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ABSTRACT 

Resveratrol (RSV) is a natural product with multiple biological benefits including 

anticancer properties. Unfortunately, its biological benefits are limited by its low 

bioavailability and rapid hepatic metabolism and degradation in the body which 

instigated high oral doses of up to 100mg/kg to be used for significant therapeutic 

effects in pre-clinical and clinical studies. Several strategies including chemical 

modification and nano-formulation have been used to overcome the limitations of 

RSV, however, most research published focused on improved in vitro or in vivo 

stability of RSV without assessing on the improvement of in vivo anticancer or other 

biological effects of RSV by various formulation strategies. This did not allow for a 

holistic understanding of the impact of modified or formulated RSV on its biological 

effects. As the purpose of the strategies were to improve the pharmacokinetic (PK) 

profile of RSV to increase its availability at the disease sites, it would be logical to 

evaluate the application of the enhanced properties of RSV. 

The aim of this project was to enhance the plasmatic stability and decrease the 

metabolism rate of RSV through a dual strategy of chemical modification and nano-

sized formulation for the application of RSV anticancer treatment in a mouse cancer 

model. In this study, RSV was conjugated to an array of low molecular weight (MW) 

PEGylated amphiphilic copolymers and formulated into nano-sized particles together 

with unconjugated RSV, henceforth known as conjugated RSV nanoparticles (NPs). As 

a comparison, native RSV was encapsulated in the same amphiphilic copolymers, 

henceforth known as encapsulated RSV NPs.  

Conjugation of RSV to low MW methoxy-poly(ethylene glycol)-poly(L-lactic acid) 

(mPEG-PLA) and methoxy-poly(ethylene glycol)-poly-(ε-caprolactone) (mPEG-PCL) 

was achieved using a carbodiimide coupling reaction via an ester bond with either of 

two linkers, that is a two-carbon succinate (succ) and a three-carbon glutarate (glu). 

Previous in vivo PK and in vitro metabolism studies within the research group found 

that NPs of mPEG750-PLA1000-succ-RSV (RSV conjugated to mPEG-PLA with 750Da 

and 1000Da, respectively, via a succinate linker) was stable against plasmatic and 

hepatic enzymes in vitro and produced more bioavailability in vivo. Here, we have 
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used different MW of mPEG, that is 750Da and 2000Da, to assess the effect of 

hydrophilic chain on RSV conjugate and different types of hydrophobic polymers (PLA 

or PCL) on stability of polymeric conjugates. The different linker chain lengths were 

used to investigate the stability difference between succ and glu. Synthesis of 

polymers, activated polymers and RSV conjugates were characterised by gel 

permeation chromatography (GPC) for polymers and nuclear magnetic resonance 

(NMR) for all syntheses. Yields of copolymers were close to 100% whereas yields for 

activated copolymers ranged from 40% to 90%. Yields for RSV conjugates were 

between 16% to 55% with varying content of RSV conjugate and unconjugated RSV 

(55%-99% w/w RSV conjugate in final synthesised product). Further purification of 

final conjugated RSV products was not carried out to utilise the unconjugated RSV to 

increase drug loading (DL) of conjugated RSV NPs. 

A simple high-performance liquid chromatography (HPLC) gradient method with 

ultraviolet (UV) and fluorescence (FL) detection was developed with good selectivity 

to concurrently quantify unconjugated RSV and RSV conjugates, respectively, in 

conjugated RSV NPs. Separation between unconjugated RSV and RSV conjugates 

were in the range of 5 to 10 minutes which allowed a better resolution between 

analytes. A rapid HPLC isocratic method was also optimised to quantify unconjugated 

RSV in encapsulated RSV NPs with high selectivity and sensitivity. Both methods were 

validated in non-biological and biological matrices for linearity, limitations, accuracy, 

precision and storage stability during HPLC analyses. 

Selected conjugated RSV NPs (mPEG750-PLA1000-succ-RSV, mPEG750-PLA1000-glu-

RSV, mPEG750-PCL1000-succ-RSV and mPEG2000-PLA1000-succ-RSV) were 

formulated together with unconjugated RSV using simple nanotechnology 

techniques of solvent diffusion, solvent evaporation and thin film hydration. All NPs 

had particle sizes ranging from 28nm to 360nm with low to high polydispersity index 

(PDI) values (0.2 to 0.7) and RSV loading of 10%-48% (w/w). In addition, PEG5000-O-

RSV (RSV conjugated to PEG 5000Da with an ether bond) synthesised previously in 

the research group was developed into NPs (particle size 580nm; PDI 0.5) using self-

assembly method with RSV loading of 4% (w/w). All NPs were negatively charged (-

9mV to -35mV) with NPs of mPEG750-PLA1000-succ-RSV and PEG5000-O-RSV having 
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zeta potential values of -3mV and 0mV, respectively. As a comparison, encapsulated 

RSV NPs was prepared using solvent diffusion and solvent evaporation methods by 

encapsulating RSV in amphiphilic copolymers mPEG750-PLA1000, mPEG750-PCL1000 

and mPEG2000-PLA1000. All NPs ranged between 160nm to 350nm in size with 

excellent PDI values (<0.1) and negatively charged particles (-11mV and -20mV) 

except RSV encapsulated in mPEG2000-PLA1000 NPs where zeta potential was close 

to 0mV. Encapsulated efficiency (EE) was between 72% to 97% whereas DL of 

encapsulated RSV NPs ranged between 3%-9% (w/w). Conjugated RSV NPs were 

found to have significantly higher DL when compared to encapsulated RSV NPs while 

maintaining nano-sized particles due to the presence of unconjugated RSV in the 

conjugated RSV NPs and contributed to the much slower release of total RSV 

equivalent than its encapsulated RSV NPs counterpart. Release profiles of conjugated 

RSV NPs were dependent on the hydrolysis rate of RSV-polymer bond and release 

kinetics of unconjugated RSV and cleaved RSV from RSV conjugate in NP core. Release 

profiles of encapsulated RSV NPs were obtained and found to be influenced by the 

hydrolysis rate of copolymers surrounding the NP shell and NP size. 

Based on in vitro assays with rat plasma, we concluded that conjugated RSV NPs 

containing mPEG750-PLA1000-succ-RSV, mPEG2000-PLA1000-succ-RSV and 

PEG5000-O-RSV and all encapsulated RSV NPs were capable of protecting RSV from 

degradation in rat plasma. Conjugated RSV NPs containing mPEG750-PLA1000-succ-

RSV and PEG5000-O-RSV were the only stable formulations (conjugated and 

encapsulated) in vitro against phase II metabolism when tested using human liver 

microsomes (HLM) with microsomal t1/2 of 2.8h and 17.7h, respectively. Remaining 

NPs had microsomal t1/2 below 2.5h with encapsulated RSV NPs having microsomal 

t1/2 on par or worse than free RSV control (0.5h). We then subjected the NPs to anti-

proliferative assays in B16-F10 cells for 48 hours with thiazolyl blue tetrazolium 

bromide (MTT). At 20µg/mL total RSV equivalent, conjugated RSV NPs did not show 

significant anti-proliferative effect compared to free RSV whereas encapsulated RSV 

NPs had similar anti-proliferative effect as free RSV. However, compared to the 

untreated cells, conjugated RSV NPs containing mPEG750-PCL1000-succ-RSV and all 

encapsulated RSV NPs significantly reduced the viability of B16-F10 cells. These data 
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implied that RSV needed to be converted to its native form (that is, unconjugated) to 

elicit its anticancer effect on B16-F10 cells. 

Based on in vitro stability and anti-proliferative data, we selected one conjugated RSV 

NPs (mPEG750-PLA1000-succ-RSV NPs) for its excellent plasma and microsome 

stability profiles and a comparable encapsulated RSV NPs (RSV in mPEG750-PLA1000 

NPs) for further in vitro cytotoxicity (using NIH/3T3 cells) and apoptosis assays (using 

B16-F10 cells) and in vivo evaluation. As expected, the apoptotic activity of 

conjugated RSV NPs and encapsulated RSV NPs were similar to what was observed in 

anti-proliferative assays, however, the cytotoxicity assay using NIH/3T3 cells showed 

a slight cytotoxic effect due to the existent cytotoxicity effect of RSV. Apoptosis 

assays using B16-F10 cells showed that RSV and encapsulated RSV NPs followed the 

apoptotic pathway in cell death. Despite the lack of anti-proliferative effect on B16-

F10 cells, we deemed it necessary to assess the NPs in a mouse model containing a 

subcutaneous B16-F10 tumour to study the full impact of conjugation and 

encapsulation against the metabolism and degradation of RSV in vivo on their 

therapeutic effect compared to RSV alone. In our animal study using C57BL6/J mice 

subcutaneously implanted with B16-F10 tumour, we firstly used the intratumoral (IT) 

route to assess the precise dose of a formulation at a lower dose. Using knowledge 

obtained from the IT cohort, we improved our animal study design using 

intraperitoneal (IP) route to administer the NPs to study the effectiveness of 

conjugated RSV NPs in producing anticancer effect in subcutaneous tumours in mice. 

Through the IT cohort, we discovered that B16-F10 tumours were highly aggressive 

and tumour growth was uncontrollable after approximately 14 days old which 

required earlier termination due to overly large tumour size and onset of necrosis. IT 

injections were also unsuitable due to development of necrosis from multiple dosing 

and thus, another administration route, for example IP, would be more suitable and 

advantageous in differentiating the therapeutic effects between free RSV, 

encapsulated RSV NPs and conjugated RSV NPs. Through the IP cohort, the 

effectiveness of conjugated RSV NPs in providing higher therapeutic concentration of 

RSV at the tumour site compared to free RSV and encapsulated RSV NPs by 

decreasing the metabolism and degradation rates of RSV in vivo was evident. Tumour 
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growth was suppressed throughout the 14-day study even after treatments were 

stopped at day 8. Other treatment groups showed exponential tumour growth after 

treatments ceased due to the lack of bioavailable RSV caused by extensive 

metabolism and degradation of RSV in vivo prior to arrival at the tumour site. 

It was concluded that conjugated RSV NPs containing mPEG750-PLA1000-succ-RSV 

and unconjugated RSV provided an enhanced anticancer effect in B16-F10 tumours 

subcutaneously implanted in C57BL/6J mice possibly by decreasing the hepatic 

metabolism and plasma degradation rates of RSV in vivo.  
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CHAPTER 1. INTRODUCTION 

1.1 Resveratrol 

1.1.1 Background and physicochemical properties 

Resveratrol (3,5,4’-trihydroxystilbene, Error! Reference source not found.) is a 

naturally occurring polyphenolic phytoalexin found in food products such as grapes, 

wine, peanuts and berries (Augustin et al. 2013, Kulkarni et al. 2015, Summerlin et al. 

2015, Das et al. 2016). It was first isolated in 1939 from the roots of the white 

hellebore Veratrum grandiflorum (Bhullar et al. 2015, Weiskirchen et al. 2016). RSV 

is found abundantly in the Japanese knotweed root Polygonum cuspidatum 

(Summerlin et al. 2015) and is mainly sourced from the skin of grape vines and 

Mojave yucca plant (Yucca schidigera) (Chinembiri et al. 2014). 

 

Figure 1.1 Molecular structure of resveratrol (RSV) 

 

The synthesis of RSV in plants occurs through the phenylpropanoid pathway (Figure 

1.2) (Planas et al. 2012) triggered by exogenous stress factors such as injury, 

ultraviolet radiation (UVR) and fungal infection (Ndiaye et al. 2011, Aluyen et al. 2012, 

Chinembiri et al. 2014). Presence of these stress factors rapidly activates the stilbene 

synthase enzyme which facilitates the biosynthesis of trans-RSV using the precursor, 

L-phenylalanine (Cimino et al. 2012, Summerlin et al. 2015). Structurally, RSV is 

classified as a stilbene which is part of the naturally found stilbenoid family of 

compounds characterised by two aromatic rings linked by a methylene bridge (Xiao 

et al. 2008, Yu et al. 2013). RSV exists in two geometric isomers with the trans isomer 

being more abundant and biologically active than the cis isomer (Morris et al. 2015). 
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Figure 1.2 Biosynthesis of RSV via phenylpropanoid pathway in plants 

L-phenylalanine undergoes deamination by phenylalanine ammonia-lyase (PAL) forming 
trans-cinnamic acid. Cinnamate-4-hydroxylase (C4H) catalyzed the addition of a hydroxyl 
group yielding p-coumaric acid, which is modified to p-coumaryl-CoA by the enzyme p-
coumarate-CoA ligase (4CL). Finally, stilbene synthase (STS) condenses one molecule of p-
coumaryl-CoA and three molecules of malonyl-CoA to form trans-RSV (Planas et al. 2012) 

 

RSV (Chemical Abstracts Service Registry Number 501-36-0) is an off-white solid 

powder with a molecular formula C14H12O3, MW of 228.25g/mol and a melting point 

between 253 and 255°C (CAS Registry 2002, O'Neil 2006). RSV is highly hydrophobic 

with a partition coefficient (log Po/w) of 3.1 and its aqueous solubility is very low at 

0.03g/L (Mattarei et al. 2013) but solubilises at 50g/L and 16g/L in ethanol (EtOH) and 

dimethyl sulfoxide (DMSO), respectively (Amri et al. 2012). Due to its lipophilicity, 

RSV demonstrated high membrane permeability (Summerlin et al. 2015). Trans-RSV 

is stable at RT for at least 42 hours when protected from light and for at least 28 days 

when in buffers at pH1-7 (Trela et al. 1996) although we have experimentally shown 
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instability of RSV at pH7.4 at RT (Appendix 7.10). Amri et al. (2012) also reported that 

trans-RSV is more biologically active than cis isomer probably due to its non-planar 

conformation. 

1.1.2 Biological benefits and mechanisms of action 

Weiskirchen et al. (2016) reported some biological benefits of RSV on various organ 

functions (Figure 1.3). 
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Figure 1.3 Some reported benefits of RSV on organ function (Weiskirchen et al. 2016) 
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The list of biological benefits of RSV is non-exhaustive and ever-growing, however, 

the exact mechanism of action for RSV remains unclear and not fully understood 

(Kulkarni et al. 2015, Summerlin et al. 2015, Pavan et al. 2016). Polyphenols are 

known to have non-specific actions unlike traditional therapeutical molecule where 

only one or very few targets are specific to the compound. The plurality of molecular 

targets is common in natural compounds in particular phytochemicals like RSV (Singh 

et al. 2015). Nonetheless, the biological benefits could be due to the combined 

effects of multiple molecular targets (Kulkarni et al. 2015). For example, RSV was 

proposed to mimic a state of cell starvation which triggered the calorie restriction 

pathway which contributed to its anti-aging properties in healthy and metabolically 

compromised mammals (Catalgol et al. 2012, Bhullar et al. 2015), cardio-protective 

properties (reviewed in Kulkarni et al. (2015)) and anticancer properties (Fouad et al. 

2013). Das et al. (2016) reviewed the effect of RSV on the protein kinase C (PKC) 

signalling pathway which plays a key role in biological functions such as apoptosis, 

cell proliferation, immune responses, cell signalling and neurological functions of 

learning and memory. Bhullar et al. (2015), alternatively, hypothesised that the 

mammalian sirtuins SIRT1 was possibly a primary target of RSV which regulates 

numerous cellular processes such as deoxyribonucleic acid (DNA) repair, fat 

differentiation, glucose output, insulin sensitivity, fatty acid oxidation and 

neurogenesis. Current meta-analysis of the use of high daily oral doses (≥300 mg/day) 

RSV suggested that RSV played an active role to promote cardiovascular health in 

diabetic patients (Fogacci et al. 2018). In addition, Diaz-Gerevini et al. (2016) stated 

that RSV prevented bisphenol A-induced autism, type 2 diabetes mellitus and 

metabolic syndrome by augmenting the brain-derived neurotrophic factor (BDNF) 

synthesis and action. RSV also altered the gut microbiota and influenced stem cell 

proliferation and differentiation which could explain its multitude of benefits (Qiao 

et al. 2014, Chen et al. 2015b). RSV was found by Frozza et al. (2013) to protect 

against synaptic degeneration induced by fibrillar amyloid-β (Aβ) peptides simulating 

neurodegeneration in Alzheimer’s disease. In various preclinical studies reviewed by 

Vang et al. (2011), there was sufficient evidence to suggest RSV, at the right dose, 

reduced the incidence of hypertension, heart failure, ischemia heart disease and had 

chemopreventive effects in experimental animal models. Kulkarni et al. (2015) 
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presented a systematic review on metabolic actions of RSV and its potential role on 

a sirtuin enzyme SIRT1 and the AMP-activated protein kinase (AMPK). The paper also 

reviewed other possible effectors for RSV including inhibition of cyclooxygenases 

(COX) and mammalian target of rapamycin (mTOR) signalling which resulted in 

anticancer properties. 

RSV was found to be antioxidative which allowed protection against atherosclerosis 

at higher doses but at lower doses, was pro-oxidative by increasing intracellular 

superoxide production (Catalgol et al. 2012). This dual role was also observed in RSV 

derivatives where normal cells were protected from oxidative stress due to the 

antioxidant (AOX) nature of RSV derivatives whereas cancer or pre-malignant cells 

experienced necrotic death by RSV acting as a cytotoxic prooxidant (Gorlach et al. 

2015). Madreiter-Sokolowski et al. (2017) reviewed the mechanisms of action of RSV 

in the mitochondria and described the hormetic characteristic of RSV where low 

doses of less than 50µM (11.4µg/mL) showed cytoprotective properties which was 

beneficial for aging, neurodegenerative, cardiovascular and metabolic diseases; and, 

a higher dose of more than 50µM induced apoptosis via the caspase-dependent 

apoptosis pathway in the mitochondria of cancer cells by increasing intracellular Ca2+ 

levels. This was evident in SW620 colon cancer cells where an increase in oxygen 

consumption supported by mitochondrial biogenesis and increased fatty acid 

oxidation followed by the hyperpolarization of mitochondrial membrane and reactive 

oxygen species (ROS) production led to an enhanced apoptosis effect of RSV 

(Blanquer-Rossello et al. 2017). This behaviour was further described to be dissimilar 

to what happens in normal cells where RSV reduces energy metabolism mimicking a 

calorie-restricted environment. Saunier et al. (2017) supported this mitochondrial 

metabolic effect of RSV in Caco2 colon cancer cells by proposing that RSV reverses 

the Warburg effect, that is the altered metabolic activity in cancer cells, by targeting 

the pyruvate dehydrogenase (PDH) complex through the Ca2+/AMPK signaling 

pathway. Another colon cancer cell line was found to be affected by the hormetic 

nature of RSV where HCT116 cell numbers were increased when 1-10µM (0.2-

2.3µg/mL) RSV was added and at 50-100µM (11.4-22.8µg/mL), RSV reduced cell 

numbers and increased the percentage of apoptotic and necrotic cells (San Hipolito-
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Luengo et al. 2017). 

Although there is a plethora of literature findings on the effectiveness of RSV in colon 

cancer cell lines, the chemopreventive effects of RSV in vivo was first demonstrated 

by Jang (1997) which described the multi-stage carcinogenesis of RSV in an in vivo 

melanoma model by affecting the carcinogenesis process in the tumour initiation, 

promotion and progression phases (Chinembiri et al. 2014). RSV was found to induce 

caspase-dependent apoptosis in several cancer cell types by Gogada et al. (2011) and 

was further confirmed to induce autophagy of cancer cells by Prabhu et al. (2013). 

Angiogenesis generally depicts a progressive, more severe cancer and RSV was shown 

to exert anti-angiogenic activity by modulation of the tumour cell release of 

thrombospondin-1 (TSP1) and vascular endothelial growth factor (VEGF) (Catalgol et 

al. 2012). Although RSV appeared to have a biphasic effect on cell proliferation by 

stimulating cell growth at low concentrations and suppressing growth at high 

concentrations, it was found to inhibit cell proliferation in estrogen receptor (ER)-

negative cancer cell lines at all concentrations as reviewed in Mense et al. (2008). 

Table 1.1 lists recent comprehensive reviews on molecular mechanisms of RSV by 

various authors.
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Table 1.1 Recent literature reviews on molecular mechanisms of RSV 

Reference Review topic 

Berman et al. (2017) Clinical trials on RSV in cancer, neurological disorders, cardiovascular diseases, diabetes, non-alcoholic 
fatty liver disease (NAFLD) and obesity 
Discussed effect of RSV on disease biomarkers 

Pan et al. (2018) Molecular modulations by RSV for obesity treatment and/or improvement of obesity-related metabolic 
diseases 

Abbasi Oshaghi et al. (2017) Mechanisms of action of RSV in management of insulin-resistant and related conditions 

Madreiter-Sokolowski et al. (2017) Mechanisms of action of RSV in the mitochondria 

Ko et al. (2017) Intracellular molecular targets of RSV evidenced by in vitro and in vivo studies in various cancers 
Clinical trials of RSV as therapeutic and chemopreventive agent 

Rauf et al. (2016) Mechanism of actions of RSV in cancer therapy specifically AOX modulation 

Aziz et al. (2018) Molecular mechanisms of RSV in chemoprevention in UVR-induced skin carcinogenesis 

Zhang et al. (2018) Signaling pathway targets of RSV in cancer stem cells 

Li et al. (2018) Relationship between RSV and aging biomarkers including oxidative stress, inflammation and high-
calorie diets 
Mechanisms of action of RSV in age-associated disorders 

Mohammed et al. (2018) Modulation of mechanisms in drug-resistant cancer cells and induction of chemosensitization by RSV 

Tsai et al. (2017) Recent findings on the mechanisms of action and biological effects of RSV 
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1.1.3 Limitations 

Despite numerous biological benefits, RSV has low oral bioavailability due to its short 

biological t1/2, rapid metabolism and poor water solubility (Peng et al. 2018). It was 

shown that clinical translation of RSV was limited by its rapid metabolism following 

single or multiple oral doses of RSV between 0.5 to 5.0g dose, which led to a reduced 

in vivo bioavailability (Chinembiri et al. 2014, Smoliga et al. 2014, Singh et al. 2015). 

Kulkarni et al. (2015) summarised findings of PK studies on RSV where RSV levels in 

plasma were either non-detectable or below micromolar range after ingestion of RSV 

at doses achievable through a normal diet. RSV orally administered in humans 

reached a peak plasma concentration after 1.1 hour and a second peak after 5.4 

hours (Zu et al. 2016). 5mg/kg RSV dissolved in a mixture of 1:1 v/v Cremophor EL 

and EtOH was injected intravenously (IV) into male Balb/c mice and found to have an 

area under curve (AUC) of 0.15µg/mL·h with plasma t1/2 of 1h (Ramalingam et al. 

2016). RSV metabolised in the intestine and liver by glucuronidation and sulfation led 

to less than 1% free RSV available in vivo post oral administration in humans (Walle 

2011, Amri et al. 2012, Diaz-Gerevini et al. 2016). The RSV metabolites then 

accumulated in the liver; however the location of the metabolism is debatable 

between the small intestine and liver (Amri et al. 2012). Bohmdorfer et al. (2017) 

reported that the metabolism of RSV in mice after intragastric (IG) administration was 

due to the high level of enzymes in certain organs including the liver and colon which 

led to the high concentrations of RSV glucuronide and sulfate metabolites. Lou et al. 

(2014), on the other hand, briefly studied the distribution of RSV administered IV at 

20mg/kg in rats over a 4-hour period where native RSV was significantly metabolised 

into glucuronidated and sulphated metabolites and distributed to plasma, urine, 

heart, kidney, liver and brain by the first sampling time point of 0.5 hours. 

Unfortunately, PK parameters were not determined in the paper as the focus was on 

the development and validation of an ultra-performance liquid chromatography-

tandem mass spectrometry (UPLC-MS/MS). Although this has shed some light as to 

where RSV is metabolised in vivo, interspecies difference (Ruivo et al. 2015, Wang et 

al. 2018) and effects of administration route (Berman et al. 2017, Menet et al. 2017) 

should be considered. Effects of administration route by IG and IV was compared by 
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Qiu et al. (2017) where 50mg/kg RSV in 0.5% sodium carboxyl methyl cellulose was 

administered IG and 10mg/kg RSV in 10:80:10 v/v/v N,N-dimethylformamide-

PEG400-physiological saline was administered IV in Sprague-Dawley rats. Both routes 

produced similar AUC values at 7.4 and 8.3µM·h and t1/2 at 2.2 and 3.6h, respectively, 

however, peak plasma concentration was much higher when RSV was administered 

IV at 18µM than when administered IG at 1.7µM. This indicated that RSV was 

absorbed rapidly into the circulation system post IG administration and underwent 

immediate metabolism into glucuronides and sulfates (Qiu et al. 2017). Even though 

low bioavailability was assessed by evaluating RSV content in blood plasma, it may 

not be an accurate indicator of RSV absorption and exposure as biodistribution of RSV 

and RSV metabolites into other tissues apart from blood was highly possible and may 

have beneficial effects (Andres-Lacueva et al. 2012, Lou et al. 2014). Extensive 

metabolism of RSV and its PK profile in vivo has been studied and reviewed by a non-

exhaustive list of authors including Walle (2011), Rotches-Ribalta et al. (2012), Bhullar 

et al. (2015), Summerlin et al. (2015), Diaz-Gerevini et al. (2016), de Vries et al. (2018) 

and Wang et al. (2018). The effect of low bioavailability of RSV on the therapeutic 

outcome of RSV was observed in Stakleff et al. (2012) where RSV was effective in 

inhibiting the in vitro invasion of NuTu-19 ovarian cancer cells but not in mice 

xenografted with the same cancer cells. Nonetheless, there is growing evidence that 

biotransformation of RSV by colonic microbiota into bioactive metabolites 

contributed to the protective effects of RSV (Augustin et al. 2013) but was highly 

dependent on the variation of fractional ratio of metabolites among individuals (Bode 

et al. 2013). Patel et al. (2013) reported on the bioconversion of RSV metabolites to 

free RSV in human colorectal cancer cells which contributed to its anticancer activity. 

The bioavailability of RSV was also affected by time of intake, prior food intake and 

fat content in food (Bhullar et al. 2015). 

Besides the rapid metabolism of RSV contributing to its limited bioavailability, less 

favourable physicochemical properties of RSV including hydrophobicity and 

photosensitivity was also attributed to its limited bioavailability. RSV was found to 

undergo photodegradation when exposed to ultraviolet-visible (UV-Vis) irradiation 

(Silva et al. 2013). This confirmed findings by Trela et al. (1996) where 90.6% trans-
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RSV converted to cis-RSV after UV irradiation for 120 minutes at 366nm. Therefore, 

exposure to sunlight and high intensity white light or UV light would cause 

isomerisation (Summerlin et al. 2015) and decrease the amount of the more 

biologically active trans-RSV (Amri et al. 2012). The high lipophilicity of RSV also 

decreased in vivo absorption especially when RSV was administered orally (Bhullar et 

al. 2015). The hydrophobicity of RSV also reduced aqueous solubility rendering it 

difficult to formulate into orally administered medication (Diaz-Gerevini et al. 2016, 

Pavan et al. 2016). The intracellular AOX properties of RSV were also limited by its 

lipophilicity where RSV tended to embed within the lipid bilayer of the cell membrane 

post penetration (Whitehouse et al. 2016). This property might also have attributed 

to the low plasma levels as intratissular and intracellular levels of RSV might be higher 

(Kulkarni et al. 2015). 

Patel et al. (2010) reported non-adverse effects when RSV was administered in 

colorectal cancer patients via oral route at doses 0.5-1.0g/day for up to 8 days before 

surgical removal of cancer whereas Brown et al. (2010) revealed mild to moderate 

gastrointestinal symptoms at 2.5 and 5g doses in healthy volunteers ingesting 0.5-

5.0g RSV daily for 29 days. The study also found significant increase of RSV 

metabolites compared to RSV and a decrease in circulating insulin-like growth factors 

indicative of chemopreventive activity. Although RSV is less toxic than traditional 

chemotherapeutics (Patel et al. 2011), its low bioavailability warranted much higher 

doses for RSV to be effective (Augustin et al. 2013, Smoliga et al. 2014) which 

unfortunately has led to unwanted side effects (Mukherjee et al. 2010) including 

digestive disorders and high bilirubin levels at doses more than 1g/day (Chedea et al. 

2017). Due to its unfavourable PK profile and low bioavailability, RSV was suggested 

by Hubbard et al. (2014) as unsuitable as a clinical drug candidate unless its 

limitations were addressed. 

1.2 Strategies to overcome limitations of resveratrol 

Due to the rapid in vivo metabolism of RSV and physicochemical limitations, 

translating in vitro results into in vivo models has proven difficult due to the inability 

of achieving and maintaining elevated levels of RSV in the blood enough to produce 
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the therapeutic effect seen in vitro (Syed et al. 2011) which has attributed to the use 

of high doses in vivo. Hence, the need to overcome the limitations of RSV was 

warranted to decrease the dose required to produce the desired clinical effect by 

reducing its metabolism and degradation rate and enhancing its solubility. A 

sustained intake of RSV favoured the presence of native RSV in the heart and brain 

instead of RSV metabolites as seen in Menet et al. (2017) where a sustained intake 

of RSV in food was given over 3 months to mice at 40mg/kg daily as opposed to a 

single high dose intake of 150mg/kg by oral gavage. The high presence of RSV in the 

heart and brain was also observed in an organ distribution study by Lou et al. (2014) 

where RSV was administered IV at 20mg/kg in rats. Various researchers and 

pharmaceutical companies have adopted strategies to improve the bioavailability 

and physicochemical properties of RSV (reviewed by Singh et al. (2015) and Peng et 

al. (2018)) by re-deriving RSV using medicinal chemistry techniques (Osmond et al. 

2013, Park et al. 2016a, Wang et al. 2016), reformulating RSV using formulation 

technology or nanotechnology (Ranganathan et al. 2012, Wei et al. 2012, Neves et al. 

2013, Aras et al. 2014, Ruivo et al. 2015, Siddiqui et al. 2015, Summerlin et al. 2015, 

Subramanian et al. 2016, Arora et al. 2018), and utilising combination therapy with 

other known therapeutic agents such as quercetin, curcumin or paclitaxel (PTX) 

(Shakibaei et al. 2011, Cadena et al. 2013, Coradini et al. 2014, Meng et al. 2016). 

1.2.1 Chemical modification strategies 

Chemical modification of drug molecules has been utilised as a tool to enhance the 

bioactivity of drugs or improve on unfavourable physicochemical properties, for 

example solubility. Modifications to the structure of RSV at hydroxyl group locations 

were used to reduce their metabolic and degradation rate in vivo which then could 

improve on their therapeutic action. Ryu et al. (2015) showed a tri-substituted RSV 

with acetate groups (RTA) was more resistant to oxidation and less cytotoxic than 

RSV which was then confirmed in clinical trials where the RSV analogue was used for 

skin-whitening purposes. Park et al. (2016a) further improved this analogue by using 

glycolate groups which enhanced its solubility and increased its anti-melanogenic 

effects when compared to RTA and RSV. RSV was modified to include the tubulin 

polymerisation inhibitor E7010 (2-anilinopyridine sulphonamaide) which enhanced 
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the anticancer properties of RSV more than 10-fold and of E7010 by 2-fold against 

human cervical HepG2 cancer cell lines through cell cycle arrest at the G2/M-phase 

(Kamal et al. 2016). Scherzberg et al. (2015) showed that methylation of RSV led to 

substantial changes in the mode of action of RSV despite having an increased anti-

proliferative effect in cancer cells by tubulin polymerisation inhibition and cell cycle 

arrest at G2/M phase. (Z)3,4,5,4′-trans-tetramethoxystilbene, an RSV analogue, 

showed significant inhibitory effect on gefitinib-resistant non-small-cell lung cancer 

(NSCLC) cells but not in normal lung epithelial cells by intervening the Ca2+ signalling 

pathway and inducing apoptosis and autophagy in NSCLC cells (Fan et al. 2015). An 

impressive paper by Goh et al. (2017) on the synthesis of RSV modified to a 

bicyclo[1.1.1]-pentane (BCP) showed superior PK properties indicated by a three-fold 

increase of clearance and a 10-fold increase of plasma AUC0-4h compared to free RSV. 

The in vitro metabolic stability of RSV was also significantly improved by the 

replacement of one of the phenyl rings of RSV with BCP. Substitutions to the hydroxyl 

groups of RSV with selected moieties so far showed increased anticancer effect 

compared to native RSV. In addition, substitutions to these groups also showed 

better PK profiles than RSV in vivo. A review by Biasutto et al. (2017) on RSV 

derivatives as RSV prodrugs showed that the prodrugs were able to modulate 

physical properties, influence in vivo biodistribution, enhance absorption from the 

gastrointestinal tract and hinder phase II metabolism which contributed to a higher 

bioavailability of RSV. A PK study carried out on RSV and the RSV prodrug 3,5,4′-tri-

O-acetylresveratrol in rats by Liang et al. (2013) showed a slower elimination of the 

prodrug compared to RSV albeit non-significantly. Mattarei et al. (2015a) modulated 

the hydrolysis of RSV at pH 1, pH 6.8 and in whole blood by conjugating the molecule 

with natural amino acids via a N-monosubstituted carbamate ester linker. Oral 

administration to rats showed significant absorption and protection from first-pass 

metabolism indicating an appropriate stability profile of RSV. The same research 

group (Mattarei et al. 2015b) conjugated RSV with the same linker to methoxy-

oligo(ethylene glycol) (mOEG) at varying low MW ranges as promoieties. The RSV 

prodrugs then underwent the same stability and in vivo evaluations and was found 

to have achieved optimal stability for use as prodrugs where the chain length of the 

mOEG played a role in modulating the stability profiles. 
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Conjugation of RSV with polymers was explored by Siddalingappa et al. (2015) and 

found to protect RSV from in vitro metabolism in liver microsomes and rat plasma. In 

vivo IV administration in rats found an improved PK profile of RSV when conjugated 

with mPEG-PLA (2,000Da) using a succ link and with poly(ethylene glycol (PEG) (2,000 

and 5,000Da) using an ether link. The profiles showed a significant increase in plasma 

AUC, decrease in clearance and small volume of distribution when compared to RSV. 

RSV conjugated with mPEG (2,000Da) via a glycine linker showed an accelerated 

release rate of RSV compared to RSV conjugated mPEG without a linker with both 

showing a sustained release profile (Wang et al. 2016). Both conjugates however did 

not show significant improvement of cytotoxicity in MCF-7 breast cancer and HeLa 

cervical cancer cells compared to free RSV. This could be due to the conjugation of 

the hydroxyl groups of RSV which were known to be responsible for their anticancer 

properties (Szekeres et al. 2010); however, the hydroxyl groups on RSV are the only 

functional groups easily modified chemically. It would be prudent then to consider 

the linker or type of covalent bond to ensure release of native RSV for therapeutic 

effect. Zhang et al. (2014a) demonstrated that conjugation of PEG (2,000Da) to RSV 

and various amino acids via succinyl or carboxymethyl spacers improved the solubility 

of RSV from 0.03mg/mL to more than 900mg/mL and provided sustained release 

profiles dependent on the type of spacer and number of amino acids present in the 

conjugate, however, these data were not compared with free RSV. These 

characteristics of polymer-drug conjugates were also supported by Yang et al. (2017) 

showing prolonged drug circulation and enhanced therapeutic efficacy. The covalent 

bond between drug and polymer can be easily cleaved enzymatically or through 

acid/base catalysed hydrolysis in vivo (Ke et al. 2014) which then released the 

therapeutic effect of RSV at the target site. Ng et al. (2015) explored the in vitro 

plasma stability of RSV when conjugated to various PCL MWs of mPEG-PCL using a 

glu linker. The paper found a slight improvement in the stability of RSV in rat plasma 

when RSV was conjugated to higher PCL MW mPEG-PCL. RSV conjugated to gold NPs 

showed enhanced cellular uptake, anticancer activity and bioavailability (de Vries et 

al. 2018). Park et al. (2016b) demonstrated RSV capped with gold NPs using green 

nanotechnology inhibited several molecular biomarkers related to breast cancer cell 

progression. Conjugation of RSV was shown to increase the MW of RSV which 
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resulted in longer blood circulation time, enhanced tumour accumulation and 

reduced renal clearance of RSV (Yang et al. 2012b). Therefore, chemical modification 

strategies in substituting hydroxyl groups to RSV could improve the PK profile and 

reduce the metabolic rate of RSV which may enhance the anticancer effect of RSV. 

1.2.2 Formulation strategies 

Most strategies to overcome the limitations of RSV involve nanotechnology due to its 

rapid and simple preparation techniques and increasing popularity in disease 

management and therapy, particularly in cancer therapy (Galvin et al. 2012, Gao et 

al. 2012, Parhi et al. 2012, Ranganathan et al. 2012, Wei et al. 2012, Zhang et al. 2012, 

Tang et al. 2014, Wang et al. 2014, Summerlin et al. 2015, Chen et al. 2016, Masood 

2016, Shi et al. 2016, Naves et al. 2017, Ye et al. 2018, Yue et al. 2018). 

Nanotechnology was able to prolong circulation of RSV in vivo (Kobayashi et al. 2014), 

enhance solubility (Li et al. 2017a) and stability (Torres et al. 2018) of RSV, prevent 

non-specific cellular uptake (Ye et al. 2014), increase drug concentration at localised 

sites and provide a controlled release of RSV (Zhang et al. 2017). Surface modification 

on particles was also possible which provided active targeting strategies (Edelman et 

al. 2017, Hao et al. 2017) and triggered release of RSV based on environmental pH 

(Caddeo et al. 2017). There was a vast array of literature available in the positive in 

vitro and in vivo effects of nano-sized RSV formulations in overcoming the limitations 

of RSV but we have selected some recent (from the year 2015) literature on different 

types of nano-sized delivery systems of RSV which improved the bioavailability or 

decreased the metabolism of RSV. 

1.2.2.1 Polymeric nanoparticles (NPs) 

Polymeric NPs were used to overcome the low bioavailability of RSV by controlling 

and prolonging the drug release to help reduce toxicity in non-specific cells and 

tissues (da Rocha Lindner et al. 2013) thus extending the residence time of RSV rather 

than decreasing the metabolism of RSV in vivo. In addition, polymeric NPs have the 

flexibility of conjugating ligands on their surface for targeted drug delivery (Shen et 

al. 2013, Ke et al. 2014, Bonferoni et al. 2017) which then increases the drug 

concentration at a localised site. Patel et al. (2017) reviewed various preparation 
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techniques of polymeric NPs modified with targeting ligands and their future 

prospects. 

RSV encapsulated in carboxymethyl chitosan NPs were found by Zu et al. (2016) to 

enhance aqueous solubility which improved the AOX properties of RSV in vitro when 

compared to RSV alone. A sustained release of RSV from the NPs was also observed 

with increased in vivo oral bioavailability by absorption up to 3.5 times more than 

RSV alone. The size of the carboxymethyl chitosan NPs (155nm) was suitable for 

uptake by the intestinal cells which could have decreased the clearance rate of RSV 

and enhanced its gastrointestinal residence time compared to RSV. Geng et al. (2017) 

encapsulated RSV into albumin NPs with the tumour targeting ligand, arginine–

glycine–aspartate (RGD), and found that the NPs had a longer in vivo blood circulation 

and active targeting of human pancreatic PANC-1 tumour tissue in comparison to free 

RSV following IV administration. Using an innovative nanotechnology technique 

called Solution Enhanced Dispersion by Supercritical Fluids (SEDS), Dal Magro et al. 

(2017) co-precipitated RSV into poly(3-hydroxybutyrate-co-3-hydro-xyvalerate) 

(PHBV) which showed high encapsulation efficiency, improved AOX activity and 

photostability of RSV. The release profile of an initial burst followed by a steady 

release phase allowed the particles to be used for long-term delivery. The authors 

speculated that this biphasic release pattern would be able to partially avoid rapid 

metabolism and elimination of RSV by rapidly producing an effective concentration 

in plasma then maintaining the concentration for a long period of time, thus 

extending its in vivo t1/2, however, it was not confirmed experimentally. It should be 

noted that the amount of RSV metabolised was not decreased when encapsulated in 

NPs but rather, the rate at which RSV was metabolised was decreased. This was 

different than the chemical modification strategy because modifying the structure of 

RSV could cause a disruption to the enzyme-substrate relationship and possibly 

change the metabolism of modified RSV entirely. RSV was encapsulated in an 

unknown MW of polylactic-co-glycolic acid (PLGA) resulting in NPs with enhanced 

cytotoxicity against LNCaP prostate cancer cells mediated by apoptosis and cell cycle 

arrest at the G1/S transition phase in comparison to free RSV (Nassir et al. 2018). The 

enhanced cytotoxic activity of the RSV encapsulated in PLGA NPs was attributed to 
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the selective internalisation of PLGA NPs through inhibition of efflux out of cells by p-

glycoproteins. The NPs were also non-toxic against murine macrophages up to 

200µM (44µg/mL) RSV demonstrating the safety of RSV and PLGA in normal cells 

(Nassir et al. 2018). However, the weakness of this model is that the rapid metabolism 

and degradation of RSV and the possible degradation of PLGA in vivo was not 

considered. It would be prudent for the authors to conduct further evaluations 

regarding the stability of their NPs and also the effect of the in vivo environment on 

the NPs and the therapeutic efficacy of the RSV within the NPs. 

PEG is often used to stabilise NPs via steric repulsion forces to avoid mononuclear 

phagocyte system (MPS) uptake thereby increasing circulation time in vivo (Khalil et 

al. 2013). In general, mPEG (2,000Da) or mPEG2000 was used in preparing liposomes 

for hydrophobic drug delivery however the significance of the MW of mPEG was not 

studied or clarified (Saw et al. 2015). In amphiphilic copolymers, the length and type 

of the hydrophilic and hydrophobic blocks can affect the NP properties such as 

polydispersity and particle size (Pang et al. 2016). RSV encapsulated in PEG5000-

PLA5000 NPs improved the chemical stability of RSV and provided a sustained release 

of RSV with a reduction in ROS compared to free RSV (Jung et al. 2015). In vivo murine 

model of CT26 colon cancer showed tumour suppression and enhanced survival by 

the NPs administered by IV at a dose of 100mg/kg of RSV compared to an unloaded 

PEG5000-PLA5000 NP. The authors demonstrated that by stabilising and increasing 

residence time of RSV in vivo through encapsulation in polymeric NPs, in vivo anti-

tumour effects of RSV were enhanced, however, a very large dose of 100mg/kg was 

administered to possibly compensate for the rapid metabolism of RSV which 

decreased its effective dose in the tumours. However, we find that 100mg/kg dose 

of RSV to be implausible as the NPs prepared would have had an EE of 52% which 

meant at each IV injection of 0.2mL twice a week for 3 weeks contained 300mg/mL 

PEG5000-PLA5000 which is extremely high and possibly toxic. Wang et al. (2015b) co-

encapsulated RSV with d-α-tocopherol polyethylene glycol succ (TPGS succ) in 

mPEG2000-PCL4000 which enhanced the cellular uptake of RSV and translated to 

improved cytotoxicity by apoptosis in drug-resistant breast cancer MCF-7 cells when 

compared to free RSV. Despite being an aggressive tumour, Carletto et al. (2016) 
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demonstrated that encapsulation of RSV in PCL nanocapsules improved cellular 

uptake and tissue distribution of RSV in a melanoma mouse model with the ability to 

decrease tumour volume. The encapsulation also prevented metastasis and 

pulmonary haemorrhaging in the mice. Interestingly, Guo et al. (2018b) showed that 

RSV encapsulated in low MW mPEG2000-PLA2600 NPs could not improve cytotoxicity 

of RSV in MCF-7 cells but there was a synergistic effect when co-encapsulated with 

docetaxel evident by a prolonged release profile and better in vivo bioavailability 

after IV administration compared to individual drugs. Although it showed lack of 

sufficient cytotoxicity in MCF-7 cells when used alone, with the addition of docetaxel 

in the NPs, enzymatic reaction rate on RSV could have been affected and thus 

decreased the metabolic rate of RSV in vivo due to enzyme-substrate competition. 

Wang et al. (2017) explored two forms of stabilisers based on PEG to encapsulate RSV 

and studied the effects on long-term stability and in vitro and in vivo anticancer 

efficacy. Both RSV nanosuspensions each stabilised with TPGS succinate and folate 

modified distearoylphosphatidyl ethanolamine-polyethylene glycol (DSPE-PEG) 

showed long term stability of RSV for up to 20 days at room temperature (RT) and 

significant in vitro and in vivo anticancer activity against human alveolar carcinoma 

A549 cells compared with RSV solution (in vitro studies) and saline groups (in vivo 

studies). The RSV nanosuspensions were able to target cancer cells at a much lower 

IV dosage of 10mg/kg using folate as a targeting ligand although a PK study on the 

nanosuspensions would have been beneficial to assess the metabolic stability of RSV 

in nanosuspensions with targeting ligands. 

From the selected literature presented here, encapsulation of RSV could overcome 

the low chemical stability of RSV with the possibility of sustained release of RSV in 

vivo (Singh et al. 2018) and also possibly enhance cellular uptake hence increasing 

the local concentration of RSV. However, the rapid metabolism of RSV could not be 

addressed by encapsulation by polymeric NPs alone. Targeting ligands like RGD and 

folate on the surface of NPs were used to direct NPs to specific sites quicker in vivo 

which would have minimised the chance of exposure of RSV to metabolic enzymes. 

Also, additional drugs co-encapsulated with RSV could have diverted enzymes from 

RSV either by saturation or by mediating the release of RSV from NPs to be slower in 
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order for the RSV in NPs to achieve its therapeutic effect nearer to targeted sites. 

Therefore, chemical modifications of RSV mentioned in the previous section would 

still be essential to address the problem of rapid metabolism of RSV in vivo. 

1.2.2.2 Liposomes 

Vijayakumar et al. (2016) studied the effects of RSV encapsulated in TPGS-coated 

liposomes and non-coated liposomes for glioma treatment in rats via IV 

administration. The authors found a sustained drug release and cellular 

internalisation in C6 glioma cells with prolonged in vivo systemic circulation and 

passive brain targeting. Plasma t1/2 of the coated liposomes were found to be 7-fold 

higher than uncoated liposomes and 30-fold higher than RSV alone. This 

demonstrated that liposomes, whether uncoated or coated with TPGS could improve 

on the bioavailability of RSV for anticancer treatment. Liposomes with the hydrophilic 

PEG prevented opsonisation of liposomes by phagocytosis which prolonged its 

circulation time in the blood. This was demonstrated by Caddeo et al. (2018) where 

PEGylated liposomes containing RSV showed long-term stability and circulation with 

longer t1/2 in blood and maintained antioxidative properties of RSV in vitro. Using an 

in vitro AOX assay using 2,2-diphenyl-1-picrylhydrazyl (DPPH), empty liposomes were 

found to have 24% AOX activity whereas PEGylated liposomes containing RSV (93.1%) 

did not alter AOX activity of RSV in methanolic solution (92.9%) significantly. This 

could mean that the nett AOX property of RSV in liposomes was a combination of 

decrease in encapsulated RSV AOX properties and inherent AOX properties of empty 

liposomes. Therefore, in this report, the strategy using liposome improved the 

physical stability of RSV but not the inherent AOX activity of RSV. Jhaveri et al. (2018) 

further modified the surface of PEGylated liposomes by adding transferrin moieties 

to enable active targeting of U-87 glioblastoma cells. The liposomes were found to be 

more cytotoxic than free RSV and unmodified PEGylated liposomes containing RSV 

through an enhanced caspase-activated apoptosis activity and cell cycle arrest. A 

subcutaneous xenograft mouse model of glioblastoma showed the superior 

effectiveness of transferrin-modified PEGylated liposomes containing RSV in 

inhibiting tumour growth and improving survival rates of mice (Jhaveri et al. 2018). 

Again, liposomes could not fully address the issue of rapid metabolism of RSV as 
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stated for polymeric NPs. 

1.2.2.3 Other formulation strategies 

Due to the growing research in combined therapy with enzyme inhibitory excipients 

to reduce the metabolism of RSV, Yang et al. (2018a) co-encapsulated RSV and RSV 

3-O-glucuronide in a self-emulsifying (SME) drug delivery system (DDS) and increased 

bioavailability of RSV in rats orally administered with 10mg/kg RSV from 6.5% for free 

RSV to 12.9% for RSV-only SMEs to 76.1% for RSV and RSV 3-O-glucuronide SMEs by 

reducing the glucuronidation by UDP-glucuronosyltransferase. Nanoemulsions are 

another strategy to overcome some limitations of RSV. Li et al. (2017c) optimised a 

self-assembling micelle consisting of RSV, lecithin and Pluronic® P123 to provide high 

EE and DL of RSV with particle sizes less than 200nm. Compared with RSV solubilised 

in hydroxypropyl-β-cyclodextran (HPCD), stability of RSV at pH7 was enhanced at 

various temperatures using these micelles and the micelles revealed a controlled in 

vitro release of RSV. Using IV and oral routes, the micelles were found to enhance 

absolute bioavailabilities of RSV by 40% and 2.17-fold, respectively, when compared 

to RSV in HPCD. Mamadou et al. (2017) studied the effects of a semi-solid and liquid 

SME DDS containing RSV on intestinal permeation and presystemic metabolism of 

RSV. Both formulations significantly increased intestinal permeation across rat 

jejunum due to inhibition of intestinal metabolism which could potentially benefit 

oral delivery of RSV. 

There have not been many literatures which studied the combination of both 

synthetic chemistry and nanotechnology to overcome the limitations of RSV. 

Recently, Siddalingappa et al. (2015) used synthetic methods to conjugate RSV to 

polymers whereby the conjugates were then formulated into NPs and found to have 

better in vivo PK profiles in comparison to RSV. The conjugation of RSV increased the 

MW of RSV which resulted in longer blood circulation time, enhanced tumour 

accumulation and reduced renal clearance of RSV (Yang et al. 2012b). Along with the 

benefits of using NPs which allowed longer circulation time in the blood stream 

(Kobayashi et al. 2014), reduced plasma protein adsorption and low rate of non-

specific cellular uptake (Ye et al. 2014), the combined strategy of conjugating RSV to 

polymers and formulating them into NPs could have enhance stability of RSV when 
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administered in vivo. In addition, the release rates of these type of NPs could be 

controlled by several factors including polymer-RSV conjugate degradation rate and 

polymer-drug link cleavage rate (Yang et al. 2012b, Zhang et al. 2017, Yang et al. 

2018b). 

1.3 Cancer and nanotechnology 

The current trend worldwide is to utilise nanotechnology for several biomedical 

applications including diagnosis, treatment and theranostics (Chen et al. 2013a, Brys 

et al. 2016, Mahato 2017, Naves et al. 2017). Nanotechnology is the design, synthesis, 

development, fabrication, characterisation and application of materials and devices 

on the nanoscale (Naves et al. 2017). Nanotechnology has enabled lower cost, faster 

production, minimized toxic side effects and increased drug delivery efficiency 

compared to conventional chemotherapeutics (Rigon et al. 2015). Torchilin (2014) 

reviewed recent developments of advanced nanoparticulate DDS and their 

therapeutic potential for diseases. The author also mentioned the benefits of nano-

sized DDS which include prolonged circulation times with targetability due to the 

increased vascular permeability and poor lymphatic drainage in tumours leading to 

enhanced permeability and retention (EPR) effect, increased solubility and 

bioavailability, capability of attaching targeting ligands for active targeting and 

controllable behaviour and/or properties of DDS when exposed to particular stimuli 

in the body (Torchilin 2014). Rigon et al. (2015) tabulated the advantages and 

disadvantages of nano-sized DDS and infers DDS as an alternative strategy for 

antineoplastic agent carriers. Chen et al. (2013a) provided some examples of 

common DDS used in melanoma treatment including liposomes, carbon-based NPs 

and human albumin NPs. A recent review by Chou et al. (2017) highlighted the 

progress on the development of polymeric NPs for melanoma treatment by passive 

and active targeting. Qi et al. (2017) reviewed on the current state of co-delivery of 

anticancer drugs with nanotechnology for chemotherapy and examined the 

challenges and strategies in the area of combination chemotherapy. 

Interestingly, cancer is found less prevalent in certain geographic locations in the 

world possibly due to the local dietary habits and/or use of natural agents as 
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medicines and remedies (Singh et al. 2015). This has led to further research into the 

use of natural products as chemotherapeutic and chemopreventative agents. 

Naturally occurring compounds are advantageous against traditional 

chemotherapeutic agents due to being less cytotoxic to non-cancerous cells (Hussain 

et al. 2014, Sim et al. 2016, Caddeo et al. 2017), having better accessibility and cost-

effectiveness (Purushotham et al. 2016, Caddeo et al. 2017) and capable to overcome 

multi-drug resistance in tumour cells (Xie et al. 2016); however, they are highly 

lipophilic (Rajagopal et al. 2017) and metabolises rapidly in vivo which limited their 

bioavailability. For example, contradictory in vitro and in vivo findings on the 

anticancer effects of RSV in breast cancer and pancreatic cancer models were seen 

by Bartolacci et al. (2018) and Vendrely et al. (2017), respectively, and was attributed 

to the limited in vivo bioavailability of RSV. As natural products are less potent, they 

require higher doses (Pavan et al. 2016) and also have multiple mechanisms of action 

which may or may not lead to a particular desired therapeutic effect (Whitehouse et 

al. 2016, Xie et al. 2016). Due to the limitations of natural products, nanotechnology-

based DDS have been used to enhance their bioavailability by prolonging their 

circulation time and by overcoming some of their limitations (Wang et al. 2014, Li et 

al. 2015a, Liu et al. 2015, Pavan et al. 2016, Sangsen et al. 2016, Xie et al. 2016). 

Current research in drug delivery is gearing towards using nanotechnology for 

diagnostic and therapeutic purposes (Hull et al. 2014, Coccia et al. 2015) as nano-

sized DDS have ideal sizes to: 

(1) efficiently transport into tissues or cells (Gu et al. 2013, Kumar et al. 2016), 

(2) prevent rapid leakage into the urine (Yu et al. 2015), 

(3) evade macrophage capture in the reticuloendothelial system and eventual 

elimination by the liver and spleen (Meng et al. 2016), and 

(4) preferentially accumulate in tumour sites through the EPR effect resulted 

from a hyperpermeable tumour vasculature and insufficient lymphatic 

drainage (Gulcur et al. 2013, Ho et al. 2013, Shalgunov et al. 2017). 

There are numerous review articles written on the delivery of natural products 

including RSV for cancer therapeutics by nanotechnology for further reading 

(Bonferoni et al. 2017, Davatgaran-Taghipour et al. 2017). 
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1.3.1 Resveratrol as anticancer or chemopreventive agent for melanoma 

de Oliveira Júnior et al. (2017) provided a systematic review of 20 years’ worth of 

literature on natural products, in particular flavonoids, used for the treatment of 

melanoma using in vitro or in vivo models. At least 97 flavonoids were investigated 

including RSV which showed efficacy in limiting tumour growth and inhibiting 

invasiveness of highly aggressive melanoma cells due to their anti-angiogenic activity. 

Chinembiri et al. (2014) reviewed the potential of natural products including RSV as 

skin cancer treatment by inducing apoptosis (Niles et al. 2003, Gatouillat et al. 2010) 

and possessing anti-metastatic properties by inhibiting the nuclear factor kappa-

light-chain-enhancer (NF-κB) signalling pathway (Chen et al. 2012, Mohammed et al. 

2018, Ratz-Łyko et al. 2018). RSV was first discovered to have anticancer effects 

against melanoma in tumour-bearing mice by Jang (1997). RSV was shown to have 

anti-proliferative effects on melanoma cells by Osmond et al. (2012), Habibie et al. 

