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Abstract  
Neurodegeneration in Parkinson’s disease is associated with the formation of 

neuronal cytoplasmic inclusion bodies, termed Lewy Bodies, which are comprised mainly 

of the pre-synaptic protein α-synuclein. Aggregation of α-synuclein and subsequent 

formation of Lewy Bodies is associated with raised intraneuronal Ca (II) and Cu (I/II) 

levels. In alignment with this notion, post-mortem studies of Parkinson’s disease brain 

tissue have demonstrated the sparing of neurons that express  the Ca (II) buffering protein, 

Calbindin-D28k. As a result, the upregulation of endogenous metal binding proteins may 

serve as a potential target to inhibit α-synuclein aggregation. Recent in vitro studies 

displayed that the vitamin-D analogue Calcipotriol and glucocorticoid Dexamethasone 

can potently induce the calcium and copper buffering proteins Calbindin-D28k and 

Metallothionein, respectively. As a result, Calcipotriol and Dexamethasone may serve as 

a potential therapeutic option for Parkinson’s disease.  

 

The treatment of central nervous system disorders is often challenging due to the 

delivery of therapeutics to the central nervous system being hindered by the blood brain 

barrier and interactions with the periphery. As a result, considerable attention has been 

garnered by the nose to brain drug delivery route as it bypasses the blood brain barrier 

and periphery, thereby mitigating pharmacokinetic challenges faced with conventional 

delivery routes. A major limitation faced with the nose to brain delivery method is the 

removal of therapeutics such as sprays from the nasal mucosa due to the mucociliary 

clearance and lack of mucosal adherent properties in the therapeutic. This problem faced 

by conventional delivery vehicles is overcome by a new delivery vehicle, termed a soluble 

gel, which possesses muco-adhesive, thermo-responsive and sustained drug release 

properties. 

 

Hence it was hypothesized that the addition of Calcipotriol and Dexamethasone 

into the soluble gel formulation may upregulate Calbindin-D28k and Metallothionein in 

vitro, respectively. This study was divided into two objectives. The first objective 

involved formulating soluble gels containing Dexamethasone (DXN) or Calcipotriol (CP) 

which possessed optimal properties for nose to brain delivery. The second objective 

involved the soluble gels formulated as part of the first objective being applied to SH-

SY5Y human neuroblastoma cells, in order to determine whether cytoplasmic Calbindin-

D28K and Metallothionein could be upregulated. 
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The gelation temperature and viscosity of the soluble gels were the two parameters 

which were evaluated for each soluble gel formulation, which were measured by a 

rheometer. The ranges deemed acceptable for nose to brain delivery for gelation 

temperature was between 25-34℃ and for viscosity was between 0.4-1 Pa.s at 34℃. The 

thermo-responsive and muco-adhesive agents employed for the soluble gels were 

Poloxomer-407 and Carbomer-934P, respectively. It was determined that a soluble gel 

with Poloxamer-407 15.5% w/w + Carbomer-934P 0.3% w/w + Dexamethasone 0.05% 

(P15.5/C0.3/DXN) had a gelation temperature of 28.156℃ and viscosity of 0.653 Pa.s at 

34℃, which were both between the acceptable ranges for nose to brain delivery. As a 

result, P15.5/C0.3/DXN underwent a Dexamethasone drug release study involving the 

use of a Franz drug diffusion apparatus and high-performance liquid chromatography. 

P15.5/C0.3/DXN displayed sustained release of Dexamethasone over a 72-hour period.  

 

The same process was conducted for the soluble gels containing Calcipotriol. Two 

Calcipotriol containing soluble gels were formulated, which comprised of Poloxamer-

407 15% w/w + Carbomer-934P 0.3% w/w + Calcipotriol 0.005% w/w (P15/C0.3/CP0.5) 

and Poloxamer-407 15.5% w/w + Carbomer-934P 0.3% w/w + Calcipotriol 0.0005% w/w 

(P15.5/C0.3/CP). P15/C0.3/CP0.5 had a gelation temperature of 28.517℃ and viscosity 

of 0.574 Pa.s at 34℃, which were both between the acceptable ranges for nose to brain 

delivery. P15.5/C0.3/CP had a gelation temperature of 28.530℃ and viscosity of 0.494 

Pa.s at 34℃, which were also both between the acceptable ranges for nose to brain 

delivery. No Calcipotriol drug release data was obtained for  P15/C0.3/CP0.5 and 

P15.5/C0.3/CP due to low detection sensitivity.  

 

P15.5/C0.3/DXN, P15/C0.3/CP0.5 and P15.5/C0.3/CP were then applied to SH-

SY5Y human neuroblastoma cells as part of objective 2. It was determined that the 

application of these formulations significantly upregulated cytoplasmic Calbindin-D28k 

and Metallothionein expression. The application of P15.5/C0.3/DXN for 20-minutes 

demonstrated approximately a 1.871-fold increase in Metallothionein expression 

compared to the control cells.  The application of P15/C0.3/CP0.5 and P15.5/C0.3/CP for 

30-minutes and 1-hour displayed approximately a 2-fold increase in Calbindin-D28K 

expression compared to the control cells. 

 

In summary, these findings suggest that the intranasal delivery of soluble gels with 

active drug components may serve as a potential treatment for Parkinson’s disease by 
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inhibiting metal ion dependent α-synuclein aggregation and subsequent Lewy Body 

formation.  
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1.0 List of Abbreviations, formulation codes, figures and 
tables  
 
 

 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

POP – Polyoxypropylene 

P407 – Poloxamer 407 

P14.5 – Poloxamer-407 14.5% w/w 

P15.5 – Poloxamer-407 15.5% w/w 

P16.5 – Poloxamer-407 16.5% w/w 

P17.5 – Poloxamer-407 17.5% w/w 

P15.5/C0.1 – Poloxamer-407 15.5% w/w + Carbomer-

934P 0.1% w/w 

P15.5/C0.3 – Poloxamer-407 15.5% w/w + Carbomer-

934P 0.3% w/w 

P15.5/C0.4 – Poloxamer-407 15.5% w/w + Carbomer-

934P 0.4% w/w 

P15.5/C0.3/DXN – Poloxamer-407 15.5% w/w + 

Carbomer-934P 0.3% w/w + Dexamethasone 0.05% w/w 

P15/C0.3/CP0.5 – Poloxamer-407 15% w/w + 

Carbomer-934P 0.3% w/w + Calcipotriol 0.005% w/w 

P15.5/C0.3/CP0.5 – Poloxamer-407 15.5% w/w + 

Carbomer-934P 0.3% w/w + Calcipotriol 0.005% w/w 

P16/C0.3/CP0.5 – Poloxamer-407 16% w/w + 

Carbomer-934P 0.3% w/w + Calcipotriol 0.005% w/w 

P15.5/C0.3/CP – Poloxamer-407 15.5% w/w + 

Carbomer-934P 0.3% w/w + Calcipotriol 0.0005% w/w 

ROS – Reactive Oxygen Species 

Sol-gel – Soluble gel 

SN – Substantia Nigra  

SNpc – Substantia Nigra Pars Compacta  

TOM20 – Translocase of Outer Membrane  

Tsol/gel – Gelation temperature 

UPDRS – Unified Parkinson’s Disease Rating Scale  

UPS – Ubiquitin-Proteasome system 

 

 
 
 
 
 

 

BBB – Blood-Brain Barrier  

CB  – Calbindin-D28K 

CI – Cytoplasmic inclusions 

CMA – Chaperone-mediated autophagy  

CNS – Central Nervous System 

CP – Calcipotriol 

CSF – Cerebrospinal fluid 

CTR1 – Copper transporter 1  

C934P – Carbomer-934P 

DA – Dopamine 

DBS – Deep brain stimulation  

DIC – Differential interference contrast 

DXN – Dexamethasone 

ER – Endoplasmic reticulum 

G′ –  Storage modulus   

G′′ –  Loss modulus 

RP-HPLC – Reversed-Phase High Performance  

Liquid Chromatography 

IGF-1 – Insulin-like growth factor-1 

LB – Lewy Bodies  

LOD – Limit of detection 

L-DOPA – L-3,4-dihydroxyphenylalanine 

MPP+ – 1-methyl-4-phenylpyridinium  

MPTP – Methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

MT – Metallothionein  

NAC – Non-amyloid-β-component  

N2B – Nose to brain 

ORNs – Olfactory receptor neurons 

PACE – Pharmacy Australia Centre of Excellence 

PD – Parkinson’s Disease 

PBS – Phosphate buffered saline 

POE – Polyoxyethylene 
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3.0 Introduction 

3.1 Parkinson’s Disease  

Neurodegenerative conditions are diseases that are characterised by the gradual loss 

of neurons within the central nervous system (CNS), resulting in life debilitating signs 

and symptoms. Neurodegenerative diseases are of great concern as they are increasing in 

prevalence due to the rise in the age of the elderly population. Parkinson’s disease (PD) 

is a complex and progressive neurodegenerative condition which was first discovered in 

1817 by James Parkinson. PD is the second most common neurodegenerative disorder 

after Alzheimer’s disease. The prevalence of PD is approximately 1% and 3% among 

individuals aged between 65-69 and 80+, respectively. With increases in life expectancy, 

both the incidence and prevalence are predicted to increase by 30% by the year 2030 

(Chen et al., 2001; Kouli et al., 2018). 

The main clinical features associated with PD sufferers are motor impairments which 

include rigidity, bradykinesia, tremor, and postural instability (Figure 1). Cognitive 

impairments are also seen in PD, which include dementia, depression and psychosis 

(Kouli et al., 2018). Impairments seen in PD are due to the progressive loss of pigmented 

dopaminergic neurons in the substantia nigra pars compacta (SNpc) caused by the 

accumulation of protein aggregates termed Lewy Bodies (LB). Of note, is that the 

neurodegeneration in PD is not limited to the Substantia Nigra (SN), instead it is often 

diffuse and present in other regions of the brain, resulting in a heterogeneous condition. 

As the progressive condition worsens, LB accumulate and spread to other regions of the 

brain causing non-motor symptoms. Due to this, the development of dementia is seen in 

83% of PD sufferers after 20 years of having the condition (Iranzo et al., 2013; Kouli et 

al., 2018). Of concern, is that the main clinical features of PD appear when approximately 

50-70% of dopaminergic neurodegeneration has already occurred, which signifies the 

need for alternative and sensitive methods to detect PD earlier (Marella et al., 2009). 

There is evidence that suggests neurodegeneration occurs at the olfactory bulb during the 

prodromal or pre-motor phase of PD which then spreads to other regions of the brain, 

including the SN. As a result, hyposmia presents in 50-90% of PD sufferers in the 

prodromal period, which could potentially serve as a diagnostic tool, as the density of LB 

within the olfactory bulb significantly correlates with the LB density in other brain 

regions (Beach et al., 2008).  
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The motor impairments seen in PD are due to a decrease in the neurotransmitter 

dopamine (DA), resulting from the death of dopaminergic neurons in the SN. DA 

depletion causes increased inhibition on the external segment of the Globus pallidus. In 

turn, this increases stimulation of the subthalamic nucleus, resulting in a stimulated 

internal segment of the Globus palladium. The hyperactive internal segment of the Globus 

palladium causes increased inhibition of the ventral anterior and lateral nucleus, which is 

responsible for stimulating the motor cortex, the region responsible for voluntary 

movement (Smith et al., 2012). As a result, the under active ventral anterior/ventral lateral 

nucleus results in a under stimulated motor cortex (Figure 2). 

 

 

 

 

 

 

 
 

Figure 2: Schematic diagram of the basal ganglia pathways. VA = 
Ventral Anterior Nucleus. VL = Ventral Lateral Nucleus (Smith et al., 2012). 

 

 

Figure 1: Clinical presentation and progression of Parkinson’s disease. The diagnosis of 
PD often occurs when motor symptoms appear (time 0), but the condition is often present 
as a pre-motor/prodromal phase prior to diagnosis where non-motor symptoms are present. 
In the early stages after diagnosis of the condition, impairments are generally confined to 
motor symptoms. The advanced/late stages of the condition are characterised by severe 
motor impairments and non-motor symptoms such as cognitive impairments. EDS = 
excessive daytime sleepiness. MCI = mild cognitive impairment. RBD = REM sleep 
behaviour disorder (Kalia & Lang, 2015). 
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3.1.1 Treatment of Parkinson’s disease  

The accumulation of intraneuronal Lewy Bodies within the SN appears to have a 

pivotal role in neuronal death and a consequential decrease in dopamine. Currently the 

most widely adopted treatment for PD is dopamine therapy, which involves the use of 

dopamine precursors, dopamine receptor agonists and dopamine-metabolizing enzyme 

inhibitors (Smith et al., 2012). L-3,4-dihydroxyphenylalanine (L-DOPA), a dopamine 

precursor is the most widely adopted drug used for PD that effectively ameliorates 

symptoms of the condition and restores motor function in PD by restoring nigrostriatal 

dopaminergic neurotransmission. Unlike dopamine, L-DOPA is able to pass the blood-

brain barrier (BBB) which is then converted into dopamine by DOPA decarboxylase. 

Deep brain stimulation (DBS) is another widely adopted treatment option for PD 

sufferers who are experiencing life-debilitating motor signs. DBS is performed by placing 

electrodes into the subthalamic nucleus and/or globus pallidus interna, which deliver 

electrical impulses to these regions. The mechanism of DBS is not completely understood, 

but it is thought to regulate abnormal electrical signalling in these regions of the brain, 

thereby restoring normal movement. Studies have shown benefits from DBS for up to 

five years, but results are often variable (Lozano et al., 2019).  

3.1.2 Aetiology of Parkinson’s disease 

The exact cause of PD remains unknown but the multifactorial condition has both 

environmental and genetic risk factors. Age is the biggest risk factor for PD with 

prevalence and incidence increasing exponentially with age. This is of concern due to an 

aging population and constant increase in life expectancy (Kalia & Lang, 2015). Gender 

also plays a role in PD, with the ratio between male to female being 3:2.  

Herbicides and pesticides also increase the likelihood of developing PD. 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP), paraquat and rotenone are environmental 

toxins which are all inhibitors of the mitochondrial complex 1 and selectively damage 

dopaminergic cells in the SN (Figure 3). These toxins are believed to promote PD 

development through various mechanisms, but primarily through promotion of reactive 

oxygen species (discussed further in section 3.3.1.6) (Di Monte et al., 1986).  

 

Although PD is generally idiopathic, many genetic mutations are associated with 

familial PD. Mutations in the SNCA, PARK, LRRK2, parkin and GBA genes have been 
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strongly linked to familial PD development. Results from meta-analysis of genome-wide 

association studies described 24 loci having a significant association with PD (Nalls et 

al., 2014). 

 

The association between cigarette smoking and PD has been extensively studied. 

Studies have suggested that a negative association between cigarette smoking and PD 

exists (Hernán et al., 2001). It has been suggested that the negative association between 

cigarette smoking and PD may be due to a decreased response from nicotine, as nicotine’s 

addictive effect works through DA stimulation, which PD sufferers are deficient in. 

Therefore, rendering PD sufferers less prone to addiction of cigarettes (Bordia et al., 

2015).  

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

3.2 Neuropathology of Parkinson’s disease 
 

The main pathological feature of a PD brain is the loss of pigment in the SNpc 

and locus coeruleus which corresponds to the death of pigmented dopaminergic neurons 

(Figure 4). Of note is that neuronal death is not confined to these regions, rather being 

diffuse across the brain. Neuronal death also commonly occurs in the dorsal motor 

nucleus of the vagus nerve, the raphe nuclei, hypothalamus, olfactory bulb and several 

subcortical nuclei (Giguere et al., 2018). As a result, in addition to the dopaminergic 

system several other neurotransmitter systems are affected in PD, which include the 

glutamatergic, GABAergic, cholinergic, adenosinergic, noradrenergic, serotonergic, and 

Figure 3: Risk factors for the development of Parkinson’s disease. 
Epidemiological  and genome-wide association studies have indicated various 
environmental and genetic risk factors for the development of PD. OR= Odds ratio. OR<1 
= Decreased risk.  OR>1 = Increased risk (Kalia & Lang, 2015).  

 

 

 

 

Image removed 
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histaminergic systems. The presence of non-motor symptoms seen in advanced stages of 

PD are likely due to dysfunction of non-dopaminergic neurotransmitter systems. 

  

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

3.2.1 Lewy Bodies  

A pathological hallmark of PD is the presence of LB, which are intraneuronal 

cytoplasmic protein aggregates which can only be observed in post-mortem brain 

examinations (Figure 5). The presence of LB is believed to disrupt normal cellular 

functions which contribute to the neurodegeneration seen in PD. (Kouli et al., 2018). The 

size of LB can range from 5 to 30 μm in diameter and more than one LB can be found 

inside a single neuron. LB’s are described to have a granular core surrounded by a halo.  

Classical brainstem and cortical LB’s are two species of LB that have been described 

within current literature. The main difference between classical brainstem and cortical 

LB’s is that the latter are smaller, have a less defined outline and do not have a halo.   

 

 

Figure 4: Coronal section of SNpc from control (A & B) and PD 
brain (C & D). Dark brown cells present in panel B & D are 
neuromelanin-containing dopaminergic neurons. Dopaminergic cell 
count is lower in the PD brain relative to control brain (Kouli et al., 
2018). 
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Braak staging was a system introduced in 2003 by Braak and colleagues which 

described the spread of LB within the brain and the corresponding progression of PD. LB 

were described to spread in a predictable manner in majority of PD cases, spreading rostro 

caudally. In Braak stages 1 and 2 LB are present predominately in the dorsal motor 

nucleus (IX/X), olfactory nucleus and reticular formation. These stages correspond to the 

prodromal or pre-motor phase in PD where hyposmia and sleep disturbances are present. 

The major clinical motor features of PD present by Braak stage 3 & 4 as LB have spread 

to the SNpc, amygdala and temporal limbic cortex. In stage 5 and 6 of the Braak staging 

system LB have diffused over majority of the neocortex including the pre-frontal cortex 

which corresponds to the severe cognitive decline seen in the advanced stages of PD 

(Figure 6). 

 

 

 

 

 

 

 

Figure 5: Image of LB and various other 
cytoplasmic inclusions (CI) present 
within a neuron (Ross & Poirier, 2005). 
 
 
 

       
    
   

 

 

 

Figure 6: Braak staging system of LB spread and development of PD. The depth of colour 
correlates with the density of LB. Arrows indicate gradual involvement of structures. dm = Dorsal motor 
nucleus. co = Coeruleus-subcoeruleus complex. sn = Substantia Nigra. mc = Anteromedial temporal 
mesocortex. hc = High order sensory association and pre-frontal areas. fc: Motor and sensory areas 
(Braak et al., 2003). 

 

 

 

Image removed 

 

Image removed 



Development of Polymer-based Sol-Gel Therapeutics for Parkinson's Disease 

 

18 

The formation of protein aggregates seen in PD is believed to be a neuroprotective 

response. In situations where a misfolded and potentially toxic protein is present, under 

normal conditions this protein would be refolded by heat shock proteins or degraded by 

the ubiquitin proteasome system or autophagy. In PD these mechanisms are thought to be 

dysfunctional, therefore the misfolded proteins are sequestered as an inclusion body with 

the aid of microtubule transport, resulting in the production of LB (Tanaka et al., 2001). 

Genetic mutations that cause familial PD often code for proteins involved in the 

ubiquitin proteasome system, autophagy and heat shock proteins, such as the genes parkin 

and UCH-L1. As a result PD can be considered a disorder of proteostasis (Ross & Poirier, 

2005). LB are comprised of a diverse range of proteins, which include kinases, heat shock 

proteins, proteasomal components, lysosomal proteins and many other proteins involved 

in proteostasis, which reinforces the events governing the formation of LB involving 

proteostatic mechanisms (Xia et al., 2008) (Table 1). The most prominent protein present 

in LB is the pre-synaptic protein 𝛼𝛼-synuclein. 
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Table 1: Protein profile of LB. 
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3.2.2 SH-SY5Y human neuroblastoma cells as an exemplary model for 
study of neuropathology in Parkinson’s disease 
 

Human dopaminergic neurons, the cells mainly affected in PD are challenging to 

obtain and grow as primary cells. As a result, the majority of PD research is conducted 

on cell lines such as SH-SY5Y human neuroblastoma cells. The main advantages of SH-

SY5Y human neuroblastoma cells is that they are from a human origin, ease of 

maintenance, express 𝛼𝛼-synuclein and possess catecholaminergic neuronal properties 

(Xicoy et al., 2017).  

In order to replicate the pathology seen in PD SH-SY5Y human neuroblastoma 

cells are treated with the environmental toxin MPTP metabolite 1-methyl-4-

phenylpyridinium (MPP+). MPP+ treatment results in a PD-like phenotype, resulting in 

SH-SY5Y neuroblastoma cells being a great alternative to primary PD dopaminergic 

neurons. Moreover, undifferentiated SH-SY5Y human neuroblastoma cells have shown 

to express tyrosine hydroxylase, dopamine transporters, dopamine receptors and 

spontaneous α-synuclein aggregation rendering the cell line an exemplary in vitro system 

for the study of PD (Kovalevich & Langford, 2013). In addition to MPP+ treatment, KCl 

treatment of SH-SY5Y human neuroblastoma cells triggers 𝛼𝛼-synuclein aggregation, and 

a PD-like phenotype, closely resembling the effects of KCl treatment on primary rat 

neurons (Vijayakumaran et al., 2019) 

Due to the tumour-derived properties of SH-SY5Y human neuroblastoma cells 

they have a difference in viability, growth, genomic stability and metabolic pathways 

compared to primary dopaminergic neurons. Despite this, the SH-SY5Y human 

neuroblastoma cell line is a valuable tool in researching and unravelling the complexity 

of the mechanisms behind PD. 

 

3.3 𝛼𝛼-synuclein  

𝛼𝛼-synuclein, a 14kDa pre-synaptic protein coded by the SNCA gene first displayed a 

prominent role in LB development when an A53T missense mutation of the SNCA gene 

was associated with PD (Polymeropoulos et al., 1997). As a result, PD is often termed an 

𝛼𝛼-synucleinopathy. 𝛼𝛼-synuclein is a natively unfolded protein in aqueous solution, but 

upon binding to phospholipids the protein forms an 𝛼𝛼-helical structure (Stefanis, 2012). 
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The N-terminus of 𝛼𝛼-synuclein contains apolipoprotein lipid-binding motifs which 

mediate lipid vesicle binding. The central region of 𝛼𝛼-synuclein contains a hydrophobic 

non-amyloid-β-component domain which is involved in the aggregation of the protein. 

