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ABSTRACT 

Injuries to the central nervous system (CNS), or neurotrauma, can leave a lasting and 
debilitating impact on the lifestyle of the victims as the tissue damage can spatially and 
temporally extend beyond the primary impact sites. This is due to a sequence of events 
known as secondary degeneration. Defined by a cascade of neuro-metabolic events that 
includes glutamate excitotoxicity, intracellular Ca2+ overload and oxidative stress, 
secondary degeneration may be initiated within minutes of injury and persist up to years, 
often resulting in protracted functional loss. It is increasingly recognised that limiting the 
accrual of cytosolic Ca2+ may be an effective strategy to protect intact but vulnerable CNS 
tissue, and thus curb the progression of secondary degeneration. Given that multiple 
cellular routes may be responsible for Ca2+ influx upon CNS injury, the administration of a 
combination of ion channel antagonists consisting of lomerizine hydrochloride (LOM), 
zonampanel monohydrate (YM872) and oxidised adenosine triphosphate (oxATP) that 
inhibit voltage-gated calcium channels (VGCCs), α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)/kainate and P2X7 receptors respectively, has shown 
encouraging therapeutic benefits in preclinical studies. Effectiveness of this promising 
pharmacotherapeutic approach in clinical settings will however depend on the ability of the 
drugs to cross the highly selective blood-brain barrier (BBB) into the CNS in 
therapeutically effective doses when the BBB is closed. Of the three therapeutic agents, 
highly water-soluble oxATP and YM872 have relatively limited capacity to passively 
traverse the BBB from systemic circulation. As such, their delivery in preclinical 
assessments often requires invasive surgical techniques, which could further exacerbate 
CNS injuries if implemented in clinical settings. Therefore, there is an urgent demand for 
the development of a more effective drug delivery strategy that can enable the non-invasive 
and combined transport of LOM, YM872 and oxATP to the CNS.  

Targeted drug delivery with the use of polymer-based nanoparticles has shown 
considerable potential for various ailments. Particularly for CNS drug delivery, 
biocompatible polymeric nanoparticles functionalised with BBB-specific targeting moieties 
have shown capacity for enhanced therapeutic efficiency. Repeated dosing may also be 
minimised with the used of therapeutic nanoparticles as drugs confined within nanoparticle 
matrices may be protected against degradation, and be released in a controlled manner over 
time. Despite the promise of improved drug delivery in several in vitro and pre-clinical 
studies, few nanoparticle formulations are in current clinical use due to the lack of 
therapeutic success in physiological settings. It is now understood that the surfaces of 
engineered therapeutic nanoparticles, once introduced into the biological milieu, can be 
rapidly modified by the inevitable adsorption of serum proteins in circulation. The 
formation and composition of this ‘protein corona’ is deemed to be a collective result of 
various physico-chemical parameters of the engineered nanoparticles, and has been 
suggested to influence the biological fate of the nanoparticles in vivo. As such, it is 
imperative to assess the effectiveness of any therapeutic nanoparticles designed for targeted 
drug delivery in the presence of physiologically relevant conditions, which includes the 
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formation of the protein corona. Doing so may contribute to obtaining realistic therapeutic 
results that can aid clinical translation.  

Preliminary work for this thesis commenced with poly glycidyl methacrylate (PGMA) 
nanoparticles that were previously described as viable drug carriers for CNS-specific 
therapy. Polyethylene glycol (PEG) conjugated variants of the nanoparticles were also 
synthesised to aid the limitation of biomolecular interactions at the surface. However, 
protein corona assessment by qualitative and quantitative proteomics analyses revealed 
that, despite PEGylation, specific serum proteins of distinct biological functions were still 
enriched on the surface of PGMA-based nanoparticles. Therefore, this initial work was 
pivotal in leading subsequent studies to examine therapeutic outcomes of functionalised 
nanoparticles while recognising the inevitable presence of the protein corona. Given that 
two out of the three ion channel antagonists (YM872 and oxATP) employed in this project 
are largely water-soluble, there was a need to employ a more hydrophilic polymer matrix to 
develop nanoparticles capable of delivering these drugs. As such, PGMA was replaced 
with a water-soluble random copolymer, p(HEMA-ran-GMA), which also has the capacity 
for functionalisation via epoxide groups similar to PGMA. Using Doxorubicin (DOX) as a 
model drug, in the second study, the ability of hydrophilic p(HEMA-ran-GMA) 
nanoparticles developed using a water-in-oil (W/O) spontaneous emulsion, to load and 
release the water-soluble therapeutic agent, was successfully demonstrated. Enhanced 
therapeutic efficiency of DOX released from p(HEMA-ran-GMA) nanoparticles was also 
reported in biologically relevant cultures of MCF-7 cells. These results paved the way for 
therapeutic assessments of p(HEMA-ran-GMA)-based nanoparticles for the subsequent 
studies that were centred on developing novel treatment strategies for secondary 
degeneration.  

In order to design p(HEMA-ran-GMA) nanoparticles for localised and non-invasive 
CNS therapy, the third study tested the targeting efficiency of anti-NG2 (αNG2) and human 
immunodeficiency virus transactivator of transcription (HIV-1-TAT) peptide 
functionalisation. It was postulated that HIV-1-TAT functionalisation could target the BBB 
by adsorption-mediated transcytosis, while αNG2 functionalisation could aid localisation of 
nanoparticles in vulnerable pre-myelinating NG2+ cells within the CNS. A systematic 
evaluation of the functionalised p(HEMA-ran-GMA) nanoparticles in physiologically 
relevant in vitro and in vivo models revealed that targeting efficiency was diminished by 
the presence of serum proteins.  With the lack of BBB transport conferred by HIV-1-TAT 
functionalisation of p(HEMA-ran-GMA) nanoparticles in the tested in vivo model, it was 
proposed that another BBB-specific targeting strategy could be worth considering. 
Therefore, transferrin (Tf)-functionalised nanoparticles were successfully developed for the 
fourth study of this project. The key objective of this work was to assess the release 
kinetics of LOM, YM872 and oxATP in a physiologically relevant environment. Measured 
at 37°C, and at representative biological pH values, it was found that the release kinetics of 
each ion channel antagonist from Tf-functionalised nanoparticles was impeded by the 
presence of serum proteins. In particular, detection of oxATP under representative 
physiological conditions was least favourable likely due to molecular instability in 
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comparison to LOM and YM872. However, the study showed that the combined release of 
all three encapsulated ion channel antagonists was feasible for up to 20 minutes at pH 7.4 
in the presence of protein corona on the Tf-functionalised nanoparticles. Going further, live 
cell calcium imaging in cultured primary mixed cortical cells was conducted to evaluate the 
functionality of the released ion channel antagonists for their ability to curb the influx of 
Ca2+ into intracellular space over a span of 30 minutes. Due to experimental limitations, the 
assessment was unable to provide conclusive results.  

The data collated from the studies developed for this project collectively emphasised 
the importance of testing the therapeutic efficiency of polymer-based nanoparticles 
developed for the treatment of secondary degeneration in conditions that closely 
represented the environment into which they would be delivered. In particular, serum 
protein interactions with the functionalised nanoparticles that form a protein corona were 
found to influence CNS-specific targeting as well as drug release profiles of the ion 
channel antagonists. Knowledge of the extent of the protein corona impact could be useful 
in eliminating unpredictable behaviour of therapeutic nanoparticles in physiological 
conditions. Given the successful functionalisation with Tf, and the ability for controlled 
release of LOM, YM872 and oxATP, it would be worthwhile to assess the efficiency of 
p(HEMA-ran-GMA) nanoparticles in future studies for their capacity to cross the BBB and 
treat CNS injuries in appropriate in vivo models. 
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CHAPTER 1 
Introduction and Literature Review 

Traumatic injury to the central nervous system (CNS), or neurotrauma, is a life-
changing medical emergency for which there are currently no effective 
pharmacotherapeutic treatments clinically available. Given the protracted functional loss 
often associated with neurotrauma, extensive research of the complexities of the injuries 
has identified prospective opportunities for CNS repair and regeneration. The use of 
nanotechnology may benefit and enhance such novel treatments for neurotrauma by 
enabling the delivery of specific therapeutic agents in a controlled and targeted manner. 
This thesis describes the development of functionalised polymeric nanoparticles 
synthesised for the simultaneous delivery of a specific combination of ion channel 
antagonists to cells within the CNS in order to curb symptoms associated with 
neurotrauma. The use of such nanoparticles may additionally be beneficial in enhancing 
therapeutic efficiency by non-invasively delivering the drugs through the highly restrictive 
blood-brain barrier (BBB).  

In this chapter, current literature pertaining to the scope of the project is reviewed. 
Following a general introduction to the mammalian CNS and neurotrauma, the 
neurochemical and metabolic mechanisms that propagate degenerative processes associated 
with neurotrauma is described, along with the benefits of the application of specific ion 
channel antagonists as therapy. The chapter then outlines the promising role of 
nanotechnology in CNS drug delivery, with particular focus on nanomedicines that are 
designed for systemic administration via the BBB. Lastly, the review emphasises a critical 
challenge that nanomedicines face that can potentially limit their advantages and curb the 
progression to clinical translation; the formation and presence of a protein corona. To 
conclude, the chapter summarises the relevant literature, and specific aims developed based 
on the hypotheses for this PhD project are outlined.  
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1.1 Neurotrauma is an injury to the CNS 

In this introductory section of the literature review, the key characteristics of 
the mammalian CNS are detailed, focusing on inbuilt mechanisms that aid functional 
protection. The section also defines and elaborates on the types of injuries to the CNS, 
and provides an insight on current clinical management of neurotrauma. 

1.1.1 Features and characteristics of the mammalian CNS 

The CNS in vertebrates is made up of two key organs; the brain and spinal 
cord. In addition, despite its peripheral location, the retina or neural portion of the eye is 
also part of the CNS.1 Figure 1.1 provides the anatomical overview of the respective CNS 
organs. The brain is the most metabolically active organ in the body, with the highest 
demand for oxygen and glucose.2 Being the main processing centre of the CNS, the brain 
controls and coordinates autonomic function, behaviour, memory and learning.3, 4 The 
spinal cord, made up of a tightly packed column of nerve tissue that extends from the 
brainstem through the length of the spine, plays a crucial and supporting role in 
facilitating daily activities by permitting the transmission of electrical and chemical 
signals between the periphery and the brain.5  

1.1.1.1 Cellular makeup of the CNS 

At the cellular level, the CNS is made up of a complex array of cell types, 
which may be broadly classified as neurons and glial cells. Neurons are the electrically 
excitable cells in the nervous system that function to process information by transmitting 
and receiving signals from other cells via synapses, using dendrites that project from the 
cell body. Classified as afferent and efferent neurons, the former receives information 
from sensory organs, while the latter disseminates impulses from the CNS to various 
organs. These cells may be referred to as the workhorses of the nervous system. However 
their ability to maintain efficient neurotransmission is dependent on the support and 
defensive measures provided by glial cells.6  

The term glia was derived from the Greek word for glue, and glial cells were 
first described in 1856 by the pathologist Rudolf Virchow while he attempted to discover 
connective tissue within the brain.7 Within the CNS, glial cells are classically discernible 
as four major cell populations; astrocytes, oligodendrocytes, ependymal cells and 
microglia.8 Figure 1.2 schematically depicts the four types of neuroglia that make up the 
CNS, along with other important features. Collectively, these cell populations are 
fundamental for homeostatic control, and function to protect neurons by providing not 
just mechanical support but also by enabling metabolic provisions in the CNS.9 Other 
glial cells exist within and outside the CNS in the peripheral nervous system, such as 
satellite cells and Schwann cells.10, 11 However, their properties and functions are beyond 
the scope of this review.  
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Figure 1.1 Anatomical overview of the CNS. 
(A) The brain is the main processing centre of the CNS, and consists of the cerebrum, brain 
stem and cerebellum. Each half of the cerebrum is known as a hemisphere, which is divided 
into lobes (frontal, parietal, occipital and temporal) that modulate specific bodily functions. The 
optic pathway located within the brain includes the retina, optic nerve, optic chiasm, optic 
radiations, and the occipital cortex. Within the skull, three layers of tissue called the meninges, 
which consist of the dura mater, arachnoid mater and the pia mater, protect the brain. (B) A 
column of bones known as the vertebrae makes up the spine, and protects the spinal cord that 
contain motor-sensory nerves. Between the vertebrae, disks composed of cartilage cushion the 
spine, and allow for flexibility. Like the brain, protective meningeal layers ensheath the spinal 
cord. Figure and caption adapted from MSD Manuals, 201912 with permission from Merck Sharp 
& Dohme Corporation. 
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Figure 1.2 Key cellular components of the CNS. 
Astrocytes organise and provide support to brain matter, form neuronal-glial vascular units via 
perivascular end-feet processes, regulate the extracellular environment by maintaining the 
homeostasis of ions and neurotransmitters, and provide metabolic support to neurons. 
Oligodendrocytes form myelin sheaths that insulate axons in the CNS. Microglia make up the 
brain surveillance system, and act as the first line of defence against invading pathogens. 
Ependymal cells form linings that surround cerebrospinal fluid filled ventricles in the brain and the 
central canal of the spinal cord. Image adapted from Anatomy and Physiology Revealed, 201113 

with permission from Pearson Education. 

§ Astrocytes 

Astrocytes are arguably the most abundant cell population in the adult brain taking up 
approximately 50 % of neural tissue. These cells are found in close proximity to key 
components of the brain’s parenchyma including neurons and the cerebrovasculature.13, 14 
Apart from providing mechanical support and nourishment to neurons, astrocytes are now 
well accepted to have roles in maintaining optimal neurological function and neural 
homeostasis as well as contributing to pathogenesis.14  

§ Oligodendrocytes and their progenitor cells 

Oligodendrocytes, named for the relatively few dendrites they possess, produce fatty 
insulating myelin sheaths that surround axons in the CNS to ensure rapid and effective 
conduction of action potentials between neurons.15, 16 Given the significance of these glial 
cells in this project, the function and characteristics of oligodendrocytes, as well as their 
precursor cells are discussed in greater detail in Section 1.2.3.  

§ Microglia 

Constituting about 10 % of all cells in the nervous system, microglia are the resident 
macrophages of the CNS.17 This cell population represents the innate immune system in 
the brain whereby upon injury to the nervous system, microglia undergo a complex and 
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multi-stage activation as part of the mechanisms involved in making them the first line of 
defence against invading pathogens.17, 18  

§ Ependymal cells 

Ependymal cells form loosely joined, continuous and supportive linings around 
cerebrospinal fluid (CSF)-filled cavities in the CNS.13, 19 The critical responsibilities of 
the CSF towards proper CNS function are described further in Section 1.1.1.2.  

1.1.1.2 Additional protective features of the CNS 

Supplementing the inherent neuroprotection conferred by the CNS neuroglia, a 
continuous, tri-layered protective membrane made up of the dura mater, arachnoid mater 
and pia mater, collectively known as meninges, ensheathes the brain and spinal cord. 
(Figure 1.1) The CNS is further safeguarded by being encased within bony structures that 
consist of the cranium for the brain, and vertebral column for the spinal cord. 
Additionally, CSF found between the arachnoid mater and pia mater, acts as a cushion to 
limit mechanical impact on the brain and spinal cord by the osseous encasements.20 
Derived from arterial blood by the choroid plexuses, the circulating CSF plays an added 
role of maintaining homeostasis and metabolism within the CNS, as well as providing 
immunological protection.21  

As an auxiliary level of protection, the BBB serves to maintain homeostatic 
balance of molecules within the CNS microenvironment by imposing strict restrictions on 
the migration of substances from peripheral circulation.22 As this project is centred on the 
systemic delivery of therapeutic nanoparticles to the CNS, it is critical to understand this 
highly selective physiological barrier well in order to ensure enhanced biodistribution. 
The structural properties and function of the BBB are elaborated in detail in Section 1.4 
of this thesis.  

1.1.2 Defining neurotrauma 

Despite multi-level, in-built protective measures, the CNS is still susceptible to 
injuries, commonly referred to as neurotrauma. Neurotrauma encompasses both traumatic 
brain injury (TBI) and spinal cord injury (SCI), which can affect individuals of any 
gender, across all ages.23 Tissue deformation that occurs as a result of mechanical insults 
to the CNS can progress to a variety of disabilities, which tend to be a function of the 
mode, severity, and anatomical location of the initial trauma.24 The external surface of the 
brain is composed of grey matter, which is made up of neuronal cell bodies and their 
dendrites, glial cells and capillaries.13 As such, TBIs in the form of blunt force to the 
brain due to falls or motor vehicle accidents often result in macroscopic grey matter 
damage. High-speed impacts can also induce axonal damage in deeper brain regions 
where white matter (myelinated axons) is located.25 Given that the outer layer of the 
spinal cord consists of axonal tracts, and the relatively smaller volume of the spinal cord 
in comparison to the brain, SCIs due to compressions by the vertebral column, or 
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transections can result in damage to both grey and white matter.26 Regardless of the 
location and type of insult within the CNS, rapid cell death is imminent at the point of 
impact.  

Neurotrauma is also deemed to be a progressive injury whereby prolonged 
degeneration within the CNS can result in continued dysfunction.27 The mechanisms and 
pathways that facilitate the chronic nature of CNS injury are elaborated in Section 1.2. 
The prolonged damage mechanisms are often irreparable and permanent, as damaged 
neurons within the CNS have low regenerative capacity.28 It is noteworthy to recognise 
that vascular events such as stroke and ischemic brain damage, although different in 
cause, result in similar neurodegeneration, and are closely related to neurotrauma.29 In 
contrast, neurodegenerative disorders such as Alzheimer’s, Parkinson’s and Huntington’s 
diseases which progress gradually due to underlying pathologies stemming from genetic 
and/or environmental factors, tend to differ pathophysiologically from neurotrauma.30  

1.1.3 Management of neurotrauma: Current status 

In this section, the geo-economical impact of neurotrauma is discussed to 
provide the recognition that the need for effective treatments for CNS injuries is critical. 
With widespread global incidences of these injuries, a range of clinical practices is 
currently in place. Herein, some of the commonly used measures to treat patients afflicted 
by neurotrauma are described, while emphasising the continued need for improved 
therapies. 

1.1.3.1 Global impact of neurotrauma 

On a global scale, incidences of neurotrauma vary between regions, with 
estimates ranging between 200 – 600 injuries per 100,000 people.23 Statistical data 
pertaining to neurotrauma cases are sparse due to the absence of formal injury 
surveillance or reporting systems, suggesting that the true incidences of SCIs and TBIs, 
particularly milder TBIs, are substantially underestimated.31, 32 Additionally, with the 
increased frequency of military actions in recent times, amplified proportions of civilians 
suffering from the impact of blast-induced neurotrauma have been reported.33, 34  

The lifetime cost of new cases of TBIs and SCIs that occurred in 2008 alone is 
estimated at $10.5 billion in Australia.35 Total medical costs associated with TBI ranged 
from $63.4 - $79.1 billion in 2013 within the United States.36 In brief, for the affected 
individual, the exponential economic impact of CNS injuries is expected to be 
comparable to, or greater than that of diseases commonly considered to be ‘high-cost’, 
which include other neurological conditions. Treatment of neurotrauma therefore remains 
an unmet medical need, and the consequences of such injuries have a huge impact on 
both developing and developed societies. 
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1.1.3.2 Current clinical practices and associated limitations 

Current clinical responses to neurotrauma constitute acute care that aims to 
stabilise patients based on the severity of the injury as assessed by the Glasgow coma 
scale for TBIs,37 and the International Standards for the Neurological Classification of 
SCIs.38-40 Early neuroprotective measures in clinical settings include surgical 
decompression, therapeutic hypothermia, blood pressure augmentation and CSF 
drainage.41-43 More recently, the Management Guidelines for Severe TBI included brain 
oxygen monitoring to enhance existing clinical procedures by providing an avenue to 
counter incidences of brain hypoxia that occur as a consequence of compromised cerebral 
oxygen levels.44 While these management techniques may serve to mitigate the severity 
of the injury by careful surveillance of cranial and systemic physiology, they are not fully 
protective, and long-term chronic care is often still required.45, 46  

Steroids and other anti-inflammatory agents have been historically used over 
the past two decades to treat CNS injuries.47, 48 Of these, the most recognised therapeutic 
option, and the current standard of care for SCIs is the intravenous administration of 
high-dose methylprednisolone.49, 50 However, clinical studies manage only a modest 
effect in the best-case scenario, without significant success in CNS repair or 
regeneration.48 Furthermore, evidence of serious side effects such as acute corticosteroid 
myopathy, sepsis, and pneumonia, associated with the existing therapies may outweigh 
the limited therapeutic benefits.51, 52 Regular critical appraisals of clinical steroid 
administration permit the continued use of methylprednisolone for neurotherapy.50 
However, as therapeutic outcomes are not consistently effective, particularly in 
countering chronic symptoms, there is a need for the development of additional 
pharmacotherapeutic options to treat CNS injuries.48, 50 
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1.2 Secondary degeneration is a consequence of neurotrauma 

The immediate consequence of mechanical insult to the CNS is the rapid and 
invariable death of neurons and glial cells at the impact site.53 The resulting primary 
functional loss may also be accompanied by vascular damage that compromises blood 
supply (ischemia) at the lesion site, whereby local tissue hypoxia can cause additional 
cell death.54 Another prominent feature of CNS injury is neuroinflammation, which can 
persist for years, and may contribute to neurodegeneration.55 However, as part of wound 
healing responses, inflammatory responses may counter-intuitively be beneficial. 
Particularly in the early stages of injury, microglia, monocytes, macrophages, neutrophils 
and T cells can collectively promote the clearance of damaged or dead cells, and 
stimulate the repair and regeneration of neural tissue.56-58 In the event of inadequate tissue 
restoration however, glial scars that predominantly consist of reactive astrocytes and 
proteoglycans can form within white matter.59 While the glial scars create physical 
barriers against neural regeneration, they may also serve to stabilise fragile CNS tissue 
post-injury.60 Additionally, some injured axons with dystrophic endings due to glial scars, 
may potentially return to active growth states.61 There is evidence in the literature 
identifying specific molecular mechanisms that may be targeted to promote both short 
and long range anatomical remodelling and axonal regrowth from glial scars after CNS 
injury.62 However, these strategies are beyond the scope of this project. 

The detrimental and protracted loss of function associated with neurotrauma is 
a compounded effect known as secondary degeneration. During this chronic phase of the 
CNS injury, damage can occur to previously unharmed cells, which consequently results 
in increased lesion size and white matter degeneration.63-68 A cascade of neuro-metabolic 
events, which includes glutamate excitotoxicity, cytosolic calcium ion (Ca2+) overload, 
mitochondrial dysfunction and reduced adenosine triphosphate (ATP) formation, and the 
over-production of reactive oxygen species (ROS) underpins secondary degeneration. 
These events can be triggered within minutes of injury to the CNS, and may persist over 
extended periods of time, causing temporal and widespread cellular damage and death.69-

72 Demyelination is a major pathological feature of white matter injury, often resulting in 
neuronal dysfunction that contributes significantly to long-term sensorimotor and 
cognitive deficits.63, 73, 74 The following sub-sections describe the neurochemical and 
metabolic processes involved in secondary degeneration that occur in response to 
traumatic injury to the CNS. 

1.2.1 Glutamate excitotoxicity up-regulates cytosolic Ca2+ concentration 

Glutamate is a major excitatory neurotransmitter in the mammalian CNS that 
has pivotal roles in synaptic transmission, organisation, plasticity, and neuronal 
migration.75 Initially synthesised by the endoplasmic reticulum (ER) within neurons and 
then transported to the Golgi apparatus for additional processing, glutamate is stored 
within vesicles at chemical synapses until it undergoes exocytosis from presynaptic cells 
as a response to nerve impulses.76 Once exposed to the extracellular space, glutamate 
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induces post-synaptic responses via its rapid removal primarily by glutamate receptors 
that depolarise cells and generate action potentials.77  

Glutamate receptors may be classified as either ionotropic or metabotropic.72 
Ionotropic receptors include, but are not limited to, N-methyl-D-aspartate (NMDA), α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) and kainate receptors. These 
receptors form ion permeable channels on the cell membranes that directly permit the 
passage of Ca2+, sodium (Na+) and potassium (K+) ions, depending on the receptor type.78 
Metabotropic receptors, in contrast, are indirectly linked with the ion channels, and 
mediate their actions through GTP-binding protein-dependent mechanisms.79 

Consequently, acute synaptic activity is typically slower via metabotropic receptors than 
the ionotropic counterparts.80 

1.2.1.1 Excess glutamate exposure causes neurotoxicity 

Controlled at ~100 mM within presynaptic vesicles81 in the central grey matter 
in order to maintain normal CNS function,82 the neurotoxic effects of excess glutamate 
exposure have been accepted for more than half a century. During the 1950s, it was 
discovered that the local administration of glutamate to the motor cortex of dogs and 
primates causes motor seizures.83, 84 In addition, the iontophoretic application of 
glutamate and aspartate to the spinal cord of cats results in the depolarisation of 
neurons.85 Lucas and Newhouse first observed that the systemic administration of L-
glutamate to infant mice causes damage to the inner neural layers of the retina.86 Olney, 
et al. later coined the term “glutamate excitotoxicity” from expanded studies that 
confirmed retinotoxicity denoted by rapid neuronal swelling, as a result of excess 
glutamate exposure in both rodent and primate models.87, 88 The authors also noted that 
the hypothalamus and periventricular regions of the brain were particularly sensitive to 
the presence of elevated systemic glutamate concentrations, leading to intracranial 
lesions.87 Since its conceptualisation, glutamate excitotoxicity is considered a major 
mechanism that triggers various pathological conditions such as cerebral ischemia, 
epilepsy, chronic neurodegenerative disorders as well as neurotrauma.89-91 

1.2.1.2 Accumulation of cytosolic Ca2+ as a result of glutamate excitotoxicity 

Research has implicated virtually all members of the glutamate receptor family 
in mediating excitotoxicity.92 However, ionotropic glutamate receptors are recognised as 
being particularly significant.72, 76 Activation of ionotropic receptors leads to an enhanced 
permeability to Na+, K+ and/or Ca2+, which in turn causes increases in intracellular Na+ 
and Ca2+ concentrations.93 The influx of Na+ may cause irreversible toxic neuronal 
swelling in hippocampal cultures and the retina.94, 95 However, the role of Ca2+ influx has 
greater emphasis as cortical cell cultures grown in Ca2+-rich media exhibit neuronal 
degeneration, while Ca2+-free extracellular conditions markedly reduce 
neurodegeneration and acute neuronal swelling.96, 97  
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Figure 1.3 Neurochemical events leading to elevated cytosolic Ca2+ concentration following 
traumatic injury to the CNS. 
Excessive glutamate release into the extracellular space from presynaptic terminals upon injury 
causes rapid depolarisation of neuronal membranes. Elevated levels of glutamate at postsynaptic 
locations activate α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) and kainate 
receptors to promote the influx of sodium ions (Na+) and Ca2+, which cause postsynaptic 
depolarisation. Changes in membrane potential, contributed by efflux of potassium ions (K+), 
result in further amplification of Ca2+ influx by the opening of voltage-gated calcium channels 
(VGCCs), and the reversal of the Na+/Ca2+ exchanger. Membrane depolarisation also initiates the 
influx of Ca2+ via N-methyl-D-aspartate (NMDA) receptors. In addition, the entry of Na+ along with 
chloride ions (Cl-) leads to neuronal swelling. Figure adapted and redrawn from McIntosh, et al., 
199798 and Voglis and Tavernarakis, 200699 with permissions from SAGE Publications and John 
Wiley and Sons respectively. Note: Ca2+ influx via AMPA receptors is dependent on subunit 
composition, while kainate receptors contribute less extensively to Ca2+ conductivity. Given these 
special considerations, Ca2+ accrued via AMPA/kainate receptors is denoted in italics in the 
diagram. 

Ca2+ is ubiquitously found within the CNS, and functions as an intracellular 
messenger for a wide range of cellular functions such as the control of cell growth and 
differentiation, membrane excitability, exocytosis, and synaptic activity.100-103 Neurons 
tightly regulate the intracellular concentration of Ca2+ (~100 nM) to achieve a sufficiently 
high signal-to-noise ratio for efficient Ca2+ signalling to occur.104 As such, complex 
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homeostatic mechanisms have evolved in neurons to control both cytosolic concentration 
and intracellular location of Ca2+.105 Ca2+ influx into the cytoplasm can occur through a 
range of receptors and channels, which include, but are not limited to, AMPA and 
NMDA receptors, as well as voltage-gated Ca2+ channels (VGCCs). Figure 1.3 portrays 
key pathways mediating the accrual of intracellular Ca2+ concentration as a result of 
glutamate excitotoxicity upon neurotrauma. Tables 1.1 and 1.2 summarise relevant 
properties of the Ca2+-permeable conduits discussed above relative to respective subunit 
types/compositions. 

§ VGCCs 

The intracellular accrual of Na+ and Ca2+ by ionotropic glutamate receptors can trigger 
the activation of VGCCs, contributing to supplemental Ca2+ overload.106 VGCCs are 
classified into six categories in accordance to their specific properties related to subunit 
forms: L-type, N-type, P-type Q-type, R-type and T-type.76, 107 Of the VGCCs, the L-type 
channels, named for long current durations, disproportionately contribute to Ca2+ 
mediated neuronal injury even though these channels are not the most prevalent.108 This 
is related to the prolonged Ca2+ influx that occurs as a result of the activation of this 
conduit.  

§ NMDA receptors 

NMDA receptors are tetrameric, non-selective cation channels that are highly permeable 
to Na+ and Ca2+. These receptors require both glutamate binding and the relief of a 
magnesium ion (Mg2+) block to permit intracellular entry of Ca2+.99 Variations in ion 
permeability contribute to membrane depolarisation, and the resulting influx of 
exogenous Ca2+ generates intracellular calcium transients that are responsible for the 
physiological effects of NMDA receptor signalling.72  

Table 1.1 Subunit composition and functions of respective voltage-gated calcium channel 
(VGCC) types. 

VGCC type Localisation a1 
subunits 

Specific 
blocker 

Neuronal 
functions Refs 

L Cell bodies 
Proximal dendrites 

a1S 
a1C 
a1D 
a1F 

Dihydropyridine • Regulation of 
transcription 

109, 

110 

N Nerve terminals 
Dendrites 
 

a1B 
 

w-CTx-VIA • Neurotransmitter 
release 

• Dendritic Ca2+ 
transients 

P/Q Nerve terminals 
Dendrites 
 

a1A w-Agatoxin • Neurotransmitter 
release 

• Dendritic Ca2+ 
transients 

R Cell bodies 
Dendrites 

a1E None - 

T a1G 
 

a1H Repetitive firing - 
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Table 1.2 Relevant properties of Ca2+-permeable receptor types. 

Receptor Family No. of 
Subunits 

Subunit 
Types Specific Properties Refs 

a-amino-3-hydroxy-5-
methyl-4-
isoxazolepropionate 
(AMPA) 

4 GluR1 • Centrally involved in synaptic 
plasticity and retention of spatial 
memory. 

111, 112 
113 
114, 115 
116, 117 GluR2 • Determines major biophysical 

properties of the native receptor 
such as 
- Receptor kinetics 
- Single-channel conductance 
- Ca2+ permeability 

• Involved in a number of specific 
regulatory processes at the 
level of gene expression, RNA 
editing and receptor assembly. 

GluR3 • When assembled with GluR2, 
GluR3 strengthens synapses 
and stabilises long-terms 
changes in synaptic efficacy. 

• Level of GluR3 (as well as 
GluR1 and 2) increases with 
hippocampal development. 

• Involved in neurological 
diseases such as epilepsy. 

• Also expressed on the surface 
of most normal, cancerous, and 
autoimmune-associated T-cells. 

GluR4 • Responsible for the function of 
early postnatal hippocampus 
through initial establishment of 
long-lasting functional circuitry. 

Kainate 5 GluK1 • Form homo- and heteromeric 
receptors. 

• Low affinity for kainate. 
• Can form functional ion 

channels. 