(2014), Tang et al. (2014), Gorlach et al. (2015), Lee et al. (2015), Sim et al. (2016) and 

Wu et al. (2017). Shanmugam et al. (2017) presented a review article on selected 

natural compounds including RSV with anti-angiogenic potential to disrupt tumour 

growth and metastasis. Fang et al. (2013) demonstrated that RSV enhanced the 

radiation sensitivity of metastatic melanoma cells by inhibiting proliferation and 

promoting apoptosis. Rigon et al. (2015) explained that melanoma proliferation can 

be controlled or prevented by increasing apoptosis through the NF-κB pathway and 

decreasing ROS which are known modes of action of RSV. Pangeni et al. (2014) also 

reviewed on the therapeutic potential of RSV in various applications and some 

challenges associated with its delivery. Zubair et al. (2017), on the other hand, 

presented a review article on how RSV analogs and nanoformulations were able to 

overcome the limited bioavailability issues of RSV for cancer chemoprevention. Due 

to the advancement of nanotechnology DDS and increasing research in the use of 

natural products in chemotherapy and chemoprevention, the popularity of RSV as an 

anticancer and chemopreventive agent against melanoma has amplified for the past 

decade. Nanotechnology DDS have improved the bioavailability of RSV for melanoma 

and this was evident in Teskac et al. (2010) where RSV in solid lipid NPs (SLNs) showed 

better cellular uptake and cytostatic effect in skin keratinocyte cells. RSV 
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encapsulated in PCL nanocapsules were found to be effective against B16-F10 

melanoma cells by decreasing tumour size and increasing necrotic area and 

inflammatory infiltrate of melanoma tumour in vivo (Carletto et al. 2016). Cosco et al. 

(2015) demonstrated co-encapsulation of 5-fluorouracil and RSV in ultradeformable 

liposomes enhanced skin permeation which allowed AOX and antiproliferative effects 

of RSV to be exerted in melanoma cells. Dermal delivery of RSV has improved due to 

nanotechnology which aided in the delivery of necessary therapeutic effects of RSV 

for skin cancer treatment (Scognamiglio et al. 2013, Friedrich et al. 2015, Juskaite et 

al. 2015). Last but not least, RSV was proposed for chemoprevention in melanoma by 

enhancing the chemosensitivity of melanoma cells to current therapies at possibly 

lower dosages (Guan et al. 2012, Cheng et al. 2015) or by inhibiting migratory and 

invasive properties in both drug-resistant and non-drug-resistant melanoma cells 

(Bhattacharya et al. 2011, Chen et al. 2013b, Menicacci et al. 2017). RSV encapsulated 

in SLNs were also found effective in inhibiting tyrosinase which is valuable in skin 

cancer prevention (Rigon et al. 2016). Despite these promising anticancer effects 

against melanoma in vitro, RSV was found ineffective towards in vivo A375, DM738 

and DM443 melanoma models (Niles et al. 2006, Osmond et al. 2012, Osmond et al. 

2013) which could be attributed to the rapid metabolism and lack of bioavailability 

of RSV in vivo contributing to a reduced therapeutic dose post-administration (Singh 

et al. 2015, Tou 2015).  
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1.4 Objective and significance of research 

The main objective of this project was to produce a DDS for RSV with enhanced 

metabolic and plasma stability profiles of RSV by using conjugation of RSV with 

polymers which would then translate into enhanced anticancer activity for melanoma 

in vitro assays and an in vivo model. Firstly, low MW polymers were synthesised to 

prevent in vivo accumulation and systemic toxicity. RSV was conjugated to these 

polymers through synthetic chemistry techniques to reduce the in vivo metabolism 

and degradation of RSV. In order to improve the stability of RSV conjugated to 

mPEG750-PLA1000 with a succ linker, we have explored using a longer linker by one 

carbon called glu, a more hydrophobic polymer PCL to replace PLA and a longer mPEG 

chain of 2,000Da. A dual strategy of conjugation and encapsulation of free RSV was 

then employed when formulating the synthesised RSV conjugates into NPs to be used 

as a DDS of RSV (conjugated RSV NPs). In order to demonstrate the superior 

properties of these conjugated RSV NPs, physically entrapped RSV in the 

corresponding polymers (encapsulated RSV NPs) were used as comparisons. DL of 

novel conjugated RSV NPs were higher than encapsulated RSV NPs whilst maintaining 

nano-sized particles and sustained release of RSV. NPs were prepared using 

formulation techniques which were fast, economical and simple. 

A novel HPLC gradient method was developed and validated for concurrent analysis 

of free RSV and conjugated RSV using a dual detection of FL and UV. A rapid isocratic 

HPLC method using UV detection was also optimised and validated for the analysis of 

assays with RSV alone. Both methods were validated for biological assay analysis. 

Both conjugated and encapsulated RSV NPs were tested in aggressive B16-F10 

melanoma cell cultures for anti-proliferation and apoptosis followed by an in vivo 

mouse model. We established the lack of correlation between in vitro and in vivo data 

which proved that in most cases, in vitro experiments were insufficient to give a 

complete view of the properties of conjugated RSV NPs unlike in vivo models where 

the systemic effects on the formulation can be observed (Peng et al. 2018). In our in 

vivo study, we have confirmed the IP administration of NPs showed the full effect of 

our NPs by protecting RSV through decreasing metabolism and degradation of RSV 

for passive targeting and suppression of the melanoma tumour. 
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1.5 Thesis overview 

The whole thesis is divided into four main research chapters followed by a general 

discussion and conclusion: 

1) Chapter 2 describes the synthesis and characterisation of mPEG750-PCL1000, 

mPEG2000-PLA1000 and mPEG2000-PCL with varying PCL lengths. The 

synthesis and characterisation of RSV conjugated with these amphiphilic 

copolymers via succ and glu linkers will be discussed. 

2) Chapter 3 elucidates the development and validation of a novel HPLC gradient 

method used to concurrently analyse free RSV and conjugated RSV in 

conjugated RSV NPs at various stages of the project. It also describes the 

development and validation of a simpler HPLC isocratic method for the 

analysis of free RSV alone in encapsulated RSV NPs. 

3) Chapter 4 details the development and characterisation of novel NPs of RSV 

conjugates synthesised in Chapter 2 together with unconjugated RSV 

(conjugated RSV NPs) and also, as a comparison, RSV encapsulated with 

corresponding amphiphilic copolymers used in the conjugations 

(encapsulated RSV NPs). 

4) Lastly, chapter 5 reports the stability of the RSV NPs in rat plasma and HLM 

followed by an in vitro evaluation of cell viability and apoptosis carried out in 

the B16-F10 melanoma cell line. One conjugated RSV NPs and one 

encapsulated RSV NPs were then tested for cytotoxicity in non-cancerous 

murine NIH/3T3 fibroblast cells. The chapter finishes with the in vivo 

evaluation of anticancer properties of selected RSV NPs in subcutaneously 

implanted B16-F10 cells in mice via the IT and IP route. 
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CHAPTER 2. SYNTHESIS OF POLYMERIC RESVERATROL 
CONJUGATES 

2.1 Introduction 

The low bioavailability of RSV is widely known to be due to its rapid metabolism and 

degradation in vivo especially after oral consumption (Walle 2011, Chinembiri et al. 

2014, Singh et al. 2014c). Several approaches using chemical synthesis were able to 

enhance the bioavailability of RSV by slowing down its metabolism rate. This was 

achieved by conjugating the RSV with suitable removable small molecules known as 

promoieties to create prodrugs or by conjugating RSV with small or large molecules 

to create analogues which protected the hydroxyl group on RSV and prevented RSV 

from being metabolised or degraded in vivo by altering the enzyme-substrate 

relationship. Prodrugs of RSV were molecules which underwent biotransformation or 

chemical transformation in vivo resulting in the release of the biologically active RSV 

which then produced the desired therapeutic outcome (Sofia 2013). Mattarei et al. 

(2014) has shown conjugation of RSV with a sugar moiety enhanced solubility and 

allowed absorption after oral administration without any hydrolysis. Analogues of 

RSV that can enhance physicochemical properties and biological activity of RSV as 

demonstrated by Jeong et al. (2014) and Kim et al. (2014) where an RSV analogue, 

HS-1793, was found to be more metabolically stable, less photosensitive and more 

potent than RSV. 

Conjugation of drugs to amphiphilic copolymers was known to enhance 

bioavailability of hydrophobic drugs by increasing its water solubility (Mattarei et al. 

2014). However, the properties of drug-polymer conjugates including DL are 

dependent on the type and nature of the polymer and suitability of linkers used 

between the drug and polymer. Longer hydrophilic PEG chains led to an increase in 

water solubility and prolonged plasma t1/2 but also resulted in a decrease of drug 

activity (Greenwald et al. 2003). Shorter oligo-PEG chains (130Da to 260Da) 

conjugated to RSV via amide and acetal linkers, however, allowed for higher DL when 

compared to longer PEG chains (Mattarei et al. 2013, Mattarei et al. 2015b). These 

RSV prodrugs were also assessed for phase II metabolism and in vivo PK studies in 
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rats by oral and IG administration and found to bypass the phase II metabolism stage 

after absorption which enhanced the bioavailability of RSV in vivo. Susceptibility of 

polymer conjugates to degradation or hydrolysis can be influenced by various 

hydrophobic chains covalently linked to PEG, for example, PLGA, PLA, PCL and 

poly(glycolic acid) (PGA) (Chen et al. 2015a). PCL is known to be more crystalline than 

PLA which made PLA more susceptible to water permeation and hydrolysis (Chu et al. 

2016). The hydrolytic degradation rate of ciprofloxacin conjugated to PEG-PCL via 

ester linkers was slower compared to ciprofloxacin conjugated to PEG-PLA due to the 

higher degree of crystallinity of PCL resulting in a slower in vitro release of 

ciprofloxacin from the conjugates. The presence of hydrophilic PEG in the conjugates 

caused higher water permeation which increased chemical scission of ester linkers by 

a water molecule (Sobczak 2010). The chemical bonds used between RSV and 

polymers can be temporary like ester bonds or permanent like ether bonds (Mattarei 

et al. 2013, Siddalingappa et al. 2015). Ester bonds were liable to acid or basic 

hydrolysis and enzymatic cleavage (Greenwald et al. 1996, Biasutto et al. 2009a). This 

degradable aliphatic ester linkage was also utilised when synthesising RSV on a PCL 

scaffold for in vitro mineralization and in vivo bone regeneration, whereby the free 

RSV was released in the host tissue by hydrolytic cleavage in vivo (Li et al. 2011). 

Carbamate ester bonds were found to be more stable than carboxyl ester bonds and 

depending on their promoiety, the hydrolysis rate could be controlled (Mattarei et al. 

2015b). In addition, the length of the carbon chain adjacent to an ester bond 

influenced the hydrolysis rate, thermal stability and enzymatic stability of the bond 

as demonstrated by Hinds (2004), Worzakowska (2014) and Ikhuoria et al. (2005). 

Despite many reports on the conjugation of RSV and its effects on the bioavailability 

and activity of RSV, there have been no specific studies found which explored the 

combination of low MW polymer conjugation and nanotechnology formulation to 

enhance the bioavailability of RSV by decreasing its metabolism and degradation in 

vivo. As such, this chapter reports on the synthesis of polymers and polymer-RSV 

conjugates using amphiphilic copolymers for further development into NPs. To date, 

the author is unaware of any studies investigated on conjugated RSV NPs prepared 

from low MW amphiphilic copolymers for bioavailability and anticancer activity in 
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vitro and in vivo. 

2.2 Aim 

In this study, the aim was to synthesise RSV conjugated to low MW amphiphilic 

copolymers, which were made of hydrophilic mPEG and hydrophobic PLA or PCL. Two 

MW of mPEG that is, 750Da and 2,000Da, and PLA (1,000Da) or PCL with varying MWs 

(120Da to 12,000Da) were synthesized. Esterification between RSV and copolymers 

was achieved with an activated amphiphilic copolymer having either a two-carbon 

succ or three-carbon glu end group to explore the different hydrolysis and/or 

degradation rates of resulting RSV conjugates. Once polymeric RSV conjugate 

compounds were synthesized, they were formulated into NPs (Chapter 4) for in vitro 

characterisation and in vivo biological evaluations (Chapter 5). 

2.3 Materials 

mPEG MW 2,000Da (repeating units, m=45, Figure 2.1) (catalogue number, cat# 

202509-250G) and MW 750Da (m=17, cat# 202435-250G), ε-caprolactone (ε-CL) 

(cat# 704067-100G), tin (II) ethylhexanoate (cat# S3252-100G), succinic anhydride 

(≥99%, cat# 239690-50G), glutaric anhydride (95%, cat# G3806-100G), triethylamine 

(≥99%, cat# T0886-100ML) and pyridine (≥99%, cat# 360570-100ML) were obtained 

from Sigma Aldrich (NSW, Australia). Methoxy-poly(ethylene glycol)-block-poly(L-

lactic acid) (mPEG-PLLA, total MW 2,000Da with m=17 and n=14, Figure 2.1; cat# 

AK25) was procured from Akina Inc. (Indiana, USA). D,L-Lactide (LA) monomer 

(PurasorbD, 99.9%; cat# unknown) was purchased from PURAC International (Holland) 

and purified by recrystallisation in ethyl acetate. PEG standards purchased from Jordi 

Labs LLC (MA, USA; cat# STD20300) in the Mp (MW at peak maxima) range of 960-

26,100g/mol was used as MW calibration for GPC analysis and were stored in the 

dark at 4°C. Trans-RSV was purchased from DND Pharma-Tech Co., Inc. (Shanghai, 

China) (99%; cat# 20110905). (3-dimethylaminopropyl)-N'-ethylcarbodiimide 

hydrochloride (EDC.HCl; ≥98.5%, cat# 00805) was purchased from GL Biochem 

(Shanghai, China). Deuterated chloroform (CDCl3, cat# DLM-7-100S) or deuterated 

dimethyl sulfoxide (d6-DMSO; cat# DLM-10-10) for NMR analyses were obtained from 
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Novachem (VIC, Australia). Other solvents such as dichloromethane (DCM), diethyl 

ether (ether) and tetrahydrofuran (THF) were obtained from local sources. All 

materials, unless specified, were of analytical grade and used without further 

purification or modification. 

2.4 Methodology 

2.4.1 Synthesis of amphiphilic polymers 

2.4.1.1 Synthesis of methoxy-poly(ethylene glycol)-polylactic acid (mPEG-PLA) 

 

Figure 2.1 General scheme for the synthesis of amphiphilic copolymer mPEG-PLA from mPEG 
and monomer LA 

(m and n denoted number of repeating units in polymer) 

 

mPEG-PLA with a number-average MW (Mn) of 2,960Da as determined by NMR was 

synthesized under vacuum via ring-opening polymerization (Figure 2.1) using a 

modified method by Zhang et al. (2005). 5g (2.5mmol) mPEG (2,000Da; macro-

initiator) and 0.16g (1.7mmol) LA at 1.45:1 molar amounts were heated in a round 

bottom flask until melted. Then, 0.5g tin (II) ethylhexanoate (10% w/w mPEG) was 

added as a catalyst and the reaction mixture (RM) was sealed under vacuum and 

stirred at 150-160°C for 24 hours. The RM was then allowed to cool and dissolved in 

5mL of DCM. The flask was resealed and allowed to sit at RT for 4 hours. 100mL ice-

cold ether was then added to precipitate the co-polymer and the flask was resealed 

under vacuum and left in the fridge at 4°C overnight to allow further precipitation. 

The precipitate was filtered under vacuum and dried using a Daihan WiseVen® 

vacuum oven (Thermoline Scientific: NSW, Australia) to produce the final white solid 

compound mPEG-PLA at the yield of 99.1%. The compound was freeze-dried using a 

Dynavac freeze dryer (Dynapumps: WA, Australia) over 24 hours for storage under 

vacuum at -20°C. Freeze-dried compounds were analysed using NMR and GPC. The 

copolymer was labelled as mPEG2000-PLA1000 henceforth based on the calculated 
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MW of PLA by NMR in Section 2.4.4.2. Synthesis of mPEG750-PLA1000 using mPEG 

(750Da) as a macro-initiator was also conducted using the method above. 

2.4.1.2 Synthesis of methoxy-poly(ethylene glycol)-poly-(ε-caprolactone) (mPEG-

PCL) 

 

Figure 2.2 General scheme for the synthesis of amphiphilic copolymer mPEG-PCL from mPEG 
and monomer CL 

(m and n denoted number of repeating units in polymer) 

 

Varying MW combinations of mPEG-PCL were synthesized under vacuum via ring-

opening polymerization (Figure 2.2) using a modified method by Yuan et al. (2000). 

In general, mPEG with MWs 2,000Da or 750Da was used as a macro-initiator and ε-

CL was added as a monomer at different molar feed ratios to produce mPEG-PCL with 

varying MWs (Table 2.1). 

Table 2.1 Molar feed ratio of mPEG and ε-CL and targeted PCL length of resulting mPEG-PCL 

Macro-initiator 
Molar feed ratio 

mPEG to ε-CL 
Targeted MW of PCL (Da) 

mPEG 
(750Da; m=17) 

0.8:1 1,000 

mPEG 
(2,000Da; m=45) 

1.8:1 1,000 

mPEG 
(2,000Da; m=45) 

13:1 to 0.2:1 100 to 12,000 

 

For the synthesis of mPEG-PCL with a Mn of 1,530Da based on calculations by NMR 

(labelled as mPEG750-PCL1000), 5g (6.7mmol) mPEG (750Da) and 0.98g (8.5mmol) ε-

CL at 0.78:1 molar amounts were heated in a round bottom flask until melted. Then, 

0.5g tin (II) ethylhexanoate (10% w/w mPEG) was added as a catalyst and the RM was 

sealed under vacuum and stirred at 150-160°C for 24 hours. The RM was then allowed 

to cool and dissolved in 5mL of DCM. The flask was resealed and allowed to sit at RT 
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for 4 hours. 100mL ice-cold ether was then added to precipitate the co-polymer and 

the flask was resealed under vacuum and left in the fridge at 4°C overnight to allow 

further precipitation. The precipitate was filtered under vacuum and discarded. 

Organic solvent in the filtrate was removed by rotary evaporation using a Büchi R-

200 rotary evaporator (In Vitro Technologies: VIC, Australia) to produce a white soft 

wax of mPEG-PCL at the yield of 99.9%. The compound was freeze-dried over 24 

hours and stored under vacuum at -20°C. Freeze-dried compounds were analysed 

using NMR and GPC. 

For the synthesis of mPEG-PCL with a Mn of 3,090Da based on calculations by NMR 

(labelled as mPEG2000-PCL1000 henceforth), 5g (2.5mmol) mPEG (2,000Da) and 

0.16g (1.4mmol) ε-CL at 1.75:1 molar amounts were heated in a round bottom flask 

until melted. Then, 0.5g tin (II) ethylhexanoate (10% w/w mPEG) was added as a 

catalyst and the RM was sealed under vacuum and stirred at 150-160°C for 24 hours. 

The RM was then allowed to cool and dissolved in 5mL of DCM. The flask was resealed 

and allowed to sit at RT for 4 hours. 100mL ice-cold ether was then added to 

precipitate the co-polymer and the flask was resealed under vacuum and left in the 

fridge at 4°C overnight to allow further precipitation. The precipitate was filtered 

under vacuum to produce a cream solid of mPEG-PCL at the yield of 99.1%. The 

compound was freeze-dried over 24 hours and stored under vacuum at -20°C. Freeze-

dried compounds were analysed using NMR and GPC. The synthesis of remaining 

mPEG-PCL using mPEG (2,000Da) as macro-initiator was prepared as such with 

different mPEG:ε-CL molar feed ratios (Table 2.1). 

2.4.2 Synthesis of activated amphiphilic copolymers 

Amphiphilic copolymers were activated using succinic anhydride or glutaric 

anhydride which converted the hydroxyl end group in the amphiphilic copolymers to 

an active carboxylic acid end group for eventual conjugation to RSV. 

2.4.2.1 Synthesis of succinated amphiphilic copolymers 

Figure 2.3 revealed the general synthetic scheme for activating amphiphilic 

copolymers mPEG-PLA (Figure 2.3A) and mPEG-PCL (Figure 2.3B) using succinic 

anhydride based on a modified method by Lu et al. (2010). Briefly, 2g of mPEG-PLA 
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or mPEG-PCL (varying molar amounts depending on MW of polymer, Table 2.2) was 

dissolved in 10mL anhydrous toluene in a round bottom flask with 0.6g (6.0mmol, 30% 

w/w polymer) succinic anhydride and 1.7µL (11.9µmol, 0.06% w/w polymer) 

triethylamine. The flask was evacuated and the RM was heated to 90-100°C for 24 

hours with stirring. After 24 hours, the RM was cooled, fully dissolved in 5mL DCM 

and allowed to stand at RT for 1 hour. Approximately 50mL ice-cold ether was then 

added to precipitate the activated copolymer and the flask was resealed under 

vacuum and left in the fridge at 4°C overnight to allow further precipitation. The 

precipitate was filtered under vacuum to produce the final compounds of succinated 

mPEG-PLA or mPEG-PCL in yields ranging from 42.3-82.5%. The resulting precipitate 

was analysed using NMR and stored under vacuum at -20°C after being freeze-dried 

over 24 hours. Similarly, mPEG (2,000Da) was succinated to produce a white powder 

with 97.5% yield. 

Table 2.2 Molar feed amounts of 2g mPEG-PLA, mPEG-PCL and mPEG for synthesis of 
succinated polymers 

Polymer 

Mn and repeating units Molar feed 
amount of 2g 

copolymer 
(mmol) mPEG PCL PLA 

mPEG750-
PLA1000a 

750Da 
m=17 

n/a 
1,000Da 

n=14 
1.1 

mPEG2000-
PLA1000b 

2,040Da 
m=46 

n/a 
920Da 
n=13 

0.6 

mPEG750-
PCL1000b 

680Da 
m=15 

850Da 
n=7 

n/a 1.2 

mPEG2000-
PCL1000b 

1,940Da 
m=43 

1,150Da 
n=10 

n/a 0.5 

mPEG2000a 
2,000Da 

m=45 
n/a n/a 1.0 

n/a = not applicable 
alabelled according to MW provided by supplier 
bdetermined by NMR using end-group analysis (Table 2.5 and Table 2.6) 
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Figure 2.3 General schemes for the activation of mPEG-PLA (A) and mPEG-PCL (B) copolymers by succinic anhydride 
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2.4.2.2 Synthesis of glutarated amphiphilic copolymers 

Figure 2.4 showed the general synthetic scheme for activating amphiphilic 

copolymers mPEG-PLA (Figure 2.4A) and mPEG-PCL (Figure 2.4B) using glutaric 

anhydride. Synthesis of glutarated amphiphilic copolymers was similar to the 

synthesis of succinated amphiphilic copolymers in Section 2.4.2.1. Briefly, 2g of 

mPEG-PLA or mPEG-PCL (varying molar amounts depending on MW of polymer, Table 

2.3) was dissolved in 10mL anhydrous toluene into a round bottom flask with 0.6g 

(5.3mmol, 30% w/w polymer) glutaric anhydride and 1.7µL (11.9µmol, 0.06% w/w 

polymer) triethylamine. The flask was evacuated and the RM was heated to 90-100°C 

for 24 hours with stirring. After 24 hours, the RM was cooled, fully dissolved in 5mL 

DCM and allowed to stand at RT for 1 hour. Approximately 50mL ice-cold ether was 

then added to precipitate the activated copolymer and the flask was resealed under 

vacuum and left in the fridge at 4°C overnight to allow further precipitation. The 

precipitate was filtered under vacuum to produce the final compounds of glutarated 

mPEG-PLA or mPEG-PCL in yields ranging from 40.9-100.0%. Similarly, mPEG 

(2,000Da) was glutarated to a white powder with 98.1% yield. The resulting 

precipitates were analysed using NMR and stored under vacuum at -20°C after being 

freeze-dried over 24 hours.
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Figure 2.4 General schemes for the activation of mPEG-PLA (A) and mPEG-PCL (B) copolymers by glutaric anhydride 
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Table 2.3 Molar feed amounts of 2g mPEG-PLA, mPEG-PCL and mPEG for synthesis of 
glutarated polymers 

Amphiphilic 
copolymer 

Mn and repeating units Molar feed 
amount of 2g 

copolymer 
(mmol) 

mPEG PCL PLA 

mPEG750-
PLA1000a 

750Da 
m=17 

n/a 
1,000Da 

n=14 
1.1 

mPEG2000-
PLA1000b 

2,040Da 
m=46 

n/a 
920Da 
n=13 

0.6 

mPEG750-
PCL1000b 

680Da 
m=15 

850Da 
n=7 

n/a 1.2 

mPEG2000-
PCL1700b 

1,940Da 
m=43 

1,150Da 
n=10 

n/a 0.5 

mPEG2000-
PCLn

b 
1,880 to 2,120Da 

m=42 to 47 
130 to 11,660Da 

n=1 to 102 
n/a 

0.9 to 
0.1 

mPEG2000a 
2,000Da 

m=45 
n/a n/a 1.0 

alabelled according to MW provided by supplier 
bdetermined by NMR using end-group analysis (Table 2.5 and Table 2.6) 

2.4.3 Conjugation of activated amphiphilic polymers to resveratrol 

The conjugation of RSV to synthesised activated amphiphilic copolymers (Section 

2.4.2) with an ester bond was achieved by a carbodiimide coupling reaction (Figure 

2.5) as reported in Basavaraj (2011) with a slight modification to the purification 

procedure. 
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Figure 2.5 General schemes for conjugation of RSV to activated amphiphilic copolymers mPEG-PLA-succ-OH (A), mPEG-PCL-succ-OH (B), mPEG-PLA-glu-OH (C) 
and mPEG-PCL-glu-OH (D) by carbodiimide coupling reaction 
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Excess amount of RSV (approximately 4× molar amount of copolymer), 1.5g of an 

activated amphiphilic copolymer (Section 2.4.2) and EDC.HCl, in 4× molar amount of 

copolymer, was dissolved in pyridine (20 mL) in a round bottom flask (See Table 2.4 

for molar and weight amounts of each component). The RM was stirred at RT in the 

dark under vacuum for 48 hours. The RM was then dissolved in 10mL DCM and 

washed once with 10mL 0.1M hydrochloric acid to remove the dicyclohexylurea from 

the reaction and twice with 5mL of 10% w/v copper (II) sulphate aqueous solution 

diluted 1:4 in 0.1M hydrochloric acid to remove pyridine. The organic layer was 

collected and dried with sodium sulphate and filtered. Excess ice-cold ether 

(approximately 50mL) was then added to the filtrate to precipitate the conjugated 

RSV copolymer and the flask was resealed under vacuum and left in the fridge 

overnight to allow further precipitation. The precipitate was filtered under vacuum 

to produce RSV conjugated to amphiphilic copolymers in yields ranging from 16.8-

54.9%. Synthesized products were analyzed using NMR and HPLC. HPLC analyses will 

be described further in Chapter 3. 

Table 2.4 Weight and molar feed amounts of selected succinated or glutarated (activated) 
polymers, RSV and EDC.HCl for conjugation of RSV with activated polymers by carbodiimide 
coupling reaction 

Activated polymer 

Weight and molar amounts used 

Activated 
polymer 

RSV EDC.HCl 

mPEG750-PLA1000 
1.5g 

(0.8mmol) 
0.7g 

(3.2mmol) 
0.6g 

(3.2mmol) 

mPEG2000-PLA1000 
1.5g 

(0.5mmol) 
0.5g 

(2.0mmol) 
0.4g 

(2.0mmol) 

mPEG750-PCL1000 
1.5g 

(0.8mmol) 
0.7g 

(3.2mmol) 
0.6g 

(3.2mmol) 

mPEG2000-PCL1700 
1.5g 

(0.4mmol) 
0.4g 

(1.6mmol) 
0.3g 

(1.6mmol) 

 

Similarly, glutarated mPEG2000-PCLn (PCL MW 130Da-11,660Da), succinated and 

glutarated mPEG2000 was conjugated to RSV and characteristics of these conjugates 

are presented in Appendix 7.4 along with in vitro stability data in buffers at pH4.5 and 
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pH7.4 at different temperatures and in rat plasma. Stability data was published in Ng 

et al. (2015). 

2.4.4 Characterisation of synthesised products 

2.4.4.1 Yield 

Percentage yield of synthesised products were calculated using the following 

equation based on the assumptions that the chemical reaction was a stoichiometric 

reaction and that all limiting reagents were consumed. As the conjugation reactions 

can result in multiple substitutions of RSV, the percentage yield was calculated 

assuming the reactions resulted in mono-substituted RSV conjugates with no 

unconjugated RSV unless the reactions resulted in 100% di-substituted RSV 

conjugates where the percentage yield would be calculated based on the mass of di-

substituted RSV conjugates instead of mono-substituted RSV conjugates. 

Percentage yield (%) = 
Actual mass yield (g)

Theoretical mass yield (g)
 × 100% 

2.4.4.2 Nuclear magnetic resonance (NMR) spectroscopy 

1H NMR spectroscopy was used to analyse and elucidate the structural properties of 

all synthesised products by observing the local magnetic fields around proton nuclei 

in a sample (Roberts 1961). Wiegand et al. (2008) stated that NMR end-group analysis 

was more suitable for polymers with less than 30,000Da as end groups in higher MW 

polymers would be impractical for quantitation. One-dimensional proton and two-

dimensional COSY (homonuclear correlation spectroscopy) NMR spectra were 

obtained by dissolving approximately 10mg of synthesized products in 0.5mL to 1mL 

CDCl3 or d6-DMSO and analysed with a Bruker Avance III 400MHz spectrometer 

(Bruker Pty Ltd: NSW, Australia). Chemical shifts (δ) of peaks with corresponding 

proton labels in structure and peak areas or integrals were analysed using a TopSpin™ 

v3.5 software (Bruker Pty Ltd: NSW, Australia) and a Spectrus Processor vS60S41 

software (Advanced Chemistry Development Inc.: Toronto, Canada) and depicted at 

the top and bottom of each NMR spectra, respectively. In this manuscript, δ were 

expressed in ppm with multiplicities indicated by s (singlet), d (doublet), t (triplet), q 

(quartet), m (multiplet) and br (broad). Both one-dimensional and two-dimensional 
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NMR spectra were used to determine and confirm the chemical structure of 

synthesised products according to methods detailed in Furniss et al. (1996). The peak 

areas or integration is proportional to the molar concentration of the protons 

analysed. 

Mn of low MW amphiphilic copolymers was determined by end-group analysis using 

distinguishable proton signals originating from the end-group of mPEG and repeating 

units of PCL or PLA (Wiegand et al. 2008, Paulsen et al. 2016). Izunobi et al. (2011) 

gave an example of Mn calculation of polymers using end-group analysis and in our 

instance, Appendix 7.1 specified the calculations for Mn of mPEG2000-PLA1000 as a 

representation of our polymers. 

Molar ratios of free RSV and substituted RSV in final conjugated RSV products was 

determined by comparing proton integrals in NMR spectra as described in Section 

2.5.3 for the calculation of percentage weight-per-weight (% w/w) of components 

and total RSV equivalent concentrations of each synthesised product. % w/w of each 

component, that is mono-substituted RSV, di-substituted RSV and free unconjugated 

RSV, was calculated against the total weight of all components in the final synthesised 

RSV-conjugated product. The determination of total RSV content or total RSV 

equivalent concentration in a batch of synthesized products was based on its % w/w 

whereby the total RSV equivalent concentration was the summation of the 

concentration of unconjugated RSV and concentrations of RSV equivalent of any 

conjugated RSV in the synthesised products. As an example, the calculation of % w/w 

and total RSV equivalent concentration of 1mg/mL mPEG750-PCL1000-succ-RSV is 

presented in Appendix 7.2. 

2.4.4.3 Gel permeation chromatography (GPC) 

GPC was used as confirmation of Mn calculations using end-group analysis by NMR 

and to calculate the Mn, weight-average MW (Mw) and PDI of synthesised amphiphilic 

copolymers (Section 2.4.1) using an Agilent GPC system (Agilent Technologies 

Australia; VIC, Australia) with a Jordi Gel DVB organic column (5µm, 1000Å, 25cm × 

4.6mm) (Jordi Labs LLC: MA, USA). PEG calibration standards in the Mp range of 960-

26,100g/mol (Jordi Labs LLC: MA, USA) and co-polymers were prepared fresh in THF 



 

42 

for each analysis. Briefly, a copolymer or PEG standard solution (approximately 

1mg/mL) was dissolved in THF and 100µL was injected and eluted with THF at 

1.2mL/min for 5 minutes. Detection was by an Agilent model G1362A refractive index 

detector (RID) (Agilent Technologies Australia: VIC, Australia) with a cell temperature 

of 40°C. The PEG calibration curve was prepared by plotting log(Mp) against retention 

time (tR) and used for the determination of the Mw, Mn, and PDI (Mw/Mn) of 

synthesised amphiphilic copolymers according to Holding et al. (1995) (See Appendix 

7.3 for calculations). Mp was quoted for copolymers where calculations of average 

MWs were not possible. 

2.5 Results and discussion 

2.5.1 Synthesis of amphiphilic polymers 

2.5.1.1 mPEG-PLA 

Table 2.5 shows the characteristics of mPEG-PLA synthesized using mPEG (2,000Da; 

m=45) as a macro-initiator and LA was added as a monomer at 1.45:1 molar ratio. 

The degree of polymerization of the monomer LA on mPEG-PLA was calculated using 

end-group analysis by comparing integral intensity of characteristic resonance of the 

PLA at 5.2ppm (-C(=O)-CHCH3O-) (Alibolandi et al. 2015) with the PEG resonance at 

3.4ppm (-OCH2CH2-) in the 1H NMR spectrum (Figure 2.6). Appendix 7.1 details the 

calculation using end-group analysis. 
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Table 2.5 Characteristics of mPEG-PLA using NMR and GPC 

Macro-initiator 
Molar feed 

ratio 
mPEG:LA 

Product 
description 

Yield 
(%) 

GPC analysesa  NMR analysesb 

Product 
label Mw Mn PDI 

 Mn (Da) and 
repeating units 

(m) of mPEG 

Mn (Da) and 
repeating units 

(n) of PLA 

Total 
Mn (Da) 

mPEG 
(2,000Da; m=45) 

1.45:1 
White 

powder 
99.1 3,080 2,360 1.31 

 
2,040 (m=46)c 920 (n=13)d 2,960 

mPEG2000-
PLA1000 

mPEG 
(750Da; m=17) 

Unsuccessful 

asee Appendix 7.3 for detailed calculation 
bsee Appendix 7.2 for detailed calculation 
cMW of a single monomer in mPEG is 44Da. Therefore, with an Mn of ca. 2,040Da, the number of repeating units in the mPEG was 

2040

44
 ≈ 46 

dMW of a single monomer in PLA is 72Da. Therefore, with an Mn of ca. 920Da, the number of repeating units in the PLA was 
920

72
 ≈ 13 
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Figure 2.6 1H NMR spectra of mPEG2000-PLA1000 in CDCl3 

δ ppm 1.45 - 1.61 (m, -C(=O)-CHCH3O-, He) 3.38 (s, -OCH3, Hd) 3.60 - 3.69 (m, -OCH2CH2OC(=O)-, Hc) 4.22 - 4.40 (m, end groups of -OCH2CH2OC(=O)- and -C(=O)-
CHCH3O-, Hb and Ha) 5.13 - 5.30 (m, -C(=O)-CHCH3O-, Ha)
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The MW of mPEG was verified as close to 2,000Da using the end-group analysis by 

comparing integral intensity of characteristic resonance of the methyl group on 

mPEG at 3.4ppm (-OCH3) with the PEG chain resonance at 3.6ppm (-OCH2CH2-), 

therefore, it was safe to assume that there was no hydrolysis or breakdown of mPEG 

during the synthesis of the amphiphilic copolymer mPEG2000-PLA1000. In addition, 

there was no sign of other degradation products present in the synthesized 

compound from NMR spectra and GPC chromatograms. The polymerization of LA 

onto mPEG was confirmed by the lack of the methine signals (labelled Ha in Figure 

2.7) present in the monomer LA which had a chemical shift at ca. 5.0ppm with a 

quadruplet multiplicity (Inkinen et al. 2011).  

 

Figure 2.7 Structure of D,L-lactide (LA) monomer with labelled methine signal 

1H NMR spectra in Appendix 7.5, Figure 7.3 

 

PLA was calculated to have an Mn of 920Da by NMR, however, analyses by GPC 

revealed a total Mn of 2,360Da for mPEG-PLA which indicated that PLA had an Mn of 

360Da with mPEG at 2,000Da (Table 2.5). As GPC elution is based on the 

hydrodynamic volume of polymer (Wong et al. 2012), the linear type polymer of the 

PEG standards might not be comparable with our synthesized copolymers as 

synthesized products might have different hydrodynamic volume than PEG when 

eluted (Izunobi et al. 2011) hence affecting the average MW calculations. 

Nonetheless, GPC analyses allowed for the determination of MW distribution of 

polymers.  
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Figure 2.8 Schematic view of average MW distributions in eluted peaks on a typical GPC 
chromatogram 

Picture taken from Neira‐Velázquez et al. (2013); Mn = number-average MW, Mv = viscosity-
average MW, Mw = weight-average MW, Mz = Z-average MW, Mz+1 = Z+1-average MW 

 

Figure 2.8 shows a schematic overview of different average MWs obtained from a 

GPC chromatogram and where our average MW distribution of interest, Mw and Mn, 

lies within an eluted peak (Neira‐Velázquez et al. 2013). Mw is dependent on the 

size of the polymer chains whereas the Mn is dependent on the number of polymer 

chains in a polymer, therefore, Mw affects bulk properties of a polymer such as 

viscosity and toughness whereas Mn affects colligative properties of a polymer such 

as boiling and freezing points (Carraher 2007). As our mPEG-PLA is amphiphilic, the 

properties of mPEG-PLA would differ significantly from the PEG standards. Similar 

values of average MWs indicate a monodispersed polymer system (Carraher 2007). 

PDI is obtained by 
Mw

Mn
 and a PDI value of 1.30 implied a fairly narrow distribution for 

mPEG2000-PLA1000 (Khanna et al. 1996, Agilent Technologies Inc. 2015) whereas a 

PDI of 1.00 indicates a monodispersed polymer system (Umoren et al. 2016). 

Although controlling the feed ratio between initiator and monomer for a fixed 

reaction time was a known synthesis approach (Kim et al. 2004), this was not possible 

with the synthesis of mPEG750-PLA1000 with targeted MWs of 750Da for mPEG and 

1,000Da for PLA using the macro-initiator mPEG (750Da; m=17). Several trials were 

conducted to study the influence of feed ratio on the resulting copolymer MW using 

mPEG (750Da) as macro-initiator. Although NMR analyses of the raw RMs prior to 

precipitation revealed presence of the desired product mPEG750-PLA1000, 
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precipitation by ice-cold ether did not produce the desired product or any mPEG-PLA 

signals when analysed by NMR. It was assumed that the purification step was not 

ideal for this copolymer. Subsequently, several trials were conducted to explore other 

anti-solvents such as MeOH or hexane to precipitate the desired copolymer, and to 

explore trituration as an alternative to precipitation but were unsuccessful. Due to 

time limitations, the decision was made to purchase mPEG750-PLA1000 from a 

commercial source for further synthesis and use (Certificate of Analysis attached in 

Appendix 7.6). 

2.5.1.2 mPEG-PCL 

The degree of polymerization of the monomer ε-CL on mPEG-PCL was calculated 

using end-group analysis similar to mPEG-PLA but by comparing integral intensity of 

characteristic resonance of the PCL at 2.3 ppm (-C(=O-CH2) (Kim et al. 2005) with the 

PEG resonance at 3.4ppm (-OCH2CH2-) in the 1H NMR spectrum represented by 

mPEG750-PCL1000 in Figure 2.10. The Mn of mPEG was verified as ca. 2,000Da or 

750Da using the NMR end-group analysis (Table 2.6), therefore, there was no 

hydrolysis or breakdown of mPEG during the synthesis of the amphiphilic copolymer 

mPEG-PCL. The polymerization of ε-CL onto mPEG was confirmed by the lack of the 

methylene signals (labelled Hd in Figure 2.9) in CL which had a chemical shift at ca. 

2.6ppm with a triplet multiplicity (Abraham et al. 2008). 

 

Figure 2.9 Structure of ε-CL monomer with labelled methylene signal 

1H NMR spectra in Appendix 7.5 (Figure 7.4) 

 

The Mn of PCL in mPEG-PCL was calculated by end-group analysis using NMR and 

summarized in Table 2.6. The average MWs and PDI of copolymers were also 

calculated after analysis by GPC and reported in Table 2.6. 
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Figure 2.10 1H NMR spectra of mPEG750-PCL1000 in CDCl3 

δ ppm 1.30 - 1.55 (m, -C(=O)-C2H5CH2C2H5O-, Hf) 1.57 - 1.74 (m, -C(=O)-CH2CH2CH2CH2CH2O-, He) 2.33 (t, -C(=O)-CH2CH2CH2CH2CH2O-, Hd) 3.40 (s, -OCH3, Hc) 
3.61 - 3.76 (m, -OCH2CH2OC(=O)-, Hb) 4.08 (t, -C(=O)-CH2CH2CH2CH2CH2O-, Ha)  
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Figure 2.11 1H NMR spectra of mPEG2000-PCL1000 in CDCl3 

δ ppm 1.32 - 1.43 (m, -C(=O)-C2H5CH2C2H5O-, Hf) 1.58 - 1.70 (m, -C(=O)-CH2CH2CH2CH2CH2O-, He) 2.29 (t, -C(=O)-CH2CH2CH2CH2CH2O-, Hd) 3.36 (s, -OCH3, Hc) 
3.59 - 3.71 (m, -OCH2CH2OC(=O)-, Hb) 4.05 (t, -C(=O)-CH2CH2CH2CH2CH2O-, Ha)  
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Table 2.6 Characteristics of mPEG-PCL using NMR and GPC 

Macro-
initiator 

Molar feed 
ratio 

mPEG:CL 
Product description 

Yield 
(%) 

GPC analysesa  NMR analysesb 

Product 
label Mw 

(Da) 
Mn 

(Da) 
PDI 

 Mn (Da) and 
repeating units 

(m) of mPEG 

Mn (Da) and 
repeating units 

(n) of PCLc 

Total 
Mn (Da) 

mPEG 
(750Da; 
m=17) 

0.78:1 White soft wax 99.9 1,740 1,070 1.63 
 

680 (m=15) 850 (n=7) 1,530 
mPEG750-
PCL1000 

mPEG 
(2,000Da; 

m=45) 

1.75:1 Cream powder 98.0 3,190 2,230 1.44 
 

1,940 (m=43) 1,150 (n=10) 3,050 
mPEG2000-

PCL1000 

13.43:1 White powder 99.5 2,390 1,700 1.41  2,060 (m=46) 130 (n=1) 2,190 

mPEG2000-
PCLn

d 

7.00:1 Off-white flakes 96.9 2,670 1,780 1.50  2,050 (m=46) 230 (n=2) 2,280 

3.55:1 Cream powder 95.6 3,170 1,990 1.59  2,090 (m=47) 500 (n=4) 2,590 

0.59:1 Cream powder 72.8 7,970 6,300 1.27  2,120 (m=47) 3,240 (n=28) 5,360 

0.29:1 Cream powder 71.9 15,320 13,870 1.10  1,880 (m=42) 5,190 (n=45) 7,070 

0.20:1 Cream waxy powder 79.4 Mp = 12,940 Da  1,980 (m=44) 11,660 (n=102) 13,640 

asee Appendix 7.3 for calculation example using mPEG2000-PLA1000  
bsee Appendix 7.2 for calculation example using mPEG2000-PLA1000 
cMW of a single monomer in PCL is 114Da. Therefore, with an Mn of ca. 1,150Da, the number of repeating units in the PCL was 

1150

114
 ≈ 10 

dn denotes PCL repeating units
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From the NMR and GPC data, it was evident that controlling molar feed ratios were 

able to control the degree of polymerization of ε-CL onto mPEG (2,000Da). 

Interestingly, mPEG-PCL copolymer synthesised using mPEG (750Da) as a macro-

initiator were not precipitated solids but was found in the filtrate of the precipitation 

process with ice-cold ether. Desired products were obtained by evaporating the 

organic solvent from the filtrate at 50°C under vacuum using a rotary evaporator. 

Although Mn calculated by NMR was not an exact correlation with Mn calculation by 

GPC for all copolymers, it should be noted that the PEG standards used for the 

calibration of GPC would not have the same structural properties as mPEG-PCL and 

hence have different hydrodynamic volumes which would affect the calculation of 

average MWs using eluted peaks of GPC chromatograms of copolymers. Nonetheless, 

the GPC data showed a range of average MWs which correlated with Mn of NMR. As 

GPC was known to be less accurate than NMR when dealing with low MW polymers 

due to different refractive indices of low MW polymers compared to their higher MW 

counterparts (Chance et al. 1995, Wong et al. 2012, Oberlerchner et al. 2015), we 

have used NMR as our main reference to label our copolymers as seen in the last 

column of Table 2.6. 

The Mn calculated from the NMR spectra of the longer copolymers with the macro-

initiator mPEG (2,000Da) synthesised at molar feed ratios of 0.29:1 and 0.20:1 was 

lower than the average MW range calculated from GPC analyses possibly due to the 

reduced sensitivity of the NMR end-group analysis owing to the diminishing 

quantifiable end-groups compared to the polymer protons in higher MW polymers 

(Umoren et al. 2016). It was also possible that as the length of PCL increased, the 

conformation of the polymer in solution differed from that in copolymers with 

shorter PCL lengths which affected the elution time of the copolymer hence the 

average MW calculation (Carraher 2007). 

2.5.2 Synthesis of activated amphiphilic copolymers 

In order to conjugate RSV to the copolymers or mPEG, the hydroxyl group of 

copolymers needed to be activated by converting the hydroxyl group to a carboxylic 

acid group to allow for an esterification process between the carboxylic acid of the 
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activated polymer and the hydroxyl group of RSV. Two different carbon chain lengths 

of anhydride were used to activate the hydroxyl group of polymers, that is, succinic 

anhydride (two-carbon) and glutaric anhydride (three-carbon). The succ linker was 

chosen based on the enhanced PK profile of mPEG750-PLA1000-succ-RSV compared 

to RSV found in Basavaraj (2011) whereas the glu linker was elected owing to a report 

by Safavy et al. (2004) which showed an improved stability, antitumour activity and 

sustained drug release of PEGylated PTX glu conjugates compared to the PEGylated 

PTX succ conjugates. 

Table 2.7 Characteristics of activated amphiphilic copolymers 

Activated amphiphilic copolymer Product description Yield (%) 

mPEG750-PLA1000-succ-OH White powder 56.8 

mPEG750-PLA1000-glu-OH White powder 51.6 

mPEG750-PCL1000-succ-OH Cream-coloured gel 49.3 

mPEG750-PCL1000-glu-OH White powder 76.4 

mPEG2000-PLA1000-succ-OH White flakes 82.5 

mPEG2000-PLA1000-glu-OH White flakes 40.9 

mPEG2000-PCL1000-succ-OH Cream powder 42.3 

mPEG2000-PCL1000-glu-OH Cream powder 88.6 

mPEG2000-PCLn-glu-OH Cream powder 76.3-100.0 

mPEG2000-succ-OH White powder 97.5 

mPEG2000-glu-OH White powder 98.1 

n denotes PCL repeating units for MW from 130 to 11,660Da (see Table 2.6 for individual 
copolymer MW) 

 

Synthesis of activated amphiphilic copolymers was straight-forward by refluxing the 

amphiphilic copolymer with either succinic or glutaric anhydride in anhydrous 

toluene and resulted in average to high yields (Table 2.7). Chemical shifts of protons 

in the succinate group distinctly moved upfield from 3.0ppm to 2.6ppm whereas in 

the glutarate group, the chemical shifts of the protons adjacent to the carboxyl 

groups moved upfield from 2.8ppm to 2.4ppm (Yamaguchi et al. 2013, Worzakowska 

2014). As peak integrations denote molar concentrations of protons in NMR samples, 
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we would expect the succinate and glutarate protons aforementioned would have an 

integration of 4.00 with the methyl group of mPEG showing an integration of 3.00 

which was the case for most of our synthesized products as seen in Figure 2.12, Figure 

2.14 and Figure 2.15 as representative NMR spectra of mPEG-PLA-succ-OH, mPEG-

PCL-succ-OH and mPEG-PCL-glu-OH. This was not the case for mPEG750-PLA1000-

glu-OH (Figure 2.13) where the integration for the glu protons at 2.47ppm was in an 

excess of 17.16. A comparison with the NMR spectra of the copolymer mPEG750-

PLA1000 (Appendix 7.6) revealed an overlapping signal at ca. 2.5ppm which could 

have augmented the integration of the methylene group superficially. The methylene 

group (Hf) of the glu group at 2.00ppm on the NMR spectra of mPEG750-PLA1000-

glu-OH (Figure 2.13) was also found to have an integration in excess of 9.14 when it 

should be 2. This was probably due to the overlapping signals of water. This 

observation was also seen for the synthesis of mPEG2000-PLA-glu-OH (NMR spectra 

in Appendix 7.5, Figure 7.5). 
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Figure 2.12 1H NMR spectra of mPEG750-PLA1000-succ-OH (representing mPEG-PLA-succ-OH) in CDCl3 

δ ppm 1.49 - 1.65 (m, -C(=O)-CHCH3O-, Hf) 2.62 - 2.80 (m, -OC(=O)-CH2CH2-C(=O)O-, He) 3.40 (s, -OCH3, Hd) 3.62 - 3.76 (m, -OCH2CH2OC(=O)- , Hc) 4.26 - 4.39 
(m, end groups of -OCH2CH2OC(=O)- and -C(=O)-CHCH3O-, Hb  and Ha) 5.12 - 5.29 (m, -C(=O)-CHCH3O-, Ha)  
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Figure 2.13 1H NMR spectra of mPEG750-PLA1000-glu-OH (representing mPEG-PLA-glu-OH) in CDCl3 

δ ppm 1.49 - 1.65 (m, -C(=O)-CHCH3O-, Hg) 1.94 - 2.03 (m, -OC(=O)-CH2CH2CH2-C(=O)O-, Hf) 2.41 - 2.53 (m, -OC(=O)-CH2CH2CH2-C(=O)O-, He) 3.40 (s, -OCH3, Hd) 
3.62 - 3.86 (m, -OCH2CH2OC(=O)-, Hc) 4.29 - 4.37 (m, end groups of -OCH2CH2OC(=O)- and -C(=O)-CHCH3O-, Hb  and Ha) 5.11 - 5.29 (m, -C(=O)-CHCH3O-, Ha) 
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Figure 2.14 1H NMR spectra of mPEG2000-PCL1000-succ-OH (representing mPEG-PCL-succ-OH) in CDCl3 

δ ppm 1.31 - 1.43 (m, -C(=O)-C2H5CH2C2H5O-, Hg) 1.57 - 1.69 (m, -C(=O)-CH2CH2CH2CH2CH2O-, Hf) 2.28 (t, -C(=O)-CH2CH2CH2CH2CH2O-, He) 2.59 - 2.65 (m, -
OC(=O)-CH2CH2-C(=O)O-, Hd) 3.36 (s, -OCH3, Hc) 3.58 - 3.70 (m, -OCH2CH2OC(=O)-, Hb) 4.04 (t, -C(=O)-CH2CH2CH2CH2CH2O-, Ha) 
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Figure 2.15 1H NMR spectra of mPEG2000-PCL1000-glu-OH (representing mPEG-PCL-glu-OH) in CDCl3 

δ ppm 1.32 - 1.45 (m, -C(=O)-C2H5CH2C2H5O-, Hh) 1.57 - 1.70 (m, -C(=O)-CH2CH2CH2CH2CH2O-, Hg) 1.91 - 1.99 (m, -OC(=O)-CH2CH2CH2-C(=O)O-, Hf) 2.30 (t, -
C(=O)-CH2CH2CH2CH2CH2O-, He) 2.36 - 2.45 (m, -OC(=O)-CH2CH2CH2-C(=O)O-, Hd) 3.37 (s, -OCH3, Hc) 3.59 - 3.67 (m, -OCH2CH2OC(=O)-, Hb) 4.06 (t, -C(=O)-
CH2CH2CH2CH2CH2O-, Ha) 
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2.5.3 Synthesis of resveratrol-conjugated amphiphilic polymers 

RSV was conjugated to the activated amphiphilic copolymers by a simple 

carbodiimide coupling reaction as seen in Figure 2.5 (Section 2.4.3). The coupling 

occurred between the carboxylic acid group of the succ or glu group on the activated 

amphiphilic copolymers and the hydroxyl group in the RSV forming a carboxyl ester 

bond. Herein, we have included synthesis data for RSV conjugated to selected 

activated amphiphilic copolymers. Synthesis, DL and stability data of RSV conjugated 

to glutarated mPEG2000-PCLn (PCL MW 130Da-11,660Da), succinated and glutarated 

mPEG2000 are presented in Appendix 7.4 which can also be found in Ng et al. (2015). 

As RSV had three possible coupling sites, the probability of mono- and di-substituted 

RSV conjugated with amphiphilic copolymers was high whereas a tri-substituted RSV 

was unlikely due to steric hindrance (Siddalingappa et al. 2015). Figure 2.16 showed 

the possible substitutions on RSV by mPEG750-PCL1000-glu-OH which also illustrated 

the steric hindrance aforementioned for a tri-substituted RSV. Hence to minimise 

multiple substitution, excess RSV was used. However, this undertaking produced final 

synthesised products which contained unconjugated RSV along with conjugated RSV 

which could not be separated by simple recrystallisation or dialysis. Separation of 

unconjugated RSV from conjugated RSV could be possible through preparative 

chromatography which required specific instrumentation and resources which were 

not readily available. Purification of polymeric conjugates also required large 

amounts of synthesised products which entailed large scale synthesis of copolymers 

and activated copolymers. Due to the number and nature of conjugates synthesised 

thus far, our resources and time was limited. Nonetheless, we determined the 

quantity of unconjugated and unconjugated RSV in the final product using HPLC assay 

method which will be discussed in Chapter 3 before we proceeded onto formulation 

development of the synthesised products. Chapter 4 will reveal the benefits of having 

unconjugated RSV along with RSV conjugates during NP formulation where high DL 

was achieved while maintaining nano-sized particles for delivery of RSV. 



 

59 

 

Figure 2.16 Possible substitutions on RSV molecule after esterification with mPEG750-PCL1000-glu-OH 
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As NMR analyses on mPEG750-PCL1000-glu-RSV showed a good mixture of two 

mono-substituted conjugates and free RSV (Figure 2.17, Table 2.8), we have used this 

RSV conjugate to describe NMR analyses of the conjugate as a representative of other 

synthesised RSV conjugates. NMR spectra of mPEG750-PCL1000-glu-RSV showed 

corresponding data of mono-substituted RSV using NMR data of RSV conjugated to 

PEG with a glycine linkage by Wang et al. (2016). NMR data in Figure 2.17 also 

concurred with relevant chemical shifts in synthesized PEG-succinyl-amino acid-RSV 

conjugates by Zhang et al. (2014a). This phenomenon of multiple substitutions of RSV 

was also observed in Basavaraj’s work (Basavaraj 2011, Basavaraj et al. 2013, 

Siddalingappa et al. 2015) whereby the conjugates were further confirmed by NMR 

analysis following acid hydrolysis. 