The negatively charged C-terminus of 𝛼𝛼-synuclein contains Cu (I)/(II), Fe (II) and Ca (II) 

binding domains which is believed to promote aggregation of the protein when bound 

(Figure 7). 𝛼𝛼-synuclein is widely expressed throughout the CNS, with the protein being 

present in the olfactory bulb, frontal cortex, striatum, hippocampus and several other 

regions (Iwai et al., 1995). 𝛼𝛼-synuclein has been estimated to account for a total of 0.5-

1% of the brain’s cytosolic proteins. Solano et al. (2000) indicated that the level of 𝛼𝛼-

synuclein expression is not the only factor influencing LB formation, as healthy brain 

tissue is known to have substantial amounts of 𝛼𝛼-synuclein without the presence of LB, 

in regions where LB would usually be present in PD.  

Immunohistochemistry analysis of 𝛼𝛼-synuclein in healthy brain tissue has shown 𝛼𝛼-

synuclein to be located in the pre-synaptic terminals of neurons, and less apparent in the 

soma. 𝛼𝛼-synuclein is situated very closely to pre-synaptic vesicles which suggests the 

protein likely plays a role in synaptic transmission (Stefanis, 2012). Various studies which 

have examined the overexpression of wildtype 𝛼𝛼-synuclein and 𝛼𝛼-synuclein knockout 

mice observed changes in neurotransmitter release due to alterations in pre-synaptic 

vesicle behaviour. It has been demonstrated within the hippocampal region of 𝛼𝛼-synuclein 

knockout mice, there is an impaired response to neuronal stimulation and inability to 

replenish docked vesicles at the pre-synaptic terminal by the reserve vesicles. This 

indicates a close linkage between 𝛼𝛼-synuclein and vesicle maintenance and genesis 

(Cabin et al., 2002; Larsen et al., 2006). Murphy et al. (2000) demonstrated that 𝛼𝛼-

synuclein may also have a role in the size of pre-synaptic vesicles. Burré et al. (2010) 

demonstrated that α-synuclein bound to the SNARE-protein synaptobrevin-2/VAMP2 

promoted SNARE-complex assembly, conversely 𝛼𝛼-synuclein knockout mice were 

unable to assemble the SNARE-complex. Therefore, 𝛼𝛼-synuclein likely influences pre-

synaptic vesicle behaviour by facilitating SNARE-complex assembly. Despite this, 

Barbour et al. (2008) demonstrated that 𝛼𝛼-synuclein is present in erythrocytes, which 

suggests the protein may have additional roles outside the CNS. 
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3.3.1 𝛼𝛼-synuclein dysfunction 
 

3.3.1.1 Aetiology of 𝛼𝛼-synuclein aggregation in Parkinson’s disease 

Various mechanisms have been demonstrated to promote the misfolding of the 

natively unfolded 𝛼𝛼-synuclein. Various forms of 𝛼𝛼-synuclein exist, which range from 

simple monomers to complex oligomers and fibrils (Strohäker et al., 2019). Research has 

indicated that dysfunction in the mitochondria, ubiquitin-proteasome system, autophagy-

lysosome pathway, raised intraneuronal metal ion levels and post-translational 

modifications promote the misfolding of 𝛼𝛼-synuclein to toxic species (discussed in 

section 3.4.5) (Ingelsson, 2016). In align with this, Tosatto et al. (2015) indicated that the 

severity of PD is not only related to the amount of 𝛼𝛼-synuclein aggregates, but also the 

species. 

3.3.1.2 Mitochondrial Dysfunction 

Mitochondrial dysfunction has a pivotal role in the pathogenesis of PD. Post-mortem 

studies that examined the mitochondrial respiratory-chain enzymes in the SNpc of PD 

and healthy brain tissue found that NADH-ubiquinone reductase (Complex I) was 

significantly reduced in PD brain tissue (Schapira et al., 1990). In align with this, when 

MPTP is oxidised and taken up by dopaminergic neurons of the SN, it selectively inhibits 

complex I, causing PD. Impairment of the mitochondria then leads to the formation of 

reactive oxygen species (ROS) which has demonstrated to promote the aggregation of 𝛼𝛼-

Figure 7: Structure of α-synuclein. The N-terminus is involved in lipid 
interaction. The hydrophobic non-amyloid-β-component (NAC) domain is 
involved in aggregation. Cu (I)/(II) binds with high affinity at the N-terminus. 
Cu (I)/(II), Fe (II) and Ca (II) binds with low affinity at the C-terminus 
(Stefanis, 2012). 
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synuclein (discussed in 3.3.1.6) (Bindoff et al., 1991; Hashimoto et al., 1999, 2002). 

Mitochondrial dysfunction due to mutations in PINK1 and Parkin genes has also 

demonstrated to cause PD by impairing pivotal mitochondrial proteins (Valente et al., 

2004). Of concern is oligomeric 𝛼𝛼-synuclein aggregates impair the mitochondrial 

transition pore, complex I and several other fundamental mitochondrial functions, 

ultimately leading to increased ROS, resulting in a vicious positive feedback loop 

between 𝛼𝛼-synuclein aggregation and mitochondrial dysfunction. 

3.3.1.3 Ubiquitin-proteasome system & Lysosomal dysfunction  

Under normal conditions misfolded proteins will either be refolded or degraded. The 

two central pathways responsible for protein degradation are the ubiquitin-proteasome 

system (UPS) and the autophagy-lysosome pathway. The UPS involves the ‘tagging’ of 

proteins with ubiquitin for degradation. The autophagy-lysosome pathway involves three 

separate pathways, macroautophagy, microautophagy, and chaperone-mediated 

autophagy (CMA) which all result in the degradation of proteins by the lysosome. The 

UPS and autophagy-lysosome pathways are both responsible for the clearance of 𝛼𝛼-

synuclein under normal conditions, consequently, when these pathways are impaired 𝛼𝛼-

synuclein aggregates form. In align with this, McNaught & Jenner (2001) demonstrated 

that the function of the UPS is significantly reduced in PD brain tissue. Similar to the 

UPS, pivotal lysosomal proteins (LAMP1 & LAMP2A) and molecular chaperones 

involved in CMA are all decreased in PD brain tissue (Alvarez-Erviti et al., 2010; Chu et 

al., 2009). Of note is that proteins involved in the UPS and autophagy-lysosome pathway 

comprise a substantial amount of protein contained within LB, reinforcing that 

dysfunction of protein clearance likely proceeds 𝛼𝛼-synuclein aggregation (Xia et al., 

2008). In support of this, genetic studies have indicated that mutations in PRKN and 

UCHL1 which code for essential proteins involved in the UPS and autophagy-lysosome 

pathway results in PD, respectively.  

3.3.1.4 Post-translational modifications 

Post-translational modifications of 𝛼𝛼-synuclein such as phosphorylation, 

truncation and oxidation influence aggregation. Phosphorylation of 𝛼𝛼-synuclein has been 

studied the most extensively of all the post-translational modifications and has shown to 

drastically enhance the aggregation of 𝛼𝛼-synuclein. In support of this notion, Fujiwara et 

al. (2002) demonstrated that S129-phosphorylated 𝛼𝛼-synuclein is present in LB. 

Furthermore, in rat models under normal conditions, approximately 4% of 𝛼𝛼-synuclein is 
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phosphorylated at the S129 residue, conversely in LB approximately 89% of 𝛼𝛼-synuclein 

is phosphorylated at this residue (Fujiwara et al., 2002). Lee et al. (2011) observed that 

overexpression of 𝛼𝛼-synuclein phosphatase inhibited 𝛼𝛼-synuclein aggregation and was 

associated with neurotoxicity, reinforcing phosphorylation having a causal relationship 

with aggregate formation and that sequestering misfolded proteins as aggregates is a 

neuroprotective response (Lee et al., 2011). In align with this, mutations in the S129 

residue (to inhibit phosphorylation) of 𝛼𝛼-synuclein significantly reduce aggregate 

formation. In addition to phosphorylation directly enhancing aggregate formation, 

phosphorylation of Y125 and S129 residues have demonstrated to promote the binding 

affinity of 𝛼𝛼-synuclein to metal ions, which further stimulates aggregate formation upon 

binding (discussed in section 3.3.1.5) (Liu & Franz, 2005; Lu et al., 2011). 

3.3.1.5 Calcium dyshomeostasis 
 

Various literature has described the importance of Ca (II) in the normal 

physiology of dopaminergic neurons within the SN (Guzman et al., 2020). The first 

evidence of Ca (II) role in PD was demonstrated by Yamada et al. (1990) when 

dopaminergic neurons of the SN were spared when they expressed the calcium buffering 

protein Calbindin-D28k (CB). This suggests that raised intraneuronal Ca (II)  is associated 

with dopaminergic neuronal death. Despite this, no evidence suggests that there is an 

increase in intraneuronal Ca (II) with age which would explain the strong association 

between increased age and PD (Kim et al., 2005; Evatt et al., 2008). However, an age-

related decline in the function of SERCA’s occurs, resulting in a delay in the time taken 

to restore Ca (II)  to normal levels after neuronal stimulation (Pottorf et al., 2000).  

 

Since the first evidence indicating Ca (II)  role in PD, later studies demonstrated 

a causal effect of high Ca (II)  on 𝛼𝛼-synuclein aggregation. In vitro, it has been observed 

that Ca (II)  has a potent effect on 𝛼𝛼-synuclein aggregate formation. Nath et al., (2011) 

demonstrated that in human 1321N1 cells, treatment with thapsigargin or calcium 

ionophore which increase intraneuronal Ca (II)  levels, results in a significant increase in 

𝛼𝛼-synuclein aggregates. In this same study, after the addition of a Ca (II) buffer to the 

1321N1 treated cells, a reduction in 𝛼𝛼-synuclein aggregates was observed, reinforcing the 

causal relationship of raised intraneuronal Ca (II) levels on 𝛼𝛼-synuclein aggregates. 

Studies have now identified several Ca (II) binding sites on 𝛼𝛼-synuclein and upon binding, 

metal-enhanced aggregation occurs (Figure 7). Ca (II) has also shown to selectively 

induce the formation of a toxic annular oligomeric 𝛼𝛼-synuclein species (Figure 8). In 
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support of this, annular oligomeric aggregates are absent in the presence of raised Ca (II) 

when the Ca (II)  binding domain (C-terminal) of 𝛼𝛼-synuclein is truncated (Lowe et al., 

2004). Despite these studies demonstrating the causal link between raised calcium and 𝛼𝛼-

synuclein aggregates, recent clinical trials displayed that the calcium channel blocker 

Isradripine did not effectively treat PD (Simuni et al., 2020). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.1.6 Synergy between raised intraneuronal calcium levels and oxidative 
stress 

Raised intraneuronal Ca (II)  levels and oxidative stress can upregulate 𝛼𝛼-synuclein 

aggregation both independently and synergistically. Goodwin et al. (2013) demonstrated 

that when human 1321N1 cells were treated with H2O2 and Ca (II) the proportion of 𝛼𝛼-

synuclein aggregates was significantly higher compared to when the 1321N1 cells were 

treated with Ca (II)   alone. Furthermore, it was shown that the co-treatment of both H2O2 

and Ca (II)  formed stable toxic 𝛼𝛼-synuclein oligomeric aggregates. Moreover, Ca (II) 

influx into neurons can induce oxidative stress through mitochondrial dysfunction, 

suggesting a cooperative effect between Ca (II) and oxidative stress.  

 

 

Figure 8: 𝛼𝛼-synuclein annular species induced by 
incubation of Ca (II). (A-C) 𝛼𝛼-synuclein annular species 
present after incubation with Ca (II) at 4℃ for 1 day. 
Atomic force microscopy (right) indicates height of cross 
sections of 𝛼𝛼-synuclein annular species in image B and C 
(Lowe et al., 2004).  
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3.3.1.7 Copper Dyshomeostasis 
 

Cu (II)/(I) is a fundamental ion which has a pivotal role in the mitochondria, 

antioxidant defence system and synthesis of neurotransmitters. There is a large body of 

evidence that suggests Cu (II)/(I) is dysregulated in PD. Studies have identified several 

Cu (II)/(I) binding sites on 𝛼𝛼-synuclein and upon binding, metal-enhanced aggregation 

occurs (Figure 7) (Rose et al., 2011). Furthermore, similar to Ca (II), raised levels of Cu 

(II)/(I) promote the formation of toxic oligomeric species and subsequent cellular 

dysfunction (Wright et al., 2009). In support of this notion, Wang et al. (2010) 

demonstrated that when SH-SY5Y human neuroblastoma cells are incubated in media 

supplemented with Cu (II)/(I), 𝛼𝛼-synuclein aggregates appear (Figure 9). Furthermore, 

Wang et al. (2010) demonstrated that when Cu (II)/(I) was depleted, a decrease in 

aggregates was observed, reinforcing the causal effect of Cu (II)/(I) on 𝛼𝛼-synuclein 

aggregate formation. McLeary et al. (2018) reinforced this notion, displaying that copper 

buffering proteins inhibit copper-dependent 𝛼𝛼-synuclein aggregation in SH-SY5Y human 

neuroblastoma cells.  

Post-mortem brain tissue examinations of control subjects have displayed that Cu 

(II)/(I) levels are highest in the SNpc which may explain why 𝛼𝛼-synuclein aggregation 

presents at this region during early stages of PD (Dexter et al., 1991). Despite the causal 

effect of raised Cu (II)/(I) levels on 𝛼𝛼-synuclein aggregation in vitro, various studies have 

demonstrated that Cu (II)/(I) levels are decreased in the SNpc of PD brain tissue compared 

to control brain tissue (Dexter et al., 1991; Davies et al., 2014, 2016). Furthermore, 

intraneuronal free Cu (II)/(I) and Cu transporter protein 1 have been found to be 

significantly reduced in surviving neurons in the SN. This may indicate that raised free 

Cu (II)/(I) causes neuronal death in the SN (Davies et al., 2014; Mcleary et al., 2019). 

Various studies have identified age-dependent changes in the distribution, 

handling and levels of Cu (II)/(I) (Pushkar et al., 2013; Zatta et al., 2008). Furthermore, 

literature has demonstrated that Cu (II)/(I)  levels are increased in the blood serum and 

cerebrospinal fluid (CSF) of PD sufferers (Arnal et al., 2009; Pall et al., 1987). Of concern, 

is that raised Cu (II)/(I) levels in extracellular locations still have the propensity to cause 

𝛼𝛼-synuclein aggregation and worsen the disease. In brain tissue ATP7A transporters in 

the trans-Golgi membrane receive Cu (II)/(I) from the antioxidant 1 copper chaperone 

(Atox1) through secretary vesicles (Figure 9B). As a result, extracellular Cu (II)/(I) can 

directly cause intracellular 𝛼𝛼-synuclein aggregation (McLeary et al., 2019). Furthermore, 
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the N-terminus of 𝛼𝛼-synuclein spans the vesicular membrane, which is another 

mechanism into how extracellular Cu (II)/(I) can impact 𝛼𝛼-synuclein.  

In vivo there is constant redox cycling of both Cu (II)/(I) which is thought to lead 

to neuronal damage via oxidative stress (Miotto et al., 2014). It’s believed that 

intracellular reduction of Cu (II) to Cu (I) may increase production of H2O2. This suggest 

there may be a synergistic relationship between oxidative stress and raised intraneuronal 

Cu (II)/(I) levels, where 𝛼𝛼-synuclein aggregation occurs due to Cu (II)/(I) catalysed site-

specific oxidation.  

  

 

 

 

 

 

 

 
 
 
 
 

 

3.4 Pathogenic effects of 𝛼𝛼-synuclein  
 
3.4.1 𝛼𝛼-synuclein aggregates and intra-neuronal calcium levels  
 

The toxic 𝛼𝛼-synuclein oligomeric aggregate species discussed earlier has a 

spherical, annular and chain-like morphology which forms pores on cellular membranes, 

thereby impacting the permeability, resulting in cell death. The cell death is likely due to 

the toxic species causing an influx of Ca (II) through the pore at the cell membrane 

(Angelova et al., 2016). Studies have displayed that the cell death due to oligomeric α-

Figure 9: Schematic of Calcipotriol and Dexamethasone positive effects on metal ion induced 𝛼𝛼-synuclein 
aggregation. (A) Ca (II) enters via store-operated channels (SOC), voltage-dependent calcium channels (VDCC) 
and receptor-operated channels (ROC). Elevated levels of Ca (II) can induce α-synuclein aggregation. 
Aggregated α-synuclein can then cause a further increase in Ca (II) by stimulating Ca (II) release at the 
endoplasmic reticulum (ER) and mitochondria. In addition, toxic species of α-synuclein aggregates can form 
trans-membrane pores and further stimulate Ca (II) levels. Calbindin buffers intra-neuronal Ca (II) levels, 
decreasing Ca (II) dependent α-synuclein aggregation. Vitamin-D analogue, calcipotriol acts at the vitamin-D 
receptor (VDR) to induce calbindin expression and inhibit Ca (II) dependent α-synuclein aggregation. (B) Cu 
(II) enters cells via the copper transporter 1 (Ctr1) and is transported by the antioxidant Protein 1 (Atox1) to 
ATP7A transporters. Cu (II) may also bind to copper chaperone for superoxide dismutase (CCS) be transported 
to superoxide dismutase (Sod1). Cu (II) that spills over from these pathways may bind with 𝛼𝛼-synuclein and 
promote aggregation. Zn (II) and Dexamethasone (Dex) can induce metallothionein (MT) expression by acting 
at the metal-responsive transcription factor-1 (MTF1) and glucocorticoid receptor (GR). MT can then buffer Cu 
(II) to prevent 𝛼𝛼-synuclein aggregation in addition to acting as a reactive oxygen species (ROS) scavenger 
(McLeary et al., 2019).  
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synuclein species was abolished when extracellular Ca (II) was decreased, indicating the 

cell death is Ca (II) dependent.  As discussed previously, studies have indicated that high 

intracellular levels of Ca (II)  promote the intracellular oligomerisation and aggregation 

of α-synuclein. Therefore, a vicious positive feedback loop exists between raised 

intraneuronal calcium levels and 𝛼𝛼-synuclein aggregation, contributing to the worsening 

of the condition.  

 

3.4.2 𝛼𝛼-synuclein aggregates at the mitochondria  
 

𝛼𝛼-synuclein aggregates induce excessive mitophagy, leading to a bioenergetic 

deficit and subsequent neuronal death (Choubey et al., 2011). In addition, overexpression 

of the toxic oligomeric α-synuclein aggregates has shown to bind to the translocase of 

outer membrane (TOM20) and impair the import and export of proteins, contributing to 

mitochondrial dysfunction (Di Maio et al., 2016; Zheng et al., 2010). It has been shown 

that 𝛼𝛼-synuclein is present within the mitochondrial membrane of SNpc dopaminergic 

neurons which reduces mitochondrial complex I activity and increases production of ROS 

(Devi et al., 2008; Li et al., 2008). In align with this notion, it has also been demonstrated 

that the presence of 𝛼𝛼-synuclein aggregates in dopaminergic neurons significantly 

increased mitochondrial oxidative stress (Dryanovski et al., 2013). In this same study 

Dryanovki et al. (2013) then treated the dopaminergic neurons with calcium channel 

blockers, which significantly decreased mitochondrial oxidative stress, suggesting 

calcium dependent 𝛼𝛼-synuclein aggregates stimulates ROS production by the 

mitochondria. This reinforces the role of the mitochondria as a target for 𝛼𝛼-synuclein 

aggregates to promote oxidative stress and subsequent neuronal death. Despite this, 

alternative studies have suggested that 𝛼𝛼-synuclein aggregates are protective against 

oxidative stress by inactivating the c-Jun N-terminal kinase stress-signalling pathway in 

neuronal cells (Hashimoto et al., 2002). 

 

 

3.4.3 𝛼𝛼-synuclein aggregates at the synapse  
 

Due to the role 𝛼𝛼-synuclein at the pre-synaptic terminal, several pathogenic effects 

of 𝛼𝛼-synuclein aggregates at the synapse have been identified. Specifically, 𝛼𝛼-synuclein 

aggregates cause a decrease in neurotransmitter release, enlargement of pre-synaptic 

vesicles, inhibition of pre-synaptic vesicle recycling and alteration in SNARE proteins 

(Chung et al., 2009; Garcia-Reitböck et al., 2010; Nemani et al., 2010). Mosharov et al. 



Development of Polymer-based Sol-Gel Therapeutics for Parkinson's Disease 

 

29 

(2006) demonstrated that 𝛼𝛼-synuclein aggregates disrupt vesicular pH and lead to an 

increase in the levels of cytosolic DA. This increase in cytosolic DA likely increases ROS, 

through the same mechanism as L-DOPA (discussed in section 3.7), contributing to the 

worsening of the condition.  

 

3.4.4 𝛼𝛼-synuclein aggregates at protein clearance system  
 

As discussed earlier, 𝛼𝛼-synuclein aggregate formation occurs due to dysfunctional 

protein clearance systems, and of concern is that 𝛼𝛼-synuclein aggregates positively 

feedback on the dysfunction of the UPS and autophagy-lysosome pathway. Various 

studies have demonstrated that A53T 𝛼𝛼-synuclein aggregates are able to inhibit the 26S 

proteasome and the autophagy-lysosome pathway, thereby contributing to the worsening 

of the condition (Stefanis et al., 2001; Tanaka et al., 2001). In support of this, proteasomal 

sub-units, ubiquitin and components of the autophagy-lysosome pathway are all found in 

LB. 

