 2010). Therefore, other analytical 

techniques, such as  proton-nuclear magnetic resonance (
1
H NMR) spectroscopy, differential scanning 

calorimetry (DSC) and X-ray diffraction (XRD), with samples used in either dry or wet form, could be used to 

provide further information on any possible peptide-excipients interactions. 
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Figure 6-3. In-vitro drug release from Cx43MP-loaded PLGA NPs at (A) 24 h, (B) 48 h, (C) 72 h (D) 1 week and 
(E) 2 weeks. Irgacure-2959 peaks are indicated by I and the degradation products are indicated by D. 
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6.3.3. In-vitro drug release from NP-loaded ISFIs 

The amount of NPs to incorporate into the ISFIs (8 mg/ml) was chosen as a balance between not compromising 

the clarity and gelling time of the ISFIs, while at the same time allowing sufficiently high peptide concentrations 

to be released. These properties are crucial for safe and effective ophthalmic application of the system. It was 

observed that with an increase in the amount of NPs, the gelling time also increased with an associated 

reduction in the clarity of the system. Previous studies have shown that continuous exposure to UV light (365 

nm) for 8.0–10.0 min resulted in no ocular abnormalities, such as corneal clouding or signs of cataract formation 

(Huu et al., 2015). However, applying UV light for longer durations, which would be the case if the NP 

concentration inside the ISFIs was too high, could have deleterious effects on ocular tissues (Kurzel et al., 

1977). In addition, the clarity of the system is important to ensuring that it will not interfere with normal vision. 

The effect of interference from NPs on the clarity of the ISFIs is very evident in Figures 5-4 and 5-7 (Chapter-5), 

which show blank and NP-loaded ISFIs respectively.  

 

Chromatograms related to the in-vitro drug release from the Cx43MP-loaded light-responsive ISFIs are shown in 

Figure 6-4. As shown by chromatograms at predetermined time points (12 h, 24 h and 1 and 2 weeks), Cx43MP 

was completely degraded into different products (D1-D12) (Figure 6-4). The swelling of the gel is due inherent 

properties which result in it imbibing a large amount of the solvent from the medium. Subsequently, the PLGA 

NPs incorporated into the gel come in contract with the solvent and start degrading. The hydrolysis of PLGA 

results in an acidic environment which could affect the stability of the peptide (Houchin and Topp, 2008). In 

addition, the peptide released from the NPs comes in contact with the gel and interactions between the peptide 

and the gel components may occur. The long storage duration during in-vitro release of samples may also have 

facilitated the peptide degradation reaction.  
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Figure 6-4. In-vitro drug release from NP-loaded ISFIs at (A) 12 h, (B) 24 h, (C) 1 week and (D) 2 weeks. Peaks 
corresponding to Irgacure-2959 are indicated by I and the degradation products are indicated by D. 

 

 



CHAPTER SIX- IN-VITRO DRUG RELEASE STUDIES   

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 134 
 

6.3.4. Peptide stability in Milli-Q water and PBS at physiological temperature 

Surprisingly, the peptide was found to be unstable and degraded rapidly during the in-vitro release studies, 

making it difficult to draw any conclusions regarding the release properties of the developed systems. It is 

Important to note here that stability studies described in Chapter-2 were conducted in Milli-Q water for 24 h only, 

thus the excessive degradation seen during the in-vitro release studies was unexpected. Therefore, next, the 

stability of Cx43MP was evaluated in Milli-Q water and PBS (pH 7.4) at 37 ºC for up to 144 h to evaluate the role 

of the medium in the peptide degradation process. Figure 6-5 shows chromatograms in relation to peptide 

stability in Milli-Q water with Cx43MP found to be relatively stable, although some degradation peaks appeared 

in the chromatogram over time. This could be due to the possible hydrolysis of the peptide in the Milli-Q water 

(B. Pan et al., 2011, Kahne and Still, 1988). As discussed in section 6.3.1, the appearance of degradation peaks 

at different retention times mainly relates to the molecular weight as well as the polarity of the peptide fragment.  
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Figure 6-5. Stability of Cx43MP in Milli-Q water at (A) Initial time point, 0 h, (B) 24 h, (C) 48 h, (D) 72 h and (E) 
144 h. The degaradtion products are indicated by D.  
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The stability of Cx43MP in PBS (pH 7.4) at 37 ºC over time (4-144 h) is shown in Figure 6-6. Samples taken 

after 1 h still showed a stable Cx43MP peak (Figure 6-6 A). However after 4 h, the chromatogram showed a 

reduced parent peak along with the formation of various degradation products over time (D1-D15).  

 

 

Figure 6-6. Stability of Cx43MP in PBS at (A) 1 h, (B) 4 h, (C) 48 h, (D) 72 h and (E) 144 h. The degaradtion 
products are indicated by D. 
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According to previous studies, one reason for the peptide instability in PBS (pH 7.4) could be its deamination 

and subsequent hydrolysis (Tyler-Cross and Schirch, 1991). Deamination is a chemical reaction that involves the 

removal of an amide functional group from an amino acid, resulting in isomerization, racemization, and 

truncation of proteins and peptides (Figure 6-7). The rate of deamination for individual amide groups present in 

small peptides generally depends on the amino acid sequence, as well as the properties of the solution, such as 

temperature, pH, buffer ions and ionic strength (Tyler-Cross and Schirch, 1991). At pH > 5.0, deamination may 

occur through a very unstable cyclic imide intermediate formation, which spontaneously undergoes hydrolysis 

(Patel and Borchardt, 1990).  

 

Figure 6-7. Mechanism involved in peptide instability due to deamination, deamidation and oxidation. 
 
Deamidation of aspartic acid and glutamine is another mechanism responsible for peptide instability (Figure 6-7). 

The rate, mechanism, and location of deamidation are all pH-dependent. Deamidation reactions are important 

because they may alter the peptide structure, stability and/or function and may also lead to protein degradation 

(Bischoff and Kolbe, 1994).  
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In addition to the above deamination ad deamidation, oxidation is another important mechanism for instability of 

peptides containing cysteine (Figure 6-7). Peptides with cysteine are prone to oxidation at pH>7 as a pH of 7.5 

to 8 is favourable for the formation of disulfide bonds. Therefore, it is best to dissolve peptides with cysteine in 

degassed solvents (Hill et al., 1990). The use of buffers with unfavorable pH may also cause time dependent 

aggregation and complex formation of protein and peptide structures. Non-covalent interactions including ionic 

interactions and Van-der-Waals forces including nonpolar interactions (i.e. London dispersion forces) and polar 

interactions (i.e. hydrogen bonds, dipole-dipole bonds) between the amino acids help in stabilizing the peptide in 

a given set of environmental conditions. However, a change in the environmental conditions, such as 

temperature, buffer, pH, peptide concentration and freeze-thaw cycle may result in a change of these 

interactions followed by peptide aggregation, complex formation and peptide degradation (Figure 6-8) (Roberts, 

2014).  

            

Figure 6-8. Mechanism of peptide aggregation and complex formation due to a change in environmental 
conditions. 
 

Thus, optimization of the buffer pH and its composition is key to minimizing peptide hydrolysis during the 

development and evaluation of pharmaceutical formulations of proteins and peptides involving buffers 
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(Cholewinski et al., 1996, Ritter, 2011). (Jafari et al., 2014). The selection of excipients is also a critical step in 

the development of formulations containing protein and peptide drugs. Excipients may cause a change in pH and 

can also interact with the protein and peptide molecules (Jorgensen et al., 2009). Peptides containing 

tryptophan, methionine or cysteine need special care to avoid oxidation. Although Cx43MP does not contain 

methionine or tryptophan, it does have a cysteine in its structure. Thus, to minimize or avoid possible oxidation, 

oxygen free water/buffer or reducing agents, such as 1,4-dithio-DL-threitol  should be used. In addition, as 

mentioned above, long term storage of peptide solutions containing asparagine, glutamine, cysteine, methionine 

or tryptophan is not recommended due to the unfavourable chemical reactions which can affect their stability and 

function (Bachem, 2017). Overall, lyophilized peptide formulations are generally preferred for long term storage. 

However, if long term storage as solution is unavoidable, the peptide must be dissolved in a sterile buffer of pH 

5–6. In addition, the peptide solution can be passed through a 0.2 µm filter to remove any potential bacterial 

contamination.  

Figure 6-9 shows the chromatograms of Irgacure-2959 and methacrylated alginate solutions prepared in PBS. 

As the entire suite of in-vitro drug release studies was performed in PBS medium, Irgacure-2959 and 

methacrylated alginate solutions were also prepared in PBS and incubated at 37 ºC for 24 h to mimic in-vitro 

study conditions, and reveal any possible degradation and/or interactions with the peptide. The chromatograms 

show respective peaks corresponding to Irgacure-2959 and methacrylated alginate, with none of the peaks 

appearing in the area where peaks corresponding to Cx43MP and its degradation products usually appear. This 

finding is supported by comparison of these results with the chromatograms shown in Figures 6-5 and 6-6. The 

parent peak of Cx43MP and its degradation products in Milli-Q water and PBS appeared before 12.0 min. 

Further, the respective peaks of Irgacure-2959 were also indicated in the chromatogram showing the in-vitro 

release of NP-loaded ISFIs (Figure 6-4). It can therefore be concluded that no interference to the 

chromatographic peaks of Irgacure-2959 and methacrylated alginate from any of the peptide peaks was to be 

expected during the analysis of in-vitro drug release samples. Similarly, the chromatographic peaks 

corresponding to PLGA and its degraded products (glycolic and lactic acid) were not expected to interfere with 

the release studies, as discussed in section 6.3.1.  
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Figure 6-9. Chromatographs of (A) Irgacure-2959 and (B) MA4 in PBS after 24 h of incubation at 37 ºC. The 
dotted red line indicates the area where peaks representing Cx43MP and its degradation products usually 
appear. 

6.4. Conclusion 

During in-vitro release studies it was found that the Cx43MP degraded in PBS at physiological temperature over 

time, making it difficult to study the long term performance of the formulations in relation to their anticipated 

sustained peptide release properties. As per previous studies, two possible reasons for this instability are the 

peptide interaction with PBS due to an acidic pH effect, as well as possible interactions with components of the 

light-responsive in-situ gelling system. Therefore, selection of the medium as well as its pH needs careful 

consideration to ensure peptide stability throughout the study. In addition, possible peptide-excipients 

interactions could be further studied using other analytical techniques, such as 
1
H NMR, XRD and DSC. The 

information gathered from different analytical techniques could provide more accurate interpretations regarding 

the possible existence of peptide-excipients interactions. Nevertheless, as Cx43MP is a new therapeutic 

molecule with no established stability profile, the information gathered from the in-vitro release studies is still 

highly valuable for the future development of pharmaceutical products containing peptides.  

 

Overall, it was surprising to see such extensive peptide degradation in PBS at physiological temperature over 

such a short period of time, as a number of animal studies have shown Cx43MP efficacy in-vivo (Chen et al., 



CHAPTER SIX- IN-VITRO DRUG RELEASE STUDIES   

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 141 
 

2015c, Chen et al., 2015b, O'carroll et al., 2013, Guo et al., 2016, Danesh-Meyer et al., 2012, Davidson et al., 

2012, Mao et al., 2017). However, it should be noted that sometimes repeated or continuous low-doses were 

used in these studies and that the peptide was freshly reconstituted before administration. Moreover, it should 

also be noted that Cx43MP continues to show activity when truncated from the N-terminus; however, it loses 

activity almost completely when degraded from the C-terminal end, showing that the SRPTEKT modification is 

central to peptide function (Kim et al., 2017). Therefore, future studies should utilize LC-MS/MS to determine the 

degradation products and their remaining biological activity. In addition, different buffers of varying pH should be 

investigated for their effect on peptide stability.  
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7. Concluding discussion and future perspectives 

7.1. Concluding discussion  

Effective drug delivery to the posterior segment of the eye and particularly to retinal tissues remains challenging 

due to complex ocular barriers and elimination mechanisms. Corneal, blood-aqueous and blood-retinal barriers 

prevent delivery and uptake of conventional forms of dosage, such as eye drops, in the posterior eye segment. 

Frequent intravitreal (IVT) injections are the technique currently used to overcome the majority of the ocular 

barriers and deliver sufficient drug into the posterior eye segment. However, IVT has been associated with pain 

and other potential side effects. Some site specific ocular implants have been developed and approved for the 

treatment of posterior eye diseases, and many others are currently in clinical trials (Lloyd et al., 2001, Baino and 

Potestio, 2016, Yasin et al., 2014). However, some of these require surgical implantation and then removal of 

the implant following release of the loaded drug. 

 
The anti-VEGF agents used in IVT treatment of posterior eye diseases may cause an increase in the incidence 

of dry AMD with continuous use (Grunwald et al., 2016). The Cx43MP peptide has been proposed as a novel 

therapeutic in targeting the underlying cause of AMD. However, the majority of  therapeutic molecules used in 

the treatment of posterior eye diseases, including proteins and peptides, have a short intravitreal half-life and are 

prone to degradation in biological fluids including the ocular vitreous (Chen et al., 2013). To overcome the 

limitations associated with current drug delivery strategies, the overall aim of this study has been to develop a 

combination system that can deliver drug in an effective and minimally invasive manner. In addition, the 

proposed delivery system should be able to prevent rapid elimination and possible degradation of the drug in the 

vitreous body.   

The conclusions and discussion of future perspectives which follow are framed around the specific objectives 

addressed in the study.  

 

Specific objective-1: Analytical method development 

 

 Novel stability indicating reverse phase high pressure liquid chromatography (RP-HPLC) 

method for quantification of Cx43MP and determination of its degradation kinetics in 

biological fluids. 

