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ABSTRACT
R
Delivery of macromolecules has proven to be challenging due to molecular weight, instability
and triggering of immune response. The demand for biodegradable sustained release carriers
with minimally invasive and less frequent administration properties for such therapeutics has
increased over the years. Stimuli responsive polymers have gained significant interest in drug
discovery for their flexibility, site specificity and potential for remotely controlled drug release,
especially for irregular targets such as intraocular sites which possess a complex anatomy.
The purpose of achieving sustained minimally invasive and site-specific delivery of

macromolecules led to the investigation of stimuli responsive materials for this study.

This research explored a biodegradable prolamin, zein, modified with 4,4-
dihydroxyazobenzene (DHAB) to synthesize photo-responsive azoprolamin (AZP)
nanospheres incorporated in a hyaluronic acid (HA) hydrogel to formulate a novel injectable
photo-responsive nanosystem (HA-NSP) for prolonged release of a model monoclonal
antibody, Immunoglobulin G (IgG), as a potential approach for the treatment of chorioretinal
diseases such as age related macular degeneration (AMD) and diabetic retinopathy. Photo-
responsive AZP nanospheres incorporating IgG were prepared via coacervation technique,
characterised for physicochemical properties via infrared spectroscopy (FTIR), X-ray
diffraction (XRD) and thermogravimetric analysis (TGA). Size and morphology were studied
via scanning electron microscopy (SEM) and dynamic light scattering (DLS). Further
characterisation for photo-responsiveness of AZP nanospheres was studied using UV
spectroscopy. Optimised nanospheres were dispersed in HA gel to form HA-NSP which was
characterised for rheological properties and injectability through texture analyser and

rheometer as well as cytotoxicity effect on HRPE cell lines.

Spherical nanoparticles were obtained with particle size <200nm and demonstrating photo-
responsiveness to UV=365nm by decreasing particle diameter to 94nm which was confirmed
by DLS. Encapsulation efficiency of the optimised nanospheres was 85% and IgG was
released over 32 days up to 60%. Injectability of HA-NSP was confirmed with maximum force
10N required and shear-thinning behaviour observed in rheology studies. In vitro cell
cytotoxicity effect of both NSPs and HA-NSP showed non-cytotoxicity where the relative cell
viability was 280%. Cell death was further explored through apoptotic and necrotic pathways
and necrosis from HA-NSP treatment was <1% after 48 hours of incubation. A biocompatible,
biodegradable injectable photo-responsive nanosystem for sustained release of

macromolecular IgG was successfully prepared.
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CHAPTER ONE
INTRODUCTION AND BACKGROUND

1.1. BACKGROUND OF THIS STUDY

Age-related Macular Degeneration (AMD) is an ocular disorder dependent on a number of
factors (both genetic and environmental) and results in central visual defect (Prasad et al.,
2010). AMD has a harmful effect on the anatomy and function of the macula, involving
inflammation, neovascularization and vascular leakage which leads to loss of vision (Ehmann
and Garcia, 2010). AMD is one of the main ocular diseases causing progressive bilateral
complete vision loss in the elderly (Filloy and Arias, 2013). It is characterized by the presence
of extracellular debris, known as the drusen, over the retinal pigmented epithelium (RPE). It is
classified as exudative (wet, choroidal neovascularization (CNV), in which new choroidal
vessels are formed) and non-exudative (dry, progressive degeneration of the RPE and
geographic atrophy) (Ardeljan and Chan, 2013). If left untreated, the lesions of AMD progress
to form a fibrous scar, called a disciform scar, which causes irreversible central vision loss.
This disease has an enormous impact on the individual’s ability to carry out daily activities
(Wang et al., 2012). It is estimated that the number of people who suffer from blindness due
to AMD exceeds 14 million worldwide. Furthermore, research estimates a 50% increase in the
prevalence of the disease by the year 2020 as this continues to rise every year (Prasad et al.,
2010).

Angiogenesis is a distinctive characteristic of exudative AMD as it is through this process that
the formation of new blood vessels occurs (Miller, 2013). Enhanced release of Vascular
Endothelial Growth factor (VEGF) is a significant factor in the process of angiogenesis. VEGF
is a glycoprotein responsible for the activation of endothelial cells leading to endothelial cell
proliferation. This results in CNV which causes accumulation of fluid between the RPE and
photoreceptors, exudation, bleeding, RPE detachment, and vision loss consequential to
scarring (Velez-montoya et al., 2013). Various treatments are being explored to target different
factors associated with AMD, such as inflammation and neovascularization. After the use of
intravitreal injections, prognosis of the disease significantly improved and there is a 90%
possibility of a stable and increased vision. However, there are side-effects (cataracts, retinal
detachment, retinal tear, uveitis, vitreous haemorrhage, traumatic lens damage and
endophthalmitis) associated with intravitreal injections and the frequency of dosing (1.25mg
monthly intravitreal dose) which becomes a challenge when it comes to patient compliance

(Velez-montoya et al.,2013).



Anti-VEGF agents have been found to increase the visual prognosis more than other treatment
options. Photodynamic therapy (PDT) reduces vision loss but does not improve visual acuity
and photocoagulation therapy (PCT) shows high recurrence of neovascularisation and
development of atrophic scars. For this reason, anti-VEGF agents are used as first line
treatment for AMD, and they are able to reverse the pathological effects of AMD. Monoclonal
antibodies are currently available as anti-VEGF treatment; examples include, pegaptanib
sodium (Macugen®) injected into the vitreous cavity at 6 week intervals, ranibizumab
(Lucentis®) a recombinant, humanized antibody that has a small molecular mass,
administered monthly (half-life of 2-4 days) and bevacizumab (Avastin®) a full length
recombinant, humanized monoclonal antibody with a half-life of approximately 20 days and

molecular mass three times that of ranibizumab (Ehmann and Garcia, 2010).

Currently, drugs are injected into the vitreous humour though the therapeutic site of action for
AMD is the choroid and retina. Other potential routes of delivery to the back of the include the
Peri-Ocular Space (POS) and the Suprachoroidal Space (SCS). The POS has the
disadvantage of haemorrhage risk at the site of injection. The SCS route protects the retina
from injection related damage. The SCS is located between the choroid layer and the sclera
and is capable of expanding to accommodate an intraocular insert (Patel et al., 2012). Smart
materials (Stimuli responsive polymers (SRPs) are capable of sensing the environment and
changing their function to suit a pre-programmed purpose. SRPs have advantages of diverse
stimuli response, they have a wide range of structural designs and different polymers can be
used to achieve different various effects. These provide site-specific drug release which
minimizes systemic side-effects and increase bioavailability (Hu et al., 2012). Application of
stimulus from an external source has an advantage of controlling the rate of response and the
specific location of release. To achieve photo-responsiveness, a chromophore such as
azobenzene derivatives, spiropyran and pyrenylmethyl is added into the polymers. The
chromophore is the photo-responsive moiety responsible for the change in structural
conformation, solubility, degradability, and self-assembly behaviour leading to the release of
the loaded drug (Roy et al., 2010).

Therefore, this study investigates a potential intraocular insert with minimal frequency of
administration of at least 2 month intervals compared to the highly invasive monthly intravitreal
injections. The insert will utilize an alternate route of administration to avoid damage to the
retina and complications (cataracts, retinal detachment, retinal tear, uveitis, vitreous
haemorrhage, traumatic lens damage and endophthalmitis) experienced with intravitreal

injections while sustaining a curative amount of the bioactive at the target tissue.



1.2. RATIONALE AND MOTIVATION FOR THIS STUDY

Site-specificity of the Geocolloid insert may give a therapeutic advantage by minimizing
systemic side-effects and localizing treatment at the site of disease, compared to the
commonly used topical route for ocular drug delivery which is convenient but not ideal for the
posterior segment of the eye due to tissue barriers that lead to low therapeutic concentration

of the drug at the target site (choroid and retina).

Compared to the frequently administered, highly invasive intravitreal injections, the Geocolloid
insert may provide a prolonged release and localized therapy via bypassing the vitreous
humour. Photo-responsive properties of the Geocolloid (due to the incorporation of a photo-
responsive moiety) allow for enhanced release, which is also reversible, therefore, can provide
lower doses for maintenance therapy with less repeats of invasive procedures. Patient
adherence is increased with the use of inserts due to the frequency of administration that is
decreased. The insert may also be used in the treatment of other chorio-retinal diseases other
than AMD.

The schematic in Figure 1.1 explains the proposed mechanism of drug release from the
nanosphere component. The bioactive and the photo-responsive moiety will be incorporated
into the nanospheres which have a high loading capacity. The Geocolloid can be inserted by
injection either into the SCS via peritomy and sclerotomy or via sub-Tenon route where it will
release the bioactive. When exposed to light of wavelength ranging from 320nm to 380nm,
the nanospheres undergo photo-isomerisation due to the presence of a chromophore (i.e.
trans to cis conformation) and release the bioactive. The reaction is reversed thermally by

exposing nanospheres to white light.
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Figure 1.1: Schematic representation of the proposed mechanism of drug release by the
Geocolloid insert a) The Geocolloid in the SCS b) drug loaded polymer matrix c) Polymeric
coating for mechanical strength d) nanosphere before exposure to UV light e€) bioactive
released through the nanosphere wall after exposure to UV light.

1.3. AIM AND OBJECTIVES OF THIS STUDY

The aim of this study is to design a minimally invasive insertable Geocolloid system that when
exposed to light of certain wavelength will geometrically reorganize at molecular level in a
reversible manner, in order to achieve site-specific drug delivery. This can be achieved
through the following objectives:

1. Selection of biocompatible, biodegradable, bio-adhesive polymers with drug entrapment
and stimuli responsive properties for the preparation of a prolonged release, stimuli
responsive intra-ocular insert.

2. To develop a drug-loaded Geocolloid insert with site-specificity and prolonged release of
approximately 2 months. Determination of photo-responsiveness via analysis of the
nanospheres before and after exposure to UV light to determine transitions and erosion.

3. To evaluate the physicochemical and physico-mechanical properties of the injectable

nanosystem via determination of mechanical strength, particle size and morphology, drug
4




loading capacity, drug-polymer interactions, melting point of the polymers. drug release
behaviour of the injectable insert using in vitro drug release studies.

4. To evaluate photo-responsive and drug release behaviour of the injectable nanosystem
using in vitro drug release studies.

5. To evaluate cytocompatibility of the injectable insert via in vitro cell cytotoxicity studies.

1.4. NOVELTY OF THIS STUDY

The Geocolloid is a nanosystem that is stimuli responsive and the release of the bioactive can
be controlled externally through manipulation of the photo-responsive groups (chromophore)
using UV light (365nm). It is an injectable delivery system which can be administered with
minimal invasion to tissue and able to reach irregular target sites such as the posterior
segment of the eye via SCS/sub-Tenon routes, where treatment is localized to the diseased
tissue, thus optimising therapeutic levels. Photo-responsiveness of the nanosystem further
allows a less invasive approach of controlling release of the bioactive. This enhances
therapeutic response and patient adherence, therefore improving disease prognosis.

1.5. OVERVIEW OF DISSERTATION

CHAPTER 1: This chapter presents the background of the current research in the field and
provides shortcomings experienced in posterior ocular drug delivery, principally for the
macromolecular monoclonal antibodies. Rationale for the research, the aim and objectives

carried out are detailed.

CHAPTER 2: In this chapter, a literature review emphasizing the research investigating stimuli
responsive materials for drug delivery. This chapter reviews stimuli responsive systems in the
delivery of macromolecular therapeutics and their potential for the treatment of ocular
abnormalities. A detailed discussion of stimuli responsive systems over conventional delivery

systems is outline.

CHAPTER 3: This chapter outlines the synthesis and formulation of the injectable photo-
responsive  nanosystem  (HA-NSP), physico-mechanical and  physicochemical
characterization of the delivery system, investigation of stimuli response of the nanospheres
and in vitro release studies. Characterization methods discussed in this chapter include,
attenuated total reflectance infrared spectroscopy (ATR-FTIR), thermogravimetric analysis
(TGA), X-ray diffraction (XRD) and UV-visible spectroscopy.



CHAPTER 4: The main focus of this chapter is the development of the injectable photo-
responsive nanosystem which comprises of the nanospheres dispersed in gel. In addition,
characterisations of the photo-responsive nanosystem through rheology, thermal analysis and
texture analysis, and in vitro cytotoxicity study of the photo-responsive injectable nanosystem
(HA-NSP) on H-RPE cell lines are discussed.

CHAPTER 5: This chapter concludes the dissertation and provides recommendations for
further improvements to the photo-responsive nanosystem for optimisation of its functionality

in the controlled delivery of macromolecules.
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2.1. INTRODUCTION

Therapeutic proteins and peptides are advantageous over small molecule drugs in that they
mimic similar molecules found in the human body; they are biocompatible and highly potent.
However, limitations (drug related and patient related) do exist caused by high molecular
weight, poor transfer across biological membranes, provocation of immune response, short
half-lives and instabilities of the molecules (Pisal et al., 2010; Ratnaparkhi et al., 2011). The
controlled release of therapeutic proteins is regarded as a way to increase the efficacy while
reducing side effects, and therefore improving the patient’s quality of life (Koyamatsu et al.,
2014).

The most commonly used route of administration for proteins and peptides is the parenteral
route i.e., injection/intravenous infusion providing direct administration into the bloodstream.
Though this route can overcome some of the limitations, it is costly, painful and results in low
patient acceptance (Antosova et al., 2009). Alternative routes comprise of the nasal route
which provides rapid absorption of the active agent, increased bioavailability and ease of
administration, and bypasses gastrointestinal tract related degradation. The use of
nanoparticles as a carrier allows delivery directly into the brain via the nasal route but the dose
range is restricted by the surface area of the nasal epithelium. The oral route which has come
across a number of challenges involving probable degradation ascribed to the acidic
environment in the stomach, first pass metabolism in the liver and the proteolytic enzymes in
the intestinal tract. The pulmonary route with its large surface area and the thin alveolar
epithelium permits rapid protein/peptide absorption and also avoids first pass metabolism.
Vaginal route is used for systemic delivery of proteins and peptides through the rich blood
supply in the vagina. Numerous limitations exist in this route as it is specific for females,
sensitive, associated with irritation and patients are reluctant to use this route. Transdermal

route favours the delivery of proteins and peptides with short half-lives and provides sustained
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delivery. The limitation with this route is the stratum corneum which has a low permeability,
and this becomes a major challenge in the delivery of proteins and peptides due to their size,
therefore modifications of the drug delivery systems is required. The ocular route is potentially
useful for systemic delivery of therapeutic proteins and peptides; however, it is often used for
localized delivery of ophthalmic agents. This route attracts attention as the most interesting
and challenging in drug delivery due to the sensitive and complex environment of the eye
(Sharma et al., 2011). Challenges involve ocular barriers that interfere with absorption of
proteins and peptides resulting in insufficient levels at the target site, reduced bioavailability
caused by decreased residence time, invasive and frequent administration leading to poor
patient compliance, and instability of these molecules (Kompella et al., 2013; Yasin et al.,
2014). A group of polymers referred to as stimuli responsive materials is under investigation

for use in the delivery of therapeutic proteins and peptides.