 

3.4.5 Spread of Oligomeric 𝛼𝛼-synuclein aggregates 
 

𝛼𝛼-synuclein oligomeric aggregates are believed to be the most toxic species, 

responsible for the dysfunction at several cellular locations, resulting neuronal death. As 

discussed previously, under normal conditions degradation of 𝛼𝛼-synuclein occurs through 

both the UPS and autophagy-lysosome pathway. In PD, where protein clearance is 

impaired, large amounts of monomeric and oligomeric 𝛼𝛼-synuclein aggregates are 

exocytosed from the neurons (Jang et al., 2010). Extracellular forms of 𝛼𝛼-synuclein, 

including oligomeric 𝛼𝛼-synuclein aggregates have the ability to be endocytosed by 

neighbouring neurons (Lee et al., 2008) (Figure 10). With this in consideration, it’s 

suggested that oligomeric 𝛼𝛼-synuclein species may spread to surrounding neurons, and 

promote the misfolding of native 𝛼𝛼-synuclein in a prion-like manner, contributing to the 

progression of the PD. This theory would explain the spread of LB from host to grafted 

mesencephalic tissue during transplant surgery (Desplats et al., 2009; Li et al., 2008). In 

align with this notion, Danzer et al. (2007) demonstrated that when SH-SY5Y human 

dopaminergic neuroblastoma cells were incubated with oligomeric 𝛼𝛼-synuclein, the 

oligomeric species could directly enter cells and promote the aggregation of native 𝛼𝛼-

synuclein, which supports the claim that exogenous oligomeric 𝛼𝛼-synuclein promotes the 

misfolding and aggregation of correctly folded 𝛼𝛼-synuclein in a prion-like manner. 
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3.5 Endogenous metal binding proteins 

As discussed, intraneuronal metal ion levels appear to have a pivotal role in the 

promotion of 𝛼𝛼-synuclein aggregation and subsequent LB formation. As a result, there is 

large attention on the use of endogenous metal binding proteins to lower metal ion levels 

and inhibit metal ion dependent 𝛼𝛼-synuclein aggregation and LB formation. 

3.5.1 Calbindin-D28k  
 
 

Calcium homeostasis is a tightly regulated process, with the endoplasmic 

reticulum, mitochondria and several buffering proteins having a role. CB, calretinin, and 

parvalbumin are among these calcium buffering proteins present within the neuron. CB 

is a vitamin-D dependent protein that contains four Ca (II) binding domains which has 

proven to have a neuroprotective effect in PD. Several studies have indicated the sparing 

of dopaminergic neurons in the SN from death and PD associated pathology due to the 

Figure 10: Model of 𝛼𝛼-synuclein dysregulation. (A-B). (A) In a normal neuron 𝛼𝛼-
synuclein is degraded by the UPS or autophagy. Small amounts of 𝛼𝛼-synuclein are 
released via exocytosis. Extracellular 𝛼𝛼-synuclein can be endocytosed by nearby 
neurons and glia and degraded via the lysosomal pathway. (B) In a diseased neuron 
protein clearance pathways are hindered, resulting in increased amounts of extracellular 
𝛼𝛼-synuclein. After neighbouring cells endocytose extracellular 𝛼𝛼-synuclein, if protein 
clearance pathways are unable to degrade the endocytosed 𝛼𝛼-synuclein, aggregates 
form, contributing to the spread of 𝛼𝛼-synuclein aggregates (Lee et al., 2014). 
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presence of CB (German., 1992; Yamada et al., 1990). In align with this notion, it has 

been shown that CB mRNA is decreased in post-mortem examinations of PD brain tissue, 

reinforcing the importance of CB in neuronal survival. CB affinity for Ca (II) is 

approximately two times greater than 𝛼𝛼-synuclein, which signifies that CB could 

effectively decrease Ca (II) levels in the presence of various species of 𝛼𝛼-synuclein 

aggregates (Faas et al., 2011). 

 

3.5.2 Metallothionein 
 

Metallothionein (MT) is a cysteine rich, low molecular weight intracellular 

protein. MT exists in isoforms, MT-1/2 and MT-3. MT-1/2 are ubiquitously expressed 

throughout the body, conversely MT-3 is predominately located within the CNS. MT 

uptakes, transports and regulates levels of various metal ion levels, including copper. In 

addition to MT’s role in copper homeostasis, MT also scavenges ROS species and inhibits 

neurite growth. MT’s role in copper buffering has been demonstrated in MT knockout 

mice, where mice become susceptible to environmental stressors, including 

neurobehavioral effects related to copper exposure (Petro et al., 2016). In addition, Kelly 

& Palmiter (1996) demonstrated that MT-1/2 KO mice are more susceptible to copper 

toxicity. 

Research has identified that MT-3 is neuroprotective against proteostasis related 

neurodegenerative conditions, with findings demonstrating neuronal MT-3 and CSF 

copper levels to be decreased and increased in PD brain tissue, respectively (Okita et al., 

2017). Furthermore, it has been displayed that the upregulation of endogenous MT-3 can 

inhibit copper dependent 𝛼𝛼-synuclein aggregation in SH-SY5Y human neuroblastoma 

cells, which reinforces the neuroprotective effect of MT-3 (McLeary et al., 2018). In align 

with this notion, it has been observed that increased levels of MT-3 have a direct 

correlation with neuronal survival. 

3.6 Switching on Endogenous Metal Binding Proteins in 

Parkinson’s Disease  

 
3.6.1 Calcipotriol induction of Calbindin-D28k  
 

The first evidence of Ca (II) role in PD was demonstrated by Yamada et al. (1990) 

when dopaminergic neurons of the SN in PD brain tissue were spared when they 
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expressed the calcium buffering protein CB, suggesting  raised intraneuronal Ca (II)  is 

associated with dopaminergic neuronal death. In vitro studies have confirmed the causal 

link between raised Ca (II) on 𝛼𝛼-synuclein aggregate formation (Nath et al., 2011). In 

align with these studies Rcom-H’cheo-Gauthier et al. (2017) demonstrated that in vitro 

upregulation of the Ca (II) buffer CB inhibited 𝛼𝛼-synuclein aggregate formation. Taken 

together, these studies suggest CB has a protective effect in PD.  

 

Currently, there is a large interest in the upregulation of CB through 

transcriptional inducers such as Calcipotriol (CP), a vitamin-D analogue which has been 

approved by the Australian Register of Therapeutic Goods and Food and Drug 

Administration for long term use by children and adults suffering with psoriatic skin 

conditions. CP acts at the vitamin-D receptor to upregulate transcription of CB and has 

shown to prevent Ca (II) dependent 𝛼𝛼-synuclein aggregation. Research has demonstrated 

that CP causes a dose-dependent increase in CB and a subsequent decrease in 𝛼𝛼-synuclein 

aggregates in SH-SY5Y human neuroblastoma cells. Furthermore, the addition of CB 

specific siRNA to CP treated cells abolishes the neuroprotective effect, indicating that CP 

prevents 𝛼𝛼-synuclein aggregation via CB induction (Rcom-H'cheo-Gauthier et al., 2017).  

 

Utilising CB ability to buffer Ca (II) and decrease 𝛼𝛼-synuclein aggregation to 

potentially treat PD appears to be a promising method. Despite this, CNS CB levels have 

only been successfully upregulated in vivo after invasive surgical procedures, therefore 

non-invasive procedures are of interest (Inoue et al., 2019). Furthermore, one of the only 

alternatives to lower CNS Ca (II)  levels is through the use of anticonvulsants, which 

exhibit severe side effects. Therefore, the administration of calcipotriol via a non-invasive 

delivery route could serve as a promising method to decrease Ca (II) and treat PD.   

 

Despite this, recent clinical trials displayed that the calcium channel blocker 

Isradripine did not effectively treat PD (Simuni et al., 2020). This negative result does not 

necessarily abolish the linkage between raised calcium and PD, and therefore more 

research is needed to completely understand the link between raised calcium and PD in 

vivo. 

3.6.2 Dexamethasone induction of Metallothionein 

As discussed previously, MT-3 main functions include regulating intracellular 

copper levels and scavenging ROS species. As a result, several studies have demonstrated 
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the neuroprotective role of MT-3 against neurodegenerative conditions, including PD. 

MT-3 is thought to be neuroprotective by decreasing copper dependent 𝛼𝛼-synuclein 

aggregation and minimising oxidative stress within the neuron. As a result, upregulation 

of MT-3 could be a promising therapeutic option for PD. 

The glucocorticoid analogue Dexamethasone (DXN) is a drug approved by the 

Australian Register of Therapeutic Goods and Food and Drug Administration for the 

treatment of a variety of conditions. DXN upregulates MT-3 expression by acting at the 

MT gene promotor at the glucocorticoid response element (Karin et al., 1980). Recent 

work has shown that DXN inhibits copper-dependent 𝛼𝛼-synuclein aggregation by 

upregulating MT in SH-SY5Y human neuroblastoma cells (McLeary et al., 2018). DXN 

has also shown to be neuroprotective against MPTP in dopaminergic neurons of the SN 

in C57BL mice, as DXN minimised dopamine depletion, cell death and inflammation 

caused by MPTP (Kurkowska-Jastrzebska et al., 2004).  

 

3.7 Challenges faced with current treatment for Parkinson’s 
disease 

 As discussed previously, the use of L-DOPA is currently the most widely adopted 

treatment for PD patients. Despite this, dose dependent short and long-term side effects 

occur with L-DOPA use, which include dyskinesia, hypertonia and psychosis, which 

often outweigh the benefits associated with L-DOPA use (Fahn et al., 2004). The use of 

L-DOPA has been controversial due to the toxic effect it’s believed to have on 

dopaminergic neurons of the SN. This notion is based on current evidence which 

demonstrates the role of ROS in PD development. When excessive levels of DA are 

present outside synaptic vesicles, the DA is metabolised by monoamine oxidase which 

forms ROS. Therefore, it’s thought that increased DA due to prolonged use of L-DOPA 

increases ROS formation and accelerates the progression of PD (Smith et al., 2012).  In 

align with this, Fahn et al. (2004) conducted a randomised controlled trial where PD 

sufferers were administered various doses of L-DOPA or a placebo. Participants that 

received L-DOPA had the best Unified Parkinson’s Disease Rating Scale (UPDRS) of all 

groups at the conclusion of the 42-week trial, but also displayed the greatest loss in striatal 

dopamine-transporter density. This study reinforces the harmful long-term effects of L-

DOPA on PD.  
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DBS is another widely adopted approach to treating advanced-stage PD. DBS has 

demonstrated to ameliorate motor signs of PD, but have little to no effect on non-motor 

symptoms. As with all invasive brain surgeries, DBS has various risks, including stroke, 

haemorrhage, seizures, infection, device-related complications and death. With this in 

consideration, the surgery related adverse events often outweigh the potential benefits of 

DBS (Groiss et al., 2009).  

 Of concern, is that both L-DOPA and DBS merely ameliorate PD symptoms, and 

do not halt or reverse the progression of the condition. There is a need for a non-invasive 

treatment option for PD which targets the cause of PD, being protein aggregation, thereby 

slowing, halting or reversing the progression of the condition. The production of non-

invasive therapeutic agents that successfully inhibit protein aggregation in the CNS is 

challenging due to the BBB and interactions with the periphery. The presence of the BBB 

limits drug entry into the CNS and is currently a hurdle for approximately 95% of 

therapeutics in the drug development stages for CNS disorders. In order for molecules to 

pass the BBB they should be lipophilic, charged and have a molecular weight below 400 

Da in addition to several other physiochemical properties (Dong, 2018; Upadhyay, 2014). 

One major consequence of the BBB limiting drug entry into the CNS is that in order to 

achieve the desired amount of active drug in the CNS, large systemic doses are required, 

often resulting in side effects. The first pass effect worsens this problem. As a result, new 

delivery routes to the CNS that bypass the BBB and periphery is needed. 

3.7.1 Intranasal route of delivery to the CNS 

Current therapeutics used to treat CNS disorders which are delivered via 

conventional methods such as the oral and parental route have a limited brain 

bioavailability. This is mainly due to the presence of BBB and the first pass effect. As a 

result, patients requiring medical intervention for CNS disorders may need to undergo 

intracerebroventricular or intraparenchymal injections which are invasive, expensive and 

require surgical expertise which is not practical for CNS disorders which require regular 

dosing over an extended period of time. As a result, there is large emphasis on the nose 

to brain/intranasal delivery route to treat CNS disorders. The nose to brain route is an 

alternative drug delivery route to the CNS which bypasses the BBB and periphery, 

thereby mitigating current pharmacokinetic challenges and avoiding systemic side effects 

associated with conventional delivery routes.  
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Early research demonstrated that wheat-germ agglutinin conjugated to 

horseradish peroxidase delivered via the intranasal method was transmitted to the 

olfactory bulb in the CNS within 45 to 90 minutes (Balin et al., 1986). Subsequent studies 

have demonstrated promising results where intranasally delivered therapeutics have been 

transmitted to the CNS. The first breakthrough was when researchers observed 

improvements in memory and mood of participants after intranasal delivery of insulin, 

which has a poor pharmacokinetic profile when administered orally. Of note, the 

intranasal administration of insulin in this study did not alter blood glucose and plasma 

insulin levels which signifies the selective delivery to the CNS of this delivery route 

(Benedict et al., 2004). Furthermore, Thorne et al. (2004) demonstrated that intranasal 

administration of insulin-like growth factor-1 (IGF-1) was transmitted to the CNS in adult 

male Sprague-Dawley rats. Two routes of transmission were observed in this study, the 

first involved the olfactory nerve pathway transmitting IGF-1 to the olfactory bulb, rostral 

brain regions and the frontal cortex. The second route involved the trigeminal nerve 

pathway transmitting IGF-1 to the brainstem and spinal cord. Of note was that intranasal 

delivery of IGF-1 upregulated associated signalling pathways, suggesting molecules 

utilising the intranasal delivery route remain functionally active (de Souza Silva et al., 

2009; Thorne et al., 2004). 

In addition to insulin and IGF-1, several studies have displayed rapid transmission 

of various other molecules to the CNS after intranasal administration in rodents, which 

include cocaine and morphine (Chow et al., 1999; Westin et al., 2005). In addition to 

these smaller molecules, nerve growth factor (27.5kDa) is the largest therapeutic protein 

that has been transmitted to multiple brain regions via the olfactory route after intranasal 

administration (Chen et al., 1998). While many drugs have been successfully transmitted 

to the CNS via intranasal delivery, there are various drugs which do not display nose to 

brain (N2B) transmission. A group of researchers from Leiden University demonstrated 

that melatonin, vitamin B12, hydroxocobalamin and several other molecules are not 

directly transmitted to the CNS via the intranasal route (Van den Berg et al., 2003, 2004). 

As a result, an understanding of the pathways and mechanisms involved in drug 

transmission from N2B is required in order to advance in the field of intranasal delivery 

of therapeutics to treat CNS disorders. 
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3.7.2 Intranasal delivery route pathways and mechanism 
 

The average adult nasal cavity is 12-14cm long and 5 cm high, consisting of three 

distinct regions, the respiratory, vestibule and olfactory regions (Figure 11). The 

respiratory region, innervated by the trigeminal nerve, is located at the lateral parts of the 

nasal cavity, responsible for majority of the area of the nasal cavity. This region is highly 

vascularised and has a high mucociliary clearance. The vestibule region, located at the 

opening of the nasal cavity has a small surface area, but similar to the respiratory region 

has a high mucociliary clearance. Unlike the respiratory and vestibule region, the 

olfactory region, located at the upper part of the nasal cavity has a lower mucociliary 

clearance which is fundamental as this limit’s clearance of drug from this region and 

results in increased residence time of drugs. The olfactory nerves are responsible for 

innervation of the olfactory region.  

 

 

 

 

 

 

The nerve innovation of the olfactory and respiratory region is thought to play a 

role in N2B drug transmission, but the exact mechanism is not known. Despite this, 

research has displayed an involvement of the olfactory and trigeminal nerve pathways 

having a role in N2B drug transmission, with the former believed to have the predominate 

role. The olfactory pathway has been given the most attention due to the closer proximity 

with the cerebrospinal fluid and shorter nerve pathways.  

As discussed previously, various studies have observed their respective drugs to 

be in high concentrations within the olfactory bulb after intranasal administration. In 

support of this, it has been demonstrated that the intranasal administration of fluorescein 

dextran to the olfactory epithelium of the nasal cavity resulted in absorption to the 

olfactory bulb within 15 minutes (Jansson & Björk, 2002). Olfactory receptor neurons 

(ORNs) have a pivotal role in N2B transmission. The dendrites of ORNs are present 

Figure 11: Schematic and parameters of the nasal cavity (Tan et al., 2020). 
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within the olfactory epithelium and have axons which transverse through the cribriform 

plate of the ethmoid bone, passing through the subarachnoid space, terminating at the 

olfactory bulb (Dhuria et al., 2010) (Figure 12). The olfactory bulb then projects to 

multiple regions, including the anterior olfactory nucleus, hypothalamus and amygdala 

(Kandel, 2013). Due to ORNs having constant exposure with the external environment 

they have a regular turnover of approximately 30-90 days (Sultan-Styne et al., 2009). As 

a result, this likely causes the presence of immature Zonula occludens-1 tight junction 

proteins and P-glycoprotein efflux transporters, resulting in an increase in the 

permeability of the nasal barrier (Graff & Pollack, 2003; Miragall et al., 1994). Therefore, 

the regular turnover of ORNs likely has a pivotal role in N2B drug transmission (Mackay-

Sim & Kittel, 1991) 

 

 

 

 

 

 

 

In addition to the olfactory route,  the trigeminal nerve route also plays a role in 

N2B transmission, with the trigeminal nerve route terminating at caudal regions of the 

brain. Past research investigating N2B transmission of drugs often observe the presence 

of drug in caudal regions of the brain such as the cerebellum and brainstem, which 

suggests there is an involvement of the trigeminal route in N2B drug transmission (Banks 

et al., 2004). As discussed previously, the trigeminal nerve is responsible for the 

innervation of the respiratory region of the nasal cavity, but of note is that a small portion 

of the trigeminal nerve pathway innovates parts of the olfactory region and terminates at 

the olfactory bulb (Drake et al., 2020). This suggest that drug transmission to the olfactory 

bulb via the ORNs may be aided by the trigeminal pathway.  

Figure 12: Schematic of olfactory nerve pathway involved in nose to brain drug transmission. 
Bipolar olfactory receptor neurons terminate at the olfactory epithelium and olfactory bulb. The olfactory 
receptor neuron axons project cranially through the lamina propria and transverse through the cribriform 
plate of the ethmoid bone, giving rise to the connection between the nasal mucosa and the CNS (Dhuria et 
al., 2009; Haines, 2006)  
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Four main mechanisms of transmission via the olfactory and trigeminal nerves 

have been proposed. These include the intercellular, intracellular, transcellular and 

paracellular routes (Tan et al., 2020) (Figure 13). The intercellular route involves the 

transmission of drugs between the epithelial cells of the nasal cavity. The intracellular 

route involves the endocytosis of drug into the olfactory or trigeminal neurons which are 

then transmitted down the axons until the olfactory bulb or brain stem is reached, 

respectively. The olfactory nerves have demonstrated to endocytose molecules of a 

variety of size, such as aluminium lactate (294 Da) and wheat-germ agglutinin 

horseradish peroxidase (80 kDa) (Gänger & Schindowski, 2018). The transcellular route 

involves the drug passing through the epithelial layer of the nasal cavity through 

endocytosis and exocytosis. Lastly, the paracellular route involves drug diffusion along 

nerves. A limitation of drugs utilizing the intercellular, transcellular and paracellular 

routes is that there are surrounding blood vessels and lymphatics in the nasal cavity, 

resulting in systemic absorption of the drugs. In addition, drugs using the paracellular and 

intercellular routes must overcome tight junctions. As a result, the intracellular route is 

most favourable for N2B transmission. Drug transmission utilising the intracellular route 

has shown to take approximately 1.5 to 6 hours and 17 to 56 hours when being conveyed 

via the olfactory and trigeminal routes, respectively (Gänger & Schindowski, 2018). This 

difference between the olfactory and trigeminal routes is likely due to differences in 

neuronal diameter and length.  
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3.7.3 Relevant aspects to be considered for nose to brain drug 

transmission  

In order for N2B drug transmission to occur several factors regarding the nasal 

cavity and physiochemical properties of the drug need to be considered. The mucociliary 

clearance hinders N2B transmission of therapeutics, and therefore needs to be overcome. 

Intranasal formulations often have a low residence time in the nasal cavity, with studies 

observing administration of intranasal suspensions stimulating mucociliary clearance, 

resulting in the rapid removal from the nasal cavity within 15 to 30 minutes (Costa et al., 

2019). Of note, is that currently used intranasal suspensions and sprays used to treat CNS 

disorders all contain active drugs in the milligram range, suggesting that these 

formulations are not effectively nor selectively transmitting the drug of interest to the 

CNS, as drugs often only need to be within the microgram or nanogram range when 

treating CNS disorders. This suggests current formulations are being eliminated via 

mucociliary clearance. As a result, in order to effectively transmit the drug of interest to 

the CNS, formulations should exhibit mucosal-adhesive properties to counter mucociliary 

clearance.  

The physiological pH of the nasal cavity is between 5 to 6.8, therefore the pH of 

intranasal formulations should lie within this range to avoid mucosal irritation and 

stimulation of mucociliary clearance (Costa et al., 2019). Particular climates and nasal 

pathologies alter the physiological pH of the nasal cavity, which must be considered when 

designing intranasal formulations for various populations and patients (Arora et al., 2002; 

Kumar et al., 2016). 

Figure 13: Schematic of intracellular, intercellular, 
transcellular and paracellular routes involved in nose to brain  
drug transmission (Tan et al., 2020) 
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Molecular weight and solubility of a drug heavily influence the capability for N2B 

transmission (Pires et al., 2009). Small non-polar drugs easily cross the nasal mucosa 

compared to large polar drugs. Drugs with a molecular weight less than 300 Da are 

expected to be conveyed to the CNS with ease, conversely, drugs above this weight are 

thought to be hindered due to the presence of tight junctions in the nasal epithelium. The 

ability of a drug to pass the nasal epithelium with a molecular weight between 300 Da to 

1 kDa is heavily influenced on the solubility of the drug (Costantino et al., 2007). 

 

3.7.4 Limitations of nose to brain drug transmission 
 

As discussed previously, N2B drug transmission mitigates current 

pharmacokinetic challenges faced with conventional delivery routes, which include 

bypassing the BBB and interaction with the periphery. However, several limitations are 

still faced with N2B delivery. One major limitation addressed earlier is the removal of 

intranasal formulations due to mucocilary clearance. Current intranasal sprays such as 

Rhinocort® and Nasonex® exhibit shear-thinning systems, meaning they are less viscous 

under shear stress (spraying and shaking) which allows for easier administration, and 

undergo an increase in viscosity upon contact with the nasal mucosa to enhance residence 

time. Consequently, natural reflexes such as coughing, sneezing or respiration which 

cause shear stress and decrease viscosity of the formulations, enhance the elimination 

from the nasal cavity (Sharpe et al., 2003).  