 

Figure 2.17 1H NMR spectra of mPEG750-PCL1000-glu-RSV in d6-DMSO showing mono-
substituted (red and blue) and free unconjugated RSV (black) 

 

Following this, synthesized products were analysed and found to be mainly mono-
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substituted RSV conjugates with minimal or non-detectable di- and tri-substituted 

RSV conjugates and portions of free unconjugated RSV (Table 2.8). Molar ratios were 

estimated based on H4 integral values on mono-substituted 4’- (ca. 6.2ppm), H6 

integral values on mono-substituted 3- or 5- conjugates (ca. 6.4ppm) and H4 integral 

values of free RSV (ca. 6.1ppm) as seen in Figure 2.17. Percentage weights of mono-

substituted conjugates and free RSV against total weight of final synthesised products 

and total RSV equivalent concentrations in 1mg/mL product were also calculated as 

per Section 2.4.4.2 and tabulated in Table 2.8. For some conjugates, 3- and 5-

substituted RSV was not favourable compared to 4’-substituted RSV possibly due to 

steric hindrance of the phenolic hydroxyl groups (Li et al. 2011). As speculated by 

Zhang et al. (2014a) that the type of copolymer used influenced the synthesis 

outcome of RSV conjugates, we observed a higher weight percentage of mono-

substituted RSV conjugates than unconjugated free RSV when mPEG-PCL was used to 

synthesise polymeric RSV conjugates compared with mPEG-PLA. The more compact 

structure of PLA compared to the straight chain of PCL could have caused steric or 

mechanistic hindrance during the synthesis causing less RSV to conjugate to mPEG-

PLA as compared to mPEG-PCL, however, this was not investigated as it was not 

within the scope of this project. Yields were calculated based on the assumption that 

conjugations were mono-substituted unless specifically found to be 100% di-

substituted as seen in the synthesis of mPEG2000-PCLn-glu-RSV (Appendix 7.4). It was 

found that yields of synthesized products were inconsistent and varied widely. This 

could be due to the different physicochemical properties of the copolymers attached 

to the RSV which could have influenced the washing stages during purification. The 

oily products were resulted from waxy copolymers (low MW <2,000Da) and freeze-

drying did not improve the physical appearance of the products. 

As mentioned earlier, all synthesised products contained unconjugated RSV and 

purification was not possible due to limited resources, however, the presence of 

unconjugated RSV had an advantage of possibly increasing the DL of RSV of selected 

RSV conjugates (highlighted yellow in Table 2.8) during NP formulation which will be 

discussed in Chapter 4. Full NMR spectra of representative RSV conjugates can be 

found in Appendix 7.5 (Figure 7.6 to Figure 7.11). 
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Table 2.8 Characteristics of synthesized products from conjugation of RSV to activated amphiphilic copolymers 

Synthesized product Product description Yield (%) 
% w/w of components in final producta Total RSV equivalent 

concentration 
(mg/mL)a Mono-substituted RSV Free RSV 

mPEG750-PLA1000-succ-RSV White powder 54.9 63.9 36.1 0.431 

mPEG750-PLA1000-glu-RSV Brown oil ND 54.8 45.2 0.511 

mPEG750-PCL1000-succ-RSV Brown oil 22.3 99.3 0.7 0.128 

mPEG750-PCL1000-glu-RSV Clear oil 45.1 96.1 3.9 0.155 

mPEG2000-PLA1000-succ-RSV White waxy solid 32.5 76.1 23.9 0.291 

mPEG2000-PLA1000-glu-RSV White solid 49.8 97.9 2.1 0.089 

mPEG2000-PCL1000-succ-RSV White solid 45.1 98.1 1.9 0.085 

mPEG2000-PCL1000-glu-RSV White powder 16.8 98.8 1.2 0.078 

mPEG2000-PCLn-glu-RSV 

See Appendix 7.4 mPEG2000-succ-RSV 

mPEG2000-glu-RSV 

ND = not determined 
Highlighted synthesised products used for NP formation in Chapter 4 
a% w/w of components and total RSV equivalent concentration in 1mg/mL synthesised final products were calculated as per Section 2.4.4.2 (Calculation 
example in Appendix 7.2) 
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2.6 Conclusion 

Mono-substituted RSV conjugated with different low MW amphiphilic PEGylated 

copolymers via either succinate or glutarate linkers were successfully synthesized. 

Despite the straight-forward methodology used, there were challenges in 

synthesising low MW amphiphilic PEGylated copolymer mPEG750-PLA1000. 

Nonetheless, RSV was conjugated to low MW polymers using excess RSV to ensure 

mono-substitution, however, this resulted in a mixture of unconjugated and 

conjugated RSV in the final product, with mPEG-PCL producing more mono-

substituted RSV compared to mPEG-PLA. All mixtures were quantified for both 

unconjugated and conjugated RSV in the final product by HPLC and selected products 

were used for incorporation into NPs (Chapter 4) which showed high DL while 

maintaining nano-sized particles. Because of this, it is imperative to factor in the 

levels of unconjugated and conjugated RSV in final products when data is discussed 

henceforth. It should also be noted that individual mono-substituted conjugates were 

not differentiated by their bonding sites (3- or 5- or 4’-) as it did not provide additional 

information in determining the concentration of RSV within the compound, however, 

the different substitution sites could affect its NP formation and characteristics.  
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CHAPTER 3. DEVELOPMENT OF HIGH-PERFORMANCE 
LIQUID CHROMATOGRAPHY METHOD FOR ANALYSIS 

OF RESVERATROL AND POLYMERIC RESVERATROL 
CONJUGATES 

3.1 Introduction 

To evaluate the effectiveness of the polymeric RSV conjugates, a simple and sensitive 

analytical method was needed to selectively detect and quantify both free RSV and 

polymeric RSV conjugate in a single assay. RSV consists of two benzene rings which 

can be detected within the UV-Vis range, hence HPLC systems with either UV or FL 

detectors (UVD or FLD) would be ideal for detection and quantitation. Detectors of 

such will also be able to differentiate between RSV conjugated with copolymers and 

unconjugated copolymers as the unconjugated copolymers used in this project do 

not have light absorption ability. Developing a HPLC method which separated free 

RSV and a polymeric RSV conjugate with good resolution would enable us to quantify 

both analytes concurrently with good accuracy and precision. 

For more than a decade, HPLC methods have been used to detect and quantify free 

RSV in various matrices. PEGylated RSV conjugates synthesised by Zhang et al. (2014) 

were not detectable but free RSV was quantifiable using an isocratic HPLC method 

with UV detection to assess the release rate of RSV after lipase catalytic hydrolysis of 

the conjugates. An isocratic method with a UV detector was developed by Kumar et 

al. (2016) to simultaneously detect and estimate both free RSV and quercetin, 

another polyphenol, with a mobile phase of MeOH, ACN and phosphoric acid in water. 

This method used a wavelength at the isosbestic point of RSV and quercetin which 

referred to a common wavelength that allows sufficient absorptivities of both 

compounds which had different absorption maxima. In their paper, the method was 

validated according to the International Conference on Harmonization (ICH) 

guidelines and assessed for its applicability in a nanoformulation and human plasma 

(Kumar et al. 2016). Trans-RSV and cis-RSV were detected and quantified using an 

isocratic HPLC system with MeOH and water adjusted to pH 2.6 with acetic acid at 

306nm and 280nm UV detection wavelength, respectively (Sessa et al. 2011). RSV 
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encapsulated into polymeric NPs were orally administered into rats and the PK 

profiles of RSV in the NPs were assessed by Singh et al. (2013) using an isocratic HPLC-

UV method with a mobile phase containing MeOH, a phosphate buffer and acetic 

acid. 

Due to the polarity differences between free RSV and RSV conjugated with 

amphiphilic copolymers, a gradient elution system would be more suitable to 

separate and detect both free RSV and conjugated RSV. A gradient HPLC system with 

ACN, water and acetic acid using a UV detector was used to assess the extraction of 

RSV from a medicinal plant and was further confirmed by HPLC-MS/MS and 1H NMR 

(Wang et al. 2013a). Extraction of RSV and other molecules from fruits were also 

detected and quantified by HPLC-MS using a 60-minute gradient system consisting of 

0.1% formic acid in ACN and 0.1% formic acid in water (Huang et al. 2011). Similarly, 

RSV, RSV dimer isomers and RSV analogues extracted from wine grape stems were 

measured using HPLC-MS with a gradient system consisting of MeOH and water 

(Kong et al. 2011). Gradient HPLC systems were also used to evaluate RSV 

nanoformulations. Matos et al. (2014) evaluated RSV encapsulated in water-in-oil 

and water-in-oil-in-water emulsions using a gradient mobile system of ACN and water 

followed by an extensive column wash sequence. RSV in liposomes were also 

evaluated using a gradient method consisting of MeOH and water (Catania et al. 

2013). 

An Italian research group which has done extensive work on RSV and the synthesis of 

its prodrugs developed and validated a HPLC-UV gradient method consisting of ACN, 

water and formic acid or trifluoroacetic acid to selectively detect and quantify RSV 

and/or its prodrugs from PK studies on rodents (Biasutto et al. 2009b, Biasutto et al. 

2010, Mattarei et al. 2015b). A PEGylated RSV conjugate was synthesised by this 

same group (Biasutto et al. 2009a) and a HPLC-UV method was used to detect and 

quantify both free RSV and RSV conjugates. The mobile phase system used was a 

gradient of ACN and water supplemented with 0.1% trifluoroacetic acid and RSV was 

detected at approximately 19 minutes after subjecting the PEGylated RSV conjugate 

to enzymatic hydrolysis in an ex vivo intestinal environment (Biasutto et al. 2009a). 

Detection of polymeric RSV conjugates using HPLC has been previously developed in-
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house and reported using FL detection (Basavaraj et al. 2013, Siddalingappa et al. 

2015) with good selectivity of free RSV and polymeric RSV conjugate eluting at 

approximately 18 minutes and 21 minutes, respectively. FL intensity was found to be 

more sensitive than UV detection for both RSV and polymeric RSV conjugate, most 

likely due to the different extinction coefficients between free RSV and conjugated 

RSV. In the paper by Siddalingappa et al. (2015), a simple protein precipitation was 

employed using cold ACN to remove proteins from rat plasma samples containing 

RSV or polymeric RSV conjugates collected from a PK study. This allowed for rapid 

sample clean-up resulting in shorter sample preparation time (Singh et al. 2013). 

From the literature aforementioned, trans-RSV dissolved in acidic solvent systems 

using water and MeOH or ACN was quantifiable commonly using UV or FL detectors. 

Therefore, it was imperative to select a solvent system suitable for the detection 

wavelengths employed in this project for analysis of synthesised RSV conjugates 

containing both polymeric RSV conjugates and free RSV described in Chapter 2. We 

have developed two HPLC methods for the analysis of 1) conjugated RSV NPs which 

contained both RSV conjugates and free RSV, and 2) encapsulated RSV NPs which 

contained only free RSV. The latter is a rapid assay. Figure 3.1 summarised the 

application of the HPLC methods developed in this chapter. 

 

Figure 3.1 Application of developed HPLC methods for characterisation of free RSV and RSV 
conjugates 

 



 

67 

3.2 Aim 

The aim of this part of the project is to develop two HPLC methods for 1) concurrent 

detection and analysis of free RSV and RSV conjugates in conjugated RSV NPs, and 2) 

rapid determination of free RSV in DL and drug release from encapsulated RSV NPs. 

Both methods were utilised for the analysis of in vitro release studies in Chapter 4 

and biological assays in Chapter 5 and the choice of method was dependent on the 

type of NP formulation assessed in the assay. As part of the method development, 

the effect of solvent systems on the UVD and FLD wavelengths used in the HPLC 

gradient method was studied and the best solvent system and detection wavelengths 

were established. Following that, HPLC methods were optimised and validated in 

clean and biological samples using rat plasma and HLM matrices. 

3.3 Materials 

Trans-RSV was purchased from DND Pharma-Technology Co., Inc. (Shanghai, China) 

with 99% purity. Polymeric RSV conjugates were synthesised and characterised in-

house (Section 2.5.3). ACN Optima® (HPLC grade), MeOH Optima® (HPLC grade), 

formic acid (90%, analytical grade) and aqueous orthophosphoric acid (85%, 

analytical grade) were purchased from Thermo Fisher Scientific (VIC, Australia). Milli-

Q ultrapure water (MQ) was obtained using a Millipore Milli-Q Ultrapure Water 

purification system (Merck Millipore: VIC, Australia) at 18.2MΩcm purity. DMSO 

(molecular biology grade; cat# D8418-100ML) and PBS was purchased from Sigma 

Aldrich (NSW, Australia; cat# P3813-10PAK). PBS solution was made as per 

manufacturer’s instructions in MQ with no further modification. Solvents were de-

gassed and filtered with 0.2 µm polyvinylidene fluoride (PVDF) filters prior to use. The 

supernatant of blank mPEG750-PLA1000 NPs (prepared according to Section 4.4.3.1) 

was collected after centrifugation of blank NPs at 10,000g for 5 minutes at 4°C using 

a 5415R Eppendorf® microcentrifuge (Perth Scientific Pty Ltd: WA, Australia). 

Outbred rat plasma was obtained from the Animal Resource Centre (ARC) (WA, 

Australia), stored at -20°C in 1mL aliquots to avoid freeze-thaw cycles and thawed at 

RT when needed before use as is. The HLM matrix were prepared as per Section 5.4.2 
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without the co-factor uridine 5’-diphosphoglucuronic acid trisodium salt (UDPGA). 

3.4 Methodology 

3.4.1 Preparation of samples 

3.4.1.1 Stock and standard solutions for HPLC assays 

Stock solutions of free RSV and RSV conjugates were prepared weekly, kept in the 

dark at 4°C and used for both HPLC method validations and analytical assays. 

Standard solutions, however, were freshly prepared daily from stock solutions and 

used for each HPLC analytical assay. 10mg/mL stock solution of free RSV was 

prepared in DMSO and diluted to 100µg/mL with 50:50 v/v ACN:MQ as a working 

stock solution which was then further diluted to 1µg/mL free RSV in 50:50 v/v 

ACN:MQ as a standard solution for each HPLC assay. 1mg/mL RSV conjugate 

(synthesised in Chapter 2) stock solutions were prepared in DMSO and diluted to 

80µg/mL with 50:50 v/v ACN:MQ to be used as standard solutions for HPLC assays. 

The purity of RSV conjugate was considered in the calculation of RSV conjugate 

concentration based on NMR analyses in Chapter 2 (Appendix 7.2). The approximate 

stock and standard solution concentrations of the RSV conjugate component in each 

final synthesised product is found in Table 3.1. 

Table 3.1 Approximate stock and standard solution concentrations of RSV conjugates for 
each HPLC analytical assay 

Polymeric RSV conjugate 
Solution concentration (µg/mL)* 

Stock Standard 

mPEG750-PLA1000-succ-RSV 18 1.4 

mPEG750-PLA1000-glu-RSV 13 1.0 

mPEG2000-PLA1000-succ-RSV 12 1.0 

mPEG750-PCL1000-succ-RSV 116 9.3 

PEG5000-O-RSV 43 3.4 

*Concentration of RSV conjugate component in final synthesised product calculated using 1H 
NMR data as per Appendix 7.2 
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3.4.1.2 Analytical samples for HPLC method validation 

Samples were prepared by dilution of the stock solutions prepared as per Section 

3.4.1.1 in 50:50 v/v ACN:MQ and analysed without further modification. For assessing 

the recovery of free RSV from a polymeric NP matrix, the free RSV working stock 

solution was diluted with supernatant of blank mPEG750-PLA1000 NPs and analysed 

using the HPLC isocratic method. For validation of gradient assay method for analysis 

of biological samples, HPLC samples were prepared by spiking either rat plasma or 

HLM mix with stock solutions of RSV and RSV conjugates and analytes were extracted 

by adding ice-cold ACN to precipitate the proteins and centrifuged at 10,000g for 5 

minutes at 4°C using a 5415R Eppendorf® microcentrifuge. The supernatant was 

further diluted with MQ to required final concentrations and analysed. Specific 

sample concentrations for each validation will be described below. 

3.4.2 Development of HPLC gradient method for concurrent analysis of 

RSV conjugates and free RSV 

3.4.2.1 Selection of solvent system and detection wavelengths 

In order to obtain the most sensitive detection for free RSV and RSV conjugate, the 

effect of free RSV and three RSV conjugates dissolved in two separate solvent systems, 

50:50 v/v MeOH:MQ and 50:50 v/v ACN:MQ and analysed with two different UV 

wavelengths and two different FL wavelengths, were assessed according to Table 3.2. 
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Table 3.2 Assessment of solvent system on detector sensitivity at different wavelengths 

Sample 

UV detection 
wavelengths 

 FL detection wavelengthsa 

307nm 320nm  
307nm(ex) 
400nm(em) 

320nm(ex) 
400nm(em) 

Free RSV ‡ ¥ ‡ ¥  ‡ ¥ ‡ ¥ 

PEG5000-O-RSVb ‡ ¥ ‡ ¥  ‡ ¥ ‡ ¥ 

mPEG2000-glu-RSVc ‡ ¥ ‡ ¥  ‡ ¥ ‡ ¥ 

mPEG2000-PCL150-glu-RSVc ¥ ¥  ¥ ¥ 

‡ = 50:50 v/v MeOH:MQ 
¥ = 50:50 v/v ACN:MQ 
aex = excitation; em = emission 
bSynthesised by Basavaraj (2011) (see Appendix 7.7 for further information) 
cSynthesised in Chapter 2 

 

Optimal detection wavelengths were chosen based on sensitivity parameters of limits 

of detection (LOD) and limits of quantitation (LOQ) obtained. This was carried out by 

preparing a linear curve using 5µg/mL free RSV and 0.001 to 0.2µg/mL RSV conjugate 

prepared either in 50:50 v/v ACN:MQ or 50:50 v/v MeOH:MQ and injected at six 

different volumes between 1µL to 100µL resulting in a linear range of 5 to 500ng free 

RSV or 1 to 20ng RSV conjugate. The absorbance was measured at both 307nm and 

320nm using a UV detector and at both 307nm and 320nm(ex) with 400nm(em) using 

a FLD. Using the peak areas and peak heights, LOD and LOQ was calculated as per 

Section 3.4.4.3 and compared. 

3.4.2.2 HPLC conditions 

Concurrent HPLC analysis of RSV conjugate and free RSV was developed from a 

gradient method by Biasutto et al. (2009a) and Biasutto et al. (2010). The gradient 

was modified to allow earlier detection of RSV and RSV conjugates. Reverse-phased 

HPLC was achieved using an Agilent 1200 HPLC system with dual detection (G1312A 

FLD and G1365B multiwavelength detector MWD), a quartenary pump (G1312A), an 

autosampler (G1329A), a degasser (G1379B) and a column oven (G1316A) (Agilent 

Technologies Australia: VIC, Australia). Separation was carried out on an Alltech 
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Apollo C18 (150 × 4.6 mm, 5μm) (Grace: MD, USA) using a mobile phase gradient of 

solution A (0.1% v/v formic acid in ACN) and solution B (0.1% v/v formic acid in MQ) 

at 1mL/min flow rate and 50µL injection (20µL for PEG5000-O-RSV and free RSV) with 

a run time of 33 minutes. The autosampler was maintained at 4°C and protected from 

light while the column temperature was set at 25°C. The gradient was as follows: 

Table 3.3 Gradient for concurrent HPLC analysis of RSV conjugates and free RSV 

Time (min) 
% solution A 

(0.1% formic acid in ACN) 

0 35 

1 35 

30 80 

31 100 

32 35 

 

Absorbance was monitored at 307nm using a UVD for free RSV and FL was measured 

at 307nm(ex) and 400nm(em) using a FLD for RSV conjugates. All calculations for RSV 

conjugates and free RSV were carried out using peak areas. 

3.4.3 Development of HPLC isocratic method for analysis of free RSV 

Reverse-phased HPLC was achieved using an Agilent 1200 HPLC system with variable 

wavelength detection (VWD) (G1314B), a binary pump (G1312A), an autosampler 

(G1329A) and a degasser (G1379B). Isocratic HPLC analysis of free RSV was developed 

from a method by Frozza et al. (2013) with slight modifications. The final HPLC 

isocratic separation was carried out on an Alltech Apollo C18 (150 × 4.6 mm, 5μm) 

using a mobile phase 50:50:0.05 v/v/v ACN:MQ:85% orthophosphoric acid at 

1mL/min flow rate and 20µL injection with a run time of 5 minutes. The autosampler 

and column temperature were not controlled. Absorbance was monitored at 307nm 

and all calculations were carried out using peak areas. 
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3.4.4 Validation of HPLC methods 

3.4.4.1 Selectivity 

5µg/mL free RSV or 0.6 to 5.8µg/mL RSV conjugates were prepared from their 

respective stock solutions by dilution with 50:50 v/v ACN:MQ and analysed using an 

Agilent diode-array detector (DAD) (G1315B) in replacement of the VWD and MWD 

mentioned in Section 3.4.3 and Section 3.4.2.2, respectively, to assess the selectivity 

of the HPLC methods. A minimum of three spectral scans from 300 to 308nm of the 

peak of free RSV or RSV conjugate was performed along with a purity factor 

calculation. Overlapping UV spectral scans and purity factors within the calculated 

threshold limit indicated that the peak did not have impurities present. Matrix 

interference from blank mPEG750-PLA1000 NP supernatant, rat plasma and HLM was 

also investigated in similar fashion. 

3.4.4.2 Linearity 

RSV conjugates and free RSV were prepared from stock solutions with 50:50 v/v 

ACN:MQ to achieve concentrations ranging from 0.006µg/mL to 24µg/mL and 

0.003µg/mL to 10µg/mL, respectively. The calibration curves were obtained by 

plotting mean peak areas against concentration. Linearity was evaluated by linear 

regression analysis, which was calculated using the least squares method. Linearity 

of RSV conjugates and free RSV were also assessed in rat plasma by having 

compounds spiked in rat plasma to a concentration of 0.01 to 42µg/mL RSV conjugate 

and 50µg/mL free RSV. Biological samples were processed by adding ice-cold ACN 

(1:4 dilution) to precipitate the proteins and centrifuged at 10,000g for 5 minutes at 

4°C using a 5415R Eppendorf® microcentrifuge. The supernatant was further diluted 

with MQ (1:1 dilution) to a final concentration of 0.001 to 4.2µg/mL RSV conjugate 

and 5µg/mL free RSV. Samples were injected once and calibration curves were 

obtained by plotting peak areas against concentration. Linearity was evaluated by 

linear regression analysis, which was calculated using the least squares method. 

3.4.4.3 Limits of detection and quantitation 

Limitations of the method to detect and quantify free RSV and RSV conjugate were 

determined by obtaining noise levels (σ*6) of blank samples of RSV and RSV 
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conjugates and calculated according to LOD = 3.3σ/S and LOQ = 10σ/S (Arayne et al. 

2013), where σ is the standard deviation of minimum five noise response levels and 

S is the slope of the calibration curve obtained in Section 3.4.4.2 using peak heights 

against concentration. The concentrations calculated were used as the lowest 

amount of analyte detectable (LOD) and lowest amount of analyte in a sample which 

can be quantitatively determined (LOQ) with suitable precision and accuracy. 

3.4.4.4 Accuracy 

Accuracy expresses the closeness of agreement between the true value and the value 

found, which examines the interference of matrices present in the sample. The 

recovery of free RSV and RSV conjugate was carried out to determine the 

interference of NP, rat plasma and HLM matrices and to assess the extraction 

procedure for biological samples. Ideally, the recovery for non-biological samples 

should not exceed ±2% of the nominal concentration (Swartz et al. 2012a) whereas 

for biological samples should not exceed ±20% of nominal concentrations except at 

lower limit of quantification concentrations (US FDA 2013). 

As our synthesised RSV conjugates contained both RSV conjugate and free RSV (Table 

2.8), an indirect method was employed to calculate the accuracy of RSV conjugates 

by spiking RSV conjugate solutions with a known amount of free RSV and accuracy 

was based on the spiked free RSV concentration. Six samples of RSV conjugates in 

50:50 v/v ACN:MQ were spiked with a known amount of free RSV to a final 

concentration of 0.6 to 2.2µg/mL RSV conjugate and 5µg/mL free RSV. Similarly, six 

samples in each rat plasma and HLM mix matrix were spiked to a concentration of 6 

to 22µg/mL RSV conjugate and 50µg/mL free RSV. Biological samples were processed 

by adding ice-cold ACN (1:4 dilution) to precipitate the proteins and centrifuged at 

10,000g for 5 minutes at 4°C using a 5415R Eppendorf® microcentrifuge. The 

supernatant was further diluted with MQ (1:1 dilution) to a final concentration of 0.6 

to 2.2µg/mL RSV conjugate and 5µg/mL free RSV and analysed once. Percentage 

recovery and relative standard deviation (RSD) was calculated. 

To validate the accuracy of the HPLC isocratic method using free RSV, six samples 

were prepared with free RSV spiked in the supernatant of blank mPEG750-PLA1000 
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NPs to a final concentration of 5µg/mL free RSV. Each sample was injected once and 

derived concentrations from linear curve was compared with actual prepared 

concentrations. Similarly, rat plasma and HLM mix was spiked to a concentration of 

50µg/mL free RSV. Biological assays were added with ice-cold ACN (1:4 dilution) to 

precipitate proteins and centrifuged 10,000g for 5 minutes at 4°C. Supernatant was 

further diluted with MQ (1:1 dilution) to a final concentration of 5µg/mL free RSV and 

analysed once. Percentage recovery and RSD was calculated with samples in 50:50 

v/v ACN:MQ as initial concentrations. 

3.4.4.5 Precision 

The precision of the method was evaluated by injecting in triplicate three different 

concentrations of free RSV and RSV conjugate ranging 20-100% of the maximum 

concentration in the calibration curve concentration range in Section 3.4.4.2. The 

percentage RSD of free RSV and RSV conjugate at each concentration was calculated 

and an average was obtained to assess the degree of scatter from the multiple 

injections of the samples. A method was precise when RSD was below 2% except at 

lower limit of quantification concentrations (Swartz et al. 2012a). 

3.4.4.6 Storage stability during HPLC analysis 

This section evaluated the storage stability of free RSV and RSV conjugates in 

different conditions during HPLC analysis (Table 3.4). 
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Table 3.4 Storage conditions of free RSV and RSV conjugates for evaluation of stability of 
analytes during HPLC isocratic and gradient analyses, respectively 

Storage stability conditionsa 

Matrixb Temperature 

HPLC isocratic method 

50:50 v/v ACN:MQ 4°C and RT 

Supernatant of blank mPEG750-PLA1000 NPs 4°C 

PBS 4°C and RT 

HPLC gradient method 

50:50 v/v ACN:MQ 4°C 

PBS 4°C 

aAll samples were kept in dark 
b50:50 v/v ACN:MQ represents a general analyte assay; Supernatant of blank NPs represents 
general assays containing encapsulated RSV NPs; PBS represents the pH of biological assays 
post-processing 

 

The stability of compounds was determined by injecting a known concentration of 

5µg/mL free RSV and 0.6 to 2.2µg/mL RSV conjugate + 5µg/mL free RSV at time of 

preparation, 4 hours, 8 hours and 24 hours post-preparation while being stored in 

conditions outlined in Table 3.4. Stability of compounds during HPLC isocratic analysis 

was assessed up to 8 hours due to the much shorter run time compared to the HPLC 

gradient method. Percentage of free RSV and RSV conjugate at each time point was 

calculated relative to the concentration at time of preparation. The results should be 

within ±15% of initial concentrations (US FDA 2013) to indicate acceptable stability 

of solutions during HPLC analysis. 

3.5 Results and discussion 

3.5.1 Development and validation of HPLC gradient method for 

concurrent analysis of RSV conjugates and free RSV 

In order to quantify both RSV conjugates and free RSV in novel RSV conjugates, its 

consequent NPs formulations and biological evaluation, a gradient HPLC assay 
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method was developed and validated. 

3.5.1.1 Selection of solvent system and detection wavelengths 

Free RSV can be dissolved in MeOH and ACN and can be detected at 307nm or 320nm 

by UV detection as reviewed in Section 3.1. In order to select a standardised solvent 

system and detection wavelength for free RSV and RSV conjugates, we have chosen 

free RSV, PEG5000-O-RSV (an ether conjugate), mPEG2000-glu-RSV (a PEGylated RSV 

conjugate) and mPEG2000-PCL130-glu-RSV (an amphiphilic copolymer conjugated to 

RSV) in two types of solvents systems detected by different wavelengths in UV and 

FL using HPLC gradient method. The most optimum solvent system and detection 

conditions were assessed by comparing LOD and LOQ values as these values revealed 

the sensitivity of the system. The lower the value, the more sensitive the system is 

for that particular solvent system detected at a particular wavelength. We also 

compared detection by UV and FL to determine which detector would be more 

sensitive for the detection of free RSV and RSV conjugates. Table 3.5 and Table 3.6 

summarised results obtained in the preliminary evaluation of the effect of the sample 

solvent on LOD and LOQ at different UV detection wavelengths and FL excitation 

wavelengths, respectively. Free RSV and RSV conjugates were assessed within the 

linearity range of 5 to 500ng and linearity correlation coefficient (R2), LOD and LOQ 

were quoted. The lower LOD and LOQ values between both UV detection 

wavelengths of 307nm and 320nm for each compound were highlighted in yellow 

(Table 3.5) and lower LOD and LOQ values between two sample solvents were in bold 

font. All compounds except PEG5000-O-RSV were best detected at 307nm where RSV 

in 50:50 v/v MeOH:MQ had better sensitivity than RSV conjugates. This showed the 

different absorption properties of each compound. Similarly, Table 3.6 showed that 

the best detection wavelengths in FL for all RSV conjugates except mPEG2000-

PCL150-glu-RSV was 307nm(ex) and 400nm(em) in 50:50 v/v ACN:MQ whereas free 

RSV was best detected at 307nm(ex) and 400nm(em) in 50:50 v/v MeOH:MQ. 
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Table 3.5 LOD and LOQ calculations of compounds in 50:50 v/v MeOH:MQ and 50:50 v/v ACN:MQ at 307nm and 320nm UV detection wavelengths using HPLC 
gradient method 

Compound Dissolution solvent 
UV detection wavelength 307nm  UV detection wavelength 320nm 

R2 LOD (ng/mL) LOQ (ng/mL)  R2 LOD (ng/mL) LOQ (ng/mL) 

RSV 

50:50 v/v MeOH:MQ 

0.97 1.35 4.49  0.97 1.41 4.69 

PEG5000-O-RSV 1.00 6.89 22.97  1.00 6.12 20.39 

mPEG2000-glu-RSV 0.97 16.64 55.45  0.96 18.98 63.26 

RSV 

50:50 v/v ACN:MQ 

0.97 5.12 17.07  0.97 6.82 22.72 

PEG5000-O-RSV 1.00 0.44 1.48  1.00 0.39 1.29 

mPEG2000-glu-RSV 1.00 1.33 4.42  1.00 1.46 4.87 

mPEG2000-PCL150-glu-RSV 1.00 9.34 31.15  1.00 11.56 38.53 
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Table 3.6 LOD and LOQ calculations of compounds in 50:50 v/v MeOH:MQ and 50:50 v/v ACN:MQ at 307nm or 320nm(ex) and 400nm(em) FL detection 
wavelengths using HPLC gradient method 

Compound Dissolution solvent 

Fluorescence detection wavelengths 
307nm(ex), 400nm(em) 

 Fluorescence detection wavelengths 
320nm(ex), 400nm(em) 

R2 LOD (ng/mL) LOQ (ng/mL)  R2 LOD (ng/mL) LOQ (ng/mL) 

RSV 

50:50 v/v MeOH:MQ 

0.97 1.77 5.89  0.97 2.68 8.93 

PEG5000-O-RSV 1.00 4.82 16.07  1.00 6.12 20.40 

mPEG2000-glu-RSV 1.00 0.77 2.56  1.00 3.31 11.05 

RSV 

50:50 v/v ACN:MQ 

0.98 14.52 48.40  0.98 15.14 50.46 

PEG5000-O-RSV 1.00 0.30 1.00  1.00 0.55 1.82 

mPEG2000-glu-RSV 1.00 0.14 0.47  1.00 0.33 1.11 

mPEG2000-PCL150-glu-RSV 1.00 7.71 25.71  1.00 6.76 22.53 
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Therefore, the best solvent systems and detection wavelengths in UV and FL for each 

compound were as follows (Table 3.7). 

Table 3.7 Optimum solvent system and detection wavelengths for free RSV and RSV 
conjugates based on LOD and LOQ values 

Sample 

UV detection 
wavelengths 

 FL detection wavelengths 

307nm 320nm  
307nm(ex) 
400nm(em) 

320nm(ex) 
400nm(em) 

Free RSV ‡   ‡  

PEG5000-O-RSV  ¥  ¥  

mPEG2000-glu-RSV ¥   ¥  

mPEG2000-PCL150-glu-RSV ¥    ¥ 

‡ = 50:50 v/v MeOH:MQ 
¥ = 50:50 v/v ACN:MQ 

 

Comparing Table 3.5 and Table 3.6, FL detection produced lower LOD and LOQ values 

for RSV conjugates but not free RSV. The UV detection was found to be more sensitive 

for free RSV. In order to standardise sample preparation methods for HPLC analysis 

in this project, the solvent system of 50:50 v/v ACN:MQ was chosen. Therefore, 

concurrent analysis of free RSV and RSV conjugates with the HPLC gradient method 

used a dual detector system of UV at 307nm for free RSV and FL at 307nm(ex) and 

400nm(em) for RSV conjugates. This allowed us to concurrently detect both free RSV 

and RSV conjugates with high sensitivity at sub-microgram per millilitre range. 

Following this, we have validated the HPLC gradient method with free RSV and 

selected RSV conjugates intended for further studies and the HPLC isocratic method 

with free RSV. Validation results are presented and discussed in the following sections. 

3.5.1.2 Selectivity 

Peak purity analysis of RSV and RSV conjugates in 50:50 v/v ACN:MQ was performed 

using an Agilent ChemStation® software (Agilent Technologies Australia: VIC, 

Australia) with a DAD. The peak purity results of free RSV (Figure 3.2) demonstrated 

specificity of HPLC method employed. 
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Figure 3.2 Typical HPLC chromatogram of free RSV analysed by DAD using the HPLC gradient 
method. (A) Purity calculation of free RSV peak 

 

Figure 3.2 showed a sharp and resolved peak of free RSV at tR of 4.25 minutes. Figure 

3.2A showed that the purity factor of free RSV analysed by HPLC gradient method 

was within the calculated threshold limit. Figure 3.3 showed a partially resolved peak 

of mPEG2000-PLA1000-succ-RSV at tR of 13.8 minutes and free RSV at approximately 

4.5 minutes. 

 

Figure 3.3 Typical HPLC chromatogram of mPEG2000-PLA1000-succ-RSV (76.1% w/w RSV 
conjugate of final product) analysed by DAD using the HPLC gradient method. (A) Purity 
calculation of mPEG2000-PLA1000-succ-RSV peak 

 

It should be noted that DAD is different from FLD so the extinction coefficient of free 

RSV and RSV conjugate would differ significantly due to the different structural 

properties of both compounds. As such, the peak height in the mPEG2000-PLA1000-

succ-RSV peak height and area cannot be a direct reflection of the purity and 

concentration of the conjugate. Therefore, the concentration of RSV conjugates was 

calculated based on purity levels from NMR spectra described in Chapter 2. 

Nonetheless, Figure 3.3A showed that the purity factor of mPEG2000-PLA1000-succ-

RSV analysed by HPLC gradient method was within the calculated threshold limit. RSV 
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conjugates PEG5000-O-RSV and mPEG750-PLA1000-succ-RSV did not produce 

enough data for a peak purity analysis. 

3.5.1.3 Linearity and limitations of HPLC method 

Calibration curves for free RSV, PEG5000-O-RSV and synthesized RSV conjugates in 

50:50 v/v ACN:MQ were obtained by plotting mean peak areas (mAU*s or LU*s) 

against concentration (ng/mL or µg/mL). Concentrations of RSV conjugates were 

calculated based on its purity obtained by NMR analyses in Chapter 2. Linearity 

parameters of compounds were summarised in Table 3.8. Free RSV and RSV 

conjugates have a good linear response over corresponding linear ranges with 

excellent R2 (>0.9590). LOD and LOQ values of RSV conjugates in 50:50 v/v ACN:MQ 

obtained were found to be of nanogram per millilitre range and lower to what was 

ascertained by the HPLC gradient method in Basavaraj et al. (2013) where LOD and 

LOQ values of a PEGylated RSV was 0.1µg/mL and 0.3µg/mL, respectively. 
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Table 3.8 Linearity parameters of RSV conjugates and free RSV in 50:50 v/v ACN:MQ using HPLC gradient method 

Compound 

Linearity parameters  Limitations 

Retention time, 
tR (minutes)a 

Linearity range 
Linear regression 

equation 
Correlation 

coefficient, R2 
 LOD 

(ng/mL) 
LOQ 

(ng/mL) 

Free RSVb 4.4±0.2 2.5ng/mL to 8.2µg/mL y = 477.1x – 0.1777 1.0000  0.4 1.1 

mPEG750-PLA1000-succ-RSVc 13.6±0.3 0.08µg/mL to 3.3µg/mL y = 6.3528x + 0.6425 0.9935  4.5 13.7 

mPEG750-PLA1000-glu-RSVc 15.6±0.2 6.0ng/mL to 2.5µg/mL y = 154.0537x + 0.1909 0.9999  0.5 1.6 

mPEG2000-PLA1000-succ-RSVc 13.9±0.2 6.0ng/mL to 1.2µg/mL y = 111.0306x + 0.8178 0.9999  1.1 3.3 

mPEG750-PCL1000-succ-RSVc 15.3±0.1 0.06µg/mL to 24.1µg/mL y = 18.8777x + 6.5683 0.9598  8.3 25.1 

PEG5000-O-RSVc 10.2±0.5 0.05µg/mL to 4.7µg/mL y = 33.6050x – 0.5539 0.9984  9.1 27.6 

aData presented as mean (n=3) ± standard deviation (SD) 
bdetection by UV at 307nm 
cdetection by FL at 307nm(ex) and 400nm(em)
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Basavaraj (2011) validated a HPLC-FLD gradient method of MeOH and pH7 aqueous 

buffer made with triethyl amine and formic acid using mPEG750-PLA1000-succ-RSV 

and PEG2000-O-RSV and obtained much higher LOD and LOQ values than our values 

in low microgram per millilitre range (Table 3.9). 

Table 3.9 Published LOD and LOQ values of RSV conjugates (Basavaraj 2011) 

Compound LOD (µg/mL) LOQ (µg/mL) 

mPEG750-PLA1000-succ-RSV 2.2 3.2 

PEG2000-O-RSV 0.7 5.0 

 

mPEG750-PLA1000-succ-RSV used by Basavaraj (2011) was the same compound re-

synthesised in Section 2.5.3, however, consisted of 100% RSV conjugate with no 

unconjugated RSV unlike our mPEG750-PLA1000-succ-RSV which contained 63.9% 

w/w RSV conjugate in the final product. PEG2000-O-RSV differed from the PEG5000-

O-RSV used for this validation by its MW but can be used as a representative of the 

type of compound validated for comparison. Therefore by using our developed HPLC 

gradient method, the method was found to be more sensitive for PEGylated RSV than 

the gradient method developed by Basavaraj (2011) and simpler in preparation. Free 

RSV was validated for linearity and LOD and LOQ values in 50:50 v/v ACN:MQ was 

0.4ng/mL and 1.1ng/mL, respectively. These values were at least three times lower 

than best published values from gradient methods developed by Basavaraj et al. 

(2013) and Nour et al. (2012). Hence, the HPLC gradient method developed in this 

chapter also showed better sensitivity than published methods for free RSV. 

3.5.1.4 Accuracy 

The recovery of free RSV and an RSV conjugate from a mixture of both compounds in 

50:50 v/v ACN:MQ was assessed using the HPLC gradient method (Table 3.10). 
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Table 3.10 Recovery of RSV conjugates and 5µg/mL free RSV from a physical mixture of both 
compounds in 50:50 v/v ACN:MQ using HPLC gradient method 

Mixture 
RSV conjugate 
concentration 

(µg/mL) 

Recovery (%) 

Free RSV RSV conjugate 

mPEG750-PLA1000-succ-RSV 0.9 89.4±18.0 89.9±14.8 

mPEG2000-PLA1000-succ-RSV 0.6 113.2±32.8 107.8±30.0 

PEG5000-O-RSV 2.2 105.3±10.1 91.7±4.5 

Data presented as mean (n=6) ± SD 

 

Recovery of free RSV and RSV conjugate from a physical mixture of both compounds 

in 50:50 v/v ACN:MQ was found to be outside of acceptable limits of 100±2% for the 

analysis of pure compounds (Swartz et al. 2012a). The recovery range of three RSV 

conjugates analysed in Table 3.10 was within 100±10% which could be explained by 

the instability of the ester linkers due to hydrolysis in ester RSV conjugates when 

exposed to water affecting the amount of free RSV and RSV conjugate components 

in the mixture. The ether RSV conjugate PEG5000-O-RSV being more stable produced 

a smaller recovery range when compared to the ester conjugates. 

3.5.1.5 Precision 

Table 3.11 revealed the precision study results of RSV conjugates and free RSV using 

HPLC gradient method. All compounds were prepared in three concentrations 

spanning 20% to 100% of the calibration curve concentration range in Table 3.8 

except for mPEG750-PLA1000-succ-RSV where the lower concentration was the 

minimum concentration in its calibration curve. Each concentration was analysed in 

triplicate. Average RSD values of all compounds were below 2.30% which was close 

to the acceptable limit of ≤2% for the method to be precise (Swartz et al. 2012a). 

mPEG750-PLA1000-succ-RSV and PEG5000-O-RSV produced a higher average RSD of 

more than 2% due to the lower concentrations analysed which were much closer to 

their respective LOD values compared to the other compounds analysed.  
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Table 3.11 Precision study on RSV conjugates and free RSV using HPLC gradient method 

Compound 
Concentrations analysed 

(µg/mL)  
Average RSD (%) 

Free RSV 2.1, 4.1 and 8.2 0.02 

mPEG750-PLA1000-succ-RSV 0.08, 0.8 and 3.3 2.26 

mPEG750-PLA1000-glu-RSV 0.6, 1.3 and 2.5 1.03 

mPEG2000-PLA1000-succ-RSV 0.2, 0.6 and 1.2 0.72 

mPEG750-PCL1000-succ-RSV 6.0, 12.1 and 24.1 0.46 

PEG5000-O-RSV 0.9, 2.3 and 4.6 2.09 

 

3.5.1.6 Storage stability during HPLC analysis 

Free RSV and selected RSV conjugates were assessed in various matrices to ensure 

that short-term stability during HPLC analysis was within acceptable limits. Analytes 

were prepared in matrices outlined in Table 3.4 and analysed with initial potency 

(100%) at 0 hours or time of preparation. Aliquots of the prepared analytes were then 

kept in the dark at 4°C which represented the environment of the HPLC autosampler 

and analysed at 4 hours, 8 hours and 24 hours post-preparation. 50:50 v/v ACN:MQ 

was chosen because stock solutions and processed samples were dissolved in 50:50 

v/v ACN:MQ for HPLC analyses. On the other hand, PBS represented pH storage 

conditions in biological in vitro assays post-processing which was approximately 

pH7.4. Table 3.12 summarised the stability of all compounds using HPLC gradient 

method.  
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Table 3.12 Stability of free RSV and RSV conjugates at 4°C during HPLC gradient analysis 

Compound 
Concentration 

(µg/mL) 

Potency post-preparation (%)* 

4h 8h 24h 

Compounds in 50:50 v/v ACN:MQ 

Free RSV 5.0 80.2±3.3 86.5±1.3 85.0±2.7 

mPEG750-PLA1000-succ-RSV 0.9 100.2±1.6 100.8±3.5 101.3±2.5 

mPEG2000-PLA1000-succ-RSV 0.6 96.8±1.3 94.6±0.8 95.9±9.4 

PEG5000-O-RSV 2.2 89.8±1.1 92.4±2.4 94.8±2.6 

Compounds in PBS 

Free RSV 5.0 99.6±0.1 99.7±0.1 95.1±0.1 

mPEG750-PLA1000-succ-RSV 0.9 103.7±5.3 95.3±11.3 83.6±4.8 

mPEG2000-PLA1000-succ-RSV 0.6 96.5±1.6 102.4±1.4 84.5±0.0 

PEG5000-O-RSV 2.2 105.1±3.8 101.8±2.9 105.9±5.7 

Data presented as mean (n=2) ± SD 
*Initial potency = 100% 

 

All RSV conjugate solutions in 50:50 v/v ACN:MQ was stable at 4°C and within 

acceptable limits of 100±15% for up to 24 hours. This indicated that the 33-minute 

HPLC gradient method did not affect the potency of free RSV and RSV conjugates if 

analysis was carried out within 8 hours of preparation. This also implied that the stock 

solutions in 50:50 v/v ACN:MQ did not degrade and were acceptable to be re-

analysed for up to 24 hours. Free RSV solutions in 50:50 v/v ACN:MQ at 4°C were 

within acceptable limits of 100±15% except free RSV analysed after 4 hours post-

preparation. Nonetheless, data at 8 hours and 24 hours showed acceptable limits. 

Free RSV and RSV conjugates in PBS were found to be within acceptable limits of 

100±15% except for mPEG2000-PLA1000-succ-RSV and mPEG750-PLA100-succ-RSV 

after 24 hours. As the ester link succinate was sensitive to degradation at pH7.4 (Li et 

al. 2011), this was expected. It was possible that the RSV conjugates degraded to free 

RSV as the free RSV peak area was observed to increase slightly after 24 hours. 

Therefore, analyses of these two RSV conjugates needed to be carried out within 8 

hours of processing biological assays. Consequently, in order to establish a standard 
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method, all samples for HPLC gradient analyses were analysed within 8 hours of 

preparation or processing to avoid decrease in potency of free RSV and RSV 

conjugates which would affect data henceforth. 

3.5.1.7 Bioanalytical validation 

This section discussed the validation of free RSV, PEG5000-O-RSV and mPEG2000-

PLA1000-succ-RSV in biological matrices. Remaining RSV ester conjugates were not 

used to validate due to their instability in rat plasma and HLM mix as demonstrated 

by results in Table 3.15 and Table 3.16 using mPEG2000-PLA1000-succ-RSV where 

only 76% and 21% of the RSV conjugate was recovered, respectively. Figure 3.4 

portrayed a typical HPLC gradient chromatograms of rat plasma spiked with RSV 

conjugates mPEG2000-PLA1000-succ-RSV and PEG5000-O-RSV. mPEG2000-

PLA1000-succ-RSV and PEG5000-O-RSV showed a tR of 14.1 and 9.5 minutes, 

respectively, corresponding to what was found in Section 3.5.1.3. There was 

insufficient data to produce a peak purity report on both RSV conjugates in rat plasma.
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Figure 3.4 Typical gradient HPLC chromatogram of (A) non-spiked rat plasma (B) spiked rat plasma with 2.2µg/mL PEG5000-O-RSV (tR 9.5min) (C) spiked rat 
plasma with 0.6µg/mL mPEG2000-PLA1000-succ-RSV (tR 14.1min). Free RSV detected at tR 4.3min 
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Figure 3.5, on the other hand, portrayed a typical HPLC gradient chromatogram of 

non-spiked and spiked HLM mix with PEG5000-O-RSV and mPEG2000-PLA1000-succ-

RSV. All chromatograms showed excellent selectivity with no matrix interference for 

free RSV and RSV conjugates in HLM. A peak purity analysis on the RSV conjugates 

peaks was not performed due to insufficient data.  

 

Figure 3.5 Typical gradient HPLC chromatogram of (A) non-spiked HLM mix (B) spiked HLM 
mix with 2.2µg/mL PEG5000-O-RSV (tR 9.9min) (C) spiked HLM mix with 0.6µg/mL 
mPEG2000-PLA1000-succ-RSV (tR 14.5min). Free RSV detected at tR 4.3-4.6min 

 

Similarly, rat plasma and HLM mix was spiked with free RSV and analysed using the 

HPLC gradient method and the tR corresponded to what was found in Section 3.5.1.3, 
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that is, 4.3 minutes (Figure 3.6). The peak purity report (Appendix 7.8.1) showed no 

interference of free RSV by the HLM mix allowing for selective analysis of free RSV in 

HLM using the HPLC gradient method. Purity of free RSV peak in rat plasma was not 

assessable due to insufficient data. 

 

Figure 3.6 Typical gradient HPLC chromatogram of (A) non-spiked rat plasma (B) spiked rat 
plasma with 5µg/mL RSV (tR 4.3min) (C) non-spiked HLM mix (D) spiked HLM mix with 5µg/mL 
RSV (tR 4.2min) 

 

Linearity and precision of the gradient method for biological assays was summarised 

in Table 3.13 and Table 3.14, respectively. In general, free RSV and RSV conjugates in 

rat plasma showed excellent R2 (>0.9800) over linear ranges quoted. LOD and LOQ 

values in rat plasma more than tripled the LOD and LOQ values found in 50:50 v/v 

ACN:MQ except for PEG5000-O-RSV where LOD and LOQ values were slightly 

improved than those dissolved in 50:50 v/v ACN:MQ (Table 3.8). 
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Table 3.13 HPLC linearity parameters of biological assays of free RSV, mPEG2000-PLA1000-succ-RSV and PEG5000-O-RSV conjugates in rat plasma using HPLC 
gradient method 

Linearity parameters Free RSV mPEG2000-PLA1000-succ-RSV PEG5000-O-RSV 

Linearity range 10.0ng/mL to 1.0µg/mL 1.2ng/mL to 1.2µg/mL 0.04µg/mL to 4.25µg/mL 

Linear regression equation y = 3.1327x + 0.1520 y = 115.6534x – 1.1830 y = 20.2369x – 0.5443 

Correlation coefficient, R2 0.9989 0.9828 0.9987 

LOD (ng/mL) 6.8 3.6 7.2 

LOQ (ng/mL) 20.6 10.8 11.8 
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Most notable increase in LOD and LOQ values was free RSV which increased more 

than ten-fold compared to its counterpart in 50:50 v/v ACN:MQ possibly due to the 

noisy baseline and interference of species in the rat plasma (Sagirli et al. 2004). A 

better extraction method could improve the recovery; however, this was not further 

pursued due to time and resource limitation. The change of gradient in the HPLC 

solvent system could also contribute to the higher noise levels, and hence, higher 

LOD and LOQ values (Schellinger et al. 2006). Therefore, the higher LOD and LOQ 

values for mPEG2000-PLA1000-succ-RSV was expected. Although this should be the 

case for PEG5000-O-RSV, the LOD and LOQ values of this ether conjugate was much 

lower than its counterpart in 50:50 v/v ACN:MQ. It was possible that due to its earlier 

elution compared to the ester conjugates, the effect of gradient change in the 

method was not as notable. Nonetheless, all LOD and LOQ values at nanogram per 

millilitre range for samples extracted from rat plasma was sufficiently sensitive for 

this project. Using the same concentrations for precision validation in Section 3.5.1.5, 

precision of free RSV and selected RSV conjugates in rat plasma using HPLC gradient 

method was assessed and reported in Table 3.14. 

Table 3.14 Precision study on selected RSV conjugates and free RSV in rat plasma using HPLC 
gradient method 

Compound 
Concentrations analysed 

(µg/mL)  
Average RSD (%) 

Free RSV 2.1, 4.1 and 8.2 4.96 

mPEG2000-PLA1000-succ-RSV 0.2, 0.6 and 1.2 2.00 

PEG5000-O-RSV 0.9, 2.3 and 4.6 0.51 

 

RSD values compared to samples in 50:50 v/v ACN:MQ were slightly higher except for 

PEG5000-O-RSV. This could be due to the noisy baseline from the plasma despite 

protein extraction; however, RSD values were still below the acceptable limit of 15% 

(US FDA 2013) and hence, the HPLC gradient method employed were also precise for 

biological assays. The recovery of free RSV and selected RSV conjugates extracted 

from rat plasma and their RSD values was summarised in Table 3.15. As expected, the 

recovery of free RSV from rat plasma using the gradient method was not satisfactory 

due to its fast degradation by plasma esterases prior to extraction, being more than 
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100±20% of the acceptable limit for biological samples (US FDA 2013). The RSV ester 

conjugate mPEG2000-PLA1000-succ-RSV did not recover well from rat plasma and 

this was possibly due to its tendency to degrade very fast in rat plasma. The stability 

of ester conjugates NPs in rat plasma was assessed and discussed in Chapter 5. The 

RSV ether conjugate PEG5000-O-RSV, however, recovered excellently from rat 

plasma with 102% on average. This showed that the HPLC gradient method was 

accurate to analyse PEG5000-O-RSV in rat plasma. 

Table 3.15 Recovery of free RSV and RSV conjugate from rat plasma using HPLC gradient 
method 

Compound 
Concentration 

(µg/mL) 
Recovery (%) RSD (%) 

Free RSV 5 71.8±1.4 2.00 

mPEG2000-PLA1000-succ-RSV 0.6 75.7±6.2 0.08 

PEG5000-O-RSV 2.2 102.2±0.8 0.01 

Data presented as mean (n=6) ± SD 

 

Table 3.16 exhibits the recovery of free RSV and PEG5000-O-RSV from HLM mix and 

was found to be excellent and within acceptable limits of 100±20% using the HPLC 

gradient method (US FDA 2013). However, the recovery of mPEG2000-PLA1000-succ-

RSV from HLM mix was not satisfactory due to the lack of stability of the ester bond 

within the RSV conjugate especially when exposed to the HLM matrix although the 

selectivity for the ester conjugate was good as per Figure 3.5. The stability of this RSV 

conjugate as NPs in HLM was investigated and discussed in Chapter 5. 

Table 3.16 Recovery of free RSV and RSV conjugate from HLM mix using HPLC gradient 
method 

Compound 
Concentration 

(µg/mL) 
Recovery (%) RSD (%) 

Free RSV 5 99.6±4.4 4.39 

mPEG2000-PLA1000-succ-RSV 0.6 21.4±11.0 0.51 

PEG5000-O-RSV 2.2 110.0±0.6 0.01 

Data presented as mean (n=6 except mPEG2000-PLA1000-succ-RSV where n=3) ± SD 
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In conclusion, a novel HPLC gradient method has been developed for the concurrent 

analysis of free RSV and RSV conjugates with dual detection in assays containing 

conjugated RSV NPs. The method was validated in non-biological and biological 

assays and found to be suitable for the purpose of this project. 

3.5.2 Development and validation of HPLC isocratic method for analysis 

of free RSV 

We have developed a rapid and sensitive isocratic method for the analysis of assays 

containing encapsulated RSV NPs (preparation described in Chapter 4) where RSV 

was not conjugated to any moiety and remained as a free compound. Although the 

gradient method described earlier could be used for this purpose, a more rapid 

method was useful and more economical especially for assays containing 

encapsulated RSV NPs. The isocratic method was based on Frozza et al. (2013) with 

slight modifications. The ratio between ACN and water was adjusted to 50:50 v/v as 

opposed to 40:60 v/v and a slower flow rate of 1.0ml/min was employed. Detection 

was made using a UV detector at 307nm as optimised in Section 3.5.1.1 and free RSV 

was eluted at approximately 2.4 minutes (Figure 3.7). 

 

Figure 3.7 Typical HPLC chromatogram of free RSV in 50:50 v/v ACN:MQ (tR 2.4min) analysed 
using HPLC isocratic method 
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3.5.2.1 Selectivity 

 

Figure 3.8 Typical HPLC chromatogram of free RSV analysed using the HPLC isocratic method. 
(A) Purity calculation of free RSV peak 

 

Figure 3.8 showed a sharp and resolved peak of free RSV at the tR of 2.36 minutes. 

Figure 3.8A showed that the purity factor of free RSV analysed by HPLC isocratic 

method was within the calculated threshold limit. 