118-120 
   GluK2 

  GluK3 

  GluK4 • Form obligate heteromers with 
GluK1-3. 

• High affinity for kainate. 
• Need to combine with low-

affinity subunits to assemble, 
traffic to membrane surface and 
form a functional ion channel. 

  GluK5 

N-methyl-D-aspartate 
(NMDA) 

7 GluN1 • The majority of native NMDA 
receptors are tetrameric 
assemblies of two GluN1 
subunits and two GluN2 
subunits. GluN3 can also 
assemble with GluN1 and 
GluN2. 

• Assigning unique and exclusive 
roles to each NMDA subtype 
may be an oversimplification 
given the large diversity of the 
heteromeric NMDA receptor’s 
subunit compositions. 

 

121-124 

  GluN2A 
GluN2B 
GluN2C 
GluN2D 

  GluN3A 
GluN3B 
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§ AMPA/kainate receptors 

AMPA receptors are tetrameric ion channels that mediate fast excitatory glutamate-
mediated neurotransmission.125 These receptors are known to be permeable to K+ and 
Na+, but normally impermeable to Ca2+.99 Some AMPA receptors however, may be Ca2+-
permeable, depending on their subunit composition.126 These distinct receptors may be 
expressed on discrete populations of neurons,127, 128 and can contribute to cellular damage 
following injury.127 For example, under ischaemic conditions, the relatively low number 
of Ca2+-permeable AMPA receptors on hippocampal pyramidal neurons increases 
sharply.127  

Kainate receptors are pentameric ion channels that have similar properties to AMPA 
receptors, in that they are also mostly permeable to Na+ and K+.129 The conductivity of 
Ca2+ by kainate receptors however, is significantly lower than that of Ca2+-permeable 
AMPA receptors.129, 130  

§ Intracellular Ca2+ stores 

In addition to the accumulation of Ca2+ from the extracellular space, Ca2+ may also gain 
access to the neuronal cytoplasm from intracellular stores.131 Depletion of Ca2+ from the 
ER is suggested as an initial signal for dysfunction in ischemic neurons.132 Studies 
indicate that a strong release of Ca2+ from ER is associated with damage to cells.133 It is 
also suggested that Ca2+ released from ER can enter the adjacent mitochondria and 
disrupt the normal function of the organelle.134 Detrimental effects as a consequence of 
mitochondrial dysfunction are elaborated in Section 1.2.2. 

1.2.1.3 Specific pathways of Ca2+ influx can influence extent of neurotoxicity 

Restriction of Ca2+ entry into cells to distinct pathways by pharmacological 
means reveals that Ca2+-mediated neurotoxicity may be modulated by the route(s) by 
which Ca2+ gains access to the intracellular space.135 Nevertheless, it is now widely 
established that a strong relationship exists between excessive Ca2+ influx and glutamate-
mediated neuronal injury. Accordingly, cellular damage is linked with critical levels of 
intracellular Ca2+ concentrations reported in several neuropathological states.136, 137  

1.2.2 Mitochondrial dysfunction as a result of Ca2+ overload causes oxidative 
stress 

The majority of intracellular Ca2+ is sequestered by the mitochondria in various 
cell types.138, 139 Under normal physiological conditions, the electrogenic uptake of Ca2+ 

by mitochondria is primarily driven by an electrochemical membrane potential present 
across the inner mitochondrial membrane via a highly selective ion channel known as the 
mitochondrial calcium uniporter.138, 140, 141 Additional Ca2+ entry pathways are also 
described by the “rapid mode” mechanisms in liver and heart mitochondria, which 
facilitate rapid stimulation of Ca2+-dependent processes, and by ryanodine receptors in 
cardiac mitochondria.142-144  
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1.2.2.1 Ca2+ is necessary for the regulation of mitochondrial function 

A key function of Ca2+ in the mitochondria is to provide stimulatory effects for 
the Krebs cycle and oxidative phosphorylation to produce ATP.145 Ca2+ also play 
essential roles in the regulation of other mitochondrial functions.145 For example, the 
entry of Ca2+ into the mitochondria can activate N-acetylglutamine synthetase to produce 
N-acetylglutamine, which is a rate-limiting enzyme in the urea cycle.146, 147 In general, it 
is commonly understood that Ca2+ is an important effector of proper mitochondrial 
function. However, there exists a finite capacity for Ca2+ concentration within 
mitochondria,138 and the overload of mitochondrial Ca2+ is a recognised pathological 
signal.148 In addition, the abundant release of ATP from mitochondria that can occur in 
CNS injuries promotes the activation of P2X7 receptors that have significant permeability 
to Ca2+.149 The significance of over-stimulated P2X7 receptors within the CNS post-injury 
is further detailed in Section 1.2.3.3. Figure 1.4 illustrates the typical roles and 
biochemical pathways exhibited by the mitochondria, and the outcomes of disruption of 
normal function mediated by the loss of Ca2+ homeostasis. 

1.2.2.2 Mitochondria have inherent mechanisms to prevent Ca2+ overload 

Mitochondria can maintain effective Ca2+ concentrations by facilitating the 
formation of calcium phosphate precipitates in the presence of inorganic phosphate in the 
matrix, as the accumulating Ca2+ approaches 1 M.150, 151 This characteristic endows the 
organelle with buffering capacity for Ca2+, which is more efficient than that observed in 
the sarcoplasmic reticulum (SR) and the ER.138, 152 Ca2+ may also be exported from 
mitochondria by efflux mechanisms mediated by the coupling of Na+/Ca2+ exchangers 
and Na+/H+ antiporters at the inner mitochondrial membrane.153-155 Another pathway for 
the expulsion of Ca2+ from the mitochondria is via the mitochondrial permeability 
transition pore (PTP), which is a large conductance channel formed by proteins in both 
the inner and outer membranes of the mitochondria.156, 157 Transient opening of the PTP 
can allow the release of Ca2+ into the cytoplasm.155, 158 Taken together, it can be 
appreciated that the mitochondria have inbuilt mechanisms to maintain appropriate levels 
of Ca2+ within. Nonetheless, it is notable that sustained exposure to excess Ca2+ is 
associated with mitochondrial dysfunction by way of loss of electrochemical membrane 
potential, osmotic swelling, as well as morphological alterations of the organelle.148, 159-161 

1.2.2.3 Ca2+ overload promotes over-production of ROS by mitochondria 

Mitochondria are a major source of ROS, which are categorically defined as 
free radicals such as superoxide, hydroxyl radical and the singlet oxygen, as well as non-
radical molecules such as hydrogen peroxide (H2O2).138 The generation of mitochondrial 
ROS offers physiological advantages by enabling cell signalling.162 However, when 
unregulated, ROS can lead to cellular damage and death, and also feature prominently in 
various pathological states.163 The metabolic state of the cell is pivotal in controlling ROS 
production. Additionally, the physiological system utilises inbuilt defence mechanisms by 
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way of scavengers such as superoxide dismutase, catalase and glutathione, which aid to 
detoxify excessive ROS and maintain acquiescent redox environments.138, 164-166  

There is a general conception that Ca2+ overload in the mitochondria stimulates 
undue generation of ROS, which can then propel imbalances between ROS generation 
and ROS detoxification; otherwise known as oxidative stress.167 Reports suggest that the 
Ca2+-induced opening of the mitochondrial PTP correlates to the increase in the 
generation of ROS in isolated mitochondria in vitro168-170 and in cultured cells,171, 172 as 
well as in situ in rat CA1 pyramidal neurons in organo-typical slices.173 The overbearing 
presence of Ca2+ can lead to the depolarisation of the mitochondrial membrane potential, 
whereby control over the transient opening of the PTP may be lost. Subsequently, as the 
PTP is located in the inner mitochondrial membrane, efflux of matrix solutes such as 
glutathione and pyridine/adenosine nucleotides may occur, which can deter homeostatic 
mechanisms that control ROS production.157, 174 Mitochondrial swelling also results due 
to the influx of water via the opened PTP.175 When the swelling ruptures the outer 
mitochondrial membrane, contents within the inter-membrane space such as cytochrome 
c, can be released. Cytochrome c is a positively charged heme protein that plays a role in 
electron transfer in the respiratory chain, and typically is bound to the negatively charged 
cardiolipin on the outer surface of the inner mitochondrial membrane.176 Dislocation of 
cytochrome c from the mitochondria can result in the retardation of electron transfers, 
which then enhances ROS production.145 

1.2.2.4 ROS may modulate Ca2+ signalling which results in damaging feed-forward 
mechanisms 

As much as the increase in mitochondrial Ca2+ concentration is responsible for 
the enhanced generation of ROS, there is also compelling evidence to indicate that 
reciprocal interactions exist whereby ROS can also significantly modulate Ca2+ 
signalling.71, 148, 177, 178  Given that Ca2+ is pivotal for a wide range of cellular processes, 
and that ROS is a typical by-product of metabolic processes, it is not surprising that ROS 
may be involved in the micromanagement of Ca2+ at the mitochondrial level. For 
example, ryanodine receptors and inositol triphosphate receptors can be stimulated by 
ROS to evoke Ca2+ release from the intracellular stores of the SR and ER.140, 152, 179 
Additionally, ROS may also reverse the operation of Na+/Ca2+ exchangers to promote the 
influx of Ca2+.180, 181 Positive stimulation of mitochondrial Ca2+ signals by ROS thus 
leads to further increases in the amount of Ca2+ creating positive feed-forward and self-
amplifying mechanisms that further induce ROS generation, enabling oxidative damage 
to spread beyond the acute injury.138  
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Figure 1.4 Mitochondrial function and the biochemical outcomes of pathological disruption. 

Various pathways may be affected by the disruption of normal mitochondrial function, and the 
loss of calcium (Ca2+) homeostasis plays a central role for mitochondrial malfunction, which 
results in engagement of apoptotic and necrotic pathways. The consequent outcomes include 
down-regulation of ATP supply, variations in mitochondrial signalling, mitochondrial fission and/or 
fusion (structural damage), induction of the mitochondrial permeability transition pore (MPTP), 
over-production of reactive oxygen species (ROS), release of pro-apoptotic factors, and the 
activation of the innate immune system induced by the release of damage-associated molecular 
patterns (DAMPs). MOMP, mitochondrial outer membrane permeabilisation; Δp, protonmotive 
force; Δψ, membrane potential; CaU; calcium uniporter; e−, electron; ETF, electron transfer 
flavoprotein; Pi, phosphate; Q, ubiquinone; QH2, ubiquinol; TIM, translocase of the inner 
membrane; TOM, translocase of the outer membrane; VDAC, voltage-dependent anion channel. 
Image and caption adapted from Murphy and Hartley, 2018182 with permission from Springer 
Nature. 
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1.2.2.5 Mitochondrial dysfunction features in TBIs and SCIs  

Within the CNS, the maintenance of Ca2+ homeostasis and mitochondrial 
bioenergetics are critical in neurons,183, 184 as well as glia such as oligodendrocytes and 
their precursor cells, which are particularly vulnerable to oxidative stress.185 It is 
therefore not surprising that Ca2+-mediated mitochondrial dysfunction is demonstrated in 
acute TBI.184, 186 Likewise, elevated Ca2+ loading in mitochondria is reported in 
neurosynaptosomes isolated from injured brain and spinal cord.187, 188 These outcomes 
can be attributed to the depletion of the mitochondrial membrane potential that occurs as 
a result of ATP reduction and increase in energy demands in the event of injury to the 
CNS.187  

Overall, it is evident that the Ca2+-mediated mitochondrial dysfunction can induce an 
extended cellular damage profile by inducing oxidative stress. Key measures of 
mitochondrial dysfunction such as loss of mitochondrial membrane potential, enhanced 
ROS production, and cytochrome c release are indicated in both TBIs and SCIs.139, 186, 189-

191  

1.2.3 Myelinating cells are particularly vulnerable to excitotoxicity and oxidative 
stress 

A major contributor to functional impairment following traumatic injury to 
white matter in the CNS is attributed to the loss of insulating myelin that surrounds 
axons.192, 193 In situ, myelin has approximately 40 % water content. The dry mass of 
myelin however is lipid-enriched (70 – 85 %), with 15 – 30 % protein content.194 Lipid 
composition of myelin in the brain for all mammalian species is very much the same. 
However, regional differences exist whereby myelin isolated from the spinal cord has 
higher lipid-to-protein ratio than brain myelin from the same species.194 Myelin sheaths 
are necessary for the maintenance of the axonal cytoskeleton, and the loss of these layers 
makes axons vulnerable. Studies using mild fluid percussion models demonstrate that 
unmyelinated fibres are particularly vulnerable to damage.195, 196 During secondary 
degeneration, chronic myelin abnormalities occur, with significant decompaction of the 
myelin sheaths and disruption to the structure of the Node of Ranvier and surrounding 
paranodes.73, 74 Figure 1.5 illustrates the changes that occur in myelin within white matter 
upon injury to the CNS. Such structural disruptions are linked to events such as energy 
depletion, excitotoxicity, over-production of ROS and consequently, lipid peroxidation. 

1.2.3.1 Oligodendrocytes and their progenitor cells produce and maintain myelin 

Oligodendrocytes are often described as the ‘myelinating cells’ of the CNS. 
These cells are the final product of a cell lineage that has gone through a complex and 
precisely timed cascade of proliferation, migration and differentiation16 to eventually 
produce myelin sheaths around axons with diameters above 0.2 μm.197 In brief, 
oligodendrocyte progenitor cells (OPCs) that express neuron glia 2 (NG2) chondroitin 



	 Chapter 1: Introduction and Literature Review 	
	 	
	

 
	 41 	
	 	
	

sulphate proteoglycan and platelet-derived growth factor alpha (PDGFα),198 migrate to 
specific destinations in the brain and spinal cord, and begin to differentiate in response to 
astrocyte-derived PDGF.199, 200 During this process, the expressions of PDGFα receptor 
and NG2 chondroitin sulphate proteoglycan are down-regulated, resulting in the up-
regulation of regulatory and myelin proteins that begins the formation of a wrapped 
membrane around axons.201 With the increase in the number of wraps and extrusion of 
cytoplasm, compact myelin sheaths comprising myelin lipids and proteins are formed 
over time. Excess oligodendrocytes produced during the myelination process generally 
undergo apoptosis within 2 – 3 days, potentially due to the lack of important survival 
factors derived from sheathed axons.202-204 Correspondingly, the final quantities of 
oligodendrocytes that survive in the CNS are related to the number and length of 
myelinated axons.205, 206 Along with the established fact that oligodendrocytes are located 
adjoined to the spiralled myelin sheaths,207 it is apparent that oligodendrocytes and OPCs 
play vital roles in enabling and maintaining efficient electrical conduction in the axons. 
As such, it is not surprising that the loss of these cell populations features as a hallmark 
of various pathological states of the CNS, including neurotrauma.208, 209 

1.2.3.2 Oligodendrocytes and OPCs are susceptible to oxidative stress 

Specific characteristics exhibited by oligodendrocytes render these cells 
particularly susceptible to oxidative damage, resulting in their dysfunction and death. Of 
the various cells present in the CNS, oligodendrocytes reportedly operate at the highest 
metabolic rate in order to sustain the synthesis of large amounts of myelin.210-212 H2O2 is 
a common toxic by-product of high cellular metabolism, and its formation causes DNA 
degradation and oligodendrocyte apoptosis in vitro.213, 214 Additionally, oligodendrocytes 
endogenously produce H2O2 from the large numbers of peroxisomes present within.201 
Furthermore, the presence of superoxide anion and nitric oxide together promote the 
formation peroxynitrite, which is highly toxic to oligodendrocytes.215  

Another factor that contributes to the susceptibility of oxidative damage of 
oligodendrocytes and OPCs is the presence of intracellular iron. These cell populations 
have the largest intracellular iron stores within the adult brain,216, 217 which are essential 
for oxygen consumption and ATP production. Iron is also known to play an essential role 
as a co-factor in myelin producing processes.210, 218 Being highly reactive, iron can induce 
the formation of ROS under unfavourable metabolic conditions. The catalytic conversion 
of H2O2 into hydroxyl radicals by iron by Fenton’s reaction causes damage to 
intracellular components, and results in lipid peroxidation that impairs myelin 
structure.219, 220  

In addition to these factors that inherently equip oligodendrocytes and their 
progenitor cells for oxidative damage, these cell populations are paradoxically low in 
glutathione concentrations. Low amounts of this anti-oxidative enzyme can enable 
sustained and high levels of intracellular ROS in oligodendrocytes and OPCs.217, 221 The 
oxidative damage to myelinating cells can also act in concert with the 
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sphingomyelinase/ceramide pathway. Ceramide is a major constituent of sphingolipids 
that makes up myelin sheaths and, in response to oxidative stress, can be released by the 
normally inactive sphingomyelinase.222 When released within oligodendrocytes, ceramide 
activates pro-apoptotic cascades that cause the loss of oligodendrocytes.201, 223  

 

Figure 1.5 Changes in myelin within white matter upon CNS injury. 

(A) Normal, uninjured myelinated (green myelin surrounding blue axon) and unmyelinated (small 
diameter blue axon) fibres, along with a myelinating oligodendrocyte (green cell) and a resting 
microglial cell (pink cell). Enlargement depicts microtubules transporting vesicles, neurofilaments 
with extended side arms, and mitochondria. Diagrams B-D illustrate the same set of axons under 
various pathological conditions arising from neurotrauma. (B) Initial injury: Trauma causes 
degeneration of unmyelinated axons, and damage to the myelinated fibres at nodes of Ranvier. 
Swelling of mitochondria and cytoskeletal breakdown observed in areas of axon damage. (C) 
Secondary damage: Regions of swelling and atrophy observed in distal axonal region, with 
associated disruption of myelin. Further breakdown of cytoskeletal elements and mitochondrial 
swelling is shown. Additional axons may be damaged due to secondary processes that cause 
demyelination of intact axons (loss of green myelin around the axon located in the centre of the 
cube), and inflammatory processes associated with microglial activation (thickened processes of 
pink cell). (D) Disconnection caused by irreversible damage: Complete axonal damage is 
indicated by the formation of end bulbs. Enlarged image illustrates the accumulation of 
cytoskeletal debris, vesicles, and mitochondria at the end bulbs. Lesion environment stimulates 
further microglial activation as depicted by the pink cell, for phagocytosis of debris from 
degenerating axons and myelin. Figure and caption adapted from Armstrong, et al., 2016224 with 
permission from Elsevier. 
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1.2.3.3 P2X7 receptors on oligodendrocytes promote Ca2+ influx 

Apart from being vital for ROS production, extracellular ATP also acts as an 
excitatory neurotransmitter in the CNS via the activation of both ionotropic P2X and 
metabotropic P2Y receptors.225 Oligodendrocytes and myelin predominantly express the 
purinergic receptor P2X7.201 This ATP-gated receptor belongs to a family of P2X 
receptors made up by P2X1 - P2X7 sub-units226 which are highly permeable to Ca2+  when 
activated.149, 227 The presence of the subtypes of P2X receptors increases the probability 
of the damaging effects induced by excessive levels of extracellular ATP.228, 229 
Moreover, adenosine and ATP are known to regulate late oligodendrocyte development 
and myelination.230, 231 Correspondingly, in vitro and in vivo assessments based on a 
multiple sclerosis model show that the activation of P2X7 receptors causes a non-
desensitising inward current and elevated intracellular Ca2+ levels, resulting in loss of 
oligodendrocytes.228, 232  

1.2.3.4 Activation of P2X7 receptors on glial cells can promote neurodegeneration  

P2X7 receptors are also expressed on other glial cells, and therefore the 
activation of P2X7 may induce further degenerative cascades in the CNS.233, 234 For 
example, activation of P2X7 receptors on microglia causes the release of various pro-
inflammatory cytokines such as interleukin-1β, which can consequently promote 
neurodegeneration.235 Apart from being essential contributors for wound healing, 
regeneration and repair, microglia also play a role in the recruitment, proliferation and 
differentiation of OPCs, and thereby confer the capacity for remyelination in the CNS.236, 

237 There is strong evidence for the occurrence of complex cross talk between 
oligodendrocytes and microglia, which is dependent on environmental factors such as 
infections and biological stresses.238 Further insight into these inter-cellular 
communications may aid in identifying how microglial populations influence 
oligodendrocytes in order to dictate the promotion and/or inhibition of remyelination. 

1.2.3.5 Oligodendrocytes and OPCs are vulnerable to excitotoxic damage 

Oligodendrocytes are also predisposed to excitotoxic damage as they express 
AMPA, kainate and NMDA receptors.239-242 This is established by various studies that 
demonstrate the vulnerability of both oligodendrocytes and myelin to glutamate 
excitotoxicity.243-247 Figure 1.6 schematically summarises the structural organisation and 
distribution of receptors in oligodendrocytes and OPCs.  

Pathways leading to the loss of oligodendrocytes via AMPA/kainate receptor 
activation is dependent on the intensity and length of the excitotoxic assault.233 By 
triggering different intracellular components within oligodendrocytes, activated AMPA 
and kainate receptors result in dissimilar molecular cascades that lead to cellular death.248 
Caspases are a family of protease enzymes that play essential roles in the mechanisms of 
programmed cell death, and each type of caspase is classified according to the apoptotic 
or necrotic pathways they initiate.249 Correspondingly, kainate receptor activation induces 
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the recruitment of caspases 3 and 9, while excitotoxicity channelled through AMPA 
receptors up-regulates caspase 8, which in turn activates caspase 3 and PARP-1 
polymerase causing both apoptosis and necrosis.248, 250-252  

NMDA receptors are found liberally in OPCs, immature oligodendrocytes, as 
well as in mature myelinating oligodendrocytes. Unlike AMPA and kainate receptors that 
are only expressed in oligodendrocyte cell somata, NMDA receptors are typically found 
throughout myelin, including the inner compacted layers of the membrane.239, 241, 242 The 
subcellular locations, coupled with high levels of expression, allow NMDA receptors to 
closely engage in cellular processes involved in myelination, and not just respond to 
external cues.253 However, while NMDA-mediated excitotoxicity in oligodendrocyte 
lineage cells is acknowledged, this thesis focuses on negating the deleterious impact on 
demyelination compounded by AMPA/kainate and P2X7 receptors, as well as VGCCs. 
This is mainly due to the existing clinical data surrounding the therapeutic approach 
undertaken by this project, which is elaborated in Section 1.3 of this review. 

 

Figure 1.6 Structural organisation of myelinating oligodendrocytes and OPCs, and receptor 
distribution. 

Mature, myelinating oligodendrocytes originate from OPCs that express neuron glia 2 (NG2) 
chondroitin sulphate proteoglycan. Primarily, glutamate and adenosine-triphosphate (ATP)-
induced toxicity to oligodendrocytes and their precursor cells is dependent on excessive Ca2+ 
influx, following the activation of Ca2+-permeable AMPARs, KARs, NMDARs and ATP-gated 
P2X7Rs. Downstream effects of Ca2+ and ATP overload in oligodendrocytes and OPCs include 
mitochondrial dysfunction and over-production of ROS, which then result in cell death. AMPAR, 
2-amino-3-(3-hydroxy-5-methylisoxazol-4-yl) propionate receptor;  EAAT, excitatory amino acid 
transmitter; NMDAR, N-methyl-D-asparate receptor; KAR, kainate receptor; ROS, reactive 
oxygen species. Figure and caption adapted from Benarroch, 2009254 with permission from 
Wolters Kluwer Health Inc. 
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1.2.4 Pragmatic approaches for secondary degeneration treatment 

Based on the information collated thus far, it is clear that myelinating cells are 
at greater risk of sustained damage under pathological conditions than other neuronal and 
glial cells. This explains the protracted ‘bystander damage’ involving dysmyelination 
observed in secondary degeneration that follows neurotrauma. Therefore, 
pharmacotherapeutic approaches for the chronic symptoms associated with CNS injuries 
could logically target oligodendrocytes and their progenitors. Indeed, focusing therapies 
on early events of secondary degeneration such as Ca2+ influx may be particularly useful 
in limiting the onslaught of protracted functional loss in CNS injuries.   
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1.3 Prevention of secondary degeneration is a therapeutic goal 

Given that the progressive nature of secondary degeneration occurs in an 
overlapping yet generally sequential manner resulting in distinct pathological features, 
several experimental preclinical therapeutic approaches have been based on 
neuroprotective strategies targeting specific characteristics of secondary damage such as 
neuroinflammation or oxidative stress.255-258 The common rationale behind the designs of 
these studies is drawn from the utilisation of the window of therapeutic opportunity 
conferred by the mechanisms involved in the evolution of secondary degeneration. A 
fundamental objective includes the rescue of intact, yet vulnerable, tissue in order to 
improve long-term functional outcomes following neurotrauma. At the cellular level, a 
successful approach to limit the adverse effects of secondary damage should not only aim 
to preserve neuronal function, but also establish a conducive growth environment, in 
order to promote and sustain axonal function.259 In the following sub-sections, 
preservation of vulnerable myelinating cell populations that may succumb to secondary 
cell death is the focus, with close reference to the mechanisms that propagate secondary 
damage post-CNS injury. 

1.3.1 Treatment of secondary degeneration may be possible by limiting the accrual 
of excess intracellular Ca2+ in the CNS 

The cascade of neuro-metabolic events (Section 1.2) that is involved in myelin 
and axonal degeneration stems from the loss of Ca2+ homeostasis within neuroglia 
populations and axons during the early stages of white matter injury.233, 260 Both 
glutamate and ATP signalling in white matter are critical for the maintenance of Ca2+ 
homeostasis, and thus the use of therapeutic agents that attenuate excitotoxicity can be 
strategically beneficial for the successful treatment of CNS injuries.233, 248 Accordingly, 
studies postulate that the redistribution of Ca2+ within the CNS may curb the progress of 
the deleterious and delayed outcomes of neurotauma.69, 261, 262 The increase in 
intracellular Ca2+ concentration from extracellular space can arise from a number of 
routes, which include NMDA, AMPA/kainate and P2X7 receptors, as well as VGCCs.106, 

239, 241, 263-266 Pharmacologically, ion channel antagonists that target these pathways to 
modulate the movement of Ca2+ may be used to limit Ca2+ influx.267, 268 As some of these 
therapeutics are clinically approved and in current use for the treatment of several 
pathological states,269, 270 ion channel antagonists pose an attractive therapeutic option for 
secondary degeneration.  

1.3.2 Ion channel antagonists can be used to suppress cytosolic Ca2+ influx 

Various ion channel antagonists that target a range of receptors and channels 
have been assessed in preclinical and clinical studies to test their ability to suppress the 
accrual of cytosolic Ca2+.269, 271 Initially developed for use against angina pectoris, 
antagonists of the Ca2+ entry pathways demonstrate favourable therapeutic benefits for 
cardiovascular diseases by improving vasodilation to enhance regional blood flow in 
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organs.272-274 These drugs also show favourable therapeutic effect for glaucoma, which is 
characterised by progressive optic nerve damage,275 prompting the exploration of ion 
channel antagonists as neuroprotective agents.  

The preceding sections of the literature review highlight the various pathways 
by which Ca2+ accumulates in intracellular locations within the CNS upon injury. In this 
section, the neuroprotective potentials of ion channel antagonists specific for 
AMPA/kainate and P2X7 receptors, and VGCCs are elaborated. 

§ AMPA/kainate receptor antagonists 

Pharmacological blockade of Ca2+-permeable AMPA receptors can modulate the 
deleterious effects of CNS injury.276 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzoquinoxaline (NBQX) is an AMPA/kainate receptor antagonist, which has 
neuroprotective effects in cerebral ischemia models,277, 278 and can counter excitotoxic 
damage to injured white matter.279 For example, following contusive SCI in rats, delivery 
of NBQX at the thoracic injury site reduces tissue loss with greater residual amounts in 
grey matter and myelinated white matter, and improved functional outcomes.280 
However, poor water solubility and the potential for renal toxicity has limited the clinical 
use of NBQX.281  

[2,3-dioxo-7-(1H-imidazol-1-yl)6-nitro-1,2,3,4-tetrahydro-1-quinoxalinyl] acetic acid 
monohydrate, also known as YM872 (or INQ)282  is a water-soluble and highly selective 
inhibitor of the AMPA receptor. In addition, YM872 is also known to prevent the 
activation of NMDA receptors and VGCCs,283, 284 as well as reverse the Na+/Ca2+ 
exchangers on cell membranes.282 The neuroprotective efficacy of YM872 has been 
tested in several clinical trials.282, 285, 286 However in 2010, YM872 failed at Phase III of 
human clinical trials for the treatment of stroke due to unmet requirements of an interim 
futility analysis.287 

§ VGCC antagonists 

VGCC antagonists have been established for long-term clinical use, particularly in 
cardiovascular diseases.288 Nimodipine, a dihydropyridine L-type VGCC inhibitor, which 
has been shown to dilate cerebral arterioles and increase cerebral blood flow in both 
animals and humans, has been indicated for the potential to treat a range of 
cerebrovascular disorders.289 Due to its preferential interactions with brain vessels, 
nimodipine has been chiefly assessed as a treatment option for delayed neurological 
deficits stemming from ischemia.290 While nimodipine results in significant functional 
recovery in ischemic291 and nerve crush injury models,292, 293 and mitigates mitochondrial 
damage and cell death,294, 295 side effects associated with hypotension have been 
reported.296 Additionally, nimodipine does not demonstrate beneficial effects on spinal 
cord ischemia, and causes further ischemic damage to the spinal cord.297, 298  

Lomerizine hydrochloride (LOM) is a voltage-dependent L- and T-type Ca2+ channel 
inhibitor299 that is commonly used as a first-line prophylactic drug to treat migraines.300 
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LOM also blocks the transient receptor channel 5, an oxidative-stress sensitive, Ca2+-
permeable channel.301 In synaptosomal membranes of the cerebral cortex of guinea pigs, 
the drug shows the capacity to inhibit specific [3H]-nitrendipine binding sites that are 
closely associated with VGCCs.302, 303 LOM also suppresses cerebral artery constrictions 
induced by external stimulants in vitro.304   Overall, LOM is one of the most selective ion 
channel antagonists for the CNS. Along with the added advantage of minimised adverse 
side effects with respect to blood pressure and heart rate,305, 306 LOM is effective in 
preventing glutamate-induced neurotoxicity in primary cultures of rodent hippocampal 
cells,307 and shows protective effects in animal models of ischemia and hypoxia by 
limiting the influx of Ca2+.308-311 LOM also preserves the viability of cultured motor 
neurons by mitigating cytosolic Ca2+ concentration associated with glutamate 
excitotoxicity.288 Additionally, the neuroprotective effects of LOM have been extensively 
studied using partial optic nerve transection models involving retinal ganglion cell (RGC) 
axons of rats that are vulnerable to secondary damage following injury of adjacent 
axons.272, 312, 313 With the protection of RGC axons and somata that are vulnerable to 
secondary damage, LOM also reduces the infiltration of microglia/macrophages, and 
preserves myelin structure,313 with some improvement in visual function.312, 313 At present 
however, there is a lack of clinical evidence of the therapeutic benefits of LOM for 
treatment of neurotrauma and secondary degeneration. 