 

Prior to the development of a pharmaceutical product, it is very important to evaluate basic physicochemical 

properties of the therapeutic molecule. This information is crucial in the development of safe and effective drug 

products. In this initial phase, preformulation studies are used to evaluate any potential problems associated with 
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the formulation and play a significant role in determining a logical path for successful formulation development 

(Sigfridsson et al., 2017a). The first step in preformulation studies includes the development of an analytical 

method which can be used to determine the stability of the therapeutic molecule. Therefore in this study, I 

followed FDA guidelines in developing and validating a HPLC method for the quantification of Cx43MP. To the 

best of our knowledge, no validated HPLC method for the quantification of Cx43MP has been reported in the 

literature to date. During pharmaceutical product development the major challenge is to ensure the stability of a 

new therapeutic entity in the delivery system. The stability or shelf-life of the dosage form is defined as the 

duration for which a product remains stable under particular storage conditions. Predicting the shelf-life of a new 

therapeutic molecule or its formulation is of prime importance in the development of a pharmaceutical product to 

ensure the overall effectiveness of the end product (Waterman and Adami, 2005). In addition, any degradation 

products formed during storage, whether from the unstable drug or any other formulation components, can be 

toxic to the patient and thus need to be considered (Bakshi and Singh, 2002).  

 

The shelf-life of a therapeutic molecule or a dosage form is commonly determined via two types of stability 

testing: real time and accelerated stability studies. Real time stability studies are of long duration whereby the 

product is stored according the recommended storage conditions and continuously monitored at predetermined 

time intervals. However, these studies are time consuming and tedious. Therefore, accelerated stability studies 

are widely used to evaluate the shelf-life of pharmaceutical products. Accelerated stability studies are short-term 

studies where the product is stored under elevated stress conditions, such as high temperature and varying pH. 

The product degrades at a faster rate and the capacity of the product to tolerate the extra stress is evaluated 

(Magari, 2003, Franks, 1994). In this study, for the first time, accelerated stability studies of Cx43MP were 

performed under various stress conditions at 37 and 80 ºC, such as acid and base hydrolysis (1 M HCl and 

NaOH), oxidative degradation (30 % v/v, H2O2), thermal degradation (room temperature, 37, 80, -20 and -80 ºC) 

and photolytic degradation (UV light, 365 nm). Cx43MP was found quite stable under the majority of these stress 

conditions excluding high basic hydrolysis (1M NaOH). While such alkaline condition would not be encountered 

in the clinical setting, this information will still be very helpful during the formulation development phase which 

involves the use of excipients and solvents with different properties. These excipients may possibly interact with 

peptide or induce a change in the pH of the working solutions. 

 
In order to ensure its clinical efficacy, the biological stability of Cx43MP was evaluated in bovine vitreous and 

drug free human plasma. Degradation kinetics were evaluated using a non-linear two-phase decay kinetic model 

as a best fit. Cx43MP was found relatively more stable in the vitreous, with a half-life of t1/2 fast= 4.51 and t1/2 
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slow= 171.8 min, compared to human plasma (t1/2 fast= 5.06 and t1/2 slow= 39.27 min), suggesting that Cx43MP 

is possibly sufficiently stable to retain its activity after intravitreal application. This information is helpful in the 

development of ophthalmic formulations that are able to protect proteins and peptides from degradation in the 

posterior eye segment (Agarwal and Rupenthal, 2013).  

 

• Development and validation of a liquid chromatography tandem mass spectroscopy (LC-

MS/MS) method for the quantification of Cx43MP in ocular fluids and tissues. 

 

As an alternative to conventional assays, liquid chromatography coupled with mass spectrometry detection (LC-

MS/MS) has become one of the most powerful analytical tools for the quantification of biopharmaceuticals. 

Compared to HPLC, LC-MS offers various benefits, including rapid run times, the low volume of sample required 

for analysis, a high degree of selectivity where co-eluting peaks from the mixture of compounds can be easily 

isolated by mass selectivity, and a high degree of sensitivity whereby a peak of interest can be assigned 

correctly from complex matrices. Moreover, the structure of the compound can be identified through controlled 

fragmentation (Lin et al., 2012, Lu et al., 2006, Gu et al., 2008). The higher sensitivity and selectivity offered by 

LC-MS/MS for the quantification of Cx43MP in biological fluids make it potentially very helpful for ex-vivo and in-

vivo studies. Using Octreotide (Octd) as the internal standard, I successfully developed and validated a LC-

MS/MS method for the quantification of Cx43MP in biological fluids, which demonstrated good linearity, accuracy 

and precision. No previous reports of a validated LC-MS/MS method for the quantification of Cx43MP were 

found in the literature. The developed method was then used to quantify Cx43MP during ex-vivo tissue 

disposition studies.  

 

Future perspective:  

Based on the above studies future investigations could include: 

1. Validation of the HPLC method using an internal standard to further assure method accuracy in different 

matrices, particularly in biological fluids. 

2. Accelerated stability studies could also be conducted at different relative humidity which is an important 

parameter affecting the stability of the peptide. 
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Specific objective-2: 

 Development of an ex-vivo intraocular model to evaluate the tissue distribution of Cx43MP 

following its IVT administration using the microdialysis technique and LC-MS/MS. 

 

Our ex-vivo studies of intravitreal pharmacokinetics and ocular tissue disposition of therapeutic molecules 

intended for IVT administration provide important information for dose optimization and development of effective 

ophthalmic formulations (Bisht et al., 2016b). Such studies are quite difficult to perform in the human eye, due to 

their invasive nature and the requirement for continuous sampling. Formerly, in-vivo intravitreal pharmacokinetic 

studies have involved large numbers of animal (at least 6–20), and their unnecessary sacrifice. In order to 

overcome this limitation, I developed a new ex-vivo intraocular model whereby intravitreal kinetics and ocular 

tissue distribution can be determined for ophthalmic formulations injected into the posterior eye segment. As 

drug concentrations in tissues can be quite low, they are difficult to quantify using the developed HPLC method. 

Accordingly, the LC-MS/MS method described above was used to quantify Cx43MP in this study. In addition, 

continuous sampling from the posterior eye segment is quite challenging and the use of frequent injections may 

cause a change in intraocular pressure, which can disturb the overall intravitreal kinetics of the drug and give 

misleading results. To avoid this, I used intravitreal microdialysis which is considered an ideal technique for 

continuous sampling from the vitreous body of the eye (Boddu et al., 2010a, Majumdar et al., 2006, Anand et al., 

2006, Waga and Ehinger, 1997). By using a microdialysis probe, it is quite easy to take samples from the 

posterior eye segment without disturbing the whole experimental setup. The novel ex-vivo intraocular model 

used in this study combined the developed LC-MS/MS method with microdialysis to investigate the intravitreal 

kinetics of Cx43MP. These ex-vivo ocular tissue disposition studies showed that in addition to Cx43MP recovery 

in the vitreous and retina, a considerable amount was recovered in the cornea and aqueous humor. This 

indicates that the peptide molecules move rapidly towards the anterior segment from the site of IVT injection. 

This may result in sub-therapeutic peptide concentrations in the retinal tissues necessitating more frequent IVT 

injections. It is also suggested this rapid distribution of the peptide from the vitreous body could be reduced by 

enclosing it in PLGA NPs, which would also protect the therapeutic molecule from possible degradation. 

Future prospective:  

Based on the above studies future investigations could include: 

1. The developed ex-vivo model could be further optimized in terms of the working environmental conditions, 

such as temperature and humidity, including by the use of an antimicrobial to minimise tissue degradation 

and variation in the results. 
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2. The experimental setup could also be transferred to in-vivo studies so that long-term PK studies can be 

carried out with all the relevant elimination mechanisms in place (there is no vitreous circulation and no 

retinal/choroidal blood flow in an ex-vivo eye). 

 

Specific objective-3: Nanoparticle system 

 Preparation and statistical optimization of PLGA NPs using the one-step nanoprecipitation 

technique. 

 

Over the past few years, the quality-by-design (QbD) approach has become a valuable tool in evaluating the 

effect of various process parameters on product performance, with this information then used in the development 

of quality products with the required properties (Huang et al., 2009). Recently, regulatory agencies such as  the 

FDA, European Medicines Agency (EMEA) and the Medicines and Healthcare Products Regulatory Agency 

(MHRA) have acknowledged the importance of QbD in maintaining the quality of a product right from the earliest 

development stages of the manufacturing process (Usfda, 2006, Huang et al., 2009). The International 

Community of Harmonization (ICH) has also laid down various guidelines (FDA/ICH Q8 (R1), Q9 and Q10) for 

maintaining the quality of the product during the manufacturing process (Usfda, 2004, Ichq9, 2005, Ichq8(R1), 

2008, Ichq10, 2008). Design of experiments (DOE) and statistical analysis are ideal tools for implementing QbD 

in both research and industrial settings. DOE is used to identify the factors critical to the development of a 

formulation with the desired properties (Politis et al., 2017, Huang et al., 2009). In this study, PLGA NPs were 

developed using the one-step nanoprecipitation technique and statistically optimized using Box-Behnken Design 

and Response-Surface Methodology. PLGA NPs have been widely investigated for ocular drug delivery 

applications including effective protein and peptide delivery. The idea behind encapsulating Cx43MP into PLGA 

NPs was to protect them from possible degradation and thereby reduce rapid elimination of plain peptide from 

the vitreous body, as seen during the ex-vivo tissue distribution studies. In addition, NPs also offer controlled 

release of the cargo (Danhier et al., 2012). The statistical designs showed that variables such as concentration 

of the polymer, stabilizer and the organic solvent have a significant effect on the physicochemical properties of 

the NPs, particularly their size and zeta potential as these both greatly impact the performance of the 

formulation. The information generated from the statistical design was used to develop an optimized 

nanoformulation with the required properties, such as small size, high ZP and low PDI. 
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 Development and characterization of Cx43MP-loaded PLGA NPs using the two-step 

nanoprecipitation technique. 

 

One-step nanoprecipitation is the most straightforward and simple technique for the development of PLGA NPs, 

however it is only suitable for hydrophobic therapeutic molecules (Govender et al., 1999). As a result, the 

statistically optimized Cx43-loaded PLGA NPs developed via one-step nanoprecipitation technique showed low 

entrapment efficiency. To overcome this limitation, the two-step nanoprecipitation technique was used with some 

modifications (Morales-Cruz et al., 2012), resulting in increased entrapment efficiency which helps to maintain 

the required therapeutic concentration of the peptide at the target site for prolonged time periods. The 

sulforhodamine B (SRB) assay of human retinal pigment epithelium (ARPE-19) cells showed the biocompatibility 

of Cx43MP-loaded NPs toward ocular tissues, and the ZET model further confirmed the non-toxic nature of the 

developed NPs, thus confirming the suitability of the developed NPs for ocular applications.  

Future perspectives  

Based on the above studies future investigations could include: 

1. PLGA NPs developed using the modified two-step nanoprecipitation technique could be further optimized 

considering other variables, such as stirring speed and duration of sonication, which could affect the particle 

size, zeta potential and entrapment efficiency.   

2. Other statistical models, such as Central Composite Design (CCD) and Artificial-Neural Network (ANN), could 

be used to check for variation in statistical response with a change in models. This comparative analysis 

would be helpful in selecting the best fit model. 

3. Other organic solvents, such as acetonitrile, could be used to see how a change in the organic solvent affects 

the process of nanoparticle formation and the physical properties of the particles, most importantly size and 

entrapment efficiency. 

4. A suitable protectant, such as sucrose, fructose, glucose or sorbitol could be added to prevent NP 

aggregation during the freeze drying process.  

5. Long term stability studies of Cx43MP within NPs should be performed, as the hydrolysis of PLGA creates an 

acidic environment which may affect peptide stability.  

6. The interaction between the peptide and the polymer could be further studied using analytical techniques 

such as proton nuclear magnetic resonance spectroscopy (
1
H NMR), X-ray diffraction (XRD) and differential 

scanning calorimetry (DSC). Any possible binding affinity of the drug towards the polymer could affect its 

encapsulation and stability, as well as its release from the polymeric matrix.  
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Specific objective-4: Light-responsive in-situ forming injectable implants (ISFIs) 

 Development and characterization of light-responsive in-situ forming injectable implants 

Most of the stimuli-responsive in-situ gelling systems developed for ophthalmic applications to date are based on 

various external stimuli, including temperature, pH and ions (Hoare and Kohane, 2008, Gupta et al., 2002, 

Kirchhof et al., 2015, Van Tomme et al., 2008). However, irrespective of the biodegradability and biocompatibility 

of these systems, the majority of them suffer from a high initial burst release of the drug from the gel matrix also 

referred to as drug dumping (Thrimawithana et al., 2012). This burst release is mainly due to the slow sol to gel 

transformation. This limitation can be partially overcome by using light as an external stimulus which results in 

more rapid sol-gel transformation when using biocompatible photoinitiators, such as Irgacure-2959 (Tomatsu et 

al., 2011, Chiang and Chu, 2015, Tomer and Florence, 1993). In addition, the transparent nature of the cornea 

and lens facilitate the noninvasive penetration of light from the remote source to the posterior eye segment (Bisht 

et al., 2016a), rendering such systems ideal for ocular applications.  

 
The developed light-responsive ISFIs exhibited the clarity required to avoid interference with normal vision. In 

addition, the physical properties of the ISFIs, such as gelling time, morphology, syringeability, hardness, rate of 

swelling and degradation were found suitable for their prolonged residence in the posterior eye diseases. The 

SRB assay of ARPE-19 cells treated with freeze dried ISFIs confirmed their biocompatibility with ocular cells, 

with their nontoxic nature further confirmed by the ZET model. Ex-vivo studies using bovine eyes confirmed the 

formation of ISFIs in the vitreous following IVT administration and photoirradiation. Overall, the developed light-

responsive ISFIs were found able to sustain drug delivery in the posterior eye segment in a minimally invasive 

manner. 

Future perspectives  

Based on the above studies future investigations could include: 

1. The possible binding affinity between the peptide and the polymer could be further investigated using 

different analytical techniques, such as 
1
H NMR, XRD and DSC. These techniques may give more precise 

information regarding the existence of possible interactions between peptide and polymer which could affect 

the peptide stability. 

2. Methacrylated alginate synthesis could be statistically optimized to investigate the effect of formulation 

variables on the properties of the ISFIs, such as gelling time as well as rate of swelling and degradation.  
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3. Long term Cx43MP stability within the ISFIs could be investigated to evaluate the ability of the developed 

system to protect the loaded peptide from degradation.   