3.5.2.2 Linearity and limitations of HPLC method 

The calibration curve for free RSV in 50:50 v/v ACN:MQ were obtained by plotting 

mean peak areas (mAU*s) against concentration (ng/mL or µg/mL). Linearity 

parameters of free RSV were summarised in Table 3.17 and showed a good linear 

response over the linear range with excellent R2 (0.9998). 

Table 3.17 Linearity and limitations of HPLC isocratic method using free RSV in 50:50 v/v 
ACN:MQ 

Linearity parameters 

Retention time, tR (minutes) 2.1±0.3 

Linearity range 3.2ng/mL to 10.8µg/mL 

Linear regression equation y = 193.6x + 2.3 

Correlation coefficient, R2 0.9998 

LOD (ng/mL) 0.7 

LOQ (ng/mL) 2.1 

Data presented as mean (n=3) ± SD 
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The LOD and LOQ values in 50:50 v/v ACN:MQ was 0.7ng/mL and 2.1ng/mL, 

respectively. These values were at least three times lower than best published values 

by Singh et al. (2014b). An isocratic method using ACN, MeOH and aqueous 

phosphoric acid as a mobile phase provided almost similar LOD and LOQ values of 

0.62ng/mL and 1.87ng/mL, respectively (Kumar et al. 2016), however, the HPLC 

isocratic method employed in this research project used a simpler ACN and aqueous 

phosphoric acid system with a faster flow rate and shorter run time. Nonetheless, it 

should be noted that a direct comparison cannot be made as the column and 

application was not identical. 

3.5.2.3 Accuracy 

As this method was used exclusively for assays containing encapsulated RSV NPS, it 

was essential to determine the recovery of free RSV in a representative polymeric 

matrix to eliminate the possibility of shielding of RSV by the polymers which would 

affect its detection and quantification. An accuracy test was carried out with six 

individually prepared samples of 5µg/mL free RSV in 50:50 v/v ACN:MQ in the 

supernatant of blank mPEG750-PLA1000 NPs. The recovery of free RSV spiked in the 

supernatant of blank NPs was compared with those prepared in 50:50 v/v ACN:MQ 

and RSD was determined (Table 3.18). Recovery of free RSV from the supernatant of 

blank NPs was outside of acceptable limits of 100±2% (Swartz et al. 2012b). 

Table 3.18 Recovery of free RSV from supernatant of blank mPEG750-PLA1000 NPs using 
HPLC isocratic method 

Compound Recovery (%) RSD (%) 

Free RSV 117.3±12.7 10.9 

Data presented as mean (n=6) ± SD 

 

Figure 3.9 showed a typical HPLC chromatogram of non-spiked and spiked samples 

of supernatant of blank mPEG750-PLA1000 NPs with free RSV analysed using the 

HPLC isocratic method. The peak at approximately 2 minutes corresponding to the 

blank mPEG750-PLA1000 did not interfere with the RSV peak at 2.4 minutes. Peak 

purity report on the free RSV peak also showed no impurity was present and the 

purity factor was within calculated threshold limits (Appendix 7.8.2). 
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Figure 3.9 HPLC chromatogram using the HPLC isocratic method of (A) supernatant of blank 
mPEG750-PLA1000 NPs, and (B) supernatant of blank mPEG750-PLA1000 NPs spiked with 
5µg/mL free RSV (tR 2.4min) 

3.5.2.4 Precision 

Table 3.19 revealed the precision study results of free RSV prepared in 50:50 v/v 

ACN:MQ at three concentrations spanning 20% to 100% of the calibration curve 

concentration range in Table 3.17 and analysed in triplicate. Average RSD value of all 

concentrations was well below 0.1% which was well within the acceptable limit for 

the method to be precise (Swartz et al. 2012a). 

Table 3.19 Precision study on free RSV using HPLC isocratic method 

Compound 
Concentrations analysed 

(µg/mL)  
Average RSD (%) 

Free RSV 2.2, 5.4 and 10.8 0.07 

 

3.5.2.5 Storage stability during HPLC analysis 

Similar to Section 3.5.1.6, the stability of free RSV in three matrices was studied to 

ensure that free RSV maintained its potency during the analysis using the HPLC 

isocratic method. As the HPLC isocratic method developed was short, validation was 

done up to 8 hours as opposed to 24 hours. The three matrices were 50:50 v/v 

ACN:MQ, PBS and the supernatant of blank mPEG750-PLA1000 NPs. The two former 

matrices were chosen similarly to what was discussed in Section 3.5.1.6 and analysed 
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at 4°C and RT to represent storage temperature of encapsulated RSV NPs and HPLC 

autosampler temperature, respectively. The supernatant of blank NPs was chosen to 

ensure that the matrix did not affect the potency of free RSV over time during storage 

at 4°C which represented the storage temperature of encapsulated RSV NPs. As 

samples in the autosampler would be processed NPs in 50:50 v/v ACN:MQ, the 

stability study of free RSV in supernatant of blank NPs at RT was not necessary. 

Table 3.20 Stability of free RSV at 4°C and RT during HPLC isocratic analysis 

Matrix 
Potency post-preparation (%)* 

4h 8h 

4°C 

50:50 v/v ACN:MQ 108.0±4.7 99.4±5.3 

PBS 99.6±0.1 99.5±0.1 

Supernatant of blank NPs 97.6±2.6 116.3±20.0 

RT 

50:50 v/v ACN:MQ 93.9±4.1 97.7±2.6 

PBS 100.6±0.1 85.3±1.7 

Data presented as mean (n=2) ± SD 
*Initial potency = 100% 

 

Free RSV in supernatant of blank NPs showed acceptable limits for stability at 4°C 

which allowed us to analyse the samples for up to 4 hours with excellent stability. 

Samples of free RSV in both 50:50 v/v ACN:MQ and PBS analysed by the HPLC isocratic 

method at 4°C and RT for up to 8h were found to be within acceptable limits of 

100±15%. Therefore, analyses of free RSV can be carried out up to 8 hours post-

processing without variation of potency regardless of matrix and temperature, 

however, as a standard practice, the samples were analysed within 4 hours of post-

processing. 

3.5.2.6 Bioanalytical validation 

Rat plasma and HLM mix spiked with free RSV was analysed using the HPLC isocratic 

method and the tR corresponded to what was found in Section 3.5.2.2, that is, 2.3 

minutes (Figure 3.10).  
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Figure 3.10 Typical isocratic HPLC chromatogram of (A) non-spiked rat plasma (B) spiked rat 
plasma with 5µg/mL RSV (tR 2.3min) (C) non-spiked HLM mix (D) spiked HLM mix with 5µg/mL 
RSV (tR 2.4min) 

 

Peak purity reports (Appendices 7.8.3 and 7.8.4) of both biological matrices showed 

no interference was present with the free RSV peak which allowed selective analysis 

of free RSV in biological assays using the HPLC isocratic method. Following this, 

linearity, recovery from rat plasma and precision of the isocratic method using 

biological assays was carried out. In general, free RSV in rat plasma showed excellent 

R2 (=0.9953) over the linear range quoted. LOD and LOQ values in rat plasma 

approximately doubled the LOD and LOQ values found in 50:50 v/v ACN:MQ (Table 

3.17). The increase in limitation values were possibly due to the interference of 

species present in the rat plasma (Sagirli et al. 2004). Published LOD and LOQ values 

of 5ng/mL and 7ng/mL by Singh et al. (2013) using a HPLC isocratic method were 
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found higher than our LOD and LOQ values of 1.9ng/mL and 5.6ng/mL, respectively. 

Therefore, our HPLC isocratic method was highly sensitive when analysing free RSV 

in non-biological and biological matrices. 

Table 3.21 Linearity parameters of free RSV in rat plasma using HPLC isocratic method 

Linearity parameters 

Linearity range 16.0ng/mL to 10.8µg/mL 

Linear regression equation y = 250.9x + 53.9 

Correlation coefficient, R2 0.9953 

LOD (ng/mL) 1.9 

LOQ (ng/mL) 5.6 

Data presented as mean (n=3) ± SD 

 

Using the same concentrations for precision validation in Section 3.5.2.4 at 2.2, 5.4 

and 10.8µg/mL, precision of free RSV in rat plasma using HPLC isocratic method was 

calculated to be an average RSD of 2.28%. Compared to samples in 50:50 v/v ACN:MQ 

where the average RSD was 0.07%, this value was higher due to the interference from 

the plasma matrix despite protein extraction; however, RSD values were still below 

the acceptable limit of 15% (US FDA 2013) and hence, the HPLC isocratic method 

employed was also precise for biological assays. 

Recovery of free RSV from rat plasma and HLM mix using the isocratic method was 

found to be excellent and within acceptable limits of 100±20% (US FDA 2013) (Table 

3.22), however free RSV could be undergoing degradation in rat plasma as seen with 

the gradient method validation (Section 3.5.1.7) hence the recovery was found to be 

close to 80%. 

Table 3.22 Recovery of 5µg/mL free RSV from rat plasma and HLM mix using HPLC isocratic 
method 

Biological matrix Recovery (%) RSD (%) 

Rat plasma 82.6±3.7 4.51 

HLM mix 104.6±3.8 3.66 

Data presented as mean (n=6) ± SD 
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In conclusion, HPLC using an isocratic mode was successfully optimised and validated 

in non-biological and biological assays which allowed us to quantify free RSV in assays 

evaluating encapsulated RSV NPs described in Chapter 4 and 5. This method also 

allowed us to conduct a rapid and economic analysis of free RSV where RSV 

conjugates were not present in an assay. 

3.6 Conclusion 

Apart from the aforementioned in-house research done by Basavaraj (2011), there is 

no known HPLC method which detects both free RSV and polymeric RSV conjugates 

simultaneously with good separation and selectivity of both compounds using a 

combination of both FL and UV detectors. Herein, we have developed a gradient 

method which simultaneously detected free RSV by UV and polymeric RSV conjugates 

by FL. Separation between free RSV and polymeric RSV conjugates were at least 5 to 

10 minutes elution time apart, which allowed better resolution between analytes. 

This method was useful when analysing assays containing conjugated RSV NPs 

formulated in Chapter 4. We have also developed a rapid and economic isocratic 

method which detected free unconjugated RSV with high selectivity and sensitivity 

allowing us to assess assays containing encapsulated RSV NPs also formulated in 

Chapter 4. All methods were validated in non-biological and biological matrices for 

linearity, limitations, accuracy, precision and storage stability during HPLC analyses. 
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CHAPTER 4. DEVELOPMENT AND CHARACTERISATION 
OF NANOPARTICLES OF FREE RSV AND RSV 

CONJUGATES 

4.1 Introduction 

RSV is known to have low bioavailability due to several reasons, including a short 

biological t1/2 of less than 15 minutes (Chauhan 2015), low aqueous solubility (Frozza 

et al. 2013), fast metabolism and elimination in the liver via phase II metabolic 

processes (Baur et al. 2006) and its instability in plasma (Davidov-Pardo et al. 2014). 

The extensive metabolism of RSV in vivo decreases the cell availability of RSV 

resulting in reduction of bioactivity of RSV (Arora et al. 2018). A good review prepared 

by Amri et al. (2012) discussed the shortcomings of RSV which led to its low 

bioavailability in vivo and described nano-sized formulation approaches for RSV and 

its controlled release. Nanocarriers were known to have sustained release of drugs 

as demonstrated for PLGA NPs by Rafiei et al. (2017) and for polymeric methoxy-

poly(ethylene glycol)-poly(lactic acid)-(glycolic acid) (mPEG-PLGA) NPs by Yuan et al. 

(2018). Suktham et al. (2018) also showed sustained release of RSV encapsulated in 

protein NPs. DDSs have also shown to slow down enzyme degradation and the 

metabolism rate of RSV in vivo (Augustin et al. 2013, Frozza et al. 2013). DDS 

comprising of nano-sized formulations were developed because they have been 

touted to be advantageous in cancer therapy due to their preferential accumulation 

or passive targeting in cancer tissues via the EPR effect (Summerlin et al. 2015, 

Carletto et al. 2016) resulted from the poor lymphatic system and hyperpermeable 

vasculature structure in some tumours with pore size ranges of up to 800nm (Fang et 

al. 2011). The ability of nano-sized DDS to enhance cell uptake of its drug cargo into 

cancer cells in addition to providing protection of the drug and sustained drug release 

is advantageous and should be considered for the delivery of RSV into cancer cells to 

ensure its therapeutic effect. 

mPEG-PLA and mPEG-PCL are amphiphilic biocompatible copolymers commonly used 

in DDS of anticancer drugs by encapsulation or conjugation (Letchford et al. 2008, 

Biswas et al. 2016). As seen in Figure 4.1, mPEG-PLA and mPEG-PCL NPs structurally 
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contain the hydrophilic component mPEG to prevent aggregation and provide good 

dispersion in water and stability in blood circulation against clearance by the MPS 

(Khalil et al. 2013, Natesan et al. 2017); and a hydrophobic component PLA or PCL to 

encourage hydrophobic interaction between RSV and polymer for RSV incorporation. 

 

Figure 4.1 Structure of (A) mPEG-PCL and (B) mPEG-PLA with mPEG component highlighted 

 

PEGylated NPs also demonstrated higher tumour accumulation versus control and 

relatively lower accumulation in the liver compared to non-PEGylated NPs (Jokerst et 

al. 2011), however the length and density of PEG affected the brush layer protecting 

the hydrophobic core from interactions with blood proteins (Ho et al. 2013). This has 

initiated an interest in the use of low MW polymers because of its potential in 

producing relatively lower toxicity (Palacio et al. 2011) and modulating the p-

glycoprotein to overcome multi-drug resistant cancer cells (Wan et al. 2013). In a 

recently published report, Guo et al. (2018a) used low MW oligohyaluronic acid of 

3,000-10,000Da to co-encapsulate RSV and curcumin which showed better stability 

of NP particle size than NPs made with high MW hyaluronic acid polymers. Palacio et 

al. (2011) attributed the benefits of low MW PLA NPs in biomedical applications, 

compared to high MW PLA NPs, to their faster degradation in the human body and 

hence lower toxicity. Letchford et al. (2009) and Wan et al. (2013) showed PTX loaded 

in low MW mPEG-PCL NPs overcame the issue of drug resistance in cancer cells. This 

was further expanded by Elamanchili et al. (2009) where low MW mPEG750-PCL580, 

better than mPEG750-PCL1200, modulated the p-glycoprotein transporter function 

in multi-drug resistant cancer cells. To date, as far as authors are aware, mPEG2000-

PLA1100 was the lowest MW mPEG-PLA found in literature which was used to 

encapsulate another hydrophobic compound, coumarin-6, to study the effects of 

particle rigidity on cellular uptake and penetration (Stern et al. 2017). Carstens et al. 

(2008) and Khonkarn et al. (2011) used mPEG750-PCL with PCL MWs of 550 to 800 
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Da to solubilise and encapsulate various anticancer drugs. We have selected 

amphiphilic biocompatible polymers, mPEG-PLA and mPEG-PCL, to protect RSV 

against premature degradation and to possibly increase therapeutic concentration 

and stability in biological fluids (Jiang et al. 2015) thereby improving the 

bioavailability of RSV in vitro and in vivo for anticancer therapy. Although there is 

limited literature evidence in the usage of low MW mPEG-PLA and mPEG-PCL for NP 

formulation of RSV, there has been no published research on the use of low MW 

(<3,000Da in total) mPEG-PLA and mPEG-PCL for specific conjugation with and 

encapsulation of RSV. 

Several research groups used the approach of conjugating drugs to polymers in order 

to further increase drug loading capacity (LC) and stability, improve drug retention 

within the NP core and prolong its blood circulation time (Matsumura et al. 2004, 

Yang et al. 2012c, Song et al. 2015, Xu et al. 2015). Compared to physical entrapment, 

conjugated drugs prevented premature release and loss of cargos in the blood stream 

due to the stronger covalent interaction between drugs and polymers in NPs (Yang 

et al. 2012a, Ke et al. 2014). Conjugation to RSV increased its MW which reduced 

kidney clearance of RSV in vivo (Kolate et al. 2014), and more importantly the 

conjugation will prevent RSV from enzymatic degradation or rapid metabolism due 

to the change of enzyme substrate. With a cleavable linker between the drug and 

polymer, the therapeutic effect of the drug was targeted at sites where these linkers 

were hydrolysed, for example acidic hydrolysis at tumour sites (Yang et al. 2012b, 

Zhang et al. 2017). Due to the synthetic outcomes of RSV conjugates in Chapter 2, a 

unique DDS approach to producing NPs containing both conjugated RSV and free RSV 

was needed. 

Although there is numerous literature which covered either encapsulation or 

conjugation of RSV into nano-sized formulations, there were none which combined 

both encapsulation and conjugation approaches to form RSV NPs. The following 

literature encompassed other drugs in this unique form of NPs or a combination with 

other drugs. Ekladious et al. (2018) developed NPs containing physically entrapped 

free PTX and polymer-PTX conjugate which showed very high DL with tunable release 

kinetics. Yang et al. (2012c) reported a significant increase in DL when curcumin was 
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conjugated to mPEG-PLA and formulated together with unconjugated curcumin (8.5% 

at 81nm) whereas free curcumin encapsulated in mPEG-PLA had a DL of 2.3% at 60nm. 

This was attributed to the ability of conjugates enhancing the hydrophobic 

interaction with unconjugated curcumin within the micelles. Huang et al. (2018) 

investigated the physicochemical and cellular uptake of PEGylated PTX prodrug 

micelles formed with free PTX which showed superior DL of 60.3% whilst maintaining 

nano-sized particles of 210nm for in vitro delivery by the EPR effect. When comparing 

with free PTX, these NPs showed similar in vitro anticancer activity in cervical and 

breast carcinoma cells as free PTX below 1µg/mL but exhibited superior anti-

proliferative effect when higher than 1µg/mL as free PTX could not be internalised by 

the cells due to its poor solubility. This showed the notable characteristic of NPs 

formed by conjugates together with unconjugated drugs where DL can be enhanced 

whilst maintaining a small particle size suitable for passive targeting. Free RSV and 

free curcumin were co-encapsulated into low MW oligo-hyaluronic acid polymers 

conjugated with curcumin and showed sustained release of both drugs in simulated 

gastrointestinal environment, better stability in PBS and higher ability in reducing 

free radicals compared to single-drug NPs (Guo et al. 2018a). Danafar et al. (2017) 

showed interesting release profiles of free doxorubicin (DOX) and free curcumin 

encapsulated in mPEG-PCL conjugated to DOX in different physiological 

environments and pH buffers. NPs made by polymer-pterostilbene conjugates with 

encapsulated clofazimine showed low toxicity, highly stable NP dispersions, 

increased stability due to encapsulation and cellular internalisation (Romio et al. 

2018). Most literature researched on the encapsulation of RSV in NPs formed with a 

different drug-polymer conjugate due to one of the numerous biological effects of 

RSV which aided the delivery of the conjugated drug (Washington et al. 2018). 

Therefore, NPs with drug conjugates and free drug are able to increase DL while 

maintaining nano-sized particles, provide sustained release of drug and decrease or 

prevent in vivo degradation and metabolism of some drugs. To our knowledge, there 

is no known literature that has reported on the study of RSV both encapsulated in 

and conjugated to amphiphilic copolymeric NPs with low MW polymers. 
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4.2 Aim 

The aims of the work described in this chapter were 1) to develop novel nano-sized 

formulations using polymeric RSV conjugates synthesized in Chapter 2.5.3 containing 

both RSV conjugates and free RSV (conjugated RSV NPs); 2) to develop novel nano-

sized formulations of free RSV encapsulated in low MW amphiphilic copolymers 

synthesised in Chapter 2.5.1 (encapsulated RSV NPs); and, 3) to assess the properties 

of both conjugated RSV NPs and encapsulated RSV NPs. Assessments include particle 

size, zeta potential, DL and release characteristics in a simulated physiological pH 

environment. 

4.3 Materials 

Trans-RSV was purchased from Shanghai DND Pharma-Technology Co., Inc. (Shanghai, 

China) with 99% purity. Polymeric RSV conjugates and amphiphilic copolymers were 

synthesised and characterised in-house (Chapter 2). mPEG750-PLLA1000 was 

procured from Akina Inc. (IN, USA). PEG5000-O-RSV ether conjugate was synthesised 

by Basavaraj (2011). ACN Optima® (HPLC grade), MeOH Optima® (HPLC grade), 

acetone (analytical grade), DCM (analytical) and EtOH (analytical grade) were 

purchased from Thermo Fisher Scientific (VIC, Australia). MQ was obtained using a 

Millipore Milli-Q Ultrapure Water purification system by Merck Millipore (VIC, 

Australia) at 18.2MΩcm purity. Solvents were de-gassed and filtered with 0.2 µm 

PVDF filters prior to use. PVA (MW 9,000-10,000Da, 80% hydrolyzed; cat# 360627-

500G), dialysis tubing (MW cut-off MWCO 12,400Da; cat# D0530-100FT) used for 

release studies, molecular grade DMSO and PBS were purchased from Sigma-Aldrich 

(NSW, Australia). PBS solution was made as per manufacturer’s instructions in MQ 

with no further modification. 

4.4 Methodology 

4.4.1 Development of conjugated RSV NPs 

Conjugated RSV NPs were prepared using a selection of synthesised products 
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discussed in Chapter 2. Final synthesised products of ester RSV conjugates mPEG750-

PLA1000-succ-RSV, mPEG750-PCL1000-succ-RSV, mPEG750-PLA1000-glu-RSV and 

mPEG2000-PLA1000-succ-RSV were prepared using solvent diffusion, however, NPs 

prepared using mPEG750-PLA1000-succ-RSV was not of satisfactory characteristics 

thus solvent evaporation was employed. Table 4.1 summarises methods trialled for 

preparing ester conjugated RSV NPs and final methods are described below. 

PEG5000-O-RSV, an ether conjugate, synthesised by Basavaraj (2011) (Appendix 7.7) 

was prepared using a self-assembly method also described below. 

Table 4.1 Summary of methods used for preparing conjugated RSV NPs 

Conjugate used for formulation 
Methods used for NP formulation 

Solvent diffusion Solvent evaporation 

mPEG750-PLA1000-succ-RSV   

mPEG750-PLA1000-glu-RSV  Not trialled

mPEG2000-PLA1000-succ-RSV  Not trialled 

mPEG750-PCL1000-succ-RSV  Not trialled 

 = unsuccessful trials 
 = successful trials 

4.4.1.1 Solvent evaporation method 

mPEG750-PLA1000-succ-RSV conjugate was formulated into NPs by dissolving 5.5mg 

of the conjugate in 1mL 60:40 v/v DCM:MeOH and adding the solution dropwise into 

1mL 3% w/v aqueous PVA while stirring at 300rpm. This mixture was then 

ultrasonicated with a UP200S ultrasonicator probe (200W, 24kHz) (Hielscher 

Ultrasonics GmbH: Germany) for 2 minutes at 70% amplitude (0.6 cycle) in an ice bath 

to prevent overheating. The solution was diluted with 4mL MQ and stirred in the dark 

at 300rpm for 10 minutes. The organic phase was removed by a rotary evaporator 

under vacuum at 60°C for 5 minutes at 200rpm resulting in a clear and translucent 

suspension. 

4.4.1.2 Solvent diffusion method 

mPEG750-PLA1000-glu-RSV NPs were prepared by solvent diffusion method by 

dissolving 6.1mg of the conjugate in 50µL MeOH and 1mL MQ. The solution was 
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bubbled with an inert nitrogen gas flow for 15 minutes to remove MeOH resulting in 

1mL milky white suspension. 

Similarly, mPEG750-PCL1000-succ-RSV NPs were prepared by dissolving 6.6mg 

mPEG750-PCL1000-succ-RSV conjugate in 50µL MeOH and 1mL MQ. The solution was 

then bubbled with an inert nitrogen gas flow for 15 minutes to remove MeOH 

resulting in 1mL milky white suspension. 

mPEG2000-PLA1000-succ-RSV NPs were prepared by sonicating 2.8mg of the 

conjugate in 50µL ACN in a Bransonic® ultrasonic water bath (Branson Ultrasonics 

Corporation: CT, USA). 50µL MQ was then added and the solution was bubbled with 

an inert nitrogen gas flow for 15 minutes to remove ACN and MQ was added to make 

up a total of 100µL clear translucent suspension. 

4.4.1.3 Self-assembly 

1mg PEG5000-O-RSV powder was added to 1mL MQ and dispersed using an 

ultrasonic water bath for 10 minutes. 

4.4.2 Characterisation of conjugated RSV NPs 

4.4.2.1 Size and zeta potential analysis 

All conjugated RSV NPs excluding mPEG750-PLA1000-succ-RSV NPs and PEG5000-O-

RSV NPs were diluted 1:9 with MQ and evaluated for their mean particle size, PDI and 

zeta potential using a Zetasizer Nano ZSP (Malvern Instruments Ltd: Worcestershire, 

UK) with a He-Ne laser at 633nm. mPEG750-PLA1000-succ-RSV NPs and PEG5000-O-

RSV NPs were evaluated undiluted. Each sample was measured by dynamic light 

scattering at a scattering angle of 90° and a temperature of 25°C. For zeta potential, 

samples were placed in a folded capillary cell and subjected to an electric field at 25°C. 

All measurements were carried out in triplicate and an average number was reported.  

4.4.2.2 Drug loading (DL) 

The DL of conjugated RSV NPs was total RSV equivalent weight against the total 

weight of NPs in 1mL of NP suspension. As EE of conjugated RSV NPs were not 

assessed, we have excluded soluble RSV from the free RSV component of the NPs 
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using solubility of RSV at 0.03mg/mL (Mattarei et al. 2013). Therefore, DL of 

conjugated RSV NPs were as follows: 

Drug loading in 1mL NPs (%) = 
Total RSV equivalent (mg) ‐ 0.03mg

Total final synthesised product (mg) 
 × 100% 

4.4.2.3 Release study of RSV from conjugated RSV NPs 

Release studies were carried out to profile the release characteristics of conjugated 

RSV NPs in a simulated physiological environment at pH7.4 in PBS solution at 37°C 

using the dialysis bag method. 1mL conjugated RSV NPs containing known amounts 

of RSV equivalent in NPs was added in a dialysis tubing (MWCO 12,400Da), sealed 

and placed in an amber jar containing 49mL of PBS as release medium which gave 

released RSV a dilution factor of 50. The jar was placed on an orbital shaker mixing at 

100rpm in a dark hot room maintained at 37°C. At time intervals of 0, 15, 30, 45 

minutes, and 1, 2, 4, 7, 24 and 48 hours, 200µL aliquot release medium was removed 

from the container and replaced with an equivalent volume of fresh pre-warmed PBS 

to maintain sink conditions. The aliquot was then measured for RSV and RSV 

conjugate using the HPLC gradient method detailed in Section 3.4.2.2. Data was 

presented as percentage cumulative amounts of total RSV equivalent in conjugated 

RSV NPs released against time. Cumulative percentage released was determined by 

comparing the amount of total RSV equivalent in conjugated RSV NPs released per 

time point against the initial amount of total RSV equivalent in conjugated RSV NPs 

added into the dialysis bag. As a control, 100µg/mL of free RSV prepared using an RSV 

stock in DMSO diluted with PBS solution was used. 

4.4.2.4 Stability of conjugated RSV NPs in buffers  

Stability of conjugated RSV NPs was assessed in PBS at pH7.4. Known concentrations 

of RSV in conjugated RSV NPs were diluted 1:9 with PBS to a total volume of 1mL. 

200µL aliquots were maintained in sealed 1.5mL centrifuge tubes in the dark at 37°C. 

At 5 minutes, 24 and 48 hours, one aliquot was removed and solubilised with an equal 

volume of 50:50 v/v ACN:MQ and analysed for RSV and RSV conjugate with the HPLC 

gradient method detailed in Section 3.4.2.2. Data was presented as % w/w of RSV and 

RSV conjugate components in conjugated RSV NPs against time with initial potency 
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being the initial % w/w of each RSV and RSV conjugate component in conjugated RSV 

NPs added into the PBS. 

4.4.3 Development of encapsulated RSV NPs 

Purchased mPEG750-PLA1000 and two different amphiphilic copolymers synthesised 

in Section 2.5.1 (mPEG750-PCL1000 and mPEG2000-PLA1000) were selected to 

encapsulate RSV into NPs for further in vitro and in vivo evaluation as a comparison 

with conjugated RSV NPs. Encapsulation of RSV into these three different amphiphilic 

copolymers were achieved after several trials and developments. Due to the 

difference in polymeric hydrophilicity and hydrophobicity properties, we have used 

additional methods with varying drug:polymer ratios and anti-solvent systems for the 

encapsulation of RSV compared to how conjugated RSV NPs were prepared. Trials 

were summarised in Table 4.2 and methods used which produced the satisfactory 

NPs are described here. 

Table 4.2 Summary of methods used for preparing encapsulated RSV NPs 

Polymer used for 
encapsulation of RSV 

Methods used for NP formulation 

Solvent 
diffusion 

Solvent 
evaporation 

Thin film 
hydration 

mPEG750-PLA1000   Not trialled 

mPEG750-PCL1000    

mPEG2000-PLA1000   Not trialled 

 = unsuccessful trials 
 = successful trials 

4.4.3.1 Solvent diffusion method 

10.2mg mPEG750-PLA1000 and 1.1mg RSV was dissolved in 2mL acetone. This 

solution was added dropwise into 10mL MQ while stirring at 300rpm. Acetone was 

evaporated in a fumehood for approximately 17 hours in the dark under an inert 

nitrogen gas flow resulting in a slightly turbid suspension. A blank NP formulation was 

prepared similarly with 11.6mg copolymer and no RSV producing a clear translucent 

suspension.  
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4.4.3.2 Solvent evaporation method 

RSV encapsulated in mPEG750-PCL1000 NPs was best formulated using the solvent 

evaporation method. 108.2mg mPEG750-PCL1000 and 10.2mg RSV was dissolved in 

4mL 60:40 v/v DCM:acetone. The solution was then added dropwise into 4mL 3% w/v 

aqueous PVA while stirring at 300rpm. The mixture was ultrasonicated at 70% 

amplitude (0.4 cycle) for 2 minutes. The solution was diluted with an addition of 16mL 

MQ (1:4 dilution) and then stirred at 300rpm for 10 minutes in the dark. This resulted 

in a final PVA concentration of 0.6%. The organic phase was removed under vacuum 

at 50°C for 20 minutes at 150rpm resulting in a milky white suspension. Similarly, a 

blank formulation was prepared with 102.8mg mPEG750-PCL1000 without RSV 

producing a less turbid milky white suspension than the encapsulated formulation. 

Both suspensions were then diluted 1:9 with MQ for further assessments and use. 

RSV encapsulated in mPEG2000-PLA1000 NPs was prepared similarly to the 

mPEG750-PCL1000 NPs with slight modifications. 51.7mg of copolymer and 10.3mg 

of RSV were dissolved in 5mL 60:40 v/v DCM:ACN and then added dropwise into 2mL 

3% w/v aqueous PVA while stirring at 300rpm. The vial containing the mixture was 

placed in an ice bath to prevent overheating and ultrasonicated at 70% amplitude 

(0.8 cycle). The solution was diluted 1:4 with MQ and then stirred at 300rpm for 10 

minutes in the dark. The organic solvent was removed by a rotary evaporator at 

150rpm at 55°C for 15 minutes resulting in a milky-white turbid suspension. A blank 

formulation was prepared similarly with 53.2mg mPEG2000-PLA1000 and no RSV 

resulting in a slightly turbid suspension. 

4.4.3.3 Thin film hydration method 

10.9mg of mPEG750-PCL1000 and 1.1mg of RSV was dissolved in 2mL acetone. The 

organic solvent was evaporated to a thin film using a rotary evaporator at 55°C for 15 

minutes at 200rpm. The film was cooled and 20mL of MQ was then added to 

solubilise the thin film using a rotary evaporator (45°C, 200rpm, 15 minutes, in the 

dark) without vacuum resulting in a slightly turbid suspension. A blank formulation 

was prepared similarly with 10.7mg polymer and no RSV resulting in a turbid 

suspension. 
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4.4.4 Characterisation of encapsulated RSV NPs 

4.4.4.1 Size and zeta potential analysis 

All NPs were evaluated as is for their mean particle size, polydispersity and zeta 

potential as per Section 4.4.2.1. 

4.4.4.2 Encapsulation efficiency (EE) and drug loading (DL) 

An indirect measurement of the efficiency of the encapsulation of RSV in loaded NPs 

was used. A suspension was centrifuged at 10,000g for 5 minutes at RT using a 5415R 

Eppendorf® microcentrifuge. The supernatant was removed and diluted 

appropriately for HPLC analysis in the isocratic mode as described in Section 3.4.3. 

The EE denoted how much free RSV was successfully entrapped in the NPs and was 

calculated as follows: 

EE (%) = 
Initial drug added ‐ drug in supernatant (mg)

Initial drug added (mg)
 × 100% 

The DL represented the drug content in 1mL NP suspension. This was done by 

calculating the amount of drug entrapped in 1mL of NP suspension using the EE and 

compared against the weight of 1mL of NP suspension dried in a Daihan WiseVen® 

vacuum oven (Thermoline Scientific: NSW, Australia) at 60°C until the weight was 

consistent, usually for about 24 hours. 

DL (%) = 
Amount of drug entrapped in 1mL suspension (mg)

Weight of 1mL NPs after drying  (mg)
 × 100% 

4.4.4.3 Yield 

The yield of the NPs was determined by drying 1mL of the NP suspension in a vacuum 

oven at 60°C until the weight was consistent, usually for about 24 hours. The yield 

was calculated as follows: 

Yield (%) = 
Amount of dried NPs from 1mL suspension (mg)

Weight of combined components to make 1mL suspension (mg)
 × 100% 

The components to make NPs included the copolymer, RSV and PVA (if used). 1mL of 

MQ was treated similarly to ensure dried NPs did not contain any impurities from MQ. 
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4.4.4.4 Release study of RSV from encapsulated RSV NPs 

Release studies were carried out as per Section 4.4.2.3, however, analysis of RSV was 

by HPLC isocratic method detailed in Section 3.4.3. Data was presented as percentage 

cumulative amounts of RSV released against time. Cumulative percentage released 

was determined by comparing total amount of RSV released per time point against 

the initial amount of RSV added into the dialysis bag. As a control, 100µg/mL of free 

RSV prepared using 1mg/mL RSV stock in DMSO diluted with PBS solution was added 

to the dialysis bag and used. 

4.4.4.5 Stability of encapsulated RSV NPs in PBS  

Stability of encapsulated RSV NPs was assessed in PBS at pH7.4 as per Section 4.4.2.4 

and samples were analysed for RSV with the HPLC isocratic method detailed in 

Section 3.4.3. Data was presented as percentage of RSV remaining against time with 

initial potency being the amount of RSV in NP suspension added into the PBS. 

4.5 Results and discussion 

4.5.1 Development of conjugated RSV NPs 

In this section, we described the development of NPs using RSV conjugated to three 

amphiphilic copolymers mPEG750-PLA1000, mPEG750-PCL1000 and mPEG2000-

PLA1000 synthesised in Section 2.5.3. The purpose of conjugating RSV to the 

polymers was to decrease the metabolism and possibly improve the stability of RSV 

in vivo thereby enhancing its therapeutic effect. In addition, conjugation can also 

improve DL and enhance interactions between hydrophobic blocks which can 

produce more stable NPs (Yang et al. 2012c). RSV conjugates synthesised in Chapter 

2 contained free unconjugated RSV which was not further separated from the 

conjugates because the free RSV could be used to increase the DL of conjugated RSV 

NPs by physical entrapment of free RSV in the NP core similar to what was reviewed 

by Xu et al. (2015) and Zhang et al. (2017). 

4.5.1.1 Formulation development process 

Basavaraj (2011) successfully formulated conjugated RSV NPs with mPEG750-
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PLA1000-succ-RSV using a solvent diffusion method. However, despite being the 

same conjugate, our mPEG750-PLA1000-succ-RSV could not be formulated into NPs 

using the solvent diffusion method due to the presence of free RSV in the final 

synthesised product which resulted in more hydrophobic content rendering it more 

suitable for a solvent evaporation method. Table 4.3 summarises the physical 

attributes of conjugated RSV NPs and selected relevant data from Basavaraj (2011) 

was also included.
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Table 4.3 Summary of physical characteristics of conjugated RSV NPs 

Conjugate used for formulation Preparation method 
Particle 

size (nm)a 

Polydispersity 
index (PDI)a 

Zeta 
potential 

(mV)a 

Total RSV 
equivalent 

concentration 
(mg/mL)b 

DL 
(%) 

% w/w component 
in final synthesised 

productb 

RSV 
conjugate 

Free 
RSV 

mPEG750-PLA1000-succ-RSV NPs Solvent evaporation 269.0±50.2 0.317±0.037 -2.8±1.0 0.431 40.1 63.9 36.1 

mPEG750-PLA1000-glu-RSV NPs Solvent diffusion 356.4±13.3 0.668±0.113 -26.6±0.6 0.511 48.1 54.8 45.2 

mPEG750-PCL1000-succ-RSV NPs Solvent diffusion 205.0±1.9 0.196±0.018 -34.7±3.4 0.128 9.8 99.3 0.7 

mPEG2000-PLA1000-succ-RSV NPs Solvent diffusion 27.5±6.5 0.337±0.170 -9.3±3.1 0.291 26.1 76.1 23.9 

PEG5000-O-RSV NPs Self-assembly 579.0±85.8 0.533±0.069 -0.2±2.3 0.043 4.3 100.0 0 

Data from Basavaraj (2011) 

mPEG750-PLA1000-succ-RSV NPs Solvent diffusion 249.0±10.4 0.59±0.03 ND ND; reported no free RSV present but 
multiple substitution of RSV present PEG5000-O-RSV NPs Self-assembly ND ND ND 

aData presented as mean (n=3 except PEG5000-O-RSV particle size and zeta potential analyses where n=2) ± SD where calculated 
bdetermined by NMR analyses (Appendix 7.2 for calculation example, Table 2.8 for data)  
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4.5.1.2 Particle size and distribution 

Conjugated RSV NPs size and distribution varied drastically despite using the same 

MW of amphiphilic copolymer. Several factors could have influenced this including 

the type of copolymers used to synthesise the RSV conjugates, the weight levels of 

each RSV conjugate and unconjugated free RSV components in the final synthesised 

product and the method used to prepare the NPs. mPEG750-PLA1000 was 

conjugated with RSV using two types of linkers, that is, succinate and glutarate 

(Section 2.5.3). mPEG750-PLA1000-glu-RSV was approximately 100nm larger than 

mPEG750-PLA1000-succ-RSV and this could be due to the extra carbon in the 

glutarate linker and a slightly higher % w/w of free RSV compared to RSV conjugates 

which affected the hydrophobicity of the overall product and thus the NP formation 

(Yang et al. 2012c). Observing the particle size report of both mPEG750-PLA1000 

conjugates (Appendices 7.9.1 and 7.9.2), each NPs consisted of at least two size 

distributions. This could be due to the almost equivalent weight levels of free RSV to 

RSV conjugates and possibly unconjugated polymers which produced both blank and 

encapsulated forms of NPs while mPEG750-PLA1000-succ-RSV NPs and mPEG750-

PLA1000-glu-RSV NPs were prepared. 

mPEG750-PCL1000-succ-RSV NPs produced a single particle size distribution of 

205.0nm average with a low PDI value compared to the other conjugated RSV NPs 

(Appendix 7.9.3). The low PDI value could be due to the minimal amount of 

unconjugated RSV in the final synthesised product which allowed for a more 

homogenous formation of NPs. mPEG2000-PLA1000-succ-RSV NPs, on the other 

hand, had a Z-average of less than 30nm which was the smallest particle size 

formulated thus far (Appendix 7.9.4). This could be due to the effect of conjugating 

RSV to mPEG2000-PLA1000 which changed the hydrophobicity of the polymer in 

favour of a more compact NP. From Appendix 7.9.4, we observed two particle size 

populations, that is 18.7nm (83%) and 140.7nm (17 %) which caused a higher PDI 

value. It was possible that the size population of 18.7nm in mPEG2000-PLA1000-succ-

RSV NPs could have aggregated to the minor 140.7nm size population. Further 

investigation using blank and RSV-loaded mPEG2000-PLA1000 NPs was necessary to 

draw a definite conclusion. 
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PEG5000-O-RSV NPs presented large particle sizes with a moderate PDI. This could 

be due to aggregation of micelles as the suspension was clear upon addition to MQ 

with no evidence of precipitation. Despite this result, PEG5000-O-RSV was further 

assessed due to its long-term stability in buffers and plasma, and its favourable PK 

profile as demonstrated by Siddalingappa et al. (2015). 

4.5.1.3 Zeta potential 

All conjugated RSV NPs excluding mPEG750-PLA1000-succ-RSV and PEG5000-O-RSV 

NPs had mid to high range of negative zeta potential despite the presence of the 

neutral PEG (Appendices 7.9.1 to 7.9.4). This could be due to the stronger covalent 

interaction between RSV and the polymers via an ester bond which aided in the 

folding of RSV in the hydrophobic core of the NP resulting in a more stable compact 

NP. High zeta potential values in the conjugated RSV NPs could be indicative of 

physically stable NPs (Neves et al. 2013) or the presence of RSV on the NP surface 

brought on by the development of anionic phenoxyl radicals as suggested by Soo et 

al. (2016). The presence of a steric stabiliser PVA in the preparation of mPEG750-

PLA1000-succ-RSV NPs could have affected its nett zeta potential as PVA could shield 

the particle surface charge, lowering it closer to zero (Cooper et al. 2014, Zhang et al. 

2014b). On the other hand, PEG5000-O-RSV NPs showed near zero zeta potential as 

expected with PEGylated NPs (Ho et al. 2013). This result explained the possible 

aggregation which was shown with its particle size report as there was a lack of 

electrostatic repulsion between particles to prevent aggregation. 

4.5.1.4 Drug loading (DL) 

Due to the unique nature of the conjugated RSV NPs, the DL of RSV in conjugated RSV 

NPs was calculated based on the combination of the RSV equivalent in RSV conjugates 

and unconjugated RSV encapsulated in the conjugated RSV NPs. Using NMR analyses 

described in Section 2.4.4.2, the weight percentage of each component was 

calculated and a total concentration of RSV equivalent was calculated for each RSV 

conjugate synthesised (Table 2.8). Using this information, the DL of conjugated RSV 

NPs was calculated and tabulated in Table 4.4. 
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Table 4.4 Weight percentage of components in and DL of conjugated RSV NPs 

Conjugated RSV NPs 
% w/w component in NPs* 

DL (%) 
RSV conjugate Free RSV 

mPEG750-PLA1000-succ-RSV NPs 63.9 36.1 40.1 

mPEG750-PLA1000-glu-RSV NPs 54.8 45.2 48.1 

mPEG750-PCL1000-succ-RSV NPs 99.3 0.7 9.8 

mPEG2000-PLA1000-succ-RSV NPs 76.1 23.9 26.1 

*determined by NMR analyses (Appendix 7.2 for calculation example, Table 2.8 for data) 

 

As seen from Table 4.4, higher DL of conjugated RSV NPs were a result from the 

presence of unconjugated free RSV encapsulated in conjugated RSV NPs. This was 

speculated by observing the DL of mPEG750-PCL1000-succ-RSV NPs where 99.3% of 

the NPs were RSV conjugate whereas the remaining conjugated RSV NPs had 

substantially higher amounts of free RSV. Higher DLs of this type of NPs were also 

observed in Huang et al. (2018) and Xu et al. (2011) where DLs of NPs of drug 

conjugates formulated together with free drug were 56-62% at 200nm and 16nm, 

respectively. Therefore, our conjugated RSv NPs will be able to deliver higher 

amounts of RSV due to its DL by passive targeting via the EPR effect due to its particle 

size. 

4.5.2 Development of encapsulated RSV NPs 

In order to compare the effects of unconjugated free RSV encapsulated in conjugated 

RSV NPs, we have developed NPs with free RSV encapsulated in the same amphiphilic 

copolymers used for the preparation of conjugated RSV NPs. Unlike the development 

of conjugated RSV NPs, extensive trials were employed to encapsulate RSV into three 

different amphiphilic PEGylated polymers, that is, synthesised mPEG750-PCL1000, 

mPEG2000-PLA1000 (Section 2.5.1) and commercially available mPEG750-PLA1000. 

The development of the NPs involved different preparation methods, different 

polymer to RSV ratios and varying final suspension volume. NPs prepared with 

solvent evaporation method were experimented with different energy input from the 

ultrasonicator probe. During the development of the NPs, aggregation was observed 
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in unsuccessful trials and this could possibly be caused by insufficient polymer to 

completely saturate the particle surface (Davidov-Pardo et al. 2015) in order to 

stabilise the particle, thus the addition of stabilisers at differing concentrations were 

experimented. This time-consuming exercise was possibly due to the difficulty of 

formulating low MW polymers into NPs and the lack of literature in formulating such 

NPs was a possible indication of this problem. The development process of each NP 

will first be described followed by a discussion of individual physical properties of 

encapsulated RSV NPs compared with the physical properties of conjugated RSV NPs. 

4.5.2.1 Formulation development process 

mPEG750-PLA1000 was dispersible in water and found to form polymeric micelle-like 

particles as evident when 10mg of the polymer was stirred in 10mL MQ producing 

22.8nm particles with a PDI of 0.347. The particle size report of these mPEG750-

PLA1000 NPs (Appendix 7.9.5) revealed larger particles (683.1nm and 4.5µm) present 

in low percentage (total 18.6%) which could be a result of aggregation of the micelle-

like particles. This is not surprising as mPEG750-PLA1000 is amphiphilic. Similarly, 

amphiphilic PEGylated polycarbonates were found to have two size populations at 

40nm and about 130nm resulting in a polydispersed distribution (Yang et al. 2012a). 

The authors hypothesized that the polymer molecules tended to fold upon 

themselves due to intra-molecular hydrogen-bonding in the same polymer chain 

leading to aggregation of the primary micelles at 130nm whereas the smaller size 

distribution was probably due to inter-molecular hydrogen-bonding interactions 

between two polymer chains. Nonetheless, this dispersion of mPEG750-PLA1000 NPs 

in water was not optimal and therefore required an addition of a stabiliser like PVA 

to encourage a more homogenous dispersion. Blank and RSV-loaded mPEG750-

PLA1000 NPs were then prepared using the solvent evaporation method in the 

presence of PVA but this method produced heterogenous dispersions with large 

microparticles present which had to be abandoned. The solvent diffusion method 

was therefore used for preparation of blank and RSV-loaded mPEG750-PLA1000 NPs 

in MQ and its physical attributes will be discussed in the next section. 

mPEG750-PCL1000 NPs were successfully made using two methods, that is the thin 

film hydration and solvent evaporation methods. In order to highlight the effect of 
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preparation method on the physical characteristics of NPs, particle size and zeta 

potential values of mPEG750-PCL1000 NPs prepared by both methods are 

summarised in Table 4.5. 

Table 4.5 Physical characteristics of blank and RSV encapsulated in mPEG750-PCL1000 NPs 
prepared by thin film hydration and solvent evaporation 

Physical 

characteristic 

Thin film hydration Solvent evaporation* 

Blank NPs 
Encapsulated 

NPs 
Blank NPs 

Encapsulated 

NPs 

Size (nm) 464.1±16.6 331.1±5.6 243.5±3.4 116.7±2.0 

PDI 0.602±0.104 0.422±0.302 0.388±0.176 0.418±0.013 

Zeta potential (mV) -29.4±5.0 -32.2±1.6 -3.8±2.4 -4.8±1.6 

*mPEG750-PCL1000 NPs were analysed prior to 1:9 dilution as per Section 4.4.3.2 to ensure 
comparable concentrations of polymer and RSV between both methods 
Data presented as mean (n=3) ± SD 

 

Despite size and zeta potential measurements reported as good quality, the particle 

sizes and PDI values for mPEG750-PCL1000 NPs prepared by thin film hydration were 

not favourable where multiple size distributions were observed in both blank and 

encapsulated NPs. mPEG750-PCL1000 NPs prepared using a solvent evaporation 

method at comparable polymer and RSV concentrations produced smaller particles 

with slightly better PDI values although zeta potential values were lower. The lower 

zeta potential values could be explained by the presence of PVA as a stabiliser. A 

further 1:9 dilution of the NPs with MQ for size and zeta potential measurements 

produced smaller particle sizes with much lower PDI values and higher zeta potential 

magnitudes which will be discussed in the next section as the final encapsulated RSV 

NPs using mPEG750-PCL1000. 

Due to the higher hydrophilicity in mPEG2000-PLA1000 compared to mPEG750-

PLA1000 because of the longer mPEG chain length, it was assumed that a solvent 

diffusion method could produce NPs, however, despite extensive trials using 

polymer:RSV amount ratios of 5:1 and 10:1, acetone or ACN as anti-solvents and 0.6% 

w/v PVA as stabilisers, NPs were large with polydispersed distributions. Thus, solvent 

evaporation was employed similar to the method used for preparing RSV in 
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mPEG750-PCL1000 NPs. A polymer:drug ratio of 10:1 was not successful, producing 

large particles and high PDI values. The ratio of 5:1 was then trialled yielding a 

suspension with smaller particle sizes but still very polydispersed due to 

microparticles present. Different anti-solvent systems were then trialled and 60:40 

v/v DCM:ACN was found to be more superior than 60:40 v/v DCM:acetone, 60:40 v/v 

DCM:EtOH, 60:40 v/v DCM:MeOH or 100% DCM. Physical properties of blank and 

RSV-loaded mPEG2000-PLA1000 NPs will be discussed in the following section. 

As the development of encapsulated RSV NPs was necessary to compare and critically 

evaluate some physical attributes of conjugated RSV NPs, it should be pointed out 

that the conjugation to RSV altered the hydrophobicity level of the amphiphilic 

polymers and thus produced more thermodynamically stable NPs. This difference 

could be observed in the choice of preparation method for both encapsulated and 

conjugated RSV NPs. Also, in general, the development of conjugated RSV NPs was 

less tedious and time-consuming than encapsulated RSV NPs. Regardless of 

preparation method, it was clear that conjugation of RSV to the amphiphilic 

copolymers produced more stable NPs using less energy input compared to 

encapsulation. Yang et al. (2017) concluded that a delicate balance between 

hydrophilic and lipophilic components of a polymer-drug conjugate was needed in 

order to form nano-sized structures which we believe was the case for our conjugated 

RSV NPs. As a summary, Table 4.6 presents the final preparation methods and 

physical characteristics of NPs of blank and RSV encapsulated in three types of 

amphiphilic polymers. The following sections discusses the physical attributes of 

blank and encapsulated RSV NPs and compares with those of conjugated RSV NPs 

prepared with comparable amphiphilic copolymers. 
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Table 4.6 Summary of final preparation methods and physical characteristics of blank and encapsulated RSV NPs 

Polymer used for 

encapsulation 

Preparation 

method 

Type of 

formulation 

Particle size 

(nm) 

Polydispersity 

index (PDI) 

Zeta 

potential 

(mV) 

EE (%) DL (%) Yield (%) 

mPEG750-PLA1000 
Solvent 

diffusion 

Blank 239.6±12.8* 0.641±0.064* -5.3±1.6 NR NR ND 

Encapsulated 162.2±2.9 0.062±0.024 -11.0±0.4 95.1±0.1* 8.7±0.1* 98.4±0.9 

mPEG750-PCL1000 
Solvent 

evaporation 

Blank 107.6±3.0 0.234±0.008 -21.3±1.9 NR NR ND 

Encapsulated 201.0±4.2 0.042±0.038 -20.1±0.4 72.4±4.5 2.7±0.2 121.6±11.9 

mPEG2000-PLA1000 
Solvent 

evaporation 

Blank 124.0±1.4 0.699±0.023 2.2±0.5 NR NR 66.5±2.0 

Encapsulated 345.5±5.5 0.087±0.074 -0.5±0.1 96.9±0.1* 8.8±0.1* 87.3±1.0 

NR = not relevant 
Data presented as mean (n=3 unless indicated by * where n=2) ± SD
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4.5.2.2 Particle size and distribution 

Overall, Z-average of the encapsulated RSV NPs were between 160nm and 350nm 

with exceptional PDI values of below 0.1. Particle size reports of all encapsulated RSV 

NPs were of good quality showing single size distributions (Appendices 7.9.7, 7.9.9 

and 7.9.11). The addition of another hydrophobic component, that is RSV, could have 

strengthened the non-covalent interactions between the hydroxyl groups in RSV and 

carboxylic acid or carboxyl groups in the PCL and PLA, respectively, thus compacting 

the NP further resulting in a more densely packed particle (Yang et al. 2012a, Ke et al. 

2014). RSV encapsulated in mPEG2000-PLA1000 NPs was found to be largest in 

particle size amongst all encapsulated NPs. One of the reasons to the larger particle 

sizes could be the high feed amounts of mPEG2000-PLA1000 and RSV in a 10ml 

suspension, that is 50mg and 10mg respectively (Table 4.7). 

Table 4.7 Polymer and RSV feed amounts and final suspension volume for preparation of 
encapsulated RSV NPs 

Polymer for RSV 

encapsulation 

Amount of 

polymer (mg) 

Amount of RSV 

(mg) 

Total final 

suspension volume 

mPEG750-PLA1000 10 1 

10mL each NP 

formulation 
mPEG750-PCL1000 10 1 

mPEG2000-PLA1000 50 10 

 

This particle size increase was observed in Cheng et al. (2007) where an increase of 

polymer concentration increased the particle size. The increase of polymer 

concentration also led to higher DL due to enhanced non-covalent interaction 

between RSV and PLA of mPEG2000-PLA1000 which contributed to an increase in 

particle size (Sharma et al. 2016). This further demonstrated the impact of the 

drug:polymer feed ratio and the concentration of each component on the particle 

size of NPs during a NP formation. In addition, particle size of NPs were dependent 

on the MW of copolymer dissolved in the organic phase prior to nanoprecipitation as 

demonstrated by Riley et al. (2001) where the particle size of mPEG-PLA block 

copolymers (PEG MW 5,000Da and PLA varying MWs 2,000-110,000Da) NPs 

increased with increasing lengths of the hydrophobic chain PLA, however, this trend 
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was not followed after the PLA length reached 30,100Da. Homs et al. (2018) also 

showed that an increase in PLGA polymer concentration increased the NP size. In 

addition, the preparation method using mPEG2000-PLA1000 was solvent 

evaporation method which involved the formation of oil-in-water emulsion in the 

presence of PVA as a stabiliser and this could have increased its overall particle size. 

Blank NPs were between 107nm and 240nm with higher PDI values than the 

encapsulated RSV NPs. Although particle size reports of blank mPEG750-PLA1000 and 

mPEG2000-PLA1000 NPs were of good quality, the reports each showed two size 

distributions leading to PDI values of more than 0.6 (Appendices 7.9.6 and 7.9.10, 

respectively). The PDI values of these blank NPs asserted that the polymers by 

themselves could not form a homogenous dispersion possibly due to insufficient PEG 

for colloidal stability (Wieczorek et al. 2015). Despite the mPEG750-PLA1000 being 

commercially prepared, blank mPEG750-PLA1000 NPs showed two particle size 

distributions possibly due to the capability of mPEG750-PLA1000 to form micelle-like 

particles in MQ as discussed in Section 4.5.2.1. In contrast, blank mPEG750-PCL1000 

NPs were of single size distributions (Appendix 7.9.8). Following size and zeta 

potential data from two preparation methods in Table 4.5, the mPEG750-PCL1000 

NPs prepared with solvent evaporation method was diluted 1:9 with MQ which not 

only decreased its particle sizes but also improved the PDI values (data shown in Table 

4.6) despite having less PVA at 0.06% w/v compared to encapsulated RSV NPs 

prepared with mPEG2000-PLA1000. This showed that the low PVA concentration was 

sufficient to provide a stabilising effect on the NP (Agarwal et al. 2016). The discussion 

thus far showed that the fabrication conditions and hydrophobic content of NPs 

influenced the particle size and distribution of blank and encapsulated RSV NPs. 