Stimuli responsive polymers (Table 2.1) are defined as materials that display rapid
physicochemical transition in response to small changes in the surrounding environment.
Such polymers in biomedical applications and drug delivery platform have become part of the
main focus due to their distinct features and ability to control drug release (Roy et al., 2010).
Classification of these polymers is based on two controls, the proximal (disease specific) and
the remote (non-disease specific) control of stimuli response further classified as physical or
biochemical stimuli. Desirable characteristics include biodegradability, biocompatibility,
contaminant/pyrogen-free, non-toxic, low cost, high loading capacity and an excellent stability
profile. The use of these polymers provides a less invasive delivery approach via externally
controlled stimuli and extended stability in the body owing to their stimuli specific and therefore
site-specific release (Oak et al., 2012). Their reversible mechanism upon removal of the trigger
is likely to minimize the possibility of drug related toxicity. Stimuli responsive polymeric delivery
systems have a potential to at most overcome the challenges faced with ocular protein and
peptide delivery. A group of stimuli responsive drug delivery systems known as in situ forming
systems has increasingly gained interest over the years. These systems consist of phase
transition polymers which enable them to be injectable solidifying at the site of delivery via
response to various stimuli such as ions, pH, and temperature. In situ formation can occur as
a result of physical or chemical alteration in the delivery system. The rationale for these
systems arises from a number of formulation shortcomings which will be discussed in detail
below (Cohen et al., 1997; Ruel-Gariépy and Leroux, 2004).

This review explores possible alternatives for responsive ocular protein/peptide delivery by

evaluating various stimuli employed, responsive systems that have been designed to deliver
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these molecules as well as therapeutic proteins and peptides used in the treatment of ocular

disorders. Examples of stimuli included are pH, temperature, glucose, enzymes, light,

ultrasound, and magnetic field. This work also considers advances in stimuli responsive ocular

delivery systems that have been designed over the years. This work evaluates the future of

stimuli responsive delivery systems in ocular delivery of therapeutic proteins and peptides.

Table 2.1: A summary of stimuli responsive polymers introduced to achieve various objectives
for the delivery of active agents.

Model drug Polymer  Stimuli Objective Reference

Timolol Maleate Poloxam Temperature Improve mechanical and (Gratieri et al.,
er and mucoadhesive 2010)
Chitosan properties and improve

retention time for the
treatment of ocular
diseases

Puerarin Poloxam Temperature  Maintain sufficient drug (Qietal.,
er and concentration at 2007)
Carbopol precorneal area.

Timolol Maleate Poly(N- Temperature  Improve bioavailability (Almeida et al.,
isopropyl and efficacy. 2014)
acrylami
de) and
Chitosan

Cyclosporine A Gellan Electrolytes Increase drug loading (Gan et al.,
gum capacity. 2009)

Ofloxacin Polyacryl pH To provide sustained (Srividya et al.,
ic acid release of the drug 2001)
and during treatment.

HPMC

Gatifloxacin Alginate  lons Enhance ocular (Kushwaha et
and bioavailability and al., 2012)
HPMC patient compliance.

Pilocarpine Xylogluc  Temperature  To achieve sustained (Brown et al.,

hydrochloride an ocular delivery. 1976; Miyazaki

et al., 2001)

Peurarin Carbopol Temperature Improve gel strength, (Wu et al.,
and and pH increase precorneal 2007)
Methylce residence time and
llulose bioavailability.

Diclofenac sodium Thiolated Oxidation Prolong the residence (Horvét et al.,
poly(asp time and reduce the 2015)
artic administration
acid) frequency.
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2.2. RESPONSIVE PROTEIN AND PEPTIDE DELIVERY

Proteins and peptides are widely used in the field of therapeutics mainly because of their ability
to mimic those that are produced by the human body which renders compatibility with the body
and a relatively high potency. Biodegradable polymers have been used to achieve a delivery
strategy that protects proteins and peptides from the human body and vice versa. These
polymers are able to encapsulate proteins and peptides and release following degradation
kinetics; however, when other formulation factors dominate they interfere with degradation
kinetics (Ye et al., 2010). Using degradable responsive polymers and attaching responsive
moieties to the polymers in use gives rise to stimuli responsive polymeric systems which are
capable of sensing surrounding environmental changes and in response release the
encapsulated therapeutic protein or peptide (Oak et al., 2012; Qi et al., 2007). Stimuli
responsive polymers have the ability to respond to stimuli present in the human body enabling
site specific delivery of therapeutic proteins and peptides. Response to stimulus can occur via
formation or destruction of secondary forces such as hydrogen bonding and simple reactions
like acid-base reaction from the responsive moieties in the polymer (Roy et al., 2010). These
are advantageous in that they are capable of on and off release, that is, only the amount of
drug required for a therapeutic effect at the time is released. Table 2.2 summarizes various

delivery systems employed responsive delivery of proteins and peptides.
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Table 2.2: Stimuli responsive delivery systems for proteins and peptides.

Stimuli Model Responsive moiety Mechanism Delivery  Reference
Protein/Pepti system
de
pH Print 3G Cholesterylnemisucc CHEMS possesses an inverted Liposom  (Almeida et
inate (CHEMS) cone shape at physiological es al., 2014;
pH. Under acidic conditions, the Huth et al.,
carboxylic acid group becomes 2006;
protonated and CHEMS loses Schmucker
the shape releasing the protein. et al., 2011)
This transition occurs within
endosome where pH s
decreased during endocytosis.
pH BSA PLGA-carboxyl Undergoes deprotonation at Micelles (Garbern et
group neutral or basic pH which leads al., 2010;
to release of the protein. Kang
Derwent
and Mieler,
2008)
Enzyme Anti- HNE-sensitive HNE diffuses into the hydrogel Hydrogel (Cohen et
(Human inflammatory peptides and splits the substrate al., 1997)
Neutrophil proteins/peptid  (Aminobutyric acid, releasing the therapeutic agent
elastase) es Novarline, into the site of action.
Norleucine)
Enzyme Fluorescein Chitosan Enzymatic degradation Hollow (Kumar et
(Chitosanase) isothiocyanate- weakens the capsule wall capsules al., 1994)
labelled releasing the protein and the
albumin (FITC- capsule is destroyed over time.
albumin) Degradation is specific to
chitosanase.
Multi-stimuli Doxorubicin o-amino acid At pH 7.4 chain complexation Polyeletr (Schoenwal
(Magnetic residues, vinyl occurs enhancing the stability olyte d, 1997)
field, based polymers, of the polymer chains. At 37°C, hydrogel
temperature, Iron oxide the hydrogel collapses and the
pH) nanoparticles release increased until the
collapse is terminated after a
few days and the release is
decreased. After this, the
magnetic field is applied which
causes vibration of the
hydrogel network accelerating
diffusion rate.
Dual stimuli Insulin Concanavalin A, N-(2- Decrease in pH causes Microhyd (Caoetal.,
(pH,glucose) (dimethylamino) ethyl)-  ionization of the amino groups rogel 2007)

methacrylamide

causing swelling. Concanavalin
A binds (glucose, reducing
crosslinking density in
mycrohydrogels and increasing
hydrophilicity leading to
swelling then release of Insulin.
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2.2.1. pH Responsive Systems

The mostly used stimulus in oral drug delivery of proteins and peptides is the pH. This is to
avoid the degradation of these agents; however, the stimulus can be employed ocularly
especially for topical delivery to increase residence time via targeting the pH of the tear fluid.
Ducat and co-workers (Ducat et al., 2011) proved the benefit of using pH sensitive liposomes
in preference to conventional liposomes as a vector for the delivery of a peptide that
antagonizes an oncoprotein in breast cancer, Print3G. The rationale being that the pH
responsive liposomes improve efficacy and site specificity as they release the peptide inside
the cell. The mechanism of these liposomes lies in the presence of the compound,
Cholesterylhemisuccinate (CHEMS), which possesses an inverted cone shape at
physiological pH. Under acidic conditions, the carboxylic acid group becomes protonated and
CHEMS loses the shape releasing the protein. This transition occurs within endosome where

pH is decreased during endocytosis (Kim and Lee, 2010).

In another study, Koyamatsu and colleagues (Koyamatsu et al., 2014) designed reverse
polymer micelles using biodegradable, biocompatible poly (ethylene glycol) (PEG) and poly
(D, L-lactic-co-glycolide) (PLGA) with the terminal carboxyl group in PLGA conferring the pH
responsiveness of the micelles. Bovine serum albumin and streptavidin were used as model
proteins to prove the encapsulation and controlled release of large molecules from the
micelles. The micelles release the loaded protein at the targeted site and this is due to their
pH-responsive property (Chiu et al., 2008). The swelling behaviour of hydrogels in combination
with pH sensitivity is observed in microspheres and beads designed by El-Sherbiny and Gong
et, al. respectively. These systems are designed to swell at a certain pH and release the
loaded protein bypassing degradants and localizing therapy improving therapeutic outcomes
and bioavailability (Kushwaha et al., 2012; Miyazaki et al., 2001).

2.2.2. Thermo-Responsive Systems

Temperature as a stimulus can either be external, that is change in temperature due to an
external trigger e.g. radiation, or internal which is change in temperature caused by the
disease state such as inflammation. These changes in temperature can be used to trigger
drug delivery at higher or lower temperatures depending on the nature of the polymer
employed. Thermo-responsive polymers have a lower critical solution temperature (LCST)
which is the highest temperature at which the polymer is soluble and above that temperature
they become insoluble or upper critical solution temperature (UCST), the lowest temperature
of miscibility (Brown et al., 1976; Wu et al., 2007). Hydrogels are mostly preferred because of

their macro-porous structure and swelling properties. In the delivery of proteins and peptides,
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their macro-porous structure makes them good and efficient carriers for such macromolecular
drugs. Responsive hydrogels are especially good for sustained delivery of proteins and
peptides as their agueous environment is able to protect these fragile drugs (Hoffman, 2002).
An example of investigated responsive delivery of proteins is a poly (N-isopolyacrylamide)
(NIPAM) based implantable hydrogel designed by Ninawe and colleagues (Ninawe et al.,
2010). In this study NIPAM with LCST of 32°C was used as the temperature responsive gelling
polymer and a model protein immunoglobulin G (IgG) was loaded into the gel for delivery to
the posterior segment of the eye via implantation in the sclera as the treatment of age-related
macular degeneration (AMD). After implantation, the gel uses the mechanism of deswelling
when it reaches body temperature releasing the drug to diffuse across the sclera reaching the
target site which is the choroid and retinal pigment epithelium (RPE). The remaining protein is
released via diffusion when deswelling is terminated. Thermo-responsive systems can also be
used to enhance selectivity for targeted tissue to protect normal tissue from damage by the
therapeutic peptides. The system is designed to release at local temperature of diseased

tissue and release is terminated at body temperature therefore normal tissue is not affected.

2.2.3. Enzyme-Responsive Systems

Enzymes are biocompatible, function under mild conditions, and hold a high degree of
selectivity and these are advantages that make them good candidates as triggers for stimuli
responsive release. These can be enzymes responsible for degradation or enzymes over-
expressed in disease states (disease specific). Upon exposure to the target enzyme
(thermolysin), selective enzymatic hydrolysis of the enzyme-cleavable peptide resulted in the
release of anionic fragments, leaving anchored cationic fragments that convert the neutral
poly(ethylene glycol acrylamide) particles into cationic particles. This charge switch leads to
particle swelling and a significant increase in overall particle diameter, a visual indication of
increased internal mesh size. This allowed the triggered release of entrapped proteins that
had been pre-loaded into the particles (Thornton et al., 2008). An enzyme-responsive hydrogel
reported by Aimetti and co-workers (Aimetti et al., 2009) used Human Neutrophil elastase
(HNE), secreted by neutrophils found at inflammation site, as the triggering enzyme for the
hydrogel in the delivery of anti-inflammatory therapeutics. The hydrogel only releases at the
site of inflammation due to the presence of neutrophils and performs localized and site-specific
delivery avoiding drug-related systemic side-effects. HNE-sensitive linkers were added to poly
(ethylene glycol) diacrylate (PEGDA) for the sensitivity of the hydrogel. HNE diffuses into the
hydrogel and splits the substrate releasing the therapeutic agent at the site of action. In
another study done by Itoh and co-workers (Itoh et al., 2006), enzymatic degradation which is

experienced with most drug delivery systems in the body was used as an aid to achieve
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controlled delivery of protein drugs. Fluorescein isothiocyanate-labelled albumin (FITC-
albumin) was used as the model protein to prove drug loading and release properties of the
hollow capsules that were designed. Enzymatic degradation by chitosanase weakens the
capsule wall causing it to wrinkle and change shape releasing the therapeutic protein. No
change in the capsule was observed in the absence of chitosanase therefore the degradation

is specific to the enzyme chitosanase and the capsule is biodegradable, destroyed over time.