 

In addition, intranasal administration of therapeutics carries the risk of harm to 

the nasal cavity. If formulations do not possess suitable physiochemical properties for 

intranasal delivery, irritation and damage occurs. As a result, formulations should be 

comprised of compounds which are non-toxic, unable to stimulate an immune response 

and possess relatively similar chemical properties to the nasal cavity. In order to avoid 

mucosal damage, the pH and administration volume of therapeutics to the nasal cavity 

should be within 5-6.8 and below 200 μL per nostril, respectively (Agrawal et al., 2018). 

Nevertheless, the N2B delivery method is a promising alternative for CNS drug delivery.  
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3.8 The use of mucosal-adhesive thermo-responsive soluble 
gels as a delivery vehicle for intranasal formulations 
 

As discussed earlier, several limitations exist with conventional intranasal 

delivery vehicles such as suspensions and sprays. Currently, mucosal-adhesive (muco-

adhesive) thermo-responsive soluble gels (sol-gels) are receiving considerable amount of 

attention as a new delivery vehicle as it overcomes limitations faced by conventional 

delivery vehicles. Sol-gels can be comprised of a variety of constituents depending on the 

application, but in general sol-gels contain a muco-adhesive and thermo-responsive agent, 

in addition to an active drug.  

Sol-gels overcome the elimination problem from the nasal cavity faced by 

conventional intranasal delivery vehicles by employing the use of muco-adhesive agents 

which allow effective adherence to the nasal mucosa. Upon contact with the nasal mucosa, 

the presence of the muco-adhesive agents enhances residence time. Moreover, it has been 

demonstrated that administration of formulations with muco-adhesive agents have a 

higher CNS-to-serum ratio of drug compared to formulations without muco-adhesive 

agents, indicating the importance of muco-adhesive agents for nasal mucosa residency 

(Tan et al., 2020). The muco-adhesive property of sol-gels also overcomes the shear-

thinning dependent removal experienced by many intranasal delivery vehicles when 

natural reflexes such as sneezing and coughing occur.  

In addition, the presence of thermo-responsive agents alters the viscosity of the 

sol-gels at different temperatures. Sol-gels possess a gelation temperature where if 

exceeded, the sol-gel transitions from a soluble liquid to a viscous gel, which is a 

reversible process. The gelation temperature can be altered and set at the nasal mucosa 

temperature, therefore causing the sol-gel to have different properties at ambient and 

nasal mucosa temperature. Consequently, the thermo-responsive sol-gels exist as a 

soluble liquid at ambient temperature allowing for ease of administration and access to 

the narrow parts of the nasal cavity (Gänger & Schindowski, 2018). Once the sol-gel 

makes contact with the nasal mucosa, the higher temperature results in a rapid viscosity 

increase, which hinders cilia function and minimises mucociliary clearance, thereby 

working synergistically with the muco-adhesive agent to enhance residence time 

(Grassin-Delyle et al., 2012). The muco-adhesive and thermo-responsive agents used in 

sol-gels are derived from natural polymers which are non-toxic and safe for intranasal 
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administration. Cytotoxicity studies have been conducted with DXN containing polymer-

based sol-gels on human nasal mucosa tissue which observed no toxicity (Pandey et al., 

2019). Despite this, no literature has analysed the effects of polymer-based sol-gels on 

surrounding tissue such as oesophageal and lung tissue. 

Another unique property sol-gels exhibit is sustained release of drug. Compared 

to the rapid drug release profile of suspension and sprays, sol-gels exhibit a steady release 

of drug. Drug release and cytotoxicity studies have been conducted on human nasal 

mucosal tissue that has had DXN containing sol–gel applied, with results indicating a 

sustained release of DXN and no associated cytotoxicity (Pandey et al., 2019) (Figure 14). 

CNS disorders which effect cognitive function often result in low compliance of 

prescribed drug regime. This sustained releasing property of sol-gels removes the need 

for a high compliance by patients as less frequent dosing would be required compared to 

conventional drug vehicles. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

3.8.1 Thermo-responsive Poloxamer-407 use in soluble gels 
 

Poloxamers are thermo-responsive amphiphilic polymers that are commonly used 

in the development of in-situ gelling systems. Poloxamers are ABA-type triblock 

copolymers which consist of a hydrophobic polyoxypropylene (POP) core situated 

Figure 14: DXN deposition by thermo-responsive and 
muco-adherent polymer base sol-gel. Sustained release of 
DXN was exhibited by the sol-gel in the human nasal mucosal 
tissue over 8 hours (Pandey et al., 2019).  
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between two hydrophilic polyoxyethylene (POE) units (Giuliano et al., 2018) (Figure 15). 

Poloxamers have varying characteristics which is dependent on the length and ratio of the 

POP and POE chains. 

 

There is currently large interest in the thermo-responsive property of poloxamers 

and its use in nasal, oral, ophthalmic, rectal and vaginal drug formulations. The 

temperature dependent gelling of poloxamers is due to the self-assembly into micelles 

when in an aqueous solution. Micellization depends on the critical micelle concentration, 

which is the concentration of poloxamer required to form micelles. The amount of POP 

units is inversely proportional to the critical micelle concentration, indicating the pivotal 

role of the POP chain on the micellization process (Alexandridis et al., 1994). Therefore, 

poloxamers with varying POP lengths have different temperatures at which micellization 

and subsequent gelation occurs. The temperature at which micellization occurs is termed 

the gelation temperature (Tsol/gel) which is a reversible process. A poloxamer dissolved in 

an aqueous solution at temperatures above its respective Tsol/gel will exist as a gel, 

conversely at temperatures below the Tsol/gel the poloxamer exists as a liquid (Figure 16). 

 

At temperatures below the Tsol/gel, a hydration layer surrounds the poloxamer 

resulting in a liquid state. As the temperature is raised towards the Tsol/gel the POE chains 

become desolvated, resulting in the breakage of hydrogen bonds between the solvent and 

the POE chains. This process allows hydrophobic interactions between the POP chains, 

resulting in increased chain friction, entanglement and subsequent gelation (Figure 16) 

(Escobar-Chavez et al., 2006).  

 

Poloxamer-407 (P407) is a poloxamer that is comprised of one 56 repeat POP 

block situated between two 101 repeat POE blocks (Figure 15). 70% of P407 is made up 

of POE, resulting in a high hydrophilicity and solubility of P407 (Fakhari et al., 2017). 

P407 is a non-ionic poloxamer which has displayed sustained drug release properties, low 

toxicity, and high solubilising capacity, consequently there is large interest in P407 and 

its role in pharmaceutical formulations. The sustained drug release property of sol-gels is 

due to the presence of P407. It has been demonstrated that the introduction of P407 into 

various formulations containing drugs such as lidocaine results in a sustained release of 

the drug (Ricci et al., 2002). 
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Figure 15: Chemical structure and schematic representation of 
Poloxomer-407. Micelle core (red) is comprised of POP units, and the 
outer regions are formed by POE units (Giuliano et al., 2018). 
 
 
 
 
 

Figure 16: Illustration of gelation process of thermo-responsive Poloxomer-407 
aqueous solution. Upon administration at lower temperatures (TRoom) Poloxomer-407 
exists as an aqueous solution. When temperature rises (TBody), hydrogen bonds between 
the aqueous solution and polymer break, allowing hydrophobic interactions between the 
POP units, stimulating the micellization process, and subsequent gelation of Poloxomer-
407 (Giuliano et al., 2018). 
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3.8.2 Mucosal-adhesive Carbomer-934P in soluble gels 
 

Various muco-adhesives can be employed for in-situ gelling systems for 

intranasal delivery to minimise mucociliary clearance, thereby enhancing nasal mucosa 

residence time. Sol-gels containing muco-adhesives overcome the displacement from the 

nasal mucosa seen with conventional shear-thinning formulations which undergo a 

decrease in viscosity upon shear stress and leak into the oesophagus. Muco-adhesive 

agents used in intranasal formulations often act by binding to the negatively charged 

mucins present on the apical surface of nasal epithelial cells. 

 

Muco-adhesives are often derived from natural poly(acrylic acid) polymers such 

as Carbomer-934P. Studies have indicated that Carbomer-934P (C934P) possesses the 

highest degree of muco-adhesiveness compared to other poly(acrylic acid) polymers 

(Tamburic & Craig, 1995). The presence of C934P has shown to stimulate the 

micellization process of P407 by forming strong cross-linking bonds with P407, thereby 

decreasing the Tsol/gel. 

 

  C934P is a high molecular weight polymer which is commonly utilised as a muco-

adhesive additive in P407 formulations (Balakrishnan et al., 2015). Several studies have 

demonstrated that when C934P is present within P407 based sol-gels, the gel strength and  

drug release is increased compared to sol-gels with P407 alone (Balakrishnan et al., 2015; 

Mura et al., 2018). Intranasal delivery of drugs dissolved in P407 and C934P based sol-

gels is of large interest due to the benefits over conventional intranasal delivery vehicles 

due to the thermo-responsive property, sustained drug release profile and muco-adherent 

properties (Giuliano et al., 2018). 

 

3.8.4 Rheological parameters of soluble gels  

Two important rheological parameters to consider when formulating sol-gels is 

the viscosity and gelation temperature/Tsol/gel. Both of these parameters are influenced by 

the concentration of P407 and C934P contained within a sol-gel. 

Several studies have described P407 based sol-gels to have non-Newtonian 

pseudoplastic shear thinning behaviour above its Tsol/gel, where the sol-gel undergoes a 

decrease in viscosity in response to shear stress, similar to currently used intranasal 

formulations such as Rhinocort® and Nasonex® (Baloglu et al., 2011; Ricci et al., 2002). 
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This property facilitates the flow of the sol-gel through the nasal cavity. At temperatures 

below the Tsol/gel, P407 based sol-gels are considered to be Newtonian fluids where the 

viscosity is no longer affected by shear stress, instead only being impacted by changes in 

temperature and pressure, with the former playing a larger role in intranasal 

administration of sol-gels. The viscosity of sol-gel formulations should be optimized to 

minimise drug elimination and enhance residence time at the nasal mucosa by disrupting 

mucociliary clearance. The viscosity must also not be excessive as this may prevent drug 

diffusing out of the sol-gel (Tan et al., 2020). As a result, viscosity of sol-gel formulations 

should lie within 0.4-1 Pa.s at 34℃. 

When small oscillating strains are applied to sol-gels two dynamic moduli are 

obtained, termed the storage modulus (G′) and loss modulus (G′′) which represent the 

elasticity and viscous components of the sol-gel, respectively (Ricci et al., 2002). P407 

dissolved in aqueous solutions undergo constant entanglements, but there is often 

sufficient time for the polymer to untangle during a single oscillation, if so, the loss 

modulus will be greater than the storage modulus (G″ > G′) (Baloglu et al., 2011). As 

temperature increases while still being below the Tsol/gel, due to the sol-gel being a 

Newtonian fluid in this temperature range, the viscosity is altered due to the changes in 

temperature. This viscosity change is evident through the polymer chains now taking 

longer to untangle. The temperature at which the polymer is unable to untangle within a 

single oscillation is considered the Tsol/gel, where the transition from a soluble liquid to a 

viscous gel has occurred (Ikeda & Nishinari, 2001). The Tsol/gel is represented by the 

storage modulus becoming greater than the loss modulus (G′ > G″). Above the Tsol/gel both 

the storage and the loss modulus plateau as the viscosity of the sol-gel no longer responds 

to changes in temperature, reinforcing the non-Newtonian behaviour of P407 based sol-

gels above their respective Tsol/gel (Harding, 1994). Studies formulating polymer-based 

sol-gels for intranasal delivery aim to have Tsol/gel in the range of 25°C to 34°C 

(Balakrishnan et al., 2015). Therefore, below 25°C the sol-gel would exist as a liquid to 

avoid difficulties with intranasal administration, and upon contact with the nasal cavity 

at 34°C, the sol-gel would exist in a gel state. 
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3.8.3 Nanobead use in soluble gels 

Nanomedicine is a branch of medicine that utilises nanoparticles to enhance 

delivery of drugs in a sustained manner, target drugs to specific sites and enhance 

absorption of lipophilic drugs, consequently increasing bioavailability of drugs (Muthu 

et al., 2016; Tan et al., 2020). Polymer-based nanoparticles are commonly used in 

nanomedicine. Researchers have begun introducing nanoparticles into polymer-based 

formulations to aid with drug delivery. The use of nanoparticles in a polymer based 

vehicle have been successfully used to selectively deliver drugs to specific cellular 

locations in vitro and in vivo (Farokhzad et al., 2006). Polymeric nanoparticles have the 

ability to form various structures with drugs, which contributes to nanoparticles ability to 

dissolve relatively insoluble drugs (Figure 17).  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17: Structures of various interactions between drugs and polymeric 
nanoparticles (Tan et al., 2020). 
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4.0 Aim & Objectives  

As previously discussed, raised intraneuronal levels of Ca (II) and Cu (I)/(II) 

stimulate the aggregation of the pre-synaptic protein α-synuclein, consequently 

promoting Lewy Bodies formation and the progression of PD. Current treatments for PD 

such as dopamine therapy and deep brain stimulation do not slow or stop the progression 

of the disease. The upregulation of CB and MT via Calcipotriol and Dexamethasone have 

both been linked to SH-SY5Y neuronal survival in vitro by decreasing intraneuronal 

levels of Ca (II) and Cu (I)/(II) which normally promote α-synuclein aggregate formation, 

respectively. As a result, CB and MT have been proposed as targets to treat PD.  

The presence of the first-pass effect and BBB complicates therapeutic delivery to 

the CNS, as a result, there is large focus on the N2B delivery route as a method to deliver 

drugs to the CNS. Conventional intranasal delivery vehicles such as sprays and 

suspensions are often cleared within minutes due to stimulation of mucociliary clearance 

and lack of mucosal adherent properties. As a result, researches are utilising thermo-

responsive, muco-adhesive and sustained-releasing properties of in-situ gelling systems 

as a new intranasal delivery vehicle for CNS drug delivery. 

The overall objective for this study was to develop polymer-based sol-gels 

containing CP and DXN that possessed optimum viscosity, Tsol/gel and drug release 

properties for intranasal delivery and N2B drug transmission. After sol-gels were 

formulated, administration of the sol-gels to SH-SY5Y human neuroblastoma cells was 

conducted in order to determine whether CP and DXN within the sol-gels was 

functionally active and could effectively upregulate CB and MT, respectively. As such, 

the specific aims of this project were: 

 

Aim one: Formulate CP and DXN P407/C934P based sol-gels with optimum 

rheological and drug release properties for intranasal delivery. 

 

Sol-gels were formulated under the supervision of Dr Harenda Parekh at 

Pharmacy Australia Centre of Excellence (PACE) in Brisbane. A DHR-3 rheometer (TA 

Instruments, New Castle, DE, USA) was used to determine the viscosity and Tsol/gel of the 

sol-gels. Continuous adjustments were made to the concentrations of P407 and C934P 

in order to obtain sol-gels with optimum rheological parameters. Once a CP and DXN 

sol-gel with optimum properties for N2B delivery was obtained, drug release studies were 
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conducted. The sol-gels underwent a 72-hour drug release study using a vertical Franz 

diffusion apparatus (Logan instruments, Somerset, NJ, USA) and Reversed-Phase High-

performance liquid chromatography (RP-HPLC) to analyse CP and DXN drug release of 

both sol-gels.  

 

Aim two: To investigate whether CP and DXN containing P407/C934P based sol-

gels can significantly upregulate cytoplasmic CB and MT expression in SH-SY5Y human 

neuroblastoma cells, respectively. 

The sol-gels formulated as part of aim 1 were administered to SH-SY5Y human 

neuroblastoma cells. Confocal immunofluorescence microscopy was performed using an 

Olympus FV1000 laser confocal microscope to determine whether the sol-gels could 

significantly upregulate cytoplasmic CB and MT expression.  

 

 

 

 

 

 

 

 

 

 

 

 

 



Development of Polymer-based Sol-Gel Therapeutics for Parkinson's Disease 

 

50 

5.0 Hypotheses 
 

Aim one: Formulate CP and DXN P407/C934P based sol-gels with optimum 

rheological and drug release properties for intranasal delivery. 

 

First Hypothesis  

Is the viscosity of the sol-gels suitable for intranasal delivery? 

 

Ho = The sol-gel viscosity is not suitable for intranasal delivery. 

H1 = The sol-gel viscosity is suitable for intranasal delivery. 

 

Second Hypothesis  

Is the gelation temperature of the sol-gels suitable for intranasal delivery? 

 

Ho = The sol-gel gelation temperature is not suitable for intranasal delivery. 

H1 = The sol-gel gelation temperature is suitable for intranasal delivery. 

 

Third Hypothesis  

Is there sufficient drug release by the sol-gels? 

 

Ho = There is not sufficient drug release by the sol-gels. 

H1 = There is sufficient drug release by the sol-gels. 

 

 

Aim two: To investigate whether CP and DXN containing P407/C934P based 

sol-gels can significantly upregulate cytoplasmic CB and MT  in SH-SY5Y human 

neuroblastoma cells, respectively. 

 

First Hypothesis  

Can the DXN sol-gel significantly upregulate cytoplasmic MT expression in SH-SY5Y 

human neuroblastoma cells? 

 

H0 = The DXN sol-gel does not significantly upregulate cytoplasm MT expression 

in SH-SY5Y cells. 
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H1 = The DXN sol-gel significantly upregulates cytoplasm MT expression in SH-

SY5Y human neuroblastoma cells. 

 

Second Hypothesis  

Can the CP sol-gel significantly upregulate cytoplasmic CB expression in SH-SY5Y 

cells? 

 

H0 = The CP sol-gel does not significantly upregulate cytoplasmic CB expression in 

SH-SY5Y cells. 

 

H1 = The CP sol-gel significantly upregulates cytoplasmic CB expression in SH-

SY5Y cells. 
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6.0 Significance 

PD is the second most common neurodegenerative disorder. The prevalence of PD is 

currently 1% and 3% among individuals aged between 65-69 and 80+ respectively. In 

light of this, it has been reported that with increases in life expectancy, both incidence 

and prevalence of PD are predicted to increase by 30% by the year 2030 (Chen et al., 

2001; Kouli et al., 2018). 

The financial burden on Australia due to PD is approximately $10 billion per year, 

and expected to grow. In addition to economic implications, due to the devastating nature 

of PD, it has a large burden on patients, families and the health care system. Due to there 

being no treatment currently available that can prevent, stop or reverse the condition, the 

burden of PD continues to grow. An effective treatment option for PD would not only 

minimise the financial burden of PD, but also the burden on society. Currently one of the 

only accepted treatment options is the use of L-DOPA which ameliorates symptoms in 

the short-term, but is believed to enhance the progression of the condition in the long-

term, worsening the overall prognosis. Alternatively, invasive surgical procedures are 

available for patients with advanced stages of PD but have a varying efficacy and no 

positive impact on non-motor symptoms. 

Research has indicated that genetic, environmental and sporadic forms of PD often 

result due to the dysfunction of proteostasis, resulting in the development of LB. The 

major constituent of LB is the pre-synaptic protein α-synuclein. Research has 

demonstrated that raised intraneuronal levels of metal ions such as Ca (II) and Cu (I)/(II) 

stimulate α-synuclein aggregation, suggesting a causal link between raised metal ions and 

PD. Furthermore, research has demonstrated the neuroprotective role of Ca (II) and Cu 

(I)/(II) buffering proteins, CB and MT, respectively (McLeary et al., 2018; Yamada et al., 

1990). There is currently large interest in utilising metal ion binding proteins as appose 

to surgical procedures or dopaminergic therapy for the treatment of PD. The introduction 

of the transcriptional inducer CP has shown to effectively upregulate CB and spare 

dopaminergic neurons from death, but only after invasive surgical means (Inoue et al., 

2019). Nonetheless, transcriptional inducers of metal ion binding proteins show promise. 

Non-invasive treatment options with high efficacy which can either prevent, stop or 

reverse PD is needed. Unfortunately, the delivery of drugs to the CNS, including 

transcriptional inducers is challenging due to the BBB and first pass effect. As a result, 
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the N2B drug delivery method has been proposed as an alternative to convey drugs to the 

CNS, with various studies displaying efficacy of N2B drug transmission (Chow et al., 

1999; Westin et al., 2005). N2B drug transmission is believed to involve the olfactory and 

trigeminal nerve pathways as drug deposits have been found in the olfactory bulb, anterior 

olfactory nucleus, hypothalamus, amygdala and caudal regions of the brain such as the 

brain stem and cerebellum after intranasal drug administration. Despite this, conventional 

intranasal delivery vehicles such as suspensions and sprays are rapidly eliminated from 

the nasal cavity due to lack of mucosal adherence. The use of polymer based in-situ 

gelling systems which are thermo-responsive, muco-adhesive, non-toxic and possess 

slow drug releasing properties are of large interest as delivery vehicles to transmit drugs 

from the nasal cavity to the CNS as they overcome the limitations faced with suspensions 

and sprays.  

In theory, intranasal delivery of CP and DXN containing polymer-based sol-gels 

could be conveyed to the CNS via the olfactory and trigeminal routes and promote 

cytoplasmic CB and MT expression, respectively. If successful, these drug formulations 

may serve as a potential treatment for PD. Furthermore, due to the sustained drug 

releasing properties of the sol-gels, less frequent dosing would be required which 

overcomes drug compliance problems faced by patients with CNS disorders. At the least, 

this treatment option may convey CP and DXN to the olfactory bulb and minimise α-

synuclein aggregate pathology in this region, thereby treating hyposmia seen in PD which 

arises due to olfactory nerve degeneration in the prodromal stage of the condition.  
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7.0 Material and methods  
 

All experiments were conducted in triplicates. 

7.1 Objective 1 method 
 
7.1.1 Preparation of sol-gels  
 

A step wise process was followed in order to develop sol-gels with optimum 

properties. Firstly, a ratio of Poloxamer-407:Carbomer-934P  was determined that had 

optimum rheological properties for intranasal delivery. Once achieved, either DXN or CP 

was introduced into the sol-gels. 