§ P2X7 receptor antagonists 

The use of P2X7 receptor antagonists that preferentially block ATP-sensitive, ligand-
gated cation channels have garnered substantial interest in the field of neuroscience due 
to their emerging role in the broad spectrum treatment of neurological disorders.314 
Various reports have documented that the cascade of destructive events in neurotrauma 
can be prevented with P2X7 receptor antagonists,229, 315-317 as the receptor is highly 
sensitive to the ionic composition of the physiological environment. However, only a 
limited number of P2X7 receptor antagonists have been developed226, 318, 319 as their 
interaction with the specific receptor tends to be non-competitive, with considerable 
discrepancies in potency in a range of species.320  

For example, suramin, a prototypic P2X antagonist shows variable ability to block P2X7 
receptors.321, 322 Likewise, pyridoxalphosphate-6-azophenyl-2’,4’-disulphonic acid 
(PPADS) demonstrates inconsistent potency against the P2X7 receptor,323, 324 potentially 
reflecting the atypically slow onset of action by the antagonist at the receptor.325 It is 
however notable that the local administration of PPADS to the spinal cord significantly 
improves functional outcome in rats after mild contusive SCI.229 A highly effective 
inhibitor of the P2X7 receptor is adenosine 5’-triphosphate periodate oxidized sodium salt 
(oxATP). While oxATP may also irreversibly block P2X1 and P2X2 receptors, its 
inhibitory action against the P2X7 receptor limits Ca2+ flux in various models of CNS 
dysfunction, and protects against secondary damage following SCI and TBI.228, 229, 326, 327 
The delivery of Brilliant Blue G (BBG), a clinically approved P2X7 inhibitor,328 either by 
intravenous delivery or prophylactic administration through drinking water, shows 
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therapeutic benefits in the treatment of neurotrauma such as diminished expression of the 
pro-inflammatory cytokines, reduced cerebral oedema, and improved neuro-behavioural 
outcomes.329-331 BBG also has the ability to breach the closed BBB, and reduce 
histopathological damage to the spinal cord in preclinical in vivo studies involving 
murine models with SCI.331  

1.3.2.1 Administration of multiple ion channel antagonists may be an ideal strategy for 
the treatment of secondary degeneration 

Prevention of Ca2+ entry to maintain cytosolic Ca2+ homeostasis using ion 
channel antagonists can aid in the mitigation of cell death, and promote CNS recovery. It 
is notable however, that it is not the entry of Ca2+ that results in the detrimental effects of 
secondary degeneration, but rather the formation of ROS initiated by elevated levels of 
Ca2+. Given that Ca2+ may accumulate within cells via various pathways such as VGCCs, 
and Ca2+-permeable AMPA/kainate and P2X7 receptors, it is not surprising that clinical 
trials with single ion channel antagonists have been disappointing.271, 282, 287 Therefore, it 
is increasingly recognised that an ideal strategy to limit the influx of Ca2+ within neurons 
and glial cells may require a combinatorial approach, using ion channel antagonists that 
target a range of Ca2+-specific pathways.268, 332-334  

While there are limited reports assessing the neuroprotective benefits of the 
combined delivery of multiple ion channel antagonists, some studies commend the 
potential of a multi-pronged pharmacological approach to treat CNS injuries. For 
example, the combined systemic delivery of phencyclidine, a NMDA antagonist, with the 
cholinergic inhibitor scopolamine to rats subjected to mild TBI results in reduced damage 
to neurons that are vulnerable to consequential ischemic damage.335 More recently, in a 
SCI model of rats with hemisected spinal cords, enhanced expression of 2d regulatory 
subunits in NMDA receptors in motor neurons, along with the delivery of NogoA 
antibody and neurotrophic factor neurotrophin-3 to aid the regeneration of lesions in 
myelin,336, 337 results in improved motor function without adverse side effects.338 Clinical 
trials of NMDA receptor antagonists for stroke and TBI however, have not produced 
significantly strong evidence of neuroprotection, and therefore have been gradually 
terminated.339-341 Unsatisfactory pharmacokinetics, insufficient therapeutic concentrations 
in the penumbra, and inappropriate selectivity of the receptor subunit are some reasons 
cited for clinical failure.271, 340 Additionally, despite using equivalent therapeutic doses 
that are neuroprotective in rodents, the use of NMDA receptor antagonists results in high 
drug toxicity in humans.340 As such, the overall therapeutic outlook associated with the 
use of pharmacological antagonists for the NMDA receptor is disappointing. 

1.3.2.2 Novel combination of ion channel antagonists demonstrates promising pre-
clinical results 

Highly relevant pre-clinical studies for this thesis demonstrate therapeutic 
benefits for secondary degeneration in female Piebald Virol Glaxo (PVG) adult rats 
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subjected to partial optic nerve transection following the combined delivery of LOM, 
oxATP and YM872 to inhibit VGCCs, P2X7 and Ca2+-permeable AMPA receptors 
respectively.268, 342 Both the water-soluble oxATP and YM872 are delivered directly to 
the injury sites using osmotic mini-pumps from the time of injury, while LOM is orally 
administered twice daily. The reports show that the administration of the combinatorial 
treatment that inhibits all three above-mentioned Ca2+-dependent pathways is required to 
limit or prevent a range of consequences associated with secondary degeneration at both 
acute (up to 1 week)342 and chronic stages (i.e. 3 months)268 of the injury. Significant 
outcomes include protection of OPCs, preservation of normal node of Ranvier lengths, 
and reduction in the occurrences of myelin decompaction. Importantly, the treatment has 
the capacity for the long-term preservation of visual function.  

Similar beneficial outcomes are reported when oxATP is replaced with BBG to 
inhibit P2X7 receptors in partial optic nerve transection models in PVG rats. The 
combination of LOM, YM872 and BBG is at least as effective as the treatment that 
includes oxATP.343 Likewise, in repeated mild TBI models in PVG rats, the systemic 
delivery of the combination of LOM, YM872 and BBG demonstrates notable 
improvements in behavioural assessments relative to control specimens after 11 days, 
indicating some capacity of the agents to cross the BBB.344 Reductions in microglial cell 
density, antioxidant responses and structural abnormalities in the nodes of Ranvier are 
also reported using this treatment combination.344 However, while BBG has the added 
advantage of being able to traverse the closed BBB unlike oxATP,331, 343 the increased 
potency of the drug (30 – 50×) in rats than in humans345 will eventually require careful 
safety profile assessments in human clinical trials. It therefore may be worthwhile to 
utilise oxATP in the combinatorial treatment as potency-wise, it may be more beneficial 
in humans.  

Accordingly, encouraging pre-clinical results with LOM, YM872 and oxATP 
demonstrate that the early inhibition of P2X7 and AMPA receptors, in conjunction with 
the continued blockade of VGCCs, can play critical roles in limiting secondary damage 
following neurotrauma. In order to uncover if the beneficial outcomes described above 
are a direct consequence of reduced intracellular Ca2+ concentrations, a high throughput 
in vitro model of oxidative stress in primary mixed cortical cultures was used to assess 
effects following insult with H2O2 and exposure to LOM, YM872 and oxATP in 
combination.346 The study shows that limiting intracellular Ca2+ influx, particularly via 
P2X7 receptors, is associated with increased cell viability. Additionally, the combined 
delivery of ion channel antagonists had beneficial effects on NG2+ glia, which may have 
been an important factor leading to the preservation of the structure and function of 
myelinated axons vulnerable to secondary damage in vivo.346, 347 Table 1.3 consolidates 
the basic chemical properties and structures of the drugs of interest (LOM, oxATP and 
YM872) for this project. 
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Table 1.3 Basic properties of therapeutic agents pivotal for this project. 

Drug Molecular structure Molecular 
Weight Target Solubility 

Lomerizine 
hydrochloride 
(LOM) 

 
 

468.53 VGCC 
antagonist 

0.00673  
mg/mL  
(water) 
 

Zonampanel 
monohydrate 
(YM872 or INQ) 

 

331.24 AMPA 
antagonist 

83 mg/mL 
(Britton-
Robinson 
buffer) 

Oxidised 
adenosine 5’-
triphosphate 
(oxATP) 

 

505.15 Purinergic 
P2X7 
receptor 
antagonist 

50 mg/mL 
(water) 

 

1.3.2.3  Improved delivery method is necessary to administer the novel combination of 
ion channel antagonists to the CNS in clinical settings 

With neuropharmaceutics having the largest growth potential within the 
pharmaceutical industry,348 it is encouraging to note that the studies describing the 
administration of ion channel antagonists suggest the promise of neuroprotective 
benefits for secondary degeneration that follows neurotrauma. Rather than focusing on a 
single Ca2+-entry pathway, the use of multiple therapeutic agents to inhibit the accrual 
of cytosolic Ca2+ is gaining traction in the development of therapies for secondary 
degeneration. However, the clinical success of many encouraging CNS 
pharmacotherapeutics has been deterred by the presence of the BBB.349 Indeed, LOM 
has the capacity to cross the BBB by inducing an inhibitory effect on P-glycoprotein (P-
gp) function at the brain microvessel endothelial cells (BMECs) that make up the 
BBB.350 The efflux mechanism of the P-gp pump is further elaborated in Section 1.4.2. 
More recently, YM872 has also demonstrated positive therapeutic effects in mild TBI 
models with systemic delivery via the peritoneal cavity.344 However, oxATP may not be 
able to access the CNS systemically via the BBB, largely due to inherent properties of 
the drugs (i.e. highly water-soluble) that can prevent passage at the protective barrier.  
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Ultimately, the success of the combinatorial treatment consisting of LOM, 
YM872 and oxATP in clinical settings of neurotrauma will be dependent on the ability 
of the drugs to breach the BBB to ensure enhanced bioavailability in the CNS. As such, 
it is necessary to develop drug delivery methods that are non-invasive, and also have the 
capacity to present all three ion channel antagonists at therapeutically effective doses. It 
is however imperative that a comprehensive understanding of the operations of the BBB 
is necessary for the successful development of such CNS-specific strategies. The 
following section describes the properties of the BBB, as well as the challenges posed 
by the barrier that may hinder effective drug delivery to cell populations within the 
CNS.  
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1.4 The BBB poses a significant challenge for CNS drug delivery 

The CNS is heavily guarded from the vascular system by three key interfaces 
as depicted in Figure 1.7, which identifies the (a) arachnoid barrier, (b) BBB and (c) 
blood-cerebrospinal fluid barrier (BCSFB) from the coronal section of the brain. The 
makeup and locations of these barriers differ significantly, and they possess specific 
functions. Of these barriers, the most effective and convenient method to deliver 
therapeutic agents to the CNS is via the BBB, which is located at the closest proximity to 
the neural and glial cells in the brain’s parenchyma.22, 351 Both BCSFB and arachnoid 
barrier are fundamentally more challenging than the BBB for CNS drug delivery by 
intravenous means. During embryonic vascularisation of the brain, the BBB forms in 
parallel with blood vessels, whereby endothelial cells migrate to and proliferate in high 
density on a fibronectin-rich extracellular matrix. Being the interface between blood and 
the brain, the BBB is designed to protect the CNS from microbial contamination and 
toxic elements in blood circulation by segregating the capillaries from the interstitial fluid 
surrounding the brain. Anatomically, the BMECs at the capillary walls are adjoined 
continuously by tight junctions that are composed of smaller subunits of transmembrane 
proteins such as occludin, claudins and junctional adhesion molecules. Each of these 
transmembrane proteins is anchored to the BMECs by protein complexes such as tight 
junction protein 1 and associated proteins. Astrocyte cell projections known as astrocytic 
feet surround the BMECs and ensheath the capillary walls to provide structural and 
biochemical support.  Pericytes account for 20 % of the periphery of the barrier and are 
embedded in the laminin-rich basement membrane. The structure does not possess large 
fenestrations but rather tight junctions with high trans-endothelial resistance due to the 
encapsulation of capillaries by pericytes and astrocytes. Although the permeability of the 
BBB tends to be controlled by the biochemical properties of the BMECs, the overall 
brain microvascular biology results from the complex interactions of BMECs with the 
basement membrane and neighbouring cells such as microglia, astrocytes, neurons and 
perivascular pericytes. Together, these components form the neurovascular unit (NVU) of 
the BBB. Specific functions and properties of the NVU components are elaborated in 
Table 1.4. Overall, the inherent design of the BBB strictly regulates the flow of blood in 
the brain capillaries, assists in transporting vital nutrients to the CNS,352 and protects the 
brain from oxidative stress and metal toxicity.353 

While the BBB is relatively impermeable under normal physiology, 
pathological conditions can cause the breakdown of the barrier due to the release of 
specific chemical mediators. Some of these chemical mediators that have been implicated 
in both in vitro and in vivo studies for their association with increased BBB permeability 
include, but are not limited to, glutamate, aspartate, ATP, nitric oxide, tumour necrosis 
factor-α and interleukin-β.354-357 With the loss of BBB integrity, the unmonitored entry of 
biomolecules, cells and microbial agents into the CNS can initiate multiple pathways of 
neurodegeneration.358 While several neurodegenerative diseases demonstrate BBB 
breakdown via various precipitating pathogenic mechanisms,359 this review focuses on 
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BBB alterations as a result of neurotrauma. There are significant data from in vivo studies 
and clinical assessments demonstrating the breakdown of the BBB from injuries to the 
CNS.360-362 The results of these studies suggest that the opening of the BBB can range 
between days to weeks, and last up to years, depending on the severity and duration of 
the acute event. Experimental brain injury models demonstrate that the breakdown of the 
BBB tends to be biphasic in nature.363-365 This is similarly demonstrated in blood-spinal 
cord barrier breakdown following SCIs.366, 367 It is noteworthy to recognise that despite 
the distal location, SCIs and optic neuropathy can also result in alterations in BBB 
function.368-370 Analogous to ischemic stroke,371 the onset of the early phase of BBB 
disruption from CNS injuries is rapid, whereby maximum membrane permeability 
typically lasts for a few hours and declines immediately. The delayed secondary phase 
occurs between 3 – 7 days following injury, which may be prolonged likely due to 
physiological responses to the injury.372 Accordingly, clinical data show that BBB 
permeability can eventually revert to normal states within days to weeks following 
TBIs.373-375 However, in some mild TBI patients, BBB disruption persists for months up 
to years.362, 376 As such, there is currently insufficient evidence to quantitatively define 
the duration of the transient BBB dysfunction as a response to the mechanism and 
severity of the TBIs.361 Therefore, the pragmatic approach for non-invasive CNS drug 
delivery is to devise strategies that can target the closed BBB instead of relying on 
unpredictable and temporary breaches of the barrier. In order to do so, clear 
understanding of the features and mechanisms that occur at the BBB is vital.  

1.4.1 Transport mechanisms exist at the BBB to enable molecular movement from 
blood to brain  

Previously, the BBB was thought to be a static membrane that depended 
strictly on the limited permeability permitted by the small intercellular clefts between the 
BMECs.377 It is now understood that the BBB is a dynamic barrier that allows the 
transport of key nutrients into the CNS by means of specific influx pathways as depicted 
in Figure 1.8. Such molecular transport mechanisms are classified as either passive or 
active pathways, depending on the properties of the molecules being transported across 
the BBB.  

1.4.1.1 Small lipophilic substances may cross the BBB passively 

The paracellular aqueous pathway allows the movement of substances through 
the gaps that exist between adjacent endothelial cells. Large molecules are unable to 
traverse these tight junctions, however transport of water-soluble agents (< ~ 4 nm) is 
feasible.378, 379 Lipophilic molecules less that 400 – 500 Da, with less than 9 hydrogen 
bonds (H-bonds), diffuse through the BBB in a concentration gradient-dependent manner 
via the transcellular lipophilic pathway.349 The basis of this transport mechanism requires 
that molecules are able to partition into the BMECs from the apical side of the BBB in 
order to diffuse into brain tissues.380 Chemical modifications of the structures of small 
and hydrophobic molecules can improve the kinetics of diffusion through this pathway.381 
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Figure 1.7 Key biological barriers in the CNS. 

(A) Arachnoid barrier, (B) Blood-brain barrier (BBB) and (C) Blood-cerebrospinal fluid barrier 
(BCSFB), identifiable from the schematic diagram of the coronal brain section (bottom-right of 
figure). The BBB provides the most viable prospect for drug delivery to the CNS, as the brain 
parenchyma that is made up of neurons and glial cells, is most accessible via the BBB. MA, 
meningeal artery; MV, meningeal vein; ML, meningeal lymphatics; SAS, subarachnoid space; 
CSF, cerebrospinal fluid. Figure and caption adapted from Engelhardt, et al., 2017382 with 
permission from Springer Nature.  

1.4.1.2 CNS nutrients may be transported by active transport mechanisms at the BBB 

Most nutrients vital for CNS function, however, do not qualify for transport via 
paracellular or transcellular pathways at the BBB, and therefore require transporters 
located on BMECs to enable molecular movements. As such, facilitated diffusion 
transporters and active transporters exist at the BBB.22 The former transports material 
across the BBB by diffusion that depends on the concentration gradient of the substance 
across the interface, and therefore does not require energy. Active transporters on the 
other hand, require energy to transport material across the BBB against concentration 
gradients. Mitochondria at the luminal side of the BBB support this active movement by 
supplying ATP-dependent transporters with energy.383 Such complex transport 
mechanisms at the BBB include the transport-protein pathway for glucose, amino acids 
and purines, and adsorptive mechanisms for albumin and other plasma proteins.384-386 
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Table 1.4 Specific properties and functions of the components of the neurovascular unit (NVU) 
that makes up the blood-brain barrier (BBB). Information in table adapted from Chow, et al, 
2015.387 

Component of the 
neurovascular 

unit (NVU) 
Key properties and functions 

Basement 
membrane 

§ Made up of structural proteins (collagen and laminin), specialised proteins 
(fibronectin and laminin) and proteoglycans. 

§ Includes matrix adhesion receptors (i.e. cell adhesion molecules) and 
signalling proteins. 

§ Surrounds BMECs and engulfs pericytes, anchoring the cells in place. 
§ Establishes connection with surrounding resident brain cells. 

Microglia § Play an important role in immune responses of the CNS, surveying local 
microenvironment and changing phenotype in response to homeostatic 
disturbance. 

§ Exist in two forms that have distinct morphology: resting and activated 
microglia. 

§ Located within perivascular space. 
Pericytes § Share the basement membrane with BMECs. 

§ Synthesises most elements of the basement membrane including a number of 
proteoglycans. 

§ Proper association of pericytes to microvasculature at the BBB is essential to 
maintain structural support and junctional integrity. 

§ Pericytes and BMECs communicate via gap junctions, tight junctions, 
adhesion plaques and soluble factors. 

§ Association of pericytes to blood vessels can regulate BMEC proliferation, 
migration and differentiation. 

§ Interactions between pericytes and BMEC are important for the remodelling 
and maintenance of the NVU via the secretion of growth factors or modulation 
of the ECM. 

§ Rich contents of smooth muscle actin in pericytes points to their functional role 
in controlling blood flow and regulating junctional permeability. 

Astrocytes § Astrocytic end-feet form a lacework of lamellae on the outer surface of the 
BMECs and basement membrane. 

§ Major role in promoting proteoglycan synthesis with a resultant increase in 
BMEC charge selectivity. 

§ Important role in maintaining proper neuronal function. 
§ Close proximity to neuronal cell bodies and brain capillaries suggest that 

astrocytes are essential for a functional NVU. 
BMECs § BMECs interact intimately with all brain cells of the NVU and therefore act as 

mediators of molecular transport between blood and brain. 
§ 50 – 100 times tighter than peripheral microvessels causing severe restriction 

of the paracellular pathway at the BBB. 
§ Greater number and volume of mitochondria compared to the endothelium in 

other organs, providing enhanced energy for enzymes to breakdown 
compounds and allow for various selective pathways at the BBB. 

§ Tethered to basement membrane through focal adhesions of transmembrane 
proteins (selectins, immunoglobulin superfamily and integrins) that also 
participate in intercellular adhesions. 
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1.4.1.3 Transcytosis mechanisms at the BBB can allow transport of substances by 
adsorption, or via specific receptors  

Substances that are unable to utilise transporters, or the paracellular and 
transcellular pathways may still be able to cross the BBB by transcytosis mechanisms.388 
Transcytosis involves material transfer through cells by endocytosis or exocytosis, and is 
commonly observed in polarised cells.389, 390 In the BBB, this transport mechanism can be 
classified as adsorption-mediated transcytosis or receptor-mediated transcytosis.  

Cationic and large molecules, that include specific proteins and peptides,391-394 
typically adhere to adsorption-mediated transcytosis mechanisms involving clathrin and 
caveolin at the luminal surface of endothelial cells that are positively-charged.386, 395 
However, this transport mechanism may lack specific targeting which could consequently 
lead to broad biodistribution. For example, the systemic application of protein 
transduction domains such as the positively charged human immunodeficiency virus 
(HIV) trans-activating transcriptor (TAT) peptide may not always produce therapeutic 
doses in the CNS.396 On the other hand, receptor-mediated transcytosis mechanisms 
involve specialised vesicular trafficking by specific receptors apically located on plasma 
membranes of BBB endothelial cells. For example, circulating ligands such as iron, 
transferrin (Tf), insulin and lipoproteins,388, 393, 397-399 can interact with specific receptors, 
and be endocytosed as receptor-ligand complex clusters. These clusters are transported 
towards the basolateral side of the BBB endothelium in intracellular vesicles, following 
which the ligands are released across the BBB without barrier disruption.400 

1.4.2 Efflux mechanisms at the BBB can deter material transport into the CNS 

While the BBB is equipped with transport mechanisms to allow the necessary 
delivery of nutrients to the CNS, it also has efflux transporters at both the luminal and 
abluminal sides of the membrane.401 Figure 1.9 illustrates some of these transporters 
present at the BBB. Efflux pumps such as P-gp, multi-drug resistance proteins and 
organic anion transporters are required for the removal of toxic molecules or pathogens 
from the CNS.377 While having a critical role in the prevention of noxious compounds 
from reaching the interstitial fluid of the brain, these efflux pumps, which target a wide 
variety of compounds such as ions, amino acids, peptides, and cytokines, can also limit 
therapeutic agents reaching the CNS from blood circulation.360 The P-gp, for example, is 
largely populated along the luminal membrane of the BBB and serves as the primary 
efflux transporter of a large variety of lipid-soluble molecules.402 This constitutes a major 
reason for the failure of the delivery of effective treatments to the CNS, as therapeutic 
agents may not be able to successfully cross the BBB and be available in therapeutically 
beneficial concentrations.360  
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Figure 1.8 Transport pathways assigned to various types of molecules at the blood-brain barrier 
(BBB). 

(A) Paracellular aqueous pathway: governed by tight junctions that strongly restrict penetration to 
allow the diffusion of small amounts of water-soluble agents, (B) Transcellular lipophilic pathway: 
large surface area of the lipid membranes of the endothelium provides an effective diffusive route 
for lipid soluble agents, (C) Transport proteins: specific transporters are present on the 
endothelium to allow the movement of glucose, amino acids, purine bases, nucleosides and 
choline etc. across the BBB, (D) Receptor-mediated transcytosis: transferrin and insulin may be 
transported across the BBB via specific receptors, and (E) Adsorptive transcytosis: cationisation 
of native plasma proteins can improve their uptake across the BBB. Figure and caption adapted 
from Abbott, et al., 2006355 with permission from Springer Nature. 

1.4.3 Mechanical disruptions of the BBB may allow CNS drug delivery but risks 
may be involved 

Temporary disruption of the tight junctions of the BBB using osmotic 
pressure,403 microbubbles,404 and focused ultrasound405 attempt to improve the 
permeability of therapeutic agents. However, these invasive techniques tend to be less 
patient-friendly, laborious, and may present risks associated with permanent damage of 
the integrity of the BBB.406 This can consequently lead to uncontrolled influx of toxins or 
pathogens into the CNS, leakage of membrane proteins, release of cytokines, and disrupt 
vital homeostatic balances as described in earlier sections of this literature review. 
Inflammation and/or neuronal dysfunction and degeneration can then result, hampering 
CNS function.378 Given that the breakdown of the BBB structure is already associated 
with various cerebrovascular diseases as well as neurotrauma,407 the use of disruptive 



	 Chapter 1: Introduction and Literature Review 	
	 	
	

 
	 59 	
	 	
	

methods to allow therapeutic agents to gain BBB access may prove to be 
disadvantageous. 

1.4.4 Delivery methods that do not disrupt the integrity of the BBB are necessary 
for efficient CNS drug delivery  

Overall, it is clear that the BBB is a brain-specific, highly selective, semi-
permeable membrane that protects the CNS. Despite being a necessary physiological 
barrier that ensures the proper function of the organs of the CNS, the BBB when closed, 
significantly challenges the effectiveness of promising drugs designed for delivery from 
blood circulation. This consequently prevents therapeutic agents that are successful in in 
vitro evaluations, from being successfully translated to the clinic, due to the lack of in 
vivo response.51, 408 Therefore, it is imperative to develop alternative drug delivery 
methods that can provide efficient pharmacological benefit by improved transportation of 
drugs through the BBB. In the following section, the implementation and advantages of 
nanotechnological advents in CNS therapy are detailed. 

 

Figure 1.9 Schematic illustration of efflux transporters at the blood-brain barrier (BBB). 

The transporters are mainly classified as ATP-binding cassettes that drive the reduction of 
molecular entry into cells, and multi-drug resistance proteins (MRP). Other transporters belong to 
the SLC solute carrier family of efflux transporters, which include organic anion transporters. ATP, 
adenosine triphosphate; PGP, P-glycoprotein; BCRP, breast cancer resistance protein. Figure 
and caption adapted from Saunders, et al., 2018409 with permission from John Wiley and Sons. 
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1.5 Nanotechnology may be exploited for non-invasive drug delivery 
to the CNS 

The use of nanotechnology by way of therapeutic nano-carriers, may be 
exploited to promote enhanced drug delivery to the CNS, without the risks associated 
with invasive procedures. By encapsulating or adsorbing therapeutic agents, or via 
covalent binding, nano-carriers may improve the stability and promote extended exposure 
of the drug within the physiological system. This in turn, could increase the concentration 
of the drug in the physiological system to improve therapeutic efficacy.410 Typically, the 
drug-loaded nanocarriers are taken up by target cell populations by specific mechanisms 
which include macropinocytosis, receptor-mediated endocytosis and phagocytosis, in 
order to execute therapeutic benefits. The illustration in Figure 1.10 demonstrates typical 
endocytic pathways that mediate nanoparticle transport across the cellular membrane. 
The mode of uptake is heavily influenced by a combination of nano-carrier properties 
such as size, surface charge, shape and/or curvature, as well as the type of cells they 
encounter during circulation.411, 412  

Nano-carriers are also emerging as good candidates for drug delivery vehicles 
for the CNS as their size range, surface properties, and material makeup can be designed 
to circumvent the various defence mechanisms and properties exhibited by the BBB.351 
To-date, there are various types of therapeutic and diagnostic nano-carriers that have been 
developed for CNS drug delivery.413 These include, but are not limited to, lipid-based 
nanoparticles such as liposomes and solid lipid systems, and polymer-based systems.351, 

414 Inorganic nanoparticles made up of metallic, ceramic materials and/or composites are 
also investigated for CNS therapy.415 However, discussions pertaining to their use and 
features are beyond the scope of this review. Figure 1.11 illustrates the structural 
characteristics of these drug delivery systems. Of the above-mentioned drug delivery 
systems, polymer-based nano-carriers rank highly in versatility and biocompatibility 
depending on the components of the backbone structure.416 Additionally, some polymers 
have the added advantage of being biodegradable, which is considered a desirable 
feature, predominantly as a safety measure for therapeutic nano-carriers intended for 
parenteral administration.410 

The following section will begin with a brief introduction to key principles that 
define drug delivery from polymer-based nano-carriers. Following which, the section 
focuses on the use of polymeric micelles, dendrimers, nanocapsules and nanospheres in 
studies that assess efficacy specifically for systemic administration and in particular, CNS 
drug delivery.  
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Figure 1.10 Typical endocytic pathways that mediate transport of nanoparticles across cellular 
membranes. 

Figure adapted from Qu, et al., 2013417 with permission from Future Medicine Ltd. 

1.5.1 Introductory concepts of controlled drug delivery from polymer-based nano-
carriers 

Conventional drug delivery methods may be disadvantageous due to low 
efficiency rate, poor biodistribution and selectivity.418 Temporal control of drug release 
from polymeric nano-carriers may overcome the limitations of traditional single-dose 
drug delivery by aiming to maintain the concentration of the therapeutic agent in blood or 
target tissues at efficacious levels. Such levels, also known as the therapeutic window, are 
bound between the minimum effective concentration (MEC) and minimum toxic 
concentration (MTC) of the specific drug.419, 420 The representative graphical illustration 
in Figure 1.12  describes the fundamental principles that govern various forms of drug 
release. Additionally, drugs delivered via nano-carriers can be protected against rapid 
degradation which may allow higher concentrations of the drug to be available at 
physiological targets, thus minimising dosing requirements.421  
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Figure 1.11 Nano-carrier types designed for enhanced systemic delivery of therapeutics to the 
CNS. 

(A) Lipid-based nanoparticles (B) polymer-based drug delivery systems and (C) inorganic 
nanoparticles. Figure adapted from Furtado, et al., 2018351 with permission from John Wiley and 
Sons. 

1.5.1.1 Mechanisms of drug release from polymer-based nano-carriers 

Since the first report of sustained drug release from a polymeric device in 
1964,422 controlled drug release from polymeric nano-carriers has been extensively 
studied. It is noteworthy to acknowledge that the terms “controlled release” and 
“sustained release” are used synonymously in literature to describe extended drug 
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release.423 Controlled drug release systems that demonstrate zero-order drug release 
whereby the therapeutic agent is uniformly released over time are largely pursued in 
research.421 However, release rates of therapeutic agents are influenced by factors such as 
system composition (i.e. drug, polymer makeup and excipient), ratio of system 
composition, physico-chemical interactions between components within the system, as 
well as the fabrication methods utilised to develop specific drug delivery systems.420, 421, 

424 Drug release mechanisms therefore tend to vary according to the specific 
formulations. These mechanisms can be classified into four key categories: diffusion-
controlled, solvent-controlled, chemical interaction and stimulated release as illustrated in 
Figure 1.13.  

§ Diffusion-controlled release 

Drug release mediated by diffusion processes typically occur in capsule-like systems 
where the therapeutic agent is dissolved or dispersed within the core of the carrier 
matrix.425 The differences in concentration gradients across the membrane barrier of such 
capsules stimulate diffusive mechanisms that control the rate of drug release.426, 427 
Matrix-like nanospheres that have drugs dispersed throughout the polymer matrix but do 
not possess membranes as in capsules, also undergo diffusion-mediated drug release. 
These systems typically indicate a high initial drug release, which is followed by a 
decreasing release rate with the increasing distance of drug molecules within the core of 
the carrier.421 

 

Figure 1.12 Graphical illustration of the basic principles that govern conventional, controlled and 
sustained drug release. 

Figure adapted from Das, et al, 2015 428 with permission from The Royal Society of Chemistry. 
MTC: minimum toxic concentration; MEC: minimum effective concentration. 
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§ Solvent-controlled release 

Solvent transport into polymeric nano-carriers can influence drug release kinetics by 
means of osmosis and matrix swelling.424 Osmosis-controlled release can occur in a nano-
carrier that has a semi-permeable polymeric membrane which can allow solvents such as 
water or buffer to flow into the high concentration drug-loaded core from the external 
environment. This mechanism can result in zero-order release profiles provided that a 
constant concentration gradient is maintained across the membrane.429 When glassy, 
hydrophilic polymeric nano-carriers are placed within aqueous environments such as 
physiological fluids, water uptake results in the swelling of the polymeric matrix, which 
then mediates drug release. This is also known as swelling-controlled release. The rate of 
drug release is influenced by factors such as the diffusion rate of aqueous media and 
chain relaxation rate of the polymeric materials that make up the nano-carriers.430 
Swelling-controlled systems also encompass three-dimensional and crosslinked hydrogels 
where the mesh size plays a pivotal role in controlling drug release profiles.430, 431 

§ Degradation-controlled release 

Nano-carriers fabricated with biodegradable polymers such as polyesters, polyamides, 
poly amino acids, and polysaccharides can release therapeutic cargo due to hydrolytic 
and/or enzymatic degradation of ester, amide and hydrazine bonds in the polymer 
backbones.432-434 Poly(lactic-co-glycolic acid) (PLGA)-, poly lactic acid (PLA)- and poly 
caprolactone (PCL)- based nanocarriers undergo bulk degradation, which results in 
simultaneous degradation of entire matrices. Polyanhydride- and poly(orthoester)-based 
carriers, on the other hand, typically exhibit surface degradation, which consequently 
promotes matrix degradation due to increased water diffusion into the matrix.435, 436 
While this degradation characteristics may be prevalent in bulk material, surface 
degradation processes may not be exhibited in nano-scaled carriers where water diffusion 
distance is short and the domain size of crystallization is restricted.421 Polyanhyride- and 
poly(orthoester)-based nanocarriers therefore exhibit bulk degradation in aqueous 
environments.437, 438 

§ Stimuli-controlled release 

Drug delivery systems for targeted therapy extensively explore stimuli-responsive drug 
release given that it may be possible to localise specific stimuli.439 For instance, 
exogenous stimulus such as temperature, electric or magnetic fields, ultrasound or light 
energy can control drug release from stimuli-responsive polymeric nano-carriers. 
Likewise, endogenous stimulus that include enzymatic reactions, redox-sensitivity or pH 
variations may also be taken advantage of to moderate drug release from nanocarriers.440, 

441 Table 1.5 lists examples of polymers reported for the fabrication of nano-carrier 
formulations that are stimuli-responsive due to specific properties conferred by the 
material composition and chemistry. 
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Figure adapted from Lee, et al, 2015 421 with permission from Elsevier. 