 

Specific objective-5: Combination system development and evaluation 

 Development of NP-loaded light-responsive ISFIS and in-vitro drug release studies 

One concern with IVT injection of PLGA NPs is in regard to their aggregation at the site of injection, as this may 

cause visual impairment and vitreous haze (Kompella and Edelhauser, 2011). In general, the physicochemical 

properties of the NPs, such as size and surface charge, play an important role in the movement of NPs across 

the vitreous and into the retina. This free movement may also cause their elimination from the vitreous body and 

result in sub-therapeutic concentrations at the target site (Kim et al., 2009). In addition, PLGA NPs are also 

associated with a high initial burst release. To overcome these limitations, Cx43MP-loaded PLGA NPs were 

incorporated into light-responsive ISFIs as it was thought the gel coat around the particles might reduce particle 

aggregation and burst release, resulting in more control over the drug release. The successful incorporation of 

the Cx43MP-loaded PLGA NPs into the ISFIs was confirmed via scanning electron microscopy studies. 

Cx43MP-loaded NPs, Cx43MP-loaded light-responsive ISFIs and the combined system were then further 

evaluated for their in-vitro drug release properties.  

 
However, no conclusions could be drawn with regard to the in-vitro release profiles of the developed systems as 

the peptide seemed to degrade rather rapidly in PBS at physiological temperature (37 ºC). Two factors, i.e. the 

physicochemical properties of the release medium and the excipients used in the fabrication of the drug delivery 

platform, may have been responsible for the degradation of the peptide (Genscript, 2017, Ritter, 2011). Studies 

have shown that peptides dissolved in PBS can undergo deamination and subsequent hydrolysis. The 

temperature and the ionic strength of the medium are thought to determine the rate of deamination and 

hydrolysis (Tyler-Cross and Schirch, 1991). For peptides, it is recommended that the pH of the medium should 

be less than 5. At pH > 5.0, deamination may occur through formation of a very unstable intermediate cyclic 

imide, which spontaneously undergoes hydrolysis (Patel and Borchardt, 1990). As pH 7.5–8 is favourable for the 

formation of disulfide bonds, it is best to dissolve peptides containing cysteine in degassed solvents, e.g. buffers 

pH<7, diluted acetic acid or 0.1% trifluoroacetic acid in aqueous acetonitrile (Bachem, 2017). The use of buffers 

with unfavourable pH may cause time dependent aggregation and complex formation of protein and peptide 

structures. Therefore, the selection of a proper medium and its pH are important factors in avoiding aggregation 

and degradation of proteins and peptides (Jafari et al., 2014).  
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Another important factor is the selection of excipients as they can affect the peptide stability either by direct 

interaction with the drug, or by changing the pH of the medium (Jorgensen et al., 2009). In this study, possible 

peptide-excipient interactions were investigated via IR-spectroscopy and no incompatibilities found. However, 

due the complex nature of IR-spectroscopy, it was very difficult to get accurate information regarding the 

peptide-excipient interactions (Szakonyi and Zelko, 2012). In addition, samples were used in the dry form with 

the physical mixture of the test chemicals prepared in different ratios compared to the final formulation. In the 

pharmaceutical industry, keeping chemicals in their dry form is preferred as this ensures their long-term stability. 

The presence of a small fraction of water, even as moisture, can accelerate hydrolysis which may then affect the 

stability of the compound and result in one or more degraded products (Snape et al., 2010).  

Future perspectives:  

Based on the above studies future investigations could include: 

1. The effect of NP incorporation into the light-responsive ISFIs should be investigated in relation to gelling time, 

swelling and degradation rates, as well as clarity.  

2. Possible peptide-excipients interactions could be evaluated using different analytical techniques, such as 
1
H 

NMR, DSC and XRD to allow more accurate interpretations about the existence of such interactions. 

3. The medium for in-vitro release studies should be optimized in terms of pH to ensure the stability of the 

peptide during the studies.  

 

In conclusion, a stability indicating validated HPLC method was successfully developed for the quantification of 

Cx43MP, and accelerated peptide stability studies performed under different experimental conditions, including 

in biological fluids. The degradation kinetics of the peptide in bovine vitreous and human plasma were studied 

using a non-linear two-phase degradation kinetic model, and the peptide concentration successfully quantified by 

the developed HPLC method. Compared to human plasma, the peptide was found more stable in the vitreous 

which ensures its clinical acceptability for ophthalmic applications. A novel ex-vivo intraocular model was 

successfully developed to evaluate ocular tissue disposition of the peptide using the microdialysis technique and 

validated LC-MS/MS method. The information gathered from the tissue distribution study following a single IVT 

injection will be crucial for the future development of sustained release ophthalmic formulations. PLGA NPs were 

successfully developed via the one-step nanoprecipitation technique, and statically optimized using BBD and 

RSM. The statistical design used provided valuable information regarding the effect of process variables on the 

physicochemical properties of the NPs. While the one-step nanoprecipitation technique resulted in low 
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entrapment efficiency, the modified two-step nanoprecipitation technique increased entrapment efficiency. 

Methacrylated alginate was successfully synthesized and used for the development of light-responsive ISFIs 

with acceptable physicochemical properties to assure their prolonged residence in the posterior eye segment. 

SRB assays and ZET modelling confirmed the biocompatibility of the Cx43MP-loaded NPs and ISFIs. The 

proposed hybrid system was then successfully formulated by incorporating the developed Cx43-loaded PLGA 

NPs into the light-responsive ISFIs. However, the hypothesis related to the sustained release properties of the 

developed system could not been confirmed due to peptide stability issues related to the in-vitro release set-up, 

which requires further optimization. Nevertheless, the biodegradability, biocompatibility and physicochemical 

properties of the proposed hybrid system make it a promising drug delivery technology for ophthalmic 

applications.  
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1. AAPS Ocular Drug Delivery and Disposition Focus Group Graduate Student Poster Award-2016, 

American Association of Pharmaceutical Scientist (AAPS), Denver, Colorado, USA. 

2. University of Auckland International Doctoral Scholarship-2015-2017 

3. Buchanan Ocular Therapeutics Unit (BOTU) Scholarship-2014 

4. Faculty of Medical and Health Sciences (FMHS) Travel Grant-2015 

5. Sir John Logan Campbell Medical Trust Travel Grant-2015



REFERENCES  

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 156 
 

 
 
 
 
 
 
 

References



REFERENCES 

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 157 
 

Reference 

Acharya, S. & Sahoo, S.K. (2011) PLGA nanoparticles containing various anticancer agents and tumour delivery 
by EPR effect. Adv Drug Deliv Rev 63, 170-83. 

Adelman, R.A., Zheng, Q. & Mayer, H.R. (2010) Persistent ocular hypertension following intravitreal 
bevacizumab and ranibizumab injections. J Ocul Pharmacol Ther 26, 105-10. 

Adessi, C. & Soto, C. (2002) Converting a peptide into a drug: strategies to improve stability and bioavailability. 
Curr Med Chem 9, 963-78. 

Agarwal, P. & Rupenthal, I.D. (2013) Injectable implants for the sustained release of protein and peptide drugs. 
Drug Discov Today 18, 337-49. 

Aggarwal, P. & Rupenthal, I.D. (2013) Injectable implants for the sustained release of protein and peptide 
drugs. Drug Discovery Today 18, 337-349. 

Agrawal, A.K., Das, M. & Jain, S. (2012) In situ gel systems as 'smart' carriers for sustained ocular drug delivery. 
Expert Opin Drug Deliv 9, 383-402. 

Ahmed, I. & Patton, T.F. (1985) Importance of the noncorneal absorption route in topical ophthalmic drug 
delivery. Invest Ophthalmol Vis Sci 26, 584-7. 

Ahnfelt, E., Sjogren, E., Axen, N. & Lennernas, H. (2015) A miniaturized in vitro release method for investigating 
drug-release mechanisms. Int J Pharm 486, 339-49. 

Aiello, L.P., Bursell, S.E., Clermont, A., Duh, E. & Ishii, H. (1997) Vascular endothelial growth factor-induced 
retinal permeability is mediated by protein kinase C in vivo and suppressed by an orally effective beta-
isoform-selective inhibitor. Diabetes 46, 1473-80. 

Al-Halafi, A.M. (2014) Nanocarriers of nanotechnology in retinal diseases. Saudi J Ophthalmol 28, 304-9. 
Aldrich, S. 2017a. Handling and Storage Guidelines for Peptides and Proteins [Online]. Available: 

http://www.sigmaaldrich.com/life-science/cell-biology/peptides-and-proteins/peptides-
proteins/technical-resource/handling-and-storage.html [Accessed 9th April 2017]. 

Aldrich, S. 2017b. Peptide stability [Online]. Available: http://www.sigmaaldrich.com/life-science/custom-
oligos/custom-peptides/learningcenter/peptide-stability.html. [Accessed 9th April 2017]. 

Ali, M. & Byrne, M.E. (2008) Challenges and solutions in topical ocular drug-delivery systems. Expert Rev Clin 
Pharmacol 1, 145-61. 

Allahyari, M. & Mohit, E. (2016) Peptide/protein vaccine delivery system based on PLGA particles. Hum Vaccin 
Immunother 12, 806-28. 

Alvarez-Lorenzo, C., Bromberg, L. & Concheiro, A. (2009) Light-sensitive intelligent drug delivery systems. 
Photochem Photobiol 85, 848-60. 

Amann, L.C., Gandal, M.J., Lin, R., Liang, Y. & Siegel, S.J. (2010) In vitro-in vivo correlations of scalable PLGA-
risperidone implants for the treatment of schizophrenia. Pharm Res 27, 1730-7. 

Amin, M.C., Ahmad, N., Pandey, M., Abeer, M.M. & Mohamad, N. (2015) Recent advances in the role of 
supramolecular hydrogels in drug delivery. Expert Opin Drug Deliv 12, 1149-61. 

Amrite, A.C. & Kompella, U.B. (2005) Size-dependent disposition of nanoparticles and microparticles following 
subconjunctival administration. J Pharm Pharmacol 57, 1555-63. 

Anand, B.S., Atluri, H. & Mitra, A.K. (2004) Validation of an ocular microdialysis technique in rabbits with 
permanently implanted vitreous probes: systemic and intravitreal pharmacokinetics of fluorescein. Int J 
Pharm 281, 79-88. 

Anand, B.S., Katragadda, S., Gunda, S. & Mitra, A.K. (2006) In vivo ocular pharmacokinetics of acyclovir 
dipeptide ester prodrugs by microdialysis in rabbits. Mol Pharm 3, 431-40. 

Araujo, J., Gonzalez, E., Egea, M.A., Garcia, M.L. & Souto, E.B. (2009) Nanomedicines for ocular NSAIDs: safety 
on drug delivery. Nanomedicine 5, 394-401. 

Astrup, T., Crookston, J. & Macintyre, A. (1950) Proteolytic enzymes in blood. Acta Physiol Scand 21, 238-49. 
Atluri, H. & Mitra, A.K. (2003) Disposition of short-chain aliphatic alcohols in rabbit vitreous by ocular 

microdialysis. Exp Eye Res 76, 315-20. 
Avedro. 2016. Avedro Receives FDA Approval for Photrexa Viscous, Photrexa and the KXL System for Corneal 

Cross-Linking. [Online]. Available: http://avedro.com/en-us/press-releases/avedro-receivesfda-
approval. [Accessed 9th April 2017]. 



REFERENCES 

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 158 
 

Bachem. 2017. Handling of peptide [Online]. USA: Bachem. Available: http://www.bachem.com/service-
support/faq/handling-of-peptides/ [Accessed 1 May 2017]. 

Baino, F. & Potestio, I. (2016) Orbital implants: State-of-the-art review with emphasis on biomaterials and 
recent advances. Mater Sci Eng C Mater Biol Appl 69, 1410-28. 

Bajpai, A.K., Shukla, S.K., Bhanu, S. & Kankane, S. (2008) Responsive polymers in controlled drug delivery. Prog 
Poly Sci 33, 1088-1118. 

Bakri, S.J., Snyder, M.R., Reid, J.M., Pulido, J.S. & Singh, R.J. (2007) Pharmacokinetics of intravitreal 
bevacizumab (Avastin). Ophthalmology 114, 855-9. 

Bakshi, M. & Singh, S. (2002) Development of validated stability-indicating assay methods--critical review. J 
Pharm Biomed Anal 28, 1011-40. 

Bala, I., Hariharan, S. & Kumar, M.N. (2004) PLGA nanoparticles in drug delivery: the state of the art. Crit Rev 
Ther Drug Carrier Syst 21, 387-422. 

Balakrishnan, B. & Jayakrishnan, A. (2005) Self-cross-linking biopolymers as injectable in situ forming 
biodegradable scaffolds. Biomaterials 26, 3941-51. 

Balzus, B., Colombo, M., Sahle, F.F., Zoubari, G., Staufenbiel, S. & Bodmeier, R. (2016) Comparison of different 
in vitro release methods used to investigate nanocarriers intended for dermal application. Int J Pharm 
513, 247-254. 

Bansal, P., Garg, S., Sharma, Y. & Venkatesh, P. (2016) Posterior Segment Drug Delivery Devices: Current and 
Novel Therapies in Development. J Ocul Pharmacol Ther 32, 135-44. 

Baral, A., Roy, S., Dehsorkhi, A., Hamley, I.W., Mohapatra, S., Ghosh, S., et al. (2014) Assembly of an Injectable 
Noncytotoxic Peptide-Based Hydrogelator for Sustained Release of Drugs. Langmuir 30, 929-936. 

Barar, J., Aghanejad, A., Fathi, M. & Omidi, Y. (2016) Advanced drug delivery and targeting technologies for the 
ocular diseases. Bioimpacts 6, 49-67. 

Barar, J., Javadzadeh, A.R. & Omidi, Y. (2008) Ocular novel drug delivery: impacts of membranes and barriers. 
Expert Opin Drug Deliv 5, 567-81. 

Barichello, J.M., Morishita, M., Takayama, K. & Nagai, T. (1999) Encapsulation of hydrophilic and lipophilic 
drugs in PLGA nanoparticles by the nanoprecipitation method. Drug Dev Ind Pharm 25, 471-6. 

Barrett, C.J., Mamiya, J.-I., Yager, K.G. & Ikeda, T. (2007) Photo-mechanical effects in azobenzene-containing 
soft materials. Soft Matter 3, 1249-1261. 