2.2.4. Light-Responsive Systems

Amongst the stimuli employed in drug delivery, light has been found to be one of the interesting
stimuli due to its remote action as a stimulus allowing spatial control and convenience (Yagai
and Kitamura, 2008). Photo responsiveness is exhibited through photochromic photo-
switchable molecules such as spyropyran, anthracene and azobenzene which make the
system photo-triggerable (Shum et al., 2001). Figure 2.1 shows azobenzene modified dextran

and mechanism of photo-triggering protein release.
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Figure 2.1: (a) Preparation of azobenzene modified dextran (AB—Dex) and cyclodextrin
modified dextran (CD-Dex) through the thiol-maleimide reaction. (b) Schematic
representation of photo-responsive protein release from the gel composed of trans AB—Dex
and CD-Dex. Upon the UV light irradiation azobenzene moieties isomerise from trans to cis
configurations, resulting in the dissociation of crosslinking points, and allow the entrapped
protein to migrate into the media (Peng et al., 2010). (Reproduced from Peng et al., 2010 with
permission of The Royal Society of Chemistry.)
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Kang and co-workers (Kang Derwent and Mieler, 2008) reported on light responsive core-shell
nanogels formed from gold-silver nanorods (Au-Ag NRs) coated with polymeric shells cross-
linked with DNA. Doxorubicin was used as a model drug encapsulated in the gel scaffold. Au-
Ag NRs act as photo-thermal convectors by absorbing near infrared photon energy which is
then converted to heat and elevates temperature at the target site therefore increasing
membrane permeability. This mechanism of action achieves targeted delivery, efficacy and
optimal protein levels at target tumour cells (Kumar et al., 1994; Schoenwald, 1997). Light
responsive hanosized polyion complex micelles with switchable surface charge designed by
Jin et.al (Jin et al., 2014) are nano vehicles suitable for intracellular delivery of proteins. The
polyion complex is formed by a light responsive block copolymer, poly (N, N-dimethyl-N-(2-
(methacryloyloxy)-ethyl)-N-((2-nitrobenzyl)oxy)-2-oxoithaminium bromide)-block
(carboxybetaine methacrylate) (PDMNBMA-b-PCBMA) with anionic bovine serum albumin
(BSA) through electrostatic interaction. The surface charge of the polyion complex is changed
at the tumor site (acidic pH) from neutral (physiological pH) to positive due to carboxylate
group protonation. UV irradiation causes transformation of positively charged PDMNBMA
blocks to zwitterionic carboxybetaine which results in polyionic complex micelles
disassembling and BSA released promptly. This exogenously controlled light responsive
delivery system was designed to overcome the controlled release challenge posed by
physiological factors which observed in the use of endogenous stimuli such as pH and
temperature (Zhao et al., 2012).

2.2.5. Ultrasound-Responsive Systems

Ultrasound is also an exogenous stimulus used as a trigger for drug release which employs
pressure waves with frequency of about 20 kHz and above. The mechanism of ultrasound
involves a medium that focuses and reflects and refracts the ultrasonic waves. Ultrasound
responsive drug delivery systems that have been designed are microbubbles, nanodroplets,
nanobubbles, micelles, liposomes, etc (Chiu et al., 2008; Kim and Lee, 2010). Wang and co-
workers (Wang et al., 2009) investigated ultrasound responsive behaviour of polymeric
micelles formed from poly(ethylene oxide)-block-poly(2-tetrahydropyranyl methacrylate)
(PEO-b-PTHPMA) an amphiphilic diblock copolymer. Upon exposure to high intensity focused
ultrasound (HIFU), ultrasonic cavitation occurs at the site of action generating very high local
temperature (500K) and pressure (500atm) leading to rapture of polymeric chains therefore

release of the encapsulated active agent (Suslick, 1990).
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2.2.6. Multi-Responsive Systems

Multi-stimuli responsive drug delivery systems enhance sustained delivery by synergistically
acting on the system resulting in a more improved control of release. These can involve a
combination of materials that are responsive to two or more stimuli. An example is a multi-
stimuli responsive hydrogel designed by Casolaro and co-workers (Casolaro et al., 2014)
included pH, temperature and magnetic field as stimuli. Casolaro used o-amino acid residues,
including L-valine, structurally similar to poly (N-isopropylacrylamide) (pNIP) to form vinyl
polyectrolyte hydrogels. The external stimulation of the magnetic field, through the magnetic
nanoparticles embedded into the hydrogel, directs the system to the specific target tissue for
localized release and induces local hyperthermia stimulating the thermo-responsive part of
the system. The mechanism of protein release from the hydrogel is illustrated in figure 2.2. At
pH 7.4 chain complexation occurs enhancing the stability of the polymer chains. At 37°C, the
hydrogel collapses and the release increased until the collapse is terminated after a few days
and the release is decreased. After this, the magnetic field is applied which causes vibration
of the hydrogel network accelerating diffusion rate. The magnetic field is suspected to increase
hydrogel temperature stimulating the thermo-responsive NIP. The release can be manipulated
remotely through external triggers, either by increasing the magnetic field strength and or
temperature.
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Figure 2.2: lllustration of the mechanism of drug release from a multi-stimuli responsive
doxorubicin loaded hydrogel. (a) Physiological temperature (37°C) causes the hydrogel to
collapse and release doxorubicin, with time it regains its original state and (b) shows the
application of external magnetic field causing the polymer network to vibrate and release
doxorubicin via increased diffusion rate.

Yin and co-workers (Yin et al., 2014) prepared dual-responsive Concanavalin A based
microhydrogels sensitive to both pH and glucose for the delivery of insulin. The sensitivity of
insulin release from microhydrogels was observed upon small change in pH value, insulin
released was rapidly increased with decrease in pH via swelling of the system due to ionization
of the amino groups. Increasing the pH leads to hydrogen bonding within the amino groups
which forms a complex that restricts the motion in polymer network chains and therefore
restricting the release of insulin. Free glucose seizes the specific binding sites of Con A—
polymer complex leading to the dissociation of the complex and resulting in a glucose sensitive
delivery system. Results observed from characterization of the system show an increase in
insulin release with increasing glucose concentration, also a rapid change was observed with
every change in glucose concentration. The presence of glucose reduces crosslinking density
in microhydrogels and increases their hydrophilicity resulting in swelling. The microhydrogels
are biocompatible and they make good systems for self-regulated delivery of insulin (Thornton
et al., 2008).
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Zakharchenko and colleagues report on thermo-magneto-responsive bilayer self-folding
microtubes as carriers of drug loaded microparticles. The bilayer was made from a copolymer
poly(N-isopropylacrylamide-co-4-acryloylbenzophenone) (poly(NIPAM-ABP)) which is a
combination of thermo-responsive poly(N-isopropylacrylamide) (PNIPAM) and photo-
responsive  photo-crosslinker,  4-acryloylbenzophenone (ABP) with  hydrophobic
polycaprolactone (PCL). PCL forms the outer layer of the microtube mixed with magnetic
nanoparticles. At low temperature below LCST, the bilayer film folds and encapsulates the
drug loaded microparticle and at elevated temperature above LCST, it unfolds and releases
the microparticle. The mechanism of thermo-responsiveness of the microtubes is illustrated in
figure 2.3. Magnetic nanopatrticles enable remote control of the microtubes via magnetic field

which makes the system multi-stimuli responsive (Zakharchenko et al., 2010).
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Figure 2.3: Schematic representation of the mechanism of encapsulation and release of
microparticles by the bilayer self-folding microtubes. The microtubes are formed from a film of
poly(N-isopropylacrylamide-co-4-acryloylbenzophenone) (poly (NIPAM-ABP) and
polycaprolactone (PCL) mixed with magnetic nanoparticles. The microparticle (a) adsorbs into
the bilayer film; at low temperature (less than LCST), the film (b) folds forming a microtube
that encapsulates the microparticle; and upon high temperature (above LCST) (c) it unfolds
releasing the microparticle. (Reproduced from Zakharchenko et al. (Zakharchenko et al.,
2010) with permission of The Royal Society of Chemistry.)

Another dual responsive delivery system designed by Garbern and co-workers (Garbern et
al., 2010) possessed responsiveness to pH and temperature. At higher temperatures, the
hydrogel was soluble and formed a stable gel at body temperature. Decreasing pH resulted in
to about 5.5 resulted in gel formation. At pH 7.4, a rapid release of the protein from the
hydrogel was observed and on the contrary at pH between 5 and 6, the release was slower
over 28 days. This system was proved as providing sustained release of large molecules and
allowing slow degradation of the polymer. Site specificity was not mentioned in the study done,
however tuning of the delivery system gives a possibility of site-specific release and optimal
bioavailability. The eye consists of controls such as temperature and pH which pose as
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triggering stimuli for drug release; therefore, the responsive delivery approaches mentioned

above can be utilized in ocular delivery of therapeutic proteins and peptides.

2.3. THERAPEUTIC PROTEINS AND PEPTIDES FOR OCULAR DELIVERY

Size related challenges faced with the delivery of proteins and peptides through other routes
of administration are also experienced in ocular delivery. However, ocular barriers add on to
these challenges making it more difficult to achieve optimal bioavailability. Proteins and
peptides for the treatment of various ocular disorders are discussed below.

Interferon alpha 2b is a topically administered cytokine recommended for the treatment of
conjunctiva-cornea intraepithelial neoplasia due to its good side-effect profile and reduction of
recurrence. It is both antineoplastic and antiviral via its mechanism of action that suppresses
cell proliferation, augments cytotoxic lymphocyte specificity for target cells and hinders viral
replication in infected cells (Ninawe et al., 2010; Thornton et al., 2008). Substance P is a
neuropeptide found in corneal nerves responsible for corneal wound healing. The
neuropeptide is topically administered with other growth factors to stimulate migration,
proliferation and differentiation of corneal epithelial cells during corneal injury (Nakamura et
al., 2003).

Corneal injury treatment includes corneal re-epithelialization, which is attained using
fibronectin, a glycoprotein existing in plasma as well as extracellular matrices. Fibronectin is
also applied topically to treat pertinacious corneal epithelial defects. In the corneal injury,
fibronectin collects in the lesion and provides a supplementary matrix for migration and
adhesion of epithelial cells, therefore augmenting wound healing and preventing recurrent

corneal epithelial defects (Itoh et al., 2006; Yagai and Kitamura, 2008).

Another ocular peptide, cyclosporine A (CsA) derived from fungi, is used in the treatment of
dry eye syndrome. It is administered as eye drops and can be used for longer periods without
showing adverse effects. It also has a reversible and non-toxic action (Kymionis et al., 2008).
CsA blocks T-cell activation resulting in inhibition of inflammatory cytokine production. It also
inhibits apoptosis via blockade of the mitochondrial permeability transition pore opening and

increased conjunctival goblet cell density (Huang et al., 2008; Peng et al., 2010).

Recently discovered ocular proteins are the vascular endothelial growth factor (VEGF)
inhibitors for the treatment of chorio-retinal diseases such as age-related macular
degeneration. These are commonly injected intravitreally to regulate angiogenesis, slow
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disease progression and eventually reverse the pathogenesis resulting in improved visual

acuity and reduced visual loss. Examples include ranibizumab, bevacizumab and pegaptanib.

Bevacizumab is preferred for its longer half-life and lower cost compared to ranibizumab (Bakri

et al., 2007). Examples of such proteins and peptides are listed in table 2.3 as well as ocular

disorders for which they are indicated.

Table 2.3: A summary of the mechanism of action and delivery of ophthalmic proteins and

peptides.
Protein/Peptide Indication Mechanism of Delivery Molecular Structure Reference
action system weight (Figure 4)
Substance P Corneal injury  Stimulates corneal Topical eye ~13kDa [a] (Kingsley
epithelial cell drops and Marfurt,
migration and 1997)
proliferation.

Fibronectin Persistent Functions in Topical eye  440kDa [b] (Bakri et al.,
corneal corneal re- drops 2007;
epithelial epithelialization by Kingsley
defect providing a and Marfurt,

provisional matrix 1997)
for epithelial cell

adhesion and

migration.

Interferon a2a  Herpes Immunomodulatory Injection 19kDa [c] (Finger et
simplex, agent (Roferon al., 2008)
keratitis, A®)

Macular
edema and
AMD

Interferon a2b  Ocular surface  Immunomodulatory Topical ~19kDa [d] (Finger et
squamous agent drops and al., 2008;
neoplasia, subconjunct Jarrett and
Conjunctival ival injection Boulton,
melanoma (Intron A®) 2012;

McCulley et
al., 1993)

Cyclosporine A Keratoconjunct Immunosuppressiv  Eye drops ~12kDa [e] (Gan et al.,
ivitis sicca and e agent that inhibits  (Restasis®) 2009;
dry eye activation of T Gantyala et
disease lymphocytes. al., 2013)

Bevacizumab Age-related Vascular Intravitreal 149kDa [f] (Rauck et
macular endothelial growth  injection al., 2013)
degeneration factor inhibitor. (Avastin®)

Regulates
angiogenesis.

Pegaptinib Age-related Selective Intravitreal =~ ~50kDa [a] (Rauck et
macular antagonist of the injection al., 2013;
degeneration 165 isoform of (Macugen®) Shen et al.,

vascular 2010)

endothelial growth

factor—A.
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Figure 2.4:Structures of therapeutic proteins and peptides used in the treatment of
ocular/ophthalmic disorders as discussed in table 2.3 above. (a) Substance P; (b) Fibronectin;
(c)Interferon a2a; (d) Interferon a2b; (e) Cyclosporine A; (f) Bevacizumab; (g) Pegaptinib

2.4. CURRENT PROGRESS IN RESPONSIVE OCULAR DELIVERY
2.4.1. In Situ Forming Ophthalmic/Ocular Delivery System

In situ forming systems (Table 2.4) are the most widely investigated stimuli responsive
systems for ocular delivery of drugs, especially for topical treatment. These are low viscosity,
free flowing liquid formulations that undergo sol-gel phase transition when in contact with the
stimulus. The transition occurs in the cul-de-sac in topical administration (Kute et al., 2015).
Their flowability prior to administration puts them at an advantage over systems that are
inserted in final form before implantation which require highly invasive surgical procedures for

placement into the body.