 
§ Multi-stimuli-responsive release 

Drug delivery systems that respond to multiple stimuli are also reported to target 
pathological conditions that may be co-sensitive to more than one type of stimulus.442 For 
instance, pH gradients and oxidative environments can coexist in certain tumorigenic 
environments.443 An example of such multi-stimuli-responsive drug delivery system 
includes pH-sensitive polypeptidic micelles that are crosslinked with a redox-sensitive 
interlayer that can disassemble to release DOX in a reductant-rich environment in order 
to improve in vivo therapeutic efficacy.444 Improved drug-release activation by dual 
responsiveness to pH and temperature is also shown for ionically self-assembled 
nanoparticles and liposomes.445 Similarly, other systems have shown response to 
temperature and magnetic field for methotrexate delivery to skeletal muscle,446 to light 
and reducing environment to control the drug release kinetics from block copolymer 
micelles,447 and to ultrasounds and enzymes to enhance drug release from bubble 
liposomes.448 Despite the advantageous versatility of such multi-stimuli-responsive drug 
delivery systems, many still remain as proofs of concept as the viability of such strategies 
may often be difficult to ascertain due to complexities within the physiological system.441 

Overall, it is evident that drug release from polymeric drug delivery systems may be a 
cumulative effect of material makeup, dimensional properties and architecture, as well as 
environmental cues. Furthermore, interactions of therapeutic agents with the carrier 
matrix may also play a role in release kinetics.421 Given such complexities, mathematical 
models (Table 1.6) have been developed in order to suitably predict and define drug 
release characteristics from polymer-based nano-carriers. 

Polymeric  
Nano-carrier 

Figure 1.13 Drug release mechanisms exhibited by polymer-based nano-carriers. 
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Table 1.5 Examples and compositional description of stimuli-responsive nano-carriers designed 
for systemic applications. 

Stimulus Polymeric Assembly Unit Crosslinking 
Moiety 

Therapeutic 
Payload Refs 

pH Poly(2-tetrahydropyranyl 
methacrylate) 

Acetal 
 

Paclitaxel 
 

449 

PSD-b-PEG Sulfonamide DNA 450 
PEG-poly(b-amino ester) Amine 

 
Camptothecin 451 

pH/Temperature PAGA180-b-PNIPAAM350 Covalent bonds Prednisone 
 

452 

mPEO-PAPMA-PDPAEMA Imine Prednisolone 
 

453 
Enzymatic (N-(3-aminopropyl) 

methacrylamide)/acrylamide) 
bisacryloylated 
plasmin‐specific 
peptide Lys‐Asn‐
Arg‐Val‐Lys  
 

BSA/VEGF 454 

Redox mPEG-b-Tyr-OCA Di-azide Camptothecin 455 
PCL-b-PPESH-b-PEG Disulfide DOX 456 
PEG-b-(PLL-IM) Disulphide SiRNA 

 

457 

pH/Reduction mPEG-Asp(MEA)-PAsp(DIP) 
 

Disulphide DOX 458 

Abbreviations: poly(methacryloyl sulfadimethoxine) (PSD), poly(acryloyl glucosamine) (PAGA), 
poly(Nisopropylacryamide) (PNIPAAM), α-methoxypoly(ethylene oxide) (mPEO), poly[N-(3-
aminopropyl)methacrylamide] (PAPMA), poly[2-(diisopropylamino)ethyl methacrylate] (PDPAEMA), poly e-
caprolactone (PCL), poly(mercaptoethyl ethylene phosphate (PPESH), poly L-lysine (PLL), poly(L-aspartic 
acid/2-(diisopropylamino)ethylamine) (PAsp(DIP)). 

1.5.1.2 Models used to evaluate drug-release mechanisms 

Several theories and kinetic models can be used to illustrate the release of 
therapeutic agents from assorted types of drug delivery systems. As the carrier matrix 
may differ in material makeup and architecture, and thus be subject to specific 
mechanisms that induce drug release, mathematical modelling methods must be 
appropriately considered.459  

1.5.1.3 CNS-specific pharmacological assessments 

With the presence of biological barriers that protect the CNS, the modelling of 
CNS-specific pharmacokinetic and pharmacodynamic assessments are more complex 
than systemic pharmacological analyses. Figure 1.14 illustrates the various processes that 
specifically motivate the movement of therapeutic agents at the BBB.  

Transport of therapeutics from systemic circulation into the CNS, and vice 
versa, is governed by the biophysical properties of the BBB and the anatomy of the brain 
parenchyma (as reviewed in Section 1.4), flow properties in the spaces containing CSF 
and extracellular fluid, as well as drug-specific properties. It is noteworthy to understand 
that the above-mentioned factors work in combination to determine the concentrations of 
therapeutic agents within a specific region of the CNS.460, 461 Additionally, heterogenicity 
in terms of genetic background, species-specific variations, gender, age and distinct 
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pathological conditions are also known to result in variability in dose response for CNS 
treatments that are delivered systemically.460  

Despite these multifaceted complexities, clinically valuable estimates of drug 
distribution within the CNS may be derived by quantifying critical parameters using 
specific techniques. For example, brain micro-dialysis can quantify the ratio of unbound 
drug concentration in the brain to unbound drug concentration in blood plasma at steady 
state. In situ brain perfusion can measure the net drug influx clearance across the BBB 
and the brain-slice technique can measure the non-specific binding of a drug to brain 
tissue components in relation to unbound drug in the brain interstitial fluid.462 However, 
given the inherent complexities of non-invasive CNS drug delivery, individual therapy 
models have to be extensively assessed using relevant parameters to obtain a fully 
characterized therapeutic system. 

Table 1.6 Mathematical models typically used to ascertain drug release mechanisms. 

Model Mathematical Representation Application 
Peppas-
Korsmeyer 

!!/!∝ = $#%$	
 
 

Generally used to analyse the release of 
pharmaceutical polymeric dosage form when 
the release mechanism is not well known, or 
when more than one type of release 
mechanism may be involved. 
 

Higuchi !! = $%%& '( 	
 

Used to describe the drug dissolution of 
several types of modified drug release 
dosage forms such as transdermal systems 
and matrices with drugs of low solubility. 
 

First-order 
release 
kinetics 

'(	!! = '(	!) +$&%	
 

Model is simple and may be adapted to a 
wide range of nano-carriers using different 
model parameters. 
 

Zero-order 
release 
kinetics 

!! = !) +$)%	
	
 

Useful model for transdermal, ophthalmic, 
and poorly soluble drugs. Ideal for slow and 
delayed drug delivery such as antibiotics, 
antidepressants, blood pressure regulators, 
analgesics and anti-cancer drugs. 
 

Weibull  '*+	[−'((1 −0)] = 3	'*+(% − 4*) − '*+	5	
 

Empirical model widely used for intermediate 
and sustained drug release patterns. 
 

Hixson-
Crowell 

!)& +⁄ −!!& +⁄ = $-%	
 

Model best describes drug release from 
erodible and spherical matrices. 
 

Hopfenberg !!/!∝ = 1 − [1 − 6)%/7)8)]*	
 

Model correlates drug release from surface 
eroding polymers as long as the surface area 
remains constant during degradation. 
 

Abbreviations: Amount of drug released in time t (Qt), Initial amount of drug in dosage form (Q0), Total 
amount of drug dissolved when dosage form is exhausted (Q∞), Release rate constants (K0, K1, KH, KS, Kk, 
k0), Release exponent (n), Accumulated fraction of drug (m), Shape parameter (;), Scale parameter (<), 
Location parameter (Ti), Initial concentration of drug in dosage form (C0), Initial radius for a sphere or 
cylinder or the half-thickness for a slab (a0) and * = 1, 2 or 3 for slab, cylinder and sphere respectively. 
Information sourced from Chavda, et al, 2010.463 
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Figure 1.14 Schematic representation of the routes for therapeutic agent exchanges at the blood-
brain barrier (BBB). 

Figure illustrates the major compartments of the mammalian brain that allow for molecular 
movement between systemic circulation and the CNS. These include extracellular fluid spaces, 
cells within the brain parenchyma and cerebrospinal fluid (CSF) compartments. Drug metabolism 
and CSF turnover are also accounted for in the illustration. Passive and active transport at the 
BBB are denoted by black and white arrows respectively. Figure and caption adapted from de 
Lange, 2013460 with permission from Springer Nature. 

1.5.2 Polymer-based nano-carriers are ideal for non-invasive CNS drug delivery 

Polymeric nano-carriers can be fabricated from naturally occurring polymers, 
synthetic homo-polymers and/or amphiphilic block copolymers. Given the wide-ranging 
base material options, their physico-chemical properties can be manipulated to present a 
multitude of advantageous properties that can be ideal for BBB transport and CNS 
delivery. Table 1.7 describes some of the general design guidelines for polymer-based 
drug delivery systems intended for systemic administration resulting in CNS delivery.  

1.5.2.1 Polymeric micelles developed for systemic CNS drug delivery 

Polymer-based micelles are amphiphilic, self-assembled polymer shells that 
have reasonable stability, high drug loading efficiency, and the capacity for sustained 
drug release.351 Common copolymers used in micellar formulations include polyethylene 
glycol-poly lactic acid (PEG-PLA) and PEG-polycaprolactone (PEG-PCL).464 TAT-
functionalised micelles synthesised from cholesterol-conjugated PEG successfully 
traverse the BBB in rat models, and are able to deliver the antibiotic ciprofloxacin over a 
period of 5 – 6 h.465 Apart from being functionalised with the TAT peptide to negotiate 
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adsorption-mediated transcytosis at the BBB, these micelles are intentionally fabricated 
with a mean size of approximately 200 nm to facilitate brain uptake.  

Polymeric micelles are also capable of increasing the solubility and 
bioavailability of drugs that have poor solubility in the aqueous physiological system.464 
For example, small polymeric micelles (~ 25 nm) fabricated with 1,2-Distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(PEG)-2000] and functionalised with 
angiopep-2 improve solubility of the poorly water-soluble anti-fungal drug, amphotericin 
B, due to the micelle’s aqueous stability and hydrophobic core.466 Additionally, the 
delivery of amphotericin B using the above-mentioned micellar formulation reduces 
systemic toxicity in mammalian cells while prolonging circulation time. Functionalisation 
with angiopep-2 is beneficial, as it is known to contribute to receptor-mediated 
transcytosis at the BBB via low-density lipoprotein receptor-related protein-1 (LRP-1) 
binding.466, 467 Accordingly, the functionalised micelles show increased uptake by the 
brain (1.6 fold) in comparison to micelles without angiopep-2 modification. While 
polymeric micelles demonstrate good potential for systemic drug delivery to the CNS, the 
capacity may be limited to the delivery of hydrophobic drugs. 

1.5.2.2 Dendrimers developed for systemic CNS drug delivery 

Dendrimers are three-dimensional, branched polymers that take on a 
symmetrical spheroidal morphology in aqueous media.468 Usually composed of 
polyamidoamine (PAMAM), dendrimers exhibit a wide range of favourable 
characteristics that make them good candidates for systemic drug delivery. Such 
advantageous features include monodispersity, water-solubility, low toxicity, high drug 
loading capacity and a large number of modifiable surface groups.469  

Dendrimers are also more versatile than micellar preparations whereby the 
hydrophobic/hydrophilic characteristics of the core of the dendrimer can be modulated 
based on the properties of the peripheral moieties.470 Thereby, various drugs over a range 
of solubility may be incorporated within the dendrimer-based drug delivery system. 
Functionalisation with BBB targeting ligands such as lactoferrin,471 Tf,472 as well as 
angiopep-2473 is also feasible with dendrimers. These surface modifications allow higher 
BBB transport in comparison to unfunctionalised dendrimers.  

However, an inherent property of PAMAM typically results in its substantial 
elimination via the kidney.351, 473 For example, while 0.25 % of the injected dose of 
angiopep-modified dendrimers is detected in the brain, almost 20 % accumulates in the 
kidney of murine models, regardless of variations in the ratio of angiopep 
functionalisation.473 This potentially indicates a significant disadvantage of using 
dendrimers for systemic CNS therapy. 
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Table 1.7 General guidelines for the design of therapeutic nanoparticles for systemic 
adminstration to the CNS via BBB transport. 

Properties of therapeutic nanoparticles Comments Refs 

Non-toxic and biocompatible 
 

• Overarching necessity for all 
clinical applications 

 

474-476 

Biodegradable 
 
 
 

• Desirable property to enable rapid 
systemic elimination or support 
drug release, but not a necessity. 

 

477-481 

Desirable size range for BBB transport 
 
 
 
 
 
 
 
 

• Exact size criterion for 
nanoparticles designed for BBB 
transport is still disputable. 

• Extracellular space in healthy 
brain has a narrow width of 
approximately 40-60 nm. 

• However nanoparticles up to 300 
nm have been assessed for BBB 
transport. 

 

468, 482-484 

Should have limited aggregation or 
dissociation in blood 
 
 
 
 
 
 
 
 

• Biological molecules in blood may 
cause nanoparticles to lose 
stability. This is further elaborated 
in Section 1.6 of this literature 
review. 

• Surface functionalisation of 
nanoparticles may be required to 
counter aggregation/dissociation 
during circulation. 

 

485-487 

Should avoid recognition by 
reticuloendothelial system (RES) and 
have extended blood circulation times. 

• Necessary property unless 
nanoparticles are required to 
target immune cells 

 

474, 476 

Ability to load and deliver therapeutic 
cargo in a targeted manner. 
Should not result in irreversible drug 
alteration. 
Should possess desired application-
specific drug release profiles. 
 

• Necessary properties for 
therapeutic nanoparticles 
designed for controlled release 

474, 476, 488, 489 

Fabrication should be scalable, rapid 
and cost-effective. 
 
 
 

• Desirable property. 
• Polymers are cheap and a range 

of fabrication methods may be 
adapted for the development of 
therapeutic nanoparticles. 

 

474, 476, 490 

1.5.2.3 Polymer-based nanoparticles commonly developed and investigated for CNS 
therapy 

Polymer nanocapsules consist of a core-shell arrangement whereby an inner 
core, which may be oily or aqueous, is encased by a polymeric shell.491 Polymer 
nanospheres on the other hand, consist of a dense polymer matrix that may incorporate 
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therapeutic agents by dispersion within, adsorption or binding mechanisms.492 The term 
‘nanosphere’ is interchangeably referred to as ‘nanoparticle’ in a plethora of literature. In 
this thesis, the term ‘nanoparticle’ is chosen to describe polymeric nanospheres as defined 
above. Some of the most common polymers investigated for CNS therapy under this 
classification include chitosan, poly(lactic-co-glycolic) acid (PLGA), PLA and poly 
alkylcyanoacrylates (PACAs).351 

§ Chitosan nanoparticles 

Highly biocompatible and biodegradable drug-loaded chitosan nanoparticles can be 
transported across the BBB with the aid of targeting surface functionalisation, to deliver 
neuro-active agents at specific sites after systemic delivery. For example, chitosan 
nanoparticles incorporating caspase-3 enable delivery to neuronal cells vulnerable to 
ischemic damage.493 When functionalised with steric hindrance inducing PEG chains, 
these nanoparticles are conferred with ‘stealth’ properties to enhance plasma residence 
time by the evasion of the reticuloendothelial system (RES).494 Additionally, 
functionalisation with monoclonal antibodies against Tf receptors that are highly 
expressed in the endothelial cells of the BBB enable active targeting. In vivo assessment 
of the chitosan-based nanoparticles demonstrates that the functionalisation is successful 
in permitting transport across the BBB, and neuroprotective effects are observed with the 
delivery of caspase-3 in mice.493  

Interestingly, chitosan nanoparticles without any surface modification have also been 
transported across the BBB, as in the case of N-trimethyl chitosan nanoparticles 
developed for the delivery of anti-neuroexcitation peptide.495 This is likely due to the 
inherent cationic nature of chitosan, which can facilitate electrostatic interactions with the 
BBB via adsorption-mediated transcytosis.496 However, the setback associated with this 
strategy is unfavourable systemic biodistribution, whereby significant quantities of the 
drug are detected in off-target organs.495 

§ Poly(lactic-co-glycolic) acid nanoparticles 

The biodegradable and biocompatible PLGA copolymer is one of the most attractive 
candidates for various biomedical applications.468, 497 Therapeutic nanoparticles 
fabricated from PLGA demonstrate well-defined controlled drug release properties in 
vivo.468, 498 Varying the molar ratio of lactic acid to glycolic acid in the polymer 
backbone, and the molecular weight of PLGA may additionally aid in modulating the 
release kinetics of therapeutic agents according to application-specific conditions.351, 498, 

499 It is therefore notable that PLGA nanoparticles have better drug release profiles for 
intracranial applications than liposomes and polymeric micelles.383, 500 Being a 
hydrophobic copolymer however, PLGA nanoparticles demonstrate easier entrapment of 
lipophilic drugs over water-soluble, hydrophilic therapeutics.501 The mean loading 
efficiency of drugs within PLGA nanoparticles is reported to be 5 – 10 % by weight of 
the nanoparticle formulation.476, 502 However, depending on factors such as drug 
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solubility and molecular weight, drug-polymer interactions, and formulation 
procedures,351 up to 50 % (w/w) are also reported.503  

The surfaces of PLGA nanoparticles can be modified with ‘stealth’-inducing and 
protective functional groups, as well as brain-targeting moieties such as lactoferrin and Tf 
to improve BBB transport.351, 504-506 Accordingly, PLGA-based nanoparticles have been 
surface-modified with rabies virus glycoprotein that has the ability to penetrate cell 
membranes, and hyper-branched polyglycerol (HPG) in order to target the brain.507 Such 
HPG-modified targeting nanoparticles exhibit enhanced BBB penetration with prolonged 
circulation time, as compared to nanoparticles modified only with PEG. PLGA 
nanoparticles can also be conjugated with other types of polymers, such as chitosan, to 
fabricate drug delivery systems that may display specific advantages derived from the 
additional materials incorporated.508 Without any form of surface functionalisation 
however, a large proportion of systemically administrated PLGA nanoparticles are often 
rapidly (within 2 – 3 minutes) trafficked by organs of the excretory system.476, 509, 510  

§ Poly (butyl cyanoacrylate) nanoparticles 

Poly butyl cyanoacrylate (PBCA) nanoparticles are the first polymer-based drug delivery 
system reported to successfully deliver therapeutic agents to the CNS.511 PBCA is a 
member of the PACA polymer family that is known to rapidly biodegrade in the 
physiological system due to enzymatic cleavage of the ester bond on the polymer alkyl 
side chain. The products of biodegraded PBCA include small-molecules such as poly 
cyanoacrylate acid and alcohols, which are water-soluble and have low toxicity levels.479, 

512 A wide range of therapeutic cargo ranging from 500 to 150,000 Da may be 
incorporated in PBCA nanoparticles making it a highly versatile drug delivery vehicle.378 
Furthermore, adsorption of the surfactant, polysorbate 80 (PS80), enables 20-fold higher 
uptake by human and bovine endothelial cells at the BBB,513 with localisation of these 
nanoparticles within the brain within 18 minutes of circulation.514 The effectiveness of 
this surface modification is attributed to the recruitment of apolipoprotein E (ApoE) from 
circulating plasma by the presence of the PS80 coating. This results in the PBCA 
nanoparticles being recognised as low-density lipoproteins, thereby promoting their 
transport across the BBB via receptor-mediated transcytosis by way of lipoprotein 
receptors at the luminal side of the BBB.515, 516 Moreover, the passage of the PBCA 
nanoparticles through the BBB is not influenced by variable nanoparticle size,517 which 
supports BBB-specific surface properties to be one of the key determinants that can 
improve nanoparticle-mediated CNS drug delivery. 

PS80-coated PBCA nanoparticles are also able to deliver drugs such as loperamide, 
doxorubicin (DOX) and dalargin across the BBB, into the brain at therapeutically 
beneficial concentrations.518-520 Without surface modifications, the inherent surface 
chemistry of PACA-based nanoparticles typically deters crossing of the BBB, as well as 
the preferential localisation in parenchymal tissues, resulting in high accumulation in the 
liver and spleen.351 However, PEG functionalisation is possible such that PACA-based 



	 Chapter 1: Introduction and Literature Review 	
	 	
	

 
	 73 	
	 	
	

nanoparticles may avoid the RES over a longer circulation time in order to promote 
specific cellular interactions for specific targeting.521  

A potential disadvantage presented by PBCA nanoparticles is their variable drug loading 
efficiency, which can be a factor of the physico-chemical properties of the incorporated 
drug itself.351 For instance, DOX, paclitaxel and dalargin demonstrated up to 80 – 90 % 
encapsulation efficiency within PBCA nanoparticles.522, 523 A much lower loading of the 
immunosuppressant, methotrexate at approximately 40 % occurs in similar nanoparticles, 
which results in insufficient therapeutic benefits due to poor drug accumulation in the 
brain.524  

1.5.2 Overview of strategies employing polymeric nanoparticles for BBB transport 

The literature clearly demonstrates the various benefits of utilising polymeric 
nano-systems for the systemic delivery of therapeutic agents to the CNS via the BBB. 
While physical properties of polymer-based systems, such as material makeup and size, 
can modulate the efficiency of drug loading and release, controlling the surface chemistry 
of therapeutic nano-carriers with respect to the structure and function of the BBB, is a 
potentially effective strategy to improve the permeation of the drug delivery vehicles into 
the CNS. Navigation of the BBB is deemed a critical first-step for the therapeutic 
nanoparticles, particularly if they are intended for targeted drug delivery to specific cell 
populations within the CNS. Tables 1.8 and 1.9 respectively provide overviews of 
receptor-mediated and adsorption-mediated transcytosis strategies utilised in synthesis of 
various therapeutic nanoparticles to facilitate BBB transport. 

1.5.3 Clinical implementation of therapeutic nanoparticles may be challenging  

Despite the promise of enhanced safety and reduced toxicity, as well as 
improved biodistribution, challenges remain that can hinder the in vivo efficacy of 
therapeutic nanoparticles. A key issue that has been identified to contribute to the lack of 
performance in physiological settings is the adsorption of circulating biomolecules on the 
surface of these therapeutic nanoparticles, which may not be observed completely in in 
vitro conditions. Also known as the protein corona, the adsorbed biomolecular layer can 
interfere with important functional outcomes such as targeting or drug release, and may 
also promote opsonisation of the nanoparticles by the RES. The following section will 
highlight the impact of protein corona formation on the biological fate of therapeutic 
nanoparticles.    
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Table 1.8 Receptor-mediated strategies utilised in the design of therapeutic nanoparticles for BBB 
transport, with examples of proof-of-concept. 

Receptor-mediated BBB transport 

Receptor  Targeting Ligands Examples of proof-of-concept Refs 
Transferrin  
(Tf) 

Endogenous Tf, 
monoclonal antibodies 
(mAbs) against 
transferrin (i.e. OX26, 
8D3, and RI7217) 

• Loperamide loaded albumin nanoparticles with 
covalently bound transferrin, or OX26 or RI7217 
exerted strong antinociceptive effects in mouse 
brain 

525, 

526 

  • Tf-conjugated poly(lactide)-D-α-Tocopheryl 
polyethyelene glycol succinate nanoparticles 
loaded with Docetaxel/coumarin 6 demonstrated 
improved brain uptake over unfunctionalised 
nanoparticles 

527 

 
 
 
 
 

 • Azidothymidine-loaded PEGylated albumin 
nanoparticles that were conjugated with Tf 
showed enhanced localisation of the drug within 
the brain 

528 

Insulin  
 
 
 

mAbs against insulin 
receptor 

• Loperamide-loaded albumin nanoparticles 
covalently conjugated with mAb against insulin 
receptor enabled drug delivery to mouse brain 

529 

Lipoproteins 
(i.e. LDLR, 
LRP-1 and 
LRP-2) 

PS 80, ApoE, ApoB, 
Apo A‐I, angiopep‐2, 
lactoferrin, 
melanotransferrin, 
RAP, tPA, 
plasminogen activator 
inhibitor‐1, APP, 
heparin cofactor II, 
heat shock protein‐96, 
and alpha‐2‐
macroglobulin 

• Brain concentration of systemically delivered 
DOX could be increased by 60-fold when 
delivered using PS80-coated PBCA 
nanoparticles 

530 

  • Albumin nanoparticles with covalently bound 
ApoE strongly enhanced loperamide delivery to 
mouse brain 

531 

  • Lactoferrin-modified nanoparticles demonstrated 
good efficiency in gene delivery to the brain 

532 

 
 
 
 

 • Angiopep-2 conjugated gold nanoparticles 
loaded with DOX showed improved 
biodistribution in glioma 

533 

Diphtheria 
toxin (DT)  
 
 

Exogenous DT, cross‐
reacting material 197 
(CRM 197) 

• CRM197-grafted PBCA nanoparticles loaded 
with zidovudine showed increased drug 
distribution across the BBB  

534 

Folate  Folic acid • Docetaxel/ketoconazole-loaded solid lipid 
nanoparticles that were grafted with folate 
exhibited high brain permeation coefficient.  

535 

FC5 orphan 
(TMEM30A) 

FC5 single domain Ab • Llama single domain antibody (FC5) has been 
developed to deliver small anti-cancer agents in 
the brain after pentamerisation and association 
to liposomes 

536 



	 Chapter 1: Introduction and Literature Review 	
	 	
	

 
	 75 	
	 	
	

Table 1.9 Adsorption-mediated strategies utilised in the design of therapeutic nanoparticles for 
BBB transport, with examples of proof-of-concept. 

Adsorption-mediated BBB transport 

Strategy Constituents Examples of proof-of-concept Refs 

Cationic 
ligands 

CPPs (model amphipathic peptide 
(MAP), Antennapedia (Antp), 
transportan, penetratin, fusion 
sequence‐based peptide (FBP), 
transactivator of transcription (TAT), 
protegrin‐derived pegelin proteins 
(e.g., Syn‐B1 and Syn‐B3), trimethyl 
chitosan (TMC), PSS/PAH + HSA 

• Nanoparticles conjugated 
with TAT result in 
significant increase in rat 
brain uptake as 
compared to free drug, or 
nanoparticles without 
TAT conjugation 

465, 537, 

538 

 
 
 
 
 
 
 
 

 • TMC-modified PLGA 
nanoparticles 
accumulated in the 
cortex, paracoele, third 
ventricle, and choroid 
plexus epithelium of mice 
to a much greater extent 
than NPs lacking TMC 
conjugation. 

495, 508 

Cationic or 
amphiphilic 
nanoparticles 
 
 
 
 
 
 
 
 

DOTAP + DOPE, and cationic and 
amphiphilic block copolymers 

• Systemically 
administered PEGylated 
poly(cyanoacrylate) 
nanoparticles composed 
of amphiphilic block 
copolymers (PEG‐
PHDCA) were able to 
cross the murine and rat 
BBB and localize in the 
brain to a greater extent 
than non-amphiphilic 
PHDCA NPs (both 
uncoated and coated 
forms).  

539 
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1.6 Biomolecular corona formation can direct the success rate of 
clinical translation of nanoparticle-mediated therapies 

Despite the progress, few nano-scaled formulations have reached clinical trial 
stages, and even fewer are currently approved globally by regulatory authorities for use in 
clinical practice, mainly due to poor in vivo performance. For example, a recent survey on 
therapeutic nanoparticles developed over the past decade for cancer treatment shows that 
only 0.7 % (median) of the administered nanoparticle doses reach solid tumors.540 Such 
low delivery efficiency is one of the key reasons for the poor clinical translation of 
nanotherapies. Studies reveal that such discrepancies result from the lack of complete 
understanding of the interactions of engineered, synthetic nanoparticles with living 
organisms.541, 542 It is now universally accepted that the synthetic surfaces of therapeutic 
nanoparticles, regardless of their material makeup, are almost instantaneously modified 
upon entering the complex biological environment, by the adsorptive recruitment of 
biomolecules to their surfaces, thereby rendering biological identities to the 
nanoparticles.543, 544 Consequentially, the engineered nanoparticles exhibit changes in 
hydrodynamic size, surface charge, shape and stability in the physiological milieu.545 
Such surface interactions, or variations, can directly impact the in vivo fate and behaviour 
of the nanoparticles.546-549 Therefore the study of ‘bio-nano’ interactions has become a 
crucial aspect to consider in the development of therapeutic nanoparticles. Figure 1.15 
illustrates the relationship between the synthetic and biological identity of nanoparticles, 
and consequential physiological response, or biological fate, upon exposure to 
physiological medium.  

1.6.1 Understanding the formation of the protein corona on nanoparticle surfaces 

Nanoparticles inherently exhibit high surface energy in comparison to bulk 
materials.550 In order to obtain thermodynamic stability in biological fluids, the free 
enthalpy on the surfaces of the nanoparticles is minimised by the preferential adsorption 
of the various biomolecules that may be present, by means of Coulombic and van der 
Waals (VDW) interactions, H-bonding, π-π stacking interactions, salt bridge formations, 
and hydrophobic interactions.551, 552 With proteins making up the largest constituents of 
most biological fluids that therapeutic nanoparticles encounter, seminal work termed this 
acquired biomolecular coating as “protein corona”,553 drawing an analogy to the aura of 
plasma that occurs around the Sun.547  

1.6.1.1 Composition of the protein corona can vary quantitatively with time but not 
qualitatively 

Coupled with constant fluidic movements in biological environments, the 
components of the protein corona may exist transiently on nanoparticles554, 555 in 
accordance to the Vroman effect.556 Using this early model, it is suggested that proteins 
present in high abundance (i.e. serum albumin and lipoproteins) may coat the surfaces of 
the nanoparticles upon initial contact with biological fluids. It has since been conjectured 
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that plasma proteins of higher affinity and better thermodynamic stability subsequently 
replace the initial surface modification.555, 557 The resulting protein corona components, 
which act as the primary antenna to interact with biological machinery, can directly affect 
nanoparticle interactions in a physiological system. The interactions between nanoparticle 
surfaces and plasma proteins are established within 30 seconds of exposure, regardless of 
nanoparticle formulation.557 Importantly, it is revealed that in contrast with the earlier 
understanding of the protein corona based on the Vroman effect, the adsorbed proteins do 
not vary qualitatively with time, but only quantitatively.557 These outcomes comply with 
the fact that a similar subset of 125 proteins have been detected on various nanoparticles 
in differing amounts when exposed to blood plasma.558 The schematic diagram in Figure 
1.16 describes the complexities in the understanding of protein corona formation using 
both the early and more recent models. 

 

Figure 1.15 Relationship between the synthetic identity of nanoparticles, biological identity upon 
protein corona formation, and consequent physiological response of the nanoparticle. 

Synthetic identity represents the physico-chemical properties of the engineered nanoparticle; 
namely its size, shape and surface chemistry. Biological identity of nanoparticles depicts the size 
and aggregation state of the nanoparticles in physiological media, along with the structure and 
components of the proteins that have adsorbed onto the nanoparticle surface. The subsequent 
physiological responses consist of the interactions of the protein-coated nanoparticles with other 
biomolecules and cells, as well as biological barriers. Figure and caption adapted from Walkey, et 
al., 2012558 with permission of the Royal Society of Chemistry. 
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1.6.1.2 Hard corona vs. soft corona 

The protein corona is not just a simple adsorbed formation on nanoparticles, 
and can be composed of multiple layers of proteins that may be interchangeable 
depending on protein-protein interactions.559 This gives rise to the concept of the “hard 
corona” and “soft corona”, which adds a further dimension to the understanding of the 
structural aspect of the biological identity of nanoparticles.560, 561 The hard corona 
represents the irreversibly and tightly adsorbed protein layers that are directly modulated 
by the properties of the nanoparticle surface, while the soft corona consists of protein 
layers that are more diffused and weakly bound, with a greater propensity for being 
exchangeable with other circulating proteins. Further understanding of such biomolecular 
interactions at the nanoparticle surface may contribute to improved correlation between in 
vitro assessments and the actual physiological factors that control the nanoparticle’s 
biological identity.  