Battaglia, L., Serpe, L., Foglietta, F., Muntoni, E., Gallarate, M., Del Pozo Rodriguez, A., et al. (2016) Application 
of lipid nanoparticles to ocular drug delivery. Expert Opin Drug Deliv, 1-15. 

Bejjani, R.A., Benezra, D., Cohen, H., Rieger, J., Andrieu, C., Jeanny, J.C., et al. (2005) Nanoparticles for gene 
delivery to retinal pigment epithelial cells. Mol Vis 11, 124-32. 

Berthoud, V.M., Beyer, E.C. & Seul, K.H. (2000) Peptide inhibitors of intercellular communication. Am J Physiol 
Lung Cell Mol Physiol 279, L619-22. 

Bharadwaj, A.S., Appukuttan, B., Wilmarth, P.A., Pan, Y., Stempel, A.J., Chipps, T.J., et al. (2013) Role of the 
retinal vascular endothelial cell in ocular disease. Prog Retin Eye Res 32, 102-80. 

Bhardwaj, A., Kumar, L., Mehta, S. & Mehta, A. Stimuli-sensitive Systems-an emerging delivery system for 
drugs. Artificial Cells, Nanomedicine, and Biotechnology 0, 1-12. 

Bilati, U., Allemann, E. & Doelker, E. (2005) Development of a nanoprecipitation method intended for the 
entrapment of hydrophilic drugs into nanoparticles. Eur J Pharm Sci 24, 67-75. 

Birch, D.G. & Liang, F.Q. (2007) Age-related macular degeneration: a target for nanotechnology derived 
medicines. Int J Nanomedicine 2, 65-77. 

Bischoff, R. & Kolbe, H.V. (1994) Deamidation of asparagine and glutamine residues in proteins and peptides: 
structural determinants and analytical methodology. J Chromatogr B Biomed Appl 662 261-278. 

Bisht, R., Jaiswal, J.K., Chen, Y.S., Jin, J. & Rupenthal, I.D. (2016a) Light-responsive in situ forming injectable 
implants for effective drug delivery to the posterior segment of the eye. Expert Opin Drug Deliv 13, 
953-62. 

Bisht, R., Jaiswal, J.K. & Rupenthal, I.D. (2017) Nanoparticle-loaded biodegradable light-responsive in situ 
forming injectable implants for effective peptide delivery to the posterior segment of the eye. Med 
Hypoth 103, 5-9. 

Bisht, R., Mandal, A., Rupenthal, I.D. & Mitra, A.K. (2016b) Ex vivo investigation of ocular tissue distribution 
following intravitreal administration of connexin43 mimetic peptide using the microdialysis technique 
and LC-MS/MS. Drug Deliv Transl Res 6, 763-770. 



REFERENCES 

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 159 
 

Bisht, R. & Rupenthal, I.D. (2016) PLGA nanoparticles for intravitreal peptide delivery: statistical optimization, 
characterization and toxicity evaluation. Pharm Dev Technol, 1-10. 

Blessy, M., Patel, R.D., Prajapati, P.N. & Agrawal, Y.K. (2014) Development of forced degradation and stability 
indicating studies of drugs—A review. J Pharma Anal 4, 159-165. 

Boddu, S.H., Gunda, S., Earla, R. & Mitra, A.K. (2010a) Ocular microdialysis: a continuous sampling technique to 
study pharmacokinetics and pharmacodynamics in the eye. Bioanalysis 2, 487-507. 

Boddu, S.H., Jwala, J., Vaishya, R., Earla, R., Karla, P.K., Pal, D., et al. (2010b) Novel nanoparticulate gel 
formulations of steroids for the treatment of macular edema. J Ocul Pharmacol Ther 26, 37-48. 

Bourges, J.L., Bloquel, C., Thomas, A., Froussart, F., Bochot, A., Azan, F., et al. (2006) Intraocular implants for 
extended drug delivery: therapeutic applications. Adv Drug Deliv Rev 58, 1182-202. 

Bourges, J.L., Gautier, S.E., Delie, F., Bejjani, R.A., Jeanny, J.C., Gurny, R., et al. (2003) Ocular drug delivery 
targeting the retina and retinal pigment epithelium using polylactide nanoparticles. Invest Ophth Vis Sci 
44, 3562-3569. 

Brechner, R.J., Rosenfeld, P.J., Babish, J.D. & Caplan, S. (2011) Pharmacotherapy for neovascular age-related 
macular degeneration: an analysis of the 100% 2008 medicare fee-for-service part B claims file. Am J 
Ophthalmol 151, 887-895 e1. 

Buch, P., Holm, P., Thomassen, J.Q., Scherer, D., Branscheid, R., Kolb, U., et al. (2010) IVIVC for fenofibrate 
immediate release tablets using solubility and permeability as in vitro predictors for pharmacokinetics. 
J Pharm Sci 99, 4427-36. 

Budhian, A., Siegel, S.J. & Winey, K.I. (2005) Production of haloperidol-loaded PLGA nanoparticles for extended 
controlled drug release of haloperidol. J Microencapsul 22, 773-85. 

Chen, Y.S., Green, C.R., Danesh-Meyer, H.V. & Rupenthal, I.D. (2015a) Neuroprotection in the treatment of 
glaucoma--A focus on connexin43 gap junction channel blockers. Eur J Pharm Biopharm 95, 182-93. 

Chen, Y.S., Green, C.R., Teague, R., Perrett, J., Danesh-Meyer, H.V., Toth, I., et al. (2015b) Intravitreal injection 
of lipoamino acid-modified connexin43 mimetic peptide enhances neuroprotection after retinal 
ischemia. Drug Deliv Transl Res 5, 480-8. 

Chen, Y.S., Green, C.R., Wang, K., Danesh-Meyer, H.V. & Rupenthal, I.D. (2015c) Sustained intravitreal delivery 
of connexin43 mimetic peptide by poly(D,L-lactide-co-glycolide) acid micro- and nanoparticles--Closing 
the gap in retinal ischaemia. Eur J Pharm Biopharm 95, 378-86. 

Chen, Y.S., Toth, I., Danesh-Meyer, H.V., Green, C.R. & Rupenthal, I.D. (2013) Cytotoxicity and vitreous stability 
of chemically modified connexin43 mimetic peptides for the treatment of optic neuropathy. J Pharm 
Sci 102, 2322-31. 

Cheruvu, N.P., Amrite, A.C. & Kompella, U.B. (2008) Effect of eye pigmentation on transscleral drug delivery. 
Invest Ophthalmol Vis Sci 49, 333-41. 

Chew, E.Y., Clemons, T.E., Agron, E., Sperduto, R.D., Sangiovanni, J.P., Kurinij, N., et al. (2013) Long-term effects 
of vitamins C and E, beta-carotene, and zinc on age-related macular degeneration: AREDS report no. 
35. Ophthalmology 120, 1604-11 e4. 

Chiang, C.Y. & Chu, C.C. (2015) Synthesis of photoresponsive hybrid alginate hydrogel with photo-controlled 
release behavior. Carbohydr Polym 119, 18-25. 

Chin, H.S., Park, T.S., Moon, Y.S. & Oh, J.H. (2005) Difference in clearance of intravitreal triamcinolone 
acetonide between vitrectomized and nonvitrectomized eyes. Retina 25, 556-60. 

Cholewinski, M., Luckel, B. & Horn, H. (1996) Degradation pathways, analytical characterization and 
formulation strategies of a peptide and a protein. Calcitonine and human growth hormone in 
comparison. Pharm Acta Helv 71, 405-19. 

Cholkar, K., Dasari, S.R., Pal, D. & Mitra, A.K. 2013. 1 - Eye: anatomy, physiology and barriers to drug delivery. 
Ocular Transporters and Receptors. Woodhead Publishing. 

Christen, W.G., Glynn, R.J., Sesso, H.D., Kurth, T., Macfadyen, J., Bubes, V., et al. (2012) Vitamins E and C and 
medical record-confirmed age-related macular degeneration in a randomized trial of male physicians. 
Ophthalmology 119, 1642-9. 

Christie, J.G. & Kompella, U.B. (2008) Ophthalmic light sensitive nanocarrier systems. Drug Discov Today 13, 
124-34. 

Chuang, G.S., Rogers, G.S. & Zeltser, R. (2008) Poiseuille's law and large-bore needles: insights into the delivery 
of corticosteroid injections in the treatment of keloids. J Am Acad Dermatol 59, 167-8. 



REFERENCES 

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 160 
 

Clemente, Z., Castro, V.L., Moura, M.A., Jonsson, C.M. & Fraceto, L.F. (2014) Toxicity assessment of TiO(2) 
nanoparticles in zebrafish embryos under different exposure conditions. Aquat Toxicol 147, 129-39. 

Conley, S.M. & Naash, M.I. (2010) Nanoparticles for retinal gene therapy. Prog Retin Eye Res 29, 376-97. 
Costache, A.D., Sheihet, L., Zaveri, K., Knight, D.D. & Kohn, J. (2009) Polymer-drug interactions in tyrosine-

derived triblock copolymer nanospheres: a computational modeling approach. Mol Pharm 6, 1620-7. 
Cotrina, M.L., Kang, J., Lin, J.H., Bueno, E., Hansen, T.W., He, L., et al. (1998) Astrocytic gap junctions remain 

open during ischemic conditions. J Neurosci 18, 2520-37. 
Cronin, M., Anderson, P.N., Cook, J.E., Green, C.R. & Becker, D.L. (2008) Blocking connexin43 expression 

reduces inflammation and improves functional recovery after spinal cord injury. Mol Cell Neurosci 39, 
152-60. 

D'souza, S., Faraj, J.A., Dorati, R. & Deluca, P.P. (2014) A short term quality control tool for biodegradable 
microspheres. AAPS PharmSciTech 15, 530-41. 

Dalpiaz, A., Sacchetti, F., Baldisserotto, A., Pavan, B., Maretti, E., Iannuccelli, V., et al. (2016) Application of the 
"in-oil nanoprecipitation" method in the encapsulation of hydrophilic drugs in PLGA nanoparticles. J 
Drug Deliv Sci Technol 32, 283-290. 

Danesh-Meyer, H.V., Huang, R., Nicholson, L.F. & Green, C.R. (2008) Connexin43 antisense 
oligodeoxynucleotide treatment down-regulates the inflammatory response in an in vitro interphase 
organotypic culture model of optic nerve ischaemia. J Clin Neurosci 15, 1253-63. 

Danesh-Meyer, H.V., Kerr, N.M., Zhang, J., Eady, E.K., O'carroll, S.J., Nicholson, L.F., et al. (2012) Connexin43 
mimetic peptide reduces vascular leak and retinal ganglion cell death following retinal ischaemia. Brain 
135, 506-20. 

Danesh-Meyer, H.V., Zhang, J., Acosta, M.L., Rupenthal, I.D. & Green, C.R. (2016) Connexin43 in retinal injury 
and disease. Prog Retin Eye Res 51, 41-68. 

Danhier, F., Ansorena, E., Silva, J.M., Coco, R., Le Breton, A. & Preat, V. (2012) PLGA-based nanoparticles: an 
overview of biomedical applications. J Control Release 161, 505-22. 

Davidson, J.O., Green, C.R., Nicholson, L.F., O'carroll, S.J., Fraser, M., Bennet, L., et al. (2012) Connexin 
hemichannel blockade improves outcomes in a model of fetal ischemia. Ann Neurol 71, 121-32. 

De Jong, P.T. (2006) Age-related macular degeneration. N Engl J Med 355, 1474-85. 
De Kozak, Y., Andrieux, K., Villarroya, H., Klein, C., Thillaye-Goldenberg, B., Naud, M.C., et al. (2004) Intraocular 

injection of tamoxifen-loaded nanoparticles: a new treatment of experimental autoimmune 
uveoretinitis. Eur J Immunol 34, 3702-12. 

De Loos, M., Feringa, B.L. & Van Esch, J.H. (2005a) Design and Application of Self-Assembled Low Molecular 
Weight Hydrogels. Euro J Org Chem 2005, 3615-3631. 

De Loos, M., Feringa, B.L. & Van Esch, J.H. (2005b) Design and Application of Self-Assembled Low Molecular 
Weight Hydrogels. Euro J  Org Chem 2005, 3615-3631. 

Del Amo, E.M. & Urtti, A. (2008) Current and future ophthalmic drug delivery systems. A shift to the posterior 
segment. Drug Discov Today 13, 135-43. 

Desai, M.P., Labhasetwar, V., Walter, E., Levy, R.J. & Amidon, G.L. (1997) The mechanism of uptake of 
biodegradable microparticles in Caco-2 cells is size dependent. Pharm Res 14, 1568-73. 

Dias, C., Nashed, Y., Atluri, H. & Mitra, A. (2002) Ocular penetration of acyclovir and its peptide prodrugs 
valacyclovir and val-valacyclovir following systemic administration in rabbits: An evaluation using 
ocular microdialysis and LC-MS. Curr Eye Res 25, 243-52. 

Dias, C.S. & Mitra, A.K. (2003) Posterior segment ocular pharmacokinetics using microdialysis in a conscious 
rabbit model. Invest Ophthalmol Vis Sci 44, 300-305. 

Donati, S., Caprani, S.M., Airaghi, G., Vinciguerra, R., Bartalena, L., Testa, F., et al. (2014) Vitreous substitutes: 
the present and the future. Biomed Res Int 2014, 351804. 

Dong, R., Pang, Y., Su, Y. & Zhu, X. (2015) Supramolecular hydrogels: synthesis, properties and their biomedical 
applications. Biomater Sci 3, 937-54. 

Duvvuri, S., Rittenhouse, K.D. & Mitra, A.K. (2005) Microdialysis assessment of drug delivery systems for 
vitreoretinal targets. Adv Drug Deliv Rev 57, 2080-91. 

Eandi, C.M., Alovisi, C., De Sanctis, U. & Grignolo, F.M. (2016) Treatment for neovascular age related macular 
degeneration: The state of the art. Euro J Pharmacol 787, 78-83. 

Ebrahim, S., Peyman, G.A. & Lee, P.J. (2005) Applications of liposomes in ophthalmology. Surv Ophthalmol 50, 
167-82. 