The rationale for the investigation of in situ forming ocular/ophthalmic drug delivery systems
includes overcoming the following challenges: rapid pre-corneal elimination, normal tear
turnover, conjunctival absorption, low bioavailability, frequent administration, high invasion of
tissue during implantation, and systemic side-effects due to nasolacrimal drainage of the drug.
These lead to insufficient therapeutic levels of the drug and failure to achieve required
therapeutic outcome (Hoffman, 2002; Mulvagh et al., 2000; Zhao et al., 2012). A drug dose
instilled into the eye is drained at the same time the instillation begins and the dose is
eliminated within 5 minutes. This does not allow enough contact time for therapeutic effect
hence the designation of in situ forming systems (Cao et al.,, 2007). Also, using high

concentrations of the drug attempting to overcome the insufficiency of therapeutic drug levels
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leads to toxicity. Therefore, in situ forming delivery systems have been found to be a solution
to this issue. They prolong residence time allowing optimal absorption of the active agent into
the tissue and avoid systemic absorption of the drug (Sieg and Robinson, 1981).

Table 2.4: Examples of the in situ forming ocular drug delivery systems illustrated above.

Bioactive Polymers Routes of Reference
administration
VEGF inhibitors PNIPAAmM Intravitreal (injection)  (Kumar et al.,
1994)
Fluocinolone Polyimide Intravitreal (implant) (Zarbin and
acetonide Rosenfeld,
2010)
Fuconazole Gellan gum, carragenan Topical (Athanasakis
et al., 2012)
Bevacizumab Poly (ethylene glycol)-poly  Intracameral (Peng et al.,
(e-caprolactone)-poly 2014)

(ethylene glycol)

Liu and colleagues suggest that ocular therapy would be greatly improved if pre-corneal
residence time (drug-tissue contact time) of drugs would be increased. Physiological
limitations imposed by protective mechanisms of the eye along with the physiological barriers
(tear, cornea, conjunctiva, sclera, choroid, retina and blood retinal barrier) play a role in
reducing absorption resulting in short duration of therapeutic effect therefore frequent
administration (Kushwaha et al., 2012). The amount of drug that penetrates the cornea and
reaches intra-ocular tissue is about 1-6% due to short contact time and drainage (Casolaro et
al., 2014; Yin et al., 2014). This makes it difficult to maintain sufficient amounts of the bioactive
in the precorneal area with 75% of the bioactive lost through nasolacrimal drainage and
systemic absorption (Scott et al., 2002; Zakharchenko et al., 2010). An ideal formulation would
be a liquid that will be in contact with the cornea for a longer period of time to improve
precorneal residence time and maintain patient compliance (Cohen et al.,, 1997). In situ
forming systems have been found to be an alternative that can overcome these limitations
while achieving therapeutic effect without affecting vision and patient acceptability compared

to ointments and implants (Schoenwald, 1997).

In situ forming systems are useful in achieving controlled delivery and minimum invasion of
ocular tissue compared to surgical implantation. Derwent and Mieler (Kang Derwent and
Mieler, 2008) report on a thermo-responsive hydrogel to deliver VEGF inhibitors to the
posterior segment of the eye for the treatment of AMD. Poly (N-isopropylacrylamide)
(PNIPAAmM) was used as the thermo-responsive polymer combined with PEGDA to enhance

mechanical strength and prolong release of the peptide. At room temperature was liquid and
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at 37°C it solidified within a minute. Thermo-responsive characteristic of the hydrogel makes
it possible to inject into the vitreous cavity alternative to intraocular delivery of solid implants
which requires tissue invasion (Kumar et al., 1994).

Xie et al. designed an injectable PLGA-PEG-PLGA based thermo-responsive hydrogel for
intravitreal sustained release of Avastin® (bevacizumab) in the treatment of posterior segment
disorders. PLGA-PEG-PLGA aqueous solution is injected intravitreally and forms an in situ
hydrogel. This study proposes a mechanism of release that entails initial burst release of
Avastin® followed by a sustained release with gradual biodegradation of the hydrogel
concurrently. In vivo results demonstrated a possibility of an extended Avastin® from the

hydrogel in the vitreous humour compared to intravitreal injections (Xie et al., 2015).

2.4.2.lmplantable Stimuli Responsive Ocular Delivery Systems

Recently, Du Toit and co-workers (Du Toit et al., 2014) designed an inflammation-responsive
delivery system, Intelligent Intraocular implant (1%), for the treatment of inflammation related
vitreoretinal disorders such as uveitis. I* was designed to respond to inflammation through
recognition of a biochemical process specifically immanent to inflammation. Following this
recognition is polymeric erosion in the delivery system via an integral mechanism resulting in
the release of the incorporated active agent. Hyaluronic acid was employed for its
inflammation responsive properties along with other inflammatory associated polymers. The
system is target specific and biodegradable with minimal side-effects compared to previously
studied intraocular implants, owing to its specificity of drug release to the presence of
inflammation and therefore improving patient outcomes and optimal drug concentrations at

the targeted site.

Li et, al. (Li et al., 2008) designed a refillable intraocular implant for treatment of anterior and
posterior segment diseases. The device is made up of an electrolysis pump, drug reservoir
(silicone rubber) and a flexible transscleral cannula with a one-way valve. Silicone rubber
membrane can withstand several punctures and reseal without the drug escaping; hence it is
a suitable material for the refillable reservoir. Upon application of voltage or current (~50uA-
1.25 mA), electrolysis occurs and consequently the internal pressure increases forcing the
valve to open and the drug flows through the cannula into target site; the valve closes upon
removal of the stimulus. The amount of drug released is dependent on both the current and
duration of exertion. Under normal (5-22mmHg) and abnormal (>22 mmHg in cases such as
glaucoma) intraocular pressure (IOP), the device provided satisfactory results. It is estimated
that the device can take up to 24 refills at a 3 month frequency which renders a lifetime of 6
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years. Superiority over other ocular implants is the extended lifetime without enlarging the
device, refilling without a surgical procedure required and permits modification of the drug
regimen as per the need (Lo et al., 2008).

Yasin and co-workers (Yasin et al., 2014) report on a multi-reservoir laser-activated implant,
On-demand therapeutics (ODTX), that provides controlled delivery of various active agents to
the posterior segment of the eye. Though the patent gives little detail on the composition of
ODTYx, it reveals that the light responsive part of the implant may consist of a titanium tube or
a silicone based polymer that is extremely impassable. A certain wavelength of
electromagnetic radiation focused on a small part of the impassable layer can tear it and
release the active agent. ODTx utilizes already existing non-invasive laser technology that is
used in treatment of other ocular conditions. One limitation in this implant is that it is non-

biodegradable and may result in long-term complications.

Verisome®, Icon Biosciences Inc. (Sunnyvale, CA, USA), a biodegradable intravitreal
injectable in situ forming delivery technology that offers long term therapy also reported by
Yasin et, al. (Yasin et al., 2014) that is undergoing phase Il clinical trials for ranibizumab in the
treatment of AMD. It is capable of delivering a wide range of molecules (micro and macro)
over weeks to a year. The system is injected intravitreally in liquid form and fuses into a
spherule that settles posteriorly in the vitreous chamber. The spherule degrades overtime,
concurrently releasing the active agent. In preclinical studies, sustained delivery of the active
agent in the vitreous was achieved over 6 months and 12 months in 6.9mg and 13.8mg

formulations, respectively (Bakri et al., 2007; Matsuda and Koyasu, 2000).

2.5. FUTURE PROSPECTS

The ocular route holds a great potential for ophthalmologically active therapeutic peptides and
proteins intended for treatment of ocular diseases. Proteins and peptides considered for local
pharmacological action in the eye include polypeptide antibiotics like cyclosporine, tyrothricin,
gramicidin, tyrocidine, bacitracin and polymyxins (Ratnaparkhi et al., 2011). A number of
ophthalmic proteins and peptides in use are listed in table 2.3 and majority is commonly
administered topically resulting in low bioavailability and systemic side effects, as reviewed.
Although these macromolecules are a challenge to administer, especially ocularly due the
complex anatomy of the eye and physiological barriers, stimuli responsive delivery approach

is an alternative to overcome these difficulties.
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The use of stimuli responsive polymers for localized delivery of ocular drugs exists, however
it is not popular, particularly with macromolecular proteins and peptides. According to literature
reviewed, in situ gel systems are the most commonly found stimuli responsive systems in
ocular drug delivery with little done on the delivery of proteins and peptides. Nonetheless, the
promising potential of stimuli responsive polymers can improve ocular delivery of proteins and
peptides with minimal invasion of ocular tissue. These polymers can be utilized in
protein/peptide delivery to both anterior and posterior segments of the eye to increase site

specificity, render sustained delivery, enhance bioavailability, and improve patient compliance.

Based on the mechanisms in the delivery of proteins and peptides that have been reviewed,
we propose that a number of concepts included in table 2 can be utilized ocularly taking into
consideration the stimuli that can be found in the eye and in ophthalmic abnormalities e.g.
enzymes (xanthan oxireductase, myeloperoxidase, acid lipase, glutathione-related enzymes,
etc), temperature (~37°C), inflammation (disease), pH (tear fluid, 7.4), ions and also external
stimuli such as light, magnetic field and external thermal sources. With this proposition there
exists a prospective achievement of minimally invasive delivery with the main focus in
intraocular delivery which is commonly carried out through surgical implantation and highly
invasive intravitreal injections which may lead to ocular complications such as retinal
detachment and cataract formation (Du Toit et al., 2014). Also, patient acceptance is likely
with minimal invasive administration alternatively from surgical procedures. In conditions such
as age-related macular degeneration, a multi-reservoir stimuli responsive system like the MSN
can be used to deliver an anti-vascular endothelial growth factor agent along with an
antioxidant and therefore optimizing therapy. It is proposed that antioxidant therapy may be
able to minimize disease progress as age- related oxidative changes are part of the causes
for AMD (Kingsley and Marfurt, 1997; McCulley et al., 1993; Nelson and Gordon, 1992). In
figure 2.5 we illustrate the probable stimuli and delivery routes for responsive systems to

deliver proteins and peptides to both the anterior and posterior segment of the eye.

Responsive delivery of therapeutic proteins and peptides is widely investigated but less work
has been done in the ocular route. Therefore, our proposition employs concepts from other
routes of administration to point to the future of ocular delivery of peptides and proteins.
Nonetheless, we consider challenges that can emerge in the future of this research, such as
incompatibilities existing between responsive polymers and the macromolecule of interest and
between the stimuli and the ocular tissue. For instance, wavelengths above 900nm are unable
to penetrate ocular tissue (Juzenas et al.,, 2002) and therefore materials that require such

wavelengths for activation cannot be employed in ocular delivery. Certain enzyme levels are
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decreased significantly in some ocular disorders, catalase in dry eye disease (Malec et al.,

2008); systems responsive to such enzymes would be limited.

In situ forming system for
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Figure 2.5: Schematic presentation of possible ocular routes for administration of stimuli
responsive drug delivery systems. (a) Suprachoroidal implantation, injected as liquid and
solidifying in contact with stimuli (e.g. temperature, pH), (b) Intravitreal implant which is also
injectable and (c) Topical eye drops that gel when in contact with the eye due to pH and/or
temperature.

2.6. CONCLUDING REMARKS

This is a futuristic review as it explores the future of stimuli responsive systems in delivering
therapeutic proteins and peptides via the ocular route. Based on the literature reviewed,
challenges may be encountered due to size and instability of the proteins and peptides,
however, there is ongoing and advancing research in stimuli responsive ocular delivery of
these macromolecules to both anterior and posterior segments of the eye and it poses a great
potential. Although only a few stimuli have been investigated in this field to date, it can be
deduced from this review that the stimuli possible to employ in ocular delivery can be naturally
occurring such as temperature and pH or disease specific as inflammation or external remotely
controlled such as light and magnetic field. In addition, these responsive systems are a viable
solution to the complication of patient compliance due various delivery approaches that are

not patient friendly.
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2.7. RECENT ADVANCES

Recent approaches have focused on various potential formulations to improve ocular delivery
of therapeutic macromolecules. Agrahari et al., developed a novel pentablock copolymer
nanoformulation in thermo-responsive hydrogel for prolonged delivery of macromolecules in
a controlled manner, avoiding toxic concentrations of the therapeutic in ocular tissue (Agrahari
et al., 2016). Cho et al., designed a polymer-based thermo-responsive delivery system for
topical administration of therapeutics. This system showed improved bioavailability, increased
residence time and duration of action which are ideal properties in the delivery of proteins
(Cho et al., 2016). Mandal et al., reports on nanosized polymeric micelles as potential carriers
for ocular peptides owing to their stability, high loading capacity, and tissue penetration ability
(Mandal et al., 2018). In another study, Yuan and co-workers explored polyvinyl alcohol (PVC)
based nanowafers loaded with axitinib, for the treatment of corneal neovascularisation. These
nanowafers showed increased residence time, were twice as more effective than topical
eyedrops, and released the drug in a controlled manner thus proving effectiveness as topical
delivery system for ocular macromolecules (Yuan et al., 2015). Additionally, literature
suggests that the stapled peptides strategy could prove beneficial in ocular delivery of peptides
to improve binding and enhance drug targeting (Mandal et al., 2019). Non invasive delivery of
proteins and peptides is continuously gaining attention in the research of biomedicines,

exploring various materials and routes of administration (Bajracharya et al., 2019).
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CHAPTER THREE
PREPARATION AND CHARACTERIZATION OF PHOTO-RESPONSIVE NANOSPHERES
FOR CONTROLLED DELIVERY OF MACROMOLECULES

3.1. INTRODUCTION

Therapeutic proteins and peptides have been extensively studied for various therapeutic
applications owing to their resemblance to commonly existing physiological molecules. Their
large molecular size and provocation of immune response result in low absorption and adverse
effects; this poses a challenge in clinical application such as ocular drug targeting as the eye
is a small organ with complex tissue barriers restricting the posterior segment. The complexity
of ocular anatomy has led to a high demand for prolonged, non-invasive therapies for the
treatment of intraocular diseases in order to reduce the frequency of administration and
improve patient compliance (Kuno and Fuijii, 2011; Yasin et al., 2014). Injectable delivery
systems are the best suitable alternative for minimally invasive administration due to their
capability of reaching the restricted posterior segment with minimal pain and discomfort
experienced compared to highly invasive surgical therapies. Hydrogel based drug delivery has
been studied in this field, however, majority of research focused extensively on topical

treatments to improve residence time.