1.6.1.3 Increased research emphasis on the bio-nano interface of therapeutic 
nanoparticles  

Overall, emerging studies over the last decade provide detailed information 
about the inevitable presence of the protein corona, and methodically specify techniques 
that can elucidate its components, and the consequent bio-nano interactions.547, 560, 562-564 
Fundamentally, it is thought that the increased emphasis may be utilised to cater 
therapeutic strategies of nanoparticles according to the types of biomolecules with 
specific functions that naturally accumulate at the surface. The following sections of the 
literature review detail some of these findings, with a focus on the impact the protein 
corona has on nanoparticle-mediated targeted drug delivery. 

1.6.2 Protein corona may impact active targeting by therapeutic nanoparticles 

Specific targeting ligands such as aptamers,565 antibodies566 and affibodies567 
have been conjugated on the surfaces of nanoparticles for the selective delivery of 
therapeutic or diagnostic agents to specific physiological sites in the attempt to treat a 
wide variety of ailments. While such therapeutic nanoparticles show targeting success in 
vitro under serum-free or low serum conditions (typically 10 % (v/v) for mammalian cell 
culture),568, 569 several in vivo results indicate otherwise.540, 570 Standard serum content in 
human blood is approximately 55 % (v/v), but this may vary depending on specific 
pathological conditions.571 As such, the poor in vivo results suggest that augmented serum 
interactions with therapeutic nanoparticles may actuate the limited accessibility of 
targeting ligands to specific cell receptors, thereby causing mistargeting.542, 572  
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Figure 1.16 Complexities of protein corona formation over dictinct time periods illustrated using 
the vroman effect model versus a recent model that further details the evolutionary kinetics of the 
protein corona. 

A) Early phase protein corona: A highly complex corona is established within 30 seconds of 
exposure to physiological fluids according to the new kinetics model, as opposed to the old model 
which suggests the corona evolves slowly. (B) Late phase protein corona: The current 
understanding of the protein corona demonstrates that a highly complex corona is established 
during the very early stages of biological exposure, and shows quantitative rather than qualitative 
changes in the components. Figure and caption adapted from Doctor, et al., 2015573 with 
permission from the Royal Society of Chemistry. 

1.6.2.1 Presence of protein corona can impair nanoparticle targeting 

Various studies elucidate and confirm the negative impact of the protein corona 
on the targeting ability of therapeutic nanoparticles. A model targeting reaction between 
bicyclononyne-functionalised nanoparticles and azide-functionalised silicon substrates, in 
the presence of serum concentrations that simulates both in vitro and in vivo conditions, 
shows that targeting efficacy is curtailed even at low serum conditions.574 Likewise, 
receptor-mediated nanoparticle uptake by A549 lung epithelial cells is substantially lost 
in the presence of a protein corona formed in the presence of serum derived from bovine 
or human sources.575 Shielding effect of the protein corona on Tf-conjugated 
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nanoparticles also results in the loss of targeting specificity due to the lack of receptor 
binding.576 However, some in vivo data report the successful targeting and subsequent 
accumulation of Tf-functionalised therapeutic nanoparticles and dendrimers within the 
brain.472, 528, 577-579 As such, the shielding effect of the protein corona may not simply be a 
consequence of the Tf functionalisation, but a cumulative effect of the physico-chemical 
properties of specific nano-carrier formulations. Accordingly, the following sub-section 
shows some evidence that the targeting capacity of some nanoparticle formulations can 
be unaffected by the presence of the protein corona. 

1.6.2.2 Targeting capacity of some nanoparticle formulations is not affected by protein 
corona 

The presence of the protein corona on nanoparticles functionalised with 
humanised A33 monoclonal antibody does not significantly diminish the targeting 
capacity towards colon cancer cells.580 The study shows differences in protein corona 
composition on the nanoparticles by varying the exposed serum concentrations in an 
attempt to bridge the links between in vitro and in vivo conditions.572 However, it is 
interesting to note that targeting capacity of these functionalised nanoparticles is 
maintained despite the different protein corona formations. In a similar fashion, 
carbohydrate-based nanoparticles modified with mannose to specifically target dendritic 
cells, do not lose their intended function as a result of the protein corona.581 In this study 
however, the nanoparticles were additionally modified with PEG to reduce the amount of 
adsorbed proteins. In the various nanoparticle formulations described in this review so 
far, PEG functionalisation is frequently utilised. The effect of PEGylation of 
nanoparticles on the protein corona formation is discussed further in Section 1.6.4.  

Taken together, it can be extrapolated that the protein corona may affect the potential of 
active targeting by therapeutic nanoparticles. However, the physico-chemical properties 
of nanoparticles are major factors that determine if the adsorbed components of serum 
proteins can produce off-target effects. 

1.6.3 Protein corona may modulate drug release from therapeutic nanoparticles 

The central concept defining the design of targeted nanoparticles containing 
therapeutic cargo is to enable the selective delivery of drugs to diseased tissues or cells 
within the physiological system. Apart from limiting systemic side effects by reducing 
drug exposure to the rest of the organism, the success of such nanoparticle-mediated 
therapies must also be defined by their ability to release therapeutic agents in a controlled 
manner at effective concentrations within the physiological system. 

1.6.3.1 In vivo assessment of drug release from nanoparticles can be challenging 

Despite the emergence of highly sophisticated drug delivery systems such as 
targeting and stimuli-responsive polymer-based nano-carriers, their clinical benefits are 
still being questioned, as in vivo drug release profiles remain poorly understood.572 Much 
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of the research of controlled-release systems is conducted in in vitro conditions with low, 
or no serum presence. In vivo conditions are more complex to elucidate potentially due to 
the wide-ranging variables within the physiological system, which include disease 
states.582 Therefore, providing a detailed understanding of how therapeutic agents are 
released upon administration can be challenging. 

1.6.3.2 In vivo drug release from nanoparticles must be assessed on a case-by-case 
basis  

Despite the challenges, understanding in vivo drug release profiles of 
therapeutic nanoparticles is improving. Using Förster resonance energy transfer (FRET) 
as an analytical tool, the release of a FRET pair consisting of DiIC18(3) and DiOC18(3) 
is assessed from polymeric micelles.583 Upon intravenous delivery, FRET efficiency 
significantly diminishes within 15 minutes of circulation, indicating rapid cargo escape, 
due to interactions with α- and β-globulins present in the biological milieu. Another 
comprehensive study that includes polyethyleneglycol-co-fumarate-coated 
superparamagnetic iron oxide nanoparticles (SPIONs), poly(methylmethacrylate) 
(PMMA) nanocapsules and FDA-approved Abraxane® nano-carriers provides further 
insight to the impact of the protein corona on drug release.584 The “burst effect” of 
therapeutic agents is significantly reduced in both Abraxane® and SPIONs in the 
presence of a protein corona layer, indicating that the shielding effect of the adsorbed 
protein layer can modulate controlled release. The drug release profile from the PMMA 
nanocapsules however, does not demonstrate significant alterations in the presence of the 
protein corona. This leads to the conclusion that the rate limiting factor controlling drug 
release from the nanocapsules is in fact, the monolithic membrane of the delivery vehicle, 
and not the protein corona.584 Taken together, it is apparent that the drug release profile 
data of any therapeutic nano-carrier must be assessed on a case-by-case basis while 
incorporating the protein corona effect to provide an improved indication of in vivo 
behaviour. 

1.6.3.3 Protein corona may be exploited for controlled drug delivery 

Some studies have exploited the inevitable protein corona formation to gain 
control over drug release from therapeutic nano-carriers. For instance, therapeutic 
payloads such as DNA oligonucleotides and DOX are included in induced protein corona 
formed by serum proteins on various nano-carriers such as gold nanorods, nanobones, 
and carbon nanotubes.585, 586 Apart from showing the possibility of loading therapeutic 
agents of either positive or negative charges,586 the studies collectively show that the 
release of the cargo is possible, and is controlled by temperature, or laser excitation of the 
vehicles.  

It is also possible to tune the release profile of the therapeutic agent by 
controlling the composition of the protein corona.585 Judging from the fact that the 
protein corona impact on drug release varies between formulations, this venture has 
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shown that it may be possible to modulate released drug concentrations in order to 
manipulate and optimise nano-therapy. The following section describes surface 
modification of therapeutic nanoparticles as a means to control the adsorption of specific 
serum proteins. 

1.6.4 Surface modification of therapeutic nanoparticles may direct protein corona 
profile  

Various complementary physical forces at the surface of nanoparticles can 
govern the affinity for specific serum protein adsorption upon exposure to physiological 
milieu. As previously described in the introduction of Section 1.6.1, typical forces that 
occur at the bio-nano interface include VDW interactions, H-bonding, and electrostatic 
and hydrophobic interactions.587 Figure 1.17 provides a schematic illustration of these 
bio-nano interactions. VDW forces consist of weak, short-range dipole interactions 
between the nanoparticle surface and serum proteins, and are largely dependent on the 
localisation of specific surface atoms on the nanoparticles.588 H-bonds can occur between 
polar functionalities on nanoparticle surfaces (i.e. hydroxyl groups) and the uncharged, 
hydrophilic parts of serum proteins such as serine, threonine, asparagine and glutamine 
residues.589 Albeit being stronger than VDW forces, H-bonds occur to a much lesser 
extent in the physiological environment.587, 589 Electrostatic interactions are thought to 
play pivotal roles in protein adsorption on nanoparticle surfaces that exhibit charged 
functional groups such as amines or carboxylates, largely due to poly-ionic 
macromolecules that preferentially neutralise surface charges.590, 591 Hydrophobic 
interactions are prevalent on materials such as polystyrenes and polyesters particularly 
with secondary and tertiary proteins that have hydrophobic residues such as alanine, 
valine and phenylalanine.553, 589 Taken together, there is premise that variations in surface 
chemistry of nanoparticles can influence the prominence of specific types of forces at 
bio-nano interfaces that may consequently modulate the composition of the protein 
corona.  

1.6.4.1 PEG functionalisation does not completely impede protein adsorption 

The conjugation of PEG on the surfaces of nano-carriers is frequently 
employed to introduce steric hindrance that can repel serum protein adsorption.592 In 
doing so, prevention of adsorption of opsonins may confer ‘stealth’ properties to the 
PEGylated nanoparticles whereby the RES can be avoided during circulation to prevent 
rapid systemic clearance. It is also thought that if surface functionalisation aimed at 
eradicating serum protein interactions on the surface is employed, the original synthetic 
properties of therapeutic nano-carriers can be maintained such that in vitro assessments of 
targeting and drug release can predict in vivo applications. However, it is now understood 
that PEGylation only serves to reduce serum protein adsorption.593 Furthermore, the 
length and molecular weights of the PEG chains, along with their grafting density on the 
surface, collectively play a role in regulating the protein corona profile.594 Accordingly, 
qualitatively detected serum proteins on PEGylated surfaces are very similar regardless of 
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the thickness and density of the protein corona on the polymeric nanoparticles.594 
Remarkably, a recent evaluation shows that the ‘stealth’ property conferred by 
PEGylation is in fact the result of recruitment of clusterin, a component of serum protein 
implicated to promote non-specific cellular uptake.595 

1.6.4.2 Specific surface functionalisations can control protein corona composition and 
biological fate 

Alkyne-terminated porous silicon nanoparticles modified with dextran 
demonstrate a decrease of immune proteins such as fibrinogen and immunoglobulin G in 
the protein corona. This results in significant reduction in recognition by the immune 
system, and therefore reduced clearance of nanoparticles by phagocytosis.596 Modulations 
in surface chemistry of a series of cationic gold nanoparticles substantially influence the 
composition of the protein corona.597 Consequentially, the accumulation of complement 
proteins in the protein corona dictates the phagocytosis of the gold nanoparticles by 
macrophages. This observation suggests that protein interactions on the nanoparticle 
surface must be incorporated within its design such that desired target cell types 
demonstrate preferential uptake.  

The understanding of the functions of the various classes of serum proteins is 
vital in developing corona-mediated targeting by therapeutic nanoparticles. Complement 
proteins, lipoproteins, and coagulation factors are known to have a substantial impact on 
macrophage uptake, while immunoglobulins result in the opposite effect.597, 598 In 
conjunction with this, pre-coating nanoparticles with specific serum proteins allows the 
recruitment of similar classes of proteins by protein-protein interactions599 to induce well-
defined nano-carrier uptake and biodistribution.600 For example, the presence of 
apolipoprotein A1 and apolipoprotein B-100 on nanoparticles enhances the breach of the 
BBB to target brain tissue.601  

The introduction of serum proteins on therapeutic nanoparticles to promote 
targeting must however be approached with caution, as the ultimate outcome of 
appropriate antigen binding with target cellular receptors must be maintained. Use of Tf-
coated nanoparticles demonstrates that the protein molecules are randomly organised on 
the nanoparticle surface, which consequently limits the availability of epitopes necessary 
for binding to corresponding receptors.602 Similarly, limited phagocytosis is observed 
with silica nanoparticles chemically conjugated with gamma globulins.600 While the 
surface functionalisation successfully recruits opsonising proteins such as 
immunoglobulins and complement factors, insignificant macrophage uptake of the 
nanoparticles is attributed to the lack of exposed active binding sites for macrophage 
receptor targeting. Likewise, opsonin-rich lipid and silica nanoparticles demonstrate lack 
of phagocytosis due to protein unfolding at the outermost layer of the protein corona.603 
Conversely, nanoparticles pre-adsorbed with antibodies to target CD63 expressed on 
monocyte derived dendritic cells preserve targeting efficiency, despite protein corona 
formation.604 In this case, the use of the pre-adsorption technique over chemical 
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conjugation methods to functionalise nanoparticles results in the conservation of the 
function of the anti-CD63 antibody, which remains tightly bound and unexchanged in 
physiological medium.  

1.6.5 Complexities of the physiological environment can alter the protein corona 
profile 

To a large extent, protein corona assessments of therapeutic nanoparticles are 
carried out as in vitro studies. While these studies provide significant knowledge of how 
the interactions of biomolecules from the physiological environment can impact the 
efficacy of the drug delivery systems, design advances have yet to accelerate clinical 
translation of these therapies. A key reason for this appears to be a lack of understanding 
of the nanoparticles’ behaviour while they are in circulation within the physiological 
system. As previously mentioned in this literature review, studies attempt to mimic 
physiological conditions by assessing the nanoparticles in physiologically relevant serum, 
at appropriate concentrations. Some external factors such as temperature,605 local 
heating,606 and incubation time,557, 607 are also incorporated into these protein corona 
assessments. However, these elements may not encompass the full complexities of the in 
vivo environment. Figure 1.18 schematically illustrates the differences in protein corona 
formation under ex vivo and in vivo environments, giving importance to the dynamic 
conditions present in the latter. 

 

Figure 1.17 Typical biochemical interactions that can occur at the bio-nano interface between the 
surface of therapeutic nanoparticles and the exposed physiological milieu. 

(A) Van der Waals dipole interactions, (B) Electrostatic interactions, (C) Hydrogen bonding and 
(D) Hydrophobic interactions where the green regions of the macromolecule represent 
hydrophobic residues that preferentially interact with the nanoparticle surface due to 
conformational changes. Figure and caption are adapted from Mahmoudi, et al., 2016589 with 
permission from Elsevier. 
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Figure 1.18 Schematic illustration depicting differences in ex vivo and in vivo protein corona. 

In static, ex vivo environment the formation of the protein corona can reach equilibrium rapidly. In 
vivo however, the protein corona can evolve over time due to complexities arising from dynamic 
conditions. Figure and caption adapted from Hadjidemetriou, et al., 2017607 with permission from 
Springer Nature. 

1.6.5.1 Dynamic flow conditions can affect protein corona composition 

Intravenously delivered therapeutic nanoparticles are immediately exposed to 
an environment of dynamic flow. In the human body, blood moves at varying speeds 
ranging from a few micrometres per second in capillaries to approximately 60 
centimetres per second in the ascending aorta.541 As the nanoparticles navigate their way 
through the physiological system, the dynamic flow creates shear stress on their surfaces, 
and provides a continual source of new biomolecules that are exposed to the 
nanoparticles.541  

Some recent investigations have incorporated peristaltic pumps to induce flow 
conditions for protein corona assessments.608-610 Results demonstrate significant 
differences in the protein corona components in PEGylated, and un-PEGylated lipid 
vesicles when assessed under both static and dynamic serum flow conditions, regardless 
of the non-fouling surface functionalisation.608, 610 Under dynamic conditions, un-
PEGylated vesicles are more enriched with apolipoproteins and acute phase proteins that 
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are associated with inflammatory conditions. Significant proteins detected include 
apolipoprotein A2, and alpha-1-antitrypsin, which is an anti-inflammation protein that 
can reduce the detection of nanoparticles by macrophages. Inter-alpha trypsin inhibitor 
heavy chain, which delivers hyaluronan in serum and may promote cell adhesion based 
on selective hyaluronan-specific interactions, is also detected. It is interesting to note that 
more than half the detected serum proteins in the protein corona on the PEGylated 
vesicles are exclusively formed under dynamic conditions. For instance, complement 
factors C3 and C4 are detected under conditions of flow; these have established 
opsonising properties, and can reduce the blood circulation and hasten the clearance of 
these nanoparticles. Apolipoprotein A4 is also prominently detected on the protein corona 
of PEGylated nano-carriers conditioned under dynamic flow. Interestingly, the total 
amount of adsorbed serum proteins detected on liposomes from static incubation and 
dynamic flow does not differ. However, the number of serum proteins is significantly 
higher in the liposomes subjected to circulation.610 In a similar fashion, the protein corona 
composition on gold nanoparticles functionalised with PEG and tannic is not only 
moderated by the different surface functionalisations, but is also strongly influenced by 
the dynamic flow of physiological fluids.609 

Taken together, these reports provide emerging evidence that the protein 
corona on various types of therapeutic nano-carriers can significantly vary depending on 
whether they are exposed to static or circulating conditions. 

1.6.6 Protein corona analyses of therapeutic nanoparticles must be assessed on 
case-by-case basis 

The protein corona is now understood to be an inevitable and immediate 
formation on therapeutic nanoparticles when they are exposed to physiological 
environments. The adsorbed layers of serum proteins on nanoparticles are thought to 
hinder therapeutic benefits by hampering specific targeting and drug release, and by 
altering biodistribution. However, there are conflicting reports that state otherwise. As 
physico-chemical properties of the therapeutic nanoparticles are chiefly responsible for 
the variation of the protein corona, it becomes necessary to assess the properties of each 
type of nanoparticle on a case-by-case basis. It is also increasingly acknowledged that 
protein corona assessments must be carried out in physiologically relevant conditions that 
incorporate factors that include, but are not limited to, diseased states and dynamic flow 
conditions.  

Overall, a detailed qualitative and quantitative protein corona assessment is 
necessary to elucidate the potential biological fates of engineered therapeutic 
nanoparticles. This knowledge will be beneficial to improve the design of therapeutic 
nanoparticles in order to maximise their potential for clinical translation.  
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1.7 Summary and Project Overview 

This literature review comprises a wide spectrum of content that is relevant to 
the scope of the PhD project, which focuses on the development of an effective treatment 
strategy for secondary degeneration that follows neurotrauma. To begin, the chapter 
examines the underlying biochemical and metabolic mechanisms that promote secondary 
degeneration. In doing so, the neuroprotective potentials of ion channel antagonists are 
introduced, and a promising combination of therapeutic agents as treatment for secondary 
degeneration is highlighted. Following that, the chapter presents the advantages of 
nanoparticle-mediated targeted drug delivery for CNS therapy, with particular focus on 
BBB-targeting strategies. Lastly, the impact on therapeutic success of nanoparticles 
designed for systemic delivery as a consequence of protein corona formation is discussed. 
Following a summary of the literature surveyed in this review in Section 1.7.1, the 
hypotheses and specific project aims of this PhD are detailed in Section 1.7.2. 

1.7.1  Summary of literature 

Loss of CNS tissue can extend spatially and temporally beyond the primary 
impact of neurotrauma, resulting in protracted functional damage that can significantly 
diminish the quality of life. Such secondary degeneration has been attributed to the 
disruption of the homeostatic balance of intracellular Ca2+ within the CNS as a 
consequence of glutamate excitotoxicity upon injury. The up-regulated cytosolic Ca2+ 
concentration causes mitochondrial dysfunction resulting in the unchecked formation of 
toxic ROS. By feed-forward mechanisms, the spread of oxidative stress to previously 
unaffected neurons and glial cells causes further deregulation of intracellular Ca2+ 
concentration, resulting in additional cell death. As a result, some key consequences of 
secondary degeneration include, but are not limited to, DNA damage, lipid peroxidation 
and myelin abnormalities. 

To date, clinical management of injuries to the CNS focus mainly on acute and 
chronic care, with no effective pharmacotherapies available to limit the progression of 
secondary degeneration. With increased recognition that the redistribution of Ca2+ within 
the CNS is a valuable therapeutic target for secondary degeneration, the administration of 
ion channel antagonists is explored for their potential to limit over-stimulation of Ca2+ 
influx post-injury. The delivery of a specific combination of three ion channel antagonists 
(LOM, oxATP and YM872) limits myelin decompaction, maintains normal node of 
Ranvier lengths and preserves visual function in a promising preclinical study based on a 
partial optic nerve transection model in adult PVG rats. Despite the encouraging result, it 
has not gone unnoticed that a majority of CNS-specific neurotherapeutics with good 
potential do not fare well in clinical settings, likely due to the presence of the BBB, 
which rigorously guards the CNS against foreign molecules even in the context of 
neurotrauma. Of the ion channel antagonists present in the combinatorial treatment, 
LOM, and more recently YM872, have demonstrated the capability to cross the closed 
BBB from systemic circulation. The highly water-soluble oxATP however, is likely to 
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require the use of osmotic mini-pumps to enable direct delivery of suitable concentrations 
of therapeutics to injury sites, which may cause added complications to the injury model. 
This will not be suitable for most clinical applications. To ensure high success rate of this 
therapy in clinical settings, the development of a delivery system that can non-invasively 
administer all three ion channel antagonists to the CNS at therapeutically effective 
concentrations is necessary.  

Highly versatile and biocompatible polymer-based nanoparticles can be utilised 
to systemically deliver a wide range of therapeutic agents in a targeted and controlled 
manner to overcome the problems associated with invasive treatments. With respect to 
CNS therapies, polymeric nanoparticles may be functionalised with BBB-specific 
targeting moieties to produce enhanced biodistribution and therapeutic efficiency. Under 
physiological conditions however, nanoparticles inevitably encounter circulating 
biomolecules, which tend to interact and adsorb onto their surfaces. Indeed, the protein 
corona may affect the targeting capacity of functionalised nanoparticles, as well as drug 
release. However, the effect of the protein corona on the success of any nanoparticle-
mediated therapy can be a cumulative result of the physico-chemical properties of the 
nanoparticles, as well as external factors such as the components of the biological 
medium, temperature and dynamic flow conditions. Therefore, the impact of the protein 
corona for any engineered therapeutic nanoparticle must be assessed on a case-by-case 
basis. 

1.7.2 Hypotheses and specific project aims  

The hypotheses tested in this PhD thesis based on the findings from the literature review, 
can be divided into two key segments:  

I. Surface functionalisation of polymer-based nanoparticles can result in variations 
in the amount and composition of adsorbed serum proteins, giving rise to distinct 
biological identity.  

II. Polymeric nanoparticles functionalised with specific targeting moieties, and 
designed for the co-delivery of a novel combination of ion channel antagonists 
will mitigate the pathological mechanisms associated with secondary 
degeneration. 

In line with the hypotheses, specific aims developed for this research project are: 

1. To analyse the biological identity of functionalised polymeric nanoparticles when 
exposed to physiological milieu. This aim is explored using ‘stealth’-
functionalised (PEGylated) poly glycidyl methacrylate (PGMA)-based 
nanoparticles.  
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2. To synthesise a hydrophilic polymer-based nanoparticle that enables the loading 
and controlled release of water-soluble therapeutic agents. DOX is used as a 
model drug to test the efficiency of the drug delivery system.  

3. To assess the targeting capacity of functionalised polymeric nanoparticles from 
aim (2) in in vitro and in vivo models. This is investigated using anti-NG2 (αNG2) 
functionalised nanoparticles designed for specific uptake by NG2+ OPCs in 
cultured primary mixed cortical cells. Additionally, TAT functionalisation of the 
nanoparticles is tested in murine models to assess the capacity of the nanoparticles 
to target the CNS via the BBB. 

4. (a)    To	 assess	 the	 loading	 and	 release	 of	 ion	 channel	 antagonists	 (LOM,	
YM872	 and	 oxATP)	 from	 the	 hydrophilic	 nanoparticles	 developed	 as	
described	 in	 Aim	 2.	 This	 aim	 also	 examines	 the	 impact	 on	 drug	 release	
profiles	 as	 a	 result	 of	 the	 presence	 of	 adsorbed	 serum	 proteins	 on	 Tf-
functionalised	 nanoparticles	 in	 order	 to	 closely	 represent	 physiological	
conditions.	 
(b)  To investigate the effects of the combination of ion channel antagonists 
(LOM, YM872 and oxATP) released from Tf-functionalised polymeric 
nanoparticles in mixed cortical cultures under induced oxidative stress. 

The work that addresses these project aims is reported as a series of papers that form the 
basis of the following chapters of this thesis. 



 

CHAPTER 2 
Introduction to a Series of Papers 

The literature reviewed in Chapter 1 of this thesis reveals that a multidisciplinary 
approach consisting of neuroscience and nanotechnology is necessary to address the need 
for efficient pharmacotherapeutics for the CNS. While the use of targeted drug delivery 
systems enabled by polymeric nanoparticles has been widely researched over recent 
decades, there is compelling evidence that interactions at the bio-nano interface play 
pivotal roles in moderating the success of such novel therapies. To this end, the main 
objective of this PhD project is to develop an effective nanoparticle-mediated therapeutic 
system that can incorporate the novel combination of ion channel antagonists (LOM, 
YM872 and oxATP) to be systemically delivered to the CNS via the BBB to offer neuro-
protection post-injury. Further, giving relevance to potential clinical translation of the 
nanoparticle formulation, the work done in this project also elucidates the biological fate 
and behaviour of the drug delivery system. Herein, the evolution of the papers produced in 
order to address the key project aims as stated in the preceding chapter, are introduced and 
detailed. 

Note:  The presented papers in Chapter 3 adhere to the American spelling convention in 
contrast to the rest of the thesis, which utilises British English. 
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2.1 Protein corona assessment of stealth-functionalised PGMA-based 
nanoparticles 

The first paper presented as part of this thesis assesses the protein corona 
formed on nanoparticles synthesised from PGMA, a polymer with immense potential for 
biological applications.611 Developed using an oil-in-water (O/W) emulsification method, 
PGMA nanoparticles demonstrate suitability for CNS therapy.407, 612-614 Fulfilling the 
fundamental requirement for biological use, the polymeric nanoparticles are non-toxic in 
a range of neural cell cultures, which include PC12 rat neural progenitor cells, rMC-1 
retinal Muller glial cells, and primary rat hippocampal and cortical cells.613 With critical 
relevance to this PhD project, PGMA-based nanoparticles are also capable of 
encapsulating and releasing LOM in a controlled manner, particularly at acidic pH 
conditions that are typically exhibited in CNS injuries.614 Furthermore, the presence of 
epoxide functional groups on the PGMA polymer backbone enables a variety of 
functionalisations of the nanoparticles.615 For instance, polyethylenimine (PEI) 
functionalised LOM-loaded PGMA nanoparticles successfully undergo endocytosis by 
PC12 cells to improve the bioavailability of the ion channel antagonist to minimise 
cytosolic Ca2+ following induced glutamate excitotoxicity in vitro.613 Likewise, in a 
highly relevant study by Lozic, et al. that demonstrates the capacity of using PGMA-
based nanoparticles to treat secondary degeneration,612 anti-aquaporin 4 (αAQP4) 
functionalisation is used to specifically target plasma membrane-bound water channel 
(AQP4) that is appreciably localised in the end-feet of astrocytes.616, 617  

With αAQP4 functionalisation of PGMA-based nanoparticles, the treatment 
strategy involves the targeted delivery of the antioxidant, resveratrol to astrocytes in order 
to limit oxidative stress that spreads throughout the astrocytic syncytium as a 
consequence of excess Ca2+ movement upon CNS injury.69, 261, 618 The study concludes 
that the delivery of the antioxidant-loaded αAQP4-functionalised PGMA nanoparticles 
following partial optic nerve transection in PVG rats results in the reduction of oxidative 
damage to DNA, suppression of AQP4 immuno-intensity, and normalised Ca 
microdomain distribution in axons.612 Visual function is also maintained 24 h post-injury, 
following the administration of the therapeutic nanoparticles. Interestingly, while αAQP4 
functionalisation of the PGMA nanoparticles does result in uptake by astrocytes, non-
specific uptake of the functionalised nanoparticles is also observed in macrophages. 
Moreover, the study shows that nanoparticle formulations are taken up by astrocytes 
regardless of αAQP4 functionalisation.612 In brief, Lozic, et al. attribute the positive 
therapeutic outcomes to the nanoparticle-mediated delivery of resveratrol to both 
macrophages and astrocytes. Appendices B and C in this thesis contain the published 
papers that have been co-authored as part of this above-mentioned study. 

The literature states that the formation of a protein corona on nanoparticles can 
direct the biodistribution of therapeutic nanoparticles in vivo.574, 589 As such, the 
adsorption of serum proteins is likely responsible for the unexpected but beneficial 
localisation of the αAQP4-functionalised PGMA-based nanoparticles within 
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macrophages. Despite the fortunate therapeutic outcomes, the study emphasises the 
importance to heed more attention to the components of the protein corona composition 
on nanoparticles functionalised with other relevant targeting moieties such that site-
specific drug delivery can be better predicted.619 Moreover, PGMA-based nanoparticles 
as described above have not been subjected to prior protein corona assessments. Some 
nanoparticle formulations are functionalised with PEG for steric hindrance at the 
nanoparticle surface to reduce the effects of the protein corona.592, 620, 621 However, it is 
now evident that variations in surface chemistry, including PEGylation, can recruit 
specific serum proteins to the nanoparticle surface, which then can control biological fate 
in vivo.595, 622  

In this first study, unfunctionalised and PEGylated PGMA nanoparticles are 
assessed to demonstrate variations in the protein corona concentration and composition as 
a result of changes in surface chemistry. Both nanoparticle variants are fluorescently 
tagged with Rhodamine B (RhB) similar to the previous studies that utilised RhB tagging 
of PGMA-based nanoparticles for bioimaging purposes.612-614 Techniques such as 
Dynamic Light Scattering (DLS) and Transmission Electron Microscopy (TEM), along 
with surface charge assessment by zeta potential measurements are used to describe the 
physico-chemical properties of the nanoparticle variants. It is notable that these 
techniques are used as basic nanoparticle characterisation tools for all the studies 
described in this thesis. 

In order to induce protein corona formation on unfunctionalised and PEGylated 
PGMA-based nanoparticles, human serum purchased from Sigma Aldrich (Product 
Number: H4522) is exposed to the nanoparticles at a clinically relevant concentration of 
55 % (v/v) in sterile 1× PBS at pH 7.4. After incubation at 37°C for 1 h with mild and 
controlled agitation, equal amounts of the eluted protein corona samples (20 μg) from 
both nanoparticle variants are separated by SDS-PAGE. PEGylation significantly reduces 
the concentration of adsorbed serum proteins in comparison to the unfunctionalised 
nanoparticles. Therefore, to obtain equal masses of hard corona proteins from the 
nanoparticle variants, an appreciably greater amount of PEGylated PGMA nanoparticles 
than the unfunctionalised nanoparticles is required for the protein corona assessment. The 
gel assessments of the hard corona samples, performed in triplicate, are used for both 
qualitative and quantitative assessments.  