7.1.1.1 Poloxamer-407 + Carbomer-934P sol-gel preparation 
 

Poloxamer-407 and Carbomer-934P were added to cold milli-Q water (4–8°C) 

simultaneously. Formulations were then stored for 48 hours at 2–8 °C mixing at 400rpm. 

Formulations were then adjusted to pH 5.5 (Lab Chem pH meter-Brendale, QLD, 

Australia) with 0.1M Acetic Acid or 0.1M NaOH and made up to 10 grams with cold 

Milli-Q water (4–8 °C) and stored for 48 hours at 2–8 °C. 

7.1.1.2 Poloxamer-407 + Carbomer-934P + Dexamethasone sol-gel preparation 
 

Poloxamer-407 and Carbomer-934P  were added to cold milli-Q water (4–8 °C) 

simultaneously. Formulations were then stored for 4 hours at 2–8 °C mixing at 400rpm. 

Required amounts of Dexamethasone was then added to the formulation and mixed at 

400rpm at 2–8 °C for 24 hours. Formulations were then adjusted to pH 5.5 (Lab Chem 

pH meter-Brendale, QLD, Australia) with 0.1M Acetic Acid or 0.1M NaOH and made 

up to 10 grams with cold Milli-Q water (4–8°C) and stored for 72 hours at 2–8 °C. 

 

One Dexamethasone sol-gel was developed, P15.5/C0.3/DXN (table 2). 

 

7.1.1.3 Poloxamer-407 + Carbomer-934P + Calcipotriol sol-gel preperation 
 

Poloxamer-407 and Carbomer-934P were added to cold milli-Q water (4–8 °C) 

simultaneously. Formulations were then stored for 4 hours at 2–8 °C mixing at 400rpm. 

Required amounts of Calcipotriol or Calcipotriol nanobeads was then added to the 

formulation and mixed at 400rpm at 2–8 °C for 24 hours. Formulations were then adjusted 
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to pH 5.5 (Lab Chem pH meter-Brendale, QLD, Australia) with 0.1M Acetic Acid or 

0.1M NaOH and made up to 10 grams with cold Milli-Q water (4–8°C) and stored for 72 

hours at 2–8 °C. 

 

Two Calcipotriol sol-gels were  developed, P15/C0.3/CP0.5 & P15.5/C0.3/CP, 

with the former containing CP infused nanobeads (table 2). 

 

7.1.2 Rheological measurements of sol-gels  
 

Storage modulus (G′), loss modulus (G″) and dynamic viscosity (ŋ′) were 

determined for each sol-gel.  

 

The three parameters above allowed the gelation temperature and dynamic 

viscosity of each formulation to be determined. Optimum gelation temperature and 

viscosity of sol-gels suitable for intranasal delivery was deemed between the ranges of 

25-34℃  and 0.4-1 Pa.s at 34℃ , respectively. These rheological parameters were 

determined using a DHR-3 rheometer (TA Instruments, New Castle, DE, USA) with a 40 

mm diameter parallel plate geometry and a standard gap size of 200 μm. Data collection 

and calculations were performed using TRIOS software.  

 

To determine gelation temperature, oscillation temperature ramp measurements 

were performed with a fixed frequency of 1 Hz and a heat rate of 5 °C/min between the 

ranges of 8°C-37°C. Aliquots of the sol-gel stored on ice were loaded onto the rheometer 

platform via a transfer pipette. Before the rheometer began the analysis the sol-gels were 

equilibrated to the starting temperature for 120 seconds. The gelation temperature was 

determined by examining the storage modulus and loss modulus. Two criteria were 

established in order to determine the gelation temperature. The temperature when both 

criteria were satisfied was deemed the gelation temperature.  The two criteria were as 

follows: 

 

1. Storage modulus (G′) > loss modulus (G′′) 

2. Storage modulus (G′) > 500 Pascals 

 

To determine the dynamic viscosity of the formulations, flow temperature ramp 

measurements were performed with a fixed velocity of 10 rad/s, shear rate of 1000 1/s 
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and a heat rate of 5 °C/min between the ranges of 8°C-37°C. Aliquots of the sol-gel stored 

on ice were loaded onto the rheometer platform via a transfer pipette. Before the 

rheometer began the analysis the sol-gels were equilibrated to the starting temperature for 

120 seconds.  

 

 

7.1.3 Drug release of sol-gels 
 

The Dexamethasone and Calcipotriol formulations which had optimum 

rheological properties underwent a drug release study. Drug release was assessed using a 

Vertical Franz Diffusion Apparatus (Logan instruments, Somerset, NJ, USA). A Snake 

skin dialysis membrane (Thermo scientific, Rockford, USA) with a 3.5 kDa molecular 

weight cut off was employed. The dialysis membrane separated the donor and recipient 

compartments. Each drug release study had 4 cells (4 donor & recipient compartments) 

running simultaneously for 72 hours. The 4 cells of the Franz Diffusion Apparatus were 

held constant at 34±1°C. At regular time intervals (0, 0.5, 1, 2, 4, 6, 8, 24, 48 & 72 hours) 

0.5 mL of fluid was collected from the recipient compartment. Immediately after, the 

recipient compartment was replaced with 0.5 mL of fluid. Each collection from the 

recipient compartment was immediately stored at -80°C until analysed via RP-HPLC. 

7.1.3.1 Dexamethasone drug release 
 

For the DXN drug release study the recipient compartments contained 12 mL of 

simulated nasal fluid (SNF; KCl 1.29 mg/mL, NaCl 7.45 mg/mL, CaCl2·2H2O 0.32 

mg/mL, adjusted to pH 5.5 with 0.1 M CH3OOH/0.1 M NaOH). The first donor 

compartment contained 2 mL of 1-day old P15.5/C0.3/DXN, the second donor 

compartment contained 2 mL of 2-week old P15.5/C0.3/DXN, the third donor 

compartment contained 1 mL of Dexamethasone 0.05% w/w in water (positive control), 

and the fourth donor compartment contained 1 mL of P15.5/C0.3 (negative control).  

 

The recipient fluid obtained from the Vertical Franz Diffusion Apparatus from 

each time point was analysed using a RP-HPLC system (Shimadzu, Kyoto, Japan). The 

RP-HPLC system was equipped with a low pressure quaternary gradient pump along with 

a dual wavelength UV detector (at 242 nm), auto sampler (20 μL injection volume) and 

column oven (maintained at 23 °C). A VisionHT C18 column (250 mm, ID: 4.6 mm, 

particle size 5 μm) was employed for the analysis. The mobile phase consisted of 
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methanol: water in a ratio of 65:35 v/v, with a flow rate of 1 mL/min. Maximum pressure 

was set at 3000psi. The calibration curve ranged from 100 μg/mL – 0.5 μg/mL (r2 = 0.998).  

The chromatographic data was processed using LC solution 1.24 SP1 software. The 

retention time of Dexamethasone was 5.1 minutes, devoid of other peaks. The limit of 

detection (LOD) was 0.05 μg/mL. 

7.1.3.2 Calcipotriol drug release   
 

For the Calcipotriol drug release study, the recipient compartments contained 12 

mL of SNF:ethanol 50:50. The first donor compartment contained a 1 mL of 1-day old 

formulated P15/C0.3/CP0.5, the second donor compartment contained 1 mL of 2-week 

old P15/C0.3/CP0.5, the third donor compartment contained 1 mL of CP nanobeads (CP 

= 0.005% w/w) in Milli-Q water (positive control), and the fourth donor compartment 

contained 1 mL of P15/C0.3 (negative control).  

 

The recipient fluid obtained from the vertical Franz diffusion apparatus from each 

time point was analysed using a RP-HPLC system (Shimadzu, Kyoto, Japan). The RP-

HPLC system was equipped with a low pressure quaternary gradient pump along with a 

dual wavelength UV detector (at 264 nm), auto sampler (20 μL injection volume) and 

column oven (maintained at 23 °C). A Phenomenex Luna C18 column (250 mm, ID: 4.6 

mm, particle size 5 μm) was employed for the analysis. The mobile phase consisted of 

methanol:water in a ratio of 80:20 v/v, with a flow rate of 1 mL/min. Maximum pressure 

was set at 3000psi. The calibration curve ranged from 50 μg/mL – 0.05 μg/mL (r2 = 0.998). 

The chromatographic data was processed using LC solution 1.24 SP1 software. The 

retention time of Calcipotriol was 5.6 minutes, devoid of other peaks. The LOD was 0.05 

μg/mL 
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7.2 Objective 2 method 
 
 
7.2.1 Cell culture 
 

SH-SY5Y human neuroblastoma cells (CRL-2266; ATCC, Manassas, VA, USA) 

were seeded at 20,000 cells/well in 24 well plates on 10mm glass coverslips. Cells were 

incubated for 24 hours at 37°C with 5% CO2 in 1 mL of 10% FBS, 89% Hams 

DMEM:F12 (Invitrogen) and 1% Strep/Penicillin prior to drug treatment.  

 

7.2.2 Drug treatments  

7.2.2.1 Dexamethasone sol-gel treatment 
 

Prior to treatment, the 24-well plate was placed on a 40°C heat pack to ensure 

gelation of sol-gel upon contact with cells. Media was removed and SH-SY5Y cells were 

incubated in the presence of 1 μL of P15.5/C0.3/DXN (treatment) or 1 μL P15.5/C0.3 

(negative control) or 1 mL of medium supplemented with 25 μM DXN (positive control) 

all for 20 minutes at 37℃ with 5% CO2. All wells that were incubated with sol-gels had 

fresh media added after the application of the sol-gels. After incubation, media was 

removed and washed twice with 24℃ phosphate buffered saline (PBS). Cells were then 

fixed.  

7.2.2.2 Calcipotriol sol-gel treatment  
 

Prior to treatment, the 24-well plate was placed on a 40°C heat pack to ensure 

gelation of sol-gel upon contact with cells. Media was removed and SH-SY5Y cells were 

incubated in the presence of 1 μ L of P15/C0.3/CP0.5 (treatment), P15.5/C0.3/CP 

(treatment), P15/C0.3 (negative control) or P15.5/C0.3 (negative control) or 1 mL of 

medium supplemented with 5 μM CP (positive control) for 30 minutes or 1 hour at 37℃ 

with 5% CO2. All wells that were incubated with sol-gels had fresh media added after the 

application of the sol-gels. After incubation, media was removed and washed twice with 

24℃ PBS. Cells were then fixed.  
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7.2.3 Immunohistochemistry/histology staining  

7.2.3.1 Metallothionein staining 

Cell fixation was carried out with (3:1) methanol/acetone for 10 minutes followed 

by PBS wash. Cells were blocked with 20% NHS in PBS for 30 minutes, followed by 

PBS wash. 200 μL of mouse anti-MT (Dako) antibodies diluted 1:200 with 1% NHS/PBS 

were used for immunostaining and incubated overnight at room temperature, then washed 

three times with PBS prior to incubation with 200 μL Alexa Fluor 647 (AF647) 

conjugated donkey anti-mouse antibodies (Invitrogen) diluted 1:200 with 1% NHS/PBS 

for 1 hour in the dark. Cells were then washed three times with PBS in the dark. 

Coverslips were then mounted onto microscope slides using DAPI Pro-long gold 

mounting medium (Life Technologies, Australia), sealed, and stored in the dark at 4 °C. 

Minimal non-specific staining was observed without primary antibody.  

7.2.3.2 Calbindin-D28k staining 

Cell fixation was carried out with (3:1) methanol/acetone for 10 minutes followed 

by PBS wash. Cells were blocked with 20% NHS in PBS for 30 minutes, followed by 

PBS wash. 200 μL of rabbit anti-CB (CB38; Swant, Marly, Switzerland) antibodies 

diluted 1:100 with 1% NHS/PBS were used for immunostaining and incubated overnight 

at room temperature, then washed three times with PBS prior to incubation with 200 μL 

AF647 conjugated goat anti-rabbit antibodies (Invitrogen) diluted 1:100 with 1% 

NHS/PBS for 1 hour in the dark. Cells were then washed three times with PBS in the dark. 

Coverslips were then mounted onto microscope slides using DAPI Pro-long gold 

mounting medium (Life Technologies, Australia), sealed, and stored in the dark at 4 °C. 

Minimal non-specific staining was observed without primary antibody.  

7.2.4 Confocal immunofluorescence microscopy analysis 

Immunostained coverslips were imaged using an Olympus FV1000 laser confocal 

microscope system. Captured images were false-coloured, cropped, and exported using 

the Olympus FV-ASW 2.0 Viewer software. Positive control slides were imaged first to 

set microscope settings (laser voltage, electronic gain and offset) to appropriate levels. 

Slides were examined under the ×60 oil immersion objective. DAPI and AF647 were 

imaged together, on separate channels.  
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For each coverslip treated with sol-gel, a standard pattern of 4 60x fields of view 

were imaged from the central region of the coverslip where the sol-gel had direct contact 

with the cells, and a standard pattern of 4 60x fields of view were imaged from the 

peripheral region of the coverslip where the sol-gel did not contact the cells (Figure 27). 

Coverslips incubated without the presence of sol-gel had a standard pattern of 4 60x fields 

of view imaged. All images were de-identified. 

7.2.4.1 Cytoplasmic Metallothionein and Calbindin-D28k immunofluorescence 

quantification 

Cytoplasmic Metallothionein and Calbindin-D28k expression was quantified by 

examining immunofluorescence intensity from each coverslip. ImageJ was used to 

calculate mean pixel intensities from each coverslip which corresponded to cytoplasmic 

Metallothionein and Calbindin-D28k expression. A mean pixel intensity was calculated 

from each image. An average mean pixel intensity value was calculated per group. A 

minimum of 100 cells was counted per de-identified image.  

7.2.4.2 Apoptotic cell counting 
 

To be classified as an apoptotic cell, clear nuclear membrane breakdown was 

needed to be observed. Percentages of apoptotic cells per image were then calculated. An 

average apoptotic value was calculated per group A minimum of 100 cells was counted 

per de-identified experimental and control groups.  

 

7.2.5 Statistical Analysis 
 

Statistical analyses were performed using PASW v18 (IBM SPSS Statistics, IBM 

Corporation, Armonk, NY, USA). Normality tests were conducted using Shapiro-Wilk 

test. One-Way ANOVA, Kruskal-Wallis H-test, Independent t-test, Mann-Whitney U-

test and Paired T-tests were conducted to test for significant differences between and 

within groups. Tukey Post-hoc tests were conducted. A p value of <0.01 was accepted as 

the level of significance. 
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8.0 Results and Analysis 

8.1 Objective 1  

 

 

 
8.1.1 Poloxamer-407 sol-gels  
 

A step wise process was followed in order to formulate optimised sol-gels suitable 

for intranasal application. The optimum Tsol/gel and viscosity was between 25-34℃ and 

0.4-1 Pa.s at 34℃, respectively. A Tsol/gel between 25-34℃ ensured the formulation was 

in a liquid state at room temperature and in a gel state upon contact with warm nasal 

mucosa. A target viscosity between 0.4-1 Pa.s at 34℃  would ensure mucociliary 

clearance is hindered and drug is released from the formulation. As a result, these 

rheological parameters were sought and attained.  

 

Firstly, the P407 concentration required for optimum Tsol/gel and viscosity for 

intranasal delivery was determined. A previous study examining P407 and C934P based 

sol-gels indicated P407 17% w/w resulted in optimum Tsol/gel for intranasal delivery, 

therefore sol-gels with a P407 concentration of 17.5% w/w (P17.5), 16.5% w/w (P16.5), 

15.5% w/w (P15.5), and 14.5% w/w (P14.5) were analysed (Balakrishnan et al., 2015). 

Using a DHR-3 rheometer, the sol-gels were analysed over a temperature range of 8-37℃. 

P17.5 had the lowest Tsol/gel of 24.255 ℃ and P14.5 had the highest Tsol/gel of 

Formulation Composition Formulation 
code 

P407 
(g) 

C934P 1% 
w/w (g) 

Dexamethasone  
(g) 

Calcipotriol 
(g) 

Nanobead 
(g) 

P407 14.5% w/w P14.5 1.45 - - - - 

P407 15.5% w/w P15.5 1.55 - - - - 

P407 16.5% w/w P16.5 1.65 - - - - 

P407 17.5% w/w P17.5 1.75 - - - - 

P407 15.5% w/w + C934P 0.1% w/w P15.5/C0.1 1.55 1 - - - 

P407 15.5% w/w + C934P 0.3% w/w P15.5/C0.3 1.55 3 - - - 

P407 15.5% w/w + C934P 0.4% w/w P15.5/C0.4 1.55 4 - - - 
P407 15.5% w/w + C934P 0.3% w/w + DXN 0.05% 

w/w P15.5/C0.3/DXN 1.55 3 0.005 - - 

P407 15% w/w + C934P 0.3% w/w + CP 0.005% 
w/w P15/C0.3/CP0.5 1.5 3 - 0.0005 0.05 

P407 15.5% w/w + C934P 0.3% w/w + CP 0.005% 
w/w P15.5/C0.3/CP0.5 1.55 3 - 0.0005 0.05 

P407 16% w/w + C934P 0.3% w/w + CP 0.005% 
w/w P16/C0.3/CP0.5 1.6 3 - 0.0005 0.05 

P407 15.5% w/w + C934P 0.3% w/w + CP 0.0005% 
w/w P15.5/C0.3/CP 1.55 3 - 0.00005 - 

Table 2: Sol-gel formulation codes and constituents of all sol-gels produced in objective 1. All formulations weighed a total 
of 10 grams. P407 = Poloxamer-407. C934 = Carbomer-934P. DXN = Dexamethasone Phosphate. CP = Calcipotriol. 
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30.339 ℃, which were significantly different (p<0.001), indicating the inverse 

relationship between P407 concentration and Tsol/gel (Table 3). 

 

All formulations displayed a steep inclination of the storage modulus (G′) and the 

loss modulus (G′′) as temperature approached the respective Tsol/gel. This indicated the 

formulations displayed a rapid transition from a liquid to gel state. In Figure 18A, this is 

evident as both G′ and G′′ of P15.5 rapidly increased as the temperature approached the 

Tsol/gel of 27.988℃. Furthermore, it was observed that the steepness of the G′ and G′′ 

inclination increased as the P407 concentration increased, which suggests the 

micellization process is enhanced as the P407 concentration increases.  

 

In alignment with earlier studies, it was found that the viscosity of the P407 

formulations increased with temperature. Formulation P17.5 displayed the highest 

viscosity of 0.432 Pa.s at 34℃, conversely P14.5 displayed the lowest viscosity of 0.150 

Pa.s at 34℃, which were significantly different (p<0.001). This reinforced the positive 

relationship between P407 concentration and in viscosity (Table 3).  

 

All formulations displayed a sigmoidal-like curve in viscosity vs temperature 

graphs (Figure 18B). This indicated that below the Tsol/gel the formulation existed as a 

Newtonian fluid where the viscosity responded to changes in temperature, and once 

temperature exceeded the Tsol/gel changes in temperature no longer impacted the viscosity 

of the formulation, which reinforced that P407 sol-gels exist as non-Newtonian 

psuedoplastic fluids at temperatures above the respective Tsol/gel. The viscosity of non-

Newtonian psuedoplastic fluids respond to changes in shear stress, not temperature, and 

due to the shear stress being held constant by the rheometer, the viscosity of the 

formulations did significantly change once the Tsol/gel was reached. Indicated in Figure 

18B, the viscosity of P15.5 increased with temperature below the Tsol/gel of 27.988℃, and 

once temperature exceeds the Tsol/gel, the viscosity of the formulation became less 

responsive to temperature change.  

 

The Tsol/gel of P17.5 was 24.255℃ which was below the acceptable range of 25-

34℃, therefore P17.5 was excluded from further studies. Formulations P16.5, P15.5 and 

P14.5 all displayed optimum Tsol/gel within the acceptable range of 25-34℃, but all had a 

viscosity below the acceptable range of 0.4-1 Pa.s at 34℃ (Table 3). Despite the low 

viscosity, P15.5 was carried forward for further analysis for several reasons. Firstly, the 
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next step of the objective was to add C934P, and based on previous studies the addition 

of C934P has shown to decrease the Tsol/gel which would result in the Tsol/gel of  P16.5 

being below the acceptable range. Secondly, the addition of C934P has demonstrated to 

increase viscosity, rendering both P14.5 and P15.5 as suitable formulations for 

subsequent analysis. Due to P15.5 having a significantly higher (p<0.001) viscosity than 

P14.5, P15.5 was carried forward for further analysis, with P14.5, P16.5 and P17.5 

excluded from further steps. 

 

 

 

 

 

 

 

Rheology 
Parameter P14.5 (A)  P15.5 (B)  P16.5 (C)  

 
P17.5 (D) 

 
Post-Hoc 

Tsol/gel 

(mean ℃ ± SD) 30.339 ± 0.035 27.988 ± 0.824 26.435 ± 0.550 24.255 ± 0.473 

   A>B* 
A>C** 
A>D** 
B>D** 

   C>D*  

Viscosity at 8℃ 
(mean Pa.s ± SD) 0.018 ± 0.000 0.019 ± 0.000 0.025 ± 0.004 0.026 ± 0.003   

Viscosity at 25℃ 
(mean Pa.s ± SD) 0.055 ± 0.006 0.076 ± 0.004 0.143 ± 0.004 0.343 ± 0.011 

A<C** 
A<D** 
B<D** 

   C<D* 
 

Viscosity at 34℃ 
(mean Pa.s ± SD) 0.150 ± 0.005 0.307 ± 0.004 0.399 ± 0.011 0.432 ± 0.018 

A<B** 
A<C** 
A<D** 
B<C** 
B<D** 

 

Figure 18: P15.5 rheological curves. It is evident that both storage and loss modulus undergo a rapid 
increase at the Tsol/gel  of 27.988℃, indicating a rapid transition into a gel from a liquid state. Furthermore, 
it is evident that P15.5 undergoes an increase in viscosity as temperature rises. At temperatures above 
the Tsol/gel, P15.5 no longer responds to temperature changes (curve plateaus) reinforcing the non-
Newtonian pseudoplastic behaviour. (A) Tsol/gel curve. (B) Viscosity curve. 
 