Nanocarriers are ideal for sustained delivery of macromolecular therapeutics since they are
protective against harsh physiological environment and increase uptake into target tissue by
enhancing passage through tissue barriers, and thus overcoming limitations experienced in
macromolecular drug delivery (Mahlumba et al.,, 2016; Weissmueller et al., 2016).
Nanocarriers can be designed for localized and tuneable drug release through modification of
polymer chemistry to obtain responsive systems through the inclusion of responsive moieties
(Singh and Lillard, 2009; Torchilin, 2009). The augmented benefit of particle size and

responsiveness is essential for optimization of drug delivery.

As discussed in Chapter 2, remotely controlled delivery systems have been largely explored
for various pharmaceutical applications due to their riveting capabilities such as adjustment of
the rate of response from an external source of stimulus to accomplish minimally invasive drug
delivery (Bawa et al., 2009; Fomina et al., 2012; Lee et al., 2015). In order to take advantage
of the above-mentioned augmented benefit, in this study, a photo-responsive azo dye, 4, 4’-
dihydroxyazobenzene (DHAB) was blended with a biodegradable polymer for the formulation
of smart nanospheres. DHAB consists of a chromophore (N=N) that undergoes reversible
photo-isomerisation from trans to cis upon irradiation with UV light of a certain wavelength.
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Light was selected as a stimulus for this research because of its remotely controlled effect
which makes it non-invasive; it is also independent of chemical environmental changes
experienced at different stages of disease progression and increases prospects of targeted
delivery (Roy et al., 2010; Wang et al., 2014).

Zein is a natural hydrophobic prolamin polymer extracted from maize, classified under
generally recognised as safe (GRAS) materials. Zein was used as the main component of the
nanospheres, mainly for its low cost and biocompatibility (Zhang and Han, 2018). It is also
biodegradable, non-toxic, and easily forms self-assembled spherical nanosized particles
acceptable as drug carriers. However, these nanoparticles tend to aggregate during
formulation, hence gelatin was used to coat the surface of nanospheres to reduce aggregation
(Sivera et al., 2014). Furthermore, zein has been studied previously as a carrier for various
therapeutic agents, including macromolecules (Pascoli et al., 2018; Press et al., 2015). The
high content of non-polar amino acids in the structure of zein makes it water insoluble and
soluble in aqueous alcohol. These noteworthy properties enable zein based carriers to
encapsulate both hydrophobic and hydrophilic bioactives (Luo et al., 2011; Weissmueller et
al., 2016). Research further highlights an antioxidative function in zein, resultant from its high
aliphatic index, fatty acid content and surface hydrophobicity (Gong et al., 2006).

The aim of this study was to formulate photo-responsive nanospheres for sustained release
of a model therapeutic macromolecule. Nanospheres from photosensitized zein, stabilized
with gelatin and loaded with a monoclonal antibody, immunoglobulin G (IgG), were
successfully formulated. The prepared azoprolamin (AZP) nanospheres were characterised
through various technigues to verify their functional properties. Chemical and thermal
transitions were studied via Fourier transform infrared (FT-IR) spectroscopy and
thermogravimetric analysis (TGA), while structural modifications and physical state was
determined through X-ray diffraction (XRD). Morphology of the nanospheres was examined
via scanning electron microscopy (SEM) and in vitro drug release studies were performed

using a sample and separate method.

3.2. MATERIALS AND METHODS

3.2.1. Materials

Zein purified powder from maize; ethanol (EtOH) reagent grade (absolute), gelatin, 4,4’
dihydroxyazobenzene (DHAB), Immunoglobulin G from human serum, Hyaluronic acid
sodium salt (HA) and genipin were all purchased from Sigma-Aldrich (St. Louis, MO, USA).
Sodium chloride was supplied by Merck (Pty Ltd., South Africa).
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3.2.2. Preparation of AZP Nanospheres

The AZP blend was prepared by mixing zein with DHAB in a volatile solvent under magnetic
stirring overnight and dried under vacuum at 40°C for approximately 36 hours. Nanospheres
were prepared by coacervation method which involves the formation of two liquid phases by
partial desolvation of polymer. This is caused by reduction of ethanol concentration of the
dissolved polymer through the interaction of ethanol and water which decreases the alcohol
concentration resulting in the formation of nanospheres. The solvent is evaporated by
magnetic stirring at room temperature, hence the formulation of zein nanospheres is simple

and inexpensive (Regier et al., 2012; Sousa, 2010).

The AZP blend was solubilized in 70% aqueous ethanol (0.5mg/ml) under magnetic stirring at
a speed of 300rpm, concurrently IgG was dissolved in 150Mm sodium chloride solution
(Img/mL). 1gG solution was then added dropwise to the AZP solution with mild stirring for 30
minutes to incorporate the IgG into the nanospheres. Gelatin agueous solution was then
added with continuous stirring at room temperature to remove the ethanol. The ratio of oil to
water phase was 1:4. The obtained dispersion was freeze-dried and characterized.

3.2.3. Determination of Particle Size and Surface Morphology of the Nanospheres

Size distribution and polydispersity index (PDI) of the nanospheres were determined using the
dynamic laser light scattering technique. Lyophilised nanospheres were dispersed in PBS,
transferred into a cuvette, and subjected to laser light through the Zetasizer Nano ZS
instrument (Malvern Instruments Ltd., Malvern, UK) for the measurement of particle diameter.
Morphology of the nanospheres was studied via scanning electron microscopy (SEM) FEI
Quanta 400F (Hillsboro, OR, USA). Dried nanospheres were fixed onto metal stubs using
double sided tape and sputter coated with a thin layer of gold under vacuum and observed
under the microscope. All measurements were performed in triplicates at 25°C, with a

scattering angle of 90°.

3.2.4. Determination of Chemical interactions of the Nanospheres

To study chemical structures and interactions between components during formulation,
infrared spectra were obtained using FT-IR spectrometer (PerkinElmer Spectrum 100).
Spectra were recorded in the region from 4000cm™ to 650cm™ wavenumbers at a resolution
of 4cm™*. Powder samples of native components and freeze-dried nanospheres were mounted
directly onto the attenuated total reflectance (ATR) crystal for analysis and to identify chemical

architecture and characteristic functional groups in the formulation.
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3.2.5. Evaluation of the Light Response Properties of the Nanospheres

The UV-vis spectra for dried nanospheres were obtained using UV spectrophotometer (Cecil
CE 3021, 3000 Series, Cecil Instruments, Cambridge, England) following a method previously
explained by Ding et al. (Ding et al., 2016). Briefly, nanospheres were dispersed in phosphate
buffer saline (PBS, pH 7.4) in a 10mm standard UV quartz cell and analysed through the UV-
vis spectrophotometer. UV irradiated and non-irradiated samples were analysed. Pure PBS
was used as a reference solution and samples scanned in the wavelength range of 200nm to
800nm for the confirmation of response to light. Additionally, the change in diameter of the
nanosphere as a function of irradiation (UV=365nm) time was tracked by dynamic light
scattering. Dried nanospheres were dispersed in PBS (pH 7.4) and exposed to UV light of
365nm through a UV curing box. Samples were extracted at each time point, transferred into
a disposable cuvette, and subjected to laser light via the Zetasizer Nano ZS instrument. All

measurements were performed in triplicates.

3.2.6. Determination of solid-state Structural Properties of the Nanospheres

The physical state of the nanospheres after the formulation process and blending of zein with
DHAB was assessed through X-ray diffraction (XRD) analysis. X-ray patterns of the
components were obtained from X-ray diffractometer (MiniFlex 600, Rigaku, Japan), using
Nickel-filtered Cu Ka radiation generated at a voltage of 40 kV and a current of 30 mA. Data
were collected with a range between 5° and 90° (28) at room temperature, at a scanning rate

of 5° min™.

3.2.7. Determination of Thermal decomposition of the Nanospheres

Thermal behaviour of the native components and nanospheres was observed via
Thermogravimetric analysis (TGA), heated from 20°C to 900°C under nitrogen atmosphere at
a flow rate of 20mL/min. The thermal decomposition analysis of the newly formed polymeric
blend, nanospheres and all native components was determined using a TGA 400
thermogravimetric analyser (PerkinElmer Inc., MA, USA). Samples (10—-20mg) were weighed
and placed in a ceramic pan under nitrogen atmosphere. Thermograms were obtained and

analysed for thermal decomposition behaviour.

3.2.8. Ultra-Performance Liquid Chromatographic quantification of Inmunoglobulin G

A monoclonal antibody, Immunoglobulin G (IgG) was incorporated into the nanospheres as a
model protein. Drug loading efficiency was determined by sampling a certain amount of the
nanospheres and dissolving it in 70% ethanol with a probe sonicator (Press et al., 2015). Drug

loading, encapsulation and efficiency were calculated using equation 3.2 and equation 3.3
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below. Dried nanospheres were weighed to determine the amount recovered from formulation.
The mass of the dried nanospheres was divided by the total mass of the native components
to calculate the particle yield (equation 3.1) (Zhang and Han, 2018).

Practical yield

Particle yield = Theoretical yield X 100 (Equation 3.1)

Drug mass in nanospheres

Drug loading = ( ) x 100 (Equation 3.2)

Mass of nanospheres

Drug mass in nanospheres

Encapsulation efficiency = ( ) x 100 (Equation 3.3)

Mass of feed drug

In vitro drug release was determined using the sample and separate method described by
(Souza, 2014). Briefly, dried nanospheres were introduced into a 15ml volume clear cylindrical
glass with 5mL of PBS (pH 7.4) and incubated in a shaker bath (Orbital Shaker Incubator, LM-
530, Lasec Scientific Equipment. Johannesburg, South Africa) at 20rpm with a constant
temperature of 37£0.5°C. A portion (0.5mL) of the release medium was extracted and replaced
with an equal volume of fresh PBS at each time point in order to maintain release conditions
for the duration of the study. One sample was exposed to UV light (365nm) irradiation through
a UV curing box for 10 minutes prior incubation in the shaker bath. The amount of IgG released
was measured through ultra-high performance liquid chromatography (UPLC) using Waters®
ACQUITY™LC system (Waters®, Milford, MA, USA) coupled with a photodiode array detector
(PDA) and fitted with a Sunfire™ C18 column with a pore size of 3.3um. Empower® Pro
Software (Waters®, Milford, MA, USA) was used for analysis. Cysteine was used as an internal
standard for calibration. Acetonitrile: water: trichloroacetic acid was used as a mobile phase
with conditions that resulted in detection of IgG at a run time of 2.79 minutes and internal
standard at 4.50 minutes. The flow rate for the mobile phase was set at 0.05ml/min and
average pressure at 4100psi. Solvents were vacuum filtered and samples pre-filtered with a
0.22um syringe before injection into the column. A temperature of 37+0.5°C was maintained
in the sample and column. All measurements were undertaken at a wavelength of 280nm in

triplicates.

3.3. RESULTS AND DISCUSSION

The aim of this chapter was to synthesize novel photo-responsive nanospheres. The natural
biodegradable prolamin, zein, was modified with an azo chromophore to form the photo-
responsive AZP. The nanospheres were intended for localized delivery of macromolecules
over a prolonged period of time, therefore, the high molecular weight immunoglobulin G was

incorporated as a model . AZP nanospheres were successfully obtained and physicochemical
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properties as well as drug release behaviour was assessed. Dispersion of AZP nanospheres

in a gel matrix for injectability of the system is discussed in the next chapter.

3.3.1. Particle Size and Morphological Examination

The size and morphology of the dried IgG loaded AZP nanospheres was examined using SEM
and dynamic light scattering (DLS). The average diameter of the nanospheres shown in
Figure 3.1 a and b was ~145nm for the blank sample, and ~185nm for IgG loaded
nanospheres. The nanospheres showed a low PDI of 0.190, indicating uniformity and less
aggregation in dispersion (Pauluk et al., 2019). Micrographs from SEM are demonstrated in
figure 3.2 where a spherical shape was confirmed and the size of the nanospheres was
<200nm. The average diameter of the nanospheres slightly increased after the incorporation
of 1gG. This variation in size may be a attributed to the inclusion of a high molecular weight
peptide (Hadavi et al., 2018). A few spheres in the macro scale were observed, and this large

size may be due to overlapping of the nanospheres resulting from aggregation during solvent
evaporation (Ding et al., 2016).
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Figure 3.1: Particle size distribution for (a) blank (144.5nm, PDI =0.207) and (b) 1gG loaded
AZP nanospheres (185.5nm, PDI = 0.190).
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Figure 3.2: Micrographs of freeze-dried IgG loaded AZP nanospheres.

3.3.2. Chemical Transitions and Intermolecular Interactions of the Individual
Components and the Nanospheres

FTIR was used to examine the interactions between zein, DHAB, AZP nanospheres and IgG
during formulation. Spectra of the lyophilised nanospheres and native components were
obtained and are presented in figure 3.3 and figure 3.4. The characteristic bands and peaks
are seen at 828cm? in figure 3.3(c), verifying the 4,4’ distribution in the aromatic rings where
the O-H substituent is at 4" position in both aromatic rings linked by the azo (N=N) group
(Babu et al., 2003). The strong absorption at 1231cm is assigned to the aromatic C-O stretch,
1508cm™ assigned to the azo group (N=N) responsible for photo-responsiveness of the
system, aromatic C-N, C=C and C-H positioned at 1381cm™,1438cm?* and 2925cm?,
respectively. Amide C=0 stretching, seen at 1634cm, was accounted for by the structure of
zein. The interaction between zein and DHAB results in hydrogen bonds formed from amide
groups in zein and hydroxyl groups in DHAB, which is also confirmed by the right shift
observed in O-H stretching bands from 3287cm™ and 3279cm?, in zein and DHAB spectra, to
3251cm™ in AZP spectrum due to the amide-hydroxyl interaction (Luo et al., 2011). Based on
these results, it was deduced that the AZP blend retained the azo group that is ascribed to the

photo-responsive behaviour of the nanospheres, also observed in the spectrum in figure 3.4

(f).
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Figure 3.3: FTIR spectra of (a) zein, (b) DHAB and (c) AZP in the range 650cm™*— 4000cm-2.
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Figure 3.4: FTIR spectra of (d) gelatin, (e) IgG and (f) IgG loaded AZP nanospheres in the
range 650cm*- 4000cm™.