Specific protein bands excised from the gels are subjected to in-gel protein 
digestion prior to liquid chromatography-mass spectrometry (LC-MS) to identify the 
components of the protein corona from the nanoparticle variants. The LC-MS data 
reveals that certain serum proteins appear to exclusively adsorb to the nanoparticles 
depending on the surface functionalisation. In combination with the proteomics 
assessment, statistical analysis of the protein band intensities from the SDS-PAGE gels 
using the open-source image analysis tool ImageJ demonstrates that, of the serum 
proteins that are detected in both nanoparticle variants, surface functionalisation with 
PEG, despite being used to limit serum adsorption, appears to recruit certain serum 
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proteins preferentially. Moreover, classification of the detected serum proteins by the 
open-source PANTHER protein classification system reveals that the protein corona 
formed on unfunctionalised PGMA-based nanoparticles is enriched with lipoproteins. 
PEGylated nanoparticles on the other hand, have an amplified proportion of complement 
and coagulation proteins. Knowledge of the types of serum proteins that enrich these 
nanoparticle formulations may be useful to better comprehend their eventual biological 
fate in vivo.  

Taken together, this study reiterates the consensus that changes in surface 
functionalisation can result in variability in protein corona composition. Importantly, the 
assessment is done with specific focus on PGMA-based nanoparticles, as the base 
material of nanoparticle formulation is also a factor that can control protein corona 
composition.545, 623 Given that PGMA demonstrates good potential for biological use, and 
that PEGylation is a commonly used functionalisation for therapeutic nanoparticles, this 
study provides an in-depth understanding of the components at the bio-nano interfaces on 
unfunctionalised and PEGylated PGMA nanoparticles. Although the dynamic flow 
conditions of in vivo environment are not simulated in this protein corona study, the 
results provide a start point to better understand the biological fate of functionalised 
PGMA nanoparticles with respect to the types of serum proteins that preferentially or 
exclusively adsorb onto their surfaces. 

Results of this study that address Aim 1 of the project are published in Naidu, 
P. S. R.; Norret, M.; Smith, N. M.; Dunlop, S. A.; Taylor, N. L.; Fitzgerald, M.; Iyer, K. 
S., The Protein Corona of PEGylated PGMA-based Nanoparticles is Preferentially 
Enriched with Specific Serum Proteins of Varied Biological Function. Langmuir 2017, 
33, 12926 – 12933. DOI: 10.1021/acs.langmuir.7b02568.  
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2.2 Development of hydrophilic polymeric nanoparticles for the 
encapsulation and delivery of water-soluble therapeutic agents 

While encapsulation and controlled release of LOM is described with PGMA 
nanoparticles,614 the incorporation of YM872 and oxATP as part of the combinatorial 
therapy for secondary degeneration may not be possible with this nanoparticle that is 
synthesised using the O/W emulsion method. According to the established nanoparticle 
synthesis protocol,613, 614 the enhanced solubility of lipophilic LOM in organic solvents 
allows its encapsulation within the polymeric phase containing solvated PGMA in a 
mixture of chloroform and methanol.614 Given that YM872 and oxATP are highly water-
soluble,282, 624 hydrophobic PGMA is not a suitable matrix to carry these drugs. However, 
as LOM can be incorporated into an aqueous phase under suitable conditions,625 an ideal 
approach for the development of a nanoparticle-mediated drug delivery system for 
secondary degeneration treatment requires that the polymer matrix has appropriate and 
enhanced interactions with the aqueous drug solutions.626 Therefore, the second paper 
presented in this thesis addresses Aim 2 of the PhD project whereby the development of 
hydrophilic polymer nanoparticles that have the capacity to load and release water-
soluble drugs is described. In this study, the hydrophilic chemotherapeutic DOX is used 
as a model drug to assess the therapeutic efficiency of the drug delivery system in an in 
vitro model consisting of biologically relevant MCF-7 human breast cancer cells.  

A random copolymer p(HEMA-ran-GMA) is synthesised as the base material 
for the new polymeric nanoparticle by atom-transfer radical polymerisation (ATRP) 
using glycidyl methacrylate (GMA) and 2-hydroxyethyl methacrylate (HEMA).627 Gel 
permeation chromatography (GPC) and 1H nuclear magnetic resonance (NMR) analyses 
are used for the characterisation of p(HEMA-ran-GMA) synthesised for this study. While 
maintaining the capacity of functionalisation via epoxide groups, the copolymer has the 
added advantage of hydrophilicity, due to hydroxyl groups on the copolymer backbone 
conferred by the use of HEMA monomer as a starting material.  

Converse to the O/W emulsion method used in PGMA nanoparticle synthesis, 
complete dissolution of p(HEMA-ran-GMA) in water allows for the fabrication of cross-
linked and hydrophilic nanoparticles in a spontaneous water-in-oil (W/O) emulsion.628, 629 
In brief, the aqueous copolymer is suspended as thermodynamically stable micelles in an 
organic mixture consisting of a double-chained anionic surfactant, sodium dioctyl 
sulfosuccinate (AOT) and n-hexane. AOT is chosen over other types of surfactants for 
this emulsion as it is capable of solubilising relatively large quantities of aqueous 
solutions in a wide variety of hydrophobic solvents, without the need for co-solvents.630 
Subsequently, the addition of ethylene diamine to the emulsion causes the cross-linking 
of epoxide functional groups polymer chains within the micelles to form discrete 
nanoparticles.  

Originally, ultracentrifugation of the W/O emulsion was attempted to retrieve 
the cross-linked p(HEMA-ran-GMA) nanoparticles. However, nanoparticle yield was 
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unfavourably low, and the extreme gravitational forces exerted on the nanoparticles could 
cause unwarranted structural damage leading to inconsistencies among batches. Salting 
out the AOT surfactant from the W/O emulsion by the addition of aqueous calcium 
chloride solution has been identified as a good strategy to retrieve the formed 
nanoparticles in some studies.631-633 However, given the relatively large quantity of AOT 
required for spontaneous emulsification of aqueous polymer in the synthesis of cross-
linked p(HEMA-ran-GMA) nanoparticles, the amount of calcium salt to be purified was 
disadvantageously greater than the expected yield of nanoparticles. Destabilisation of the 
W/O emulsion by the addition of excess 1× PBS and subsequent phase separation 
provides good yield and quality of the cross-linked p(HEMA-ran-GMA) nanoparticles in 
the form of aqueous suspensions. Greater concentration of the p(HEMA-ran-GMA) 
starting solution dispersed as micelles also plays a role in enhancing nanoparticle product 
yield. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of 
the nanoparticles retrieved from the emulsion confirms the success of the cross-linking 
reaction. TEM imaging, DLS and zeta potential measurements are also used to 
demonstrate the basic physico-chemical properties of the nanoparticles as–retrieved from 
the emulsion. The final nanoparticle product is fluorescently tagged with Cyanine5 (Cy5) 
for bioimaging purposes, and nanoparticle characterisations are conducted at all 
intermediate stages leading towards the end product to confirm that the structural 
integrity of the cross-linked p(HEMA-ran-GMA)-based nanoparticles is maintained 
throughout the processes involved. 

Steps leading towards fluorescence tagging of the cross-linked p(HEMA-ran-
GMA) nanoparticles with Cy5 includes a 24 h amine-functionalisation reaction at 60°C 
and rigorous dialysis against MilliQ water for product purification. As such, attempting to 
entrap DOX into the polymeric matrix during these stages of the nanoparticle synthesis 
may result in the loss of therapeutic potency of the drug. The downstream processes may 
also cause a significant reduction in drug loading efficiency. However, it is opportune 
that the Cy5-labelled p(HEMA-ran-GMA) nanoparticles can be lyophilised for storage 
without losing structural integrity. Drug loading by a backfilling method634 is therefore 
possible by rehydrating the lyophilised Cy5-labelled nanoparticles in an aqueous solution 
of DOX at a 1:1 mass ratio at a final nanoparticle concentration of 1 mg/mL. This is 
followed by centrifugation to retrieve drug-loaded nanoparticles as a pellet for storage, or 
for subsequent analyses. High performance liquid chromatography (HPLC) is used to 
assess the loading efficiency and release profiles of DOX from the nanoparticles. 

To highlight the effectiveness of p(HEMA-ran-GMA)-based nanoparticles as 
drug delivery vehicles for DOX, therapeutic efficiency of the released drug in MCF-7 cell 
inhibition is compared with DOX released from PGMA-based nanoparticles. To keep the 
drug loading procedure uniform for both nanoparticle formulations, DOX is also loaded 
into PGMA nanoparticles by backfilling. This in vitro assessment uses a time-course 
MTS assay and includes assessments following treatment with control blank nanoparticle 
variants (up to 72 h). A dose-response of DOX-loaded nanoparticle variants to deduce 
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IC50 values associated with the treatments was also conducted at the 24 h time point. The 
results show that the hydrophilic p(HEMA-ran-GMA)-based nanoparticles are more 
effective in releasing DOX in a controlled manner than the hydrophobic PGMA-based 
nanoparticles. Consequently, therapeutic outcomes of DOX delivered with p(HEMA-ran-
GMA)-based nanoparticles with MCF-7 cells are enhanced. Collectively, this study 
successfully describes the fabrication of p(HEMA-ran-GMA) nanoparticles as suitable 
drug delivery vehicles for water-soluble drugs, and sets the precedent for the use of these 
nanoparticles for the delivery of the combination of ion channel antagonists for treatment 
of secondary degeneration. 

Results of this study are published in Naidu, P. S. R.; Norret, M.; Dunlop, S. 
A.; Taylor, N. L.; Fitzgerald, M.; Clemons, C. D.; Iyer, K. S., Novel Hydrophilic 
Copolymer-Based Nanoparticle Enhances the Therapeutic Efficiency of Doxorubicin in 
Cultured MCF-7 Cells. ACS Omega. 2019, 4, 17083 – 17089. DOI: 
10.1021/acsomega.8b02894. 
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2.3 Biodistribution assessment of TAT and αNG2 functionalised 
p(HEMA-ran-GMA) nanoparticles 

Having established the synthesis of p(HEMA-ran-GMA) nanoparticles and 
their suitability for biological use, the third paper addresses Aim 3 of the PhD project 
presented in this thesis by systematically assessing the targeting efficiency of the 
nanoparticles designed specifically for CNS delivery. The combination of ion channel 
antagonists therefore is not included in this nanoparticle biodistribution assessment. The 
study consists of both in vitro and in vivo assessments of nanoparticles functionalised 
with αNG2 and HIV-1-TAT peptide to facilitate OPC and BBB targeting respectively. 
The premise of the study is a two-pronged targeting approach that suggests that 
nanoparticle transport into the CNS via the BBB by adsorption-mediated transcytosis 
may first be facilitated by TAT-functionalisation.395 Following successful CNS delivery, 
αNG2-functionalisation may then permit OPC targeting, as this cell population within the 
CNS can be a valuable therapeutic target for secondary degeneration.198, 334 Nanoparticle 
variants functionalised with αNG2 only, TAT only, and both αNG2 and TAT are 
synthesised for this study. Nanoparticle functionalisations are confirmed by the detection 
of fluorescent secondary antibodies that recognise αNG2, and with the use of TAT 
peptide-binding αTAT antibodies that recognise the respective fluorescent secondary 
antibodies. Unfunctionalised Cy5-labelled p(HEMA-ran-GMA) nanoparticles are used as 
controls. 

As literature and the first study of this thesis suggest that nanoparticle targeting 
efficiency due to the formation of the protein corona must be assessed on a case-by-case 
basis,635 this study includes characterisation of the functionalised p(HEMA-ran-GMA) 
nanoparticle variants in the presence of 55 % (v/v) rat serum. Results from DLS, zeta 
potential measurements and bicinchoninic acid (BCA) protein quantification assays 
collectively reveal that there are alterations of the synthetic surfaces of the all 
nanoparticle variants due to serum protein adsorption. The adsorbed protein concentration 
is particularly enhanced in TAT-functionalised nanoparticles. 

To begin, targeting functionality of the conjugated αNG2 on the nanoparticles 
is tested in vitro in primary mixed cortical cell cultures that are identifiable by the 
presence of GFAP+ astrocytes, Iba1+ microglia, CC1+ oligodendrocytes, βIII-tubulin+ 
neurons and NG2+/olig2+ OPCs. For all analyses by confocal microscopy imaging, final 
concentration of each nanoparticle variant is 25 μg/mL. While the nanoparticle variants 
are not cytotoxic to the cortical cultures, the study reveals a lack of targeting specificity 
of αNG2-functionalised nanoparticles towards OPCs. An additional assessment 
conducted under serum-free conditions reveals that the lack of targeting capacity of 
αNG2-functionalised p(HEMA-ran-GMA) nanoparticles may not be a result of 
adsorption of the biomolecules present within the cell culture medium. Rather, the in 
vitro analyses in this study importantly imply that biophysical interactions between the 
nanoparticle formulations and specific cell types may also contribute towards uptake 
tendencies beyond the scope of the protein corona assessment.  
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As it remains clinically relevant for therapeutics designed for secondary 
degeneration treatment to diffuse into brain tissue,636, 637 the study further assesses the 
efficacy of TAT-functionalised p(HEMA-ran-GMA) nanoparticles in uninjured adult rats 
where the BBB is still intact. Following delivery of the Cy5-labelled nanoparticle variants 
via tail vein injection, the Maestro 2.6 in vivo imaging system is used to examine 
biodistribution in the brain and other non-target organs such as the kidney, spleen, lungs 
and liver. The results clearly demonstrate the failure of TAT-functionalised p(HEMA-
ran-GMA) nanoparticles to cross the BBB and access the brain. In fact, Cy5 fluorescence 
from TAT-functionalised nanoparticles is significantly prominent in the kidney. Results 
from the excised whole organ imaging is supported by Maestro imaging of organ slices in 
order to ensure there are no discrepancies in the Cy5 detection throughout the assessed 
organ. 

Taken together, this study illustrates the inability of p(HEMA-ran-GMA)-
based nanoparticles functionalised with TAT and αNG2 to cross the BBB and target 
OPCs, likely due to serum interactions within the physiological system and potential 
interactions specific to the nanoparticle structure. Given that surface functionalisations 
can control the amount and type of serum proteins adsorbed, which then control the 
biological fate of the nanoparticles, it may be worthwhile to functionalise p(HEMA-ran-
GMA)-based nanoparticles with other BBB-targeting moieties which may offer better 
targeting results.  

Results of this study are published in Naidu, P. S. R.; Gavriel, N.; Gray, C. G. 
G.; Bartlett, C. A.; Toomey, L. M.; Kretzmann, J. A.; Patalwala, D.; McGonigle, T.; 
Denham, E.; Hee, C.; Ho, D.; Taylor, N. L.; Norret, M.; Smith, N. M.; Dunlop, S. A.; 
Iyer, K. S.; Fitzgerald, M., Elucidating the Inability of Functionalized Nanoparticles to 
Cross the Blood–Brain Barrier and Target Specific Cells In Vivo. ACS Appl. Mater. 
Interfaces 2019, 11, 22085-22095. DOI: 10.1021/acsami.9b01356.  
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2.4 In vitro assessment of the therapeutic efficiency of drug-loaded Tf-
functionalised p(HEMA-ran-GMA)-based nanoparticles 

Functionalisation of nanoparticles with Tf is another recommended pathway 
across the BBB via receptor-mediated transcytosis.525, 638 Given that TAT 
functionalisation of p(HEMA-ran-GMA) nanoparticles does not result in successful 
transport across the BBB in adult rats (Section 2.3), in the fourth study presented in this 
thesis, alternative functionalisation with Tf is described and confirmed. The 
functionalisation procedure is adapted from a study by Hristov, et al. that rigorously 
demonstrates the successful control of conjugation of Tf to amine-terminated silica 
nanoparticles.639 In a similar fashion, Cy5-labelled p(HEMA-ran-GMA) nanoparticles 
that also have terminal amine groups on their surfaces, are first modified by conjugation 
with a hetero-bifunctional cross-linker that provides the availability of maleimide 
functional groups. Holo-Tf, modified with a sulfhydryl addition reagent followed by 
tris(2-carboxyethyl)phosphine, is then conjugated via thiol coupling to the modified 
p(HEMA-ran-GMA) nanoparticles. BCA protein quantification of varying concentrations 
of Tf-functionalised p(HEMA-ran-GMA)-based nanoparticles confirms the presence of 
approximately 27 μg of Tf conjugated per mg of nanoparticle. The BBB-targeting 
efficiency of the Tf-functionalised nanoparticle can only be confirmed by assessing in a 
relevant physiological system. However, the key objective of this study as per Aim 4 of 
this PhD project, is to assess the capacity of Tf-functionalised p(HEMA-ran-GMA) 
nanoparticles to deliver the combination of ion channel antagonists identified as treatment 
for secondary degeneration. As the desired therapeutic outcome is the reduction in the 
influx of cytosolic Ca2+, the scope of the study is limited to assessments in an in vitro 
model consisting of primary mixed cortical cells under induced oxidative stress. 
Therefore, while this study confirms the conjugation of Tf on p(HEMA-ran-GMA) 
nanoparticles, its functionality in terms of BBB-targeting remains to be evaluated in 
future in vivo studies. 

As DOX is successfully delivered using these nanoparticles as per the study 
described in Section 2.2, a similar backfilling method is used to incorporate LOM, 
YM872 and oxATP in the p(HEMA-ran-GMA) nanoparticles as part of Aim 4a of this 
PhD project. Lyophilised Tf-functionalised p(HEMA-ran-GMA) nanoparticles are 
exposed to an aqueous solution made up with the three therapeutic agents at a final 
nanoparticle concentration of 1 mg/mL. Previous studies using free drugs demonstrate 
that the best therapeutic benefit in the in vitro model is achieved at final drug 
concentration of 1 μM LOM, 240 μM YM872 and 1 mM oxATP at the 30-minute time-
point following induced oxidative stress.342, 640 As the drug loading efficiency by 
backfilling into nanoparticles relies on the diffusion of available drug molecules in the 
aqueous medium, the backfill drug concentration of the three ion channel antagonists is 
adjusted accordingly in a ratiometric manner based upon the release profiles of each 
agent to ensure sufficient quantities of each drug may be made available when the drug-
loaded nanoparticles are introduced into specific culture volumes. However, it is revealed 
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that there is a finite amount of drugs that may be loaded, potentially due to inherent 
properties of the p(HEMA-ran-GMA) nanoparticles such as maximum swelling capacity 
and pore sizes that may restrict molecular movements. Results of the maximum loading 
efficiencies of LOM, YM872 and oxATP in p(HEMA-ran-GMA)-based nanoparticles as 
assessed by HPLC are reported in the fourth paper presented in Chapter 3. It is 
noteworthy that the drug release assessments in this study are conducted almost 
immediately after drug loading into the nanoparticles by back-filling, and that the 
nanoparticle-based therapeutics are not stored in delivery form over time. This protocol is 
standardised in this study in order to minimise the possibilities of molecular degradation 
as oxATP has a long-term storage temperature of -20°C.  

To provide a physiologically relevant outcome, the release kinetics of 
therapeutic agents loaded into Tf-functionalised p(HEMA-ran-GMA) nanoparticles are 
assessed in the presence of 55 % (v/v) serum proteins in 1× PBS over a period of 1 h at 
37°C. To purify the samples for analysis by HPLC assessment, test aliquots of 150 μL are 
removed at specific time points from sinks of drug-loaded nanoparticles (5 mg/mL) and 
rapidly centrifuged through filter units (NMWL 3 kDa) to remove nanoparticles and/or 
serum proteins. Compared to release profiles obtained under serum-free conditions, the 
study reveals that serum interactions with the drug-loaded nanoparticles reduces the rate 
of release of all three ion channel antagonists to varying degrees at both physiological 
and endosomal pH environments. Despite the retardation of drug release likely due to the 
shielding effect by the protein corona, the combined release of LOM, YM872 and oxATP 
from Tf-functionalised nanoparticles is detected by HPLC analysis for up to 20 minutes.  

As per Aim 4b of the project, the effect of LOM, YM872 and oxATP released 
from Tf-functionalised p(HEMA-ran-GMA) nanoparticles is assessed in primary mixed 
cortical cultures by live cell calcium imaging. This technique is widely used to monitor 
acute responses to experimental manipulations to cell cultures such as drug treatments by 
measuring changes to intracellular concentrations of Ca2+.641, 642 Given that the 
mechanisms that drive secondary degeneration include oxidative stress and intracellular 
Ca2+ overload due to overstimulation of Ca2+-dependent pathways, to model the injury 
environment in vitro, H2O2 at an optimised final concentration of 400 μM is introduced. It 
is noteworthy that calcium imaging assessments have to be carried out under serum-free 
conditions. Therefore, protein corona effects cannot be evaluated in this case. The assay 
uses a membrane-permeable ratiometric fluorescent dye, Fura-2-acetoxymethyl ester 
(Fura-2AM) at a final concentration of 4 μM that changes its excitation peak from 340 
nm to 380 nm in response to Ca2+ binding. In brief, cellular esterases remove the 
acetomethyl groups in Fura-2AM upon crossing cellular membranes, which then allows 
for binding with intracellular Ca2+. Cytosolic Fura-2-bound Ca2+ typically excites at 340 
nm, while the extracellular Ca2+-free Fura-2AM excites at 380 nm.643, 644 Cytotoxicity 
assessments with Live/Dead™ assay in the mixed cortical cultures reveal that p(HEMA-
ran-GMA) nanoparticles, functionalised with Tf or otherwise, are non-cytotoxic up to 
final concentration of 500 μg/mL. As such, the treatment dose of drug-loaded 
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nanoparticle variants is optimised to a final concentration of 100 μg/mL of nanoparticles 
such that Cy5 interference from the nanoparticles is limited while maximising the 
availability of released ion channel antagonists. Drug-loaded nanoparticle and free drug 
treatments, which include H2O2 administration, are delivered to the culture wells at t = 4 
minutes during a 30-minute acquisition time. The results of this assessment however, are 
not conclusive as unexpected interferences, potentially due to variable amounts of 
released drug, particularly the yellow-tinged YM872, from the nanoparticle formulations 
results in inconsistent 340/380 ratios. Given the inadequate data obtained from the 
functionality assessment from calcium imaging studies, the data is excluded from the 
published work from this study. Instead, further discussions based on this outcome are 
provided in Section 4.4 of this thesis. 

Overall, this study shows that the protein corona formation on Tf-
functionalised p(HEMA-ran-GMA) nanoparticles can impact the release profiles of 
LOM, YM872 and oxATP. Supplementary analyses of the eluted protein corona from Tf-
functionalised and control p(HEMA-ran-GMA)-based nanoparticles are assessed by BCA 
protein quantification and SDS-PAGE. The results collectively reveal that Tf 
functionalisation significantly increases the concentration of adsorbed serum proteins. 
However, Tf functionalisation of p(HEMA-ran-GMA) nanoparticles does not appear to 
enrich the hard corona with specific serum proteins of different molecular weights in 
comparison to the unfunctionalised nanoparticles. As the calcium imaging evaluation in 
serum-free cell cultures is unable to provide conclusive details about the efficacy of the 
drug-loaded nanoparticles in vitro, this study provides the impetus to assess the efficacy 
of the nanoparticle formulation in appropriate in vivo systems in order to provide greater 
insight to understanding the therapeutic efficiency of the drug delivery vehicle designed 
for BBB targeting. Suitable models may consist of uninjured animals or those that have 
been subjected to mild TBI, whereby the BBB is still intact.  

Results of this study are published in Naidu, P. S. R.; Denham, E,; Bartlett, C. 
A.; McGonigle, T.; Taylor, N. L.; Norret, M.; Smith, N. M.; Dunlop, S. A.; Iyer, K. S.; 
Fitzgerald, M., Protein Corona Formation Moderates the Release Kinetics of Ion Channel 
Antagonists from Transferrin-Functionalized Polymeric Nanoparticles. RSC Adv., 2020, 
10, 2856 – 2869. DOI: 10.1039/C9RA09523C.  
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2.5 Summary 

A series of four studies that address the specific project aims developed for this 
PhD are introduced and described in this chapter. The first paper addresses Aim 1 of the 
project whereby modification of surface functionalisation of PGMA-based nanoparticles 
with PEG demonstrates significant variations in the protein corona composition. In 
recognising the disadvantage of using PGMA nanoparticles for the delivery of the 
combination of ion channel antagonists, the second paper discusses the development of 
hydrophilic p(HEMA-ran-GMA) nanoparticles, as per Aim 2 of the project, by testing the 
therapeutic efficiency of water-soluble DOX as a model drug in biologically relevant 
cultured MCF-7 cells. The third paper addresses Aim 3 whereby αNG2- and TAT-
functionalised p(HEMA-ran-GMA) nanoparticles are systemically tested for their 
targeting capacity in both clinically relevant in vitro and in vivo models. To conclude this 
project, the efficacy of Tf-functionalised p(HEMA-ran-GMA) nanoparticles is assessed 
in the fourth and final study, for their capacity to load and release LOM, YM872 and 
oxATP under representative biological conditions. Following the promising outcomes 
from this work stemming from Aim 4a, the capacity of these nanoparticles to attenuate 
the pathological symptoms of secondary degeneration via the controlled co-delivery of 
LOM, YM872 and oxATP in an in vitro model is tested.  

While keeping to the fundamental objective of the project to synthesise a 
polymeric nanoparticle-based targeted drug delivery system for the treatment of 
secondary degeneration, the work done in the studies developed for this project 
collectively brings to attention the importance of the careful assessment of the protein 
corona to ensure the measured therapeutic outcomes are physiologically relevant. The 
published papers based on the obtained results are presented in Chapter 3. 



 

CHAPTER 3 
Series of Papers 

The results of this thesis are presented in this chapter as a series of published papers, the 
citations of which are listed below. Supporting information for the papers are found at the 
end of this thesis in Appendix A. 

 
Published Papers 

3.1. Naidu, P. S. R.; Norret, M.; Smith, N. M.; Dunlop, S. A.; Taylor, N. L.; Fitzgerald, 
M.; Iyer, K. S., The Protein Corona of PEGylated PGMA-based Nanoparticles is 
Preferentially Enriched with Specific Serum Proteins of Varied Biological Function. 
Langmuir, 2017, 33, 12926 – 12933. DOI: 10.1021/acs.langmuir.7b02568. 

 

3.2. Naidu, P. S. R.; Norret, M.; Dunlop, S. A.; Taylor, N. L.; Fitzgerald, M.; Clemons, C. 
D.; Iyer, K. S., Novel Hydrophilic Copolymer-Based Nanoparticle Enhances the 
Therapeutic Efficiency of Doxorubicin in Cultured MCF-7 Cells. ACS Omega. 2019, 
4, 17083 – 17089. DOI: 10.1021/acsomega.8b02894. 
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Kretzmann, J. A.; Patalwala, D.; McGonigle, T.; Denham, E.; Hee, C.; Ho, D.; 
Taylor, N. L.; Norret, M.; Smith, N. M.; Dunlop, S. A.; Iyer, K. S.; Fitzgerald, M., 
Elucidating the Inability of Functionalized Nanoparticles to Cross the Blood–Brain 
Barrier and Target Specific Cells In Vivo. ACS Appl. Mater. Interfaces, 2019, 11, 
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ABSTRACT: The composition of the protein corona formed on
poly(ethylene glycol)-functionalized (PEGylated) poly(glycidyl
methacrylate) (PGMA) nanoparticles (NPs) was qualitatively
and quantitatively compared to the protein corona on non-
PEGylated PGMA NPs. Despite the reputation of PEGylated NPs
for stealth functionality, we demonstrate the preferential enrich-
ment of speci!c serum proteins of varied biological function in the
protein corona on PEGylated NPs when compared to non-
PEGylated NPs. Additionally, we suggest that the base material of
polymeric NPs plays a role in the preferential enrichment of select
serum proteins to the hard corona.