     

A B 

Table 3: Tsol/gel and viscosity of P407 formulations. It is evident that as P407 % w/w increases the 
Tsol/gel and viscosity of the formulations decrease and increase, respectively. One-way ANOVA and 
Kruskal-Wallis H-test was conducted. *p < 0.01 (or 99%); **p < 0.001 (or 99.9%). (n=3).  
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8.1.2 Poloxamer-407 + Carbomer-934P sol-gels 
 

P15.5 had a Tsol/gel of 27.988℃ and a viscosity of 0.307 Pa.s at 34 ℃, which were 

expected to decrease and increase after the addition of C934P, based on previous studies, 

respectively (Balakrishnan et al., 2015). Three concentrations of C934P were tested with 

the P15.5 formulation (Table 2 & 4).  

 

Literature has suggested that after the addition of C934P to P407 formulations, a 

minor drop in the Tsol/gel occurs. This was evident in Table 4, as the addition of C934P to 

the P15.5 formulation resulted in a decrease of the Tsol/gel. The largest drop in Tsol/gel was 

observed after the addition of C934P 0.4% w/w (P15.5/C0.4). This effect on the Tsol/gel  

suggested that the presence of C934P enhances the micellization process, causing a 

decrease in the Tsol/gel. Despite the decrease observed in the Tsol/gel after the addition of 

C934P, these changes were not statistically significant compared to P15.5 and were still 

within the acceptable Tsol/gel range of 25-34℃ (Table 4). 

 

After the addition of C934P in the P15.5/C0.3 and P15.5/C0.4 formulations, 

approximately a 1.743-fold and 2.384-fold increase was observed in the viscosity at 34℃, 

respectively (Table 4). Both of these increases were statistically significant compared to 

the viscosity of P15.5 (p<0.01). This indicated that a positive relationship exists between 

C934P concentration and viscosity of the formulations. As a result, both P15.5/C0.3 and 

P15.5/C0.4 had viscosities within the acceptable range. Of note, the viscosity of the 

P15.5/C0.1 at 34℃ was not significantly different compared to the P15.5 formulation and 

not within the acceptable viscosity range. 

 

The addition of C934P did not alter the steep inclination of the G′ and G′′, which 

indicated that despite C934P impacting the micellization process where the Tsol/gel was 

lowered, the rapid gelation of the formulation was not altered (Figure 19A). Furthermore, 

the sigmoidal viscosity vs temperature curve was unaltered after the addition of C934P 

(Figure 19B).  

 

In Table 4 it was evident that after the addition of C934P 0.3% w/w to P15.5 the 

Tsol/gel slightly decreased to 27.720℃ and the viscosity at 34℃ significantly increased 

(p<0.01) to 0.535 Pa.s, which were both within the acceptable ranges. As a result, 

P15.5/C0.3 was carried forward for further analysis.  
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8.1.3 Poloxamer-407 + Carbomer-934P + Dexamethasone sol-gels 
 

P15.5/C0.3 was infused with DXN 0.05% w/w (500 μg/gram) and the rheological 

parameters were analysed (Table 2). This concentration is significantly less than current 

DXN therapeutics, such as DXN Intensol, which is an approved oral formulation that 

has double the DXN concentration, at 1 mg/mL.   

 

P15.5/C0.3/DXN had a Tsol/gel of 28.156℃ and a viscosity of 0.653 Pa.s at 34℃ 

which were both within the acceptable ranges (Table 5). The addition of DXN slightly 

increased the Tsol/gel by approximately 0.4℃ from the P15.5/C0.3 formulation, which may 

suggest DXN slightly disrupts the micellization process of P407, consequently raising the 

Tsol/gel. Despite this, the increase in Tsol/gel was not significant. The addition of DXN also 

slightly increased the viscosity at 8℃, 25℃ and 34℃ but was not significant. Figure 20A 

Formulation 
Code 

Tsol/gel  
(mean ℃ ± SD) 

Viscosity (mean Pa.s ± SD) 

  8℃ 25℃ 34℃ 
P15.5 27.988 ± 0.824 0.019 ± 0.000 0.076 ± 0.004 0.307 ± 0.004 

P15.5/C0.1 27.664 ± 0.725 0.032 ± 0.002 0.111 ± 0.022 0.282 ± 0.090 

P15.5/C0.3 27.720 ± 0.635  0.132 ± 0.028*   0.376 ± 0.082*   0.535 ± 0.087* 

P15.5/C0.4 27.022 ± 0.042 0.212 ± 0.031**    0.543 ± 0.067**   0.732 ± 0.046** 

Table 4: Tsol/gel and viscosity of P407 + C934P formulations. It is evident that as C934P % w/w increased 
Tsol/gel decreased and viscosity increased. Independent T-test and Mann-Whitney U-test conducted. *p < 0.01 
(or 99%); **p < 0.001 (or 99.9%) relative to P15.5. (n=3). 
 

          
 
 

Figure 19: P15.5/C0.3 rheological curves. After the addition of C934P 0.3% w/w the rapid transition from 
a liquid to gel is preserved, indicated by the steep inclination of G′ and G′′. (A) Tsol/gel curve. (B) Viscosity 
curve.  
 

     

A B 
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graphically demonstrates that despite the slight change in the Tsol/gel and viscosity after 

the addition of DXN, the steep inclination of the G′ and G′′ was preserved and therefore 

rapid gelation at the Tsol/gel remained.  

 

Both the Tsol/gel and viscosity of P15.5/C0.3/DXN were within the acceptable 

ranges which ensured the formulation was in a liquid state at room temperature and upon 

contact with nasal mucosa, gelation occurs. The optimal viscosity of P15.5/C0.3/DXN is 

anticipated to result in a high residence time at the nasal mucosa by hindering mucocilary 

clearance while not inhibiting drug diffusion out of the sol-gel (Tan et al., 2020). Through 

visual examination of P15.5/C0.3/DXN it was observed that the formulation was a 

transparent liquid below the Tsol/gel, and underwent a transition into a thick viscous gel at 

temperatures above the Tsol/gel (Figure 21). In Figure 20B it was evident that 

P15.5/C0.3/DXN began undergo an increase in viscosity below the Tsol/gel, with an 

approximate 2.84-fold increase in viscosity occurring from 8℃  to 25℃.   Therefore, 

intranasal administration of P15.5/C0.3/DXN could be problematic as the liquid to gel 

transition begins to occur at room temperature. Upon intranasal administration, 

P15.5/C0.3/DXN should be stored on ice to prevent an increase in viscosity and maintain 

the fluidity which allows better access into the nasal mucosa.  

 

Due to P15.5/C0.3/DXN possessing optimal rheological parameters it underwent 

a rheological stability and drug release study. The Tsol/gel and viscosity of 

P15.5/C0.3/DXN was measured over a two-week period to determine the rheological 

stability of the formulation (Table 6). It was determined that over two weeks, both the 

Tsol/gel and viscosity did not significantly change, remaining within the acceptable ranges. 

This suggested that the rheological parameters of P15.5/C0.3/DXN are stable over at least 

two weeks. 

 

 

 

  

Formulation Code Tsol/gel 
(mean ℃ ± SD) 

Viscosity (mean Pa.s ± SD) 

  8℃ 25℃ 34℃ 
P15.5/C0.3 27.720 ± 0.635 0.132 ± 0.028 0.376 ± 0.082 0.535 ± 0.087 

P15.5/C0.3/DXN 28.156 ± 0.244 0.180 ± 0.005 0.454 ± 0.015 0.653 ± 0.033 

Table 5: Tsol/gel and viscosity of P15.5/C0.3/DXN. After the addition of DXN 0.05% w/w an increase 
was observed in both Tsol/gel and viscosity but neither were statistically significant. Independent T-test 
conducted. *p < 0.01 (or 99%); **p < 0.001 (or 99.9%) relative to P15.5/C0.3. (n=3). 
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Figure 20: P15.5/C0.3/DXN rheological curves. After the addition of DXN 0.05% w/w the rapid 
transition from a liquid to gel is preserved, indicated by the steep inclination of G′ and G′′. Temperature 
dependent changes of the viscosity below the Tsol/gel were also present. (A) Tsol/gel curve. (B) Viscosity 
curve.  
 

     

Figure 21: Images of P15.5/C0.3/DXN at 8℃ (left) & 34℃ (right). These images 
demonstrate that as the temperature rises and passes the respective Tsol/gel (28.156℃) 
the formulation undergoes an increase in viscosity, resulting in a transition from a 
transparent liquid to a viscous gel. (A) P15.5/C0.3/DXN in a container tilted 
horizontally at 8℃. (B) P15.5/C0.3/DXN in a container tilted horizontally at 34℃. (C) 
P15.5/C0.3/DXN on rheometer platform at 8℃. (D) P15.5/C0.3/DXN on rheometer 
platform at 34℃.  
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8.1.4 Drug release of Dexamethasone sol-gel  
 
 

P15.5/C0.3/DXN underwent a drug release study in order to determine whether 

DXN could be released from the P407/C934P based sol-gel. 4 cells were run 

simultaneously in a vertical Franz diffusion apparatus. The  first cell contained 2 mL of 

freshly prepared (1-day old) P15.5/C0.3/DXN, the second cell contained 2 mL of two-

week old P15.5/C0.3/DXN, the third cell contained 1 mL of DXN 500 μg/gram dissolved 

in Milli-Q water (positive control), and the fourth cell contained 1 mL of P15.5/C0.3 

(negative control). The DXN concentration of the recipient compartment of the cells was 

analysed through RP-HPLC. The RP-HPLC method eluted DXN at approximately 5.1 

minutes, resulting in a single peak profile (Figure 22A). 

 

Table 7 indicated from 1 hour, the DXN positive control exhibited significantly 

higher (p<0.01) DXN drug release compared to P15.5/C0.3/DXN. The positive control 

exhibited a rapid DXN drug release profile, releasing 100% of the total DXN at the 48-

hour time point. Conversely, the 1-day old and 2-week old P15.5/C0.3/DXN sol-gels 

exhibited 42.391% and 71.540%  cumulative DXN drug release at the 48-hour time 

point, respectively (Table 7). This indicates that as anticipated, both DXN sol-gels 

exhibited a sustained drug release compared to the positive control which is further 

visualised in Figure 23. Both DXN sol-gels had remaining DXN still to be released at the 

72-hour time point, which suggests the sol-gels provide a sustained release profile of 

DXN for greater than 72 hours. This would remove the need for daily dosing which is 

required by conventional delivery vehicles such as aqueous nasal sprays that exhibit a 

rapid drug release profile. 

Days after 
production 

Tsol/gel  

(mean ℃ ± SD) 
Viscosity (mean Pa.s ± SD) 

  8℃ 25℃ 34℃ 
0  28.156 ± 0.244 0.180 ± 0.005 0.454 ± 0.015 0.653 ± 0.033 

7  28.138 ± 0.297 0.176 ± 0.004 0.448 ± 0.013 0.631 ± 0.028 

14 28.112 ± 0.238 0.178 ± 0.004 0.469 ± 0.014 0.639 ± 0.037 

Table 6: P15.5/C0.3/DXN rheological stability study. No significant differences in the rheological 
parameters of P15.5/C0.3/DXN were observed over two weeks of storage, indicating rheological stability 
of the formulation. Paired T-test and Wilcoxon signed-rank test conducted. *p < 0.01 (or 99%); **p < 
0.001 (or 99.9%) relative to day 0. (n=3). 
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Of note, both the 1-day old and 2-week old P15.5/C0.3/DXN exhibited very 

similar DXN drug release over the 72-hour drug release study, suggesting that the drug 

release profile of P15.5/C0.3/DXN does not significantly change over a 2-week period. 

Due to P15.5/C0.3/DXN displaying sustained DXN drug release this formulation was 

carried on for in vitro analysis as part of objective 2.  

 

 The negative control exhibited no DXN release. 

 
 

 

 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 22: DXN RP-HPLC results. The elution time of DXN was approximately 5.1 minutes. A solvent 
front occurred at approximately 2.5 – 3 minutes. The DXN standard curve was used to calculate DXN 
concentrations from the area underneath the DXN peaks. LOD = 0.5 μg/mL. (A) 100 μg/mL DXN standard 
RP-HPLC peak. (B) DXN-standard curve. 0.5 μg/mL = 10489, 1 μg/mL = 20652, 5 μg/mL = 123572, 10 
μg/mL = 209327, 20 μg/mL = 587725, 30 μg/mL = 932013, 100 μg/mL = 2910439. (C) P15.5/C0.3/DXN 
RP-HPLC peak obtained from release study at 72-hour time point. 
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Time after 
commencement 

(hours) 

P15.5/C0.3/DXN  
1-day old (A) 

(mean % ± SD) 

P15.5/C0.3/DXN  
2-week old (B) 
(mean % ± SD) 

Positive control (C) 
(mean % ± SD) Post-Hoc 

0 0 ± 0.00 0 ± 0.00 0 ± 0.00  

0.5 1.248 ± 0.175 2.054 ± 0.853 3.891 ± 1.811  

1 2.748 ± 0.102 4.273 ± 1.537 7.972 ± 2.115 A<C* 

2 4.410 ± 0.182 6.702 ± 2.005 14.602 ± 4.007 A<C* 

4 6.743 ± 1.108 13.808 ± 4.806 28.875 ± 6.769 
  A<C** 

B<C* 

6 12.143± 0.866 21.026 ± 6.337 45.824 ± 8.976 
  A<C** 

B<C* 

8 16.470 ± 1.222 27.208 ± 9.718 65.816 ± 11.652 
  A<C** 

B<C* 

24 27.989 ± 0.175 49.785 ± 5.142 90.734 ± 8.208 
A<B* 

  A<C** 
  B<C** 

48 42.391 ± 11.241 71.540 ± 12.976 100 ± 0.000   A<C** 

72 71.980 ± 7.765 82.906 ± 8.516 100 ± 0.000   A<C** 

Table 7: Cumulative DXN release over 72-hour drug release study. The positive control (500 
μg/mL DXN dissolved in Milli-Q water) displays a rapid release of DXN, conversely, both the 1-day 
old and 2-week-old P15.5/C0.3/DXN formulations demonstrate sustained drug release of DXN. From 
the 1-hour time point onwards, the sol-gel formulations had statistically significant (p<0.01) 
cumulative DXN release percentages compared to the positive control. The negative control exhibited 
no DXN release (not included in table). One-way ANOVA conducted. *p < 0.01 (or 99%); **p < 
0.001 (or 99.9%). (n=3). 
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8.1.5 Development and rheological evaluation of Calcipotriol sol-gels  
 

Using the data and following the steps from the DXN sol-gel development, a sol-

gel containing CP was formulated. Currently used CP therapeutics such as Daivonex 

cream contain a CP concentration of 50 μg/gram (0.005% w/w), which was mirrored in 

the formulated CP sol-gel. CP has a low solubility in water (13.5 μg/mL), therefore in 

order to achieve a CP concentration of 50 μg/gram CP was incorporated into polymer 

based nanobeads to enhance the solubility of CP, which was kindly formulated and 

donated by Dr Preeti Pandey (Parekh Lab, PACE UQ) using a patented method. It was 

anticipated that the presence of the polymer based nanobeads would interfere with the 

micellization process of P407, altering the Tsol/gel. As a result, various P407 concentrations 

were prepared and analysed (15%, 15.5% & 16% w/w) in the presence of the CP-

nanobeads. The C934P concentration was kept constant at 0.3% w/w (Table 2 & 8).  

 

Table 8 indicates that the Tsol/gel of P15.5/C0.3/CP0.5 was 27.381℃, which was 

lower than the Tsol/gel of P15.5/C0.3 being 28.156℃ , suggesting the presence of 

nanobeads enhance the micellization process, lowing the Tsol/gel. Of note, despite the 

presence of nanobeads enhancing the micellization process, the rapid increase in the G′ 

Figure 23: Graphical representation of cumulative DXN release over 72-hour 
drug release study. It is indicative that the positive control exhibited a rapid release of 
DXN, reaching 100% drug release at the 48-hour time point, conversely both DXN sol-gel 
formulations displayed a sustained release of DXN. The negative control exhibited no DXN 
drug release. Error bars indicate SEM. (n=3) 
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and G′′ was preserved, which suggests after the addition of nanobeads, the rapid gelation 

of the sol-gel was retained (Figure 23A).  

 

P15/C0.3/CP0.5, P15.5/C0.3/CP0.5 and P16/C0.3/CP0.5 all exhibited acceptable 

Tsol/gel and viscosity values within the acceptable ranges (Table 8). P15/C0.3/CP0.5 had a 

Tsol/gel and viscosity at 34℃ of 28.517℃ and 0.574 Pa.s, respectively. P15.5/C0.3/CP0.5 

and P16/C0.3/CP0.5 possessed a Tsol/gel close to the lower boundary of the acceptable 

Tsol/gel range, as a result, P15/C0.3/CP0.5 was carried on for further analysis. After visual 

examination of P15/C0.3/CP0.5 it was observed that the formulation was a transparent 

liquid below the Tsol/gel, and underwent a transition into a thick viscous gel at temperatures 

above the Tsol/gel (Figure 24). 

 

The next component was for P15/C0.3/CP0.5 to undergo a rheological stability 

and drug release study. The rheological parameters of P15/C0.3/CP0.5 were examined 

over a two-week period, with no significant changes occurring, suggesting the rheological 

parameters of the formulation remains stable for at least two weeks (Table 9). 

P15/C0.3/CP0.5 then underwent a drug release study.  

 

A second CP formulation (P15.5/C0.3/CP) was formulated without the presence 

of CP-nanobeads (Table 2). Due to the low solubility of CP in water, the concentration of 

this formulation was 5 μg/gram (0.0005% w/w), which is 10-fold less than the CP 

concentration of P15/C0.3/CP0.5. P15.5/C0.3/CP possessed a Tsol/gel of 28.530℃ and a 

viscosity of 0.494 Pa.s at 34℃, which were both within the acceptable ranges (Table 10). 

These Tsol/gel and viscosity of P15.5/C0.3/CP and P15.5/C0.3 were not significantly 

different, indicating the presence of CP 0.0005% w/w does not impact the rheological 

parameters. P15.5/C0.3/CP displayed rheological stability over 2-weeks but was unable 

to undergo a drug release study due to the RP-HPLC method not being sensitive enough 

to detect the CP release from this formulation. 
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Rheology Parameter P15/C0.3/CP0.5 (A)  P15.5/C0.3/CP0.5 (B) 
 

P16/C0.3/CP0.5 (C) 
 

Post-hoc  

Tsol/gel 

(mean ℃ ± SD)  

28.517 ± 0.047  27.381 ± 0.103  26.145 ± 0.020  B<A** 
C<A** 
C<B**  

Viscosity at 8℃  
(mean Pa.s ± SD)  

0.141 ± 0.003 0.138 ± 0.007  0.134 ± 0.009    

Viscosity at 25℃ 
(mean Pa.s ± SD) 

 

0.383 ± 0.011 0.392 ± 0.005  0.447 ± 0.005   

Viscosity at 34℃ 
(mean Pa.s ± SD) 

 

0.574 ±0.007  0.595 ±0.006  0.694 ±0.007  A<C* 
 

Figure 23: Rheological curves for P15/C0.3/CP0.5. After the addition of CP-nanobeads, the 
temperature dependent transition from liquid to gel and increase in viscosity was preserved. (A) Tsol/gel 
curve. (B) Viscosity curve. 
 

Figure 24: Images of P15/C0.3/CP0.5 at 8℃ (left) & 34℃ (right). These images demonstrate that as the 
temperature rises and passes the respective Tsol/gel (28.157℃) the formulation undergoes an increase in 
viscosity, resulting in a transition from a transparent liquid to a gel. (A) P15/C0.3/CP0.5 in a container 
tilted horizontally at 8 ℃ . (B) P15/C0.3/CP0.5 in a container tilted horizontally at 34 ℃ . (C) 
P15/C0.3/CP0.5 on rheometer platform at 8℃. (D) P15/C0.3/CP0.5 on rheometer platform at 34℃.  
 

         

Table 8: Rheological data for CP sol-gels of differing P407 % w/w. It is evident that as P407 % w/w 
increases the Tsol/gel decreases and the viscosity increases. The presence of CP-nanobeads lowered the 
Tsol/gel. One-way ANOVA conducted. *p < 0.01 (or 99%); **p < 0.001 (or 99.9%). (n=3). 
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8.1.6 Drug release of Calcipotriol sol-gel  
 

P15/C0.3/CP0.5 underwent a drug release study in order to determine whether CP 

could be released from the sol-gel. 4 cells were run simultaneously in a vertical Franz 

diffusion apparatus. The first cell contained 1 mL of freshly made (1-day old) 

P15/C0.3/CP0.5, the second cell contained 1 mL of 2-week old P15/C0.3/CP0.5, the third 

cell contained 1 mL of 50 μg/mL CP (nanobeads) dissolved in Milli-Q water (positive 

control) and the fourth cell contained 1 mL P15/C0.3 (negative control). The recipient 

compartments of each cell were analysed using RP-HPLC for CP release. 

 

None of the four cells exhibited CP drug release over the 72 hours. Due to the 

absence of drug release from the positive control, this suggested that CP release may be 

hindered by the nanobeads, rather than P407 or C934P in the sol-gels. Another possible 

factor as to why no CP drug release was detected could be attributed to the high LOD of 

Day after 
production 

Tsol/gel  

(mean ℃ ± SD) 
  

Viscosity (mean Pa.s ± SD) 

  8℃ 25℃ 34℃ 
0  28.517 ±  0.047  0.141 ± 0.003 0.383 ± 0.011 0.574 ±0.007 

7  29.105 ± 0.265 0.127 ± 0.003 0.366 ± 0.030 0.475 ± 0.011 

14 28.436 ± 0.782 0.135 ± 0.010 0.373 ± 0.044 0.511 ± 0.053 

Rheological 
Parameter 

P15.5/C0.3 
(mean ± SD) 

 

P15.5/C0.3/CP 
(mean ± SD)  

Tsol/gel (℃)  27.720 ± 0.635 28.530 ± 0.111  

Viscosity at 8℃ 
(Pa. s)  

0.132 ± 0.028 0.122 ± 0.010  

Viscosity at 25℃ 
(Pa. s) 

 

0.376 ± 0.082 0.322 ± 0.022  

Viscosity at 34℃ 
(Pa. s) 

 

0.535 ± 0.087 0.494 ±0.009  

Table 9: P15/C0.3/CP0.5 rheological stability study. No significant differences in the rheological 
parameters of P15/C0.3/CP0.5 were observed over two weeks of storage, indicating rheological stability 
of the formulation. Paired t-test conducted. *p < 0.01 (or 99%); **p < 0.001 (or 99.9%) relative to day 0. 
(n=3). 
 