REFERENCES 

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 161 
 

Edelhauser, H.F., Rowe-Rendleman, C.L., Robinson, M.R., Dawson, D.G., Chader, G.J., Grossniklaus, H.E., et al. 
(2010) Ophthalmic drug delivery systems for the treatment of retinal diseases: basic research to clinical 
applications. Invest Ophthalmol Vis Sci 51, 5403-20. 

Eljarrat-Binstock, E., Orucov, F., Aldouby, Y., Frucht-Pery, J. & Domb, A.J. (2008) Charged nanoparticles delivery 
to the eye using hydrogel iontophoresis. J Control Release 126, 156-61. 

Elmizadeh, H., Khanmohammadi, M., Ghasemi, K., Hassanzadeh, G., Nassiri-Asl, M. & Garmarudi, A.B. (2013) 
Preparation and optimization of chitosan nanoparticles and magnetic chitosan nanoparticles as 
delivery systems using Box-Behnken statistical design. J Pharm Biomed Anal 80, 141-6. 

Elmquist, W.F. & Sawchuk, R.J. (1997) Application of microdialysis in pharmacokinetic studies. Pharm Res 14, 
267-88. 

Englander, M. & Kaiser, P.K. (2013) Combination therapy for the treatment of neovascular age-related macular 
degeneration. Curr Opin Ophthalmol 24, 233-8. 

Fangueiro, J.F., Veiga, F., Silva, A.M. & Souto, E.B. (2016) Ocular Drug Delivery - New Strategies for Targeting 
Anterior and Posterior Segments of the Eye. Curr Pharm Des 22, 1135-46. 

Feczkó, T., Tóth, J., Dósa, G. & Gyenis, J. (2011) Optimization of protein encapsulation in PLGA nanoparticles. 
Chem Eng Proces: Pro Intensific 50, 757-765. 

Fernandez-Robredo, P., Sancho, A., Johnen, S., Recalde, S., Gama, N., Thumann, G., et al. (2014) Current 
treatment limitations in age-related macular degeneration and future approaches based on cell 
therapy and tissue engineering. J Ophthalmol 2014, 510285. 

Franks, F. (1994) Accelerated stability testing of bioproducts: attractions and pitfalls. Trends Biotechnol 12, 114-
7. 

Frantseva, M.V., Kokarovtseva, L. & Perez Velazquez, J.L. (2002) Ischemia-induced brain damage depends on 
specific gap-junctional coupling. J Cereb Blood Flow Metab 22, 453-62. 

Freeman, E.E., Munoz, B., West, S.K., Tielsch, J.M. & Schein, O.D. (2003) Is there an association between 
cataract surgery and age-related macular degeneration? Data from three population-based studies. Am 
J Ophthalmol 135, 849-856. 

Friedrich, S., Cheng, Y.L. & Saville, B. (1997) Drug distribution in the vitreous humor of the human eye: the 
effects of intravitreal injection position and volume. Curr Eye Res 16, 663-9. 

Gan, Q., Wang, T., Cochrane, C. & Mccarron, P. (2005) Modulation of surface charge, particle size and 
morphological properties of chitosan-TPP nanoparticles intended for gene delivery. Colloids Surf B 
Biointerfaces 44, 65-73. 

Gandorfer, A. (2008) Enzymatic vitreous disruption. Eye (Lond) 22, 1273-7. 
Genscript. 2017. Peptide Storage and Handling Guidelines [Online]. USA: GenScript Bitotech. Available: 

http://www.genscript.com/peptide_storage_and_handling.html [Accessed 1st May 2017]. 
Ghasemi Falavarjani, K. & Nguyen, Q.D. (2013) Adverse events and complications associated with intravitreal 

injection of anti-VEGF agents: a review of literature. Eye 27, 787-794. 
Ginjupalli, K., Armugam, K., Shavi, V.G., Averineni, R.K. & Bhat, M. (2013) Development of RP-HPLC method for 

simultaneous estimation of lactic acid and glycolic acid. Der Pharm Chem 5, 335-340. 
Glickman, R.D. (2011) Ultraviolet phototoxicity to the retina. Eye Contact Lens 37, 196-205. 
Goodenough, D.A., Goliger, J.A. & Paul, D.L. (1996) Connexins, connexons, and intercellular communication. 

Annu Rev Biochem 65, 475-502. 
Govender, T., Stolnik, S., Garnett, M.C., Illum, L. & Davis, S.S. (1999) PLGA nanoparticles prepared by 

nanoprecipitation: drug loading and release studies of a water soluble drug. J Control Release 57, 171-
85. 

Griffin, D.R. & Kasko, A.M. (2012) Photodegradable macromers and hydrogels for live cell encapsulation and 
release. J Am Chem Soc 134, 13103-7. 

Grunwald, J.E., Pistilli, M., Daniel, E., Ying, G.-S., Pan, W., Jaffe, G.J., et al. (2016) Incidence and Growth of 
Geographic Atrophy during 5 Years of Comparison of Age-Related Macular Degeneration Treatments 
Trials. Ophthalmology 124, 97-104. 

Gu, Y., Li, Q., Melendez, V. & Weina, P. (2008) Comparison of HPLC with electrochemical detection and LC–
MS/MS for the separation and validation of artesunate and dihydroartemisinin in animal and human 
plasma. J Chromatograph B 867, 213-218. 



REFERENCES 

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 162 
 

Guo, C.X., Mat Nor, M.N., Danesh-Meyer, H.V., Vessey, K.A., Fletcher, E.L., O'carroll, S.J., et al. (2016) 
Connexin43 Mimetic Peptide Improves Retinal Function and Reduces Inflammation in a Light-Damaged 
Albino Rat Model. Invest Ophthalmol Vis Sci 57, 3961-73. 

Gupta, H., Aqil, M., Khar, R.K., Ali, A., Bhatnagar, A. & Mittal, G. (2010) Sparfloxacin-loaded PLGA nanoparticles 
for sustained ocular drug delivery. Nanomedicine 6, 324-33. 

Gupta, P., Vermani, K. & Garg, S. (2002) Hydrogels: from controlled release to pH-responsive drug delivery. 
Drug Discov Today 7, 569-79. 

Haghjou, N., Abdekhodaie, M.J. & Cheng, Y.L. (2013) Retina-choroid-sclera permeability for ophthalmic drugs in 
the vitreous to blood direction: quantitative assessment. Pharm Res 30, 41-59. 

Halayqa, M. & Domanska, U. (2014) PLGA biodegradable nanoparticles containing perphenazine or 
chlorpromazine hydrochloride: effect of formulation and release. Int J Mol Sci 15, 23909-23. 

Harmia, T., Kreuter, J., Speiser, P., Boye, T., Gurny, R. & Kubis, A. (1986a) Enhancement of the Myotic Response 
of Rabbits with Pilocarpine-Loaded Polybutylcyanoacrylate Nanoparticles. Int J Pharm 33, 187-193. 

Harmia, T., Speiser, P. & Kreuter, J. (1986b) A solid colloidal drug delivery system for the eye: encapsulation of 
pilocarpin in nanoparticles. J Microencapsul 3, 3-12. 

Harris, A.G. (1994) Somatostatin and somatostatin analogues: pharmacokinetics and pharmacodynamic effects. 
Gut 35, S1-S4. 

Hatefi, A. & Amsden, B. (2002) Biodegradable injectable in situ forming drug delivery systems. J Control Release 
80, 9-28. 

Hermanson, G.T. 2013. Chapter 10 - Fluorescent Probes. Bioconjugate Techniques (Third edition). Boston: 
Academic Press. 

Hill, A.J., Teraoka, H., Heideman, W. & Peterson, R.E. (2005) Zebrafish as a model vertebrate for investigating 
chemical toxicity. Toxicol Sci 86, 6-19. 

Hill, J.W., Coy, R.B. & Lewandowski, P.E. (1990) Oxidation of cysteine to cystine using hydrogen peroxide. J. 
Chem. Educ. 67, 172. 

Hoare, T.R. & Kohane, D.S. (2008) Hydrogels in drug delivery: Progress and challenges. Polymer 49, 1993-2007. 
Hoon, M., Okawa, H., Della Santina, L. & Wong, R.O. (2014) Functional architecture of the retina: development 

and disease. Prog Retin Eye Res 42, 44-84. 
Houchin, M.L. & Topp, E.M. (2008) Chemical degradation of peptides and proteins in PLGA: a review of 

reactions and mechanisms. J Pharm Sci 97, 2395-404. 
Hsu, J. (2007) Drug delivery methods for posterior segment disease. Curr Opin Ophthalmol 18, 235-9. 
Hu, Y.L., Qi, W., Han, F., Shao, J.Z. & Gao, J.Q. (2011) Toxicity evaluation of biodegradable chitosan 

nanoparticles using a zebrafish embryo model. Int J Nanomedicine 6, 3351-9. 
Huang, J., Kaul, G., Cai, C., Chatlapalli, R., Hernandez-Abad, P., Ghosh, K., et al. (2009) Quality by design case 

study: an integrated multivariate approach to drug product and process development. Int J Pharm 382, 
23-32. 

Huang, J., Wigent, R.J. & Schwartz, J.B. (2008) Drug-polymer interaction and its significance on the physical 
stability of nifedipine amorphous dispersion in microparticles of an ammonio methacrylate copolymer 
and ethylcellulose binary blend. J Pharm Sci 97, 251-62. 

Hughes, P.M., Krishnamoorthy, R. & Mitra, A.K. (1996) Vitreous disposition of two acycloguanosine antivirals in 
the albino and pigmented rabbit models: a novel ocular microdialysis technique. J Ocul Pharmacol Ther 
12, 209-24. 

Hughes, P.M., Olejnik, O., Chang-Lin, J.E. & Wilson, C.G. (2005) Topical and systemic drug delivery to the 
posterior segments. Adv Drug Deliv Rev 57, 2010-32. 

Huu, V.A., Luo, J., Zhu, J., Zhu, J., Patel, S., Boone, A., et al. (2015) Light-responsive nanoparticle depot to 
control release of a small molecule angiogenesis inhibitor in the posterior segment of the eye. J Control 
Release 200, 71-7. 

Ichq8(R1). 2008. Pharmaceutical Development. Part I: Pharmaceutical Development, and Part II: Annex to 
Pharmaceutical Development [Online]. USA: USFDA and ICH. Available: 
http://www.ichorg/LOBmediaMEDIA4986.pdf. [Accessed Rth March 2017]. 

Ichq9. 2005. Quality Risk Management [Online]. USA: US FDA and ICH. Available: 
http://www.ich.org/LOB/media/MEDIA1957.pdf. [Accessed 5th MAY 2017]. 

Ichq10. 2008. Pharmaceutical Quality Systems. [Online]. USA: FDA and ICH. Available: 
http://www.ich.org/LOB/media/MEDIA3917.pdf. [Accessed 5th March 2017]. 



REFERENCES 

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 163 
 

Iwase, T., Fu, J., Yoshida, T., Muramatsu, D., Miki, A., Hashida, N., et al. (2013) Sustained delivery of a HIF-1 
antagonist for ocular neovascularization. J Control Release 172, 625-33. 

Jafari, M., Xu, W., Pan, R., Sweeting, C.M., Karunaratne, D.N. & Chen, P. (2014) Serum Stability and 
Physicochemical Characterization of a Novel Amphipathic Peptide C6M1 for SiRNA Delivery. PLoS ONE 
9, e97797. 

Jager, R.D., Mieler, W.F. & Miller, J.W. (2008) Age-related macular degeneration. N Engl J Med 358, 2606-17. 
Jain, K., Kumar, R.S., Sood, S. & Dhyanandhan, G. (2013) Betaxolol Hydrochloride Loaded Chitosan 

Nanoparticles for Ocular Delivery and their Anti-glaucoma Efficacy. Curr Drug Deliv 10, 493-499. 
Jeon, O., Bouhadir, K.H., Mansour, J.M. & Alsberg, E. (2009) Photocrosslinked alginate hydrogels with tunable 

biodegradation rates and mechanical properties. Biomaterials 30, 2724-34. 
Jitendra, Sharma, P.K., Bansal, S. & Banik, A. (2011) Noninvasive routes of proteins and peptides drug delivery. 

Indian J Pharm Sci 73, 367-75. 
Jorgensen, L., Hostrup, S., Moeller, E.H. & Grohganz, H. (2009) Recent trends in stabilising peptides and 

proteins in pharmaceutical formulation - considerations in the choice of excipients. Expert Opin Drug 
Deliv 6, 1219-30. 

Kahne, D. & Still, W.C. (1988) Hydrolysis of a Peptide-Bond in Neutral Water. J Am Chem Socie 110, 7529-7534. 
Kallitsis, A., Moschos, M.M. & Ladas, I.D. (2007) Photodynamic therapy versus thermal laser photocoagulation 

for the treatment of recurrent choroidal neovascularization due to AMD. In Vivo 21, 1049-52. 
Kamaleddin, M.A. (2017) Nano-ophthalmology: Applications and considerations. Nanomedicine. 
Kang-Mieler, J.J., Osswald, C.R. & Mieler, W.F. (2014) Advances in ocular drug delivery: emphasis on the 

posterior segment. Expert Opin Drug Deliv 11, 1647-60. 
Kato, A., Kimura, H., Okabe, K., Okabe, J., Kunou, N. & Ogura, Y. (2004) Feasibility of drug delivery to the 

posterior pole of the rabbit eye with an episcleral implant. Invest Ophthalmol Vis Sci 45, 238-44. 
Kaur, I.P. & Kakkar, S. (2014) Nanotherapy for posterior eye diseases. J Control Release 193, 100-12. 
Kennedy, B.G. & Mangini, N.J. (2002) P-glycoprotein expression in human retinal pigment epithelium. Mol Vis 8, 

422-30. 
Kerr, N.M., Johnson, C.S., Zhang, J., Eady, E.K., Green, C.R. & Danesh-Meyer, H.V. (2012) High pressure-induced 

retinal ischaemia reperfusion causes upregulation of gap junction protein connexin43 prior to retinal 
ganglion cell loss. Exp Neurol 234, 144-52. 

Kim, H. & Csaky, K.G. (2010) Nanoparticle-integrin antagonist C16Y peptide treatment of choroidal 
neovascularization in rats. J Control Release 142, 286-93. 