Intravenously delivered, therapeutic NPs recruit circulating
biomolecules found in blood plasma onto their surfaces as a

result of the availability of abundant surface free energy.1

Although signi!cant advances have been made in the targeted
delivery of therapeutic agents using polymeric NPs, it is widely
accepted that understanding the fundamental interactions of
the functional NPs with serum proteins is pivotal for clinical
translation. Because the bulk of the physiological milieu
consists of proteins, this complex biological layer formed on
NPs is referred to as the protein corona.2 The synthetic and
pristine surface of NPs is transformed by components of the
protein corona, endowing NPs with a biological identity3 that
can result in alterations in properties such as the surface charge4

and colloidal stability.5 Such changes inevitably impact
physiological and pathological responses such as the incitation
of proin"ammatory e#ects and immunological recognition,6 the
moderation of biocompatibility,7 and the alteration of drug
release pro!les.8 Protein adsorption on NPs may also play a
pivotal role in selective cellular uptake, which is fundamental to
targeted therapy. The constituents of the protein corona are
known to vary according to intrinsic properties such as the
NP’s surface chemistry,9 hydrodynamic size,10 and surface
charge.4 External conditions such as the exposure temper-
ature11 and biological source12 are also capable of controlling
the composition of the protein corona. Although some studies
have reported that the protein corona does not impair the
targeting e$ciency of therapeutic NPs,13,14 others have
suggested that the adsorbed protein layer causes NPs to lose

the ability to target speci!c cell receptors.15,16 It has also been
indicated that distinct proteins present in the corona were able
to regulate the cellular uptake of NPs.17 Taken together, it is
now accepted that the NP biodistribution is indeed in"uenced
by the presence of the protein corona.
NPs are often cleared rapidly from the circulation as part of

immunological responses by phagocytic cells in the retic-
uloendothelial system (RES) as a result of the recruitment of
plasma proteins called opsonins in the protein corona. To
prevent RES recognition, a widely used practice in nanotherapy
development is poly(ethylene glycol) (PEG) functionalization
on the NP surface.18 PEG, with its hydrophilic polyether
backbone, is able to prevent nonspeci!c protein adsorption by
means of steric repulsion, thus conferring stealth properties to
the NPs.19 PEGylated NPs may therefore be able to evade
sequestration by the RES and increase the circulation time to
allow for speci!c cell recognition and subsequent uptake.20 It is
now understood that PEGylation does not completely eradicate
protein adsorption on the NP surface; it merely serves to
reduce protein interactions with an increasing density of PEG
grafting.9 It is therefore pivotal to decipher the di#erential
nature of the protein corona composition following the
PEGylation of polymeric NPs. It is also important to note
that this composition is variable depending on the type of
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polymeric NPs.21 In this study, we have examined the in!uence
of PEGylation using a systematic analysis of the protein corona
composition on PEGylated and non-PEGylated PGMA NPs. A
PEG chain of Mp = 3000 was selected to functionalize the
PGMA NPs because the literature has suggested that this
molecular weight falls within the range (3000!10000) that
ensures that the NP’s hydrodynamic radius does not
dramatically increase with PEGylation while enabling the
circulation half-time to be shortened.22 Our group has
previously published data to support the use of PGMA NPs
in the targeted treatment of secondary degeneration that
follows neurotrauma, and no evidence of toxicity was observed.
However, our studies demonstrated that the functionalization
of PGMA NPs was likely confounded as a result of the protein
corona.23,24 Because an in-depth analysis of the protein corona
formed on these NPs has not been conducted before, this study
was designed to provide more insight into the PGMA-based
NPs’ therapeutic potential. In particular, we demonstrate that
although it has been previously reported that the protein
corona composition following the PEGylation of NPs is
associated with the abundance of clusterin (also known as
apolipoprotein J),25 PEGylated PGMA NPs are also enriched
with a range of proteins including serum albumin as well as

coagulation and complement proteins from serum. We selected
human serum for our experiments on the basis of potential
future clinical relevance.
PGMA is a versatile polymer that can be constructed into

micelles, capsules, nanoparticles, and inorganic!organic hybrid
materials that have immense potential in biological applica-
tions.26 In this study, PGMA NPs conjugated with a !uorescent
dye, rhodamine B (RhB), were synthesized and subsequently
PEGylated (Figure 1A) according to established methods.27

RhB was conjugated to PGMA NPs to enable their detection
via !uorescence when introduced into biological environments
in vitro and in vivo.24,28 Imaged using transmission electron
microscopy (TEM), both NP preparations exhibited a
monodisperse, spherical polymeric structure (Figure 1B), with
the exception of some NPs that were overlaid on one another
during sample preparation on the TEM grids. NPs were
incubated in 55% human serum at 37 °C in order to mimic in
vivo conditions and gently washed thereafter to retain the
tightly bound serum proteins on their surfaces (commonly
referred to as the hard corona). Quanti"cation of the eluted
hard corona proteins by bicinchoninic acid (BCA) protein
assay (Figure 1C) revealed that the total protein concentration
detected on PGMA-RhB NPs was "15-fold greater than on

Figure 1. (A) Schematic diagram of the PEGylation of PGMA-based NPs by a nucleophilic epoxide ring-opening reaction. (B) TEM image of
PGMA-RhB (left panel) and PEG-PGMA-RhB NPs (right panel). Scale bar = 100 nm. (C) Mean ± standard error of measurement (SEM) of the
protein concentration of the hard corona from NP variants assessed by BCA protein assay (Student’s t test, n = 3, **p < 0.005). (D) DLS
measurements of the hydrodynamic radii of NPs before and after serum incubation. Refer to Figure S3 for the hydrodynamic size represented on a
nonlogarithmic scale. (E) Zeta potential measurements of the surface charge of NP variants before and after serum incubation.
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PEG-PGMA-RhB. Dynamic light scattering (DLS) (Figure 1D)
and zeta potential measurements (Figure 1E) of the NPs before
and after serum incubation established that the hard corona
formed and was stably retained on both NP variants. The
hydrodynamic radii and polydispersity index (PDI) showed
that the increases in NP size and aggregation due to protein
adsorption were less in PEG-PGMA-RhB NPs than in PGMA-
RhB NPs. The negative change in surface charge after serum
incubation for both NP variants was indicative of the mostly
anionic serum proteins adsorbing onto them, likely leading to
electrostatic stabilization.29 Collectively, it can be extrapolated
that the PGMA-RhB NPs had a greater abundance of serum
proteins adsorbed on their surface, causing more NP
aggregation as a result of increased protein!protein inter-
actions. Because the augmented hydrophobicity of NPs is
established as an important driving force for greater protein
adsorption,30 these results a!rmed that PEGylation of the
PGMA-based NPs to increase the hydrophilicity did play a role
in reducing protein adsorption on the NP surface. More
importantly, it was ascertained that despite PEGylation, the
PGMA-based NPs formed a stable, tightly bound protein
corona on their surface upon exposure to human serum under
physiological conditions, changing their physicochemical
properties.
The proteins found in human serum and the hard corona

samples were separated by sodium dodecyl sulfate acrylamide
gel electrophoresis (SDS-PAGE) (Figure 2A), and the protein
band intensities were subsequently quanti"ed using open-
source image analysis tool ImageJ. Each lane was loaded with
equal amounts of total protein so as to enable a comparative
quanti"cation of individual protein abundance for each hard
corona sample. A heat map (Figure 2B) generated across the
observed molecular weights (bands 1!20) allowed a
comparison of the mean abundance of the protein bands
from all samples. The general pattern indicated that the hard

corona of PGMA-RhB NPs was enriched with more serum
proteins than the PEG-PGMA-RhB NPs. This was observed
predominantly in protein bands of <54 kDa. All three samples
possessed a highly intense protein band at "66 kDa (band 9),
and these bands were most abundant for human serum and the
PEG-PGMA-RhB sample. Along with band 9’s enriched
presence, the PGMA-RhB sample also had a similarly abundant
protein band at "30 kDa (band 15). These variations in protein
abundance were in accordance with the Vroman e#ect, which
describes protein adsorption on surfaces as competitive, where
highly mobile and more abundant proteins in the environment,
which may adsorb at earlier time points, can eventually be
replaced by other proteins that possess stronger binding
a!nities for the material surface.31 In this study, by allowing
serum incubation to extend to 1 h, the dynamic protein
exchange processes on the NPs were allowed to reach steady
state so that proteins with the highest a!nity for each NP
variant were retained for analysis. We ascertained that the
selected incubation period was suitable by observing the
protein corona formed on these PGMA-based NPs by SDS-
PAGE in a time course study (Figure S2). As indicated in the
literature,29 we observe that the protein corona eluted from the
serum-incubated NPs did not signi"cantly vary after the 1 h
time point and remained consistent up to 4 h of serum
incubation.
To provide more insight into the "ndings in Figure 2, gel

bands, labeled 1!36, were excised for in-gel digestion to
identify the hard corona proteins via LCMS. Identi"cation of
the hard corona proteins from both NP variants is presented in
Table 1 and duly correlated with the respective band IDs. The
majority of the hard corona proteins were similar in both
PGMA-RhB and PEG-PGMA-RhB NPs. This included serum
albumin, which is the most abundant protein in blood plasma.
However, it was noteworthy that certain proteins (highlighted
in bold in Table 1) appeared to be exclusive to the hard corona

Figure 2. (A) SDS-PAGE of human serum and hard corona samples eluted from PGMA-RhB and PEG-PGMA-RhB nanoparticles. Gel spots 1!36
(in blue) were excised and subjected to in-gel digestion for liquid chromatography!mass spectrometry (LCMS) analysis. (B) Heat map of the mean
band abundance from analyzed samples across the observed kDa range in the SDS-PAGE gel. Abundance data was generated by ImageJ analysis of
band intensities (Table S1), and the most intense band in human serum was normalized to a value of 100 (n = 3).

Langmuir Article

DOI: 10.1021/acs.langmuir.7b02568
Langmuir 2017, 33, 12926!12933

12928



	
	

 
 

 

Table 1. List of Identi!ed Hard Corona Proteins on PEGylated and Non-PEGylated PGMA-Based NPs as Detected by LCMSa

NP
band
id

spot
no. protein id accession no.

theoretical
MR

observed
MR

mascot
score

total significant
matches (total
unique and
significant
matches)

sequence
coverage %

PGMA-RhB NP 1 1 apolipoprotein B-100 P04114 515 283 >200 000 449 73 (29) 21
2 2 complement C4B A0A0G2JL54 187 598 180 000 516 32 (18) 22

complement C3 P01024 187 030 514 39 (26) 29
3 3 alpha-1-macroglobulin P01023 163 188 160 000 511 45 (27) 39
4 4 complement factor H P08603 139 005 140 000 88 17 (6) 16
5 5 ceruloplasmin P00450 122 128 120 000 152 14 (8) 15
6 6 inter-alpha trypsin inhibitor heavy

chain H1
P19827 101 326 100 000 116 11 (5) 18

inter-alpha trypsin inhibitor heavy
chain H2

P19823 106 590 62 11 (6) 15

8 7 serotransferrin P02787 77 014 75 000 345 36 (16) 38
9 8 serum albumin P02768 69 321 66 000 572 32 (21) 49

C4b-binding protein alpha chain P04003 66 989 136 10 (4) 19
prothrombin P00734 69 992 97 6 (4) 10

10 9 antithrombin-III P01008 52 569 54 000 339 18 (9) 49
clusterin P10909 52 461 205 15 (10) 34
plasma protease C1 inhibitor P05155 55 119 154 11 (5) 24

11 10 alpha-1-antitrypsin A0A024R6I7 46 679 47 000 330 26 (15) 60
alpha-1-antichymotrypsin P01011 47 621 107 5 (4) 16

12 11 apolipoprotein A-IV P06727 45 371 45 000 299 32 (17) 70
13 12 serum paraoxonase/arylesterase I P27169 39 706 40 000 363 12 (8) 52

actin, cytoplasmic I P60709 41 710 181 12 (7) 39
14 13 apolipoprotein E P02649 36 132 35 000 232 19 (12) 65
15 14 apolipoprotein A-I P02647 30 759 30 000 272 27 (16) 72
17 15 transthyretin P02766 15 877 18 000 178 9 (5) 65
18 16 apolipoprotein A-II P02652 14 905 15 000 108 8 (5) 48

apolipoprotein C-IV P55056 14 543 46 3 (2) 18
19 17 Ig kappa chain C region P01834 12 988 13 000 206 6 (5) 72

apolipoprotein C-III P02656 12 807 183 2 (1) 23
20 18 Ig kappa chain V-III region SIE P01620 11 768 11 000 179 3 (3) 39

apolipoprotein C-II isoform P02655 11 277 95 4 (3) 49
PEG-PGMA-RHB 1 19 apolipoprotein B-100 P04114 515 283 >200 000 646 96 (44) 24

2 20 complement C3 P01024 187 030 180 000 355 39 (16) 26
complement C4b A0A0G2JL54 187 598 220 14 (6) 9

3 21 alpha-2-macroglobulin P01023 163 188 160 000 462 42 (22) 36
4 22 complement factor H P08603 139 005 140 000 98 9 (5) 7
5 23 ceruloplasmin P00450 122 128 120 000 266 16 (13) 17
6 24 inter-alpha trypsin inhibitor heavy

chain H2
P19823 105 150 100 000 293 20 (12) 23

inter-alpha trypsin inhibitor heavy
chain H1

P19827 101 326 224 15 (10) 21

7 25 plasminogen P00747 90 510 90 000 85 9 (4) 8
8 26 serotransferrin P02787 77 014 75 000 236 19 (10) 32
9 27 serum albumin P02768 69 321 66 000 557 33 (23) 45
10 28 antithrombin-III P01008 52 569 54 000 317 15 (11) 39

clusterin P10909 52 461 154 14 (7) 31
Ig gamma-I chain C region P01857 51 880 99 13 (8) 34

11 29 alpha-1-antitrypsin A0A024R6I7 46 679 47 000 400 26 (15) 64
alpha-1-antichymotrypsin P01011 47 621 131 7 (3) 22

12 30 apolipoprotein A-IV P06727 45 371 45 000 287 23 (13) 58
haptoglobin P00738 45 177 132 10 (5) 28

13 31 serum paraoxonase/arylesterase I P27169 39 706 40 000 97 8 (6) 30
14 32 apolipoprotein E P02649 36 132 35 000 42 2 (2) 10
15 33 apolipoprotein A-I P02647 30 759 30 000 274 21 (13) 71
16 34 human complement component

C8 gamma chain
P07360 22 264 20 000 53 4 (3) 29

17 35 transthyretin P02766 15 877 18 000 121 7 (6) 63
19 36 Ig kappa chain C region P01834 12 988 13 000 93 5 (5) 71

apolipoprotein C-III P02656 12 807 50 1 (1) 13
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of each NP variant, within the limit of sensitivity of the
detection methods employed. The selective presence of speci!c
serum proteins on each NP type suggested that physicochem-
ical di"erences between NPs could have enabled the exclusive
recruitment of serum proteins onto their surfaces.
With respect to the statistical analysis of the band intensities

compared to the abundance of proteins in human serum and
the hard corona samples, one-way ANOVA was performed on
normalized protein band intensity data (Tables S1 and S2 and

Figure S4) to determine if individual proteins found in human
serum adsorbed preferentially, rather than exclusively, on either
PEGylated or non-PEGylated PGMA-based NPs, i.e., whether
there were signi!cant di"erences in the abundance of hard
corona proteins common to both NP variants. The dynamic
exchanges between various serum proteins and NP surfaces
involved in the formation of a stable hard corona are currently
poorly understood. This analysis, which combined proteomics
data and statistical processing, was conducted to elucidate if

Table 1. continued

NP
band
id

spot
no. protein id accession no.

theoretical
MR

observed
MR

mascot
score

total significant
matches (total
unique and
significant
matches)

sequence
coverage %

20 Ig lambda chain V-III region LOI P80748 11 928 11 000 146 4 (1) 45
Ig kappa chain V-III region SIE P01620 11 768 102 4 (2) 45

aMASCOT scores greater than 36 were signi!cant (p < 0.05). Protein IDs highlighted in bold text indicate those that were found only on respective
NPs (i.e., exclusive to NP type within the sensitivity limits of the analytical tool).

Table 2. One-Way ANOVA Analysis Indicating the Signi!cance of the Di"erences of Individual Protein Band Abundance of
Human Serum and Hard Corona Samplesa

band
id

HS vs
PGMA-RhB

HS vs
PEG-PGMA-RhB

PGMA-RhB vs
PEG-PGMA-RhB protein id

apparent preferentialf or exclusiveg
adsorption

1 e ns e apolipoprotein B-100 PGMA-RhBf

2 ns c c complement C3 PEG-PGMA-RhBf

complement C4b PEG-PGMA-RhBf

3 e d ns alpha-1-macroglobulin PEG-PGMA-RhBf

4 d b d complement factor H PGMA-RhBf

5 d c b ceruloplasmin PGMA-RhBf

6 ns ns ns interalpha trypsin inhibitor heavy chain H1 NA
interalpha trypsin inhibitor heavy chain H2 NA

7 e ns e plasminogen PEG-PGMA-RhBg

8 e ns e serotransferrin PEG-PGMA-RhBf

9 e d c serum albumin PEG-PGMA-RhBf

C4b-binding protein alpha chain PGMA-RhBg

prothrombin PGMA-RhBg

10 ns c b antithrombin-III PEG-PGMA-RhBf

clusterin PEG-PGMA-RhBf

Ig gamma-I chain C region PEG-PGMA-RhBg

plasma protease C1 inhibitor PGMA-RhBg

11 d ns d alpha-1-antitrypsin PGMA-RhBf

alpha-1-antichymotrypsin PGMA-RhBf

12 e ns e apolipoprotein A-IV PGMA-RhBf

haptoglobin PEG-PGMA-RhBg

13 e ns e serum paraoxonase/arylesterase I PGMA-RhBf

actin, cytoplasmic I PGMA-RhBg

14 d ns d apolipoprotein E PGMA-RhBf

15 e d e apolipoprotein A-I PGMA-RhBf

16 e b e human complement component C8
gamma chain

PEG-PGMA-RhBg

17 e b d transthyretin PGMA-RhBf

18 e ns e apolipoprotein A-II PGMA-RhBg

apolipoprotein C-IV PGMA-RhBg

19 e ns e Ig kappa chain C region PGMA-RhBf

apolipoprotein C-III PGMA-RhBf

20 e e b Ig kappa chain V-III region SIE PGMA-RhBg

apolipoprotein C-II isoform PGMA-RhBg

Ig lambda chain V-III region LOI PEG-PGMA-RhBg

an = 3. HS = human serum, ns = no signi!cance, and NA = no preferential adsorption of protein was determined from this analysis. Graphical
representation of the statistical analysis can be found in Figure S4. bp < 0.05. cp < 0.005. dp < 0.0005. ep < 0.00005. fApparent preferential adsorption
to speci!c NP. gApparent exclusive presence of protein to speci!c NP, within the limits of sensitivity of the assay.
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select proteins could be preferentially retained within the hard
corona of nanoparticles with di!erent surface functionalization
upon the stabilization of protein interactions. The results from
this analysis are summarized in Table 2. From Table 1, it was
observed that bands 6, 9!11, 13, and 18!20 were a
combination of serum proteins of similar molecular weights,
which precluded single protein identi"cation and the
generation of individual protein abundance values. Never-
theless, combining the data from Table 1 and Figure S4
provided the necessary evidence to establish that NPs used in
this study, PEGylated or otherwise, harnessed certain serum
proteins preferentially to the hard corona. Among the proteins
that were detected in both hard corona samples, the more
hydrophobic PGMA-RhB NPs indicated the apparent prefer-
ential adsorption of 12 proteins including apolipoprotein B-
100, complement factor H, ceruloplasmin, alpha-1-antitrypsin,
alpha-1-antichymotrypsin, apolipoprotein A-IV, serum para-
oxonase/arylesterase I, apolipoprotein E, apolipoprotein A-I,
transthyretin, the Ig kappa chain C region, and apolipoprotein
C-III. It was interesting to observe the apparent preferential
adsorption of seven proteins such as complements C3 and C4b,
alpha-1-macroglobulin, serotransferrin, serum albumin, and
antithrombin-III as well as clusterin on the PEGylated NPs.
This "nding showed that despite PEGylation being a typical
and widely used practice to reduce protein interactions on NP
surfaces, select serum proteins could still accumulate on them
with proclivity. It has been suggested that the dynamic process
of protein corona formation could leave “"ngerprints” of
initially adsorbed proteins on the NP surface, which could go
on to in#uence subsequent protein adsorption.21,32,33 The
current demonstration of apparent preferential adsorption of
serum proteins resonates with this idea, suggesting that a
variation in surface functionalization of the NP, such as
PEGylation, could invoke a cascade of protein interactions
speci"c to the NP surface properties that would in#uence the
hard corona composition.

Because the presence of the protein corona may enable
protein-speci"c NP behavior, the hard corona proteins that
were either preferentially or exclusively adsorbed on each NP
variant were classi"ed according to their biological functions
(Figure 3) using the open-source PANTHER classi"cation
system.34 Notably, it was revealed that PGMA-RhB NP surfaces
were enriched appreciably by lipoproteins. Lipoproteins are
extensively involved in lipid and cholesterol binding, transport,
and metabolism. Some of them have been reported to promote
targeting in vivo. For example, apolipoprotein E has promoted
NP transport across the blood!brain barrier,35 and both
apolipoprotein A-I and apolipoprotein B-100 have improved
the transport of NPs into the central nervous system.36 This
may suggest that the lipoprotein-rich hard corona surrounding
PGMA-RhB NPs could potentially direct improved corona-
mediated targeting and/or central nervous system biodistribu-
tion in vivo. Opsonins such as immunoglobulins and acute
phase and complement proteins were present on both hard
corona samples. Although immunoglobulins impartially
amassed on both NP variants, the PEGylated NPs were
distinguished by the ampli"ed enrichment of complement and
coagulation proteins in comparison to the non-PEGylated NPs.
These "ndings may assist in explaining the instances of PEG-
speci"c immune responses and blood clotting associated with
the PEG presence in the physiological system.37 In summary,
the preferential accumulation of proteins of signi"cant
biological functions on NP variants used in this study suggested
that the resulting hard corona could still permit them to engage
in speci"c cellular activity despite stealth-like functionalizations,
thereby potentially governing NP behavior in vivo.
Studies have previously described the use of stealth-

motivated PEGylated nanocarriers in targeted therapy, and it
has not gone unnoticed that the protein corona could control
their fate in vivo.38 A recent report using polystyrene NPs
revealed that the stealth e!ect was in fact promoted by the
augmented abundance of clusterin in the hard corona.25 Here,
it was observed that while clusterin preferentially adsorbed on

Figure 3. Classi"cation of hard corona proteins from PEGylated and non-PEGylated PGMA-based NPs according to their biological function, as
ascertained by the PANTHER classi"cation system.
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PEGylated PGMA-based NPs, it was present along with other
serum proteins as previously noted. It is therefore suggested
that variations in the base material used in the NP formulation
could regulate the protein corona pro!le and thereby impact
the NPs’ subsequent interactions with the physiological
environment.
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ABSTRACT: Nanoparticle drug delivery applications have
predominantly focused on the entrapment and delivery of
hydrophobic molecules with poor water solubility. However,
bene!ts can also be obtained from nanoparticle-based delivery
of hydrophilic therapeutics. This study reports on the
development of a p(HEMA-ran-GMA)-based nanoparticle
synthesized via a spontaneous water-in-oil inverse nano-
emulsion to deliver doxorubicin, a water-soluble chemo-
therapeutic. High drug loading e"ciency and sustained release
of doxorubicin from Cy5-functionalized p(HEMA-ran-GMA)
nanoparticles enabled e#ective inhibition of the MCF-7
human breast cancer derived cell line. Direct comparative
analyses with a hydrophobic PGMA nanoparticle demonstrated enhanced capabilities of the p(HEMA-ran-GMA)-based
nanoparticle in vitro. The results suggest that p(HEMA-ran-GMA)-based nanoparticles, which are better suited for hydrophilic
drug loading and delivery, may have the potential for the improved therapeutic e#ect in vivo by enhanced permeation and
retention of the nanoparticles by avoidance of o#-site side e#ects of the chemotherapeutic.

! INTRODUCTION
The advent of nanomedicine is a promising alternative to
overcome limitations of chemotherapy-mediated cancer
therapy. Drug-loaded nanocarriers such as liposomes, polymer
conjugates, polymer nanoparticles, and micelles1 can take
advantage of the enhanced permeation and retention (EPR)
e#ect due to the aberrant hypervascularization at tumorigenic
sites, to increase the local concentration of the nano-
encapsulated therapeutic cargo in tumors while reducing
exposure of the drug to healthy cells.2 This tactic is proposed
to increase the therapeutic index of chemotherapeutic agents
such as doxorubicin (DOX) at the tumor site.
DOX, a potent, anthracycline antibiotic isolated from

cultures of Streptomyces peucetius var. caesius,3 is frequently
used as the !rst-line anti-tumor agent in the oncologic
practice.4 Having the approval of the U.S. Food and Drug
Administration (FDA) for its medical use, DOX has been
indicated for administration as an intravenous bolus, either as a
single agent or in combination with other chemotherapeutic
agents for higher response rates and early onset of clinical
bene!ts5 for the treatment of a variety of cancers such as acute
myeloblastic leukemia, Hodgkin’s and non-Hodgkin’s lympho-
ma, esophageal carcinoma, osteosarcoma, and metastatic breast
cancer.6 Liposomal formulations of DOX such as Doxil,
Caelyx, and Myocet are currently in clinical use with evidence

of lowered occurrences of DOX-related toxicity.7 Such
nanoscaled lipid bilayer drug delivery vehicles have been
extensively studied due to their capacity to e#ectively load and
release both hydrophobic (e.g., paclitaxel) and hydrophilic
(e.g., DOX) drugs.8,9 However, the introduction of liposomal
drugs has been associated with palmar-plantar erythrodyses-
thesia (PPE) and mucositis, which can signi!cantly impair the
patient’s quality of life with no e#ective methods of prevention
or treatment apart from dose reductions.10 Additionally,
liposomal formulations have yet to address issues pertaining
to the reversal of the multiple drug resistance (MDR)
phenotype in tumor cells appropriately, which continues to
be a hurdle in e#ective cancer treatment.1

Of the various nanoparticulate formulations being explored
for therapeutic purposes, polymeric nanoparticles are highly
attractive because of the versatility of the material, highly
controllable physicochemical properties, relative ease, repeat-
ability of production, and low cost. Good biocompatibility and
biodegradability of polymers such as poly(lactic glycolic acid)
(PLGA) and poly(caprolactone) (PCL) have also been
indicated as an added advantage for therapeutic use as
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immune responses can be minimized.11 However, as hydro-
philic drug delivery using polymeric nanoparticles can be
challenging, largely due to the lack of interaction between the
polymeric material and water-soluble drugs,12 and clinical
translation of polymeric nanoparticulate systems to enhance
treatment with hydrophilic drugs such as DOX has been
hindered. This has been the case even with amphiphilic and
well-established PLGA-based nanoparticles.11 The poor
dispersion of hydrophilic drugs within the polymer matrix
may result in inadequate drug loading and ine!cient
pharmacokinetics brought about by the “burst” e"ect when
the polymeric nanoparticles are introduced into the physio-
logical environment. The rapidly exposed drugs may also be
prematurely subjected to hydrolytic degradation, leading to
unsuitable biodistribution. Therefore, although polymer-based
nanoparticles have had comparative success in the incorpo-
ration and delivery of hydrophobic drugs for therapy, there are
still limitations in the development of formulations designed
for the encapsulation and release of water-soluble drugs,
creating a demand for the development of e!cient hydrophilic
nanoparticles for drug delivery. Surface wettability of nano-
particles is also a key factor to consider when developing
therapeutic nanoparticles for cancer therapy, as hydrophobic
nanoparticles have been known to preferentially accumulate
various serum proteins on their surfaces, leading to
opsonization by reticuloendothelial system (RES) recogni-
tion,13 which could potentially reduce the possibility of passive
nanoparticle uptake at tumorigenic sites by the EPR e"ect.

! RESULTS AND DISCUSSION
In this study, hydrophilic polymeric nanoparticles were
prepared using a water-soluble random copolymer, p-
(HEMA-ran-GMA), via a spontaneous water-in-oil (W/O)
inverse nanoemulsion method (Scheme 1). The random

copolymer was synthesized by atom transfer radical polymer-
ization (ATRP) of 2-hydroxyethyl methacrylate (HEMA) and
glycidyl methacrylate (GMA). Gel permeation chromatog-
raphy (GPC) and 1H nuclear magnetic resonance (1H NMR)
assessment of the copolymer indicated that the weighted
average molecular weight was 29.3 kDa, and the copolymer
backbone was consisted of !13% GMA (see Figure S1 in the
Supporting Information). p(HEMA-ran-GMA) was deemed a
suitable base material for the hydrophilic nanoparticle
formulation due to the presence of hydroxyl functional groups
from HEMA, which enables water-trapping capability, and the
presence of highly reactive epoxide groups from GMA that
may facilitate a wide range of nucleophilic ring-opening
reactions for the functionalization.

As depicted in Scheme 1, the solubilization of p(HEMA-ran-
GMA) in water was an important factor that supported the W/
O spontaneous nanoemulsion method to produce cross-linked,
hydrophilic polymeric nanoparticles. The use of the double-
chained anionic surfactant, sodium dioctyl sulfosuccinate
(AOT) as the surfactant, was advantageous due to its low
water solubility and ability to stabilize the emulsion without
the requirement of a further co-surfactant as used in other W/
O systems.14 This is due to the fact that AOT, when dissolved
in organic solvents, forms thermodynamically stable micelles
consisting of a hydrophilic core that is compartmentalized by
the hydrophilic head group of the AOT with the hydrophobic
alkyl tails extending into the nonpolar continuous phase
solvent.15 Ethylene diamine is a suitable cross-linking reagent
to impart structural rigidity to the core of the nanoparticles in
the emulsion, which are then readily retrieved as a suspension
by centrifugation, after disrupting the stable W/O emulsion by
the addition of excess Milli-Q water. Hydrophobic poly-
(glycidyl methacrylate) (PGMA)-based nanoparticles were
assessed in parallel in this study. PGMA nanoparticles were
synthesized by the solvent evaporation oil-in-water (O/W)
emulsion method, and the justi#cations for their use for
therapeutic purposes have been previously described exten-
sively.16"18

Both p(HEMA-ran-GMA)- and PGMA-based nanoparticles
synthesized for this study were functionalized with a Cyanine5
(Cy5) $uorophore to allow detection and tracking by
$uorescent confocal imaging (see Schematic S1 in the
Supporting Information). Table 1 summarizes the data

obtained for the nanoparticle variants’ hydrodynamic sizes
using dynamic light scattering (DLS) and the respective
surface charges. Figure S2 in the Supporting Information
shows the nanoparticle variants’ size distribution with respect
to scattering light intensity. It could be observed that the
surface charge of the p(HEMA-ran-GMA) nanoparticle
became less negative as the functionalization proceeded
stepwise toward the Cy5 conjugation, indicating changes in
surface modi#cation of the nanoparticle at each stage. The
overall negative surface charges of the p(HEMA-ran-GMA)-
based nanoparticles in comparison to the positively charged
Cy5-PGMA nanoparticles (+39 mV) may be explained by the

Scheme 1. Synthesis of Cross-Linked p(HEMA-ran-GMA)
Nanoparticles via Spontaneous Water-in-Oil (W/O) Inverse
Nanoemulsiona

aNanoparticles were retrieved after formation by disruption of the
emulsion through the addition of water.

Table 1. Physicochemical Properties of PGMA- and
p(HEMA-ran-GMA)-Based Nanoparticles Assessed Using
Dynamic Light Scattering (DLS)a

nanoparticle type
mean hydrodynamic

diameter (d.nm) (PDI)
! potential
(mV) (SD)

Cy5-PGMA 166 (0.109) +39 (3.59)
p(HEMA-ran-GMA)b 271 (0.198) "75 (15.5)
NH2-functionalized
p(HEMA-ran-GMA)c

230 (0.105) "48 (20.5)

Cy5-p(HEMA-ran-GMA) 244 (0.137) "12.5 (7.86)
aThe table summarizes the mean hydrodynamic size, nanoparticle
polydispersity index (PDI), and surface charge by means of !
potential measurements (with standard deviation (SD)) of the
nanoparticle suspensions in 1! phosphate-bu"ered saline (PBS) at
pH 7.4 (N = 3). bCross-linked p(HEMA-ran-GMA) nanoparticle as
retrieved from water-in-oil (W/O) nanoemulsion. cIntermediate,
amine-functionalized cross-linked p(HEMA-ran-GMA) nanoparticle
before conjugation with Cy5 $uorophore via N-hydroxysuccinimide
(NHS) ester.
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presence of hydroxyl groups (!OH) on the nanoparticle
surface that dissociate readily in an aqueous medium.
Although all the nanoparticle variants stated in Table 1 were

highly monodispersed as discerned from the polydispersity
indexes (PDI) values, it was apparent that the hydrophilic
p(HEMA-ran-GMA)-based nanoparticles were larger in size
than the Cy5-PGMA nanoparticles. Transmission electron
microscopy (TEM) images of both Cy5-PGMA and Cy5-
p(HEMA-ran-GMA) nanoparticles are also provided in Figure
1A,B, respectively, to show the size di!erences. The augmented

sizes of p(HEMA-ran-GMA)-based nanoparticles could be
attributed to the hydrophilic material capacity to swell when
hydrated unlike the hydrophobic PGMA-based nanoparticles.
Additionally, it should be noted that the p(HEMA-ran-GMA)
chains within the aqueous micelles in the W/O emulsion were
cross-linked based on theoretical calculations that involved a
coupling of "50 mol % of epoxide groups. It may be possible
that increasing the cross-linking density within the polymer
chains could have led to changes in a nanoparticle size;
however, this was not attempted for this study. Previous
studies have demonstrated that the size of the nanoparticles
synthesized from W/O emulsions may be controlled by factors
such as the water content in the aqueous phase, type of solvent
used in the organic phase, choice of a surfactant (or a co-
surfactant), and concentrations of the reagents used.19 In
AOT-stabilized W/O spontaneous inverse nanoemulsions, it
has been also suggested that the Wo ratio (Wo = [water]/
[AOT] in an organic solvent) could play a role in controlling
the nanoparticle size. No signi"cant changes in the hydro-
dynamic size of the unfunctionalized and cross-linked

p(HEMA-ran-GMA) nanoparticles were detected when the
Wo ratio was varied from 0.5 to 10 while keeping the cross-
linking density consistent with the addition of 50 mol %
ethylene diamine (see Figure S3 in the Supporting
Information). This lack of size variability with changing Wo
suggests that this system may be more dependent on the
combined e!ects of the solvent, surfactant, and polymer
concentration in the aqueous phase as the driving factors that
govern a nanoparticle size from the emulsion. As a result, it was
determined that Wo = 10 was suitable for this nanoparticle
synthesis system based on the economy of the reagent used
and yield of nanoparticles achieved per batch.
The thermal analysis of a polymeric material extracted from

the W/O emulsions with and without the addition of ethylene
diamine was conducted using thermogravimetric analysis
(TGA) and di!erential scanning calorimetry (DSC) (Figure
1C) to assess the cross-linking capacity of ethylene diamine.
From the TGA plots (in red), a delayed in#ection point of the
decomposition at 270 °C in the sample prepared with the
addition of ethylene diamine suggests successful cross-linking.
Furthermore, at approximately the same temperature, this
material exhibited an endothermic reaction (+52.32 J/g at 271
°C) as observed by the DSC plots (in blue) compared to the
sample prepared without ethylene diamine. Taken together, it
could be inferred that ethylene diamine e!ectively assisted in
coupling epoxide functional groups on the polymer backbone,
resulting in discrete cross-linked p(HEMA-ran-GMA) nano-
particles within the AOT-stabilized micelles in the W/O
emulsion.
Cytotoxicity of Cy5-p(HEMA-ran-GMA) and Cy5-PGMA

nanoparticles in a biologically relevant human breast cancer
model using MCF-7 cells was assessed in vitro using the 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay over a course of 72
h, using various nanoparticle concentrations up to 1 mg/mL.
All nanoparticle formulations were nontoxic across concen-
trations tested except for the Cy5-PGMA nanoparticles at the
highest concentration of 1 mg/mL (Figure 2A). Confocal
imaging of MCF-7 cells incubated with Cy5-functionalized
nanoparticles showed that the cells sequestered both nano-
particle types (Figure 2B). The literature has stated that
nanoparticle surface characteristics such as surface charge and
hydrophobicity may be key requisites for cellular uptake.20

With cell membranes being negatively charged, it is widely
accepted that the probability for positively charged nano-
particles to be internalized by cells is much higher. In tandem,
confocal images of the MCF-7 cells incubated with equal
concentration (20 !g/mL) of nanoparticle variants appeared
to indicate preferential accumulation of the Cy5-PGMA
nanoparticles within the cell body in comparison to Cy5-
p(HEMA-ran-GMA) nanoparticles.
DOX was loaded into both Cy5-conjugated nanoparticle

variants used in this study by a back"lling method that has
been detailed in Section 2.6 of the Supporting Information.
This technique was chosen to keep the drug loading method
consistent between both Cy5-conjugated p(HEMA-ran-GMA)
and PGMA nanoparticles that were synthesized by two
di!erent emulsion techniques. The back"lling of DOX was
also an attractive option as it limits the exposure of the drug to
reaction conditions necessary for nanoparticle synthesis, which
could potentially a!ect drug activity (i.e., alkaline pH and
elevated temperature).21 High-performance liquid chromatog-
raphy (HPLC) was used to assess the loading e$ciency of

Figure 1. (A) Transmission electron microscopy (TEM) image of
Cy5-PGMA nanoparticles (NPs). Scale bar = 200 nm. Inset: TEM
image (top right), scale bar = 120 nm. (B) TEM image of p(HEMA-
ran-GMA) nanoparticles. Scale bar = 500 nm. Inset: TEM image (top
right), scale bar = 300 nm. (C) Thermal analysis of cross-linked
p(HEMA-ran-GMA) nanoparticles with respect to p(HEMA-ran-
GMA) polymer. Mass loss (%) was determined using thermogravi-
metric analysis (TGA) (in red), and heat #ow assessment was
performed using di!erential scanning calorimetry (DSC) (in blue)
over a temperature range of 25 to 380 °C under inert conditions.
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DOX and the drug release pro!les from the nanoparticle
variants (Figure 3). It was observed that the loading of DOX in
Cy5-p(HEMA-ran-GMA) nanoparticles (!14% w/w) was
signi!cantly higher than that in Cy5-PGMA nanoparticles
(!0.3% w/w). The higher drug loading e"ciency in Cy5-
p(HEMA-ran-GMA) nanoparticles may be explained by the
enhanced interaction of the water-soluble drug with the
hydrophilic nature of the HEMA groups in the base material,
p(HEMA-ran-GMA). This explanation was further supported
by the assessment of the release of DOX from both the
nanoparticle variants. DOX-loaded Cy5-PGMA nanoparticles
depicted a “burst” e#ect that almost instantaneously released
more than 50% of loaded DOX, suggesting that the aqueous
DOX interacted poorly with the hydrophobic core of the Cy5-
PGMA nanoparticle, preferentially releasing the therapeutic
contents into the exposed aqueous environment. The release
pro!le of DOX from Cy5-p(HEMA-ran-GMA) nanoparticles
was more sustained and gradual in comparison (over several
days), suggesting that drug release from the DOX reservoir
within the hydrophilic nanoparticle core could be dependent
solely on di#usion by a concentration gradient with respect to
the volume of the external aqueous sink (Figure 3).