3.3.3. Photo-response Assessment of the AZP nanospheres using UV-Vis Analysis and
Dynamic Light Scattering

To investigate photo-response, UV-Vis spectra of AZP nanosphere aqueous dispersion were
obtained before and after UV irradiation and are shown in figure 3.5. To incite photo-

isomerisation, samples were irradiated with UV light (365nm) to induce conversion from trans
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to the cis structural isomer (Natansohn and Rochon, 2002). Prior to irradiation, a maximum
absorption peak was seen at 345nm and a flat and smaller peak at 430nm. After UV irradiation,
the peak at 345nm decreased while a slight increase in intensity in the peak at 430nm was
observed. Irradiation of the solution with white light resulted in the recovery of the peaks
observed before UV irradiation. This decrease in intensity can be described, according to Ding
et al. (2016), as the decrease in molar extinction coefficient caused by the reduced
concentration of the trans isomer in the solution concurrently the cis form increases leading to
increased intensity at 430nm. This is accounted for by the transformation of the azo group
from trans to cis isomer upon UV irradiation, and recovery (trans-to-cis) upon exposure to
white light (Ding et al., 2016; Rescifina et al., 2016).

Before irradiation
—— 10 Minutes irradiation
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Absorbance

T T 1
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Figure 3.5: UV-vis spectra of IgG loaded AZP nanosphere dispersion post-irradiation at
different time points.

T
300

Results from dynamic light scattering are presented in Figure 3.6 where the change in
diameter as a function of irradiation is plotted against time. The same sample was used for all
time points to avoid inconsistent results. A significant decrease in the diameter of the
nanosphere in the first 20 minutes was observed from ~185nm to ~97nm, followed by a
constant diameter of 94nm. These results displayed a more compact sphere after UV
irradiation and this is ascribed to the photo-isomerisation of the structure from trans to cis

(Pang et al., 2019). The hypothesized mechanism for the above-described process is the UV
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(365nm) irradiation of the azo molecule triggering photo-isomerisation from trans to cis, thus

resulting in shrinkage in the size of the nanospheres (Cai et al., 2014).
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Figure 3.6: Average diameter of IgG loaded AZP nanospheres upon irradiation with UV light
(365nm) as a function of time.

3.3.4. Powder X-Ray Diffraction pattern analysis of the Nanospheres and components

The XRD patterns for lyophilised AZP nanospheres, drug and native components are shown
in Figure 3.7. Intense peaks were observed at 19, 22, 26, 29, 31, 45 and 56 degrees in DHAB
and AZP patterns, indicative of the crystalline nature of the azo dye. On the contrary, flatter
peaks were seen in zein, gelatin and IgG patterns indicating their amorphous nature. DHAB
characteristic peaks, 31, 45 and 56 degrees, were seen in the nanospheres pattern
substantiating the unaltered structure of DHAB and suggesting that the photoisomerization

property was retained (Yang et al., 2016).
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Figure 3.7: X-ray diffractograms of (a) zein, (b) AZP, (c) DHAB, (d) gelatin, (e) IgG and (f) IgG
loaded AZP nanospheres.

3.3.5. Determination of Thermal Degradation of the Nanospheres

Thermal stability of the lyophilised AZP nanospheres, AZP and bulk components was
investigated using thermogravimetric analysis under nitrogen flow and thermograms are
presented in figure 3.8 and figure 3.9. DHAB onset of degradation was observed at ~150°C
while other components had a lower onset of degradation temperature between 60°C and
110°C, indicating loss of water from the samples (Hadavi et al., 2018). Zein shows thermal
resistance in the initial phase but undergoes more weight loss at the end. Furthermore, DHAB
had the highest stable thermal residue of 35% while zein had the lowest (13%) and the
nanospheres followed a similar degradation pattern to that of AZP with the total thermal stable
residue of 26%. This indicates that the presence of the crystalline DHAB increases the total

stable residue and therefore enhances thermal resistance of both the blend and nanospheres.
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Figure 3.8: TGA thermograms of zein, AZP and DHAB.
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Figure 3.9: TGA thermograms of gelatin, IgG and IgG loaded AZP nanospheres.

3.3.6. In Vitro Drug Release and Encapsulation efficiency of the Nanospheres
A monoclonal antibody, 1gG, was incorporated into AZP nanospheres as a model drug. For

the quantification of IgG, a method was optimised by running the internal standard, cysteine,
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and 1gG through chromatography (UPLC). Separation peaks obtained are presented in figure
3.10, where the retention time for 1gG is 2.79 and signal to noise ratio (SNR=2H/h) of 5. The
surface area of the chromatogram was used to determine the concentration of IgG.
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Figure 3.10: Chromatogram showing the separation peaks for IgG and Cysteine.

The ratios of the area under the curve of IgG and that of cysteine were plotted against
concentration (mg.mL™?).The calibration curve displayed in figure 3.11 was generated to
quantify 1gG from both non-irradiated and irradiated AZP nanospheres using the method
described in section 3.2.8. The drug loading capacity of the nanospheres, calculated using

equation 1 and equation 2, was 83%.
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Figure 3.11: Calibration curve for quantification of IgG in PBS (pH=7.4)
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Infigure 3.12, in vitro release of IgG from non-irradiated and UV irradiated AZP nanospheres
is shown. In the first 24 hours, 25% of IgG was released from non-irradiated nanospheres and
15% from the UV irradiated nanospheres; this initial burst release of IgG is explained as the
release of free drug that is not interacted with the polymer (Hadavi et al., 2018). The rest of
the drug was gradually released over 4 weeks up to 60% and 84% at day 32 from non-
irradiated and irradiated nanospheres, respectively. The total drug released from the UV
irradiated nanospheres at day 32 was 24% less than that of non-irradiated nanospheres; this
may be due to the irradiation which results in a compact nanosphere and reduction of free
volume, thus decreasing rate of diffusion and prolonging the release of 1gG. p<0.05 was

obtained confirming the significant effect of UV irradiation on the nanospheres.
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Figure 3.12: Cumulative IgG release from non-iiradiated nanospheres (red line) and UV
irradiated AZP nanospheres (black line) over 32 days (p=0.003).

The proposed mechanism, previously described by Cai et al. (2014), of the reversible photo-
induced IgG release is illustrated in figure 3.13, wherein, the AZP loaded nanosphere is
subjected to UV light of wavelength 365nm for a set amount of time and the trans-azo groups
change into the cis form, resulting in reduced diameter of the nanosphere. The rate of diffusion
decreases to allow slow release of IgG and in the reverse process where the nanospheres
are irradiated with white light, azo groups reverse to trans form and the size of the sphere and

rate of diffusion are increased (Cai et al., 2014).
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Figure 3.13: Schematic representation of the transformation from trans-to-cis-to-trans and
change in the size of AZP nanospheres upon UV irradiation and white light.

3.4. CONCLUDING REMARKS

An injectable photo-responsive polymeric nanosystem (HA-NSP), incorporating 1gG, was
successfully prepared. Nanospheres with average particle diameter of <200nm and high
encapsulation efficiency (83%) were formulated using the coacervation method and dispersed
in HA gel. Photo-responsiveness of the system was observed through irradiation at 360nm,
UV analysis and size variation upon irradiation. 1gG release from the nanospheres was
monitored over 32 days and the profile shows up to 60% of drug was released from UV
irradiated nanospheres, in a sustained manner. This novel photo-responsive HA-NSP
nanosystem can be used as a less invasive alternative in the delivery of macromolecules to
reduce the frequency of administration, achieve targeted therapy and increase patient

tolerance.
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CHAPTER FOUR
DEVELOPMENT AND CHARACTERISATION OF INJECTABLE NANOSPHERES LADEN
IN HYALURONIC ACID GEL NANOSYSTEM

4.1. INTRODUCTION

Hydrogels have gained popularity in biomedical applications for their unique properties and in
research for minimally invasive drug delivery approaches (Guvendiren et al., 2012). Hydrogels
are semi-solid, cross-linked water-swollen polymers suitable for numerous therapeutic
applications owing to their versatility, elasticity and ability to encapsulate drugs and polymeric

nanoparticles within their mesh (Fathi et al., 2015; Liu et al., 2019).

Hyaluronic acid (HA) is a naturally occurring polysaccharide with desirable physical and
mechanical properties suitable for drug delivery (Dubbini et al., 2015; Widjaja et al., 2013). It
is bio-adhesive, biocompatible and easy to formulate into a simple viscoelastic shear-thinning
hydrogel that is able to deliver drug loaded nanoparticles with minimal tissue invasion (Egbu
et al., 2017; Wang and Han, 2017). Crosslinking HA gels improves viscosity and mechanical
properties for homogenous dispersion of nanoparticles and to avoid sedimentation
(Khunmanee et al., 2017). Genipin, originating from fruits of Gardenia jasminoides, has been
widely studied for crosslinking of natural polymers for biomedical applications due its low
cytotoxicity over other crosslinkers (Roether et al., 2019). In this study, HA modified with
genipin was used as a hydrogel matrix; genipin was added according to optimised

recommendations from previous investigations (Nejad et al., 2018).

Directly incorporating drugs into hydrogels results in a shorter drug release time, as a
consequence of fast diffusion caused by high water content in the hydrogel (Drapala et al.,
2014). As described in Chapter 3, nanocarriers improve passage through tissue and control
drug release into target tissue, however, administration of drug loaded solid implantable
delivery systems requires invasive surgical procedures and injection is not applicable due to
aggregation and sedimentation which leads to high residue in the syringe after injection and
insufficient therapeutic levels at the target site. Injectable hydrogels can overcome these
drawbacks as they possess the advantage of minimal invasive administration and reach for
asymmetrical target sites (Lee, 2018). Drug loaded solid nanoparticles can be dispersed in an
injectable hydrogel for homogeneity, ease of administration, and optimal therapeutic
concentrations at target tissue to improve patient adherence. In addition, hydrogel-
nanoparticle combinations provide diverse synergistic properties superior to their individual

composites (Thoniyot et al., 2015; Zhao et al., 2015).
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Photo-responsive IgG loaded AZP nanospheres were dispersed in HA gel using a method,
previously described by Thoniyot et al., to form the injectable HA-NSP nanosystem (Thoniyot
et al., 2015). The prepared HA-NSP and its components were characterized through various
techniques, to verify the formation of a novel nanosystem. Injectability, mechanical properties
and rheology of the HA-NSP were studied through texture analysis (TA) and rheometer, and
finally, in vitro cytotoxicity evaluation was determined using human retinal pigment epithelium
(HRPE) cell lines via Annexin V and dead cell assay. This assay is easy, fast, and convenient;
it requires minimal sample preparation and provides quantitative data for both live and dead
cells via annexin v and a dead cell marker. Investigation of the possible cytotoxicity of delivery
systems using in vitro cell models is more practical because of reproducibility, low cost, and
simplicity, whereas, carrying out these experiments in vivo is complicated and invasive. In

addition, numerous experimental parameters can be explored in vitro (Shafaie et al., 2016).

4.2. MATERIALS AND METHODS

4.2.1. Materials

Hyaluronic acid sodium salt from streptococcus and Genipin were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Cryopreserved HRPE cells, Retinal pigment epithelial basal
medium, supplements (FBS, L-glutamine, GA-1000), and growth factor (FGF-B) were all
purchased from Lonza Walkersville Inc. (Walkersville, MD, USA), and AZP nanospheres were
synthesized from the laboratory.

4.2.2. Preparation of Hyaluronic acid gel and Incorporation of AZP nanospheres

The nanosphere-in-hydrogel system (HA-NSP) was formulated by dispersing nanospheres in
an agueous solution and a gelling agent was added, followed by a crosslinker (Thoniyot et al.,
2015). Genipin was used as the crosslinker and hyaluronic acid (HA) as a gelling agent, and
various concentrations were explored to find the composition best suited for the purpose of
the nanosystem. Freeze-dried IgG loaded AZP nanospheres were dispersed in distilled water,
HA was added into the dispersion stirring until completely dissolved, and finally, genipin was

added to the gel to obtain the nanosphere-in-gel system.

4.2.3. Determination of Chemical Interactions of the Photo-responsive Nanosystem

The chemical structures and interactions between HA gel and nanospheres were studied
using FT-IR spectrometer (PerkinElmer Spectrum 100) with infrared spectra recorded in the
region from 4000cm™ to 650cm* wavenumbers at a resolution of 4cm™. Gels were prepared

by freeze-drying and dried samples were mounted directly onto the attenuated total
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reflectance (ATR) crystal for analysis to identify chemical architecture and characteristic

functional groups in the formulation.

4.2.4. Determination of the Thermal Transitions of the Photo-responsive Nanosystem

Thermal properties of the nanosystem and its components were explored using differential
scanning calorimetry (DSC) (Mettler Toledo, Schwerzernback, Switzerland). Freeze-dried
samples were weighed (3-10mg) into aluminium pans and analysed under nitrogen
atmosphere (Afrox, Germiston, Gauteng, South Africa) with 200mL/min flow rate acting as the
purge gas to decrease oxidation. An empty aluminium pan was used as a reference, and

samples were then heated from 25°C to 300°C at the rate of 10°C/min.

4.2.5. Determination of Thermal Decomposition of the Nanosystem

Analysis of thermal decomposition of the freeze-dried HA and HA-NSP gels was observed via
thermogravimetric analysis (TGA) heated from 20°C to 900°C under nitrogen atmosphere, flow
rate 20mL/min. This was carried out using a TGA 400 thermogravimetric analyser
(PerkinElmer Inc., MA, USA). Samples weighing 10-20mg were placed in a ceramic pan under
nitrogen atmosphere. Thermograms were obtained and analysed for thermal decomposition
properties of the gels.

4.2.6. Determination of Injectability of the Photo-responsive Nanosystem

To investigate the consistency and injectability of the hydrogel, the texture analyser (Stable
Micro Systems TA-XT2, Surrey, UK) was employed. For the injectability test, all
measurements (HA-NSP, and HA) were carried out in triplicate at room temperature. All tests
were performed in compression mode using 27G and 31G needles. For the test, a needle was
fitted into a 1mL syringe and placed in a holder vertically with the needle downward. A cylinder
probe (P/50R) was aligned to the plunger plate for displacement of the volume, mimicking the
manual syringe injection. The compression speed was set at 1mm/s for a distance of 20mm.
During the test, the probe compresses the syringe plunger, forcing the contents of the syringe
out and the maximum force used is recorded (Cilurzo et al., 2011; Zhang et al., 2018). All

measurements were performed in triplicates.