Kim, H., Robinson, S.B. & Csaky, K.G. (2009) Investigating the movement of intravitreal human serum albumin 
nanoparticles in the vitreous and retina. Pharm Res 26, 329-37. 

Kim, K.T., Zaikova, T., Hutchison, J.E. & Tanguay, R.L. (2013) Gold nanoparticles disrupt zebrafish eye 
development and pigmentation. Toxicol Sci 133, 275-88. 

Kim, Y., Griffin, J.M., Harris, P.W., Chan, S.H., Nicholson, L.F., Brimble, M.A., et al. (2017) Characterizing the 
mode of action of extracellular Connexin43 channel blocking mimetic peptides in an in vitro ischemia 
injury model. Biochim Biophys Acta 1861, 68-78. 

Kim, Y.C., Chiang, B., Wu, X. & Prausnitz, M.R. (2014) Ocular delivery of macromolecules. J Control Release 190, 
172-81. 

Kimura, H. & Ogura, Y. (2001) Biodegradable polymers for ocular drug delivery. Ophthalmologica 215, 143-55. 
Kirchhof, S., Goepferich, A.M. & Brandl, F.P. (2015) Hydrogels in ophthalmic applications. Eur J Pharm Biopharm 

95, 227-38. 
Kirschner, C.M. & Anseth, K.S. (2013) Hydrogels in healthcare: From static to dynamic material 

microenvironments. Acta Materialia 61, 931-944. 
Klein, R., Cruickshanks, K.J., Nash, S.D., Krantz, E.M., Nieto, F.J., Huang, G.H., et al. (2010) The prevalence of 

age-related macular degeneration and associated risk factors. Arch Ophthalmol 128, 750-8. 
Kloxin, A.M., Kasko, A.M., Salinas, C.N. & Anseth, K.S. (2009) Photodegradable Hydrogels for Dynamic Tuning of 

Physical and Chemical Properties. Science 324, 59-63. 
Koetting, M.C., Peters, J.T., Steichen, S.D. & Peppas, N.A. (2015) Stimulus-responsive hydrogels: Theory, 

modern advances, and applications. Mater Sci Eng R Rep 93, 1-49. 
Kompella, U.B. & Edelhauser, H.F. 2011. Drug Product Development for the Back of the Eye, Springer US. 
Kompella, U.B., Kadam, R.S. & Lee, V.H. (2010) Recent advances in ophthalmic drug delivery. Ther Deliv 1, 435-

56. 



REFERENCES 

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 164 
 

Kuad, P., Miyawaki, A., Takashima, Y., Yamaguchi, H. & Harada, A. (2007) External stimulus-responsive 
supramolecular structures formed by a stilbene cyclodextrin dimer. J Am Chem Soc 129, 12630-1. 

Kumari, A., Yadav, S.K. & Yadav, S.C. (2010) Biodegradable polymeric nanoparticles based drug delivery 
systems. Colloids Surf B Biointerfaces 75, 1-18. 

Kurzel, R.B., Wolbarsht, M.L. & Yamanashi, B.S. 1977. Ultraviolet Radiation Effects on the Human Eye. In: 
SMITH, K. C. (ed.) Photochemi Photobiol Reviews. Boston, MA: Springer US. 

Laude, A., Tan, L.E., Wilson, C.G., Lascaratos, G., Elashry, M., Aslam, T., et al. (2010) Intravitreal therapy for 
neovascular age-related macular degeneration and inter-individual variations in vitreous 
pharmacokinetics. Prog Retin Eye Res 29, 466-75. 

Lawrence, M.S. & Miller, J.W. (2004) Ocular tissue permeabilities. Int Ophthalmol Clin 44, 53-61. 
Le Goff, M.M. & Bishop, P.N. (2008) Adult vitreous structure and postnatal changes. Eye 22, 1214-1222. 
Lee, C.H., Moturi, V. & Lee, Y. (2009) Thixotropic property in pharmaceutical formulations. J Control Release 

136, 88-98. 
Lee, V.H. & Robinson, J.R. (1986) Topical ocular drug delivery: recent developments and future challenges. J 

Ocul Pharmacol 2, 67-108. 
Leong, Y.Y. & Tong, L. (2015) Barrier function in the ocular surface: from conventional paradigms to new 

opportunities. Ocul Surf 13, 103-9. 
Lim, L.S., Mitchell, P., Seddon, J.M., Holz, F.G. & Wong, T.Y. (2012) Age-related macular degeneration. The 

Lancet 379, 1728-1738. 
Lin, C.C. & Metters, A.T. (2006) Hydrogels in controlled release formulations: network design and mathematical 

modeling. Adv Drug Deliv Rev 58, 1379-408. 
Lin, H., Goodin, S., Strair, R.K., Dipaola, R.S. & Gounder, M.K. (2012) Comparison of LC-MS Assay and HPLC 

Assay of Busulfan in Clinical Pharmacokinetics Studies. ISRN Analyt Chem 2012, 5. 
Lloyd, A.W., Faragher, R.G.A. & Denyer, S.P. (2001) Ocular biomaterials and implants. Biomaterials 22, 769-785. 
Losa, C., Marchal-Heussler, L., Orallo, F., Vila Jato, J.L. & Alonso, M.J. (1993) Design of new formulations for 

topical ocular administration: polymeric nanocapsules containing metipranolol. Pharm Res 10, 80-7. 
Lu, W., Kimball, E. & Rabinowitz, J.D. (2006) A high-performance liquid chromatography-tandem mass 

spectrometry method for quantitation of nitrogen-containing intracellular metabolites. J Am Soc Mass 
Spectrom 17, 37-50. 

Luo, L., Zhang, X., Hirano, Y., Tyagi, P., Barabás, P., Uehara, H., et al. (2013) Targeted Intraceptor Nanoparticle 
Therapy Reduces Angiogenesis and Fibrosis in Primate and Murine Macular Degeneration. ACS Nano 7, 
3264-3275. 

Macha, S. & Mitra, A.K. (2001) Ocular pharmacokinetics of cephalosporins using microdialysis. J Ocul Pharmacol 
Ther 17, 485-98. 

Madan, M., Bajaj, A., Lewis, S., Udupa, N. & Baig, J.A. (2009) In situ forming polymeric drug delivery systems. 
Indian J Pharm Sci 71, 242-51. 

Magari, R.T. 2003. Assessing Shelf Life Using Real-Time and Accelerated Stability Tests [Online]. USA: BioPharm 
International. Available: http://www.biopharminternational.com/assessing-shelf-life-using-real-time-
and-accelerated-stability-tests [Accessed 4th May 2017]. 

Maheswaran, R. (2012) Scientific considerations of forced degradation studies in ANDA submissions. J GXP 
Complian 16, 16. 

Mainardes, R.M. & Evangelista, R.C. (2005) PLGA nanoparticles containing praziquantel: effect of formulation 
variables on size distribution. Int J Pharm 290, 137-44. 

Mains, J. & Wilson, C.G. (2013) The vitreous humor as a barrier to nanoparticle distribution. J Ocul Pharmacol 
Ther 29, 143-50. 

Majumdar, S., Kansara, V. & Mitra, A.K. (2006) Vitreal pharmacokinetics of dipeptide monoester prodrugs of 
ganciclovir. J Ocul Pharmacol Ther 22, 231-41. 

Mandell, B.A., Meredith, T.A., Aguilar, E., El-Massry, A., Sawant, A. & Gardner, S. (1993) Effects of inflammation 
and surgery on amikacin levels in the vitreous cavity. Am J Ophthalmol 115, 770-4. 

Mao, Y., Tonkin, R.S., Nguyen, T., O'carroll, S.J., Nicholson, L.F., Green, C.R., et al. (2017) Systemic 
Administration of Connexin43 Mimetic Peptide Improves Functional Recovery after Traumatic Spinal 
Cord Injury in Adult Rats. J Neurotrauma 34, 707-719. 



REFERENCES 

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 165 
 

Martens, T.F., Remaut, K., Deschout, H., Engbersen, J.F., Hennink, W.E., Van Steenbergen, M.J., et al. (2015) 
Coating nanocarriers with hyaluronic acid facilitates intravitreal drug delivery for retinal gene therapy. J 
Control Release 202, 83-92. 

Martin, D.F., Maguire, M.G., Fine, S.L., Ying, G.-S., Jaffe, G.J., Grunwald, J.E., et al. (2012) Ranibizumab and 
Bevacizumab for Treatment of Neovascular Age-related Macular Degeneration: Two-Year Results. 
Ophthalmology 119, 1388-1398. 

Masland, Richard h. (2012) The Neuronal Organization of the Retina. Neuron 76, 266-280. 
Mason, E.E. (1964) Enzymes in blood plasma. Arch nter Med 114, 169-170. 
Mcgrath, P. & Li, C.Q. (2008) Zebrafish: a predictive model for assessing drug-induced toxicity. Drug Discov 

Today 13, 394-401. 
Mdnz. 2017. Macular Degeneration New Zealand [Online]. New Zealand. Available: http://mdnz.org.nz/ 

[Accessed 7th April 2017]. 
Medscape. 2017. FDA Approves Photrexa for Corneal Crosslinking in Keratoconus [Online]. Available: 

http://www.medscape.com/viewarticle/862122 [Accessed 9th April 2017]. 
Meier, H. (1992) The Photochemistry of Stilbenoid Compounds and Their Role in Materials Technology. Angew 

Chemie-Inter Ed Eng 31, 1399-1420. 
Melamud, A., Stinnett, S. & Fekrat, S. (2008) Treatment of neovascular age-related macular degeneration with 

intravitreal bevacizumab: efficacy of three consecutive monthly injections. Am J Ophthalmol 146, 91-5. 
Michalska-Małecka, K., Kabiesz, A., Nowak, M. & Śpiewak, D. (2015) Age related macular degeneration –

 challenge for future: Pathogenesis and new perspectives for the treatment. Eur Geriatr Med 6, 69-75. 
Misra, G.P., Singh, R.S., Aleman, T.S., Jacobson, S.G., Gardner, T.W. & Lowe, T.L. (2009) Subconjunctivally 

implantable hydrogels with degradable and thermoresponsive properties for sustained release of 
insulin to the retina. Biomaterials 30, 6541-7. 

Missel, P.J. (2002) Hydraulic Flow and Vascular Clearance Influences on Intravitreal Drug Delivery. Pharma Rese 
19, 1636-1647. 

Mitchell, P., Korobelnik, J.F., Lanzetta, P., Holz, F.G., Prunte, C., Schmidt-Erfurth, U., et al. (2010) Ranibizumab 
(Lucentis) in neovascular age-related macular degeneration: evidence from clinical trials. Br J 
Ophthalmol 94, 2-13. 

Mitchell, P., Smith, W. & Wang, J.J. (1998) Iris color, skin sun sensitivity, and age-related maculopathy. The Blue 
Mountains Eye Study. Ophthalmology 105, 1359-63. 

Moore, K., Bryant, Z.J., Ghatnekar, G., Singh, U.P., Gourdie, R.G. & Potts, J.D. (2013) A synthetic connexin 43 
mimetic peptide augments corneal wound healing. Exp Eye Res 115, 178-88. 

Morales-Cruz, M., Flores-Fernandez, G.M., Morales-Cruz, M., Orellano, E.A., Rodriguez-Martinez, J.A., Ruiz, M., 
et al. (2012) Two-step nanoprecipitation for the production of protein-loaded PLGA nanospheres. 
Results Pharma Sci 2, 79-85. 

Mori, R., Power, K.T., Wang, C.M., Martin, P. & Becker, D.L. (2006) Acute downregulation of connexin43 at 
wound sites leads to a reduced inflammatory response, enhanced keratinocyte proliferation and 
wound fibroblast migration. J Cell Sci 119, 5193-203. 

Mousavi, M. & Armstrong, R.A. (2013) Genetic risk factors and age-related macular degeneration (AMD). J 
Optom 6, 176-184. 

Nag, T.C. & Wadhwa, S. (2012) Ultrastructure of the human retina in aging and various pathological states. 
Micron 43, 759-81. 

Nagarwal, R.C., Kant, S., Singh, P.N., Maiti, P. & Pandit, J.K. (2009a) Polymeric nanoparticulate system: A 
potential approach for ocular drug delivery. Journal of Controlled Release 136, 2-13. 

Nagarwal, R.C., Kant, S., Singh, P.N., Maiti, P. & Pandit, J.K. (2009b) Polymeric nanoparticulate system: a 
potential approach for ocular drug delivery. J Control Release 136, 2-13. 

Nagata, M. & Yamamoto, Y. (2008) Photoreversible poly(ethylene glycol)s with pendent coumarin group and 
their hydrogels. React  Function Poly 68, 915-921. 

Nasr, F.H., Khoee, S., Dehghan, M.M., Chaleshtori, S.S. & Shafiee, A. (2016) Preparation and Evaluation of 
Contact Lenses Embedded with Polycaprolactone-Based Nanoparticles for Ocular Drug Delivery. 
Biomacromolecules 17, 485-95. 

Nasr, F.H., Khoee, S., Dehghan, M.M., Chaleshtori, S.S. & Shafiee, A. (2016) Preparation and Evaluation of 
Contact Lenses Embedded with Polycaprolactone-Based Nanoparticles for Ocular Drug Delivery. 
Biomacromolecules 17, 485-495. 



REFERENCES 

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 166 
 

Ng, W.Y., Tan, G.S., Ong, P.G., Cheng, C.Y., Cheung, C.Y., Wong, D.W., et al. (2015) Incidence of myocardial 
infarction, stroke, and death in patients with age-related macular degeneration treated with 
intravitreal anti-vascular endothelial growth factor therapy. Am J Ophthalmol 159, 557-64 e1. 