      
 
 
 
 

Table 10: Rheological data P15.5/C0.3/CP. No significant change was present between P15.5/C0.3/CP 
and P15.5/C0.3 after the addition of CP 0.0005% w/w. Independent t-test conducted. *p < 0.01 (or 99%); 
**p < 0.001 (or 99.9%) relative to P15.5/C0.3. (n=3). 
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the RP-HPLC not detecting CP release from P15/C0.3/CP0.5. This drug detection 

problem could also be attributed to the Franz diffusion drug release apparatus diluting the 

recipient compartment fluid by a factor of 12, consequently, the amount of CP needed to 

be released from P15/C0.3/CP0.5 in order to reach the LOD was 12-fold higher.  

 

In vitro cell assays were still conducted using P15/C0.3/CP0.5, as past studies 

have demonstrated SH-SY5Y human neuroblastoma cells responding to CP in the 

nanomolar range, resulting in the cell studies serving as sensitive and reliable tool to 

determine whether CP is released from P15/C0.3/CP0.5 (Rcom-H'cheo-Gauthier et al., 

2017).  

 

The CP sol-gel formulation without the presence of nanobeads (P15.5/C0.3/CP) 

was also carried forward for in vitro analysis. P15.5/C0.3/CP was unable to undergo a 

drug release study due to the RP-HPLC not being sensitive enough.  
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8.2 Objective 1 Summary  
 

The first component of objective 1 was to determine a P407 concentration that 

resulted in an optimum Tsol/gel and viscosity at 34℃ . It was determined that the 

formulation with P407 15.5% w/w (P15.5) displayed optimal rheological parameters. It 

was also determined that as P407 concentration increased, the Tsol/gel and viscosity 

decreased and increased, respectively. P15.5 then underwent the addition of various 

C934P concentrations. It was found that the formulation containing P407 15.5% w/w and 

C934P 0.3% w/w (P15.5/C0.3) displayed optimal rheologic parameters. P15.5/C0.3 then 

had DXN 0.05% w/w added (P15.5/C0.3/DXN), which displayed optimal rheological 

parameters, rheological stability over 2-weeks and sustained drug release over 72-hours.  

 

Two Calcipotriol sol-gels were also developed, P15/C0.3/CP0.5 & P15.5/C0.3/CP, 

with the former containing CP infused nanobeads. Both of these sol-gels underwent the 

same protocols and analysis used to develop the DXN sol-gel. Two of the CP sol-gels 

displayed optimal rheological parameters and rheological stability over 2-weeks, but no 

drug release data was detected which is likely attributable to low sensitivity of the RP-

HPLC method. 

 

In summary, three sol-gel formulations displayed optimum rheological properties 

for intranasal delivery and were carried on for testing in objective 2 for in vitro studies in 

SH-SY5Y human neuroblastoma cells. The three sol-gel formulations are summarised as 

follows:  

 

Formulation Composition 
Formulation 

code 
Tsol/gel 

Viscosity at 

34℃ 

Rheological stability 

over 2 weeks 
Drug release 

Poloxamer-407 15.5% w/w + 

Carbomer-934P 0.3% w/w + 

Dexamethasone 0.05% w/w 

P15.5/C0.3/DXN 28.156℃ 
 

0.653 Pa.s 
 

Yes 

Sustained drug release 

of Dexamethasone was 

observed over 72 hours 

Poloxamer-407 15% w/w + 

Carbomer-934P 0.3% w/w + 

Calcipotriol 0.005% w/w 

P15/C0.3/CP0.5 28.517℃ 
 

0.574 Pa.s 
 

Yes 
No drug release data 

obtained 

Poloxamer-407 15.5% w/w + 

Carbomer-934P 0.3% w/w + 

Calcipotriol 0.0005% w/w 

P15.5/C0.3/CP 28.530℃ 
 

0.494 Pa.s 
 

Yes 
No drug release data 

obtained 
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8.3 Objective 2  
 
8.3.1 Dexamethasone 

8.3.1.1 Determination of optimal Metallothionein antibody concentration and 
volume 
 

In order to conduct the DXN cell culture assays an optimal primary and secondary 

antibody concentration and volume was determined that resulted in cytoplasmic MT 

staining in SH-SY5Y human neuroblastoma cells treated. It was determined that 200 μL 

of both primary mouse anti-MT (Dako) and secondary AF647 conjugated donkey anti-

mouse antibodies (invitrogen) diluted 1:200 in 1% NHS resulted in specific binding. In 

Figure 25A it is evident that when SH-SY5Y cells were stained with 200 μL of secondary 

AF647 conjugated donkey anti-mouse antibodies alone there was minimal non-specific 

staining, conversely in Figure 25B when SH-SY5Y cells were stained with 200 μL of 

both primary mouse anti-MT and AF647 conjugated donkey anti-mouse antibodies, 

specific MT staining was observed. These antibody concentrations and volumes were 

used for the subsequent DXN cell culture assays.  

 

 

 
 
 
 
 
 
 
 
 

Figure 25: Confocal immunofluorescence images of blank SH-SY5Y human neuroblastoma 
cells displaying differential staining. A-B.  DAPI (blue) = nuclei. MT (Red) = Metallothionein. ] 
When staining has been conducted with the secondary antibody alone, minimal non-specific staining is 
observed. Conversely, when staining is conducted with both primary and secondary antibody, clear and 
bright cytoplasmic MT staining is present. (A) Blank cells stained with 200 μL secondary AF647 
conjugated donkey anti-mouse antibodies diluted 1:200 in 1% NHS. (B) Blank cells stained with 200 
μL of both primary mouse anti-MT (Dako) and secondary AF647 conjugated donkey anti-mouse 
antibodies (Invitrogen) diluted 1:200 in 1% NHS.  
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8.3.1.2 Determination of optimal Dexamethasone sol-gel dosage volume and 
incubation time  
 

The optimal dosage volume and incubation time for the DXN sol-gel 

(P15.5/C0.3/DXN) formulated in objective 1 was determined. Various dosage volumes 

and incubation times were analysed and attention was made to the nuclei morphology and 

whether cell death was induced. Experimental and control groups underwent apoptotic 

cell counting. To be classified as an apoptotic cell, clear nuclear membrane breakdown 

needed to be observed.  

 

SH-SY5Y cells were incubated  with P15.5/C0.3/DXN in volumes of 1 μL, 3 μL 

or 5 μL for either 10 minutes, 20 minutes, 30 minutes, 1 hour, 2 hours or 4 hours. In 

Figure 26G and 26H it is evident that the dosage volumes of 3 μL and 5 μL caused cellular 

death at the 10-minute time point as clear nuclear membrane breakdown was be observed. 

The 10-minute time point for both 3 μL and 5 μL resulted in significantly higher (p<0.001) 

cell death relative to the control (Figure 28). As a result, the 3 μL and 5 μL dosage 

volumes were excluded from further studies. The exclusion of these volumes is reinforced 

in Figure 27 where several 10x confocal immunofluorescence images were stitched 

together from the central region of the sample treated with 5 μL of  P15.5/C0.3/DXN  for 

4 hours which indicated the cells within the central region of the coverslip that had direct 

contact with P15.5/C0.3/DXN underwent cell death, and the cells in the peripheral region 

of the coverslip were spared from death.  

 

In Figure 28, it is evident that the 1 μL dosage volume resulted in less cell death 

in the 10-minute and 20-minute time points compared later time points. From 30-minutes 

onwards, the samples treated with 1μL  of P15.5/C0.3/DXN resulted in significantly 

higher (p<0.01) apoptotic cells relative to the control. Overall, Figure 28 indicates that 

there is a positive relationship between dosage volume/incubation time and cell death.  

 

The 1 μL  dosage volume of P15.5/C0.3/DXN for an incubation time of 20-

minutes was deemed optimal as it was the longest incubation time that did not 

significantly increase the percentage of apoptotic cells. As a result, this dosage volume 

and incubation time was used for subsequent DXN cell culture assays. 
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Figure 27: Image of cell death in the central region of sample treated with 5 𝛍𝛍L of 
P15.5/C0.3/DXN for 4 hours. DAPI (Blue) = nuclei. A-B. Cells present in the central region of the 
sample that had direct contact with 5 μL of P15.5/C0.3/DXN for 4 hours underwent cell death. (A) 10x 
Confocal immunofluorescence images stitched together from sample treated with 5 μL P15.5/C0.3/DXN 
for 4 hours. (B) Photograph of single well from 24 well cell culture plate, illustrating the location of the 
so-gel on the coverslip and the central and peripheral regions on the coverslip.  
 

Figure 26: Confocal immunofluorescence images displaying nuclei of P15.5/C0.3/DXN treated SH-
SY5Y human neuroblastoma cells. A-J. DAPI (Blue) = nuclei. From 30 minutes onwards the samples 
treated with 1 μL of P15.5/C0.3/DXN begin to undergo cell death. Cell death was present from 10 minutes 
onwards for the samples treated with 3 μL and 5 μL of P15.5/C0.3/DXN, later time points have not been 
shown. (A-F) Cells treated with 1 μL of P15.5/C0.3/DXN for 10 minutes - 4 hours. (G) Cells treated with 3 
μL of P15.5/C0.3/DXN for 10 minutes. (H) Cells treated with 5 μL of P15.5/C0.3/DXN for 10 minutes. (I) 
Blank. (J) Negative control cells treated with 5 μL P15.5/C0.3 for 4 hours. All images of sol-gel treated 
samples are from central region. 
  

DAPI  
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8.3.1.3  Determination of Dexamethasone positive control 
 

A suitable positive control that effectively upregulated cytoplasmic MT 

expression while minimising cell death over 20 minutes was determined. 

P15.5/C0.3/DXN had a DXN concentration of 500 μ g/gram which equated to 

approximately 1300 μM, as a result SH-SY5Y human neuroblastoma cells were incubated 

in 1300 μM DXN supplemented media for 20 minutes to determine whether cytoplasmic 

MT expression was upregulated while minimising apoptosis. McLeary et al. (2018) 

significantly upregulated cytoplasmic MT expression in SH-SY5Y human neuroblastoma 

cells after incubation with 30 μM of DXN supplemented media for 4 hours. As a result, 

in addition to incubating the cells in 1300 μM DXN, SH-SY5Y human neuroblastoma 

cells were also incubated in DXN supplemented media at concentrations of 25 μM, 50 

μM and 100 μM for 20 minutes. 

 

In Figure 29 it is evident that the samples incubated in 50 μM, 100 μM and 1300 

μM of DXN supplemented media for 20 minutes underwent apoptosis. In Figure 30 the 

percentage of apoptotic cells was quantified for each sample, which indicated that the 

percentage of apoptotic cells was significantly higher (p<0.001) in the 50 μM, 100 μM 

Figure 28: Average percentage apoptotic SH-SY5Y cells of 1 𝛍𝛍 L, 3 𝛍𝛍 L or 5 𝛍𝛍 L of 
P15.5/C0.3/DXN treated samples. A direct correlation exists between drug exposure time/dosage 
volume and percentage of apoptotic cells. (Mean±SD). Control = 0.000±0.000, 1 μL 10 minutes = 
0.750±0.957, 1 μL 20 minutes = 1.500±1.291, 1 μL 30 minutes = 15.000±4.163, 1 μL 1 hour = 
47.622±5.732, 1 μL 2 hours = 97.250±0.957, 1 μL 4 hours = 99.500±0.577, 3 μL 10 minutes = 
100.000±0.000, 5 μL 10 minutes = 100.000±0.000. Independent t-test conducted. *p < 0.01 (or 99%); **p 
< 0.001 (or 99.9%) relative to control. (n=3). Error bars indicate the SEM. 
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and 1300 μM samples relative to the control, and were therefore excluded  from 

subsequent DXN cell culture assays. Conversely, the percentage apoptosis in the 25 μM 

DXN treated sample was 4.951%, which was not significantly higher than the control. 

 

Due to the sample incubated in 25 μM DXN supplemented media for 20 minutes 

not inducing a significant upregulation in apoptotic cells, the cytoplasmic MT 

immunofluorescence of this sample was analysed. The average cytoplasmic MT 

immunofluorescence intensity of the 25 μM DXN and the control sample were 36.462 

and 26.272, respectively (Figure 31). As a result, cytoplasmic MT Immunofluorescence 

was approximately 1.4-fold higher in the 25 μM DXN sample compared to the control, 

which was significant (P<0.001). As a result, the 25 μM DXN supplemented media 

concentration served as the positive control for subsequent DXN cell culture assays. 
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Figure 29:  Confocal immunofluorescence images of SH-SY5Y human neuroblastoma cells 
incubated in DXN supplemented media. A-E. DAPI (Blue) = nuclei. MT (Red) = Metallothionein. 
Merge = DAPI + MT. (A) Control (blank). (B) Cells treated with 25 μM DXN supplemented media. (C) 
Cells treated with 50 μM DXN supplemented media. (D) Cells treated with 100 μM DXN supplemented 
media. (E) Cells treated with 1300 μM DXN supplemented media. All samples were incubated for 20 
minutes. 
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Figure 30: Average percentage of apoptotic SH-SY5Y cells in samples incubated in DXN 
supplemented media. A positive correlation exists between DXN drug concentration and percentage 
of apoptotic cells. (Mean±SD). Control (blank) = 0.000±0.00, 25 μM DXN = 4.951±4.00, 50 μM 
DXN = 73.500 ± 12.596, 100 μM DXN= 93.660 ± 2.414, 1300 μM DXN = 100.000 ± 0.000. 
Independent t-test conducted. *p < 0.01 (or 99%); **p < 0.001 (or 99.9%) relative to control. (n=3) 
Error bars indicate the SEM. 
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Figure 31: Average cytoplasmic MT immunofluorescence intensity in sample incubated in 
25 𝛍𝛍M DXN supplemented media. MT expression is significantly upregulated in SH-SY5Y cells 
after incubation of 25 μM DXN supplemented media. (Mean±SD). Control = 26.272±1.907, 25 μM 
DXN= 36.462±1.192. Independent t-test conducted. *p < 0.01 (or 99%); **p < 0.001 (or 99.9%) 
relative to control. (n=3) Error bars indicate the SEM. 
 
 
 
 



Development of Polymer-based Sol-Gel Therapeutics for Parkinson's Disease 

 

84 

8.3.1.4 Dexamethasone sol-gel upregulation of cytoplasmic Metallothionein in 

SH-SY5Y human neuroblastoma cells 

 
The last component was to determine if P15.5/C0.3/DXN could significantly 

upregulate cytoplasmic MT expression in SH-SY5Y human neuroblastoma cells. From 

previous components of this study, it was determined that the optimum dosage volume 

and incubation time of P15.5/C0.3/DXN was 1 μL for 20 minutes, and the positive control 

was 25 μM DXN supplemented media. The negative control was P15.5/C0.3.  

 

In Figure 32 it was observed that cytoplasmic MT immunofluorescence intensity 

in both the central and peripheral regions of the P15.5/C0.3/DXN treated sample was 

brighter than the blank and negative control sample. The cytoplasmic MT 

immunofluorescence was quantified for each sample and compared via a one-way 

ANOVA and post-hoc analysis (tukey). Figure 33A indicates that the average 

cytoplasmic MT immunofluorescence intensity in the central region of the 

P15.5/C0.3/DXN treated sample was approximately 1.690-fold and 1.871-fold greater 

than the blank and negative control cells, respectively. Both of these increases were 

significantly higher (p<0.001). 

 

 The cytoplasmic MT immunofluorescence intensity in the sample incubated with 

P15.5/C0.3/DXN (1300 μM) was similar with the positive control (25 μM), suggesting 

that both the P15.5/C0.3/DXN and 25 μM positive control have a similar DXN release. 

As a result, it can be said that after 20 minutes, P15.5/C0.3/DXN had a cumulative DXN 

release of approximately 1.923%. This result aligns with earlier drug release studies 

conducted in objective 1 which indicated that P15.5/C0.3/DXN released 2.054% of DXN 

after 30 minutes.  

 

In Figure 32F differential interference contrast microscopy was performed on the 

cells within the central region of the P15.5/C0.3/DXN treated sample in order to image 

the plasma membrane of the cells and determine the location of MT expression. It was 

evident that the expression of MT was confined to the cytoplasm of the SH-SY5Y cells.  

 

The MT immunofluorescence intensity was approximately 1.254-fold higher in 

the central region compared to the peripheral region of the P15.5/C0.3/DXN treated 

sample. This difference was significantly different (p<0.01). This suggests the gelation 
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process and viscosity effectively confined the formulation to the central region of the 

coverslip, thereby limiting DXN drug release to the peripheral regions of the coverslip. 

The difference in MT immunofluorescence intensity between the central and peripheral 

regions of the P15.5/C0.3/DXN treated sample can be visualised in Figure 32G. Despite 

this, the MT immunofluorescence intensity was significantly higher (p<0.001) in the 

peripheral region of the P15.5/C0.3/DXN treated sample compared to the negative control. 

This suggests that despite P15.5/C0.3/DXN not having direct contact with the peripheral 

region upon administration, after the addition of medium, small amounts of the 

P15.5/C0.3/DXN formulation may have slightly diffused into the peripheral regions and 

released DXN.  

 

In summary, this data indicated that incubation of 1 μL of P15.5/C0.3/DXN for 

20 minutes significantly and selectively upregulated cytoplasmic MT expression in vitro. 
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Figure 32: Cytoplasmic MT expression in SH-SY5Y human neuroblastoma cells treated with 
P15.5/C0.3/DXN. A-G. DAPI (Blue) = nuclei. MT (Red) = Metallothionein. DIC (Grey) = Differential 
interference microscopy. Merge = DAPI + MT + DIC. MT immunofluorescence intensity is upregulated in 
the central and peripheral region compared to the blank and negative control. Furthermore, through DIC it is 
evident that the MT expression is confined to cytoplasm. (A) Blank. (B) Negative control (P15.5/C0.3), image 
from central region. (C) Positive control (25 μM DXN supplemented media). (D) P15.5/C0.3/DXN treated 
sample, image from central region. (E) P15.5/C0.3/DXN treated sample, image from peripheral region. (F) 
image of SH-SY5Y cells from central region of P15.5/C0.3/DXN treated sample with addition of DIC. (G) 10x 
image of cells treated with P15.5/C0.3/DXN, illustrating the difference in MT immunofluorescence intensity 
between central and peripheral region. 
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Figure 33: Average cytoplasmic MT immunofluorescence intensity of SH-SY5Y human 
neuroblastoma cells treated with P15.5/C0.3/DXN. A-B. Cells in the central region of the 
P15.5/C0.3/DXN treated sample had the highest average cytoplasmic MT immunofluorescence intensity, 
which was significantly higher (p<0.001) than the blank and negative control sample. The cytoplasmic MT 
immunofluorescence intensity in the central region of the P15.5/C0.3/DXN treated sample was significantly 
higher (p<0.01) compared to the peripheral region, which suggests the gelation process of P15.5/C0.3/DXN 
confined the formulation and drug release to the central region. (A) Mean cytoplasmic MT 
immunofluorescence intensity and standard deviation of each sample. (B) Bar graph illustrating mean 
cytoplasmic MT immunofluorescence intensity. Error bars indicate the SEM. One-way ANOVA and Tukey 
Post-hoc analysis conducted. (n=3) *p < 0.01 (or 99%); **p < 0.001 (or 99.9%). 
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8.3.2 Calcipotriol  
 

8.3.2.1 Determination of optimal Calbindin-D28k antibody concentration and 

volume 

 
In order to conduct the CP cell culture assays an optimal primary and secondary 

antibody concentration and volume was determined that resulted in cytoplasmic CB 

staining in SH-SY5Y cells. It was determined that 200 μL of both primary rabbit anti-CB 

antibody (CB38; Swant, Marly, Switzerland) and secondary AF647 conjugated donkey 

anti-rabbit antibody (Invitrogen) diluted 1:100 in 1% NHS allowed for specific CB 

binding. In Figure 34A it is evident that when SH-SY5Y cells were stained with 200 μL 

of 1:100 secondary AF647 conjugated donkey anti-mouse antibodies alone there was 

minimal non-specific CB staining, conversely when SH-SY5Y cells were stained with 

200 μL of both 1:100 primary mouse anti-CB antibodies and AF647 conjugated donkey 

anti-rabbit antibodies, specific CB staining was be observed. These antibody 

concentrations and volumes were used for the subsequent CP cell culture assays.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 34: Confocal immunofluorescence images of SH-SY5Y human 
neuroblastoma cells displaying differential staining. A-B. DAPI (Blue) = nuclei. 
CB (Red) = Calbindin. When staining was conducted with secondary antibody alone, 
minimal non-specific staining is observed. Conversely, when staining is conducted with 
both primary and secondary antibody, clear and bright cytoplasmic CB staining is present. 
(A) Blank cells stained with 200 μL secondary AF647 conjugated donkey anti-rabbit 
antibodies diluted 1:100 in 1% NHS. (B) Blank cells stained with 200 μL of both primary 
mouse anti-CB antibodies and secondary AF647 conjugated donkey anti-rabbit antibodies 
diluted 1:100 in 1% NHS. 
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8.3.2.2 Determination of optimal Calcipotriol sol-gel dosage volume and 
incubation time  
 

The optimal dosage volume and incubation time for both CP sol-gels 

(P15/C0.3/CP0.5 & P15.5/C0.3/CP) formulated in objective 1 was determined. Various 

dosage volumes and incubation times were analysed and attention was made to the nuclei 

morphology and whether cell death was induced. Experimental and control groups 

underwent apoptotic cell counting. To be classified as an apoptotic cell, clear nuclear 

membrane breakdown was needed to be observed. SH-SY5Y cells were incubated with 

either P15/C0.3/CP0.5 or P15.5/C0.3/CP in volumes of 1 μL, 3 μL or 5 μL for 10 minutes, 

20 minutes, 30 minutes, 1 hour, 2 hour or 4 hours.  