4.2.7. Determination of Rheological Properties of the Photo-responsive Nanosystem

Rheology was used to study the shear viscosity of a pure HA gel and the genipin crosslinked
HA gel, as well as the rheological behaviour of the HA-NSP nanosystem. Measurements were
carried out on a rotational rheometer (Thermo Fisher Scientific HAAKE™ MARS™, Waltham,

MA, USA) equipped with RheoWin software for data analysis. Samples were loaded onto the
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rheometer; a frequency sweep from 0.1 to 10Hz and a strain sweep from 0.1 to 100Pa were
performed on the samples to determine storage (G’) and loss (G”) moduli for rheological

investigation. All measurements were performed in triplicates.

4.2.8. In Vitro Cytotoxicity Testing of the Photo-responsive Nanosystem using H-RPE
Cell Lines

Retinal pigment epithelium (RPE) is a multifunctional, nonproliferating cell monolayer located
between the vascular choroid and the retina, forming the outer layer of the blood-retinal barrier.
These cells function as a nutrient supplier, structural maintenance, functional integrity of the
retina as well as regulating of drug transport into the inner parts of the eye (Hellinen et al.,
2019). RPE dysfunction is associated with the development of various retinal pathologies such
as macular degeneration which may result in irreversible blindness in elderly people (Fronk
and Vargis, 2016). H-RPE cell lines were used for cytocompatibility testing on the HA-NSP

nanosystem.

4.2.8.1. Cell culturing using H-RPE Cell Lines

H-RPE cell lines were grown in culture flasks containing a growth medium (RtEGM) which
comprises of the retinal pigment epithelial basal medium supplemented with GA-1000, L-
glutamine, and FGF-B as a growth factor. This method was obtained from the supplier. Briefly,
the serum free growth medium and plating medium (RtEGM with 2% FBS) were prepared in
a sterile environment. The appropriate amount of plating medium was added to the culture
flask and the flask was equilibrated in a humidified incubator (NuAire In-VitroCell™ ES NU-
5710, Plymouth, MN, USA) under the atmosphere of 5% CO; at 37°C for a period of 30
minutes. The cryovial containing cryopreserved cells was thawed in a water bath at 37°C and
cells were resuspended in the cryovial, followed by dispensing into the equilibrated culture
flask using a micropipette and thereafter, maintained in the incubator for the duration of cell
growth. The medium was changed to serum free growth medium at 24 hours after seeding
and every second day thereafter. When cells reached 80-90% confluence, the medium was
aspirated and discarded, and cells washed with HEPES-BSS followed by addition of
Trypsin/EDTA (2mL) and allowing cell detachment for 3-6 minutes. Trypsin neutralizing
solution (4mL) was then added, and the suspension was centrifuged at 1500rpm for 5 minutes.
The supernatant was discarded, resultant pellet resuspended in fresh plating medium and
poured into sterile culture flasks. For cryopreservation, cells were frozen in a cryoprotective

mixture containing 5%v/v DMSO under liquid nitrogen atmosphere.
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4.2.8.2. Cell counting utilizing Trypan blue solution Assay and a Haemocytometer

After detaching and resuspending the cells as described in section 4.2.8.1, the total number
of viable cells was counted. Briefly, Trypan blue solution (20uL) was added to the suspended
cells (20uL). The haemocytometer chamber was filled with the trypan blue solution and cell
suspension mixture, and light microscopy (Olympus CKS microscope, Olympus, Japan) was
used to examine the chamber for cell counting. Trypan blue solution only stains dead cells,

therefore, to determine the number of live cells in suspension, unstained cells were counted.

4.2.8.3. In vitro cytotoxicity evaluation of the Photo-responsive Nanosystem utilizing
Annexin V and Dead cell assay

Cytotoxicity effect of the HA-NSP and individual components in HRPE cell lines was assessed
using the Annexin v & Dead cell assay (Millipore Corp., Billerica, USA) according to the
manufacturer’s protocol. Briefly, HRPE cells were seeded into 12-well plates at a density of
1x10* cells/cm?. Cells were maintained in the incubator under humidified atmospheric
conditions of 5% CO- at 37°C for 24 hours before treatment. The culture was then removed
from the incubator into a laminar flow unit. Various treatments tested were, 1gG loaded
nanospheres, 1gG, zein, HA gel, HA-NSP and Triton X as the positive control. All treatments
were prepared in solution and suspension under sterile conditions before adding them to the
cell culture. Cells were incubated for a further 24 hours and 48 hours at 37°C. Thereafter, cells
were detached and centrifuged according to the method mentioned in section 4.2.8.1.
Resultant pellets were resuspended in fresh medium to create single suspensions. A 100pL
of cell suspension was added to each tube, followed by 100uL Annexin v & Dead cell reagent.
Cell samples were vortexed and left in the dark for 20 minutes at room temperature to allow
for staining before analysis. Samples were analysed through the Muse™ Cell Analyzer
(Millipore Corp., Billerica, USA) and all measurements were performed in triplicate. The

relative cell viability was calculated using equation 4.1.

Sample

Relative cell viability (%) = x100 (Equation 4.1)

Control

4.3. RESULTS AND DISCUSSION

Homogenous dispersion of 1gG loaded photo-responsive AZP nanospheres in HA gel was
successful and the injectable HA-NSP was obtained. Genipin was used to enhance the
viscosity of the HA hydrogel in order to avoid sedimentation of the dispersed nanospheres.
Genipin reacts with primary amino groups of proteins and amino acids to produce blue
pigments (Wang et al., 2011). This pigment was observed in the HA gels modified with genipin.

The colour variation is shown in Figure 4.1 where a and ¢ are pure HA gels with a clear colour,
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b, the HA-GP gel showing a light blue colour, and d, HA-NSP nanosystem displaying the
dispersion of nanospheres in the hydrogel. The darker pigment in HA-NSP may be attributed
to the presence of amino groups in the compaosition of AZP nanospheres as well as their brown
colour. A non-UV method was used to study cell cytotoxicity to avoid interference from the UV
sensitive component of the formulation. Additionally, H-RPE primary cell lines can only attain
cell division over limited passaging before reaching replicative failure, therefore experiments
in this study were carried out in earlier passages to avoid compromising results (Klimanskaya,
2006; Kuznetsova et al., 2016).

Figlj-re 4.1: Images of the formulations (a) 6ure HA gel, (b) HA-GP gel, (c) pure HA gel, and
(d) HA-NSP nanosystem.

4.3.1. Evaluation of Chemical Transitions and Intermolecular Interactions of the
components and Photo-responsive Nanosystem

FTIR was used to assess the interaction between HA gel and AZP nanospheres in HA-NSP.
Gels were freeze-dried before scanning via attenuated total reflectance. The following
characteristic peaks were observed in the spectra; stretching vibrations at 3327cm™ and
3295cmt, protein amide | at (C=0) at 1635cm™ and 1643cm™, C-O stretching at 1058cm™*and
1074cm for HA gel and AZP nanospheres, respectively (Gilarska et al., 2018). The presence
of genipin in HA-GP was clearly observed. There were no significant differences in the spectra
of HA-GP gel and HA-NSP, however, a slight shift in the peaks was detected in HA-NSP
spectrum from 3289cm*, 1643cm™ and 1058cm™ to 3271cm?, 1627cm™ and 1050cm™. This
is an indication of weak hydrogen bonding between the gel and nanospheres (Chen et al.,
2019).
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Figure 4.2: FTIR spectra of (a) genipin, (b) pristine HA and (c) genipin crosslinked HA
hydrogel.

(b)

Transmittance (%)

T T T T~ T T T T T " T
4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)

Figure 4.3: FTIR spectra of (a) IgG loaded AZP nanospheres and (b) HA-NSP.

4.3.2. Thermal and Thermodynamic Analysis of the Photo-responsive Nanosystem

Thermal behaviour of the nanospheres, HA gel and HA-NSP was analysed using differential
scanning calorimetry. Samples were freeze-dried and analysed in the temperature range
25°C-300°C; results are presented in figure 4.4. Thermogram for pristine HA (figure 4.4a)

showed a broad endothermic melting point at 117°C and a sharp exothermic crystallization
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point at 238°C. HA gel (figure 4.4b) showed a sharp endothermic peak at 117°C
corresponding to its melting point and a broader exothermic peak at 238°C suggesting that
the gel is more prone to degradation compared to the native HA (Sithole et al., 2018). AZP
nanospheres thermogram (figure 4.4c) exhibited a broad exothermic peak at 276°C. A distinct
sharp endothermic melting point at 117°C was observed in the thermogram for HA-NSP
(figure 4.4d) and a broad exothermic peak at 239°C confirming that the nanosystem’s thermal
behaviour is more endothermic, therefore, the dispersed AZP nanospheres can be released

from the gel without substantial energy involved in the process.
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Figure 4.4: DSC thermograms of (a) Pristine HA, (b) HA gel, (c) NSP and (d) HA-NSP,
measured from 25°C to 300°C.

4.3.3. Thermogravimetric Analysis of the Photo-responsive Nanosystem

Thermogravimetric analysis provides data about degradation of materials and identification of
new formed compounds. TGA thermograms displayed in figure 4.5 show the degradation
pattern and stability of HA-NSP and its components, AZP nanospheres and HA gel. Gels were
freeze-dried before carrying out measurements. HA-NSP underwent a two-step degradation
process at 120°C and 237°C, whereas the components showed single degradation points with

HA at 235°C and AZP nanospheres at 280°C. AZP nanospheres had the lowest residue (11%)
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and HA-NSP had the highest residues (21%), confirming its thermal stability, thus suggesting
that the combination of HA gel and AZP nanospheres is more stable than the individual
components.
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Figure 4.5: TGA thermograms of HA, AZP nanospheres and HA-NSP.

4.3.4. Determination of Injectability of the Photo-responsive Nanosystem

Injectability of the HA gel and HA-NSP was measured as the force required to inject the
hydrogel through a 1mL syringe fitted with 27G and 31G needles. HA-NSP is a composition
of chromophore-equipped nanospheres dispersed in HA gel. The force required for injection
works on 3 parts, (i) the resistance of the syringe plunger, (ii) the kinetic energy to the contents
of the syringe, and (iii) forcing the liquid through the needle (Allahham et al., 2004). This
process is affected by the viscosity of the sample and the size of the needle used. Figure 4.6
presents the maximum force it takes to inject the samples. The HA gel required 9N and 14N
whereas the HA-NSP took 10N and 18N to inject through 27G and 31G needles, respectively.
Figure 4.7 displays graphs obtained from the injectability tests conducted on HA gel and HA-
NSP (a, b) through a 27G needle and (c, d) a 31G needle. Two parameters that affected the
force of injection are, the decrease in the size of the needle and the dispersion of nanospheres
in the gel which resulted in increased maximum force required for injection. These results
remain within two thirds of the recommended value of the maximum force for a manual

injection which is 30N, therefore, the HA-NSP is suitable for injection through various routes
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of administration. Furthermore, for ease of administration and minimal discomfort, 10N is the

recommended maximum force and this qualifies the 27G needle as the best suited selection
for this formulation (Wang et al., 2018).
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Figure 4.6: Maximum injection force for 1% HA gel and HA-NSP using two needle sizes,
27G and 31G.
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Figure 4.7: Injectability test for (a) 1%w/v HA gel through 27G, (b) HA-NSP through 27G, (c)
1%w/v HA gel through 31G, (d) HA-NSP through 31G needles.



4.3.5. Rheological behaviour of the Photo-responsive Nanosystem

Shear viscosity measurements of the pure HA and HA-GP gels were performed to study the
mechanical variation caused by addition of genipin. In figure 4.8, a slightly higher shear
viscosity is observed in the HA-GP gel over the pure HA gel with a p-value 0.0006
substantiating the significant difference between these two hydrogels. These results confirm
that adding genipin to pure HA increases viscosity of the gel. HA lacks the primary amino
groups that genipin is known to react with, however, it is postulated that its highly reactive
hydroxy groups are capable of forming glycosidic bonds with genipin which are stable in water
(Roether et al., 2019; Selyanin et al., 2015).
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Figure 4.8: Shear viscosity measurements of pure HA gel and genipin crosslinked HA
hydrogel (p=0.0006).

Rheological behaviour of HA-NSP was determined through the mechanical properties which
are, viscosity, elastic (G’) and viscous (G”) modulus. These are important parameters in the
determination of hydrogel injectability (Chen et al., 2017). Viscosity is a measurement of
material's resistance to deformation upon stress application and a response to shear stress
variations taking place during injection of hydrogel formulations. Elastic and viscous moduli
measure the elasticity or rigidity of a hydrogel and provide information about the viscoelastic

response upon shear, in this case, during injection (Kechai et al., 2015).
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Figure 4.9: Rheology of HA-NSP (a) frequency sweep, (b)stress sweep.

A frequency sweep from 0.1Hz to 10Hz at 1% strain, strain sweep of up to 100Pa, and yield
stress tests were conducted at 25°C as this is the temperature of the environment in which an
injection would be performed. Viscoelastic behaviour was observed in figure 4.9a wherein,
the loss modulus was dominant below the crossover frequency 8Hz (G’=G"=75+0.5Pa) and
storage modulus was dominant above this frequency. Complex viscosity decreased with the
increase in frequency, indicating shear thinning behaviour of the HA-NSP nanosystem
(Soiberman et al., 2018). The crossover point is the transition from viscous gel character
where G">G’ to elastic behaviour, G’>G”. Material yielding was observed from the strain sweep
in figure 4.9b indicated by a drop in storage and loss moduli after 47.22Pa strain. This yield
strain is the point at which material starts to flow and this is essential for ease of injection of
the formulation. Viscosity decreased with increasing shear stress confirming shear thinning
behaviour of HA-NSP and further indicating homogenous dispersion of the nanospheres in
the gel. Shear thinning gels experience a high shear rate exerted by the walls during injection,
which results in reasonable force of injection as a consequence of the decreased viscosity.
(Rad et al., 2019; Xu et al., 2013).
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4.3.6. Cell cytotoxicity studies

HRPE cells treated with injectable photo-responsive nanosystem (HA-NSP), NSPs, zein, HA
gel and 1gG solution were analysed using annexin v & dead cell assay. Results are presented
in figure 4.10 as relative cell viability from the treated cultures of HRPE cells for up to a period
of 48 hours and microscopic images are displayed in figure 4.11. The relative viability of
HRPE cells remained over 80% (p<0.05) in all treated cultures. There was no significant
change in viability from cells treated with both zein and IgG compared with untreated control
cells, which confirmed the cytocompatibility of these components. Literature has attributed the
cytocompatibility of zein to its degradation products that are beneficial to cell proliferation
(Farris et al., 2017). HA gel decreased cell viability by 20% over 48 hours, whereas IgG loaded
nanospheres and the HA-NSP decreased cell viability by 8% and 11%, respectively. Where
relative cell viability is 270%, the material is considered non-cytotoxic (ISO, 2009), therefore,

these results show that the HA-NSP nanosystem is non-cytotoxic to HRPE cell lines.
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Figure 4.10: Cytotoxicity testing of native components, IgG and HA-NSP on HRPE cells
cultured for up to 48 hours.
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Figure 4.11: Images showing the various treatments after 48 hours of incubation, (a)
untreated cells, (b) IgG, (c) zein, (d) NSP, (e) HA gel and (d) HA-NSP.