Conjugated RSV NPs made with mPEG750-PLA1000 were larger than comparable 

encapsulated RSV NPs with mPEG750-PLA1000-succ-RSV NPs producing almost twice 

as large and mPEG750-PLA1000-glu-RSV NPs producing more than twice as large as 

their encapsulated counterpart. This could be due to a larger hydrophobic moiety 

comprising of RSV, succ or glu linker and PLA in the polymer which created a bigger 

core in the NP (Yang et al. 2012c). Another reason for the larger size of mPEG750-

PLA1000-succ-RSV NPs compared to the encapsulated RSV NPs was the preparation 
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method, that is, solvent evaporation and solvent diffusion, respectively. mPEG750-

PLA1000-succ-RSV NPs involved the formation of oil-in-water emulsions using 0.6% 

w/v PVA as a stabiliser which could have enlarged the particles. mPEG750-PLA1000-

glu-RSV NPs, however, was prepared by solvent diffusion, similar to the preparation 

of encapsulated RSV NPs in mPEG750-PLA1000. Almost 45% w/w of the conjugated 

RSV NPs was made up of unconjugated RSV and this could explain the particle size 

distribution at 190nm (Appendix 7.9.2) which was similar in size to the encapsulated 

RSV NPs made with mPEG750-PLA1000. Nonetheless, the presence of unconjugated 

RSV resulted in both conjugated RSV NPs having PDI values much higher than the 

encapsulated RSV NPs most likely due to the mixture of unconjugated RSV, 

unconjugated amphiphilic copolymer and RSV conjugated with mPEG750-PLA1000 at 

various substitution points creating heterogenous suspensions with multiple size 

distributions as seen in the particle size reports of both conjugated RSV NPs 

(Appendices 7.9.1 and 7.9.2). 

The low percentage of unconjugated RSV in mPEG750-PCL1000-succ-RSV NPs 

allowed for a single size distribution (Appendix 7.9.3) almost similar in size with the 

encapsulated RSV NPs made with mPEG750-PCL1000 (Appendix 7.9.9). Nonetheless, 

the substitution variations of conjugated RSV and small percentage of unconjugated 

RSV in mPEG750-PCL1000-succ-RSV NPs produced a slightly wider distribution 

compared to the encapsulated RSV NPs made with mPEG750-PCL1000. The 

preparation method, however, did not influence the particle size as heavily as 

conjugated and encapsulated NPs made with mPEG750-PLA1000, possibly due to the 

very low amount of PVA used for the encapsulated RSV NPs in mPEG750-PCL1000. 

This observation in addition to those seen in conjugated and encapsulated RSV NPs 

using mPEG750-PLA1000 demonstrated the effect of the presence of unconjugated 

RSV when preparing conjugated RSV NPs. 

mPEG2000-PLA1000-succ-RSV NPs had a Z-average of less than 50nm with two size 

distributions (Appendix 7.9.4) which was the smallest particle size formulated in the 

project as opposed to its encapsulated NPs counterpart being the largest particle size 

with one size distribution (Appendix 7.9.11) in the project. mPEG2000-PLA1000-succ-

RSV NPs were significantly smaller than RSV encapsulated in mPEG2000-PLA1000 as 
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conjugation to RSV vastly improved the hydrophobic and hydrophilic equilibrium of 

the polymer for better NP formation. As such, the preparation method for the 

conjugated RSV NPs required lesser energy input (solvent diffusion) compared with 

the encapsulated RSV NPs in mPEG2000-PLA1000 prepared by solvent evaporation. 

Due to the use of solvent evaporation method for the encapsulated RSV NPs, the 

larger size compared to the conjugated RSV NPs could be explained by the necessary 

oil-in-water emulsion to incorporate RSV into its oil phase or polymer core. Blank 

mPEG2000-PLA1000 NPs showed a small distribution of particles at 25nm (Appendix 

7.9.10) whereas the mPEG2000-PLA1000-succ-RSV NPs showed a large distribution 

of particles at 20nm. Both NPs showed another size distribution at 190nm and 140nm, 

respectively. Although these two NPs were prepared by different methods, it could 

be an indication that mPEG2000-PLA1000-succ-RSV NPs was capable of micellar 

formation to form NPs similarly to what was observed in blank mPEG2000-PLA1000 

NPs. 

Although conjugation of RSV to amphiphilic copolymers has aided in producing NPs 

with lesser energy input compared with encapsulated RSV NPs, the mixture of 

unconjugated RSV, unconjugated copolymers and RSV conjugates with various 

substitutions produced more heterogenous suspensions compared to encapsulated 

RSV NPs. A direct comparison between conjugated and encapsulated RSV NPs of the 

same amphiphilic copolymer cannot be made due to the different preparation 

methods used for respective NPs but some observations could be done with regards 

to the effect of the presence of unconjugated RSV whilst preparing conjugated RSV 

NPs and its particle size and distributions. 

4.5.2.3 Zeta potential 

Blank and encapsulated NPs using mPEG750-PCL1000 had zeta potentials of -20mV 

whereas blank and encapsulated NPs using mPEG750-PLA1000 with -5mV and -11mV, 

respectively. Nearly zero zeta potential magnitudes seen in the blank and 

encapsulated mPEG2000-PLA1000 NPs did not necessarily indicate a physically 

unstable formulation (Rachmawati et al. 2016) as these NPs were stabilised by mPEG 

and PVA via steric stabilisation. The low zeta potential range of RSV encapsulated in 

mPEG-PLA NPs was also reported in several literatures (Guo et al. 2013, Jung et al. 
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2015). A distinct shift to a more negative zeta potential in RSV-loaded mPEG750-

PLA1000 and mPEG2000-PLA1000 NPs compared to its corresponding blank NPs 

might be due to the aromatic ring possessed by RSV which shifted its negative charge 

to an oxygen atom of the hydroxyl groups, enabling the development of anionic 

phenoxyl radicals (Soo et al. 2016); however, this warrants further investigation. Also, 

depending on how PVA, the polymer and RSV formed structurally as a NP, the PVA 

could have led to a more negative zeta potential charge due to the hydroxyl groups 

present in the PVA or presence of acidic impurities (Xu et al. 2009) in the case of 

mPEG2000-PLA1000 NPs. Blank and encapsulated mPEG750-PCL1000 NPs showed 

high magnitudes of zeta potential (more than -20mV) despite PEGylated NPs showing 

a neutral surface charge (Ho et al. 2013). The significantly lower concentration of PVA 

was sufficient to stabilise the mPEG750-PCL1000 NPs as indicated by its zeta potential 

(Agarwal et al. 2016) but was likely not enough to have affected the zeta potential 

magnitude. 

The conjugation to RSV clearly altered the hydrophobicity of the amphiphilic 

polymers to produce more thermodynamically stable NPs which was discussed in 

previous sections. As mentioned, this difference was observed in the choice of 

preparation method for both encapsulated and conjugated RSV NPs. Further scrutiny 

into their zeta potential values showed a better zeta potential range (-9mV to -35mV) 

for all conjugated RSV NPs compared to their encapsulated counterparts (0mV to -

20mV) except for mPEG750-PLA1000-succ-RSV NPs (-3mV) and this could be 

attributed to the presence of PVA as a stabiliser. For example, the physical 

entrapment of RSV in mPEG750-PLA1000 required less external energy input in order 

to produce a formulation with acceptable physical characteristics whereas the 

conjugated compounds needed a high energy input via solvent evaporation method 

to emulsify the phases to produce nano-sized particles. Contrary to this polymer, 

both mPEG750-PCL1000 and mPEG2000-PLA1000 required energy input to entrap 

RSV into the polymers but when conjugated to RSV, the polymers could form NPs 

with less energy input via solvent diffusion method. Regardless of preparation 

method, it was clear that conjugation of RSV to the amphiphilic copolymers produced 

more stable NPs with lesser energy input compared to encapsulation. 
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4.5.2.4 Drug loading (DL) 

Encapsulated RSV NPs allowed for high EE (70%-100%) of RSV and high DL (8.7 and 

8.8%) for two out of three NPs assessed. It was interesting to note that the high DL 

were in mPEG-PLA NPs whereas the low DL of RSV was encapsulated in mPEG750-

PCL1000 (2.7%) despite having the same polymer:RSV feed ratio and final suspension 

volume with RSV encapsulated in mPEG750-PLA1000 (Table 4.7). This difference 

could be explained by the higher crystalline properties of PCL compared to PLA in our 

copolymers which decreased the DL capacities as seen in Shuai et al. (2004a) where 

mPEG-PCL copolymers were used to encapsulate DOX. However, when mPEG-PCL 

was used to encapsulate PTX, a more hydrophobic drug than DOX, an increase in DL 

was found to be proportional to the increase in the PCL length, indicative of increased 

crystallinity in the polymer (Shuai et al. 2004b). Despite having a similar log P value 

with PTX (Kim et al. 2016), RSV transitioned into an amorphous state when 

encapsulated in nanosuspensions (Hao et al. 2015, Natesan et al. 2017) and although 

shorter PCL lengths have lower crystallinity (Shuai et al. 2004a), the non-covalent 

interactions between amorphous RSV and the low MW PCL component while forming 

NPs was probably insufficiently strong enough to produce NPs with high DL. 

The length of mPEG could have played a crucial role in encapsulating RSV in 

mPEG750-PCL1000 as found by Wieczorek et al. (2015) where a PEG-peptide polymer 

could not load a hydrophobic compound, m-THPC, due to insufficient PEG to 

envelope the NP and provide a core for the compound to reside in. As PCL is more 

hydrophobic than PLA, the mPEG length could have had a greater influence as to how 

RSV was loaded in the NPs. Therefore, factors like hydrophobicity relative to 

copolymers and crystallinity transitions of RSV during NP precipitation affected the 

amount of drug encapsulated in mPEG-PCL. These factors were most likely specific to 

the drug as drug-polymer affinity and drug partition coefficient in internal and 

external phases with and without polymer would rely heavily on drug properties 

(Mittal et al. 2007, Grossen et al. 2017). 

As the preparation method used for mPEG750-PLA1000 and mPEG750-PCL1000 NPs 

were different, that is, solvent diffusion and solvent evaporation, respectively, the 

presence of PVA as stabiliser in the solvent evaporation method could have affected 
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the DL of the NP (Cooper et al. 2014). In addition, excess drug during NP preparation 

could have led to an increase of unentrapped drug which caused a decrease in EE as 

observed by Pandita et al. (2014). Interestingly, the presence of PVA did not affect 

the production of mPEG2000-PLA1000 NPs. The high concentration of PVA (3% w/v) 

initially used to emulsify the organic and water phases provided a better coating 

around the particles generating a repulsive force between particles against 

aggregation (Rachmawati et al. 2016) thus preventing drug loss during dilution and 

precipitation. The high mPEG2000-PLA1000 polymer concentration compared to 

other polymers also led to higher DL as there was more polymer present to coat the 

NP core (Sharma et al. 2016). 

Although we cannot directly compare DL of encapsulated RSV NPs and conjugated 

RSV NPs because EE was not determined for the latter, we see that the high presence 

of free RSV in combination with RSV conjugated to amphiphilic copolymers allowed 

for a higher DL compared to the encapsulated RSV NPs whilst maintaining nano-sized 

particles. The loading of curcumin was found to be much higher than conventional 

encapsulated curcumin NPs when curcumin was conjugated to mPEG-PLA with a 

tris(hydroxymethyl)aminomethane linker via ester bonds (Yang et al. 2012c). 

Although most of our encapsulated RSV NPs had high drug EE, the DL in final NP 

suspensions were lesser than what was found in conjugated RSV NPs implying that 

conjugated RSV NPs were able to deliver a higher dose of RSV compared to 

encapsulated RSV NPs in 1mg NPs. This would be particularly useful since 

unconjugated RSV could be metabolised rapidly in vivo essentially decreasing the 

dose available for therapeutic effect. In addition, conjugated RSV NPs contained 

conjugated RSV which were able to decrease the metabolism rate of RSV due to 

change of the enzyme substrate. It would now be imperative to study the release 

profiles of conjugated RSV NPs and compare with data obtained from encapsulated 

RSV NPs to further evaluate their physical attributes. 

4.5.3 Release profiles of RSV NPs 

Polymeric NPs were not only used to protect its cargo from enzymatic degradation in 

vivo (Masood 2016) but also for cancer therapy due to their preferential 
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accumulation in cancer tissues via the EPR effect (Summerlin et al. 2015, Carletto et 

al. 2016) which was useful for passive targeting of cancer tissues by anticancer drugs. 

Once the NPs were taken up by cancer cells, the cargo, namely anticancer drugs, were 

released at a sustained rate for maximum therapeutic efficiency (Masood 2016). As 

demonstrated in this chapter so far, polymeric NPs containing RSV could be formed 

by a combination of polymeric conjugated with RSV and physical entrapment of free 

RSV into NPs (conjugated RSV NPs) or by physical entrapment of RSV into polymeric 

NPs (encapsulated RSV NPs). The release of RSV from conjugated RSV NPs was 

dependent on the polymer architecture, the interaction between RSV and the 

polymer-drug conjugate, the DL of RSV in NPs and the particle size (Yang et al. 2014). 

Using PBS as release medium to imitate the physiological fluid in the body (Soo et al. 

2016), the release profiles of conjugated RSV NPs were ascertained. Release profiles 

of free RSV and encapsulated RSV NPs were also obtained as a comparison. 

4.5.3.1 Release profiles of conjugated RSV NPs 

Slower release rates of RSV were generally obtained from NPs with larger particle 

sizes and higher MW (Wang et al. 2016) and considering our conjugated RSV NPs 

encompassed those characteristics, it was expected that the conjugated RSV NPs 

would provide a more sustained release profile of total RSV equivalent compared to 

encapsulated RSV NPs. In addition to the sustained release provided by polymer-drug 

conjugates (Yang et al. 2017), conjugated RSV NPs containing RSV conjugates were 

able to decrease metabolism rate of RSV by altering the enzyme substrate which 

could further prolong circulation of RSV in vivo and enhance therapeutic efficacy. The 

covalent bond between drug and polymer can then be easily cleaved enzymatically 

or through acid/base catalysed hydrolysis in vivo (Ke et al. 2014). Figure 4.2 depicts 

the release profiles of conjugated RSV NPs in PBS using total RSV equivalent 

concentrations, that is, total concentrations of unconjugated RSV and RSV equivalent 

in RSV conjugates, against free RSV up to 50 hours at 37°C. Note that small error bars 

will not be visible if smaller than symbols used. 
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Figure 4.2 Release profiles of total RSV equivalent from conjugated RSV NPs in PBS at 37°C 
against free RSV for up to 50 hours with (A) an expanded view from 0 to 8 hours (inset B: 
Smaller scale of % cumulative amounts released of graph A) 

Data presented as mean (n=2 except mPEG750-PCL1000-succ-RSV NPs where n=3 and 
PEG5000-O-RSV NPs where n=1) ± SD where calculated 
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From Figure 4.2, conjugated RSV NPs provided a sustained release profile of total RSV 

equivalent when compared to free RSV where approximately 40% of free RSV was 

released by 1.3 hours followed by a degradation leaving almost no detectable free 

RSV released by 24 hours. Release profiles of free RSV in PBS at pH7.4 observed by 

Sanna et al. (2013) and Wang et al. (2015b) showed an initial burst release the first 

two hours with almost 100% being released by 3 hours, however, data beyond 6 

hours was not reported in both papers. It was unknown whether a degradation of 

free RSV in the release media PBS was observed beyond 6 hours, however, 

degradation of RSV in release media in our study was observed by change of colour 

from colourless or turbid white of NPs and free RSV to dark brown at the end of the 

release studies in both the release medium and remaining dialysis bag contents. 

Degradation of curcumin, a natural product similar to RSV, was observed in release 

studies of encapsulated curcumin NPs by Wang et al. (2015a) and Yang et al. (2012c). 

The degradation of RSV was also possibly translated into the decrease of % 

cumulative amounts of total RSV equivalent in the release profiles of conjugated RSV 

NPs. mPEG750-PCL1000-succ-RSV NPs showed higher release rates than other 

conjugated RSV NPs which peaked at 2.2 hours followed by a decrease in % total RSV 

equivalent amounts in the NPs. Due to the much lower % total RSV equivalent 

amounts released by the other conjugated RSV NPs, an expansion was depicted in 

Figure 4.2B which showed % total RSV equivalent amounts released at its maximum 

at 3.8 hours, 4 hours and 2 hours for mPEG750-PLA1000-succ-RSV NPs, mPEG750-

PLA1000-glu-RSV NPs and mPEG2000-PLA1000-succ-RSV NPs, respectively. After this 

maximum point, the % cumulative amounts of total RSV equivalent in conjugated RSV 

NPs decreased steadily possibly due to the degradation of RSV conjugates and/or 

unconjugated RSV encapsulated in the NPs. The effect of the unconjugated RSV 

encapsulated in the conjugated RSV NPs will be discussed in Section 4.5.3.2. 

The release rates of our ester conjugates depended on several factors including those 

influencing encapsulated RSV NPs, polymer-RSV conjugate degradation rate, 

polymer-drug link cleavage, and physical interaction of excess free RSV and polymer-

RSV conjugate (Yang et al. 2012b, Khalil et al. 2013, Alibolandi et al. 2015, Yang et al. 

2018b). The release of RSV from the conjugated RSV NPs could have followed the 
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sequence depicted in Figure 4.3. Nonetheless, the mechanism of release of RSV from 

each conjugated RSV NPs is unique and each sequence step could overlap producing 

a complex order of release mechanisms of RSV from the NPs (Mandal et al. 2017). 

 

Figure 4.3 Possible sequence of release of RSV from conjugated RSV NPs 

 

mPEG750-PLA1000-succ-RSV NPs and mPEG750-PLA1000-glu-RSV NPs showed 

favourable release profiles and this could be attributed to its large particle size and 

presence of PVA. The large particle size decreased the surface area to volume ratio 

which increased the diffusion barrier required for encapsulated RSV or RSV cleaved 

from RSV conjugates to be released into external aqueous phase (Alibolandi et al. 

2015). Sharma et al. (2016) suggested that the rapid solvent evaporation method 

used to prepare mPEG750-PLA1000-succ-RSV NPs produced a smooth NP surface 

which resulted in a slower release compared to the solvent diffusion methods used 

for the remaining ester conjugates which utilised a longer solvent evaporation time 

comparatively, however, this warrants further investigation into the morphology of 

the NPs which was not carried out due to time limitations. 

Despite having the advantage of higher MW for mPEG2000-PLA1000-succ-RSV NPs, 

and higher crystallinity in mPEG750-PCL1000-succ-RSV NPs, their small particle size 

(<210nm) could have outweighed those advantages by increasing the surface area to 
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volume ratio significantly enough to release RSV faster than the other conjugates 

(Sharma et al. 2016). mPEG2000-PLA1000-succ-RSV NPs would have been heavily 

influenced by its particle size being the smallest particle size (28nm) produced in this 

project thus far. Small particle sizes encouraged water permeation which led to faster 

degradation of the polymer-RSV conjugate by hydrolysis of the ester bond between 

RSV and polymer (Alibolandi et al. 2015). This was substantiated by the faster 

degradation rate of % total RSV equivalent amounts in mPEG2000-PLA1000-succ-RSV 

NPs and mPEG750-PCL1000-succ-RSV NPs after maximum cumulative amounts were 

achieved compared to the other ester conjugates. In order to further assess the 

release profiles of ester conjugated RSV NPs, the release profiles of ester conjugated 

RSV NPs were depicted according to their two components, which is the % cumulative 

amounts of RSV conjugate and free RSV component released up to 25 hours (Figure 

4.4). The % cumulative amounts of free RSV component (black circle) released was 

calculated against the initial amounts of total RSV equivalent (RSV and RSV conjugate, 

black square) in ester conjugated RSV NPs depicted in Figure 4.2. This was carried out 

similarly for the calculation of % cumulative amounts of RSV conjugate component 

(grey circle). This allowed us to visualise the release profiles of each component in 

the conjugated RSV NPs.
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Figure 4.4 Further analysis of % cumulative amounts of free RSV and RSV conjugate components released against initial amount of total RSV equivalent in 
ester conjugated RSV NPs up to 25 hours in PBS at 37°C 

A: mPEG750-PLA1000-succ-RSV NPs, B: mPEG750-PLA1000-glu-RSV NPs, C: mPEG750-PCL1000-succ-RSV NPs, D: mPEG2000-PLA1000-succ-RSV NPs 
Data presented as mean (n=2 except mPEG750-PCL1000-succ-RSV NPs where n=3) ± SD where calculated
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Using HPLC gradient method (Section 3.4.2.2), individual free RSV and RSV conjugate 

peak areas detected over the release study experiment were converted into amounts 

of RSV and RSV conjugate, respectively, and % of each component released was 

calculated against the total RSV equivalent amounts initially added to form 

conjugated RSV NPs and depicted in Figure 4.4. The % cumulative release of ester 

conjugated NPs using the total RSV equivalent amounts released against the initial 

total RSV equivalent amounts added into the dialysis bags was presented in Figure 

4.2 and with this, Table 4.8 summarises their maximum % of cumulative amounts of 

RSV equivalent released. In addition, the time points when maximum % cumulative 

amounts of each component (RSV conjugate and RSV) in the conjugated RSV NPs 

were also summarised in this table (tmax). Beyond these time points, a decrease in % 

cumulative amounts at varying degrees was observed in both components, less so in 

RSV conjugate components. Even though the total RSV equivalent in mPEG750-

PLA1000-succ-RSV NPs were released to a maximum of 4.6% at 3.8 hours, the RSV 

conjugate component in the NPs was only released to a maximum of 0.6% at 6 hours 

whereas the free RSV component in the NPs was released to a maximum of 4.3% at 

2.2 hours. This showed the different release rates of RSV when encapsulated in and 

conjugated to polymeric NPs. Table 4.8 summarises the time points at which 

maximum % cumulative amounts of each component and total RSV equivalent in 

conjugated RSV NPs were released.
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Table 4.8 Time points when maximum % cumulative amounts of each component against total RSV equivalent was released (tmax) from ester conjugated RSV 
NPs in PBS at 37°C 

Conjugated RSV NPs 
% w/w RSV 
conjugate in 

NPs 

Total RSV equivalent  Free RSV component  
RSV conjugate 
componenta 

tmax (h) 

Maximum 
cumulative 

amounts 
released (%) 

 tmax (h) 

Maximum 
cumulative 

amounts 
released (%) 

 tmax (h) 

Maximum 
cumulative 

amounts 
released (%) 

Free RSVb NR 1.3 39.6±7.9  1.3 39.6±7.9  NR 

mPEG750-PLA1000-succ-RSV NPs 63.9 3.8 4.6±0.2  2.2 4.3±0.1  6.0 0.6±0.10 

mPEG750-PLA1000-glu-RSV NPs 54.8 4.0 4.5±0.4  4.0 4.3±0.4  6.0 0.2±0.02 

mPEG750-PCL1000-succ-RSV NPs 99.3 2.2 28.2±0.9  2.2 27.7±0.6  6.0 0.7±0.30 

mPEG2000-PLA1000-succ-RSV NPs 76.1 2.0 3.3±0.2  2.0 3.3±0.3  2.0 0.04±0.06 

Data presented as mean (n=2 except mPEG750-PCL1000-succ-RSV NPs where n=3) ± SD where calculated 
aRSV conjugate component was calculated using RSV equivalent amounts in RSV conjugate 
bRSV stock in DMSO diluted with PBS and loaded into dialysis bag (Section 4.4.2.3) 
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All ester conjugated RSV NPs showed that their free RSV components were initially 

released almost similarly to non-formulated free RSV followed by a slower 

degradation than free RSV possibly due to the protective layer of the polymeric NPs. 

Interestingly, mPEG750-PLA1000-glu-RSV NPs released its free RSV component 

maximally at 4.0 hours, 2 hours longer than the other NPs, most likely due to its large 

particle size. The highest release of free RSV components amongst all other ester 

conjugated RSV NPs was by mPEG750-PCL1000-succ-RSV NPs with 27.7% released by 

2.2 hours. It was possible that the higher crystallinity environment within the NPs due 

to the presence of the PCL chain and high % w/w of RSV conjugate compared to free 

RSV in NPs caused a rapid release of free RSV, which was amorphous in nature, into 

the release media. The RSV conjugate components of all ester conjugated RSV NPs 

showed a slower release of RSV equivalent amounts where maximum % cumulative 

amounts were released at 6 hours except for mPEG2000-PLA1000-succ-RSV. This 

rapid release of mPEG2000-PLA1000-succ-RSV component compared to the other 

RSV conjugate components of conjugated RSV NPs could possibly be due to the small 

particle size of mPEG2000-PLA1000-succ-RSV NPs. Therefore, the release profiles of 

total RSV equivalent and individual components were related to the NP particle size 

where the larger particles allowed for slower release of components, however, due 

to the weaker hydrophobic interactions between free RSV encapsulated in 

conjugated RSV NPs compared to the strong covalent bonds in RSV conjugates, most 

of the total RSV equivalent amounts released up to 50h were attributed to the free 

RSV component of the conjugated RSV NPs. Another factor to consider is the stability 

of each component in the ester conjugated RSV NPs as the stability of the RSV 

conjugate affects the stability of the NP structure which in turn affects the stability 

and release of RSV (free RSV and RSV cleaved from RSV conjugate). Figure 4.5 depicts 

the change of % w/w of RSV and RSV conjugate components in ester conjugated RSV 

NPs up to 48 hours in PBS at 37°C compared with the initial % w/w of each component 

in ester conjugated RSV NPs. This gave us a representation of how NPs behaved in 

PBS without considering the release kinetics of NPs in dialysis bags.
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Figure 4.5 Stability of ester conjugated RSV NPs by individual component weights of free RSV (black) and RSV conjugate (grey) in PBS pH7.4 at 37°C for up to 
48 hours 

A: mPEG750-PLA1000-succ-RSV NPs, B: mPEG750-PLA1000-glu-RSV NPs, C: mPEG750-PCL1000-succ-RSV NPs, D: mPEG2000-PLA1000-succ-RSV NPs 
Data presented as mean (n=3 except mPEG750-PLA1000-glu-RSV NPs and mPEG2000-PLA1000-succ-RSV NPs where n=2) ± SD where calculated 
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Components in mPEG750-PCL1000-succ-RSV NPs were stable from point of addition 

into release media without dialysis bag to up to 48 hours. The addition of NPs into 

PBS slightly decreased the amount of RSV conjugate and increased the amount of RSV 

within the NPs due to the hydrolysis of polymer-RSV bond releasing RSV into the NP 

core or the breakdown of some RSV conjugates on NP surface. This could explain the 

high amount of free RSV released from the NPs into the release media in Figure 4.6. 

The hydrolysable ester bond in mPEG750-PCL1000-succ-RSV could have been 

protected within the NP core to a certain extent which also contributed to the NP 

structure stability (Zhang et al. 2017) hence the very low amount of RSV conjugate 

component and slower release of the conjugate from the dialysis bag. In other words, 

the release of total RSV equivalent amounts from mPEG750-PCL1000-succ-RSV NPs 

was more dependent on the RSV encapsulated or cleaved from the RSV conjugate 

than the conjugate itself. 

Conversely, the components in mPEG750-PLA1000-succ-RSV NPs were not affected 

as much by the release media at the point of addition which showed that the NP 

formation included all RSV conjugates and free RSV found in the final synthesised 

product. However, the amount of RSV conjugate decreased over time with an 

increase of the RSV component. This showed a breakdown of the NP structure which 

released RSV into the NP core however the encapsulated RSV was not fully released 

into the media which would be depicted with a decrease in the amounts of RSV as 

well. This was portrayed similarly by the components in mPEG750-PLA1000-glu-RSV 

NPs with the RSV conjugate component being slightly less stable than its succinated 

counterpart. These observations explain the lower cumulative amounts of RSV 

conjugate in mPEG750-PLA1000-glu-RSV NPs released into the release media PBS 

compared to the conjugate in mPEG750-PLA1000-succ-RSV NPs. Nonetheless, the 

slower release rates of both components in mPEG750-PLA1000-glu-RSV NPs 

compared to mPEG750-PLA1000-succ-RSV NPs was most likely due to the particle size 

rather than the stability of the components within the NPs as the larger mPEG750-

PLA1000-glu-RSV NPs would require a longer diffusion time for the release of its 

components into the release media. 

mPEG2000-PLA1000-succ-RSV NPs components revealed an interesting pattern 
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where the % w/w RSV conjugate component increased and the free RSV component 

decreased. This could be explained by a rapid release of the free RSV component from 

within the NP core due to the small particle size. There was also a possibility of the 

presence of free RSV on the particle surface rather than entrapped RSV within the 

core (Coradini et al. 2014) which was released more easily and incidentally could 

explain the small particle size of mPEG2000-PLA1000-succ-RSV NPs. The RSV 

conjugate component in the NPs was most likely stable as the % w/w of the conjugate 

component continued to increase instead of decrease which was expected with the 

rapid release and degradation of RSV from the NP core. This correlated with the 

maximum % cumulative amount of RSV conjugate component released at 2.0 hours 

(3.3%) where the stable RSV conjugate was only minimally released. Nonetheless, the 

small particle size of mPEG2000-PLA1000-succ-RSV NPs would have heavily 

influenced the degradation of the RSV conjugate itself as water permeation into the 

NP core would have encouraged hydrolysis of the conjugate. 

Overall, the stability of the RSV conjugate components in the ester conjugated RSV 

NPs correlated with the type and MW of their respective polymers with mPEG750-

PLA1000 degrading the fastest followed by either mPEG750-PCL1000 or mPEG2000-

PLA1000. It was difficult to differentiate between mPEG750-PCL1000-succ-RSV and 

mPEG2000-PLA1000-succ-RSV components as mPEG2000-PLA1000-succ-RSV NPs 

was highly affected by its very small particle size compared to the other ester 

conjugated RSV NPs. The stability order of ester conjugate components was related 

to the length of mPEG where a longer mPEG length (Bolourchian et al. 2013) and a 

more hydrophobic PCL (Goyal et al. 2016) improved the stability of polymers. The 

longer glu linkage in mPEG750-PLA1000-glu-RSV did not improve the stability of 

mPEG750-PLA1000-succ-RSV where the degradation of the conjugate was 73% as 

opposed to 80%, respectively, because of easier access for hydrolysis of the ester 

bonds. It would be noteworthy to synthesise this conjugate with much longer linkers 

to effectively observe the effect. Nonetheless, it should be noted that the succ and 

glu linkages on the ester conjugates have electron withdrawing groups which 

destabilised drug-polymer link which could have led to hydrolysis (Wang et al. 2016). 

In addition, the ester bond between mPEG and the hydrophobic PCL or PLA could 
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cause the depolymerization of the NP which led to release of RSV (Ye et al. 2014). 

The higher PDI values in all ester conjugated RSV NPs except mPEG750-PCL1000-succ-

RSV NPs (Appendices 7.9.1, 7.9.2 and 7.9.4) showed heterogenous suspensions which 

could explain the complicated release profiles where different types of NPs 

(encapsulated, conjugated or encapsulated-conjugated particles) were releasing RSV 

concurrently each with different release kinetics. The complex release kinetics of 

ester conjugated RSV NPs was influenced by the amount of free RSV present, 

degradation rate of encapsulated RSV and conjugated RSV components and the 

release kinetics of individual components in the NPs (Mandal et al. 2017). The 

complex release kinetics of total RSV equivalent from the ether conjugate PEG5000-

O-RSV NPs could also be explained by the cumulative release profiles and the stability 

profiles of each component in the ether conjugated RSV NPs. 
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Figure 4.6 (A) Further analysis of % cumulative amounts of free RSV and RSV conjugate 
components released against initial amount of total RSV equivalent in PEG5000-O-RSV NPs 
up to 25 hours in PBS at 37°C (n=1) and (B) Stability of free RSV and RSV conjugate 
components in PEG5000-O-RSV NPs in PBS pH7.4 at 37°C for up to 48 hours 

Stability data presented as mean (n=2) ± SD with no free RSV present at time 0 hours 
*% cumulative amounts of free RSV component in NPs released was calculated against total 
amount of free RSV released throughout release study as opposed to amount initially added 
as no free RSV was initially present in NPs 
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As expected due to its strong ether bond, the PEG5000-O-RSV NPs showed a slow 

sustained release throughout the study up to 50 hours where at 50 hours, only 5.6% 

total RSV equivalent of the RSV conjugate in the NPs were released. From Figure 4.6A, 

the cumulative release of free RSV was rapid for the first hour similar to what was 

seen for free RSV followed by degradation of RSV. As the conjugate did not have free 

RSV present (Table 4.3), the free RSV component in its cumulative release profile was 

minor and the overall release profile of PEG5000-O-RSV was mainly dependent on 

the RSV conjugate component. Due to the very stable ether conjugate compared to 

the ester conjugates, the release profiles of the ether conjugate component in 

PEG5000-O-RSV NPs did not show degradation as seen in the release profiles of 

individual components in ester conjugated RSV NPs in Figure 4.4. The stability of 

PEG5000-O-RSV conjugate was due to its stronger covalent bond to the polymer via 

the ether bond compared to the ester conjugates making it an ideal sustained release 

candidate in cancer therapy (Basavaraj 2011), however, this bond could be 

detrimental as RSV could not be released in a timely and convenient manner in vivo. 

As previously discussed, the complex release profile of conjugated RSV NPs was due 

to the combination of having free RSV encapsulated in and conjugated RSV forming 

the conjugated RSV NPs. Therefore, a study on the release profiles of encapsulated 

RSV NPs was warranted. Although the encapsulated RSV NPs could not be a direct 

comparison to the conjugated RSV NPs due to the diverse physical attributes caused 

by different preparation methods and levels of free RSV and RSV conjugates, a 

correlation could be drawn between the release profiles of encapsulated RSV NPs 

and the release profiles of the free RSV components in conjugated RSV NPs. The 

following section discusses the release profiles of encapsulated RSV NPs and possible 

correlations with release profiles of conjugated RSV NPs, in particular the release 

profiles of the free RSV component in conjugated RSV NPs. 

4.5.3.2 Release profiles of encapsulated RSV NPs 

Figure 4.7 depicts the release profiles of encapsulated RSV NPs against free RSV for 

up to 30 hours. 



 

145 

0 1 0 2 0 3 0
0

2 0

4 0

6 0

8 0

1 0 0

T im e  (h o u r s )

%
 c

u
m

u
la

ti
v

e
 a

m
o

u
n

t 
o

f 
 R

S
V

 r
e

le
a

s
e

d

0 2 4 6 8
0

2 0

4 0

6 0

8 0

1 0 0

T im e  (h o u r s )

%
 c

u
m

u
la

ti
v

e
 a

m
o

u
n

t 
o

f 
 R

S
V

 r
e

le
a

s
e

d

E x p a n d e d  v ie w  o f t im e  0  to  8  h o u rs

F re e  R S V

R S V  e n c a p s u la t e d  in  m P E G 2 0 0 0 -P L A 1 0 0 0  N P s

R S V  e n c a p s u la te d  in  m P E G 7 5 0 -P C L 1 0 0 0  N P s

R S V  e n c a p s u la te d  in  m P E G 7 5 0 -P L A 1 0 0 0  N P s

  

Figure 4.7 Release profiles of encapsulated RSV NPs against free RSV for up to 30 hours with 
an expanded view from 0 to 8 hours in PBS at 37°C 

Data presented as mean (n=2 except RSV encapsulated in mPEG750-PLA1000 NPs where n=3) 
± SD  
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The degradation of RSV in nano-structures was reported recently by Zupancic et al. 

(2015) where RSV loaded into PCL nanofibers showed a sustained release of RSV in 

PBS at pH7.4 and 37°C for up to three hours followed by a degradation. It was 

speculated that for the first three hours, release kinetics was more dominant than 

the degradation kinetics of RSV which showed the sustained release profile. 

Following this, the sustained release was slower compared to the degradation rate 

of RSV translating into the decreasing amount of RSV in the release medium. This 

could be the case for our encapsulated RSV NPs and also our conjugated RSV NPs 

where the conjugated RSV NPs were not only influenced by the degradation rate of 

RSV but also of RSV conjugate. Due to differing degradation kinetics of each conjugate 

and RSV, the release profiles of conjugated RSV NPs and encapsulated RSV NPs 

depicted in Figure 4.2 and Figure 4.7, respectively, were more complex than 

previously discussed. 

Encapsulated RSV NPs provided a slower release of RSV than free RSV until 

degradation of RSV was seen from 2 hours for RSV encapsulated in mPEG750-

PLA1000 and mPEG750-PCL1000 NPs and from 6.5 hours for RSV encapsulated in 

mPEG2000-PLA1000 NPs. Sanna et al. (2013) showed a sustained release of RSV 

encapsulated in PEG-PLGA-PCL NPs with 55% of RSV released in PBS at pH7.4 at 37°C 

within 7 hours whereas Wang et al. (2015b) showed 51% of RSV encapsulated in 

mPEG-PCL NPs with TPGS was released within 6 hours in PBS at pH7.4 at 37°C. Figure 

4.7 showed both mPEG750-PLA1000 and mPEG750-PCL1000 NPs (maximum 

cumulative amounts released at 52.0% and 31.4% respectively) had similar release 

profile patterns with higher amounts of RSV released by mPEG750-PLA1000 NPs due 

to higher crystallinity of PCL component in mPEG750-PCL1000 polymers compared 

to PLA component in mPEG750-PLA1000 polymers (Yin et al. 2014, Gupta et al. 2015, 

Goyal et al. 2016) which attributed to a more stable polymer. This factor also 

contributed to the slower initial release rate of mPEG750-PCL1000 NPs compared to 

mPEG750-PLA1000 NPs. RSV encapsulated in mPEG2000-PLA1000 NPs produced a 

sustained release profile with a maximum of 84.4% of RSV was released at 6.3 hours. 

Following that, a much slower degradation rate of RSV was observed compared to 

mPEG750-PLA1000 and mPEG750-PCL1000 NPs where at 8 hours, 50% of RSV still 
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remained compared to less than 10% in free RSV and mPEG750-PLA1000 NPs and 

mPEG750-PCL1000 NPs. RSV encapsulated in mPEG2000-PLA1000 NPs was largest in 

particle size in the project thus far (Table 4.6) being almost twice larger than 

encapsulated NPs made with mPEG750-PLA1000 and mPEG750-PCL1000. This 

decreased its surface area to volume ratio significantly and increased the barrier 

distance between the NP core and external aqueous phase (Alibolandi et al. 2015, 

Sharma et al. 2016). Due to these characteristics, diffusion of RSV from the NP core 

to the external phase was slower compared to mPEG750-PLA1000 and mPEG750-

PCL1000 NPs (Vassiliou et al. 2010). Table 4.9 summarises the tmax and maximum % 

cumulative amounts of RSV released from encapsulated RSV NPs. 

Table 4.9 Time points when maximum % cumulative amounts of RSV was released from 
encapsulated RSV NPs in PBS at 37°C 

Encapsulated RSV NPs 

Initial 
concentration in 

release study 
(mg/mL)a 

tmax (h) 

Maximum 
cumulative 

amounts 
released (%) 

Free RSVb ≈0.1 1.3 39.6±7.9 

RSV in mPEG750-PLA1000 NPs 0.11 2.2 52.0±1.2 

RSV in mPEG750-PCL1000 NPs 0.04 2.0 31.4±0.4 

RSV in mPEG2000-PLA1000 NPs 1.02 6.3 84.4±8.5 

aConcentration of encapsulated RSV NPs according to EE except free RSV 
bRSV stock in DMSO diluted with PBS and loaded into dialysis bag (Section 4.4.4.4) 
Data presented as mean (n=2 except RSV encapsulated in mPEG750-PLA1000 NPs where n=3) 
± SD 

 

As the release rate of RSV from various nano-sized DDS in water at 37°C (Hao et al. 

2016, Siu et al. 2018) and the degradation rate of RSV in PBS pH7.4 at 37°C was 

according to first-order kinetics (Robinson et al. 2015, Zupancic et al. 2015), the 

concentration of RSV in the encapsulated RSV NPs should be a direct proportion to 

the release and degradation rates of the NPs. It should be noted that the release 

kinetics of RSV in nanosuspensions in situ gels was found to fit a few release models 

including zero-order, first-order and Higuchi model as demonstrated by Hao et al. 

(2016) which indicated that NPs containing RSV could follow several release models. 
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From Table 4.9, the release rate of RSV from encapsulated RSV NPs, that is amount 

released over time, was correlated with the concentration of RSV in the NPs however 

we could not substantiate this when amount of RSV released started to decrease due 

to the overlapping effects of release and degradation rates of RSV from encapsulated 

RSV NPs. Nonetheless, the release profiles of encapsulated RSV NPs should not ignore 

the factors of particle size and polymer architecture which could also influence the 

stability of the NPs. When RSV diffuses into release media PBS from the dialysis bags, 

PBS diffuses into the dialysis bag due to the concentration gradient between the 

contents of the dialysis bag (encapsulated RSV NPs) and release media. Thus, the 

presence of PBS and its pH in the dialysis bag containing the encapsulated RSV NPs 

could affect the stability of the NPs. Figure 4.8 portrays the stability of encapsulated 

RSV NPs in PBS at 37°C against free RSV up to 48 hours at 37°C without the use of a 

dialysis bag. 
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Figure 4.8 Stability of encapsulated RSV NPs in PBS pH7.4 at 37°C against free RSV for 48 
hours without dialysis bag 

Data presented as mean (n=2 except free RSV where n=3) ± SD 

 

It was clear that encapsulation of RSV protected RSV from degradation as seen in 
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Sessa et al. (2014) with RSV encapsulated in mPEG750-PCL1000 giving the best 

protection due to higher crystallinity compared to mPEG-PLA NPs (Gupta et al. 2015, 

Goyal et al. 2016). Interestingly, mPEG2000-PLA1000 was less stable than mPEG750-

PLA1000 NPs despite having a higher MW and longer hydrophilic mPEG chain length 

which warrants further investigation. Although physical entrapment of RSV by 

polymeric NPs have increased the chemical stability of RSV compared to free RSV, 

degradation of the surrounding polymeric NP and subsequent release and 

degradation of RSV when exposed to physiological pH of 7.4 in the dialysis bag would 

have possibly degraded the RSV before it could be released from the dialysis bag into 

the release media for analysis. As the specific release and degradation rates were not 

studied in this project, it was difficult to discern which rate was faster at precise 

stages of the release study. Therefore, the release profiles of encapsulated RSV NPs 

in Figure 4.7 were a result of a combination of factors including the individual release 

rates of RSV from NPs followed by the degradation rate of RSV in the release media, 

the individual stability profiles of NPs which led to premature release of RSV in the 

dialysis bag, the degradation of RSV in the dialysis bag thereafter and the release and 

degradation rates of remaining RSV released into the release media. 

Using the data from the release study of encapsulated RSV NPs (Table 4.9), we could 

draw some conclusions for the release profiles of conjugated RSV NPs, in particular 

the release profiles of the free RSV component of the NPs in Table 4.8. Encapsulated 

RSV NPs using mPEG750-PLA1000 achieved a % maximum cumulative amount of RSV 

released at 2.2 hours which was similar to what was achieved by the free RSV 

component in mPEG750-PLA1000-succ-RSV NPs, however this was not the case for 

mPEG750-PLA1000-glu-RSV NPs where the % maximum cumulative amount of free 

RSV released was at 4.0 hours. This could be explained by its larger particle size 

compared to mPEG750-PLA1000-succ-RSV NPs which caused a slower diffusion of 

RSV from the NP core into the release media. The rapid release of free RSV 

component in mPEG750-PCL1000-succ-RSV NPs was similar to its encapsulated RSV 

NPs counterpart at approximately 2 hours, however, the high amounts of RSV 

released from the conjugated RSV NPs compared to the encapsulated RSV NPs was 

probably due to the minimal % w/w of free RSV possibly on the surface of the 
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conjugated RSV NPs which caused a fast release of all of the RSV in the NPs. 

Interestingly, the release of RSV from encapsulated RSV NPs made with mPEG2000-

PLA1000 (% maximum cumulative amounts of RSV achieved at 6.3 hours) was 

contradictory to the release of free RSV component in mPEG2000-PLA1000-succ-RSV 

NPs (2.0 hours) which could be due to the particle size difference of both NPs where 

the encapsulated RSV NPs was the largest (350nm) in the project and conjugated RSV 

NPs was the smallest (25nm) in the project. The smaller conjugated RSV NPs was 

more prone to water permeation and because of the shorter diffusion distance 

between the NP core to the external phase, the free RSV component was released 

much earlier than its encapsulated RSV NPs counterpart. 

4.5.3.3 Comparison of release profiles of RSV NPs 

As a general comparison, the release profiles of free RSV, RSV encapsulated in 

mPEG750-PLA1000 NPs and two conjugated RSV NPs (PEG5000-O-RSV ether 

conjugate NPs and mPEG750-PLA1000-succ-RSV ester conjugate NPs) were displayed 

in Figure 4.9. 
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Figure 4.9 Comparison of release profiles of % cumulative amounts of RSV released from free 
RSV, ester conjugated mPEG750-PLA1000-succ-RSV NPs, RSV encapsulated in mPEG750-
PLA1000 NPs and ether conjugated PEG5000-O-RSV NPs in PBS at 37°C for up to 40 hours 

Data presented as mean (n=3 except free RSV where n=2 and PEG5000-O-RSV NPs where 
n=1) ± SD where calculated 

 

Firstly, NP formulation provides a slower or sustained release of total RSV equivalent 

regardless of type, that is, encapsulation or conjugation. The release rate of RSV from 

encapsulated RSV NPs was faster and higher in % released than both conjugated RSV 

NPs due to its weaker non-covalent interaction between RSV and mPEG750-PLA1000 

whereas mPEG750-PLA1000-succ-RSV NPs and PEG5000-O-RSV NPs had stronger 

covalent bonds between RSV and their respective polymers in the RSV conjugates 

(Wang et al. 2016) and better non-covalent interaction between RSV and RSV-

polymer conjugate. The release rate was dependent on the type of polymer-RSV 

bond where the ether bond in PEG5000-O-RSV conjugate provided a much stronger 

bond than the ester bond in mPEG750-PLA1000-succ-RSV conjugate, rendering the 

PEG5000-O-RSV NPs having a longer and slower sustained release comparatively. The 

lower % cumulative amounts of total RSV equivalent released from mPEG750-

PLA1000-succ-RSV NPs and PEG5000-O-RSV NPs (<6% maximum) compared to RSV 
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encapsulated in mPEG750-PLA1000 NPs (52.0% maximum) could have significant 

tumour suppression efficacy (Luo et al. 2016b) by allowing enough time for tumour 

tissues to uptake the NPs for maximum therapeutic effect of RSV (Sessa et al. 2014). 

The longer sustained release of RSV from PEG5000-O-RSV NPs could be applied in 

vivo however the therapeutic effects of the NPs are yet to be confirmed due to the 

strong ether bond between PEG5000 and RSV and high stability of the RSV conjugate 

in PBS (Figure 4.6). 

4.5.4 Selection of suitable formulations for further in vitro and in vivo 

studies 

In order to establish the suitability of NP formulations developed in this chapter for 

further in vitro and in vivo studies, the characteristics of NPs are summarised in Table 

4.10 for blank and encapsulated RSV NPs and Table 4.11 for conjugated RSV NPs.
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Table 4.10 Summary data of novel blank and encapsulated RSV NPs using low MW polymers 

Formulation 
Particle size 

(nm) 
PDI 

Zeta 
potential 

(mV) 
EE (%) DL (%) 

Release study Stability of 
NPs in PBS at 
37°C after 24 

hours (%)b 
tmax (h) %max

a 

Free RSV NR NR NR NR NR 1.3 39.6±7.92 12.8±4.13 

Blank NPs 

mPEG750-PLA1000 239.6±12.82 0.641±0.0642 -5.3±1.63 NR NR NR ND 

mPEG750-PCL1000 107.6±3.03 0.234±0.0083 -21.3±1.93 NR NR NR ND 

mPEG2000-PLA1000 124.0±1.43 0.699±0.0233 2.2±0.53 NR NR NR ND 

Encapsulated RSV NPs 

RSV in mPEG750-PLA1000 162.2±2.93 0.062±0.0243 -11.0±0.43 95.1±0.12 8.7±0.12 2.2 52.0±1.23 36.9±1.62 

RSV in mPEG750-PCL1000 201.0±4.23 0.042±0.0383 -20.1±0.43 72.4±4.53 2.7±0.23 2.0 31.4±0.42 72.4±3.82 

RSV in mPEG2000-PLA1000 345.5±5.53 0.087±0.0743 -0.5±0.13 96.9±0.12 8.8±0.12 6.3 84.4±8.52 24.4±10.92 

Data presented as mean (n=superscript numbers) ± SD where calculated 
aMaximum % cumulative amounts of RSV released 
bData presented as % RSV remaining after NPs were in PBS pH7.4 at 37°C for 24 hours  
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Table 4.11 Summary data of novel conjugated RSV NPs made with low MW polymers conjugated to RSV and unconjugated RSV 

Formulation 
Particle size 

(nm) 
PDI 

Zeta 
potential 

(mV) 
DL (%) 

% w/w RSV 
conjugate 

in NPs 

Release study Stability of 
NPs in PBS at 
37°C after 24 

hours (%)b 
tmax (h) %max

a 

Free RSV NR NR NR NR NR 1.3 39.6±7.92 12.8±4.13 

Conjugated RSV NPs 

mPEG750-PLA1000-succ-RSV 269.0±50.23 0.317±0.0373 -2.8±1.03 40.1 63.9 3.8 4.6±0.22 33.9±1.23 

mPEG750-PLA1000-glu-RSV 356.4±13.33 0.668±0.1133 -26.6±0.63 48.1 54.8 4.0 4.5±0.42 17.0±1.22 

mPEG750-PCL1000-succ-RSV 205.0±1.93 0.196±0.0183 -34.7±3.43 9.8 99.3 2.2 28.2±0.93 92.9±0.53 

mPEG2000-PLA1000-succ-RSV 27.5±6.53 0.337±0.1703 -9.3±3.13 26.1 76.1 2.0 3.3±0.22 89.1±0.22 

PEG5000-O-RSV 579.0±85.82 0.533±0.0692 -0.2±2.32 4.3 100.0 >47.5 5.61 99.5±0.12 

Data presented as mean (n=superscript numbers) ± SD where calculated 
aMaximum % cumulative amounts of total RSV equivalent released 
bData presented as % w/w RSV conjugate remaining after NPs were in PBS pH7.4 at 37°C for 24 hours except free RSV where % RSV remaining was quoted
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Several selection criteria were utilised to choose best performing NPs for further in 

vitro and in vivo studies. Firstly, particle size should be below 250nm with low to 

moderate PDI values (<0.6) so the NPs could still preferentially accumulate in the 

tumours via the EPR effect (Mei et al. 2016). Secondly, it would be preferred that the 

NPs have high negative-charged zeta potential values (>-20mV) as NPs with negative 

charge were shown to have longer circulation time in the blood stream (Kobayashi et 

al. 2014), reduced plasma protein adsorption, aggregation of NPs in the body (Yang 

et al. 2011, Li et al. 2015b) and low rate of non-specific cellular uptake (Ye et al. 2014). 

Thirdly, a high DL of more than 10% in NPs would be beneficial in allowing a large 

dose of RSV to be administered and lastly, a sustained release of RSV with maximum 

amounts released would aid in providing a continuous supply of RSV for longer 

periods of time instead of a burst effect. 

In general, all of our NPs except RSV encapsulated in mPEG2000-PLA1000 NPs and 

mPEG750-PLA1000-glu-RSV NPs were 240nm or smaller. The presence of PEG on NP 

surfaces could prevent opsonisation, producing the ‘stealth’ effect thus increasing 

circulation time in vivo (Shalgunov et al. 2017) and also provide an additional 

stabilising effect to the electrostatic repulsion (Rachmawati et al. 2016) which high 

negative-charged zeta potential values can provide. Hence, the need for negatively-

charged NPs was not essential although desirable in our case. Apart from that, PEG-

PLA and PEG-PCL were known polymers in nano-sized DDS for cancer therapy (Biswas 

et al. 2016, Grossen et al. 2017). Low MW mPEG-PCL has also been used to release 

an anti-inflammatory drug dexamethasone efficiently, possibly maximising the drug 

bioavailability for skin disease treatment (Du et al. 2016). The use of low MW 

polymers reduced the likelihood of toxicity making it more biocompatible (Wang et 

al. 2016). The following table (Table 4.12) gives an overview of which NPs fulfilled the 

selection criteria for further in vitro and in vivo studies.  
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Table 4.12 Characteristics of novel RSV NPs against selection criteria 

RSV NPs 
Particle 

size 
Zeta 

potential 
DL 

Sustained 
release 

RSV in mPEG750-PLA1000 NPs ++ + - + 

RSV in mPEG750-PCL1000 NPs ++ ++ - - 

RSV in mPEG2000-PLA1000 NPs - - - ++ 

mPEG750-PLA1000-succ-RSV NPs + + ++ + 

mPEG750-PLA1000-glu-RSV NPs - ++ ++ + 

mPEG750-PCL1000-succ-RSV NPs ++ ++ - - 

mPEG2000-PLA1000-succ-RSV NPs ++ + + - 

PEG5000-O-RSV NPs - - - ++ 

++ fulfils criteria 
+ partially fulfils criteria 
- does not fulfil criteria 

 

Thus far, physical characteristics of mPEG750-PLA1000-succ-RSV NPs fulfilled all 

criteria and this was advantageous due to its promising PK profile established by 

Siddalingappa et al. (2015). Even though our mPEG750-PLA1000-succ-RSV NPs 

consisted of 63.9% w/w RSV conjugate rather than 100%, further in vitro studies 

would help in determining the effect of this percentage. Lee et al. (2010) 

demonstrated in vivo efficacy against subcutaneous B16-F10 melanoma tumour 

growth using PTX-loaded in low MW mPEG750-PCL2400 which displayed good 

mechanical strength and rapid sol-to-gel phase transitions. The same group showed 

in vivo efficacy when the same block copolymers were used to encapsulate DOX (Kang 

et al. 2011). In our observations, encapsulated mPEG750-PCL1000 NPs displayed 

similar sol-to-gel characteristics and this warranted further investigation into its pre-

clinical application. Although the encapsulated and conjugated mPEG750-PCL1000 

NPs exceeded the criteria for particle size and zeta potential, they did not provide 

high DL or sustained release (Table 4.12). It was unfortunate as the conjugated 

mPEG750-PCL1000-succ-RSV NPs composed of the highest % w/w RSV conjugate 

(99.3%) in the NPs compared to the other ester conjugated RSV NPs and would have 

been a good comparison with other ester conjugated RSV NPs where there were high % 
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of free RSV in the NPs. The other two ester conjugated RSV NPs, mPEG750-PLA1000-

glu-RSV NPs and mPEG2000-PLA1000-succ-RSV NPs fulfilled three out of four criteria 

but mPEG2000-PLA1000-succ-RSV NPs did not provide a sustained release of RSV 

equivalent which was more important than the unfulfilled particle size criteria by 

mPEG750-PLA1000-glu-RSV NPs. Despite being very stable and having a long-

sustained release of RSV, PEG5000-O-RSV NPs did not have the right physical 

attributes for further in vitro and in vivo studies. Despite unfavourable physical 

attributes of encapsulated RSV NPs, the encapsulated RSV NPs would be used as a 

comparison with the conjugated RSV NPs to assess the benefits of conjugation over 

encapsulation. 