Nguyen, M.K. & Lee, D.S. (2010) Injectable biodegradable hydrogels. Macromol Biosci 10, 563-79. 
Nirmal, J., Radhakrishnan, K., Moreno, M., Natarajan, J.V., Laude, A., Lim, T.H., et al. (2016) Drug, delivery and 

devices for diabetic retinopathy (3Ds in DR). Expert Opin Drug Deliv, 1-13. 
O'carroll, S.J., Alkadhi, M., Nicholson, L.F. & Green, C.R. (2008) Connexin 43 mimetic peptides reduce swelling, 

astrogliosis, and neuronal cell death after spinal cord injury. Cell Commun Adhes 15, 27-42. 
O'carroll, S.J., Gorrie, C.A., Velamoor, S., Green, C.R. & Nicholson, L.F. (2013) Connexin43 mimetic peptide is 

neuroprotective and improves function following spinal cord injury. Neurosci Res 75, 256-67. 
Olea, J.L., Aragon, J.A., Zapata, M.E. & Tur, J.A. (2012) [Characteristics of patients with wet age-related macular 

degeneration and low intake of lutein and zeaxanthin]. Arch Soc Esp Oftalmol 87, 112-8. 
Ozkiris, A. (2010) Anti-VEGF agents for age-related macular degeneration. Expert Opin Ther Pat 20, 103-18. 
Palamoor, M. & Jablonski, M.M. (2013) Synthesis, characterization and in vitro studies of celecoxib-loaded 

poly(ortho ester) nanoparticles targeted for intraocular drug delivery. Colloids Surf B Biointerfaces 112, 
474-82. 

Pan, B., Ricci, M.S. & Trout, B.L. (2011) A molecular mechanism of hydrolysis of peptide bonds at neutral pH 
using a model compound. J Phys Chem B 115, 5958-70. 

Pan, C.K., Durairaj, C., Kompella, U.B., Agwu, O., Oliver, S.C., Quiroz-Mercado, H., et al. (2011) Comparison of 
long-acting bevacizumab formulations in the treatment of choroidal neovascularization in a rat model. J 
Ocul Pharmacol Ther 27, 219-24. 

Panyam, J. & Labhasetwar, V. (2003) Dynamics of endocytosis and exocytosis of poly(D,L-lactide-co-glycolide) 
nanoparticles in vascular smooth muscle cells. Pharm Res 20, 212-20. 

Panyam, J., Zhou, W.Z., Prabha, S., Sahoo, S.K. & Labhasetwar, V. (2002) Rapid endo-lysosomal escape of 
poly(DL-lactide-co-glycolide) nanoparticles: implications for drug and gene delivery. FASEB J 16, 1217-
26. 

Park, J., Bungay, P.M., Lutz, R.J., Augsburger, J.J., Millard, R.W., Sinha Roy, A., et al. (2005) Evaluation of 
coupled convective-diffusive transport of drugs administered by intravitreal injection and controlled 
release implant. J Control Release 105, 279-95. 

Park, K., Chen, Y., Hu, Y., Mayo, A.S., Kompella, U.B., Longeras, R., et al. (2009) Nanoparticle-Mediated 
Expression of an Angiogenic Inhibitor Ameliorates Ischemia-Induced Retinal Neovascularization and 
Diabetes-Induced Retinal Vascular Leakage. Diabetes 58, 1902-1913. 

Parng, C., Seng, W.L., Semino, C. & Mcgrath, P. (2002) Zebrafish: a preclinical model for drug screening. Assay 
Drug Dev Technol 1, 41-8. 

Parveen, S., Misra, R. & Sahoo, S.K. (2012) Nanoparticles: a boon to drug delivery, therapeutics, diagnostics and 
imaging. Nanomedicine 8, 147-66. 

Patel, A., Patel, M., Yang, X. & Mitra, A.K. (2014) Recent advances in protein and Peptide drug delivery: a 
special emphasis on polymeric nanoparticles. Protein Pept Lett 21, 1102-20. 

Patel, K. 1993. Stability of Adrenocorticotropic Hormone (ACTH) and Pathways of Deamidation of Asparaginyl 
Residue in Hexapeptide Segments. In: WANG, Y. J. & PEARLMAN, R. (eds.) Stability and Characterization 
of Protein and Peptide Drugs: Case Histories. Boston, MA: Springer US. 

Patel, K. & Borchardt, R.T. (1990) Chemical pathways of peptide degradation. II. Kinetics of deamidation of an 
asparaginyl residue in a model hexapeptide. Pharm Res 7, 703-11. 

Patel, R.R., Chaurasia, S., Khan, G., Chaubey, P., Kumar, N. & Mishra, B. (2016) Cromolyn sodium encapsulated 
PLGA nanoparticles: An attempt to improve intestinal permeation. Int J Biol Macromol 83, 249-58. 

Pearce, W., Hsu, J. & Yeh, S. (2015) Advances in drug delivery to the posterior segment. Curr Opin Ophthalmol 
26, 233-9. 

Pearlman, R. & Wang, Y.J. 2013. Stability and Characterization of Protein and Peptide Drugs: Case Histories, 
Springer US. 

Pearson, R.A., Dale, N., Llaudet, E. & Mobbs, P. (2005) ATP Released via Gap Junction Hemichannels from the 
Pigment Epithelium Regulates Neural Retinal Progenitor Proliferation. Neuron 46, 731-744. 

Pelliccioli, A.P. & Wirz, J. (2002) Photoremovable protecting groups: reaction mechanisms and applications. 
Photochem Photobiol Sci 1, 441-58. 



REFERENCES 

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 167 
 

Peptu, C.A., Popa, M., Savin, C., Popa, R.F. & Ochiuz, L. (2015) Modern drug delivery systems for targeting the 
posterior segment of the eye. Curr Pharm Des 21, 6055-69. 

Piechocki, J.T. & Thoma, K. 2006. Pharmaceutical Photostability and Stabilization Technology, CRC Press. 
Pitkanen, L., Ranta, V.P., Moilanen, H. & Urtti, A. (2005) Permeability of retinal pigment epithelium: effects of 

permeant molecular weight and lipophilicity. Invest Ophthalmol Vis Sci 46, 641-6. 
Podbielski, D.W. & Noble, J. (2008) Ophthaproblem. Wet age-related macular degeneration. Can Fam Physician 

54, 1395-8. 
Politis, N., Colombo, P., Colombo, G. & D, M.R. (2017) Design of experiments (DoE) in pharmaceutical 

development. Drug Dev Ind Pharm 43, 889-901. 
Pouliquen, G., Amiel, C. & Tribet, C. (2007) Photoresponsive viscosity and host-guest association in aqueous 

mixtures of poly-cyclodextrin with azobenzene-modified poly(acrylic)acid. J Phys Chem B 111, 5587-95. 
Prausnitz, M.R. & Noonan, J.S. (1998) Permeability of cornea, sclera, and conjunctiva: a literature analysis for 

drug delivery to the eye. J Pharm Sci 87, 1479-88. 
Puttipipatkhachorn, S., Nunthanid, J., Yamamoto, K. & Peck, G.E. (2001) Drug physical state and drug-polymer 

interaction on drug release from chitosan matrix films. J Control Release 75, 143-53. 
Qiu, C., Coutinho, P., Frank, S., Franke, S., Law, L.Y., Martin, P., et al. (2003) Targeting connexin43 expression 

accelerates the rate of wound repair. Curr Biol 13, 1697-703. 
Qiu, Y. & Park, K. (2001) Environment-sensitive hydrogels for drug delivery. Adv Drug Deliv Rev 53, 321-39. 
Raghuvanshi, D., Nkepang, G., Hussain, A., Yari, H. & Awasthi, V. (2017) Stability study on an anti-cancer drug 4-

(3,5-bis(2-chlorobenzylidene)-4-oxo-piperidine-1-yl)-4-oxo-2-butenoic acid (CLEFMA) using a stability-
indicating HPLC method. J Pharm Anal 7, 1-9. 

Rajapakshal, A., Fink, M. & Todd, B.A. (2015) Size-Dependent Diffusion of Dextrans in Excised Porcine Corneal 
Stroma. Mol Cell Biomech 12, 215-30. 

Ranta, V.P. & Urtti, A. (2006) Transscleral drug delivery to the posterior eye: prospects of pharmacokinetic 
modeling. Adv Drug Deliv Rev 58, 1164-81. 

Ren, D.B., Yang, Z.H., Liang, Y.Z., Fan, W. & Ding, Q. (2013) Effects of injection volume on chromatographic 
features and resolution in the process of counter-current chromatography. J Chromatogr A 1277, 7-14. 

Ritter, N., Kothari, R., Tunga, R.,Tunga, B.S. 2011. Stability Considerations for Biopharmaceuticals: Overview of 
Protein and Peptide Degradation Pathways [Online]. USA: BioProcess International. Available: 
http://www.bioprocessintl.com/manufacturing/formulation/biopharmaceutical-product-stability-
considerations-part-1/#CIT0080 [Accessed 30th April 2017]. 

Roberts, C.J. (2014) Therapeutic protein aggregation: mechanisms, design, and control. Trends Biotechnol 32, 
372-380. 

Robman, L., Vu, H., Hodge, A., Tikellis, G., Dimitrov, P., Mccarty, C., et al. (2007) Dietary lutein, zeaxanthin, and 
fats and the progression of age-related macular degeneration. Can J Ophthalmol 42, 720-6. 

Rodríguez Ramírez, M., Del Barrio Manso, M.I. & Martín Sánchez, M.D. (2014) Intravitreal injections: What do 
patients prefer? Analysis of patient's satisfaction and preferences about where to perform intravitreal 
injections. Arch Soc Esp Oftalmol 89, 477-483. 

Rubinstein, A.L. (2006) Zebrafish assays for drug toxicity screening. Expert Opin Drug Metab Toxicol 2, 231-40. 
Ruponen, M. & Urtti, A. (2015) Undefined role of mucus as a barrier in ocular drug delivery. Eur J Pharm 

Biopharm 96, 442-6. 
Rwei, A.Y., Wang, W. & Kohane, D.S. (2015) Photoresponsive nanoparticles for drug delivery. Nano Today 10, 

451-467. 
Sahoo, S.K., Dilnawaz, F. & Krishnakumar, S. (2008) Nanotechnology in ocular drug delivery. Drug Discov Today 

13, 144-51. 
Sakai, T., Kohno, H., Ishihara, T., Higaki, M., Saito, S., Matsushima, M., et al. (2006) Treatment of experimental 

autoimmune uveoretinitis with poly(lactic acid) nanoparticles encapsulating betamethasone 
phosphate. Exp Eye Res 82, 657-63. 

Sakai, T., Kuno, N., Takamatsu, F., Kimura, E., Kohno, H., Okano, K., et al. (2007) Prolonged protective effect of 
basic fibroblast growth factor-impregnated nanoparticles in royal college of surgeons rats. Invest 
Ophthalmol Vis Sci 48, 3381-7. 

Sakurai, E., Ozeki, H., Kunou, N. & Ogura, Y. (2001) Effect of particle size of polymeric nanospheres on 
intravitreal kinetics. Ophthalmic Res 33, 31-6. 



REFERENCES 

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 168 
 

Santarelli, M., Diplotti, L., Samassa, F., Veritti, D., Kuppermann, B.D. & Lanzetta, P. (2015) Advances in 
pharmacotherapy for wet age-related macular degeneration. Expert Opin Pharmacother 16, 1769-81. 

Sanyakamdhorn, S., Agudelo, D. & Tajmir-Riahi, H.-A. (2013) Encapsulation of Antitumor Drug Doxorubicin and 
Its Analogue by Chitosan Nanoparticles. Biomacromolecules 14, 557-563. 

Sasaki, H., Yamamura, K., Mukai, T., Nishida, K., Nakamura, J., Nakashima, M., et al. (1999) Enhancement of 
ocular drug penetration. Crit Rev Ther Drug Carrier Syst 16, 85-146. 

Schwartz, D.M., Shuster, S., Jumper, M.D., Chang, A. & Stern, R. (1996) Human vitreous hyaluronidase: isolation 
and characterization. Curr Eye Res 15, 1156-62. 

Seddon, J.M., Cote, J., Davis, N. & Rosner, B. (2003) Progression of age-related macular degeneration: 
association with body mass index, waist circumference, and waist-hip ratio. Arch Ophthalmol 121, 785-
92. 

Seddon, J.M., George, S. & Rosner, B. (2006) Cigarette smoking, fish consumption, omega-3 fatty acid intake, 
and associations with age-related macular degeneration: the US Twin Study of Age-Related Macular 
Degeneration. Arch Ophthalmol 124, 995-1001. 

Sershen, S. & West, J. (2002) Implantable, polymeric systems for modulated drug delivery. Adv Drug Deliv Rev 
54, 1225-35. 

Sharma, D., Maheshwari, D., Philip, G., Rana, R., Bhatia, S., Singh, M., et al. (2014) Formulation and 
optimization of polymeric nanoparticles for intranasal delivery of lorazepam using Box-Behnken design: 
in vitro and in vivo evaluation. Biomed Res Int 2014, 156010. 

Shastri, D., Patel, L. & Parikh, R. (2010) Studies on In situ Hydrogel: A Smart Way for Safe and Sustained Ocular 
Drug Delivery. J Young Pharm 2, 116-20. 

Shi, D., Matsusaki, M. & Akashi, M. (2009) Photo-cross-linking induces size change and stealth properties of 
water-dispersible cinnamic acid derivative nanoparticles. Bioconjug Chem 20, 1917-23. 

Sigfridsson, K., Nilsson, L., Ahlqvist, M., Andersson, T. & Granath, A.K. (2017a) Preformulation investigation and 
challenges; salt formation, salt disproportionation and hepatic recirculation. Eur J Pharm Sci 104, 262-
272. 

Sigfridsson, K., Nilsson, L., Ahlqvist, M., Andersson, T. & Granath, A.K. (2017b) Preformulation investigation and 
challenges; salt formation, salt disproportionation and hepatic recirculation. Eur J Pharm Sci (In Press). 

Singh, S.R., Grossniklaus, H.E., Kang, S.J., Edelhauser, H.F., Ambati, B.K. & Kompella, U.B. (2009) Intravenous 
transferrin, RGD peptide and dual-targeted nanoparticles enhance anti-VEGF intraceptor gene delivery 
to laser-induced CNV. Gene Ther 16, 645-659. 

Sipes, N.S., Padilla, S. & Knudsen, T.B. (2011) Zebrafish: as an integrative model for twenty-first century toxicity 
testing. Birth Defects Res C Embryo Today 93, 256-67. 

Smith, R.M. 1995. Retention and Selectivity in Liquid Chromatography: Prediction, Standardisation and Phase 
Comparisons, Elsevier Science. 