 

For the samples incubated in the presence of P15/C0.3/CP0.5, it was evident in 

Figure 35G-H the dosage volumes of 3 μL and 5 μL caused cellular death at the 10-minute 

time point as clear nuclear membrane breakdown was observed. The 10-minute time point 

for both 3 μL and 5 μL resulted in significantly higher (p<0.001) cell death relative to the 

control (Figure 37). As a result, the 3 μL and 5 μL dosage volumes were excluded from 

further P15/C0.3/CP0.5 cell culture assays. In Figure 35A-F it was evident that for the 

samples treated with 1 μL of P15/C0.3/CP0.5, from 1-hour onwards, cell death was 

observed. This observation was reinforced as the apoptotic cell percentages from the 1-

hour time point onwards were significantly higher (p<0.001) than the control (Figure 37). 

The 1 μL dosage volume of P15/C0.3/CP0.5 for an incubation time of 30-minutes was 

deemed optimal as it was the longest incubation time that did not significantly increase 

the percentage of apoptotic cells (Figure 35C, 37). As a result, this dosage volume and 

incubation time for P15/C0.3/CP0.5 was used for subsequent cell culture assays. 

 

For the samples incubated with P15.5/C0.3/CP, it was evident in Figure 36G-H 

the dosage volumes of 3 μL and 5 μL caused cellular death at the 10-minute time point 

as clear nuclear membrane breakdown was observed. The 10-minute time point for both 

3 μL and 5 μL resulted in significantly higher (p<0.001) cell death relative to the control 

(Figure 38). As a result, these dosage volumes were excluded from further P15.5/C0.3/CP 

cell culture assays. In Figure 36A-F it was evident that the samples treated with 1 μL of 

P15.5/C0.3/CP underwent cell death from the 2-hour time point onwards. This 

observation was reinforced as the apoptotic cell percentages from the 2-hour time point 

onwards were significantly higher (p<0.001) than the control (Figure 38). The sample 

that was incubated with 1 μL of P15.5/C0.3/CP for 1-hour had the longest incubation time 
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with no significant increase in apoptotic cells (Figure 36C, 38). As a result, this dosage 

volume and incubation time for the application of P15/C0.3/CP0.5 was used for 

subsequent cell culture assays.  

 

  

Figure 35: Confocal immunofluorescence images displaying nuclei of P15/C0.3/CP0.5 treated 
SH-SY5Y human neuroblastoma cells. A-J. DAPI (Blue) = Nuclei. From 1 hour onwards for the 
samples treated with 1 μL of P15/C0.3/CP0.5 cell death begins to occur. Cell death was present from 10 
minutes onwards for the samples treated with 3 μL and 5 μL of P15/C0.3/CP0.5, later time points have not 
been shown. In summary the optimum dosage volume and incubation time for P15/C0.3/CP0.5 was 1 μL 
for 30 minutes, respectively. (A-F) Cells treated with 1 μL of P15/C0.3/CP0.5 for 10 minutes – 4 hours. (G) 
Cells treated with 3 μL of P15/C0.3/CP0.5 for 10 minutes. (H) Cells treated with 5 μL of P15/C0.3/CP0.5 
for 10 minutes. (I) Blank. (J) Cells treated with P15/C0.3 for 4 hours (negative control). All images of sol-
gel treated samples are from central region. 
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Figure 37: Average percentage of apoptotic SH-SY5Y cells in samples treated with 1 𝛍𝛍L, 3 𝛍𝛍L or 
5 𝛍𝛍L of P15/C0.3/CP0.5. A positive correlation exists between drug exposure and percentage of apoptotic 
cells. (Mean±SD). Control = 0.000±0.00, 1 μL 10 minutes = 0.250±0.250, 1 μL 20 minutes = 0.500±0.289, 
1 μL 30 minutes = 0.250±0.250, 1 μL 1 hour = 48.732±5.491, 1 μL 2 hours = 53.232±3.996, 1 μL 4 hours 
= 100.000±0.000, 3 μL 10 minutes = 100.000±0.000, 5 μL 10 minutes = 100.000±0.000. Independent t-test 
conducted. *p < 0.01 (or 99%); **p < 0.001 (or 99.9%) relative to control. (n=3). Error bars indicate the 
SEM. 
 
 
 
 
 

Figure 36: Confocal immunofluorescence images displaying nuclei of P15.5/C0.3/CP treated SH-
SY5Y human neuroblastoma cells. A-J. DAPI (Blue) = nuclei. From 2 hours onwards for the samples treated 
with 1 μL of P15.5/C0.3/CP0.5 cell death begins to occur. Cell death was present from 10 minutes onwards for 
the samples treated with 3 μL and 5 μL of P15.5/C0.3/CP, later time points have not been shown. In summary 
the optimum dosage volume and incubation time for P15.5/C0.3/CP was 1 μL for 1 hour, respectively.  (A-F) 
Cells treated with 1 μL of P15.5/C0.3/CP for 10 minutes – 4 hours. (G) Cells treated with 3 μL of P15.5/C0.3/CP 
for 10 minutes. (H) Cells treated with 5 μL of P15.5/C0.3/CP for 10 minutes. (I) Blank. (J) Cells treated with 
P15.5/C0.3 (negative control). All images of CP sol-gel treated samples are from central region. 
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8.3.2.3 Determination of Calcipotriol positive control  
 
 

A concentration of CP that could significantly upregulate cytoplasmic CB 

expression while also not inducing apoptosis was determined in order to serve as a 

positive control. Due to both P15/C0.3/CP0.5 and P15.5/C0.3/CP having CP 

concentrations in the micromolar range, the positive controls tested consisted of 1 μM 

and 5 μM CP supplemented media. SH-SY5Y human neuroblastoma cells were incubated 

in 1 μM and 5 μM CP supplemented media for both 30 minutes and 1 hour.  

 

In Figure 39 it was evident that the cells incubated in 1 μM and 5 μM CP 

supplemented media for 30 minutes and 1 hour had a brighter CB immunofluorescence 

intensity compared to the control. In addition, none of the samples had a significant 

increase in apoptotic cells relative to the control (Figure 40). The sample incubated in 1 

μM CP supplemented media for 30 minutes displayed approximately a 1.230-fold 

increase in cytoplasmic CB immunofluorescence intensity relative to the control, but was 

not significant (Figure 41B). In contrast, the sample incubated in 1 μM CP supplemented 

media for 1-hour displayed approximately a 1.341-fold increase in cytoplasmic CB 

immunofluorescence intensity relative to the control (Figure 41C), which was significant 

(p<0.01). Despite this, the samples incubated in the 5 μM CP supplemented media for 30 
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Figure 38: Average percentage of apoptotic SH-SY5Y cells in samples treated with 1 𝛍𝛍L, 3 
𝛍𝛍L or 5 𝛍𝛍L of P15.5/C0.3/CP. A positive correlation exists between drug exposure and percentage 
of apoptotic cells. (Mean±SD). Control = 0.000±0.000, 1μL 10 minutes = 0.000±0.000, 1μL 20 
minutes = 0.000±0.000, 1μL 30 minutes = 0.353±0.473, 1μL 1 hour = 2.083±1.859, 1μL 2 hours = 
53.232±7.992, 1μL 4 hours = 94.811±3.343, 3μL 10 minutes = 95.385±3.739, 5μL 10 minutes = 
97.567±2.203. Independent t-test conducted. *p < 0.01 (or 99%); **p < 0.001 (or 99.9%) relative to 
control. (n=3). Error bars indicate the SEM. 
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minutes and 1 hour displayed the greatest increases in cytoplasmic CB 

immunofluorescence intensity of approximately 2.2-fold and 2.5-fold relative to the 

control, respectively (Figure 41D-E). Both of these increases were both significantly 

higher (p<0.001). 

 

As a result, due to the 5μM CP supplemented media not inducing apoptosis and 

significantly increasing (p<0.001) cytoplasmic CB expression, this concentration served 

as the positive control for subsequent CP cell culture assays. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39:  Confocal immunofluorescence images displaying CB expression in SH-SY5Y human 
neuroblastoma cells incubated with CP supplemented media. A-E. DAPI (Blue) = nuclei. CB (Red) 
= Calbindin. Merge = DAPI + CB. (A) Control (blank). (B) Cells treated with 1 μM CP supplemented media 
for 30 minutes. (C) Cells treated with 1 μM CP supplemented media for 1 hour. (D) Cells treated with 5 μM 
CP supplemented media for 30 minutes. (E) Cells treated with 5 μM CP supplemented media for 1 hour.  
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Figure 40: Average percentage of apoptotic SH-SY5Y cells in samples treated with CP 
supplemented media. No significant difference in apoptosis was observed between the control and 
cells incubated in CP supplemented media. (Mean±SD). Control (blank) = 0.000±0.000, 1 μM CP 30 
minutes = 1.000±0.816, 1 μM CP 1 hour = 0.500 ±0.577, 5 μM CP 30 minutes= 0.500±0.577, 5 μM 
CP 1 hour = 0.750±0.500. Independent t-test conducted. *p < 0.01 (or 99%); **p < 0.001 (or 99.9%) 
relative to control. (n=3) Error bars indicate the SEM. 
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Figure 41: Average cytoplasmic CB immunofluorescence intensity of SH-SY5Y human 
neuroblastoma cells treated with CP supplemented media. (Mean±SD). Control (blank) = 
26.169±3.485, 1 μM CP 30 minutes = 32.181±2.390, 1 μM CP 1 hour = 35.087±2.797, 5 μM CP 
30 minutes = 56.945±2.221, 5 μM CP 1 hour = 64.888±3.125. Independent t-test conducted. *p < 
0.01 (or 99%); **p < 0.001 (or 99.9%) relative to control. (n=3) Error bars indicate the SEM. 
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8.3.2.4 Calcipotriol sol-gel upregulation of cytoplasmic Calbindin-D28k in SH-
SY5Y human neuroblastoma cells  

 

The last component was to determine if P15/C0.3/CP0.5 and P15.5/C0.3/CP could 

significantly upregulate cytoplasmic CB expression in SH-SY5Y human neuroblastoma 

cells. From previous components of this study, it was determined that the optimum dosage 

volume and incubation time for P15/C0.3/CP0.5 and P15.5/C0.3/CP was 1 μL for 30 

minutes and 1 μ L for 1 hour, respectively. The positive control was 5 μM CP 

supplemented media. The negative controls for P15/C0.3/CP0.5 and P15.5/C0.3/CP were 

P15/C0.3 and P15.5/C0.3, respectively.  

 

8.3.2.4.1 P15/C0.3/CP0.5 upregulation of cytoplasmic Calbindin-D28k in SH-
SY5Y human neuroblastoma cells 

 

For the samples incubated with P15/C0.3/CP0.5, it was evident in Figure 42 the 

cytoplasmic CB immunofluorescence intensity of both the central and peripheral regions 

were brighter than the blank and negative control samples. In Figure 43 the cytoplasmic 

CB immunofluorescence intensity was quantified, which indicated that the 

immunofluorescence intensity in the central and peripheral region of the P15/C0.3/CP0.5 

treated sample was approximately 2-fold greater compared to the blank and negative 

control samples, which was significant (p<0.001).  

 

The cytoplasmic CB immunofluorescence intensity in the samples incubated with 

P15/C0.3/CP0.5 (CP 121 μM) was similar with the positive control (CP 5 μM), indicating 

P15/C0.3/CP0.5 released similar amounts of CP to the positive control. This suggests that 

after 30 minutes P15/C0.3/CP0.5 had a cumulative CP release of approximately 4%.  

 

In Figure 42F differential interference contrast microscopy was performed on the 

cells within the central region of the P15/C0.3/CP0.5 treated sample in order to image the 

plasma membrane of the cells and determine the location of CB expression. It was evident 

that the expression of CB was confined to the cytoplasm of the SH-SY5Y cells. In 

summary, this data indicated that incubation of 1 μL of P15/C0.3/CP0.5 for 30 minutes 

significantly upregulated cytoplasmic CB expression in vitro. 
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The cytoplasmic CB immunofluorescence intensity of the central and peripheral 

regions of the P15/C0.3/CP0.5 treated samples were not significantly different, which 

suggested the formulation may have diffused from the central region to the peripheral 

region of the coverslip, thereby releasing CP into the periphery. This may be attributed to 

the viscosity of P15/C0.3/CP0.5 being 0.574 Pa.s at 34℃ which is at the lower end of the 

acceptable range for intranasal delivery. In contrast, after the incubation of the DXN sol-

gel (P15.5/C0.3/DXN) which had a viscosity of 0.652 Pa.s at 34℃, the cytoplasmic MT 

immunofluorescence intensity was significantly different (p<0.01) between the central 

and peripheral regions of the coverslip, which may suggest that the higher viscosity 

exhibited by P15.5/C0.3/DXN may be required in order to selectively deliver drug to a 

specific region. 

 

8.3.2.4.2 P15.5/C0.3/CP upregulation of cytoplasmic Calbindin-D28k in SH-
SY5Y human neuroblastoma cells 
 

For the samples incubated with P15.5/C0.3/CP, it was evident in Figure 44 that 

the cytoplasmic CB immunofluorescence intensity in both the central and peripheral 

regions were brighter than the blank and negative control samples. In Figure 45 it was 

evident that the average cytoplasmic CB immunofluorescence intensity in the central and 

peripheral region of the P15.5/C0.3/CP treated sample was approximately 2-fold greater 

(p<0.001) compared to the blank and negative control samples. In Figure 44F differential 

interference contrast microscopy was performed on the cells within the central region of 

the P15.5/C0.3/CP treated sample in order to image the plasma membrane of the cells and 

determine the location of CB expression. It was evident that the expression of CB was 

confined to the cytoplasm of the SH-SY5Y cells. In summary, this data indicated that 

incubation of 1 μL of P15.5/C0.3/CP for 1 hour significantly upregulated cytoplasmic CB 

expression in vitro. 

 

Although not significantly different, the cytoplasmic CB immunofluorescence 

intensity of the central region was less than the peripheral region which suggests the 

formulation may have diffused from the central region to the peripheral region of the 

coverslip, thereby releasing CP into the periphery. This may be attributed to the viscosity 

of P15.5/C0.3/CP being 0.494 Pa.s at 34℃ which is at the lower end of the acceptable 

range for intranasal delivery. In contrast, after the incubation of P15.5/C0.3/DXN which 

had a viscosity of 0.652 Pa.s at 34℃, the cytoplasmic MT immunofluorescence intensity 
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was significantly different (p<0.01) between the central and peripheral regions of the 

coverslip, which may suggest that the higher viscosity exhibited by P15.5/C0.3/DXN is 

required to selectively deliver drug to a specific region.  

.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 42: Cytoplasmic CB expression in SH-SY5Y human neuroblastoma cells after 
treatment with P15/C0.3/CP0.5. A-G. DAPI (Blue) = nuclei. CB (Red) = Calbindin. DIC (Grey) 
= Differential interference microscopy. Merge = DAPI + CB + DIC. (A) Blank cells. (B) Negative 
control (P15/C0.3) cells from central region. (C) Positive control cells treated with 5 μM CP 
supplemented media. (D) Cells from central region of P15/C0.3/CP0.5 treated sample. (E) Cells from 
peripheral region of P15/C0.3/CP0.5 treated sample. (F) Image of SH-SY5Y cells from central region 
P15/C0.3/CP0.5 treated sample with addition of DIC.  
 
 
 
 



Development of Polymer-based Sol-Gel Therapeutics for Parkinson's Disease 

 

98 

 

 

 
 
 
 
 
 
  
 
 
 
  
 
 

 

Blank 
(A) 

Negative 
Control 

(B)  

Positive 
control 

(C)  

P15/C0.3/CP0.5 
central region  

(D) 
 

P15/C0.3/CP0.5 
peripheral region  

(E) Post-hoc 

 
 

Average 
cytoplasmic CB 

Immunofluorescence 
intensity 

(Mean % ± SD) 

12.279 ± 3.322 14.008 ± 0.738 27.829 ± 8.216 29.341 ± 5.797 29.430 ± 6.705 

 
  A<C** 
  A<D** 
  A<E** 
  B<C** 
  B<D** 
  B<E**  

Figure 43: Average cytoplasmic CB immunofluorescence intensity of SH-SY5Y human neuroblastoma 
cells treated with P15/C0.3/CP0.5. A-B. The cytoplasmic CB immunofluorescence in the central and peripheral 
region was significantly higher (p<0.001) than the blank and negative control samples. The level of cytoplasmic CB 
immunofluorescence is similar between the treated samples and the positive control, suggesting the level of CB 
induction by P15/C0.3/CP0.5 is similar to a 5 μM CP solution. (A) Mean immunofluorescence intensity values with 
standard deviation of each sample. (B) Bar graph illustrating mean immunofluorescence intensity. One-way ANOVA 
and Tukey Post hoc analysis conducted. (n=3) *p < 0.01 (or 99%); **p < 0.001 (or 99.9%); Error bars indicate the 
SEM. 
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Figure 44: Cytoplasmic CB expression in SH-SY5Y human neuroblastoma cells treated with 
P15.5/C0.3/CP. A-G. DAPI (blue) = nuclei. CB (Red) = Calbindin. DIC (Grey) = Differential 
interference microscopy. Merge = DAPI + CB + DIC. (A) Blank cells. (B) Negative control (P15.5/C0.3) 
cells from central region. (C) Positive control cells treated with 5 μM CP supplemented media. (D) Cells from 
central region of P15.5/C0.3/CP treated sample. (E) Cells from peripheral region of P15.5/C0.3/CP treated 
sample. (F) Image of SH-SY5Y cells from central region P15.5/C0.3/CP treated sample with addition of DIC.  
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Figure 45: Average cytoplasmic CB immunofluorescence intensity of SH-SY5Y human 
neuroblastoma cells treated with P15.5/C0.3/CP. A-B. The cytoplasmic CB immunofluorescence in the 
central and peripheral region was significantly higher (p<0.001) than the blank and negative control samples. 
(A) Mean immunofluorescence intensity values with standard deviation of each sample. (B) Bar graph 
illustrating mean immunofluorescence intensity. One-way ANOVA and Tukey Post hoc analysis conducted. 
(n=3) *p < 0.01 (or 99%); **p < 0.001 (or 99.9%); Error bars indicate the SEM. 
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8.4 Objective 2 summary  
 
 

In summary three sol-gels (P15.5/C0.3/DXN, P15/C0.3/CP0.5 &  P15.5/C0.3/CP) 

were formulated in objective 1 and applied to SH-SY5Y human neuroblastoma cells in 

order to determine if MT and CB could be significantly upregulated.  

 

It was determined that SH-SY5Y human neuroblastoma cells treated with 1 μL of 

P15.5/C0.3/DXN for 20-minutes underwent approximately a 1.690-fold and 1.871-fold 

increase in cytoplasmic MT expression compared to the blank and negative control 

samples, respectively. These increases were significant (p<0.001). As a result, it was 

indicative that the application of P15.5/C0.3/DXN significantly upregulated MT 

expression in vitro. In addition, the data indicated that cytoplasmic MT 

immunofluorescence intensity was significantly higher (p<0.01) in the central region 

compared to the peripheral region of the P15.5/C0.3/DXN treated sample. This suggested 

that upon contact of  P15.5/C0.3/DXN with the SH-SY5Y human neuroblastoma cells at 

37℃, gelation of the formulation occurred, which confined majority of DXN release and 

subsequent cellular MT expression to the central region of the sample.  

 
It was determined that SH-SY5Y human neuroblastoma cells treated with 1 μL of 

P15/C0.3/CP0.5 for 30-minutes and P15.5/C0.3/CP for 1-hour underwent approximately 

a 2-fold increase in cytoplasmic CB expression compared to the control. These increases 

were significant (p<0.001). This indicated that the application of P15.5/C0.3/CP0.5 and 

P15.5/C0.3/CP significantly upregulates CB expression in vitro. 

 
In contrast to the selective upregulation of MT in the central region of the 

P15.5/C0.3/DXN treated sample, the samples treated with P15/C0.3/CP0.5 and 

P15.5/C0.3/CP did not display significant differences in cytoplasmic CB expression 

between the central and peripheral regions. This was likely due to P15/C0.3/CP0.5 and 

P15.5/C0.3/CP diffusing into the periphery and releasing CP. This problem was likely 

attributable to the lower viscosities of the P15/C0.3/CP0.5 (0.574 Pa.s at 34℃) and 

P15.5/C0.3/CP (0.494 Pa.s at 34℃) compared to P15.5/C0.3/DXN (0.652 Pa.s at 34℃).  
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9.0 Conclusion 
 
 

In summary, P15.5/C0.3/DXN, P15/C0.3/CP0.5 and P15.5/C0.3/CP displayed 

optimum rheological properties for intranasal delivery and significantly upregulated 

cytoplasmic MT and CB expression in vitro. The findings suggested sol-gels containing 

active drug components may serve as a potential treatment for Parkinson’s disease by 

inhibiting metal ion dependent α-synuclein aggregation and subsequent LB formation.   

 

The intranasal delivery of sol-gels has clear advantages over conventional intranasal 

delivery vehicles. The results from this study indicated active drug containing sol-gels 

tailored for intranasal delivery selectively and steadily release drug while possessing 

physiochemical properties which would likely counter the removal from the nasal cavity 

and enhance residence time, which is advantageous over conventional intranasal delivery 

vehicles.  

 

Further studies are needed to be conducted in order to determine whether the increase 

in cytoplasmic MT and CB corresponds to a decrease in 𝛼𝛼-synuclein pathology in vitro. 

If the sol-gels are able to decrease 𝛼𝛼-synuclein pathology in vitro, in vivo studies should 

be conducted where either P15.5/C0.3/DXN, P15/C0.3/CP0.5 or P15.5/C0.3/CP is 

intranasally administered and cytoplasmic MT, CB and 𝛼𝛼-synuclein pathology is  

evaluated in the brain tissue and olfactory nerve pathway via confocal 

immunofluorescence microscopy and western blot analysis. If changes in cytoplasmic 

MT, CB and 𝛼𝛼-synuclein pathology are observed in the brain tissue and olfactory nerve 

pathway of the sol-gel treated animals, this would suggest successful N2B drug 

transmission has occurred. Lastly, in addition to evaluating cytoplasmic MT, CB and 𝛼𝛼-

synuclein pathology, the effect on the motor impairments associated with PD after the 

intranasal administration of sol-gels should be evaluated in rotenone treated animals. 

 

 

 

.  
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