4.6 Conclusion 

This chapter was to develop novel nano-sized NPs by physical entrapment of RSV into 

low MW polymeric NPs (encapsulated RSV NPs) and by using low MW polymeric RSV 

conjugates with encapsulated free RSV (conjugated RSV NPs). Encapsulated RSV NPs 

were of good particle size and distribution albeit with low zeta potential values, 

however, this was not expected to have impact on the physical stability of NPs due 

to the presence of PVA and mPEG on the NP surface. The release profiles were not 

significantly improved from free RSV with physical encapsulation but RSV was 

protected from degradation to a certain extent in PBS at 37°C. Conjugation of RSV 

vastly improved the ease of developing NPs with good particle size and distribution 

along with excellent zeta potential values which boded well for in vivo stability and 

circulation. We established that conjugation of RSV produced NPs with higher DL than 

encapsulated RSV NPs while maintaining nano-sized particles. Conjugated RSV NPs 

also either produced a sustained release profile and prevented an initial burst release 

of RSV seen in encapsulated RSV NPs. The covalent bond between RSV and polymers 

provided better stability profiles for RSV in PBS at 37°C and a sustained release of RSV. 

As the physico-chemical characteristics of NPs affect their in vitro and in vivo 

properties (Li et al. 2017b), all encapsulated and conjugated RSV NPs will undergo in 

vitro stability evaluations in rat plasma and HLM which would allow us to select 

candidates for anticancer activity assessments and other biological assessments.  



 

158 

CHAPTER 5. BIOLOGICAL EVALUATION OF 
ENCAPSULATED AND CONJUGATED RESVERATROL 

NANOPARTICLES 

5.1 Introduction 

During the drug product development process, various in vitro and in vivo methods 

have been used to determine the therapeutic properties of the drug formulation 

before clinical trials in humans (Tillement et al. 2007). Depending on its 

administration route and pharmacological purpose, drugs were selected based on 

their pharmacodynamic (PD) and PK properties (Chung et al. 2015). In vitro stability 

of a drug in rat plasma indicated a drug formulation was less affected by enzymes like 

esterases in plasma which could imply better in vivo bioavailability for therapeutic 

effect (Chung et al. 2015). RSV was known to be rapidly metabolised via hepatic 

enzymes in vivo which decreased its bioavailability and therapeutic efficacy 

(Iwuchukwu et al. 2008). Despite these bioavailability limitations, RSV is a natural 

polyphenol which suppresses the proliferation of cancer cells through several 

mechanisms including inhibition of angiogenesis, induction of apoptosis and cell cycle 

arrest (Csiszar et al. 2015, Dun et al. 2015, Lee et al. 2015, Meng et al. 2016). RSV has 

been proven by various research groups to induce and/or enhance apoptosis which 

led to cell death (Kundu et al. 2008) in melanoma cell lines such as murine melanoma 

B16-F10 (Guan et al. 2012, Lee-Chang et al. 2013), human melanoma SK-Mel-5 (Fang 

et al. 2013), human melanoma SK-Mel-28 and A375 (Niles et al. 2003) and DOX-

resistant murine B16 melanoma cells (Gatouillat et al. 2010). The effectiveness of RSV 

as an anticancer therapeutic drug was further seen in several rodent cancer models 

(Jang 1997, Bhattacharya et al. 2011, Lee et al. 2012b, Lee-Chang et al. 2013, Park et 

al. 2015). Unfortunately, this effectiveness was only significant when very high doses 

of RSV were used which were not clinically feasible and caused renal toxicity as 

suggested by Popat et al. (2013) in a Phase II clinical study in human patients with 

multiple myeloma given 5g of RSV daily for almost a year. 

The need for high doses was due to the low bioavailability and rapid metabolism of 

RSV in vivo (Lee-Chang et al. 2013, Poulsen et al. 2013, Chinembiri et al. 2014). 
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Evidence of its low bioavailability was shown in humans with nearly no native RSV 

detectable in blood plasma after oral consumption (Walle 2011, Singh et al. 2014a). 

Elimination t1/2 values of RSV administered IV in rats and humans were found to be 

11.4 hours and 17.2 hours, respectively (Walle et al. 2004, Li et al. 2017c). 

Nanotechnology has been employed as a strategy to enhance the bioavailability of 

RSV and/or decrease its metabolism rate in the body (Wang et al. 2014, Summerlin 

et al. 2015, Weiskirchen et al. 2016). Nanotechnological DDS of RSV were also 

developed to increase cytotoxicity of RSV in cancer cell lines. Many of these research 

claimed that the DDS have allowed an increase of cellular uptake of RSV (Guo et al. 

2013, Sanna et al. 2013), protection of RSV before it reaches target site (Lu et al. 2013, 

Sessa et al. 2014) and overcome the issue of poor solubility of RSV (Ansari et al. 2011, 

Lee et al. 2012a, Bolko et al. 2014) which led to increased therapeutic activity of RSV 

in vivo. Pandita et al. (2014) showed RSV encapsulated in SLNs increased the oral 

bioavailability of RSV in Wistar rats. Bu et al. (2013) showed RSV in chitosan NPs 

extended the residence time of RSV in blood in a PK study in rats. Conjugation of RSV 

to polymers were also shown to decrease metabolism of RSV in vitro and found to 

enhance the bioavailability of RSV in vivo. Siddalingappa et al. (2015) showed an 

enhanced in vivo bioavailability of RSV conjugated with mPEG750-PLA1000 via 

succinate linker and RSV conjugated to PEG5000 via ether bond NPs administered IV 

in rats at 2mg/kg where in vivo t1/2 was 1.7h and 5.3h, respectively (RSV t1/2 1.4h, 

10mg/kg). Both compounds demonstrated stability against rat microsomal enzymes 

after incubation for 1h at 37°C whereas RSV was fully metabolised within 10min. The 

ester conjugate NPs also showed enhanced stability in rat plasma where t1/2 was 3h 

compared to RSV (t1/2 0.1h). Thus, the combination of conjugation of RSV and 

nanotechnology could decrease metabolism rate and enhance bioavailability of RSV 

which will then increase the therapeutic effect of RSV in vivo. 

RSV encapsulated in mPEG-PLA NPs showed enhanced cytotoxicity and apoptosis in 

glioma cell lines which was then translated to increased survival and better tumour 

growth inhibition in mice models at 15mg/kg RSV injected IV every 48 hours for 14 

days (Guo et al. 2013). Similarly, Jung et al. (2015) showed encapsulation of RSV in 

mPEG-PLA NPs showed better cytotoxicity and apoptosis properties than RSV and 
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these properties were further demonstrated in colon cancer mice models where 

100mg/kg RSV was administrated IV twice daily for 21 days. RSV encapsulated in high 

MW PCL nanocapsules showed improved cytotoxicity in B16-F10 cell lines when 

compared to free RSV (Carletto et al. 2016). These nanocapsules were injected at 

5mg/kg IP daily for 10 days and decreased tumour volumes in B16-F10 tumour 

models with enhanced apoptosis and necrosis histological properties indicating a 

good prognosis for cancer patients. Despite these promising anticancer effects in 

vitro and in vivo, most research of RSV in melanoma model were found to be 

contradictory where RSV was sometimes found to be cytotoxic in vitro but not in vivo 

(Niles et al. 2006, Osmond et al. 2012, Lee-Chang et al. 2013, Osmond et al. 2013). 

This again could be attributed to the rapid metabolism and lack of bioavailability of 

RSV in vivo which effectively reduced the drug level at the target cells (Singh et al. 

2015, Tou 2015). In the case of a drug which is prone to plasma degradation and/or 

liver metabolism, the in vitro cell culture data will not be able to reflect the trend/data 

obtained from in vivo studies using animals. For example, Liu et al. (2015) depicted 

that conjugated pterostilbene with PEG was less cytotoxic than native pterostilbene 

in in vitro Lewis lung carcinoma (LLC) cell assays but showed significant tumour 

growth suppression in a subcutaneous implanted LLC C57BL/6 mouse model. Asensi 

et al. (2002) and Stakleff et al. (2012) highlighted the lack of correlation between and 

reliability of in vitro and in vivo data which potentially could undermine the potential 

therapeutic effects of RSV due to the fact that all in vitro studies focused on a 

particular cell-related drug mechanism and not the holistic biological processes to 

which a drug would be exposed to in the body. In addition, the hormetic nature of 

RSV could affect its biological effects when administered in much larger doses in vivo 

compared to the small doses in vitro (Scott et al. 2012). This further emphasises the 

importance of carrying out both in vitro and in vivo biological evaluations on drug 

formulations, in particular RSV formulations, to study the full extent of the 

effectiveness of the formulations. 

In Chapter 4, we have developed novel nano-sized formulations using 

nanotechnology to formulate both free RSV NPs (encapsulated RSV NPs) and 

conjugated RSV synthesised in chapter 2 together with free RSV (conjugated RSV NPs) 
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using low MW amphiphilic PEGylated copolymers. We have seen in the previous 

chapter the superior characteristics of conjugated RSV NPs in sustained release and 

formulation physical attributes over encapsulated RSV NPs. In order to further 

differentiate and understand the effectiveness of these two different formulation 

strategies, the in vitro and in vivo stability and therapeutic effect needs to be 

addressed. In vitro assays employed in this chapter could describe the stability and 

therapeutic effectiveness of formulations in an isolated environment, however, an in 

vivo model will enable us to evaluate the effectiveness of the formulations in a 

holistic environment where various biological factors affect the efficacy of a 

formulation. This would be particularly useful in differentiating the two formulation 

strategies, that is encapsulation and conjugation, for possibly improving the 

bioavailability of RSV in vivo by stabilising RSV against plasma enzymes and liver 

metabolism. 

5.2 Aim 

The aim of this chapter was to evaluate the biological activities of RSV formulations 

(encapsulated and conjugated RSV NPs developed in Chapter 4) in vitro for plasma 

stability and liver metabolism followed by in vitro cell culture assessment using B16-

F10 melanoma cells. One set each of encapsulated and conjugated RSV NPs was then 

selected and assessed in vivo using a mouse melanoma model. The following flow 

chart summarises the studies carried out on RSV NPs. 

 

Figure 5.1 Flow chart of biological evaluations carried out on encapsulated and conjugated 
RSV NPs developed in Chapter 4 

 

Firstly, stability of all RSV NPs in rat plasma and HLM were assessed and compared. 

NPs which were found capable of improving the stability of RSV in vitro were then 
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•Anticancer 
activity
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used to assess their anti-proliferative effect on B16-F10 melanoma cells. One 

encapsulated RSV NPs and one conjugated RSV NPs were elected to be tested for 

their apoptosis effect in B16-F10 melanoma cells and for their cytotoxicity in non-

cancerous NIH/3T3 fibroblast cells. The NPs were then evaluated for in vivo efficacy 

via two administration routes, IT and IP, in a melanoma mouse model established by 

C57BL/6J male mice with subcutaneously implanted B16-F10 cells. 

5.3 Materials 

Materials used throughout this chapter included 0.01M PBS solution and molecular 

biology grade DMSO purchased from Sigma-Aldrich (NSW, Australia). 

Stability of RSV NPs against plasma esterases was assessed using outbred rat plasma. 

Rat plasma was stored at -20°C in 1mL aliquots to avoid freeze-thaw cycle effects. 

HLM was a Gibco® 50-donor pool mix purchased from Life Technologies Pty Ltd (VIC, 

Australia; cat# HMMCPL) and used as is. UDPGA (98-100%; cat# U6751-25MG), 

alamethicin from Trichoderma viride (≥98%; cat# A4665-5MG), magnesium chloride 

MgCl2 (>98%; cat# M8266-100G) and Trizma® base (≥99.9%; cat# T4661-100G) for 

Tris buffer was purchased from Sigma-Aldrich (NSW, Australia). Tris buffer (100mM) 

was prepared as per manufacturer’s instructions and used to dissolve UDPGA, 

alamethicin and MgCl2 to concentrations of 50mM, 0.25mg/mL and 10mM, 

respectively. CGM was a combination of 500mL high glucose Dulbecco's Modified 

Eagle's Medium (DMEM) (Sigma-Aldrich: NSW, Australia; cat# D5671-500ML) 

supplemented with 50mL Serana® foetal bovine serum (FBS) (Fisher Biotec: WA, 

Australia; cat# S-FBS-AU-015), 5mL of 200mM L-glutamine solution (Sigma-Aldrich: 

NSW, Australia, cat# G7513-20ML) and 5mL of penicillin-streptomycin solution with 

10,000 units/mL of penicillin and 10mg/mL streptomycin (Sigma-Aldrich: NSW, 

Australia; cat# P4333-20ML). 

General cell culture used a Gibco® TrypLE™ Express (Life Technologies Australia Pty 

Ltd: VIC, Australia; cat# 12604-021), various Greiner Bio-One conical tube volumes 

(Interpath Services Pty Ltd: VIC, Australia), MTT (≥97.5%, cat# M5655-1G), 0.4% w/v 

trypan blue (Sigma-Aldrich: NSW, Australia; cat# T6146-25G) in PBS and 2mL Greiner 

Bio-One Cryo.s™ cryopreservation vial (Interpath Services Pty Ltd: VIC, Australia). To 
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prepare for our apoptosis assays, a 50µg/mL propidium iodide (PI, ≥94.0%; cat# 

P4170-25MG) (Sigma-Aldrich: NSW, Australia) solution in PBS was prepared. The 

Annexin binding buffer (1×) was prepared using 10mM 4-(2-Hydroxyethyl)piperazine-

1-ethanesulfonic acid (HEPES, ≥99.5%, cat# H3375-100G) buffer, 140mM sodium 

chloride (≥99%; cat# S9888-500G) and 2.5mM calcium chloride (≥97%; cat# C4901-

100G) in water, adjusted to pH7.4, sterilised by autoclave and stored at 4°C when not 

in use. All components for the binding buffer were purchased from Sigma-Aldrich 

(NSW, Australia). A BD PharmingenTM Annexin V-fluorescein isothiocyanate (V-FITC) 

(BD Biosciences: NSW, Australia; cat# 556419) was used as is and kept in the dark at 

4°C when not in use. 5µL of Annexin V-FITC optimally stains approximately 100,000 

cells as per manufacturer’s documentation but was optimised according to B16-F10 

cells and flow cytometer used prior to experiments. Tumour growth evaluation 

specifically used Hanks’ balanced salt solution (HBSS, 10×; cat# H6648) and HPCD 

from Sigma-Aldrich (NSW, Australia). HPCD was prepared in PBS as described. 

PathClear® Cultrex® Basement Membrane Extract (BME) from In Vitro Technologies 

Pty Ltd (WA, Australia; cat# RDS343200501P) was used as is. 

5.4 Methodology 

5.4.1 Stability of RSV formulations in rat plasma 

The stability of RSV formulations in rat plasma was assessed using the methodology 

by Siddalingappa et al. (2015). Briefly, 50mg/mL of final conjugated RSV product 

synthesised in Chapter 2 was prepared as conjugated RSV NPs as per Section 4.4.1 

and diluted 1:4 with defrosted rat plasma to a final concentration of 10mg/mL. 

50mg/mL of conjugated RSV NPs were also diluted 1:4 with MQ to 10mg/mL as 

controls. As a comparison, 2mg/mL final concentration of free RSV was prepared in 

rat plasma from freshly prepared 10mg/mL RSV in DMSO. After dilution, 50µL 

aliquots were placed into 1.5mL centrifuge tubes, sealed and incubated in the dark in 

a hot water bath at 37°C. At varying time intervals, one aliquot was removed at each 

time point and 450µL of cold ACN (1:9 dilution) was added to precipitate the plasma 

proteins. The sample was then centrifuged at 10,000g for 5 minutes at 4°C in a 5415R 

Eppendorf® microcentrifuge and the supernatant was diluted with 50:50 v/v ACN:MQ 
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to an appropriate concentration for HPLC gradient analysis (Section 3.4.2.2). 

Experiments were carried out in minimum of duplicates and the data was presented 

as percentage total RSV equivalent remaining over time. For encapsulated RSV NPs, 

NPs prepared as per Section 4.4.3 were diluted 1:4 with defrosted rat plasma to final 

concentrations between 10µg/mL to 20µg/mL depends on EE of NPs. Free RSV 

controls diluted in rat plasma from 1mg/mL RSV in DMSO to concentrations of 

40µg/mL were used as comparisons. Samples were aliquoted and processed similarly 

to what was done with conjugated RSV NPs and data was presented as percentage 

RSV remaining over time after analysis with HPLC isocratic method as per Section 

3.4.3. Plasma stability data was analysed by GraphPad Prism version 7.0.3 for 

Windows software (GraphPad Software: CA, USA) using a non-linear regression 

analysis of a one-phase decay model for plasma t1/2. 

5.4.2 Stability of RSV formulations in human liver microsomes (HLM) 

Stability of RSV formulations in HLM was assessed for phase II metabolism with the 

enzyme co-factor UDPGA using Life Technologies Pty Ltd protocols (Life Technologies 

Pty Ltd 2015) with slight modifications. 5µL human microsomes (1mg/mL final protein 

concentration), 2µL alamethicin (5µg/mg protein final concentration), 10µL MgCl2 

(1mM final concentration) and 63µL 100mM Tris buffer was pre-incubated in ice for 

1 hour to allow for microsomal pore opening by alamethicin. 10µL of 5mg/mL 

conjugated RSV NPs prepared as per Section 4.4.1 were then added to obtain final 

concentrations of 500µg/mL NPs whereas 10µL encapsulated RSV NPs were added to 

obtain final concentrations of 0.2 to 2.5µg/mL RSV depending on EE of NPs. Assays 

were incubated at 37°C in the dark for a further 5 minutes. The metabolic reaction 

was initiated by adding 10µL of UDPGA (final concentration of 5mM). Aliquots of 20µL 

were separated into 0.5mL centrifuge tubes, sealed and kept in the dark at 37°C. At 

time intervals of up to 1 hour, one aliquot per time point was removed and proteins 

were precipitated by adding 80µL cold ACN (1:4 dilution). The sample was then 

centrifuged at 10,000g for 5 minutes at 4°C in a microcentrifuge and the supernatant 

was diluted with 50:50 v/v ACN:MQ to an appropriate concentration for HPLC 

analysis as per Section 3.4.2.2 (for conjugated RSV NPs) and Section 3.4.3 (for 

encapsulated RSV NPs). As a comparison, a final concentration of 300µg/mL RSV in 
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HLM was used. Experimental controls at comparable concentrations with each RSV 

NPs were employed in each experiment replicate as follows: 

1) Test assay without UDPGA (negative control) 

2) Test assay without test article (blank control) 

3) Test assay without HLM and UDPGA (control) 

A final reaction volume of 100µL was maintained by substituting omitted components 

with 100mM Tris buffer. The experiment was carried out in minimum of duplicates 

and the data was plotted as percentage total RSV equivalent or RSV remaining against 

time. Data was analysed using the first-order equation for microsomal t1/2. 

5.4.3 Stability of RSV formulations in complete growth media (CGM) 

Stability of RSV formulations was assessed in CGM used for in vitro cell culture studies. 

5mg/mL conjugated RSV NPs prepared as per Section 4.4.1 were diluted 1:9 with 

CGM to 500µg/mL. 20µL aliquots were maintained in sealed 0.5mL centrifuge tubes 

in the dark at 37°C for up to 48 hours. At 0.02, 24 and 48 hours, one aliquot was 

removed and 180µL cold ACN (1:9 dilution) was added to precipitate any proteins. 

The sample was then centrifuged at 10,000g for 5 minutes at 4°C in a microcentrifuge 

and the supernatant was diluted with 50:50 v/v ACN:MQ to an appropriate 

concentration for analysis using HPLC gradient method as per Section 3.4.2.2 and 

presented as percentage of total RSV equivalent remaining. Encapsulated RSV NPs 

prepared as per Section 4.4.3 were diluted with CGM to final RSV concentrations of 

20µg/mL and treated similarly to that of conjugated RSV NPs. Analyses were done 

using HPLC isocratic method as per Section 3.4.3 and presented as percentage of RSV 

remaining. As a control, 20µg/mL free RSV was diluted in CGM from 1mg/mL RSV in 

DMSO. 

5.4.4 Cell cultures 

Two mouse cell lines were used in this project, that is B16-F10 melanoma cells and 

NIH/3T3 fibroblast cells. Culturing details of both cell lines were detailed in Table 5.1. 

Cell morphology and growth were monitored using an Eclipse TS100 light microscope 

(Nikon Instruments Inc.: Tokyo, Japan) and imaged using a DS-Fi2 digital camera with 
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a DS-L3 controller (Nikon Instruments Inc.: Tokyo, Japan). Cell culture procedures 

were carried out in GELAIRE® Ultrasafe Class II biological safety cabinets (Gelaire Pty 

Ltd: NSW, Australia) with aseptic working techniques and centrifugation was 

performed using an Allegra® X-12 centrifuge (Beckman Coulter Pty Ltd: NSW, 

Australia) and incubation was in a NuAire CO2 incubator (In Vitro Technologies: VIC, 

Australia) at 37°C with 5% CO2 and 95% humidified air unless specified otherwise. See 

Appendix 7.11 for details on basic cell culture techniques used. All procedures were 

carried out in a Physical Containment II (PC2) facility at the Curtin Health and 

Innovation Research Institute (CHIRI) at Curtin University (Perth, Australia). 

Table 5.1 Culturing details for B16-F10 and NIH/3T3 cell lines for biological in vitro evaluation 

 B16-F10 NIH/3T3 

Cell type Mouse melanoma Mouse fibroblast 

Origin 
American Type Culture Collection® (ATCC®) 

(Virginia, USA) 

Product code ATCC® CRL-6475™ ATCC® CRL-1658™ 

Passage number used 5-20 10-20 

Culturing flasks (medium 
volume)* 

T25: 25cm2 Nunc™ EasYFlask™ (5-7mL) 
T75: 75cm2 Nunc™ EasYFlask™ (20-25mL) 

Experimental 
culturing plates 

(medium 
volume)* 

Cytotoxicity 
Nunc™ MicroWell™ 96-Well microplate (100µL 
per well) 

Apoptosis Nunc™ 6-well plate (1mL per well) 

CGM 

Medium 500mL high glucose DMEM 

Serum 50mL Serana® FBS 

Supplements 

5mL of 200mM L-glutamine solution 
5mL of penicillin-streptomycin solution 
(10,000 units/mL of penicillin and 10mg/mL 
streptomycin) 

*All culturing flasks and plates were purchased from Life Technologies Australia Pty Ltd (VIC, 
Australia) 

 

5.4.5 Dose and incubation time response of free RSV in B16-F10 cells 

A quantitative and colorimetric MTT assay was used to assess the IC50 (half-maximal 
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inhibitory concentration) of free RSV and the most effective incubation time in B16-

F10 cells. B16-F10 cells were seeded at 2000 cells per well in quadruplet for each 

variable and allowed to adhere in a humidified atmosphere with 5% CO2 at 37°C. After 

24 hours, media was removed by aspiration and cells in each well were treated with 

100µL of 0, 5, 10, 20, 50, 80 and 100µg/mL free RSV freshly prepared in CGM. The 

plates were incubated for 24 and 48 hours. At the end of the treatments, media was 

removed by aspiration and 100µL of filter-sterilised 1mg/mL MTT prepared in PBS 

was added to each well. The plates were incubated at 37°C covered in foil for a further 

2 hours to allow cleavage of the yellow MTT salt to the insoluble purple formazan 

crystals by the mitochondrial dehydrogenase of viable cells (Riss et al. 2013), after 

which the well contents were aspirated and replaced with 100µL molecular grade 

DMSO and incubated at 37°C covered in foil for 15 minutes to allow solubilization of 

the formazan crystals. Absorbance of the formazan crystals was read at 570nm using 

an EnSpire® multimode plate reader (Perkin Elmer: Waltham, USA) with pre-set 

shaking of 20 seconds prior to readings. 

To prepare test articles, a 50mg/mL RSV was prepared in DMSO to be used as stock 

solution and kept at -20°C for a maximum of one week. To decrease the amount of 

DMSO present in the assay due to its toxicity (Timm et al. 2013), thawed 50mg/mL 

RSV was diluted with CGM to 1mg/mL RSV which was then diluted further to 5 to 

100µg/mL RSV with CGM. Blank control (0µg/mL RSV) was DMSO diluted with CGM 

equivalent to the highest DMSO concentration cells were exposed to, which was 0.2% 

(v/v). All test articles were freshly prepared to avoid possible chemical degradation 

effects and contamination in cell culture. 

Assays were carried out in duplicates of assay plates, and results were expressed as 

a percentage of viable cells, with 100% representing control cells. IC50 of RSV after 24-

hour and 48-hour treatment was determined at the concentration where viable cells 

decreased by approximately 50%. A practical and suitable concentration and 

incubation time for further assays was chosen based on the results obtained which 

will be explained in Section 5.5.4. 
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5.4.6 Anticancer effect of RSV formulations in B16-F10 cells 

Following the dose response evaluation of free RSV, IC50 of RSV was between 10 and 

20µg/mL after a 48-hour treatment whereas a 24-hour treatment produced an IC50 

between 20 and 50µg/mL. We have chosen 10 and 20µg/mL as our treatment 

concentrations and 48 hours as our treatment period due to the lower concentration 

necessary to inhibit 50% of B16-F10 cells after a 48-hour treatment. 

Similarly, anticancer effect of RSV formulations in B16-F10 cells was assessed using 

the MTT assay used in the previous section (Section 5.4.5). Briefly, B16-F10 cells were 

seeded at 2000 cells per well in quadruplet for each variable and allowed to adhere 

in a humidified atmosphere with 5% CO2 at 37°C. After 24 hours, media was removed 

by aspiration and cells in each well were treated for 48 hours with 100µL of 0, 10 and 

20µg/mL RSV equivalent concentrations of RSV formulations freshly prepared in CGM 

and 100µL of 0, 10 and 20µg/mL free RSV prepared as per Section 5.4.5 as controls. 

Table 5.2 lists the RSV formulations tested and details the preparation of blank 

control (0µg/mL RSV) test articles, which were same as per medium used in NP 

dispersion. 

Table 5.2 Preparation of blank controls for the study of anticancer effect of RSV formulations 
in B16-F10 cells 

RSV formulationa Blank controlb 

RSV encapsulated in mPEG750-PLA1000 NPs Water diluted with CGM 

RSV encapsulated in mPEG750-PCL1000 NPs 0.6% PVA diluted with CGM 

RSV encapsulated in mPEG2000-PLA1000 NPs 0.6% PVA diluted with CGM 

mPEG750-PLA1000-succ-RSV NPs 0.6% PVA diluted with CGM 

mPEG750-PLA1000-glu-RSV NPs Water diluted with CGM 

mPEG750-PCL1000-succ-RSV NPs Water diluted with CGM 

mPEG2000-PLA1000-succ-RSV NPs Water diluted with CGM 

PEG5000-O-RSV NPs Water diluted with CGM 

aprepared as per Sections 4.4.1 and 4.4.3 
bDilution used was same dilution factor used when preparing 20µg/mL test articles in CGM 

 

In addition, blank encapsulated NPs were used as controls alongside their 
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corresponding encapsulated RSV NPs listed in Table 5.2. The NPs were prepared as 

per Section 4.4.3 and listed below: 

1) Blank mPEG750-PLA1000 NPs 

2) Blank mPEG750-PCL1000 NPs 

3) Blank mPEG2000-PLA1000 NPs 

Blank encapsulated NPs were prepared similarly to corresponding encapsulated NPs 

as per Table 5.2 without RSV. In general, one type of encapsulated RSV NPs and its 

corresponding blank NPs and free RSV controls were plated in one 96-well plate 

whereas two or three conjugated RSV NPs and a free RSV control were able to fit in 

one 96-well plate. At the end of the treatment (48 hours), media was removed by 

aspiration and 100µL of filter-sterilised 1mg/mL MTT prepared in PBS was added to 

each well. The plates were incubated for a further 2 hours after which the well 

contents were aspirated and replaced with 100µL molecular grade DMSO and 

incubated at 37°C covered in foil for 15 minutes. Absorbance of the formazan crystals 

was read at 570nm using an EnSpire® multimode plate reader with pre-set shaking of 

20 seconds prior to readings. Assays were carried out in triplicate assay plates and 

results were expressed as a percentage of viable cells, with 100% representing 

control cells. 

5.4.7 Cytotoxicity of selected RSV formulations in NIH/3T3 cells 

Murine fibroblast NIH/3T3 cells were used as a representative of non-cancerous cells 

to assess the cytotoxicity of free RSV and selected RSV formulations to ensure 

formulations were not producing toxicity effect in vivo. The choice of one conjugated 

and one encapsulated RSV NPs was made based on their anticancer effects. The 

cytotoxicity was evaluated using the MTT cell viability assay detailed in Sections 5.4.5. 

Briefly, NIH/3T3 cells were seeded at 2000 cells per well in quadruplet for each 

variable and allowed to adhere in a humidified atmosphere with 5% CO2 at 37°C. After 

24 hours, media was removed by aspiration and cells in each well were treated for 

48 hours with 100µL of 0, 10 and 20µg/mL RSV equivalent concentrations of 

conjugated mPEG750-PLA1000-succ-RSV NPs and RSV encapsulated in mPEG750-

PLA1000 NPs freshly prepared in CGM as per Section 5.4.6 and 100µL of 0, 10 and 
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20µg/mL free RSV prepared in CGM as per Section 5.4.5. At the end of the treatment, 

media was removed by aspiration and 100µL of filter-sterilised 1mg/mL MTT 

prepared in PBS was added to each well. The plates were incubated for a further 2 

hours after which the well contents were aspirated and replaced with 100µL 

molecular grade DMSO and incubated for further 15 minutes. Absorbance of the 

formazan crystals was read at 570 nm using an EnSpire® multimode plate reader with 

pre-set shaking of 20 seconds prior to readings. Assays were carried out in duplicate 

assay plates and results were expressed as a percentage of viable cells, with 100% 

representing control cells. 

5.4.8 Apoptosis evaluation of selected RSV formulations in B16-F10 cells 

by flow cytometry 

Flow cytometric analysis for apoptosis in B16-F10 cells was assessed using a double 

Annexin V-FITC and PI staining in cells. Gating strategies of apoptosis assays can be 

found in Appendix 7.15. Apoptotic cells were characterised by translocated 

phosphatidylserine molecules to the outer cell membrane which allowed for the 

binding of Annexin V and due to the lack of integrity in the cell membrane of necrotic 

cells, PI would permeate into the nucleus and bind to nucleic acid within (Alkan et al. 

2014). Free RSV, conjugated mPEG750-PLA1000-succ-RSV NPs and RSV encapsulated 

in mPEG750-PLA1000 NPs were assessed for apoptosis in B16-F10 cells at RSV 

equivalent concentrations of 20µg/mL and 50µg/mL for 24 hours and 48 hours. A 

higher concentration of 50µg/mL which produced a higher anti-proliferative effect in 

B16-F10 cells (discussed in Section 5.5.4) was used to compare with the apoptotic 

and necrotic effects observed in 20µg/mL RSV formulations. Two treatment periods 

were also selected for the purpose of comparison. 

In order to obtain sufficient events for quantification, large number of cells were 

needed and hence, 6-well plates were used to seed 250,000 cells per well and allowed 

to adhere. After 24 hours, media was removed and cells in each well were treated for 

24 hours or 48 hours with 1mL of 20µg/mL and 50µg/mL RSV equivalent 

concentrations of free RSV freshly prepared as per Section 5.4.5 and two RSV 

formulations freshly prepared in CGM, namely conjugated mPEG750-PLA1000-succ-
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RSV NPs and RSV encapsulated in mPEG750-PLA1000 NPs as per Section 5.4.6. At the 

end of specified treatment periods, individual well contents were aspirated and kept 

in separate centrifuge tubes for each well. Cells were trypsinised, collected and added 

to corresponding centrifuge tubes. Wells were then washed twice with ice-cold PBS 

and aspirated into corresponding centrifuge tubes. Cells and washings were pelleted 

by centrifugation at 930g for 5 minutes at RT. The dark-coloured cell pellet was 

resuspended in 1mL Annexin binding buffer and maintained on ice. 10µL Annexin V-

FITC was added to the cell suspension followed by 5µL 50µg/mL PI solution and 

incubated on ice for 15 minutes in the dark. Suspensions were further added with 

400µL of binding buffer and analysed within 4 hours while kept on ice in the dark 

throughout. Ten thousand events were collected with a FACSCantoTM II flow 

cytometer (BD Biosciences: NSW, Australia) using standard optics to detect FITC and 

PI. Data was analysed using FlowJo 10.4 software (FlowJo, LLC: OR, USA). 

5.4.9 Evaluation of RSV formulations in in vivo cancer model 

5.4.9.1 Preparation of RSV formulations test and control articles 

Conjugated mPEG750-PLA1000-succ-RSV NPs and RSV encapsulated in mPEG750-

PLA1000 NPs were selected for anticancer evaluation in a C57BL/6J mouse model 

with a subcutaneous B16-F10 tumour. Various controls were appointed and listed as 

follows: 

1) 20% w/v HPCD in PBS 

2) Free RSV in 20% w/v HPCD in PBS 

3) 100mg/mL mPEG750-PLA1000 polymer dissolved in PBS 

4) Blank mPEG750-PLA1000 NPs 

This section will describe the preparation methods for each formulation and control 

for in vivo studies. mPEG750-PLA1000-succ-RSV NPs were prepared as per Section 

4.4.1 in concentration ranges of approximately 5.8 to 6.65mg/mL final product 

synthesised in Chapter 2 which resulted in concentrations of 5.0 to 5.7mg/mL total 

RSV equivalent. 

Both RSV encapsulated in mPEG750-PLA1000 NPs and blank mPEG750-PLA1000 NPs 

were prepared as per Section 4.4.3.1. Due to the low DL and high dose required for 
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in vivo experiments, encapsulated RSV NPs were prepared in multiples of 2 or 3, 

combined and concentrated to allow for higher dose injections. To concentrate the 

NPs, the NPs were pelleted using an Avanti-JE centrifuge fitted with a JA-20 rotor 

(Beckman Coulter: CA, USA) at 15,000g for 20 minutes at 5°C. The supernatant was 

used to determine the total amount of RSV in the NP pellet as per Section 4.4.4.2 and 

then, with the supernatant discarded, the pellet was redispersed in MQ followed by 

15 minutes in an ultrasonic water bath to concentrations of 5.0 to 5.7mg/mL RSV. 

The blank NPs were pelleted and redispersed with the same volume of MQ used to 

redisperse the encapsulated NPs which produced about 60mg/mL mPEG750-

PLA1000. RSV formulations were prepared fresh on each treatment day to maintain 

sterility. 

20% w/v HPCD in PBS and 100mg/mL mPEG750-PLA1000 polymer was prepared, 

filter-sterilised and kept in a sterile environment at 4°C for a maximum of 10 days. 5 

to 5.7mg/mL free RSV in 20% HPCD was freshly prepared each treatment, filter-

sterilised and kept in a sterile vial covered with aluminium foil to prevent RSV 

degradation by light. 

5.4.9.2 Preparation of B16-F10 cells for subcutaneous tumour inoculation in 

animals 

B16-F10 cells were prepared according to Overwijk et al. (2001) for subcutaneous 

tumour inoculation in C57BL/6J mice. B16-F10 cells were cultured into a 175cm2 

Nunc™ EasYFlask™ (T175) with a CGM volume of 30-35mL. When exponentially 

growing cells were at approximately 45-50% confluency, cells were detached from 

flasks with 5mL cold Gibco® TrypLE™ Express and vigorously pipetted to obtain a 

suspension of single cells. 20mL of CGM was added to halt the trypsinisation and cells 

were then transferred into a 50mL Greiner Bio-One conical tube and centrifuged at 

930g for 5 minutes at RT to pellet the cells. The supernatant was decanted and the 

dark-coloured pellet was resuspended in 1mL ice-cold HBSS and kept on ice while 

20µL of the suspension was used for cell counting using a haemocytometer as per 

Appendix 7.11.1. The number of cells were then adjusted using ice-cold HBSS to a 

final concentration of 2.5×105 cells in 25µL HBSS per mouse. An equivalent volume of 

PathClear® Cultrex® BME was added for better support for tumour growth in vivo 
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(Fliedner et al. 2016) to produce a final cell concentration of 1.25×105 cells in 50µL 

50:50 v/v HBSS:Cultrex® per mouse. 50µL of this cell suspension was loaded into a 

1mL 27-gauge insulin syringe (Nipro Australia Pty Ltd: NSW, Australia) and inoculated 

into mice within 2 hours to avoid decrease in cell viability. Remaining cell suspension 

was maintained in a conical tube on ice on standby and discarded when inoculations 

were completed. 

5.4.9.3 Animal model and tumour inoculation 

Animal experiments were approved by the Animal Ethics Committee (AEC) of Curtin 

University (Perth, Australia) with the application approval number AEC_2016_28 

(Appendix 7.16) and conducted in accordance with the Australian Code of Practice 

for the care and use of animals for scientific purposes. C57BL/6J mice have been used 

as melanoma in vivo models (Belleri et al. 2008, Cheng et al. 2015, Carletto et al. 2016) 

for evaluating the biological benefits of RSV. 4-week old C57BL/6J male mice were 

purchased and individually ear-tagged from the ARC. Animals were housed in 

maximum of five per cage according to husbandry protocols at the Life Sciences 

Research Facility at Curtin University (Perth, Australia) and allowed to acclimatise for 

5 days before the start of experiments. Throughout the experiment, animals were in 

a controlled temperature climate with 12-hour dark-light cycles and provided with 

food and water ad libitum. All studies were carried out in a Physical Containment III 

(PC3) facility with appropriate standard operating procedures and aseptic working 

techniques. 

B16-F10 cells were inoculated using a protocol by Overwijk et al. (2001) with slight 

modifications. Once the animals were acclimatised, mice in groups of five maximum 

were weighed and anaesthesised using 4% isoflurane-oxygen mixture at 2-3L/min in 

an anaesthetic chamber. Once mice were found without reflex, that is sufficiently 

anaesthesised, the isoflurane flow was ceased to the closed chamber. One mouse 

was removed from the chamber and maintained under anaesthesia using 1.5% 

isoflurane-oxygen mixture at 0.5-1.0L/min by a nose cone and shaved in the dorsal 

mid-back region for inoculation. Approximately 1.25×105 B16-F10 cells in 50µL of 

50:50 v/v HBSS:Cultrex® prepared in Section 5.4.9.2 were carefully injected 

subcutaneously in the shaved region to avoid leakage of cell suspension. A successful 
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injection was indicated by a ‘bleb’ visible on the skin which produced a spherical-

shaped tumour when cells grow. Mice were returned into cages ventrally to avoid 

cell leakage and allowed to recover. 

5.4.9.4 Treatment and data collection 

Tumour-bearing mice were sorted by weight and split into two groups where heavier 

mice were administered via the IP route and the lighter mice were administered via 

the IT route. Figure 5.2 summarises the treatment plan for both IP and IT 

administration. 

 

Figure 5.2 Graphical representation of treatment plan for both IP and IT administration 

 

Mice in the IT cohort were allowed to recover after tumour inoculation and observed 
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daily until tumour was palpable (approximately day 7, see Appendix 7.19). Mice were 

then sorted into treatment groups summarised in Table 5.3 and 10µL treatments 

were injected directly into the tumour under anaesthesia at approximately 2mg/kg 

RSV equivalent per mouse for 5 times, that is days 7, 9, 11, 13 and 15 post-inoculation. 

Table 5.3 Treatment groups for tumour-bearing C57BL/6J mice administered via IT route 

Treatment group 
Dose or 

concentration 
Sample 

size 

Conjugated mPEG750-PLA1000-succ-RSV NPs 2mg/kg 7 

Encapsulated RSV in mPEG750-PLA1000 NPs 2mg/kg 7 

RSV in 20% HPCD 2mg/kg 6 

20% HPCD in PBS 200mg/mL 8 

Blank mPEG750-PLA1000 NPs 60mg/mL 6 

 

Mice in the IP cohort, on the other hand, were randomly sorted into treatment 

groups (Table 5.4) and injected with 25mg/kg RSV equivalent in volumes between 80-

110µL in the left or right abdominal region right after inoculation of tumours. 20% 

HPCD and mPEG750-PLA1000 polymer controls were injected at a standardised 

100µL volume per mouse. Treatment was repeated every 48 hours for a total of 5 

injections per mouse, that is days 0, 2, 4, 6 and 8 after tumour inoculation which was 

assumed as day 0. 

Table 5.4 Treatment groups for tumour-bearing C57BL/6J mice administered via IP route 

Treatment group 
Dose or 

concentration 
Sample size 

Conjugated mPEG750-PLA1000-succ-RSV NPs 25mg/kg 7 

Encapsulated RSV in mPEG750-PLA1000 NPs 25mg/kg 8 

RSV in 20% HPCD 25mg/kg 7 

20% HPCD in PBS 200mg/mL 8 

mPEG750-PLA1000 polymer in PBS 100mg/mL* 7 

*concentration was chosen based on maximum possible amount of mPEG750-PLA1000 
polymer present without RSV if encapsulated RSV NP structures were to disintegrate 
releasing mPEG750-PLA1000 polymers in vivo 
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Tumours were measured every 48 hours once palpable (day 6 for IP cohort; day 7 for 

IT cohort) using a 150mm digital vernier caliper with ±0.01mm accuracy (Kincrome 

Australia Pty Ltd: VIC, Australia) under anaesthesia and tumour volumes were 

calculated from the formula length × width × height × 0.52, where length and width 

were tumour diameters in mutually perpendicular directions (Fahmy et al. 2003). 

Toxicity was also observed by measuring the body weight of mice before each tumour 

measurement and was indicated by a decrease in body weight of more than 10% from 

previous weigh-in. At 14 and 17 days post-inoculation for IP and IT cohorts, 

respectively, mice were euthanised as per our animal experiment protocol approved 

by the AEC. Data was presented based on days from start of treatment. 

5.4.10 Statistical analyses 

All data were presented in mean ± SD for all in vitro stability and cell culture studies 

or standard error of the mean (SEM) for all in vivo mouse studies. Error bars may not 

appear if smaller than the symbol. Statistical analyses were done using student’s t-

test or two-way analysis of variance (ANOVA) followed by a Dunnett’s multiple 

comparisons test using GraphPad Prism version 7.0.3. A p-value of less than 0.05 was 

considered to be statistically significant. 

5.5 Results and discussion 

5.5.1 In vitro stability of RSV formulations in rat plasma and human liver 

microsomes (HLM) 

Low bioavailability of RSV was mainly due to its instability in circulation and fast 

elimination by metabolism in vivo. We have used two preliminary in vitro screening 

methods to characterise stability profiles of our conjugated RSV NPs in rat plasma 

and HLM, which could determine the effect of formulation on the likelihood 

bioavailability and biological efficacy of RSV (Ng et al. 2014, Chung et al. 2015). Rat 

plasma was used to ascertain a preliminary stability profile of the NPs when exposed 

to plasma esterases. Metabolic enzyme levels in plasma are generally lower than 

levels in microsomes unless there is an injury to the liver which causes the enzymes 

to leak out into the plasma. An assessment on the stability of the conjugated RSV NPs 
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in HLM would assist us in understanding whether conjugation and nano-formulation 

techniques maintained or altered the metabolic profile of RSV. Although rodent liver 

microsomes was more relevant due to the use of plasma from the rat species, rodent 

liver enzymes were known to be more active than human liver enzymes (Sakai et al. 

2015) and therefore, the use of HLM was employed whereby a slower metabolism 

rate could be practically observed. Essentially, a stable formulation in both rat plasma 

and HLM would elucidate that a formulation would stay in circulation and remain 

intact in vivo thus being more bioavailable for better pharmacological effect at target 

sites (Chung et al. 2015, Ma et al. 2016). Several factors affect the stability of 

conjugated RSV NPs including the stability of RSV itself, the stability of the copolymers 

mPEG-PLA and mPEG-PCL and the stability of the ester links between RSV and the 

copolymers. These factors will be discussed as results are presented as follows. Due 

to the unique nature of conjugated RSV NPs containing unconjugated RSV, 

encapsulated RSV NPs were also assessed for stability in rat plasma and HLM to 

further elucidate stability profiles of conjugated RSV NPs. 

5.5.1.1 In vitro stability of RSV formulations in rat plasma 

The stability of RSV could be improved by covalent conjugation of RSV to polymers 

and forming the conjugates into NPs (Siddalingappa et al. 2015). Our conjugated RSV 

NPs were made with an RSV conjugate and encapsulated free RSV as discussed in 

Section 4.5.1. Figure 5.3 shows the in vitro stability of 10mg/mL conjugated RSV NPs 

in rat plasma against 2mg/mL free RSV control at 37°C for up to 5 hours. Appendix 

7.4 summarises plasma stability data of mPEG2000-PCLn-glu-RSV synthesised in 

Chapter 2 along with buffer stability data published in Ng et al. (2015). 
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Figure 5.3 Stability of 10mg/mL conjugated RSV NPs in rat plasma at 37°C against 2mg/mL 
free RSV for up to 5 hours 

Data presented as mean (n=2 except mPEG750-PLA1000-succ-RSV NPs where n=3 and 
mPEG750-PLA1000-glu-RSV NPs where n=1) ± SD where calculated 

 

Using a non-linear regression analysis of the one-phase decay model in GraphPad 

Prism 7.0.3, plasma t1/2 of conjugated RSV NPs and free RSV control was calculated 

and presented in Table 5.5.  
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Table 5.5 Calculation of plasma half-life (t1/2) of 10mg/mL conjugated RSV NPs and 2mg/mL 
free RSV control using non-linear regression analysis of one-phase decay model 

Formulation 
t1/2 in rat 

plasma (h) 
% w/w RSV conjugate in 

conjugated RSV NPs 

Free RSV 7.7 NR 

mPEG750-PLA1000-succ-RSV NPs Stable 63.9 

mPEG750-PLA1000-glu-RSV NPs 0.02 54.8 

mPEG750-PCL1000-succ-RSV NPs 0.04 99.3 

mPEG2000-PLA1000-succ-RSV NPs Stable 76.1 

PEG5000-O-RSV NPs Stable 100.0 

Data presented as best-fit values from non-linear regression analysis of one-phase decay 
model; model does not fit data when NPs are stable 

 

2mg/mL free RSV control was seen to have a t1/2 of 7.7h, slightly faster than 11.4h 

found by Li et al. (2017c) where RSV in HPCD was administered IV in rats. Robinson 

et al. (2015) discovered that free RSV degraded in an apparent first-order process 

when 500µg/mL RSV was incubated with rat plasma at 37°C resulting in a t1/2 of 25h. 

This was vastly different from the data we have obtained even when we calculated 

t1/2 of free RSV control as 8.0h using the first-order equation where t1/2 is 
0.693

k
 to 

compare. The longer plasma t1/2 obtained by Robinson et al. (2015) could be due to 

the concentration used. In enzyme kinetics, the rate of degradation is directly 

proportional to the substrate concentration, hence the higher concentration of free 

RSV in our plasma stability assay increased the degradation rate of RSV resulting in a 

shorter plasma t1/2. 

From Figure 5.3, it was obvious that mPEG750-PCL1000-succ-RSV NPs and mPEG750-

PLA1000-glu-RSV NPs were least stable conjugated RSV NPs in rat plasma at 37°C. The 

plasma t1/2 calculated by one-phase decay model was 0.04h and 0.02h, respectively 

whereas for mPEG750-PLA1000-succ-RSV NPs, mPEG2000-PLA1000-succ-RSV NPs 

and PEG5000-O-RSV NPs, plasma t1/2 could not be calculated because the one-phase 

decay model could not fit the data presented in Figure 5.3 where conjugated RSV NPs 

appeared stable in rat plasma at 37°C. The stable plasma profile of PEG5000-O-RSV 

NPs was reported by Siddalingappa et al. (2015) along with a plasma t1/2 of 3h for 
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mPEG750-PLA1000-succ-RSV NPs. Our mPEG750-PLA1000-succ-RSV NPs was more 

stable possibly due to the presence of unconjugated RSV encapsulated in the NPs 

(36.1% w/w NPs). The release of unconjugated RSV from the NPs could have 

saturated the plasma enzymes before mPEG750-PLA1000-succ-RSV conjugate could 

be complexed rendering a more stable plasma profile than what was found by 

Siddalingappa et al. (2015). These conjugated RSV NPs were less susceptible to 

plasma esterases than free RSV and could benefit in increasing the bioavailability of 

RSV in vivo (Siddalingappa et al. 2015). 

Figure 5.3 and Table 5.5 also showed that a longer linker using glutarate (mPEG750-

PLA1000-glu-RSV NPs t1/2 0.02 hours) or a more hydrophobic component PCL instead 

of PLA (mPEG750-PCL1000-succ-RSV NPs t1/2 0.04 hours) did not improve the stability 

of a conjugated RSV NPs when compared with mPEG750-PLA1000-succ-RSV NPs. 

Despite synthetic method approaches to improve the stability properties of 

mPEG750-PLA1000-succ-RSV NPs in Section 2.5.3, the results here showed that the 

approaches did not produce a significant positive effect to the conjugate mPEG750-

PLA1000-succ-RSV NPs as the plasma proteins could have affected the surface charge, 

aggregation point and particle size of NPs (Curran et al. 2011, Wang et al. 2013b). 

Although conjugated RSV NPs were negatively charged (Table 4.11) which usually 

prevented non-specific protein adsorption (Li et al. 2015b), the particle size of the 

NPs could have played a bigger role in affecting its interaction with plasma proteins 

(Sanfins et al. 2014, Lata et al. 2015). HPLC chromatograms of plasma stability 

experiments could not elucidate other species of RSV other than the conjugate and 

free RSV but this should not be disregarded as it was possible that the other species 

degraded at a rapid rate rendering them undetectable by HPLC or the HPLC method 

employed was not sensitive enough for these species. Nonetheless, data for 

mPEG2000-PLA1000-succ-RSV NPs in rat plasma was stable up to 2 hours. It would 

be prudent to repeat the assay with a longer period as the lack of degradation for the 

first 2 hours showed that the longer hydrophilic component of the conjugate avoided 

rapid degradation seen in mPEG750-PLA1000-glu-RSV NPs and mPEG750-PCL1000-

succ-RSV NPs. A longer assay period would also enable us to determine whether the 

longer hydrophilic component improved the plasma stability of mPEG750-PLA1000-
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succ-RSV NPs. To further elucidate the plasma stability profiles of conjugated RSV NPs, 

we observed the % change of individual components in conjugated RSV NPs, that is 

the RSV conjugate and the unconjugated RSV (Figure 5.4). 
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Figure 5.4 Stability profile of conjugated RSV NPs by individual components of unconjugated 
RSV (black) and RSV conjugate (grey) in rat plasma at 37°C for up to 4.5 hours 

A: mPEG750-PLA1000-succ-RSV NPs, B: mPEG750-PLA1000-glu-RSV NPs, C: mPEG750-
PCL1000-succ-RSV NPs, D: mPEG2000-PLA1000-succ-RSV NPs, E: PEG5000-O-RSV NPs 
Data presented as mean (n=2 except mPEG750-PLA1000-succ-RSV NPs where n=3 and 
mPEG750-PLA1000-glu-RSV NPs where n=1) ± SD where calculated 

 

In each graph, the % of unconjugated RSV (black) and RSV conjugate (grey) remaining 

over time in each conjugated RSV NPs after exposure to rat plasma was presented. 
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Due to the unique combination of components in our conjugated RSV NPs, several 

factors could affect the overall plasma stability profile of a conjugated RSV NPs 

including the stability of individual components in plasma over time which can affect 

the physical stability of NPs in plasma. Other components to consider are possible 

presence of unconjugated polymers which could encapsulate unconjugated RSV to 

form encapsulated RSV NPs. 

In general, Figure 5.4 further confirms that the stable profiles of mPEG750-PLA1000-

succ-RSV NPs (A) and PEG5000-O-RSV NPs (E) in rat plasma was due to presence of a 

stable RSV conjugate throughout the experiment although hydrolysis of RSV 

conjugates was seen for up to 0.5h of the experiment for mPEG750-PLA1000-succ-

RSV NPs. Despite the hydrolysis, the remaining RSV conjugates in the NPs were able 

to sustain the physical stability of mPEG750-PLA1000-succ-RSV NPs against plasmatic 

enzymes. The structural formation of the NPs could have also limited access to active 

sites of enzymes. This proves that these conjugated RSV NPs provided a better 

stability profile than free RSV in rat plasma. Conversely, the stability profiles of the 

RSV conjugate component in mPEG2000-PLA1000-succ- RSV NPs (D) showed a rapid 

degradation of the conjugate where no conjugate was detectable by 0.5h, however 

the unconjugated RSV showed a fairly stable profile up to 2h. It was possible that the 

NPs contained unconjugated RSV encapsulated in unconjugated mPEG2000-PLA1000 

which maintained a good stability against plasma enzymes translating into an overall 

stable plasma profile for mPEG2000-PLA1000-succ-RSV NPs seen in Figure 5.3. Due 

to the high % of mPEG750-PCL1000-succ-RSV conjugate component in mPEG750-

PCL1000-succ-RSV NPs (99.3% w/w), the overall plasma stability profile of the NPs 

was heavily dependent on the stability of the RSV conjugate. Therefore, the rapid 

degradation of mPEG750-PCL1000-succ-RSV NPs (C) was due to the rapid 

degradation of RSV conjugate which showed a rapid increase in unconjugated RSV 

cleaved from the RSV conjugates followed by a steady degradation. This steady 

degradation would have attributed to the apparent plateau in the overall plasma 

stability profile of mPEG750-PCL1000-succ-RSV NPs in Figure 5.3 due to enzyme 

saturation of RSV, however, as the experiment was not carried out longer than 2h, 

we cannot conclude whether this plateau was sustained. 



 

183 

Interestingly, mPEG750-PLA1000-glu-RSV NPs (B) showed a profile with rapid 

degradation followed by a plateau in both RSV conjugate and unconjugated RSV 

components. It was possible that the structural integrity of the conjugated RSV NPs 

was compromised due to the hydrolysis of the mPEG750-PLA1000-glu-RSV conjugate 

as the longer glu linker provided an easier access to the ester bond by plasma 

enzymes, however, the non-existent increase in unconjugated RSV levels showed 

that the hydrolysis of RSV conjugate releasing unconjugated RSV was not probable. 

As such, a different mechanism was possibly at play in the stability of mPEG750-

PLA1000-glu-RSV NPs in rat plasma. From Section 4.5.1.2, we have described the 

presence of two particle size distribution in mPEG750-PLA1000-glu-RSV NPs, one of 

which was possibly encapsulated RSV NPs formed with unconjugated RSV and 

mPEG750-PLA1000. The simultaneous degradation of both unconjugated RSV and 

RSV conjugate could mean that two different types of NPs, that is pure conjugated 

RSV NPs and encapsulated RSV NPs, existed in this NP dispersion and was exposed to 

rat plasma enzymes and degraded simultaneously. Furthermore, the plateau in both 

overall and individual component stability profiles depicted enzyme saturation where 

no further degradation could be observed. Due to the influence of encapsulated 

unconjugated RSV in some conjugated RSV NPs, we have conducted the plasma 

stability study of encapsulated RSV NPs with corresponding amphiphilic copolymers 

mPEG750-PLA1000, mPEG750-PCL1000 and mPEG2000-PLA1000 as a comparison 

(Figure 5.5).  
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Figure 5.5 Stability of 10-20µg/mL encapsulated RSV NPs against 40µg/mL free RSV control 
in rat plasma at 37°C for up to 4.5 hours 

Data presented as mean (n=3 except RSV in mPEG2000-PLA1000 NPs and free RSV control 
where n=2) ± SD 

 

All encapsulated RSV NPs with 10-20µg/mL of RSV showed a more stable profile than 

40µg/mL free RSV control (t1/2 0.01h) in rat plasma with mPEG2000-PLA1000 NPs 

being most stable. Encapsulation of RSV into NPs rendered a more stable RSV than 

free RSV in PK studies and prevented further metabolism of RSV in vitro as reviewed 

by Davidov-Pardo et al. (2014). Calculation of plasma t1/2 of encapsulated RSV NPs 

using the one-phase decay model similar to what was applied to conjugated RSV NPs 

was not possible due to their apparent stable profile which did not fit the model. A 

longer experiment on encapsulated RSV NPs would have been useful; however, this 

was not performed. Nonetheless, the plasma stability profiles of encapsulated RSV 

NPs were used to assist in interpreting the plasma stability profiles of conjugated RSV 

NPs previously discussed. Before comparing with corresponding conjugated RSV NPs, 

plasma stability profiles of encapsulated RSV NPs will be evaluated. 