Smith, W. & Mitchell, P. (1998) Family history and age-related maculopathy: the Blue Mountains Eye Study. 
Aust N Z J Ophthalmol 26, 203-6. 

Snape, Timothy, J., Astles, Alison, M., Davies & Janice 2010. Understanding the chemical basis of drug stability 
and degradation, London, ROYAUME-UNI, Pharmaceutical Journal. 

Sonam, Chaudhary, H. & Kumar, V. (2014) Taguchi design for optimization and development of antibacterial 
drug-loaded PLGA nanoparticles. Int J Biol Macromol 64, 99-105. 

Souza D, S. (2014) A Review of In Vitro Drug Release Test Methods for Nano-Sized Dosage Forms. Adv Pharma 
2014, 12. 

Spraul, C.W., Lang, G.E. & Grossniklaus, H.E. (1996) Morphometric analysis of the choroid, Bruch's membrane, 
and retinal pigment epithelium in eyes with age-related macular degeneration. Invest Ophthalmol Vis 
Sci 37, 2724-35. 

Stoffelns, B.M. (2002) Observations after Diode Laser Photocoagulation of Parafoveal Choroidal Neovascular 
Membranes. Med Laser Appl 17, 305-312. 

Suen, W.L. & Chau, Y. (2013) Specific uptake of folate-decorated triamcinolone-encapsulating nanoparticles by 
retinal pigment epithelium cells enhances and prolongs antiangiogenic activity. J Control Release 167, 
21-8. 

Sun, J. & Tan, H. (2013) Alginate-Based Biomaterials for Regenerative Medicine Applications. Materials 6, 1285. 



REFERENCES 

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 169 
 

Szakonyi, G. & Zelko, R. (2012) The effect of water on the solid state characteristics of pharmaceutical 
excipients: Molecular mechanisms, measurement techniques, and quality aspects of final dosage form. 
Int J Pharm Investig 2, 18-25. 

Tan, L.E., Orilla, W., Hughes, P.M., Tsai, S., Burke, J.A. & Wilson, C.G. (2011) Effects of vitreous liquefaction on 
the intravitreal distribution of sodium fluorescein, fluorescein dextran, and fluorescent microparticles. 
Invest Ophthalmol Vis Sci 52, 1111-8. 

Tan, M.L., Choong, P.F.M. & Dass, C.R. (2010) Recent developments in liposomes, microparticles and 
nanoparticles for protein and peptide drug delivery. Peptides 31, 184-193. 

Thakur, S.S., Barnett, N.L., Donaldson, M.J. & Parekh, H.S. (2014) Intravitreal drug delivery in retinal disease: 
are we out of our depth? Expert Opin Drug Deliv 11, 1575-90. 

Thambi, T., Phan, V.H.G. & Lee, D.S. (2016) Stimuli-Sensitive Injectable Hydrogels Based on Polysaccharides and 
Their Biomedical Applications. Macromolecular Rapid Communications 37, 1881-1896. 

Thoniyot, P., Tan, M.J., Karim, A.A., Young, D.J. & Loh, X.J. (2015) Nanoparticle-Hydrogel Composites: Concept, 
Design, and Applications of These Promising, Multi-Functional Materials. Adv Sci (Weinh) 2, 1400010. 

Thrimawithana, T.R., Rupenthal, I.D., Young, S.A. & Alany, R.G. (2012) Environment-sensitive polymers for 
ophthalmic drug delivery. J Drug Deliv Sci Technol 22, 117-124. 

Thrimawithana, T.R., Young, S., Bunt, C.R., Green, C. & Alany, R.G. (2011) Drug delivery to the posterior 
segment of the eye. Drug Discov Today 16, 270-7. 

Tomatsu, I., Hashidzume, A. & Harada, A. (2005) Photoresponsive Hydrogel System Using Molecular 
Recognition of α-Cyclodextrin. Macromolecules 38, 5223-5227. 

Tomatsu, I., Hashidzume, A. & Harada, A. (2006) Contrast viscosity changes upon photoirradiation for mixtures 
of poly(acrylic acid)-based alpha-cyclodextrin and azobenzene polymers. J Am Chem Soc 128, 2226-7. 

Tomatsu, I., Peng, K. & Kros, A. (2011) Photoresponsive hydrogels for biomedical applications. Adv Drug Deliv 
Rev 63, 1257-66. 

Tomer, R. & Florence, A.T. (1993) Photo-Responsive Hydrogels for Potential Responsive Release Applications. 
Int J Pharm 99, R5-R8. 

Toris, C.B. & Pederson, J.E. (1984) Experimental retinal detachment. VII. Intravenous horseradish peroxidase 
diffusion across the blood-retinal barrier. Arch Ophthalmol 102, 752-6. 

Tozer, K., Roller, A.B., Chong, L.P., Sadda, S., Folk, J.C., Mahajan, V.B., et al. (2009) Combination Therapy for 
Neovascular Age-related Macular Degeneration Refractory to Anti-Vascular Endothelial Growth 
Factor&#xa0;Agents. Ophthalmology 120, 2029-2034. 

Tucker, B. & Lardelli, M. (2007) A rapid apoptosis assay measuring relative acridine orange fluorescence in 
zebrafish embryos. Zebrafish 4, 113-6. 

Tyagi, P., Barros, M., Stansbury, J.W. & Kompella, U.B. (2013) Light-activated, in situ forming gel for sustained 
suprachoroidal delivery of bevacizumab. Mol Pharm 10, 2858-67. 

Tyler-Cross, R. & Schirch, V. (1991) Effects of amino acid sequence, buffers, and ionic strength on the rate and 
mechanism of deamidation of asparagine residues in small peptides. J Biol Chem 266, 22549-56. 

Urtti, A. (2006) Challenges and obstacles of ocular pharmacokinetics and drug delivery. Adv Drug Deliv Rev 58, 
1131-5. 

Usenko, C.Y., Harper, S.L. & Tanguay, R.L. (2007) In vivo evaluation of carbon fullerene toxicity using embryonic 
zebrafish. Carbon N Y 45, 1891-1898. 

Usfda. 2004. Guidance for Industry PAT—A Framework for Innovative Pharmaceutical Development, 
Manufacturing, and Quality Assurance. [Online]. USA: US Food and Drug Administration. Available: 
http://www.fda.gov/CDER/GUIDANCE/6419fnl.htm. [Accessed 5th March 2017]. 

Usfda. 2006. ICH Q8 (R2) Quality Risk Management [Online]. USA: USFDA. Available: 
http://www.fda.gov/downloads/Drugs/…/Guidances/ucm073511.pdf [Accessed 5th MAY 2017]. 

Vaishya, R.D., Ananthula, H.K. & Mitra, A.K. 2011. Microdialysis for Vitreal Pharmacokinetics. In: KOMPELLA, U. 
B. & EDELHAUSER, H. F. (eds.) Drug Product Development for the Back of the Eye. Boston, MA: Springer 
US. 

Van Tomme, S.R., Storm, G. & Hennink, W.E. (2008) In situ gelling hydrogels for pharmaceutical and biomedical 
applications. Int J Pharm 355, 1-18. 

Vandervoort, J. & Ludwig, A. (2007) Ocular drug delivery: nanomedicine applications. Nanomedicine 2, 11-21. 



REFERENCES 

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 170 
 

Vibe, C.B., Fenaroli, F., Pires, D., Wilson, S.R., Bogoeva, V., Kalluru, R., et al. (2016) Thioridazine in PLGA 
nanoparticles reduces toxicity and improves rifampicin therapy against mycobacterial infection in 
zebrafish. Nanotoxicology 10, 680-8. 

Vieira, A.P., Ferreira, P., Coelho, J.F. & Gil, M.H. (2008) Photocrosslinkable starch-based polymers for 
ophthalmologic drug delivery. Int J Biol Macromol 43, 325-32. 

Virgili, G. & Bini, A. (2007) Laser photocoagulation for neovascular age-related macular degeneration. Cochrane 
Database of Systematic Reviews. 

Vishal Gupta, N. & Shivakumar, H.G. (2010) Preparation and characterization of superporous hydrogels as 
gastroretentive drug delivery system for rosiglitazone maleate. Daru 18, 200-10. 

Volz, C. & Pauly, D. (2015) Antibody therapies and their challenges in the treatment of age-related macular 
degeneration. Eur J Pharm Biopharm 95, 158-72. 

Wadhwa, S., Paliwal, R., Paliwal, S.R. & Vyas, S.P. (2009) Nanocarriers in ocular drug delivery: an update review. 
Curr Pharm Des 15, 2724-50. 

Wadhwa, S., Paliwal, R., Paliwal, S.R. & Vyas, S.P. (2010) Hyaluronic acid modified chitosan nanoparticles for 
effective management of glaucoma: development, characterization, and evaluation. J Drug Target 18, 
292-302. 

Waga, J. & Ehinger, B. (1997) Intravitreal concentrations of some drugs administered with microdialysis. Acta 
Ophthalmol Scand 75, 36-40. 

Waterman, K.C. & Adami, R.C. (2005) Accelerated aging: prediction of chemical stability of pharmaceuticals. Int 
J Pharm 293, 101-25. 

Weissleder, R. (2001) A clearer vision for in vivo imaging. Nat Biotech 19, 316-317. 
Werle, M. & Bernkop-Schnurch, A. (2006) Strategies to improve plasma half life time of peptide and protein 

drugs. Amino Acids 30, 351-67. 
Williams, C.G., Malik, A.N., Kim, T.K., Manson, P.N. & Elisseeff, J.H. (2005) Variable cytocompatibility of six cell 

lines with photoinitiators used for polymerizing hydrogels and cell encapsulation. Biomaterials 26, 
1211-8. 

Wong, P., Tan, T., Chan, C., Laxton, V., Chan, Y.W., Liu, T., et al. (2016) The Role of Connexins in Wound Healing 
and Repair: Novel Therapeutic Approaches. Front Physiol 7, 596. 

Worakul, N. & Robinson, J.R. (1997) Ocular pharmacokinetics/pharmacodynamics. Eur J Pharm Biopharm 44, 
71-83. 

Xiong, S., Zhao, X., Heng, B.C., Ng, K.W. & Loo, J.S.-C. (2011) Cellular uptake of Poly-(D,L-lactide-co-glycolide) 
(PLGA) nanoparticles synthesized through solvent emulsion evaporation and nanoprecipitation 
method. Biotechnology Journal 6, 501-508. 

Xu, J., Wang, Y., Li, Y., Yang, X., Zhang, P., Hou, H., et al. (2007) Inhibitory efficacy of intravitreal dexamethasone 
acetate-loaded PLGA nanoparticles on choroidal neovascularization in a laser-induced rat model. J Ocul 
Pharmacol Ther 23, 527-40. 

Xu, Q., Kambhampati, S.P. & Kannan, R.M. (2013) Nanotechnology approaches for ocular drug delivery. Middle 
East Afr J Ophthalmol 20, 26-37. 

Yager, K.G. & Barrett, C.J. (2006) Novel photo-switching using azobenzene functional materials. J Photochemi 
Photobiol A-Chem 182, 250-261. 

Yamada, N. & Olsen, T.W. (2016) Routes for Drug Delivery to the Retina: Topical, Transscleral, Suprachoroidal 
and Intravitreal Gas Phase Delivery. Dev Ophthalmol 55, 71-83. 

Yang, J.A., Yeom, J., Hwang, B.W., Hoffman, A.S. & Hahn, S.K. (2014) In situ-forming injectable hydrogels for 
regenerative medicine. Prog Poly Sci 39, 1973-1986. 

Yasin, M.N., Svirskis, D., Seyfoddin, A. & Rupenthal, I.D. (2014) Implants for drug delivery to the posterior 
segment of the eye: a focus on stimuli-responsive and tunable release systems. J Control Release 196, 
208-21. 

Yasukawa, T., Ogura, Y., Tabata, Y., Kimura, H., Wiedemann, P. & Honda, Y. (2004) Drug delivery systems for 
vitreoretinal diseases. Prog Retin Eye Res 23, 253-81. 

Yellepeddi, V.K. & Palakurthi, S. (2016) Recent Advances in Topical Ocular Drug Delivery. J Ocul Pharmacol Ther 
32, 67-82. 

Zarbin, M.A. (1998) Age-related macular degeneration: review of pathogenesis. Eur J Ophthalmol 8, 199-206. 
Zeng, S., Hu, C., Wei, H., Lu, Y., Zhang, Y., Yang, J., et al. (1993) Intravitreal Pharmacokinetics of Liposome-

encapsulated Amikacin in a Rabbit Model. Ophthalmology 100, 1640-1644. 



REFERENCES 

 

Buchanan Ocular Therapeutics Unit, Department of Ophthalmology, University of Auckland Page 171 
 

Zhang, C., Wang, Y.S., Wu, H., Zhang, Z.X., Cai, Y., Hou, H.Y., et al. (2010) Inhibitory efficacy of hypoxia-inducible 
factor 1[alpha] short hairpin RNA plasmid DNA-loaded poly (D, L-lactide-co-glycolide) nanoparticles on 
choroidal neovascularization in a laser-induced rat model. Gene Ther 17, 338-351. 

Zhao, F., Ma, M.L. & Xu, B. (2009) Molecular hydrogels of therapeutic agents. Chem Soc Rev 38, 883-91. 
Zhao, Y.-L. & Stoddart, J.F. (2009) Azobenzene-Based Light-Responsive Hydrogel System. Langmuir 25, 8442-

8446. 
Zheng, Y., Micic, M., Mello, S.V., Mabrouki, M., Andreopoulos, F.M., Konka, V., et al. (2002) PEG-Based 

Hydrogel Synthesis via the Photodimerization of Anthracene Groups. Macromolecules 35, 5228-5234. 
Zhou, Y., He, C., Chen, K., Ni, J., Cai, Y., Guo, X., et al. (2016) A New Method for Evaluating Actual Drug Release 

Kinetics of Nanoparticles inside Dialysis Devices via Numerical Deconvolution. J Control Release 243, 
11-20. 

Zon, L.I. & Peterson, R.T. (2005) In vivo drug discovery in the zebrafish. Nat Rev Drug Discov 4, 35-44. 

 


	coversheet.pdf
	General copyright and disclaimer