Furthermore, Annexin v and dead cell assay provides results distinguishing mechanism of
toxicity by two cell death pathways, namely, apoptosis (programmed cell death) and necrosis
which is a passive cell death process usually caused by external injury to the cell (Méry et al.,
2017). Annexin v binds to the externalised phosphatidylserine (PS) from asymmetrical cell
membrane in apoptotic cells and the dead cell marker 7-AAD binds to necrotic cells (Schwab
et al., 2003). Apoptosis eventually results in necrosis (Cummings et al., 2013). Late apoptosis
is detected when the cell is positive for both PS and 7-AAD. Apoptosis profiles obtained from
the study are displayed in figure 4.12. Treated HRPE cell death after 48 hours is presented
in figure 4.13 as the percentage apoptosis and necrosis. These results show that the
dominant pathway for cell death was apoptosis for all treatments. HA gel showed the highest
percentage of necrotic cells (7%) and this may be attributed to the presence of genipin (Wang
et al., 2011), however, this percentage was 0,25% for HA-NSP confirming that
cytocompatibility was improved in the composition of HA gel and AZP nanospheres which is
the HA-NSP nanosystem.
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4.4. CONCLUDING REMARKS

A novel injectable photo-responsive nanosystem, HA-NSP, was developed as a carrier for
macromolecular protein/peptide drugs. HA-NSP consists of photo-responsive I1gG loaded AZP
nanospheres homogenously dispersed in HA gel. The higher shear viscosity of HA-GP gel
compared to pure HA gel and HA-NSP shear-thinning properties were confirmed by
rheological measurements. Injectability was monitored from two different needle sizes, and
results showed a smaller force required to inject the gels with an increased in needle size,
which is indicative of the ease of injection. In vitro cell cytotoxicity study carried out using
HRPE primary cell lines showed a relative cell viability 280% from both nanospheres and HA-
NSP, thus confirming non-toxicity and potential safety for use in vivo. This study confirmed
that the developed HA-NSP nanosystem is non-cytotoxic, injectable, and able to accomplish

prolonged protein/peptide release in a controlled fashion.
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CHAPTER FIVE
CONCLUSIONS AND FUTURE RECOMMENDATIONS

5.1. CONCLUSIONS

The aim of this study was to develop a novel stimuli responsive delivery system for minimally
invasive delivery of macromolecules over a prolonged period of time, in order to provide
convenience to the patients and therefore improve compliance. Novel stimuli responsive
delivery approaches have become the alternative to highly invasive surgical therapies owing
to their post-administration manipulation of release behaviour which occurs without tissue
invasion. The focus of these approaches has been on gelling polymers as carriers of

therapeutic agents.

In this research, a novel injectable nanosystem (HA-NSP) comprising of photo-responsive
nanospheres dispersed in a hydrogel was designed, formulated, and characterized for the
purpose of prolonged delivery of macromolecular therapeutics such as monoclonal antibodies
for age-related macular degeneration treatment. Zein, photo-responsive chromophore (DHAB)
and hyaluronic acid (HA) were selected as the suitable components for the preparation of the
injectable HA-NSP using Immunoglobulin G (IgG) as the model drug. Photo-responsive AZP
nanospheres from zein and DHAB blend, with a particle diameter of <200nm and 83%
encapsulation efficiency, were successfully prepared via coacervation method and dried by
lyophilisation. The photo-responsive property of the HA-NSP nanosystem is afforded by the
AZP nanospheres which undergo photo-isomerization under UV light (365nm) and their size

decreased; this change in size was observed via dynamic light scattering.

Injectability of the HA-NSP nanosystem was confirmed by texture analysis in which a
maximum injection force of 10N through the 27G needle was observed, indicative of ease of
injection. These findings were supported by data from rheology, displaying shear-thinning
behaviour of the HA-NSP nanosystem which is attributed to the presence of HA. Data obtained
from in vitro drug release study was substantial to confirm prolonged release of the

macromolecular IgG in a sustained manner, up to 60% over 32 days.

The injectable HA-NSP was evaluated in vitro for cytotoxicity effect on primary human retinal
pigment epithelium (HRPE). All treatments exhibited cell death via apoptosis pathway more
than necrosis. The nanosystem displayed positive cytocompatibility results suggesting

biocompatibility. Though cell cytotoxicity findings suggest potential compatibility of the HA-
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NSP nanosystem in vivo, the actual in vivo animal study would provide detailed data of how

the delivery system behaves in an actual physiological environment.

5.2. FUTURE RECOMMENDATIONS

The overall results from the study of the novel injectable photo-responsive HA-NSP
nanosystem suggest suitability of the delivery system to achieve minimally invasive site-
specific delivery of any macromolecular therapeutic, such as anti-VEGF agents for treatment
of chorio-retinal diseases in the posterior segment of the eye. The end goal of this research is
commercialisation of the HA-NSP nanosystem. However, further investigations are necessary
and are recommended to explore the system’s behaviour in vivo and its potential capabilities

arising from native components used, such as zein.

Previous research suggests that degradation products from zein are advantageous for cell
proliferation (Farris et al., 2017), and a cell proliferation study would provide more data to
confirm this property. Studies also suggest that zein possesses anti-oxidant properties due to
its high aliphatic index and fatty acid content (Gong et al., 2006), and further characterisations
are needed to substantiate the suitability of this delivery system for diseases such as age-
related macular degeneration (AMD) which is characterised by oxidative stress (Yamashiro et
al., 2012).

Ex-vivo tissue penetration and cell attachment studies are necessary to further explore the
properties of the formulated nanospheres and HA-NSP nanosystem to predict their potential
behaviour in the physiological environment before in vivo animal studies. The cell cytotoxicity
investigation conducted provided positive results for prediction of the potential effect of HA-
NSP on tissue (Shafaie et al., 2016), however, in vivo animal studies are recommended to
study the actual effect on animal tissue, to compare the nanosystem with existing commercial
products, and to explore different routes of administration in order to support the current
findings. IgG was used a model therapeutic antibody; however, the plan is to study anti-VEGF
agents in vivo as the preferred first line therapy for ocular angiogenesis (Urbancic et al., 2020).
This will provide evidence to corroborate the hypotheses of the functionality of this delivery

system and readiness for further investigations leading to commercialisation.

Injectability of the HA-NSP nanosystem was studied using various needle sizes.
Measurements using a range of needle lengths would also be beneficial as some delivery
routes require longer length needles in order to reach site of delivery with minimal tissue

invasion. Examples include, the restricted space of the delicate eye tissue with irregular target
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sites in the posterior segment (Wang and Han, 2017). Needle sizes used in intraocular
injections vary from 27G to 33G with 30G being the commonly used size. Intravitreal injection
procedures require a needle size 27G or smaller with variations of length and a maximum limit
of 18mm (Oztas et al., 2016).

The universal applicability of the HA-NSP nanosystem for prolonged release of
macromolecules can be confirmed by incorporating various macromolecules and comparing
in vitro drug release patterns. Finally, a release study extending over a longer period can be

explored to see how far the HA-NSP nanosystem can prolong the delivery of macromolecules.
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Abstract: Therapeutic proteins and peptides have become notable in the drug delivery arena for their
compatibility with the human body as well as their high potency. However, their biocompatibility
and high potency does not negate the existence of challenges resulting from physicochemical
properties of proteins and peptides, including large size, short half-life, capability to provoke immune
responses and susceptibility to degradation. Various delivery routes and delivery systems have
been utilized to improve bivavailability, patient acceptability and reduce biodegradation. The ocular
route remains of great interest, particularly for responsive delivery of macromolecules due to the
anatomy and physiology of the eye that makes it a sensitive and complex environment. Research
in this field is slowly gaining attention as this could be the breakthrough in ocular drug delivery
of macromolecules. This work reviews stimuli-responsive polymeric delivery systems, their use
in the delivery of therapeutic proteins and peptides as well as examples of proteins and peptides
used in the treatment of ocular disorders. Stimuli reviewed include pH, temperature, enzymes, light,
ultrasound and magnetic field. In addition, it discusses the current progress in responsive ocular
drug delivery. Furthermore, it explores future prospects in the use of stimuli-responsive polymers
for ocular delivery of proteins and peptides. Stimuli-responsive polymers offer great potential in
improving the delivery of ocular therapeutics, therefore there is a need to consider them in order
to guarantee a local, sustained and ideal delivery of ocular proteins and peptides, evading tissue
invasion and systemic side-effects.

Keywords: bicavailability; in situ; ocular barriers; ocular delivery; pre-corneal elimination; protein
and peptide delivery; stimuli responsive polymer

1. Introduction

Therapeutic proteins and peptides are advantageous over small molecule drugs in that they
mimic similar molecules found in the human body; they are biocompatible and highly potent.
However, limitations (both drug related and patient related) do exist, caused by their high molecular
weight, poor transfer across biological membranes, provocation of immune responses, short half-lives
and instability of the molecules [1,2]. The controlled release of therapeutic proteins is regarded as
a way to increase the efficacy while reducing side effects, and therefore improving the patient’s quality
of life [3].

The most commonly used route of administration for proteins and peptides is the parenteral
route, e, injection/intravenous infusion providing direct administration into the bloodstream.
Though this route can overcome some of the limitations, it is costly, painful and results in low patient
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Abstract The demand for bindegradable sustained release carriers with mindmally invasive and less
frequent administration properties for therapeutic proteins and peptides has increased over the
years. The purpose of achieving sustained minimally invasive and site-specific delivery of macmo-
madecules led to the investigation of a phofo-responsive delivery system. This research explored a
'I:rindEEradaJ:k ]:!mlamin,. zean, maodified with an amo d:,rr (DHAB) to !.'_gmﬂ'lem thb:r—:rﬂ]:-:miw
azoprolamin {AZF) nanospheres kbaded with Immunoglobulin G (IgG). AZTD nanospheres wee in-
corporated ina hyshironic acid (HA) hydrogel to develop a nowel injectable photo-responsive
nanesystem (HA-NS) as a pobential approach for the treatment of chorio-retinal diseases such as
age-related macular degeneration (AMD) and diabetic retinopathy. AZT nanospheres were pre-
]:!am:l wia ooacervation !Ech.n.i»:[u:. diﬂpermd in HA h}r\ch'ngel and characterised via mfraned S
troscopry (FTIR), X-ray diffraction (XEDY) and thermogravimetric analysis (TGA) Size and morphiol-
ogy were studied via scanning electron micrescopy (SEM) and dymamic light scattering (DLS], UV
spectoscopy for p}um—mtm Eﬂh:nh'.!s_'iul Fmperl'ie.ﬂla'nd i11j|:|:|='l:|ilil.‘].- W 'iI'II'HﬁE!II!d,
as well as cytotoxicity effect on HEPE cell lines. Particle sime obtained was <200 nm and photo-
responsiveness o UV = 365 nm by decreasing particle diameter to %4 nm was confirmed by DS
Encapsulation efficency of the optimised nancepheres was 85% and Tgl was released over 31 days
up to &l Imjectability of HA-MSEF was confirmed with maximum foroe 10 M required and shear-
thirming behaviour observed in rheology stodies. In vitro cell optotodcty effect of both MNSFs and
HA-NSP showed nonecyfotondcity with relative cell viability of =50 A biccompatible, bindegrada-
bl injectable photo-responsive nanosystem for sustained release of macomolecular Tzl was swc-
cessfully developed.

Keywords: zein; macromaobeoules; thm-'ru]:u:uwm nanm]:ll'ms; sustained releass; bil‘lﬂES_‘Iaﬂ:l.—
h'le:hﬂjem'bb_: h}rdmgel
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Purpose: A photo-reactive polymeric complex was prepared using a prolamine-based
polymer and an azo dye for the formulation of photo-responsive nanospheres that are
potentially capable of drug encapsulation and stimuli responsive intraocular delivery of
bioactive agents for treatment of disorders in the posterior segment of the eye (vitreoretinal
disorders). This study investigated the physicochemical properties of the nanospheres.
Methods: Nanospheres were prepared using single emulsion method. Dynamic light
scattering technique was used to assess particle size. Particles were further subjected to
imaging through the scanning electron microscope to assess shape. The presence of a photo-
responsive functional group was investigated using Fourier transform infrared spectroscopy
for evaluation of appropriate bond formation and additionally, ultraviolet spectroscopy was
employed to measure the photo switch wavelength to confirm the presence of the photo-
reactive azo bond.

Results: The size of the spheres was observed in the nano range (1-100nm) and scanning
electron microscope images displayed the spherical shape of the particles. Obtained FTIR
data showed a broad band at 3267cm-1 characteristic of a phenolic hydroxyl functional group,
N=N stretch observed at 1515cm-1 confirming the photo-responsive functional group. UV
measurements demonstrated a photo switch wavelength within the 340-366nm range which
further substantiates the presence of the photo-reactive moiety in the nanospheres.
Conclusions: The nanospheres possess a photo-responsive property and can therefore be

employed in remotely controlled stimuli responsive delivery of bioactive agents.
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