Both RSV in mPEG750-PLA1000 NPs and RSV in mPEG750-PCL1000 NPs were less 

stable than RSV in mPEG2000-PLA1000 NPs possibly due to their low MW and hence 
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higher hydrolysis rate of the polymers by plasma esterases when compared with the 

larger mPEG2000-PLA1000 (Davidov-Pardo et al. 2014). This effect of higher MW was 

also observed in release studies conducted in Section 4.5.3.2 where RSV 

encapsulated in mPEG750-PLA1000 and mPEG750-PCL1000 NPs achieved 100% 

cumulative release of RSV at 2 hours compared to RSV in mPEG2000-PLA1000 NPs at 

6.3 hours due to a faster polymer hydrolysis rate of the mPEG750 copolymers in the 

release medium PBS. Between RSV in mPEG750-PLA1000 and mPEG750-PCL1000 NPs, 

the mPEG-PCL NPs was more stable than mPEG-PLA NPs due to the lower crystallinity 

in mPEG750-PLA1000 polymer compared to mPEG750-PCL1000 polymer which 

attributed to its higher polymer hydrolysis rate by plasma esterase and hence a lower 

stability of the NPs in rat plasma (Carletto et al. 2016). 

The stable plasma profile of mPEG750-PLA1000-succ-RSV NPs was most likely due to 

the combination of a stable RSV conjugate and stable NPs formed with unconjugated 

RSV and unconjugated mPEG750-PLA1000. Although the stability profile of RSV 

encapsulated in mPEG750-PLA1000 NPs was not substantially better than free RSV 

control (Figure 5.5), the combination of a stable RSV conjugate maintaining the NPs 

structure could have allowed a better stability of unconjugated RSV encapsulated 

within the NP core. The higher stability of RSV in mPEG2000-PLA1000 NPs could also 

explain the higher plasma stability of conjugated mPEG2000-PLA1000-succ-RSV NPs 

where unconjugated polymers was responsible for protecting remaining 

encapsulated RSV from plasma degradation. As the conjugate mPEG2000-PLA1000-

succ-RSV was seen to degrade rapidly in Figure 5.4 where by 1h, no conjugate was 

present, the overall plasma stability profile of mPEG2000-PLA1000-succ-RSV NPs was 

largely due to NPs formed with unconjugated RSV encapsulated in unconjugated 

mPEG2000-PLA1000. Similarly, the moderate stability of RSV encapsulated in 

mPEG750-PCL1000 NPs corroborated with the steady degradation of unconjugated 

RSV component of mPEG750-PCL1000-succ-RSV NPs in rat plasma (Figure 5.4). Apart 

from stability of individual components in conjugated RSV NPs, in particular RSV 

conjugates which affect the structural integrity and physical stability of the NPs, we 

should be aware that the morphology of the NPs, compared to its aqueous dispersion, 

could be altered when exposed to the plasma environment which had a slightly 
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different pH, presence of proteins and different viscosity (Cavallaro et al. 2004, Chung 

et al. 2015). There was also a factor of the formulations binding to the plasma 

proteins or to the cellular membrane which could affect the extraction of RSV and 

underestimating the true value of remaining RSV (Ruivo et al. 2015). 

5.5.1.2 In vitro stability of RSV formulations in human liver microsomes (HLM) 

In order to assess the ability of conjugated RSV NPs to decrease the metabolism rate 

of RSV, conjugated RSV NPs developed in Chapter 4 was incubated in HLM at 37°C for 

up to 1.5 hours to be assessed against phase II metabolism and compared with free 

RSV (Figure 5.6). 
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Figure 5.6 Stability of 500µg/mL conjugated RSV NPs in HLM at 37°C up to 1.5 hours against 
300µg/mL free RSV control 

Data presented as mean (n=2 except mPEG750-PLA1000-succ-RSV NPs and mPEG750-
PCL1000-succ-RSV NPs where n=3) ± SD 

 

Using the first-order equation and data from Figure 5.6, free RSV control had a 

microsomal t1/2 of 0.5h, longer than what was quoted by Siddalingappa et al. (2015), 

that is 0.2h using rat liver microsomes. Goh et al. (2017) showed that the t1/2 of RSV 

was 0.4h and less than 0.1h when incubated in human and rat hepatocytes, 
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respectively. Asensi et al. (2002) found 80% of 4.6mg/mL RSV incubated in rat 

hepatocytes was metabolised within 20 minutes with nothing detectable by 60 

minutes. This further highlighted the different metabolic activity and rates between 

species and individuals (Ruivo et al. 2015, Singh et al. 2015) which prompted the 

assessment of phase II metabolism using pooled HLM instead of rat liver microsomes 

where a more practical stability profile could be observed. Table 5.6 summarises the 

microsomal t1/2 of conjugated RSV NPs and free RSV control calculated using the first-

order equation and further confirmed by a non-linear regression analysis using a one-

phase decay model by GraphPad Prism 7.0.3. 

Table 5.6 Microsomal half-life (t1/2) of conjugated RSV NPs and free RSV control using first-
order equation and non-linear regression analysis with one-phase decay model 

Formulation 
First-order equationa 

One-phase decay 
modelb 

R2 t1/2 (h) R2 t1/2 (h) 

Free RSV 0.998 0.5 0.976 0.6 

mPEG750-PLA1000-succ-RSV NPs 0.980 2.8 0.977 2.9 

mPEG750-PLA1000-glu-RSV NPs 0.877c 2.4 UDd 

mPEG750-PCL1000-succ-RSV NPs 0.640e 1.6 0.135e 0.9 

mPEG2000-PLA1000-succ-RSV NPs 0.967 0.7 0.970 0.7 

PEG5000-O-RSV NPs 0.308e 17.7 0.03e 10.6 

aln(concentration) = -rate constant × time + concentration at 0 hours; calculations were done 
using mean values of % total RSV equivalent (concentration) remaining over time 
bCalculated using non-linear regression analysis with one-phase decay model by GraphPad 
Prism 7.0.3 
cFirst-order equation excluded data at 0 hours; ln(concentration) = -rate constant × time + 
concentration at 0.02 hours 
dUD = undetermined; model does not fit data 
eR2 value low due to lack of data beyond 1h or lack of degradation profile 

 

All conjugated RSV NPs were found to have better stability against phase II 

metabolism compared to free RSV albeit at varying degrees, however their stability 

was not as high as that seen in rat plasma, which could be due to the concentrated 

amount of enzymes in microsomes compared to plasma. This proved our hypothesis 

that conjugation of RSV improved the stability of RSV against phase II metabolism in 
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HLM due to change of substrate for the enzymes. Although chemical modifications 

to mPEG750-PLA1000-succ-RSV was expected to improve the stability of the RSV 

conjugate, all ester conjugated RSV NPs (mPEG750-PLA1000-glu-RSV NPs, mPEG750-

PCL1000-succ-RSV NPs and mPEG2000-PLA1000-succ-RSV NPs) did not portray a 

better stability profile than mPEG750-PLA1000-succ-RSV NPs in HLM. It can be 

speculated that the low MW of polymers in the conjugates was not significantly 

different enough to cause metabolic rate changes amongst the ester conjugated RSV 

NPs. The ether conjugated RSV NPs PEG5000-O-RSV was very stable due to its 

stronger ether bond compared to the ester bonds and could not fit the first-order 

equation using data obtained. The high concentrations of mPEG750-PLA1000-glu-

RSV NPs was unexplainable despite being replicated twice. It was possible that 

evaporation occurred during the experiment or the extractions at time 0 hours was 

not conducted properly. Therefore, for the calculation of t1/2 for mPEG750-PLA1000-

glu-RSV NPs using first-order equation, data at 0 hours was excluded and first time 

point was at 0.02h. To further elucidate the microsomal stability profiles of 

conjugated RSV NPs, stability profiles of individual components, that is unconjugated 

RSV and RSV conjugate, is depicted in Figure 5.7. 
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Figure 5.7 Stability profile of conjugated RSV NPs by individual components of unconjugated 
RSV (black) and RSV conjugate (grey) in HLM at 37°C for up to 1 hour 

A: mPEG750-PLA1000-succ-RSV NPs, B: mPEG750-PLA1000-glu-RSV NPs, C: mPEG750-
PCL1000-succ-RSV NPs, D: mPEG2000-PLA1000-succ-RSV NPs, E: PEG5000-O-RSV NPs 
Data presented as mean (n=2 except mPEG750-PLA1000-succ-RSV NPs and mPEG750-
PCL1000-succ-RSV NPs where n=3) ± SD 

 

From Figure 5.7, the stability profile of components in PEG5000-O-RSV NPs (E) 

showed that the RSV conjugate was highly stable for up to 1h whereas the 

unconjugated RSV component degraded rapidly. As the unconjugated RSV 

component was less than 4% of total RSV equivalent of PEG5000-O-RSV NPs, its 

degradation was not significant to the overall microsomal stability of the NPs in Figure 
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5.6. Conversely, all ester conjugate components degraded rapidly in HLM which 

released significant amounts of cleaved RSV within 0.5h. The RSV component in the 

ester conjugated RSV NPs was then a combination of unconjugated RSV encapsulated 

in the conjugated RSV NPs and cleaved RSV from ester RSV conjugates hence values 

of more than 100% were seen. This component then proceeded to degrade at varying 

degrees as seen in Figure 5.7 with RSV from mPEG2000-PLA1000-succ-RSV NPs (D) 

having degraded the fastest followed by RSV from mPEG750-PLA1000-glu-RSV NPs 

(B) and RSV from mPEG750-PLA1000-succ-RSV NPs (A) and the slowest degradation 

of RSV was from mPEG750-PCL1000-succ-RSV NPs (C). Using first-order equation on 

the degradation profile of the RSV component of conjugated RSV NPs in HLM, 

microsomal t1/2 was calculated and presented in Table 5.7. 

Table 5.7 Microsomal half-life (t1/2) of RSV component in conjugated RSV NPs and free RSV 
control using first-order equation 

RSV component in conjugated RSV NPs 
First-order equation* 

R2 t1/2 (h) 

Free RSV 0.998 0.5 

mPEG750-PLA1000-succ-RSV NPs 0.959 2.9 

mPEG750-PLA1000-glu-RSV NPs 0.868 2.4 

mPEG750-PCL1000-succ-RSV NPs 0.915 3.2 

mPEG2000-PLA1000-succ-RSV NPs 0.949 0.7 

PEG5000-O-RSV NPs 0.994 0.9 

Calculations were done using mean values of % RSV (concentration) remaining over time 
*ln(concentration) = -rate constant × time + concentration at 0.02 hours except for free RSV 
and PEG5000-O-RSV NPs where ln(concentration) = -rate constant × time + concentration at 
0 hours 

 

Comparing with microsomal t1/2 calculated for overall microsomal stability profiles of 

conjugated RSV NPs, the microsomal t1/2 of RSV component in all conjugated RSV NPs 

were similar to that of the microsomal t1/2 of conjugated RSV NPs as expected, 

however this was not the case for mPEG750-PCL1000-succ-RSV NPs where the 

microsomal t1/2 was 1.6h and its RSV component was 3.2h. This could be due to the 

high % of mPEG750-PCL1000-succ-RSV conjugate (99.3% w/w) in the NPs which when 
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metabolised, released a high amount of RSV cleaved from mPEG750-PCL1000-succ-

RSV causing saturation of microsomal enzymes resulting in a longer microsomal t1/2 

of RSV component in mPEG750-PCL1000-succ-RSV NPs. Nonetheless, the 

degradation profile of unconjugated RSV components could possibly be further 

expounded by stability profiles of encapsulated RSV NPs in mPEG750-PLA1000, 

mPEG750-PCL1000 and mPEG2000-PLA1000 (Figure 5.8). 
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Figure 5.8 Stability profile of up to 0.2-2.5µg/mL encapsulated RSV NPs in HLM at 37°C for up 
to 2.5h against 300µg/mL free RSV control 

Data presented as mean (n=3 except free RSV control where n=2) ± SD 

 

Although the stability profiles of encapsulated RSV NPs in rat plasma were favourable, 

stability profiles of all encapsulated RSV NPs in HLM were similar to the free RSV 

control revealing that nano-encapsulation did not protect free RSV from in vitro 

metabolism. Microsomal t1/2 of encapsulated RSV NPs was obtained by using the first-

order equation similarly to what was conducted on conjugated RSV NPs and 

tabulated in Table 5.8.  



 

192 

Table 5.8 Microsomal half-life (t1/2) of encapsulated RSV NPs and free RSV control using first-
order equation 

Formulation 
First-order equation* 

R2 t1/2 (h) 

Free RSV 0.998 0.5 

RSV in mPEG750-PLA1000 NPs 0.998 0.5 

RSV in mPEG750-PCL1000 NPs 0.990 0.6 

RSV in mPEG2000-PLA1000 NPs 0.999 0.4 

Calculations were done using mean values of % RSV (concentration) remaining over time 
*ln(concentration) = -rate constant × time + concentration at 0 hours 

 

Data from microsomal stability studies on encapsulated RSV NPs further confirmed 

that the overall microsomal stability of conjugated RSV NPs (Figure 5.6) was due to 

the RSV conjugate components and its role in altering the enzyme-substrate 

mechanism and thus modified the kinetics of HLM enzymes when conjugated RSV 

NPs were used as opposed to encapsulated RSV NPs. The RSV conjugate components 

also contributed to a more stable NP structure which decreased the unconjugated 

RSV available for enzymatic activity. The presence of unsubstituted hydroxyl groups 

in RSV contributed to the higher metabolism rate as they were prone to conjugation 

by liver enzymes (Teng et al. 2012, Chung et al. 2015) and thus, chemically attaching 

RSV to amphiphilic copolymers in conjugated RSV NPs as opposed to physically 

entrapping RSV into the copolymers in encapsulated RSV NPs attributed to the 

difference in the overall microsomal stability profiles of the RSV formulations seen in 

Figure 5.6 and Figure 5.8, respectively (Ho et al. 2013, Luo et al. 2016b). 

It should be noted, however, that all ester conjugated RSV NPs underwent significant 

chemical degradation at initial exposure to HLM matrix without the co-factor UDPGA 

which showed other unknown metabolic mechanisms (Figure 5.9). Following this, 

mPEG750-PLA1000-glu-RSV and mPEG2000-PLA1000-succ-RSV conjugates 

underwent further degradation significantly decreasing the amount of RSV 

conjugates in the NPs after 1h incubation in HLM matrix without co-factor. 
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Figure 5.9 Percentage w/w of RSV conjugate in conjugated RSV NPs at initial (before 
incubation) and at 0.02 hour and 1 hour of incubation in HLM without co-factor UDPGA at 
37°C for 1 hour  

Data presented as mean (n=2 except mPEG750-PLA1000-succ-RSV NPs and mPEG750-
PCL1000-succ-RSV NPs where n=1 and 3, respectively) ± SD where calculated 

 

The chemical instability of mPEG2000-PLA1000-succ-RSV conjugate was also seen 

when performing validations on the HPLC gradient method for analysing mPEG2000-

PLA1000-succ-RSV conjugate in biological samples (Table 3.16). As such, the stability 

profile of RSV conjugate components in conjugated RSV NPs (Figure 5.7) could be 

explained by the rapid degradation at the initial point of exposure to the HLM matrix 

which resulted in low amounts of RSV conjugates detected throughout the 

experiment and initial burst of free RSV at the beginning of the experiment. This 

chemical degradation was sufficient enough to disrupt the structural integrity of the 

NP which resulted in the rapid release of RSV and further enzyme degradation of the 

RSV conjugate and free RSV. 

5.5.2 Selection of formulations for biological evaluation 

Preliminary in vitro studies have enabled us to select formulations for further in vitro 



 

194 

cell culture and in vivo studies. Table 5.9 summarised selected preliminary data thus 

far for each formulation. As one of the aims of the project was to decrease the 

metabolism or slow down the degradation rate of RSV, the main criteria for further 

assessment should be based on stability in rat plasma and HLM. Two conjugated RSV 

NPs (PEG5000-O-RSV NPs and mPEG750-PLA1000-succ-RSV NPs) that showed better 

stability in both rat plasma and HLM were allocated into Group 1 in Table 5.9. Both 

conjugated RSV NPs also showed a sustained release of RSV which could assist in the 

therapeutic effect of RSV in vivo. Group 2 formulations were NPs that showed high 

stability in rat plasma but did not improve the metabolic stability of RSV whereas 

Group 3 formulations showed good metabolic stability in HLM but was rapidly 

degraded in rat plasma. Between Group 2 and Group 3, stability in HLM was 

considered more important because even though stability in rat plasma may be low, 

hydrolysis by plasma enzymes could be beneficial by maximising exposure of RSV 

close to the site of administration depending on the route. Also, lack of plasma 

stability indicates that if an IT administration was employed, the impact of plasma 

instability of NPs would be minimum. Nonetheless, the plasma stability data allowed 

us to elucidate possible hurdles which could occur during in vivo experiments 

including storage of samples. Following this, all formulations including free RSV 

should be further assessed for anticancer activity in B16-F10 melanoma cells to 

narrow down to a maximum of two for final in vitro biological assays and in vivo 

assessment in a B16-F10 mouse model. 
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Table 5.9 Summary of selected preliminary data for RSV formulations and group allocation 

Formulation 
% w/w RSV 
conjugate 

Formulation 
selection criteria* 

tmax (h) t1/2 in rat plasma (h) t1/2 in HLM (h) 

Reference tables Table 2.8 Table 4.12 Table 4.10 and Table 4.11 Table 5.5 
Table 5.6 and 

Table 5.8 

Free RSV NR NR 1.3 7.7 (2mg/mL) and 
0.01 (40µg/mL) 0.5 

Group 1 

PEG5000-O-RSV 100.0 - >47.5 Stable 17.7 

mPEG750-PLA1000-succ-RSV 63.9 ++ 3.8 Stable 2.8 

Group 2 

RSV in mPEG2000-PLA1000  NR - 6.3 Stable 0.4 

mPEG2000-PLA1000-succ-RSV 76.1 + 2.0 Stable 0.7 

RSV in mPEG750-PLA1000  NR + 2.2 Stable 0.5 

RSV in mPEG750-PCL1000 NR - 2.0 Stable 0.6 

Group 3 

mPEG750-PLA1000-glu-RSV 54.8 + 4.0 0.02 2.4 

mPEG750-PCL1000-succ-RSV 99.3 - 2.2 0.04 1.6 

*++ fulfils all criteria; + fulfils more than half of all criteria; – fulfils half or less than half of all criteria 
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5.5.3 Stability of RSV formulations in cell culture growth media 

As the efficacy of RSV formulations is dependent on their stability in CGM used to 

grow B16-F10 and NIH/3T3 cells, we have assessed their stability over 48 hours by 

incubating the formulations in CGM. Figure 5.10 displays the % of total RSV 

equivalent or RSV remaining over time. 
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Figure 5.10 Stability of RSV formulations in complete growth media (CGM) at 37°C for up to 
48 hours 

Data presented as mean (n=3 except mPEG750-PLA1000-glu-RSV NPs, PEG5000-O-RSV NPs 
and RSV encapsulated in mPEG2000-PLA1000 NPs where n=2) ± SD 
*not significant compared to t=0.02h, remaining t=24h and 48h results were significant 
(p<0.05) compared to t=0.02h 

 

From the figure above, it was clear that RSV itself was not stable in CGM with about 

30% remained after 24 hours of incubation at 37°C. This degradation was also seen 

by Long et al. (2010), Yang et al. (2010) and Chang et al. (2018) in cell-free systems. 

There was speculation by Yang et al. (2010) that RSV degraded by oxidation yielding 

hydrogen peroxide (H2O2) which affected cell growth leading to artificial results, 

however, Long et al. (2010) showed no significant H2O2 production although there 
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was significant degradation over 24 hours when 11µg/mL to 0.2mg/mL of RSV was 

incubated in DMEM. The presence of bicarbonate ions in Base Modified Eagle 

Medium which is similar to our CGM was revealed to have cause the significant 

degradation of RSV (Yang et al. 2010). Recently, Chang et al. (2018) reported that a 

combination of 10% FBS and 1mM pyruvate in DMEM completely avoided 

degradation of RSV and oxy-RSV but not acetyl-RSV. We speculate that the presence 

of ester bonds in acetyl-RSV could have been affected by the pH of the media which 

culminated in its significant degradation which explained the instability of our ester 

conjugated RSV NPs and encapsulated RSV NPs over 48 hours in Figure 5.10. Although 

our CGM did not contain pyruvate, the presence of 9% FBS should have been 

sufficient to avoid the degradation of RSV by superoxide dismutase (SOD) activity 

according to results shown by Chang et al. (2018). The ether conjugated RSV NPs 

(PEG5000-O-RSV) showed lesser degradation compared to other formulations and 

could be due to its strong ether covalent bond. Although both conjugated and 

encapsulated RSV NPs were found unstable in CGM, we have continued to assess 

them by cell culture as cellular uptake of the NPs could avoid the degradation of NPs 

in CGM and improve the cytotoxicity of the RSV formulations. Nonetheless, cell 

culture results should be considered with the knowledge that RSV formulations are 

unstable in CGM after 24 hours of incubation at 37°C and formulations needed to be 

freshly prepared in CGM to avoid further artificial results. 

5.5.4 Dose and incubation time response of RSV 

In order to select an appropriate dose for further anticancer evaluation, a dose and 

incubation time response assay was conducted on free RSV as per Section 5.4.5.  
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Figure 5.11 Dose and incubation time response of free RSV on B16-F10 cells 

Data presented as mean (n=2) ± SD *p<0.05 compared to 0µg/mL 

 

Figure 5.11 showed that when treated for 24 hours, a low concentration of RSV 

(<10µg/mL) encouraged cell growth and higher than 10µg/mL RSV produced a dose-

dependent anti-proliferative effect. The hormesis characteristic was observed when 

RSV was tested in various cell lines by Calabrese et al. (2010), Dun et al. (2015) and 

Su et al. (2013), which incidentally led to difficulty in choosing the right dose for 

clinical studies (Zordoky et al. 2015). Ruivo et al. (2015) described that the dual 

mechanism of action of RSV in cell protection and cell apoptosis depended on the 

cellular conditions, concentration used, cytosolic redox status and duration of 

contact. The IC50 of RSV after a 24-hour treatment was found to be 33.6±1.2µg/mL, 

however, Caltagirone et al. (2000) quoted an IC50 of 1.1µg/mL for RSV in another B16 

variant, B16-BL6 cells. The anti-proliferative effect of RSV was shown in other cell 

lines with varying IC50 values (Junco et al. 2013, Karthikeyan et al. 2013, Lee-Chang et 

al. 2013, Schaafsma et al. 2016) demonstrating the cell-specific anti-proliferative 

properties of RSV. A distinct decrease in B16-F10 cell viability was observed when 

cells were treated with 50µg/mL compared to 20µg/mL of RSV along with visible 
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cellular shrinkage and detachment indicating apoptosis (Dun et al. 2015) (see 

Appendix 7.13 for microscopic images of cells). When treated for 48 hours, cell 

viability was dose-dependent and the IC50 of RSV was found to be 10.8±1.1µg/mL. 

Therefore, with a longer 48-hour treatment, a lower dose of RSV achieved the same 

effect compared to the 24-hour treatment. It should be noted that cells were not 

over-confluent which could result in cell death. We chose a 48-hour treatment with 

10 and 20µg/mL RSV equivalent as the dose for our in vitro evaluations as the IC50 

was in between the two concentrations. Interestingly, degradation of RSV in CGM 

seen in Figure 5.10 did not affect the anti-proliferative effect of RSV on B16-F10 cells 

and this could be attributed to the possible cell uptake of RSV which prevented the 

exposure of RSV to the CGM components which were critical to degradation. It would 

be pertinent to conduct a cellular uptake study on RSV and possibly other RSV 

formulations to further understand the biological effect of RSV on B16-F10 cells. 

5.5.5 Anti-proliferative effect of RSV formulations in B16-F10 cells 

B16-F10 cells were treated with 10 and 20µg/mL RSV equivalent concentrations of all 

formulations excluding mPEG750-PLA1000-glu-RSV NPs due to lack of raw material 

to prepare the NPs.  
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Figure 5.12 B16-F10 cell viability after treatment with 0, 10 and 20µg/mL RSV formulations 
for 48 hours 

Data presented as mean (n=3) ± SD *p<0.05 compared to 0µg/mL 

 

All conjugated RSV NPs did not improve the anti-proliferative effect of RSV on B16-

F10 cells as seen by Duan et al. (2016) using RSV analogues although 20µg/mL of 

mPEG750-PCL1000-succ-RSV NPs showed a significant decrease in cell viability when 

compared to its 0µg/mL dose. Conjugated RSV NPs reduced the cytotoxicity of RSV 

due to its lower drug availability during the course of the assay due to sustained RSV 

release from the formulation. Both PEG5000-O-RSV NPs and mPEG2000-PLA1000-

succ-RSV NPs revealed slowest release of RSV (Figure 4.4) and this could have 

rendered low amount of RSV available for reducing B16-F10 cell viability. This was 

reported by Cavallaro et al. (2004) where PTX was conjugated to polymers via a succ 

bond and the cytotoxicity of conjugated PTX was 40-fold less cytotoxic than free PTX 

in murine myeloid leukaemia NFS-60 cells due to the slow release of PTX. Liu et al. 

(2015) also showed that pterostilbene conjugated with PEG did not increase the 

potency of pterostilbene in murine Lewis lung carcinoma cells and claimed that unlike 

in vivo studies, in vitro experiments using cancer cell cultures did not fully portray the 
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advantages of prodrugs or polymeric conjugates which underestimated the efficacy 

of the conjugates. Another reason for the lack of potency in conjugated RSV NPs was 

due to the nature of the conjugation which reduced the number of hydroxyl groups 

on RSV available as the active site for anticancer activity in RSV (Lee et al. 2004, 

Szekeres et al. 2010), however the mechanism of action of conjugated RSV NPs 

should be studied in detail before a conclusion can be drawn. The high % of 

cumulative amounts of total RSV equivalent released from mPEG750-PCL1000-succ-

RSV NPs (Figure 4.2) due to the high % of free RSV component released from the NPs 

(Figure 4.4) could have contributed to the only statistically significant cytotoxic effect 

on B16-F10 cells amongst conjugated RSV NPs. This showed that the cytotoxic effect 

on B16-F10 cells required conjugated RSV NPs to convert to free RSV as the 

conjugated RSV was biologically less active in vitro as evident from the remaining 

conjugated RSV NPs. In addition, the stability of NPs in CGM could have influenced its 

anti-proliferative properties because conversion to free RSV is preferred but not 

further degradation in the media before cellular uptake as it would decrease the 

efficacy of the formulation (Lu et al. 2013). The non-existent anti-proliferative effect 

of mPEG2000-PLA1000-succ-RSV NPs could be due to lack of cellular uptake of the 

NPs for any biological effect or its failed conversion to release the active form of RSV. 

The same reasons could also be applicable to mPEG750-PLA1000-succ-RSV NPs and 

PEG5000-O-RSV NPs. Unfortunately, due to time and resource constraint, cellular 

uptake studies were not carried out. 

When compared with free RSV at 20µg/mL, encapsulated RSV NPs did not have 

significant improvement on the anti-proliferative effect of RSV on B16-F10 cells, 

however, encapsulated RSV NPs outperformed conjugated RSV NPs in anti-

proliferative effect in B16-F10 cells. The lack of enhanced cytotoxicity, compared to 

free RSV control, from encapsulated RSV NPs was contrary to what was found by Guo 

et al. (2013) where encapsulated RSV in mPEG-PLA NPs was found to decrease glioma 

cells viability at 10µg/mL after 72 hours when compared to free RSV, however, a 

direct comparison could not be made as the MW of mPEG-PLA used was not disclosed 

which could have affected the integrity of the NP polymeric shell which in turn 

affected the biological efficacy of its cargo. In addition, in our study, cell viability was 
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assessed 48 hours, not 72 hours after treatment. Despite a more rapid release of RSV 

from encapsulated RSV NPs compared to conjugated RSV NPs (Section 4.5.3.2), the 

cytotoxic effect of encapsulated RSV NPs was equal to or worse than the cytotoxic 

effect of free RSV. Therefore, the lack of anticancer activity of mPEG750-PLA1000-

succ-RSV NPs and mPEG2000-PLA1000-succ-RSV NPs, which contained unconjugated 

RSV in the NP core, was probably because the cells did not take up the NPs which 

would have shown some anticancer effect. This did not bode well for these 

conjugated RSV NPs which was purposed for anticancer treatment, however, due to 

the superior properties of mPEG750-PLA1000-succ-RSV NPs thus far in decreasing 

metabolism and maintaining plasma stability in vitro, data from in vitro cancer cell 

culture cannot provide a holistic view of the anticancer effect of mPEG750-PLA1000-

succ-RSV NPs. Using data we have obtained thus far, we have summarised pertinent 

information on the RSV formulations evaluated in order to select suitable 

formulations for further in vitro and in vivo assessment (Table 5.10).
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Table 5.10 Summary of physical characteristics and in vitro data for RSV formulations 

RSV formulation 
% w/w RSV 
conjugate 

tmax (h) 
t1/2 in rat 

plasma (h)a 

t1/2 in 
HLM (h)a 

% B16-F10 cell 
viabilityb 

% RSV equivalent 
remaining in CGMb 

Free RSV NR 1.3 7.7 (2mg/mL) 
0.01 (40µg/mL) 0.5 30.3±9.26 12.0±4.43 

PEG5000-O-RSV NPs 100.0 >47.5 Stable 17.7 80.9±7.83 66.9±17.22 

mPEG750-PLA1000-succ-RSV NPs 63.9 3.8 Stable 2.8 96.9±9.23 4.7±0.53 

mPEG750-PCL1000-succ-RSV NPs 99.3 2.2 0.04 1.6 47.0±5.82 03 

mPEG2000-PLA1000-succ-RSV NPs 76.1 2.0 Stable 0.7 127.0±1.12 03 

RSV in mPEG750-PLA1000 NPs NR 2.2 Stable 0.5 31.6±3.12 26.8±3.43 

RSV in mPEG750-PCL1000 NPs NR 2.0 Stable 0.6 71.2±8.63 37.8±6.63 

RSV in mPEG2000-PLA1000 NPs NR 6.3 Stable 0.4 57.8±2.52 11.9±3.72 

Data presented as mean (n=superscript numbers) ± SD where calculated  

a conducted at 37°C, see Section 5.5.1  
b treated with 20µg/mL RSV equivalent dose for 48 hours at 37°C 
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From Table 5.10, RSV in mPEG750-PLA1000 NPs was highlighted yellow due to its 

better anti-proliferative effect on B16-F10 cells compared to free RSV and other RSV 

formulations (conjugated and encapsulated RSV NPs), however, its release and 

microsomal stability profiles, being almost identical to free RSV, were not favourable. 

As such, mPEG750-PLA1000-succ-RSV NPs (highlighted blue) was considered as a 

comparison between encapsulated and conjugated RSV NPs and despite having very 

poor in vitro anti-proliferative effect on B16-F10 cells and low stability in CGM, its 

release, plasma stability and microsomal stability profiles were more favourable than 

free RSV and all other RSV formulations excluding PEG5000-O-RSV NPs indicating that 

this formulation might be able to overcome in vivo hurdles for improving the 

bioavailability of RSV for anticancer treatment. Another conjugate with in vivo 

therapeutic potential was PEG5000-O-RSV NPs (highlighted green) despite having 

poor in vitro anti-proliferative effect on B16-F10 cells. As discussed, its great potential 

was due to its strong ether bond between RSV and PEG. Nonetheless, this 

formulation was not chosen for further in vitro and in vivo evaluations as its strong 

ether bond might in turn become a limitation where RSV cannot be released easily 

for therapeutic effect (Mattarei et al. 2013) and eventually lead to in vivo drug 

resistance (Gupta et al. 2015). Therefore, we have chosen both encapsulated and 

conjugated mPEG750-PLA1000 NPs for further assessment and comparison. 

5.5.6 Cytotoxicity of mPEG750-PLA1000 formulations 

Conjugated and encapsulated mPEG750-PLA1000 NPs and free RSV were used to 

treat mouse fibroblast NIH/3T3 cells to assess the cytotoxicity effect of the 

formulations on non-cancerous cells. Similar to the anti-proliferative evaluations on 

B16-F10 cells, 10 and 20µg/mL RSV equivalent doses were used. 
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Figure 5.13 Cytotoxicity of RSV encapsulated in mPEG750-PLA1000 NPs and conjugated 
mPEG750-PLA1000-succ-RSV NPs on NIH/3T3 cells treated at 0, 10 and 20µg/mL for 48 hours 
at 37°C 

Data presented as mean (n=2) ± SD *p<0.05 compared to 0µg/mL 

 

It was evident from Figure 5.13 that RSV itself was toxic at 10-20 µg/mL to non-

cancerous fibroblast cells although not as toxic in B16-F10 cancerous cells. This effect 

was transferred to the encapsulated RSV NPs and less so in conjugated RSV NPs, 

possibly due to the same reasons as the B16-F10 assays such as sustained release, 

conjugated hydroxyl groups of RSV and instability in CGM. Imamura et al. (2017) 

assessed the anti-obesity properties of RSV in murine 3T3-L1 preadipocytes and 

found a significant (p<0.01) decrease in cell viability to approximately 65% when 

treated with 22µg/mL RSV for 72 hours which was comparable to our data in Figure 

5.13. It would be pertinent to study the cytotoxicity of RSV and the formulations in 

other non-cancerous cell lines such as HaCaT cells (Nogueira et al. 2011, Pinazo et al. 

2016) but a more holistic approach was taken by studying the effect of RSV and the 

formulation in vivo. 
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5.5.7 Apoptosis assay of mPEG750-PLA1000 formulations 

A standard Annexin V-FITC and PI assay was employed to evaluate the effect of 

mPEG750-PLA1000 formulations on the apoptosis of B16-F10 cells after being treated 

with 20 and 50µg/mL RSV equivalent for 24 and 48 hours. 50µg/mL was additionally 

tested because of the higher anti-proliferative and apoptosis effect of 50µg/mL free 

RSV on B16-F10 compared to 20µg/mL free RSV (Figure 5.11). Two treatment times 

were selected in order to observe the time-lapse apoptosis and necrosis process on 

B16-F10 post-treatment. 

  

Figure 5.14 Representative coloured dot plots of 24-hour treated B16-F10 cells with 20 and 
50µg/mL RSV equivalent RSV formulations 

Q1 = necrotic cells, Q2 = late apoptotic cells, Q3 = early apoptotic cells, Q4 = viable cells 

 

In general, Figure 5.14 showed that all RSV formulations followed an apoptotic 

pathway of cell death after 24-hour treatments. Quantified data of each cell 

population according to each treatment was presented in Table 5.11.
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Table 5.11 Cell population percentages of B16-F10 cells treated with free RSV, encapsulated RSV in mPEG750-PLA1000 NPs and conjugated mPEG750-
PLA1000-succ-RSV NPs for 24 hours 

Formulation & concentration 
Viable 
(Q4) 

Early apoptotic 
(Q3) 

Late apoptotic 
(Q2) 

Necrotic 
(Q1) 

No treatment 89.4±0.0 0.4±0.0 4.2±0.0 5.9±0.0 

20µg/mL free RSV 68.1±3.2* 5.4±0.4* 19.5±1.2* 7.1±1.6 

50µg/mL free RSV 62.5±1.4* 6.9±0.5* 23.6±4.2* 7.1±3.3 

20µg/mL encapsulated RSV NPs 62.5±5.1* 4.3±0.7* 23.3±6.8* 9.8±2.4 

50µg/mL encapsulated RSV NPs 83.8±2.0 1.7±0.2 11.4±3.4 3.1±1.6 

20µg/mL conjugated RSV NPs 86.3±2.1 1.2±0.1 5.2±0.1 7.3±1.8 

50µg/mL conjugated RSV NPs 82.8±4.0 2.1±0.3 8.8±3.7 6.3±0.1 

Data presented as mean (n=2) ± SD *p<0.05 compared to untreated cells
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Correlating with MTT data on free RSV (Section 5.5.4), both concentrations had an 

anti-proliferative effect on B16-F10 cells by significantly increasing apoptotic 

populations and less so necrotic populations. As expected, the lower concentration 

of encapsulated RSV NPs (20µg/mL) was more effective than 20µg/mL free RSV, 

behaving very similarly to 50µg/mL free RSV with a higher percentage of necrotic cells. 

The increased effect of apoptosis due to encapsulation was seen in CT26 colon cancer 

cells treated with RSV encapsulated in a mPEG5000-PLA5000 at 4.6µg/mL RSV 

equivalent for 72 hours (Jung et al. 2015) and also in glioma cells where encapsulated 

RSV NPs were also found to have higher intracellular levels than free RSV which 

contributed to its enhanced apoptotic effect (Guo et al. 2013). The enhanced cellular 

uptake of RSV in NPs was seen in Wang et al. (2015b) where RSV-loaded mPEG-PCL 

micelles showed higher apoptotic cells in MCF-7 breast cancer cells than cells treated 

with free RSV. This further confirmed the benefits of nano-formulation of RSV in 

enhancing cellular uptake. Interestingly, 50µg/mL encapsulated RSV NPs did not 

perform as expected where there should be a higher percentage population of 

apoptotic and necrotic cells than 20µg/mL encapsulated RSV NPs. It was possible that 

a higher RSV content within the NPs increased the degradation rate of RSV as RSV is 

rapidly released reducing its biological efficacy. The slower release rate of RSV from 

conjugated RSV NPs due to the stronger covalent bonds (Section 4.5.3.1) and possibly 

due to the low stability in CGM (Section 5.5.3) also impeded the apoptosis effect of 

RSV at both concentrations. 50µg/mL conjugated RSV NPs did not perform better 

than 20µg/mL conjugated RSV NPs with only a very slight increase in apoptotic cells 

and this was most likely due to the increased degradation of the NPs in CGM due to 

higher concentration of the NPs. Therefore, a longer treatment period of 48 hours 

was adopted to ascertain whether the release rate of RSV from conjugated RSV NPs 

could be a factor in its biological efficacy. 
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Figure 5.15 Representative coloured dot plots of 48-hour treated B16-F10 cells with 20 and 
50µg/mL RSV equivalent RSV formulations 

Q1 = necrotic cells, Q2 = late apoptotic cells, Q3 = early apoptotic cells, Q4 = viable cells 

 

Figure 5.15 showed that all RSV formulations followed an apoptotic pathway of cell 

death after 48-hour treatments. Quantified data of each cell population according to 

each treatment was presented in Table 5.12.
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Table 5.12 Cell population percentages of B16-F10 cells treated with free RSV, encapsulated RSV in mPEG750-PLA1000 NPs and conjugated mPEG750-
PLA1000-succ-RSV NPs for 48 hours  

Formulation & concentration 
Viable 
(Q4) 

Early apoptotic 
(Q3) 

Late apoptotic 
(Q2) 

Necrotic 
(Q1) 

No treatment 93.1±0.0 1.2±0.0 2.7±0.0 3.0±0.0 

20µg/mL free RSV 42.3±1.8* 15.3±0.3* 36.7±0.9* 5.9±2.9 

50µg/mL free RSV 26.1±0.5* 15.6±1.6* 56.3±0.6* 2.1±1.6 

20µg/mL encapsulated RSV NPs 40.6±5.4* 21.8±1.7* 34.0±3.2* 3.7±0.5 

50µg/mL encapsulated RSV NPs 53.2±1.8* 9.8±0.9* 35.9±1.2* 1.2±0.3 

20µg/mL conjugated RSV NPs 86.9±0.2 1.2±0.1 5.7±0.8 6.3±0.7 

50µg/mL conjugated RSV NPs 76.6±2.8* 5.7±0.9 12.1±0.7* 5.6±1.3 

Data presented as mean (n=2) ± SD *p<0.05 compared to untreated cells
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As speculated, a longer treatment period of 48 hours allowed free RSV to assert its 

apoptosis effect on B16-F10 cells. Both concentrations of free RSV showed a dose 

dependent anti-proliferative effect on B16-F10 cells via the apoptotic pathway. As 

expected, the biological efficacy of conjugated RSV NPs could be observed after 48 

hours of treatment where some RSV has been released from conjugated RSV NPs. 

The higher concentration of conjugated RSV NPs resulted in a faster hydrolysis of 

polymer-RSV ester bonds resulting in more biologically active RSV. Duan et al. (2016) 

reported an RSV analogue, where the hydroxyl groups of RSV were conjugated to 

acetyl groups, did not show significant increase in apoptosis cells when compared to 

comparable free RSV concentrations. No explanation was given by the authors for 

this observation but this further asserted our speculation that hydroxyl groups on 

RSV was responsible for apoptosis in B16-F10 cells (Lee et al. 2004, Szekeres et al. 

2010). Also, conjugated RSV NPs could have influenced its cellular uptake and 

mechanism of biological activity due to the different structure of RSV (Nikhil et al. 

2014). 

Results from the apoptosis assay conducted on free RSV, encapsulated RSV NPs and 

conjugated RSV NPs confirmed that the apoptotic mechanism of RSV in B16-F10 cells 

was structure-specific, concentration-dependent and time-dependent as seen by 

others (Khan et al. 2013, Su et al. 2013, Chong et al. 2014, Summerlin et al. 2015). 

Further studies including cell cycle assays could be carried out in the near future to 

further elucidate the apoptotic mechanisms of the RSV formulations. Nonetheless, in 

vitro apoptosis assays cannot be directly translated or used to predict outcomes in in 

vivo models as tumour cells in vivo were capable of suppressing apoptosis for 

tumorigenesis (Proskuryakov et al. 2010). Therefore, there is a need to further assess 

these RSV formulations in an in vivo model to further understand and elucidate the 

biological efficacy and compare the effectiveness of encapsulation and conjugation 

in NPs. 

5.5.8 Tumour growth evaluation in a melanoma mouse model 

From the results of the apoptosis and MTT assays in B16-F10 cancer cells, RSV, 

encapsulated or conjugated, did not produce the same cytotoxicity as free RSV at a 
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cytotoxic dose. Although encapsulation has slightly enhanced the cytotoxicity of free 

RSV in B16-F10 cells possibly by enhanced cellular uptake of NPs, conjugation 

significantly decreased the cytotoxicity despite being more stable in vitro. From 

previous experiments, we knew that conjugation of RSV to polymers increased the 

stability profile of RSV in rat plasma and HLM. In addition, conjugation provided a 

sustained release profile of RSV when compared to encapsulated RSV NPs and free 

RSV. With these properties, the therapeutic effect of RSV in vivo would logically be 

better than in vitro due to the increased bioavailability of RSV, however, through our 

in vitro cell culture studies (Sections 5.5.5 to 5.5.7) we have discovered that the 

therapeutic effect was even lesser than free RSV. The in vitro models did not take into 

consideration of bioavailability of RSV in vivo and were much more simplified systems 

with no simulation of metabolism or plasma degradation. The benefit of ester bond 

cleavage by plasma enzymes to release the therapeutic effect of RSV from conjugated 

RSV NPs cannot be fully observed in in vitro models. It would be imprudent not fully 

explore the possible benefits of conjugation in vivo and hence, our hypotheses on the 

potential of our formulations can only be further evaluated and confirmed by in vivo 

experiments. 

5.5.8.1 Study rationale 

We have evaluated free RSV, RSV encapsulated in mPEG750-PLA1000 NPs and 

conjugated mPEG750-PLA1000-succ-RSV NPs in C57BL/6J mice with subcutaneously 

implanted B16-F10 tumours. RSV treatment in melanoma models produced mixed 

outcomes as reviewed by Park et al. (2015) where doses of RSV in various C57BL/6 

mice cancer models were as low as 0.1mg/kg body weight to as high as 200mg/kg. 

Asensi et al. (2002) administered 20mg/kg trans-RSV orally twice a day in C57BL/6 

mice and did not find any tumour growth suppression of B16M cells grown into the 

footpad of the hind limb of mice compared to the control group. 50mg/kg RSV, 

however, was found to inhibit in vivo melanoma B16-BL6 tumour in C57BL/6N mice 

after daily IP administration for 19 days but also showed a decrease in body weight 

indicating in vivo toxicity (Caltagirone et al. 2000). The same group found that at 

25mg/kg, the tumour size decreased by 4% whereas a 50mg/kg dose did not have 

significant decrease when compared to the control group. 
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In our study, the formulations were injected via two routes, that is, IT which was an 

injection directly into the tumour once palpable (Appendix 7.19) and IP which was an 

injection into the lower abdominal cavity of the mouse. The IT route allowed us to 

assess the therapeutic efficacy of a precise dose of a particular formulation at a lower 

dose (Lee et al. 2010, Fakhari et al. 2015). Lee et al. (2010) used a C57BL/6 mouse 

model with subcutaneous B16-F10 tumours for IT injections of PTX-loaded mPEG-PCL 

gels hence this study using IT administration allowed us to evaluate the suitability of 

the in vivo melanoma tumour model and to better understand the limitation of this 

model in the case of RSV NPs. Although not perfect, IT administration has been used 

frequently in the research to assess formulations. A polymeric DDS of DOX 

administered IT in prostate cancer rat models was found to enhance both tumour 

drug concentrations and tumour-to-organ ratios, resulting in improved efficacy of 

single dose chemotherapy when compared with IV administrations (Lammers et al. 

2006, Shen et al. 2017). As RSV formulations were injected directly into the tumour, 

a much lower dose than of RSV formulations can be used. The IT dose in this study 

was 2mg/kg every 48 hours, with a total of 5 injections. However, the IT route 

administration did not allow us to assess developed formulations in overcoming 

issues related to drug metabolism in the blood circulation and liver. Thus, the 

adoption of the IP route was necessary to assess the effectiveness of our formulations, 

comparing between conjugated RSV NPs and encapsulated RSV NPs, in decreasing 

the metabolism rate and providing a sustained release of RSV for anticancer therapy 

in a melanoma model. In addition, the IP route was more practical in a clinical setting 

where treatments for tumours at multiple sites can be administered at one site and 

also used at early stages of cancer where tumours have limited accessibility to via 

direct injections (Cheng et al. 2007). We started our in vivo tumour growth evaluation 

using the IT administration to assess the suitability and limitations of this B16-F10 

model. This cohort also allowed us to view the effectiveness of our RSV formulations 

in tumour-bearing mice models which assisted in our study design using the IP 

administration. 

5.5.8.2 Intratumoral (IT) administration 

The IT cohort was administered with two controls and three RSV formulations as per 
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Table 5.3 with a minimum of 6 mice per treatment. To reiterate the treatment plan 

for the IT cohort, a summary was prepared in Table 5.13 below. 

Table 5.13 Summary of treatment dosing, data collection days and sample size per treatment 
group during IT treatment period 

Procedure 
Days from start of treatment 

0 2 4 6 8 10 

Dosing (refer to Table 5.3) ‡ ‡ ‡ ‡ ‡  

Body weight measurement ‡ ‡ ‡ ‡ ‡ ‡ 

Tumour volume measurement ‡ ‡ ‡ ‡ ‡ ‡ 

Remaining sample size of treatment groups by treatment days 

20% HPCD  8 8 8 6 3 0 

Blank mPEG750-PLA1000 NPs 6 6 6 4 2 0 

RSV in 20% HPCD 6 6 6 6 2 2 

RSV in mPEG750-PLA1000 NPs (encapsulated) 7 7 7 1 0 0 

mPEG750-PLA1000-succ-RSV NPs (conjugated) 7 7 7 5 2 1 

 

Most reasons for early termination of animals was due to onset of necrosis and/or a 

sudden growth of tumour which was beyond the approved 100mm2 (length × width) 

hence the need to have larger sample sizes for treatment groups, in particle control 

groups. Appendix 7.18 showed various tumour characteristics observed during the in 

vivo study which included the onset of necrosis. However, it should be noted that a 

cancer treatment was deemed successful when the tumour develops necrosis 

(Carletto et al. 2016) and/or shrinks in volume (Ogston et al. 2003). The Kaplan-Meier 

survival curve for the IT cohort (Figure 5.16) showed that the median survival for all 

treatment groups was 6 days except encapsulated RSV NPs which was 4 days.  
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Figure 5.16 Kaplan-Meier survival curve of animals treated in IT cohort for each treatment 
group 

 

From cytotoxicity data of RSV formulations in non-cancerous fibroblast cells (Section 

5.5.6), our main concern was whether the formulations would cause any ill-effects on 

the mice treated especially due to multiple treatment injections which led to an 

increased dose in a short time frame. One observation would be the body weight 

trend which should be a steady increase for the duration of our study as per Appendix 

7.17. Mice in the IT cohort were 40 days old at the start of treatment with a weight 

range of 18.7-21.2g which was within the range supplied by the supplier. At the end 

of the treatment, remaining mice were 50 days old and within a healthy weight range 

of 19.1-22.3g. Figure 5.17 shows the body weight change in percentage for each 

treatment group throughout the treatment period. 
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Figure 5.17 Body weight percentage changes of animals in IT cohort throughout treatment 
period 

Data presented as mean (n as per Table 5.13) ± SEM 

 

The body weight of animals progressed as expected although there was a slight dip 

in body weight at day 10 in the conjugated RSV NPs treatment group (green line), 

however, this should be noted that the sample size was one in that case and the 

weight of the same mouse increased as expected compared to the previous time 

point. Although the study required necessary early termination of mice, the body 

weights of the animals suggest that the formulations were not toxic in vivo (Gao et al. 

2015). The physical appearances of the mice were also healthy according to the 

health monitoring score card used for each observation day. Mean tumour volumes 

of each treatment group throughout the treatment period was presented in Figure 

5.18. 
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Figure 5.18 Tumour volumes for all treatment groups in IT cohort from the start of treatment 

Data presented as mean (n as per Table 5.13) ± SEM (no significant results for all treatment 
groups compared to 20% HPCD control group) 

 

From details in Table 5.13 and the survival curve (Figure 5.16), sample sizes from day 

8 decreased to one or two mice per treatment group with no mice in the 

encapsulated RSV NPs group due to early terminations. Therefore, data from day 8 

were biased due to a much smaller sample size. Nonetheless, statistical analyses of 

treatments compared to control group and between treatments showed no 

significant results (p>0.5). Interestingly, the control group (20% HPCD) maintained 

smaller tumour volumes throughout the treatment compared to the other groups 

inferring that the treatments containing RSV may have worked adversely to what was 

seen through the project thus far. However, the large tumours could be due to the 

apoptotic and necrotic effect of the treatments where fluid seepage and 

inflammation was not visible externally and thus, gave an exaggerated measurement 

of the tumour. Appendix 7.20 displayed visual characteristics of excised tumours 

from each treatment group which showed fluid seepage and inflammation. In 

addition to our in vitro apoptotic data, Lee et al. (2006) also found 17% of tumour 



 

218 

cells in excised tumours in lung cancer bearing C57BL/6 mice treated daily with 

20mg/kg RSV orally for 14 days were apoptotic by histological quantitative TUNEL 

staining compared to 9% in vehicle treated mice. Also, the physical act of direct 

injection into the tumour could have encouraged necrosis due to the stress of injury 

from multiple injections which also caused fluid seepage from cytoplasm of the cells 

(Rock et al. 2008). Such effects could potentially mask therapeutic effects from RSV 

formulations and also cause difficulties in obtaining consistent tumour 

measurements. Distinct changes in mean tumour volumes in the IT cohort from start 

of treatments were from day 6 onwards and thus, a comparison of individual tumour 

volumes between the start of treatment and from days 6 onwards is shown in Figure 

5.19. 
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Figure 5.19 Individual tumour volumes (dots) of each treatment group in IT cohort at 
beginning of treatment and days 6, 8 and 10 of treatment 

Data presented as individual dots and mean ± SEM (line and error) 

 

From Figure 5.19, tumour growth of all groups was scattered in a wide range at days 

6 and 8 despite being closely clustered at the beginning of treatments. There were 

several possible reasons to this which could not be controlled, mainly due to the 



 

219 

nature of the tumour. This was supported by Zang et al. (2015) and Fairchild et al. 

(2011) where B16-F10 tumours were known to be highly aggressive, invasive and 

metastasize at early stages of tumour growth. The tumours in the control group 

consisted of mice with various tumour sizes by day 6 despite being untreated. The 

lower outliers seen at day 6 and 8 could be due to the tumours not growing healthily 

in some individuals. The high outliers could be due to the trauma of injection or the 

treatments containing RSV which led to apoptosis or necrosis of cells in some 

tumours. Due to early termination due to the size and state of the implanted tumours, 

sample sizes from day 8 significantly decreased and appeared even more scattered. 

This further highlighted the interindividual variation in tumour growth patterns 

within an in vivo study due to the interindividual metabolic variation (Bode et al. 

2013). 

Although the sample size decreased, we can postulate that free RSV and conjugated 

RSV NPs was able to control the tumour growth more than the other treatment 

groups evident from their survival at day 10. This could be attributed to the sustained 

release of RSV from conjugated RSV NPs and the possible acid hydrolysis of 

conjugates which could occur within the acidic tumour environment (Dubey et al. 

2017). Nonetheless, the multiple dosing could have increased the potency of the 

conjugated RSV NPs over time. Free RSV was complexed with HPCD to aid its 

solubilisation in our in vivo study hence, the physicochemical properties of free RSV 

in a HPCD complex was not considered which could have led to a better sustained 

release and stability profile than free RSV in DMSO in the in vitro studies. HPCD was 

found to increase the aqueous solubility of RSV and improve its cytotoxicity in HeLa, 

Hep3B and MCF-7 cell lines as reviewed by Summerlin et al. (2015). 

As mentioned before, the tumour volumes of both control groups steadily increased 

throughout the treatment period but was culled before the end of the treatment 

period due to large tumour volumes and onset of necrosis which could be an 

indication of an aggressive tumour consistent with the nature of B16-F10 tumour 

models (Proskuryakov et al. 2010). This highlighted another factor to consider for 

B16-F10 tumour-bearing C57BL/6 mice that is the age of the tumour. In our case, at 

day 10 of the treatment period, the tumour was 17 days old and evidently from Figure 
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5.19, the control groups were eliminated due to their large volume and necrosis 

unlike free RSV and conjugated RSV NPs treatment groups. 

Due to the rapid release of RSV from encapsulated RSV NPs compared to conjugated 

RSV NPs and multiple dosing during the study, the amount of RSV available for 

therapeutic effect would be much more than what was made available by the 

conjugated RSV NPs. As encapsulated RSV NPs caused apoptosis which could have 

eventually led to necrosis as described in Section 5.5.7, the measurement of tumours 

could be superficially larger due to the inflammation and fluid seepage entailing 

apoptotic and necrotic processes. Furthermore, RSV was found to trigger cell death 

by both apoptosis and necrosis individually and concurrently which further affirmed 

its multi-faceted biological mechanism (Scarlatti et al. 2008). Although the results 

from the IT cohort could not explain the effects of RSV formulations clearly, there 

were several points which could be utilised for our IP cohort: 

1) Early termination due to possible necrosis from multiple IT dosing could be 

avoided by using another administration route, for example IP. 

2) As B16-F10 tumours are aggressive tumours (Mathieu et al. 2012, Danciu et 

al. 2015), it would be imperative to design a study with tumours less than 17 

days to avoid early termination due to tumour size and onset of necrosis. 

3) The therapeutic difference between three RSV formulations (free RSV, 

encapsulated RSV NPs and conjugated RSV NPs) may be better differentiated 

using a different route administration, particularly one considering the 

metabolism pathway of RSV in plasma and liver. 

5.5.8.3 Intraperitoneal (IP) administration 

With the knowledge from the IT cohort, the IP cohort was treated slightly differently 

from the IT cohort. Firstly, treatment was carried out on the same day as tumour 

inoculation to accommodate the aggressive tumour growth. A larger sample size of 

treatment groups was also used at the beginning to account for possible loss of mice 

due to early termination from overly large tumours or onset of necrosis. Secondly, 

the tumour volume and body weight measurements were completed at 14 days after 

the start of treatment. As such, a summary of the treatment plan is depicted below. 
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Table 5.14 Summary of treatment dosing, data collection days and sample size per treatment 
group during IP treatment period 

Procedure 
Days from start of treatment 

0 2 4 6 8 10 12 14 

Dosing (refer to Table 5.4) ‡ ‡ ‡ ‡ ‡    

Body weight measurement ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ 

Tumour volume measurement    ‡ ‡ ‡ ‡ ‡ 

Remaining sample size of treatment groups by treatment days 

20% HPCD 8 8 8 8 8 8 8 6 

mPEG750-PLA1000 polymer in MQ 7 7 7 7 7 7 7 6 

RSV in 20% HPCD 7 7 7 7 7 7 7 6 

RSV in mPEG750-PLA1000 NPs (encapsulated) 8 8 8 8 8 8 8 7 

mPEG750-PLA1000-succ-RSV NPs (conjugated) 7 7 7 7 7 7 7 6 

 

As treatments were started on the same day of tumour inoculation, tumours were 

not palpable for measurement, as a result, measurement of tumour only started from 

day 6 when tumours were palpable. All treatment groups majority survived to the 

end of the treatment period of 14 days with a median survival of 14 days (Figure 

5.20A). There was also no sign of toxicity due to the steady increase of body weight 

in all treatment groups (Figure 5.20B). 
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Figure 5.20 Kaplan-Meier survival curve (A) and body weight percentage changes (B) of 
animals treated in IP cohort for each treatment group 

Data (B) presented as mean (n as per Table 5.14) ± SEM 
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Overall, the difference in mean tumour volumes between each treatment throughout 

the study showed no statistical significance but there were patterns observed 

especially after treatment period (Figure 5.21). 
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Figure 5.21 Tumour volumes for all treatment groups in IP cohort from the start of treatment 

Data presented as mean (n as per Table 5.14) ± SEM (no significant results for all treatment 
groups compared to 20% HPCD control group) 

 

During the treatment period, tumour volumes were not distinguishable between 

treatment groups, however, once treatments were stopped, the treatment group 

with conjugated RSV NPs had a distinct decrease in tumour growth for up to 14 days 

when compared with the other treatment and control groups. At day 12, the tumour 

volumes were as expected where the control groups had higher tumour volumes 

followed by free RSV and encapsulated RSV NPs with the conjugated RSV NPs being 

the smallest tumour volumes. Figure 5.22 details the individual tumour volumes of 

each treatment group at days 8 which is the last day of treatment and days 12 and 

14 since the start of treatment. 
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Figure 5.22 Individual tumour volumes of each treatment group in IP cohort at beginning of 
treatment (day 8), days 12 and 14 of study 

Data presented as individual dots and mean ± SEM (line and error) 

 

By day 14 since start of treatment, the sample size of the control group treated with 

20% HPCD was decreased by 2 mice due to tumours being too large. This reduction 

of mice samples size has caused the mean tumour volume appear artificially smaller 

as the tumour size of culled mice would be much greater than those analysed. The 

mean tumour volumes of treatment groups with free RSV and encapsulated RSV NPs 

were high due to the fluid seepage and inflammation which led to an overestimation 

of tumour volumes as seen in the IT cohort. Appendix 7.21 showed excised tumours 

of each treatment group after culling which depicted the fluid seepage and 

inflammation in both free RSV and encapsulated RSV NPs. The conjugated RSV NPs 

treatment group showed decrease in tumour growth with no fluid seepage or 

inflammation compared to the other RSV treatment groups. Despite being ineffective 

in in vitro assays, the in vivo study demonstrated that the sustained release (Figure 

4.2) and better stability profiles of conjugated RSV NPs in rat plasma and HLM 

(Section 5.5.1) increased the availability of RSV for the decrease of B16-F10 tumour 
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growth over time. In addition, the presence of mPEG on the conjugated RSV NPs 

allowed for prolonged residence time in the body leading to passive tumour targeting 

(Yang et al. 2014). We also speculate that the acidic tumour environment was able to 

hydrolyse the covalent ester bonds between the polymer and RSV (Dubey et al. 2017, 

Zhang et al. 2017) which then released RSV at the tumour site for therapeutic effect, 

however, this would need further investigation to confirm this. Both free RSV and 

encapsulated RSV NPs were not able to produce any tumour suppression effect 

compared to the control group due to its fast metabolism and plasma degradation 

(Section 5.5.1) and fast release of RSV (Section 4.5.3) as demonstrated by our in vitro 

studies. The similar benefits of conjugated RSV NPs against encapsulated RSV NPs in 

anticancer studies were observed in Luo et al. (2016b) where, campothericin, another 

natural product, was conjugated to PEG and used for treatment of breast cancer cells 

via IV administration. 

Despite reports on RSV being ineffective in melanoma (Niles et al. 2006, Osmond et 

al. 2013), our IP cohort proved that by formulating NPs using RSV conjugates and free 

RSV, conjugated RSV NPs could suppress melanoma in mice. The IP route enabled 

administration of the RSV formulations before the tumour was palpable which could 

be useful when early tumour detection was made or when a tumour was located in 

locations within the body where IT injections would be impractical. Early tumour 

treatment or tumours with a small burden were known to be more sensitive to 

anticancer agents, therefore an early treatment as demonstrated in the IP cohort 

would be clinically favourable (Temple et al. 2005). As B16-F10 is a highly aggressive 

tumour, repeated doses was needed to reduce the total number of cells for the 

immune system to kill any remaining cells (Barton-Burke et al. 2006). Our study also 

showed undetectable in vivo systemic toxicity of the conjugated RSV NPs (Section 

5.5.6) as determined by body weight, which could be due to rapid clearance of low 

MW polymers (Kolate et al. 2014, Wang et al. 2016) and RSV in general (Park et al. 

2015). Park et al. (2015) reviewed various pre-clinical studies using free RSV, carried 

out on various cancer cells with doses equal to or more than 50mg/kg body weight 

injected daily for at least 2 weeks via the IP route. For example, IP treatment of 

50mg/kg/day of RSV for 6 weeks in DU145 prostate xenografts reduced tumour 
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growth and progression. Our IP cohort showed that at a lower dose of 25mg/kg, our 

novel conjugated RSV NPs containing both polymeric RSV conjugates and free RSV 

produced therapeutic effect with a shorter duration of treatment and less dosing 

frequency. Nonetheless, it should be noted that the % w/w of mPEG750-PLA1000-

succ-RSV in the conjugated RSV NPs was 63.9% and a better purification of the 

conjugate during the chemical synthesis stage discussed in Chapter 2 would expect 

to produce even more therapeutic beneficial in B16-F10 tumour growth suppression 

in vivo. However, the high DL due to encapsulated of free RSV in conjugated RSV NPs 

could have contributed to higher RSV concentration at tumour sites. The nano-sized 

particles would have also encouraged passive targeting of B16-F10 tumour. 

5.6 Conclusion 

The low bioavailability of RSV is known to be mainly due to its rapid in vivo 

metabolism and degradation. We have developed novel RSV NPs using low MW 

amphiphilic copolymers and polymeric RSV conjugates in Chapter 4. We have found 

that nano-formulations of RSV by either encapsulation or conjugation protected RSV 

from degradation in rat plasma. Furthermore, we confirmed that conjugated RSV NPs 

reduced the phase II metabolism of RSV in HLM when compared to free RSV and 

encapsulated RSV NPs. The NPs were then assessed for anticancer activity in B16-F10 

melanoma cells in vitro where the conjugated RSV NPs were found to be ineffective 

in increasing the anti-proliferative and apoptotic properties of RSV. The encapsulated 

RSV NPs performed either on-par or only slightly better than free RSV for those 

properties. As the effect of conjugation in decreasing the metabolism and 

degradation of RSV could not be fully evaluated in in vitro assays, in vivo evaluation 

of these NPs and their effect was undertaken to study the therapeutic effectiveness 

of conjugated RSV NPs in tumour suppression compared to encapsulated RSV NPs 

and free RSV using a B16-F10 mouse model with IT and IP route administrations. 

Conjugated RSV NPs were found to have decreased the growth of tumours better 

than encapsulated RSV NPs and free RSV alone despite its contradictory in vitro 

anticancer data, most likely due to its enhanced plasma and HLM stability and 

sustained release. In conclusion, this chapter has established that novel RSV 
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formulations made with RSV conjugated with low MW polymers and unconjugated 

RSV increased therapeutic activity of RSV in tumour bearing mice via the reduction 

of the metabolism rate of RSV in the melanoma mouse model. The outcomes of our 

study also strongly suggest that in vitro cytotoxicity work cannot be used to predict 

the therapeutic effectiveness of a drug delivery system. For a drug which undergoes 

extensive metabolisms, the use of chemical conjugation and NP formulation is an 

effective strategy to enhance its drug efficacy.  
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CHAPTER 6. GENERAL DISCUSSION, CONCLUSION AND 
FUTURE WORK 

6.1 General discussion and conclusion 

RSV is a simple and yet elegant molecule which has plenty of potential for an array of 

biological effects including anticancer with low toxicity (Gorlach et al. 2015). 

Although there are still discoveries need to be made to clarify its mechanisms of 

action and in vivo behaviour, it has been well documented that the therapeutic 

potential of RSV was limited by its low bioavailability due to its rapid degradation and 

hepatic metabolism in vivo. Our approach was to utilise both synthetic chemistry and 

nanotechnology techniques to improve on the stability profile of RSV by conjugating 

RSV to low MW PEGylated amphiphilic copolymers and formulating the conjugates 

into NPs. This research project aimed to produce nano-sized RSV formulations with 

better stability profiles than native RSV in order to enhance its anticancer properties 

in murine B16-F10 melanoma cells. 

Low MW polymers with less than 3,000Da in total were used to optimise the DL of 

RSV formulations and to reduce likelihood of in vivo toxicity of polymers. However, 

the synthesis and purification of low MW mPEG750-PLA1000 was challenging despite 

various trials and purification techniques. Further studies into the mechanistic factors 

were needed to successfully synthesise the low MW polymer with high efficiency, 

however, this was not possible in this project. In this project, activated amphiphilic 

copolymers were synthesised using two-carbon and three-carbon linear chains, that 

is succ and glu, respectively, as a linker for the conjugation to RSV. With these, RSV 

was conjugated to the amphiphilic copolymers via an ester bond which can be easily 

cleaved in vivo for the release of RSV and hence, to produce its therapeutic effect. 

During the synthesis of the RSV conjugates, excess RSV was used in order to maintain 

mono-substitution of RSV by the amphiphilic copolymer and remaining unconjugated 

RSV was not removed after the chemical reaction so that we could utilise the 

unsubstituted free RSV to increase the DL of the nano-sized formulation. In order to 

study the effects of hydrophobic chain length, type of hydrophobic chain, hydrophilic 

chain length and type of linker used, we synthesised RSV conjugates with several 
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variables (Table 6.1) to mPEG750-PLA1000-succ-RSV with known enhanced PK and in 

vitro stability profile compared to free RSV (Basavaraj 2011). 

Table 6.1 Synthesis variables of mPEG750-PLA1000-succ-RSV conjugate studied and expected 
outcome 

RSV conjugate Effect studied Hypothesis 

mPEG750-PLA1000-glu-RSV 
Longer chain 

linker 

More stable linker compared 
to succ leading to slower 

hydrolysis 

mPEG750-PCL1000-succ-RSV 
More 

hydrophobic chain 

Slower polymer hydrolysis 
compared to mPEG750-

PLA1000 

mPEG2000-PLA1000-succ-RSV 
Longer hydrophilic 

chain 

Better formulation stability 
compared to mPEG750-

PLA1000-succ-RSV 

mPEG2000-PCL1000-succ-RSV 
More 

hydrophobic chain 

Slower polymer hydrolysis 
compared to mPEG2000-

PLA1000 

 

Using RSV conjugates synthesised in Chapter 2, we then successfully formulated the 

RSV conjugates into NPs by simple and affordable nanotechnology formulation 

techniques, that is solvent evaporation, solvent diffusion or thin film hydration 

(conjugated RSV NPs). With the presence of free RSV in the final synthesised RSV 

conjugate compound, DL of conjugated RSV NPs was higher (10%-48%) when 

compared to free RSV encapsulated in low MW amphiphilic PEGylated copolymers 

(encapsulated RSV NPs) with DL of below 10%. The particle sizes and zeta potential 

values were highly dependent on the polymer hydrophilicity and hydrophobicity, 

RSV-polymer covalent and non-covalent interaction and hydrophilicity-

hydrophobicity properties of RSV conjugates. Overall, all NPs were smaller than 

240nm except RSV encapsulated in mPEG2000-PLA1000 NPs with good PDI values 

which was suitable for passive tumour targeting. Zeta potential values were generally 

negative or zero which were explained extensively in Chapter 4 with conjugated RSV 

NPs being more negative than the encapsulated RSV NPs. This showed that 

conjugated RSV NPs were of high DL whilst maintaining nano-sized particles. 

Conjugation also allowed for a sustained release of RSV equivalent as opposed to a 
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rapid release of RSV from encapsulated RSV NPs within 2 hours. Using a novel HPLC 

gradient method developed to analyse free RSV and RSV conjugates concurrently, we 

were able to elucidate the release profile of conjugated RSV NPs by the release 

profiles of each component in the NPs, that is free unconjugated RSV and RSV 

conjugate. Conjugated RSV NPs provided a sustained release of RSV by protecting the 

encapsulated free RSV and maintaining a NP shell using the RSV conjugate which 

slowly released the covalently bonded RSV by hydrolysis cleavage. The release of RSV 

from conjugated RSV NPs was found to be complex and varied depending on the type 

of polymer, particle size, release kinetics of encapsulated RSV, release kinetics of RSV 

cleaved from RSV conjugate and the degradation kinetics of the RSV conjugate and 

RSV. Encapsulated RSV NPs were able to reduce the degradation rate of RSV in PBS 

but was not able to provide a sustained release of RSV except for RSV encapsulated 

in mPEG2000-PLA1000 NPs due to its higher MW and large particle size. 

A distinct difference between conjugation and encapsulation was also seen in the 

stability of RSV formulations when exposed to rat plasma esterases and human 

microsomal enzymes. Almost all encapsulated RSV NPs were stable against plasma 

esterases due to the protective polymeric shell but not against microsomal enzymes 

due to the availability of hydroxyl groups on RSV and the rapid degradation of 

polymeric shell upon exposure to microsomal enzyme in the study. The stability of 

conjugated RSV NPs against plasma esterases and microsomal enzymes were again 

studied using concurrent analysis of free unconjugated RSV and RSV conjugate by 

HPLC and were found to be dependent on the stability of the RSV conjugate itself 

which maintained the integrity of the NP structure and provided the release of RSV 

which was then degraded or metabolised. As the amount of free RSV within each 

conjugated RSV NPs varied, this perceived advantage was now contributing to the 

complexity of the stability and physical properties of conjugated RSV NPs. 

Nonetheless, all conjugated RSV NPs outperformed encapsulated RSV NPs in terms 

of release profile and stability profile against plasmatic and microsomal enzymes. 

Most RSV formulations were then evaluated for anti-proliferative effects on B16-F10 

melanoma cell line which showed conjugated RSV NPs less effective than 

encapsulated RSV NPs and free RSV. This suggests that the conjugated RSV NPs may 
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have to be converted to free RSV to be therapeutically effective. This is not surprising 

as the conjugation of RSV prevented the use of the hydroxyl groups on RSV which 

was reported essential for anti-proliferative effect (Lee et al. 2004, Szekeres et al. 

2010). The in vitro cell culture studies were not able to expound the in vivo effect of 

conjugated RSV NPs when reduction of metabolism and degradation rates were 

directly related to the therapeutic activity of RSV at the tumour site. 

With data thus far, mPEG750-PLA1000-succ-RSV NPs was selected as the top 

candidate for further in vitro and in vivo studies. The polymeric conjugate properties 

were most balanced for NP preparation and for sustaining the NP integrity which 

provided stable profiles against plasma and liver enzymes. Its sustained release of 

total RSV equivalent was also favourable compared to the other RSV formulations 

regardless of encapsulated or conjugated NPs except RSV encapsulated in 

mPEG2000-PLA1000 NPs. As a comparison, RSV encapsulated in mPEG750-PLA1000 

NPs was used for similar studies as well. In order to understand the mechanisms of 

anti-proliferative activity seen in B16-F10 cells, apoptosis assays were carried out. 

Correlating with the anti-proliferative assays, mPEG750-PLA1000-succ-RSV NPs was 

not effective when compared with encapsulated mPEG750-PLA1000 NPs or free RSV. 

The apoptotic effect of the encapsulated RSV NPs was enhanced when compared to 

free RSV but not after being treated for 48 hours which could be due to the rapid 

release of RSV from the encapsulated RSV NPs and subsequent degradation in CGM 

rendering it ineffective after a certain period of time post-release. 

With a clear understanding that the full extent of the effectiveness of conjugated RSV 

NPs could not be assessed in in vitro experiments, we carried out in vivo studies on 

tumour-bearing mice where using the IT route enabled us to determine the suitability 

of the formulations and model at precise doses whereas with the IP route, the full 

effect and benefit of conjugation was evident. The tumour model we have chosen 

was highly aggressive and any positive effect rendered from our RSV formulations 

would have therapeutic potential. Through the IT cohort, we observed apoptotic and 

necrotic effects on the tumour of the treatment at low doses. However, tumour 

growth was too fast and aggressive to enable us to differentiate the treatments. A 

decrease of tumour growth trend was observed in the conjugated RSV NPs treatment 
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group when administered via the IP route although statistically not significant when 

compared with the control group. It should be noted that the control group had mice 

culled earlier due to their excessive tumour size and onset of necrosis. Furthermore, 

our conjugated NPs did not contain 100% RSV conjugate but 63.9% w/w of mPEG750-

PLA1000-succ-RSV conjugate in conjugated RSV NPs (remaining was free 

unconjugated RSV), hence, the effect of the RSV conjugate as a treatment for the 

B16-F10 mouse model could have improved if purification was carried out on the final 

products synthesised to obtain 100% pure RSV conjugate for formulation of NPs 

which could lessen the DL. Nonetheless, this project has proven a few key points 

which should be considered in future research of RSV conjugates in NPs. 

1) Low MW PEGylated amphiphilic copolymers is effective in conjugating RSV to 

reduce its metabolism rate and also suppress a highly aggressive tumour 

growth 

2) Despite synthetic chemistry approaches to improve on the stability of the RSV 

conjugate mPEG750-PLA1000-succ-RSV, NP architecture and properties could 

have affected the stability profiles, release of RSV and anti-proliferative effect 

3) DL of RSV in NPs was increased substantially when free RSV was encapsulated 

into NPs together with RSV conjugates and this has not been reported in 

literature thus far, in particular for RSV 

4) The use of concurrent analysis of free RSV and RSV conjugates allowed us to 

examine the release profile and stability profiles of conjugated RSV NPs which 

has not been presented in literature before 

5) In order to observe or evaluate the full effect of conjugation, in vitro cell 

culture assays were insufficient and animal models were necessary to allow 

the revelation of the full effectiveness of NP formulation 

In conclusion, we successfully prepared RSV NPs within the size range possible for 

passive tumour targeting and enhanced the DL of NPs by encapsulating free RSV into 

NPs formulated with RSV conjugates. Conjugated RSV NPs showed better release and 

stability profiles against plasmatic and microsomal enzymes than free RSV and was 

ineffective against melanoma cell lines in anti-proliferative and apoptosis in vitro 

assays, however these NPs suppressed tumour growth in an in vivo model. Therefore, 
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the strategy to conjugate RSV to low MW PEGylated amphiphilic copolymers and 

formulate into NPs together with unconjugated RSV enhanced the anticancer activity 

of RSV. It was proven to be more effective than the approach of encapsulating free 

RSV into low MW PEGylated amphiphilic copolymers by effectively reducing the 

plasma degradation and liver metabolism rates of RSV, producing the more active 

form of RSV for anticancer effects. 

6.2 Future work 

This research project also revealed that there were many additional works which 

could be done in order to produce a better holistic understanding of the effects of 

RSV conjugation and its nano-sized formulation on improving the bioavailability of 

RSV for anticancer treatment. Due to time and resource constraints, they could not 

be conducted. It was imperative that the scope of the research project remained 

succinct to produce high quality research and deductions. Nonetheless, future work 

for this project are listed here. 

1) Purification of final products synthesised in Chapter 2 to obtain conjugated RSV 

NPs with 100% RSV conjugates and evaluating the NPs for comparison with data 

in this project 

2) Mechanistic cellular uptake studies of RSV formulations in B16-F10 

3) Mechanistic apoptosis assays of RSV formulations in B16-F10 

4) Anti-proliferative assay of RSV formulations in other cancerous cell lines 

5) Modification of the current in vivo study to include a longer treatment period 

and longer evaluation period in the IP cohort; and also, to test other conjugated 

RSV NPs in the animal model 

6) Biodistribution study and PK study of conjugated RSV NPs 

7) Tumour histology of excised tumour tissue to assess apoptotic and necrotic 

effect of RSV formulations 

8) In vitro and in vivo effects of RSV formulations on metastatic properties of B16-

F10 cells due to the anti-metastatic properties of RSV 
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CHAPTER 7. APPENDICES 

7.1 Calculation of polymer molecular weight by NMR using end-

group analysis 

NMR spectroscopy is an absolute method to determine the MW of polymers using 

end-group analysis (Umoren et al. 2016). For additional reading, Pochapsky et al. 

(2013) offers a comprehensive overview on the theory and standard experiments 

carried out on NMR spectrometers. Using mPEG-PLA synthesised based on methods 

detailed in Section 2.4.1.1 as an example (Figure 7.1), the methyl end-group protons 

of mPEG (Hd) at ca. 3.4ppm was used to calculate the number of repeating units of 

mPEG by using the methylene protons Hc at ca. 3.6ppm and of PLA by using the 

methine proton Ha at ca. 5.2ppm. 

CH3
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Figure 7.1 Molecular structure and proton labels of mPEG-PLA synthesised 

 

From Table 7.1, the number of repeating units for mPEG was calculated using the 

following equation as described by Izunobi et al. (2011). OEt represented protons 

from the methylene protons of the mPEG chain. When calculating for the repeating 

units of PLA, OEt was replaced with the methine proton of PLA chain. 

rmPEG = 
AOEt × 3 (Number of protons in methyl end‐group)

Peak area of methyl end‐group  × BOEt
 

where, 
r is the repeating units of species i 
A is the area of the 1H NMR peak of species i 
B is the number of protons of species i 
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Table 7.1 Mn calculation for mPEG-PLA using end-group analysis by NMR 

Peak 

Peak integration Number 
of 

repeating 
units 

Formula 
weight of 
repeating 

unit 

Mn (Da) 
Expected Actual 

Methylene protons on 
mPEG 

-OCH2CH2 
(3.6ppm) 

179 182.22 45.6 44.053 2039.9 

Methine proton on PLA 
-C(=O)-CHCH3O- 

(5.2ppm) 
14 12.81 12.8 72.063 923.4 

   Total Mn 2963.3 

 

The number of repeating units for each polymer was then used to calculate the Mn 

of each polymer on the copolymer using the formula MW of each polymer as follows. 

CH3

O

O

CH3

O

O

H

m
n

Formula MW 31.034 44.053m 72.063n 1.008 g/mol or Da

Total M
n
 = 2039.8508 + 923.4144

                   = 2963.2648 g/mol or Da

mPEG M
n
 

= 31.034 + 44.053 × 45.6
= 2039.8508

PLA M
n
 

= 72.063 × 12.8 + 1.008
= 923.4144 g/mol or Da

 

Therefore, by using the end-group analysis by NMR, we have determined that the Mn 

of the amphiphilic copolymer mPEG-PLA as 2,960Da with mPEG having a Mn of 

2,040Da and PLA 920Da. 
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7.2 Calculation of % w/w of components and total RSV 

equivalent concentration in final RSV conjugate products by 

NMR 

The molar ratio of components in mPEG750-PCL1000-succ-RSV were estimated 

based on H4 integral values on mono-substituted 4’- (ca. 6.2ppm), H6 integral values 

on mono-substituted 3- or 5- conjugates (ca. 6.4ppm) and H4 integral values of free 

RSV (ca. 6.1ppm) as previously discussed in Section 2.5.3. There were negligible 

amounts of di-substituted conjugates in the final product and was disregarded from 

calculations.



 

265 

Table 7.2 Molar ratio of free RSV and mono-substituted RSV conjugates in mPEG750-PCL1000-succ-RSV synthesised product using NMR spectra integral values 

 Free RSV Mono-substituted 3- or 5- RSV conjugate Mono-substituted 4’- RSV conjugate 

Proton and chemical shift H4 at 6.1ppm H6 at 6.4ppm H4 at 6.2ppm 

Integration value 0.09 0.82 0.85 

Molar ratio 
0.09

0.09 + 0.82 + 0.85
 = 0.05 

0.82

0.09 + 0.82 + 0.85
 = 0.48 

0.85

0.09 + 0.82 + 0.85
 = 0.47 

As mono-substituted RSV conjugates were not distinguished by substitution in this project… 

Molar ratio 0.05 0.48 + 0.47 = 0.95 
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Therefore, the molar ratio of free RSV to mono-substituted RSV conjugates was 0.05 

to 0.95. Using the MW of each component, that is 228g/mol for RSV and 1872g/mol 

for mPEG750-PCL1000-succ-RSV, we determined the % w/w of each component in 

the synthesised product as follows: 

% w/w free RSV =  
0.05 × 228

(0.05 × 228) + (0.95 × 1872)
 × 100% = 0.7% 

% w/w mono-substituted RSV conjugates =  
0.95 × 1872

(0.05 × 228) + (0.95 × 1872)
 × 100% = 99.3% 

 

Determination of total RSV content or total RSV equivalent concentration in RSV 

conjugates in a batch of synthesized products were based on the % w/w of its 

individual components. The final product contained 0.7% w/w free RSV (MW 

228g/mol), that is 0.7g free RSV was found in 100g product. Therefore, in 1mg 

product, there was 
0.7

228 × 100
 = 0.0307µmol free RSV. 

The final product contained 99.3% w/w total mono-substituted conjugates (MW 

1872g/mol). Therefore, in 1mg product, there was 
99.3

1872 × 100
 = 0.5304µmol mono-

substituted conjugates. In a mono-substituted conjugate, the molar ratio between 

RSV and the copolymer was 1:1. Thus, the number of moles of RSV in a mono-

substituted conjugate was the same number of moles of the mono-substituted 

conjugates. In this case, the number of moles of RSV in the mono-substituted 

conjugate was then also 0.5304µmol. 

Hence, the total number of moles of RSV equivalent in 1mg final product was 

0.0307µmol + 0.5304µmol = 0.5611µmol and the total weight of RSV equivalent in 

1mg of final product was 0.5611µmol × 228g/mol = 0.12793mg. Therefore, the total 

concentration of RSV in 1 mg/mL product was 
1mg/mL × 0.12793mg

1mg
 = 0.128mg/mL.  
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7.3 Calculation of polymer molecular weight by GPC 

Unlike the NMR technique described in Appendix 7.1, determination of MW of 

polymers by GPC is relative to the calibration of polymer standards with narrow PDI. 

We have used PEG standards (Jordi Labs LLC: MA, USA) with PDI values of less than 

1.20 with the following MW distributions (Table 7.3). 

Table 7.3 MW distributions and PDI of PEG standards used for GPC calibration 

MW at peak 
maxima, Mp 

(Da) 

Weight-average 
MW, Mw 

(Da) 

Number-average 
MW, Mn 

(Da) 

Polydispersity 
index, PDI 
(Mw/Mn) 

960 985 879 1.12 

3,020 3,060 2,800 1.09 

6,430 6,510 5,610 1.16 

26,100 25,800 22,100 1.17 

 

A calibration curve was prepared by plotting the average tR obtained from eluted 

peaks of standards measured in triplicate against logMp (Figure 7.2). 
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Figure 7.2 Calibration of GPC system using PEG standards (960 to 26,100Da) 

Linear regression equation: y = -0.4569x + 3.759 (R2 = 0.9906) 

 

As an example, an mPEG-PLA synthesised as per Section 2.4.1.1 was analysed by the 

GPC method against these PEG standards and the raw data of the eluted peak from 

tR 1.8936 minutes to 2.4552 minutes were processed as per Table 7.4. From the raw 

data of an eluted sample peak, the Mn and Mw was calculated by equations described 

as follows (Holding et al. 1995, Khanna et al. 1996, OECD 1996): 

Mn = 
∑ Hi

n
i=1

∑ Hi/Mi
n
i=1

 

Mw = 
∑ Hi × Mi

n
i=1

∑ Hi
n
i=1

 

PDI= 
Mw

Mn
 

where, 
Hi is the response level minus noise of the RID signal for the tR ti, 
Mi is the MW fraction of the polymer calculated from the calibration curve linear regression 
equation at the tR ti, and 
n is the number of data points in the eluted peak 
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Table 7.4 Processed raw GPC data for Mn and Mw calculations 

Retention time, ti 
(minutes) 

RID response 
(nRIU) 

RID response minus noise 
level, Hi 
(nRIU)* 

Mi Hi/Mi Hi × Mi 

1.8936 4681.5098 0.0000 12098.50 0.0000 0.0000 

1.9008 4766.6499 85.1401 11667.37 0.0073 993361.2975 

1.9080 4868.4297 186.9199 11251.61 0.0166 2103149.9974 

1.9152 4989.2598 307.7500 10850.66 0.0284 3339292.0058 

1.9224 5131.8398 450.3300 10464.01 0.0430 4712255.6542 

⁞ ⁞ ⁞ ⁞ ⁞ ⁞ 

2.4336 7608.5200 2927.0102 795.89 3.6777 2329580.9934 

2.4408 7451.6699 2770.1601 767.53 3.6092 2126180.2341 

2.4480 7309.4800 2627.9702 740.18 3.5505 1945168.6944 

2.4552 7180.7300 2499.2202 713.80 3.5013 1783951.2653 

  
∑ Hi

2.4552
1.8936  = 

785354.2313 

 ∑ Hi
2.4552
1.8936 /Mi = 
335.5982 

∑ Hi
2.4552
1.8936  × Mi = 
2412694771 

*Noise level was determined by using the response level just before peak elution which in this case was at 1.8936 minutes. 
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Then, the MW distributions of this polymer mPEG-PLA were calculated and 

summarised in the following table (Table 7.5). 

Table 7.5 Calculated MW distribution and PDI of mPEG-PLA using GPC 

mPEG-PLA MW characteristic 

Mn 2340.16 

Mw 3072.11 

PDI 1.31 
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7.4 Synthesis of mPEG-PCL-RSV conjugates with different PCL 

chain lengths  

A library of mPEG2000-PCLn-glu-RSV was synthesised with PCL lengths from 130Da (n 

= 1) to 11,660Da (n = 102) and mPEG (2,000Da) was conjugated to RSV with either a 

succ or glu linker. The stability of these RSV conjugates in buffers and rat plasma were 

compared against free RSV and published in Ng et al. (2015). Rat plasma t1/2 and 

physical characteristics of conjugates are tabulated in Table 7.6. The plasma stability 

of RSV was not significantly improved with conjugation (RSV t1/2 <5min); however, 

longer PCL chain lengths were found to be slightly more stable than shorter PCL chain 

lengths. Similar to what was found in Section 4.5.1.4, higher DL of NPs were of those 

formulated with free RSV. 
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Table 7.6 Characteristic of synthesized products from conjugation of RSV to amphiphilic copolymers used in Ng et al. (2015) 

Product Product description 
Yield 
(%) 

% w/w of components in final 
producta 

Total RSV 
equivalent 

concentration 
(mg/mL)b 

DL 
(%) 

Plasma 
t1/2 

(min) 
Mono-substituted 

RSV 
Free RSV 

mPEG2000-PCL130-glu-RSV Off-white waxy powder 22.2 67.6 32.4 0.386 35.6 5 

mPEG2000-PCL230-glu-RSV Brown wax 31.8 99.5 0.5 0.093 6.3 3 

mPEG2000-PCL500-glu-RSV Brown solid 22.3 62.0 38.0 0.429 39.9 3 

mPEG2000-PCL900-glu-RSV Brown powder 6.1 75.8 24.2 0.295 26.5 3.5 

mPEG2000-PCL2590-glu-RSV Dark brown solid 21.6 100.0 0 0.061 3.1 ND 

mPEG2000-PCL5360-glu-RSV Brown wax 4.0 100% di-substituted RSV 0.015 1.5 4 

mPEG2000-PCL7070-glu-RSV Brown solid 11.8 100.0 0 0.024 2.4 ND 

mPEG2000-PCL9500-glu-RSV Cream powder 22.3 100% di-substituted RSV 0.010 1.0 10 

mPEG2000-PCL13640-glu-RSV White powder 37.7 99.5 0.5 0.019 1.9 8 

mPEG2000-succ-RSV Cream powder 16.5 100% di-substituted RSV 0.052 5.2 ND 

mPEG2000-glu-RSV Brown powder 16.3 100% di-substituted RSV 0.051 5.1 3 

a% w/w of components in synthesised final products were calculated as per Section 2.4.4.2 (Calculation example in Appendix 7.2) 
bTotal RSV equivalent concentration in 1mg/mL final product was calculated as per Section 2.4.4.2 (Calculation example in Appendix 7.2)
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7.5 NMR Spectra 

The following were the NMR spectra of representative synthesized products as 

follows: 

1) D,L-lactide (Figure 7.3) 

2) ε-caprolactone (Figure 7.4) 

3) mPEG2000-PLA1000-glu-OH (Figure 7.5) 

4) mPEG750-PLA1000-succ-RSV (Figure 7.6) 

5) mPEG750-PLA1000-glu-RSV (Figure 7.7) 

6) mPEG2000-PCL1000-succ-RSV (Figure 7.8) 

7) mPEG2000-PCL1000-glu-RSV (Figure 7.9) 

8) mPEG2000-succ-RSV (Figure 7.10) 

9) mPEG2000-glu-RSV (Figure 7.11) 
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Figure 7.3 1H NMR spectra of D,L-lactide  



 

275 

 

Figure 7.4 1H NMR spectra of ε-caprolactone (Abraham et al. 2008)  
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Figure 7.5 1H NMR spectra of mPEG2000-PLA1000-glu-OH  
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Figure 7.6 1H NMR spectra of mPEG750-PLA1000-succ-RSV (inset: RSV region)  
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Figure 7.7 1H NMR spectra of mPEG750-PLA1000-glu-RSV (inset: RSV region)  
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Figure 7.8 1H NMR spectra of mPEG2000-PCL1000-succ-RSV (inset: RSV region)  
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Figure 7.9 1H NMR spectra of mPEG2000-PCL1000-glu-RSV (inset: RSV region)  
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Figure 7.10 1H NMR spectra of mPEG2000-succ-RSV (inset: RSV region)  
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Figure 7.11 1H NMR spectra of mPEG2000-glu-RSV (inset: RSV region)
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7.6 Certificate of analysis (mPEG750-PLLA1000 AK25) 
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7.7 PEG5000-O-RSV 

Basavaraj (2011) synthesised an RSV conjugate where RSV was covalently bonded to 

a PEG (MW 5000Da) by an ether bond (Figure 7.12). 

 

Figure 7.12 RSV conjugated to PEG5000 with an ether bond 

 

This conjugate was found to be stable in biological buffers (Basavaraj 2011) and was 

warranted for future in vitro and in vivo evaluation. This conjugate contained a 

mixture of 26% 3- or 5- mono-substituted conjugates and 74% 4’-polymer-RSV with 

no free RSV. Due to its stable nature, it was chosen to fully validate our HPLC gradient 

method. 

 

7.8 Peak purity reports 

Peak purity reports are displayed in this section.
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7.8.1 Free RSV in HLM mix using HPLC gradient method 

 

Figure 7.13 Typical HPLC chromatogram of free RSV in HLM mix analysed using the HPLC gradient method. (A) UV spectra of free RSV peak (B) Purity calculation 
of free RSV peak 
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7.8.2 Free RSV in supernatant of blank mPEG750-PLA1000 NPs using HPLC isocratic method 

 

Figure 7.14 Typical HPLC chromatogram of free RSV in supernatant of blank mPEG750-PLA1000 NPs analysed using the HPLC isocratic method. (A) UV spectra 
of free RSV peak (B) Purity calculation of free RSV peak 
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7.8.3 Free RSV in rat plasma using HPLC isocratic method 

 

Figure 7.15 Typical HPLC chromatogram of free RSV in rat plasma analysed using the HPLC isocratic method. (A) UV spectra of free RSV peak (B) Purity 
calculation of free RSV peak 
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7.8.4 Free RSV in HLM mix using HPLC isocratic method 

 

Figure 7.16 Typical HPLC chromatogram of free RSV in HLM mix analysed using the HPLC isocratic method. (A) UV spectra of free RSV peak (B) Purity calculation 
of free RSV peak



 

289 

7.9 Size and zeta potential reports 

7.9.1 mPEG750-PLA1000-succ-RSV NPs 

 

Figure 7.17 Size (A) and zeta potential (B) report of mPEG750-PLA1000-succ-RSV NPs 
prepared using solvent evaporation method 
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7.9.2 mPEG750-PLA1000-glu-RSV NPs 

 

Figure 7.18 Size (A) and zeta potential (B) reports for mPEG750-PLA1000-glu-RSV NPs 
prepared by solvent diffusion method 
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7.9.3 mPEG750-PCL1000-succ-RSV NPs 

 

Figure 7.19 Size (A) and zeta potential (B) reports of mPEG750-PCL1000-succ-RSV NPs 
prepared by solvent diffusion method 
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7.9.4 mPEG2000-PLA1000-succ-RSV NPs 

 

Figure 7.20 Size (A) and zeta potential (B) reports for mPEG2000-PLA1000-succ-RSV NPs 
prepared by solvent diffusion method 
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7.9.5 Blank mPEG750-PLA1000 NPs prepared by self-assembly method 

 

Figure 7.21 Size report of blank mPEG750-PLA1000 NPs prepared by self-assembly method 
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7.9.6 Blank mPEG750-PLA1000 NPs 

 

Figure 7.22 (A) Appearance of, size (B) and zeta potential (C) reports of blank mPEG750-
PLA1000 NPs prepared using solvent diffusion method 
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7.9.7 RSV encapsulated in mPEG750-PLA1000 NPs 

 

Figure 7.23 (A) Appearance of, size (B) and zeta potential (C) reports for RSV encapsulated in 
mPEG750-PLA1000 NPs using solvent diffusion method 
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7.9.8 Blank mPEG750-PCL1000 NPs 

 

Figure 7.24 (A) Appearance of, size (B) and zeta potential (C) reports for blank mPEG750-
PCL1000 NPs prepared using solvent evaporation method and diluted with MQ 
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7.9.9 RSV encapsulated in mPEG750-PCL1000 NPs 

 

Figure 7.25 (A) Appearance of, size (B) and zeta potential (C) reports for RSV encapsulated in 
mPEG750-PCL1000 NPs prepared by solvent evaporation method and diluted with MQ 
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7.9.10 Blank mPEG2000-PLA1000 NPs 

 

Figure 7.26 (A) Appearance of, size (B) and zeta potential (C) reports for blank mPEG2000-
PLA1000 NPs using solvent evaporation method 
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7.9.11 RSV encapsulated in mPEG2000-PLA1000 NPs 

 

Figure 7.27 (A) Appearance of, size (B) and zeta potential (C) reports for RSV encapsulated in 
mPEG2000-PLA1000 NPs using solvent evaporation method 
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7.10 Stability of RSV in buffers at different temperatures for 24 

hours 
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Figure 7.28 Stability of free RSV in acetate buffer (pH4.5) at 37°C, 4°C and RT for 24 hours in 
the dark 
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Figure 7.29 Stability of free RSV in phosphate buffer (pH7.4) at 37°C, 4°C and RT for 24 hours 
in the dark 
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7.11 Basic cell culture techniques 

7.11.1 Cell passaging and plating 

Cells were passaged or split into culture flasks to avoid cell death due to 

overpopulation and to prepare cells for seeding in multi-well plates for experiments. 

Both B16-F10 and NIH/3T3 cell lines were passaged and plated after achieving 70-80% 

confluency. 

After 70-80% confluency was achieved in T25 flasks by visual microscopic inspection, 

CGM were aspirated carefully from the culture flask and cells were washed twice with 

sterile pre-warmed 0.01M PBS. 1mL of pre-warmed Gibco® TrypLE™ Express was 

added to the flask to dissociate cells from the flask surface and incubated at 37°C for 

no more than 5 minutes with periodic inspection to ensure cells were not killed by 

the trypsinisation process. Once cells were detached, 5mL of pre-warmed CGM was 

added to the flask to stop the trypsinisation followed by centrifugation at 930g for 5 

minutes at RT in a 15mL conical tube to pellet the cells. The supernatant was 

discarded and 1mL of pre-warmed CGM was added to resuspend the dark-coloured 

pellet. Cells were split at ratios between 1:3 to 1:8 into T75 flasks or 1:5 to 1:10 into 

T25 flasks depending on the experimental schedule with a lower ratio used when 

large number of cells were needed within a short period of time. Pre-warmed CGM 

was added to the flask with cells after being split to the volume specified in Table 5.1 

and then incubated in an incubator. 

Cells were plated into multi-well plates for experiments using cells grown in T75 flasks. 

After trypsinisation and pelleting, the supernatant was discarded and 1mL of pre-

warmed CGM was added to resuspend the pellet. A trypan blue exclusion method 

was used to count the number of cells using a haemocytometer. Briefly, 20µL of 

dispersed cells was diluted 1:1 with 20µL 0.4% w/v trypan blue in PBS. 10µL of the 

cell suspension with trypan blue was loaded onto a haemocytometer and viable cells 

in the four outer set of 16 squares (quadrants, labelled 1 to 4) were counted using a 

light microscope at 40× magnification (Figure 7.30). 
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Figure 7.30 Haemocytometer grid lines and four quadrants used for counting cells 

Image from CellularChronicler (2016) 

 

Cell viability was observed and ensured to be above 95%. Only unstained viable cells 

were counted and the average of four quadrants were used to calculate the number 

of cells in 1mL resuspended cells as follows: 

Number of cells in 1mL = average number of viable cells of 4 quadrants × 104 × 2 

(dilution factor) × 1mL 

Cells were then seeded at 2000 cells in 100µL pre-warmed CGM per well in 96-well 

plates and 250000 cells in 1mL pre-warmed CGM per well in 6-well plates. Seeding 

number of cells in 96-well plates were determined using a B16-F10 cell calibration 

curve in Appendix 7.12. Doubling time for B16-F10 cell line was about 18-24 hours 

and for NIH/3T3 cell line was about 24-36 hours when seeded at the exponential 

growth phase of the cells. 

7.11.2 Cryopreservation of cells 

Cryopreservation of grown B16-F10 cells was to avoid freeze-thaw cycles in the 

original cell line stock and to preserve lower passage numbers for long-term 

experiments within 6 months period. Upon receipt from the supplier, an aliquot of 

B16-F10 cell line stock was grown in T25 culture flasks with 7mL CGM prepared in 

Section 5.3 for up to three passages with remaining cell stock frozen in liquid nitrogen 

at the CHIRI facility. A solution of cryo-protectant was prepared with 1:4 v/v of 

molecular grade DMSO and CGM. Once cells were at exponential growing phase, cells 
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were detached from flasks and 500µL aliquots of minimum 1×106 cells were added 

with 500µL cryo-protectant in a 2mL Greiner Bio-One Cryo.s™ cryopreservation vial. 

Multiple vials of passages between 4 to 8 were cryo-frozen at -80°C. NIH/3T3 cells 

cryo-frozen between passages 8-10 were obtained from a colleague and treated as 

our cell line stock. The cell line was also cryo-frozen in multiple cryopreservation vials 

at passages between 10-12. 

7.11.3 Resurrection of cells 

Cells were removed from cryo-freeze and allowed to thaw slowly to RT. Once thawed, 

the cells were transferred into a 15mL Greiner Bio-One conical tube with 5mL pre-

warmed CGM. The cells were pelleted at 930g for 5 minutes at RT to remove debris 

and dead cells. Once supernatant was discarded, the cells were resuspended with 

7mL pre-warmed CGM and transferred into T25 culture flasks. The flask was then 

incubated in an incubator. Cells were observed daily for growth and passaged once 

more as per Section 7.11.1 before allowed to be used for experiments.  
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7.12 B16-F10 cell calibration for plate reader 

To assess the optimal number of cells to seed in a 96-well plate for the span of the 

experiment, we have carried out a cell growth calibration curve by seeding 1000, 

2500, 5000, 7500 and 10000 B16-F10 cells per well in quadruplet, allowed to adhere 

and grown for 24 hours, 48 hours and 72 hours. After incubation, an MTT assay was 

carried out without treatment as per Section 5.4.5 and absorbance was recorded. 

Results were presented as absorbance against the number of cells seeded in each 

well (Figure 7.31). An optimal number of cells was chosen for seeding. 
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Figure 7.31 Calibration curve for seeding of cells in a 96-well cell culture plate 

 

Figure 7.32 represented microscopic pictures of B16-F10 cells seeded at 2000 cells 

per well and allowed to grow for 24 hours, 48 hours and 72 hours. B16-F10 cells were 

spindle-shaped and epithelial-like. Cells were very dense and evidence of layering 

was visible after 72 hours of growth which would most likely result in cell death due 

to spatial and nutrition constraints. 
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Figure 7.32 B16-F10 cells under light microscope at incubation times of 24, 48 and 72 hours 

Scale bar = 100µm 
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7.13 Effect of RSV on B16-F10 cell morphology 

 

Figure 7.33 B16-F10 cells under optical microscope after treatment with free RSV at 5, 20 and 
50µg/mL for 24 hours 

Scale bar = 100µm 

 

Figure 7.33 represented B16-F10 cells before treatment and after being treated with 

5µg/mL, 20µg/mL and 50µg/mL free RSV for 24 hours. After treatment with 5µg/mL 

and 20µg/mL of RSV, the cells appeared to distend. The microscope image of cells 

with 50µg/mL RSV treatment showed dead cells floating as debris and cell shrinkage 

indicating a loss of adherence. The morphological change in the cells was observed in 

lung cancer cells treated with cytotoxic NPs in Jiang et al. (2015) and in B16-F10 cells 

reported by Purushotham et al. (2016). These characteristics were indicative of 

apoptosis (Dun et al. 2015). Figure 7.34 represented B16-F10 cells before treatment 

and treated with 10µg/mL and 20µg/mL free RSV for 48 hours. Similar to the 24-hour 

treatments, cells appeared to distend before death, however, with a longer 48-hour 

treatment, a lower dose of RSV achieved the same effect compared to the 24-hour 

treatment.
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Figure 7.34 B16-F10 cells under optical microscope after treatment with free RSV at 10 and 20µg/mL for 48 hours 

Scale bar = 100µm 
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7.14 RSV concentration in NPs in rat plasma and HLM assays 

Table 7.7 shows the final RSV equivalent concentrations of conjugated RSV NPs in 

assays for the plasma stability study of conjugated RSV NPs. 

Table 7.7 Final RSV equivalent concentrations of conjugated RSV NPs in rat plasma for in vitro 
plasma stability study of conjugated RSV NPs 

Conjugated RSV NPs 
% w/w RSV 
conjugate in 

NPs 

Total RSV equivalent 
concentration in 

NPs (mg/mL) 

mPEG750-PLA1000-succ-RSV NPs 63.9 0.76 

mPEG750-PLA1000-glu-RSV NPs 54.8 9.27 

mPEG750-PCL1000-succ-RSV NPs 99.3 1.63 

mPEG2000-PLA1000-succ-RSV NPs 76.1 8.72 

PEG5000-O-RSV NPs 100.0 0.44 

 

Table 7.8 shows the final RSV equivalent concentrations of conjugated RSV NPs in 

assays for the HLM stability study of conjugated RSV NPs. 

Table 7.8 Final RSV equivalent concentrations of conjugated RSV NPs in HLM for in vitro 
microsomal stability study of conjugated RSV NPs 

Conjugated RSV NPs 
% w/w RSV 
conjugate in 

NPs 

Total RSV equivalent 
concentration in 

NPs (mg/mL) 

mPEG750-PLA1000-succ-RSV NPs 63.9 0.38 

mPEG750-PLA1000-glu-RSV NPs 54.8 0.54 

mPEG750-PCL1000-succ-RSV NPs 99.3 0.11 

mPEG2000-PLA1000-succ-RSV NPs 76.1 0.26 

PEG5000-O-RSV NPs 100.0 0.022 
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7.15 Flow cytometry gating strategies 

Selection of analysis region for apoptosis assays were carried out on untreated cells 

grown alongside cells with the following staining: 

1) Cells with no stains 

2) Cells stained with FITC 

3) Cells stained with PI 

4) Cells stained with both FITC and PI 

Figure 7.35 displays the identification and selection of a cluster of cells as B16-F10 

cells based on the size (forward scatter, FSC) and granularity (side scatter, SSC) of 

cells and to exclude debris in our 24-hour assay. 

 

Figure 7.35 B16-F10 cell population selected for analysis in 24-hour apoptosis assays 

 

Following this, a double-stained untreated cell sample was used for defining 

individual populations for apoptosis and necrosis, which automatically quantified the 

number of cells in each quadrant (Figure 7.36) (Jiang et al. 2015). 
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Figure 7.36 Gating for individual cell populations in 24-hour apoptosis assays 

 

Figure 7.37 depicts the gating strategies for the 48-hour apoptosis assays determined 

similarly to the 24-hour assays. 

 

Figure 7.37 Gating strategy for 48-hour apoptosis assays 

 

In summary, cells were discriminated into populations detailed in Table 7.9. 
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Table 7.9 Cell populations for Annexin V-FITC and PI apoptosis assay 

Stains 
Cell populations 

Live or viable Early apoptosis Late apoptosis Necrosis 

FITC - + + - 

PI - - + + 
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7.16 Animal ethics committee application approval AEC_2016_28 
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7.17 Body weight of C57BL/6J male mice from ARC 

Table 7.10 Average and range of body weights of C57BL/6J male mice 

Age (days) 21 42 56 84 

Average (g) 8 21 23 27 

Range (g) 6-10 18-23 21-25 24-29 

Mice obtained from the ARC (Animal Resources Centre 2018) 
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7.18 in vivo B16-F10 tumour characteristics 

 

Figure 7.38 Example of tumours developing necrosis (external views and internally post-
euthanasia) on B16-F10 tumour-bearing C57BL/6J mice 

White arrows indicate the tumour location 

 

Figure 7.38 depicted examples of tumours visibly developing necrosis externally and 

a representation of a necrotic tumour excised after euthanasia. Necrotic tumours in 

our studies were less intact, had high vascularisation and yellow-tinged or clear fluids 

surrounding the tumour. Seepage was not visible externally. Various levels of 

vascularisation were observed throughout the study and are represented graphically 

in Figure 7.39. 
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Figure 7.39 Levels of vascularisation of B16-F10 tumours in C57BL/6J mice after euthanasia 

(A: high; B: mid; C and D: low) 

 

The top two images (A and B) showed high vascularisation and mid-range 

vascularisation, respectively. These observations were consistent with B16-F10 

animal models where inflammation, haemorrhaging, necrosis and vascularisation are 

indicative of a healthy growing tumour (Correa et al. 2005, Burghoff et al. 2014, 

Danciu et al. 2015, Zhang et al. 2015). High vascularisation was characteristic of a 

rapidly growing tumour which was usually accompanied with inflammation and 

necrosis (Burghoff et al. 2014). The bottom two images (C and D) showed low or no 

vascularisation and tumours in these cases tended to be more intact in shape with 

very little or no fluids within the tumour environment. The tumours were easily 

removed from the carcass compared to their necrotic counterparts. Low or no 

vascularisation was indicative of a slow growing or retarded tumour (Danciu et al. 

2015). 
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Figure 7.40 B16-F10 tumours metastasis in C57BL/6J mice 

White arrow indicates tumour infiltration in dermal and fatty layers of animal 

 

Figure 7.40 illustrated the aggressiveness of B16-F10 tumours where the tumours 

started to infiltrate the dermal and fatty layers of the animal. The occurrence was low 

(<9% in animals of the whole study) but it should be noted that these tumours had 

very high vascularisation and were necrotic. The incidences of these tumours were 

only observed in the IT cohort. This was supported by Zang et al. (2015) and Fairchild 

et al. (2011) where B16-F10 animal models were known to be highly invasive and 

metastasize at early stages of tumour growth. 
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7.19 Visualisation of palpable tumour 

Treatment for the IT cohort started when the tumours were palpable (approximately 

30-40mm3) which took about seven days to grow from inoculation (Figure 7.41). 

 

Figure 7.41 Example of palpable tumour (white circle) on an animal in the IT cohort 

 

The tumour appeared as a small hump at the site of inoculation enabling us to inject 

the treatments directly into the tumour. 

7.20 IT cohort 

Figure 7.42 represented examples of tumours of each treatment group at their 

respective end-points in the IT cohort. Images C to E showed extra fluids surrounding 

the tumour (yellowish or clear) compared to tumours of the control groups (A and B). 

This could have contributed to its larger sizes and hence an earlier termination before 

the designated treatment end-point was required. Animals treated with free RSV had 

tumours which appeared less solid than the other treatment groups and could be due 

to the strong apoptotic or necrotic effect which resulted in a breakdown of cancer 

cells. From the apoptosis assay (Section 5.5.7) and microscope images of B16-F10 

cells treated with the RSV formulations (Section 5.5.5), the cellular cytoplasm of 

treated cells appeared to swell which then resulted in cell death by eruption. The 

seepage and haemorrhaging into the tumour environment and also inflammation of 

the cells due to apoptosis could have increased the tumour size exaggeratedly when 

measured externally. Evidence of necrosis and inflammation was observed in Carletto 

et al. (2016) after histology analyses on B16-F10 tumours from tumour-bearing mice 

treated with free RSV and encapsulated RSV capsules. 
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Figure 7.42 Representative tumours of each treatment group at respective end-points in IT cohort 

Scale 1:1 
A: 20% HPCD at day 8; B: Blank mPEG750-PLA1000 NPs at day 8; C: Encapsulated RSV NPs at day 10; D: RSV in 20% HPCD at day 6; and, E: Conjugated RSV NPs 
at day 10. 
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7.21 IP cohort 

Figure 7.43 showed tumours excised from each treatment group of the IP cohort. As 

the tumour age of the IP cohort was younger than those in the IT cohort, less seepage 

and inflammation was observed in the tumour surroundings. Nonetheless, 

inflammation was visible in treatment groups, less so in conjugated RSV NPs. 



 

320 

 

 

Figure 7.43 Representation of tumours from each treatment group at the end of study in IP cohort 

Scale 1:1 
A: 20% HPCD; B: mPEG750-PLA1000 polymer in MQ; C: Encapsulated RSV NPs; D: RSV in 20% HPCD; and, E: Conjugated RSV NPs. 
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