Correspondingly, a relevant study revealed that DOX release
from p(HEMA) nanoparticles was controlled by the swelling
capacity of the hydrophilic polymeric material, which varied
with pH.22 Although it was critical for various studies based on
pH-responsive drug delivery vehicles to report the e#ects of
pH on DOX release,23"26 drug loading and release assessments
conducted for these back!lled nanoparticle variants designed
for passive accumulation at tumorigenic sites were limited to a
normal physiological pH of 7.4.
The therapeutic e"ciency of the DOX-loaded nanoparticle

variants compared to free drug was assessed in vitro to
determine their half-maximal inhibitory concentration (IC50)
in the MCF-7 cell line (Figure 4). The IC50 is a fundamental
quantitative measure in pharmacology to indicate the potency
of a drug in inhibiting a speci!c biological or biochemical
function.27 After 24 h incubation of the DOX-loaded
nanoparticles in MCF-7 cells, it was revealed that DOX-Cy5-
PGMA nanoparticles had a signi!cant higher IC50 than both
free DOX and DOX-Cy5-p(HEMA-ran-GMA) nanoparticles.
Although the IC50 of DOX-Cy5-p(HEMA-ran-GMA) nano-
particles was lower than that of free DOX, the di#erence was
not statistically signi!cant (see Figure S4 in the Supporting

Figure 2. In vitro assessment of Cy5-conjugated PGMA and p(HEMA-ran-GMA) nanoparticles (NPs) in MCF-7 cells. (A) Mean ± standard error
of the mean (SEM) cytotoxicity of varying concentrations (0"1000 !g/mL) of Cy5-conjugated nanoparticles measured by the availability of viable
MCF-7 cells ascertained by absorbance (OD: optical density) at 490 nm by MTS assay at 24, 48, and 72 h. Statistical analysis by two-way ANOVA
with post hoc analysis using Dunnett’s multiple comparison test (n = 3; *p < 0.05, ***p < 0.0001, ****p < 0.00001). (B) Confocal images of
MCF-7 cells incubated with 20 !g/mL of Cy5-conjugated NPs overnight. Z-stack images were obtained, and images are of single optical slices
focused on the nuclear membrane (scale bars = 20 !m).
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Information). Despite the outcome from this short term in
vitro experiment, it is anticipated that the p(HEMA-ran-
GMA)-based nanoparticle could have added advantages in vivo
due to the EPR e!ect as well as the sustained release of the
DOX from the nanoparticles over several days. (Figure 3:
DOX release data represented with respect to time in hours).
To obtain the desired 50% inhibitory e!ect by DOX-Cy5-
PGMA nanoparticles, it was extrapolated from the DOX
loading data (refer to inset graph in Figure 3) that an amount
above the toxic threshold of the nanoparticle was required
(1131.33 !g/mL). Therefore, the use of DOX-Cy5-PGMA
nanoparticles developed in this study would not be

recommended for therapeutic use as nanoparticle-associated
cytotoxicity could override any inhibitory e!ect of DOX. As
such, the IC50 determined from DOX-Cy5-PGMA nano-
particles may not be an accurate representation. In comparison,
a therapeutic e!ect could be observed with a substantially
smaller concentration (1.63 !g/mL) of DOX-loaded p-
(HEMA-ran-GMA) nanoparticles. These data suggest that
the biocompatible and hydrophilic p(HEMA-ran-GMA)-based
nanoparticles can be highly e!ective in encapsulating and
delivering water-soluble chemotherapeutics such as DOX for
noninvasive treatment.

! CONCLUSIONS
In conclusion, this study demonstrates the development of a
hydrophilic polymer nanoparticle synthesized using a water-
soluble copolymer, p(HEMA-ran-GMA), employing a W/O
spontaneous inverse nanoemulsion. These hydrophilic nano-
particles are biocompatible at therapeutically relevant concen-
trations with the capacity for high drug loading of the water-
soluble chemotherapeutic, DOX. The hydrophilicity of the
nanoparticles coupled with sustained drug release could
potentially enable prolonged circulation in systemic conditions
such that uptake at tumorigenic sites via the EPR e!ect may be
possible. The study has also con"rmed the incompatibility of
utilizing a hydrophobic polymeric nanoparticle such as the
PGMA-based nanoparticle for the loading and delivery of
water-soluble therapeutic agents.

! EXPERIMENTAL SECTION
p(HEMA-ran-GMA) Random Copolymer Synthesis

and Characterization. HEMA and GMA monomers were
used in the ATRP synthesis of p(HEMA-ran-GMA). The
random copolymerization reaction was carried out under
Schlenk conditions at 80 °C for 2 h, with the addition of
copper(I) bromide and 2,2-bypyridine. (4-Morpholino)-ethyl-
2-bromoisobutyrate was added as an initiator. Puri"ed
p(HEMA-ran-GMA) was characterized by 1H nuclear
magnetic resonance (NMR) and gel permeation chromatog-
raphy (GPC).

Nanoparticle Synthesis and Characterization. PGMA
Nanoparticle Synthesis. One hundred milligrams of PGMA
was dissolved in the 1:3 mixture of chloroform and methyl
ethyl ketone to form 8 mL of the organic phase. This was
added dropwise into the aqueous phase with vigorous stirring
made up of 30 mL of 1.25% w/v Pluronic F-108 in Milli-Q
water and sonicated extensively. An aqueous suspension of
PGMA nanoparticles was retrieved by removing all solvents
under the reduced pressure at 40 °C.

p(HEMA-ran-GMA) Nanoparticle Synthesis. One hundred
milligrams of p(HEMA-ran-GMA) (100 mg) was dissolved in
4 mL of Milli-Q water and added to a mixture of 17 g of
sodium dioctyl sulfosuccinate in 250 mL of dry hexane to
obtain an optically clear and homogeneous emulsion with
moderate stirring. Forty-two microliters of 1:100 ethylene
diamine was added to the emulsion and allowed to react
overnight at room temperature. The cross-linked p(HEMA-
ran-GMA) nanoparticles were retrieved by disrupting the
emulsion with the addition of excess Milli-Q water and
centrifugation. p(HEMA-ran-GMA) nanoparticles were puri-
"ed by dialysis against Milli-Q water overnight.

Cy5 Functionalization of Nanoparticles. Both PGMA and
p(HEMA-ran-GMA) nanoparticles were subjected to amine

Figure 3. Doxorubicin (DOX) release pro"les from Cy5-PGMA and
Cy5-p(HEMA-ran-GMA) nanoparticles (NPs) assessed using high-
performance liquid chromatography (HPLC) (sink volume = 10 mL;
200 !L sample assessed at each time point). Inset graph: DOX
loading e#ciency (DOX mg/nanoparticle mg ± standard error of
measurement (SEM)). Statistical analysis by unpaired t test; ****p <
0.0001. n = 3 for both DOX loading and release pro"le measurements.

Figure 4. (Top panel) DOX (free and nanoparticle (NP)) dose!
response regression curve of mean viability of MCF-7 cells at 24 h ±
SEM (n = 3). (Bottom panel) Summary of mean IC50 values (±
SEM) of DOX treatments used in the study and extrapolated
concentrations of DOX-loaded nanoparticles correlating to IC50
values.
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functionalization with excess aqueous ammonia before the Cy5
functionalization using Cy5-NHS ester. Fluorescent Cy5-
conjugated nanoparticles were puri!ed by dialysis against
Milli-Q water.
Nanoparticle Characterization. Synthesized nanoparticles

were characterized using dynamic light scattering, "uorescence
measurements, and transmission light microscopy. Cy5-
conjugated, cross-linked p(HEMA-ran-GMA) nanoparticles
were additionally assessed using thermogravimetric analysis
and di#erential scanning calorimetry.
Doxorubicin Loading and Release Assessments.

Nanoparticle variants were back!lled with doxorubicin
according to detailed procedures outlined in the Supporting
Information. Drug loading and release pro!les at physiologi-
cally relevant conditions (37 °C, pH 7.4) were assessed using
high-performance liquid chromatography coupled with a UV/
vis detector by an isocratic solvent system consisting of 0.02 M
phosphate bu#er (pH 5.4) and acetonitrile at a "ow rate of 10
mL/min, to detect the doxorubicin peak at a retention time of
2 min at 233 nm.
Culture of MCF-7 Cells. MCF-7 cells (human breast

adenocarcinoma cell line, ATCC) were cultured in minimum
essential media ! (MEM !, Gibco) supplemented with 0.15%
sodium bicarbonate, 10% fetal bovine serum (FBS), and 1!
GlutaMAX and were grown in a humidi!ed incubator at 37 °C
with 5% CO2.
Cytotoxicity Assessment. Cytotoxicity assessments and

cell growth inhibition assessments were carried out on cultured
MCF-7 cells (106 cells/well) in 96-well plates by the MTS
assay using the protocol as described by the manufacturer
(Promega CellTiter 96 AQueous One Solution Cell Pro-
liferation Assay). The absorbance of the colored formazan
product generated by viable cells was assessed on a plate reader
at 490 nm.
Confocal Imaging. MCF-7 cells were seeded (5 ! 104

cells/well) on poly(L-lysine)-treated cover slips (10 mm) in 24
well plates with 500 "L of culture media per well and allowed
to settle overnight. Cy5-conjugated nanoparticle variants (20
"g/mL in 100 "L of culture media) were added in duplicate to
the respective wells and incubated for 24 h. To !x the cells in
each well, media were removed, cell layers were washed with
1! PBS twice, and then 4% w/v paraformaldehyde in 1! PBS
was added for 15 min. After removing the !xative, the cover
slips in each well were washed twice with 1! PBS before
permeabilizing the cells in each well with 0.5% v/v Triton X-
100 in 1! PBS for 15 min at room temperature. The
permeabilized solution was removed, and each well was
washed twice with 1! PBS before the addition of the 2% v/v
donkey serum in 0.5% Triton X-100 solution (2% DKS) to
block the cells for 1 h at 4 °C. Antibodies recognizing mouse
#III-tubulin (1: 500) in 2% DKS were added to each well and
incubated overnight at 4 °C. After removing the primary
antibodies, Hoechst stain (1:2000) and AF555 goat anti-
mouse secondary antibody (1:1000) in 2% DKS were added to
each well and incubated in the dark at room temperature for 20
min. Prepared samples on cover slips were washed twice with
1! PBS and mounted onto glass slides for confocal imaging
using spectral properties of DAPI (cell nucleus), AF555
(microtubules in cytoskeleton), and Cy5 (nanoparticles).
Statistical Analysis. All statistical analyses were conducted

using GraphPad Prism 6.0.
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ABSTRACT: The adsorption of serum proteins on the
surface of nanoparticles (NPs) delivered into a biological
environment has been known to alter NP surface properties
and consequently their targeting e!ciency. In this paper, we
use random copolymer (p(HEMA-ran-GMA))-based NPs
synthesized using 2-hydroxyethyl methacrylate (HEMA) and
glycidyl methacrylate (GMA). We show that serum proteins
bind to the NP and that functionalization with antibodies and
peptides designed to facilitate NP passage across the blood!
brain barrier (BBB) to bind speci"c cell types is ine#ective. In
particular, we use systematic in vitro and in vivo analyses to
demonstrate that p(HEMA-ran-GMA) NPs functionalized
with HIV-1 trans-activating transcriptor peptide (known to
cross the BBB) and ! neural/glial antigen 2 (NG2) (known for targeting oligodendrocyte precursor cells (OPCs)), individually
and in combination, do not speci"cally target OPCs and are unable to cross the BBB, likely due to the serum protein binding to
the NPs.
KEYWORDS: p(HEMA-ran-GMA) nanoparticles, functionalization, protein corona, blood!brain barrier,
oligodendrocyte precursor cells

! INTRODUCTION
Neurological disease and traumatic brain injury represent a
substantial threat to global health primarily due to a lack of
drugs that can signi"cantly modify suitable molecular targets
and enter the central nervous system (CNS) through the
protective blood!brain barrier (BBB).1 While the BBB can
open following severe injury, the duration for which it remains
open is relatively unknown and can vary depending on the type
and severity of injury.2,3 Following neurotrauma, the damage
spreads into the surrounding tissue in the form of chronic
secondary degeneration,4 and therefore delivery of protective
treatments through the BBB will still be required after the BBB
has closed. Hydrophilic, random copolymer-based nano-
particles (NPs) synthesized from 2-hydroxyethyl methacrylate
(HEMA) and glycidyl methacrylate (GMA) monomers, given
as p(HEMA-ran-GMA) NPs, have the potential to be
attractive candidates that may enable hydrophilic drug delivery
across the BBB into the damaged CNS, due to the capacity of

the material to retain high water content and inherent low
toxicity.5 Highly reactive epoxide functional groups present on
p(HEMA-ran-GMA) add to its appeal for use in the
development of therapeutic NPs, as functionalization can be
achieved with ease.6 p(HEMA-ran-GMA) NPs consist of a
polymer network structure between which are water "lled
permeation channels that can enable water soluble drugs to
di#use out to the external environment from within, in a
controlled fashion.7 However, therapeutic agents and/or the
carrier’s hydrophobicity are important determinants of passive
BBB permeation, and a positive correlation exists between a
solute’s hydrophobicity and its BBB permeability.8,9 High,
nonspeci"c CNS uptake rates have also been associated with a
positive charge, due to negatively charged cell membranes,10
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and shape and size are further important factors that in!uence
a therapeutic agent’s penetrance through the BBB. The cell-
penetrating HIV-1 trans-activating transcriptor peptide (TAT)
can translocate across the BBB via protein transduction
independent of transporters and receptor-mediated endocy-
tosis.11 Therefore, the major bene"t of TAT is that it may be
conjugated to NPs and facilitate their transport across the BBB,
independent of the physicochemical properties of the NPs.
The size of the NP to which TAT is conjugated is not a rate-
limiting factor for transport,12 and this peptide has been widely
used for NP delivery across the BBB in a number of
species.13,14 TAT is also neuroprotective following excitotoxic
insult and oxygen deprivation,15,16 possibly by inhibition of the
activation of NMDA-mediated calpain, a calcium ion (Ca2+)
cysteine protease.15

Myelin is particularly susceptible to neurotrauma, leading to
cognitive dysfunction.17,18 In the CNS, myelin is formed by
oligodendrocytes, which wrap axons in insulating protective
sheaths to enhance the e#cacy of nerve signaling.19

Oligodendrocyte precursor cells (OPCs), which express the
chondroitin sulfate proteoglycan, neural/glial antigen 2
(NG2),20,21 are able to respond to myelin damage by rapidly
proliferating and di$erentiating into new myelinating oligo-
dendrocytes.22 However, OPCs are particularly susceptible to
the Ca2+-associated glutamate excitotoxicity that occurs after
neurotrauma due to the high concentration of Ca2+-permeable
receptors on OPCs.23!25 Furthermore, compared to other glia,
OPCs also have a reduced capacity to cope with reactive
oxygen species (ROS) that are in excess following neurotrauma
due to relatively low concentrations of antioxidants.26 OPC
vulnerability and their subsequent limited di$erentiation into
myelinating oligodendrocytes is associated with demyelina-
tion27 and loss of function following neurotrauma.4 Preserva-
tion of OPCs by targeted delivery of therapeutic agents to
these cells can improve myelination in vitro and in vivo;28

however, in that study, targeted delivery of NPs to OPCs was
not con"rmed, and injury site delivery obviated the need for
crossing the BBB.
In biological environments, spontaneous adsorption of

biomolecules from the serum and interstitial !uid on the
surface of NPs, due to high surface free energy,29 may alter the
e$ects of surface functionalizations, with variations in
functionalization altering the amount and types of biomolec-
ular species (chie!y proteins) adsorbed.30,31 This “protein
corona” on the NP surface, predominantly made up of serum
proteins and lipids, alters the interfacial composition of NPs
upon exposure to biological conditions and, subsequently, their
interactions with cells.32,33 It is now widely accepted that it is
necessary to consider formation of the protein corona when
characterizing NP preparations for therapeutic use as well as
the e$ects of that corona on e#cacy of functionalizations.34

This current proof-of-principle study utilizes novel p(HEMA-
ran-GMA) NPs designed to speci"cally target OPCs via
conjugation with anti-NG2 antibody (!NG2). The NPs were
further conjugated with TAT to facilitate active crossing of the
closed BBB. The concentration of proteins surrounding each
NP variant was quanti"ed and the presence of functionaliza-
tion moieties con"rmed. Targeting e#cacy of the !NG2
functionalization was assessed using mixed cortical cultures in
vitro, and the e#cacy with which the NPs cross the BBB was
assessed using whole organ imaging ex vivo following
intravenous (IV) administration.

! MATERIALS AND METHODS
Materials. All materials and reagents used for the preparation of

nanoparticles for this study were obtained from Merck (previously
Sigma-Aldrich) and all tissue culture reagents were purchased from
Gibco unless speci"ed otherwise.

NP Synthesis and Characterization. p(HEMA-ran-GMA)
copolymer used for the NP preparation was synthesized by atom-
transfer radical polymerization (ATRP) according to previously
established protocols.35 p(HEMA-ran-GMA) NPs were synthesized
via spontaneous “water-in-oil”’ (W/O) inverse nano-emulsion. In
brief, the copolymer was completely dissolved in water and allowed to
disperse as spontaneous aqueous micelles in a continuous organic
phase made up of n-hexane and the surfactant, sodium dioctyl
sulfosuccinate, also known as Aerosol OT (AOT). Ethylene diamine
was added to the W/O emulsion to cross-link the solvated polymer
chains within the micelles via the epoxide groups present, to form
discrete p(HEMA-ran-GMA) NPs. The NPs were retrieved from the
emulsion after the cross-linking reaction was allowed to occur
overnight, by solvent removal and ultracentrifugation. The cross-
linked p(HEMA-ran-GMA) NPs were resuspended in water and
amine-functionalized via epoxide ring-opening by reacting with excess
aqueous ammonia. The amine-functionalized p(HEMA-ran-GMA)
NPs were lyophilized and then further reacted with cyanine5-N-
hydroxysuccinimide (Cy5-NHS) ester (Lumiprobe) to form
!uorescent Cy5-p(HEMA-ran-GMA) NPs. Functionalization of the
Cy5-labeled NPs with !-NG2 antibodies (NP-!NG2) and/or TAT
(NP-!NG2-TAT, NP-TAT) was done using a hetero-bifunctional
sulfosuccimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(SMCC) cross-linker with a poly(ethylene glycol) (PEG) chain
spacer, SM(PEG)12 (Thermo Scienti"c). Full details of NP synthesis,
functionalization, and methods for characterization are provided in
the Supporting Information. Demonstration of linear Cy5 !uores-
cence intensity with increasing concentrations of each of the NP
variants is shown in Figure S1A in the Supporting Information.

Determination of the Concentration of Protein Adsorbed
on NP Variants. Known masses of each NP variant were
resuspended and exposed to 55 (v/v)% rat serum in 1! phosphate
bu$ered saline (PBS), pH = 7.2, or in PBS only, and incubated with
gentle agitation for 1 h at 37 °C. Then, 1 mL of the serum solution or
PBS incubated NP suspensions were loaded onto 1 mL of 0.7 M
sucrose cushion and centrifuged at 20 000g for 30 min at 4 °C, and
the NP pellet was washed three times with 1! PBS by centrifugation
(20 000g for 30 min at 4 °C) to remove unbound serum proteins. The
recovered NPs were resuspended by sonication in 100 "L of solution
consisting of 8 M urea and 2 (w/v) % 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate hydrate (CHAPS) on ice,
centrifuged (20 000g for 30 min), and the eluted protein
concentration in the supernatant was determined using a Micro
BCA Protein Assay Kit (Thermo Scienti"c).

Animals and Study Design. Piebald Virol Glaxo rat pups
(postnatal age 0!2 days) or adult females (160!180 g) were
obtained from the Animal Resource Centre in Murdoch, Western
Australia. All procedures were approved by the Animal Ethics
Committee of The University of Western Australia (RA3/100/1485)
and were conducted in accordance with the National Health and
Medical Research Council of Australia Guidelines on the Use of
Animals in Research. For cell culture, rat pups were euthanized with
intraperitoneal injection of pentobarbital sodium (Provet, Western
Australia). Cortices from "ve animals were pooled together for each
independent experiment. For in vivo imaging, adult rats (n = 5/
group) were IV-administered a 5 mg/kg dose of their allocated NPs
or vehicle control (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) (HEPES) bu$er (50 mM, pH 7.4) via tail vein injection and
left in their home enclosures for 4 h to allow NP circulation.36 Rats
were euthanized with pentobarbital sodium at 160 mg/kg dosage,
transcardially perfused with 100 mL of 0.9% saline, and dissected to
remove the brain and major reticuloendothelial organs including the
spleen, one kidney, and one liver and lung lobe. Lobes of organs were
unilaterally dissected from the right of the animal, lateral to the mid-
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line and were stored at !20 °C in the dark for a maximum of 24 h
prior to ex vivo !uorescence imaging.
Tissue Culture Procedures. Mixed cortical cultures were

prepared as described,37 and as detailed in full in the Supporting
Information. Due to the fact that OPC cultures prepared using the
method described by Chen et al. did not contain su"cient numbers of
relevant cell types such as microglia to assess NP localization, an
abridged method employing fewer puri#cation steps was employed so
as to maintain a range of cell populations including astrocytes and
microglia.37 NPs diluted in Dulbecco’s modi#ed Eagle’s medium,
supplemented as detailed in the Supporting Information and
containing 10 ng/mL platelet-derived growth factor-AA (PDGF-
AA) and 10 ng/mL basic #broblast growth factor, were administered
to cultures. In initial dose response studies, where cells were counted,
NPs were administered at a #nal concentration range of 5!200 !g/
mL (as noted in #gure legends), in triplicate wells. NPs were
administered at a #nal concentration of 25 !g/mL to triplicate wells
for all subsequent experiments; all experiments were conducted 2!3
times using separate cultures. Cultures were incubated for 24 h at 37
°C, in 5% CO2, or 4 h at 4 °C, prior to #xation in 4 (w/v)%
paraformaldehyde in 0.1 M phosphate bu$er, pH 7.2. Immunohis-
tochemical procedures used primary antibodies recognizing OPC
indicators NG2 (Merck; rabbit AB5320) and Olig2 (R&D Systems;
goat AF2418); astrocyte indicator glial #brillary acidic protein
(GFAP; Abcam; rabbit AB33922); microglia indicator ionized
calcium-binding adapter molecule 1 (Iba1; Abcam; goat AB5076);
neuronal indicator "-III tubulin ("III-T; Abcam rabbit AB18207) and
oligodendrocyte indicator adenomatous polyposis coli clone 1 (CC1;
Merck; mouse OP80). Fluorescent secondary antibodies were Alexa
Fluor 488 and 555 (1:400; anti-rabbit, anti-goat, and/or anti-mouse;
Thermo Fisher Scienti#c); Hoechst 33342 nuclear stain (1:1000;
Thermo Fisher Scienti#c) was also added at this time.
Imaging and Analysis. In vitro: Fixed cultures on 0.17 mm

coverslips were visualized using a Nikon C2plus camera attached to a
Nikon Ni-E confocal !uorescence microscope. Nikon NIS Elements
Advanced Research software was used for acquisition and device
control. For characterization of cultures and assessing the e$ects of
NP variants on cell numbers, four randomly sampled, nonoverlapping
Z-stack images were taken per well with a 20! NA 0.75 objective lens,
encompassing a 4 !m range, with 0.75 !m steps. To determine the
proportion of each cell type containing NPs, 1!2 randomly sampled,
nonoverlapping images were taken per well, with a 40! NA 0.95
objective lens encompassing a 6 !m range, with 0.75 !m steps. Using
the open-sourced Fiji/ImageJ software, a consistently sized and
located region of interest was de#ned within each image for
quanti#cation of the total cell count via Hoechst+ staining,
quanti#cation of numbers of speci#c cell types by immunohistochem-
ical identi#cation, and quanti#cation of the number of these cells that
contained Cy5 !uorescence, indicative of NP presence. Data from 43
767 Hoechst+ cells were used for characterization of cultures and
assessments of the e$ects of NP variants on cell numbers, whereas
data collected for the assessment of cell types containing NPs came
from a total of 10 613 Hoechst+ cells, with a minimum of 100 cells
per cell type counted.
In vivo: A CRi Maestro 2 in vivo imaging system was used to auto-

expose at 5000 ms and 1 ! 1 binning, and a yellow excitation #lter set
with custom 600!800 nm emission wavelength with a 10 nm step size
was used for imaging. Using manual spectral unmixing, the
auto!uorescence of tissues IV-injected with HEPES bu$er was
subtracted from that of tissues IV-injected with Cy5-labeled NPs to
produce unmixed Cy5 !uorescence component images for each organ
type. A consistent threshold (0.00019 scaled counts/s) was set to
capture de#nitive regions of the Cy5 signal, excluding areas of weak,
di$use signals for all organs. Organs with no signal above this
threshold, such as controls, were assigned a signal value equal to the
threshold minimum value.
Statistical Analyses. All data were analyzed using IBM SPSS

software and graphed using GraphPad Prism 7 software.
In vitro data: Comparisons of numbers of each cell type expressed

as a percentage of the total number of Hoechst+ cells following

treatment with the NP variants were analyzed using one-way analysis
of variance (ANOVA) with Tukey or Games-Howell post hoc tests as
applicable (# = 0.05). Comparisons were con#ned to between cell
types for each NP variant and between NP variants for each cell type
and were analyzed using two-way ANOVA with Tukey post hoc tests.
Levene’s test revealed unequal variance, with log 10 and arcsine
transformations unable to normalize variations. As such, the
con#dence threshold for NP targeting analyses was lowered to 0.01
to reduce the chance of type I errors.38

In vivo data: Similarly, Levene’s test revealed unequal variance (p "
0.0001), with log 10 and arcsine transformations unable to normalize
variations. Two-way ANOVA were used to assess di$erences in the
data sets, and Tukey’s post hoc tests at p " 0.01 were used to de#ne
di$erences between experimental groups, con#ning comparisons to
within NP types or within organs.

! RESULTS AND DISCUSSION
Functionalization and Characterization of p(HEMA-

ran-GMA)-Based NPs. Synthesis of Cy5-labeled p(HEMA-
ran-GMA) NPs has been detailed in the Supporting
Information. Mean hydrodynamic sizes of the various NPs
used in this study were characterized using dynamic light
scattering (DLS). The NP variants were approximately similar
in size, as observed by their hydrodynamic size distributions
(Figure 1A). Transmission electron microscopy (TEM) images
were obtained from a dried sample of an aqueous suspension
of Cy5-labeled p(HEMA-ran-GMA) NPs placed on a
Formvar-coated copper grid used for TEM sample preparation
(Figure 1B). Whereas the images indicated that the NPs were
monodisperse in size, the intensity pro#le across the NP
images showed that they had not retained their spherical shape
when dried onto the TEM grid. Instead, the NPs had
collapsed, becoming !atter and wider when viewed on the
TEM. The projected NP diameters viewed on the TEM were,
therefore, augmented when compared to the undistorted mean
spherical hydrodynamic sizes obtained from the DLS data. The
attachment of #NG2 antibody and TAT peptide to generate
the appropriate NP variants was con#rmed by detection of
!uorescent secondary antibodies recognizing the #NG2
antibody and #TAT antibodies recognized by !uorescent
secondary antibodies to detect the TAT peptide (Figure 1C).
Attachment of both #NG2 and TAT to NP-#NG2-TAT is
demonstrated in Figure S1B in the Supporting Information.
The conjugation technique utilized in this work to function-
alize the NPs with the TAT peptide has been adapted from the
literature,39 which has indicated the conservation of the
peptide’s function by means of increased cell transfection and
low cytotoxicity of the various TAT-functionalized therapeutic
vehicles.

Protein Corona Quanti!cation on p(HEMA-ran-GMA)-
Based NP Variants. Once placed into a biological environ-
ment containing plasma, serum, or blood, exogenous NPs are
rapidly modi#ed by the adsorption of biomolecules.40 This
highly complex formation of biomolecules, known as a protein
corona that is modulated based on the physicochemical
properties of any given NP, imposes a “biological identity” on
the synthetic surfaces and may in!uence NP biodistribution.41

Some studies, however, have deemed that the presence of a
protein corona had no impact on the fate of NPs under
biological conditions,42,43 or that the protein corona may in
fact bene#t therapy by reducing NP cytotoxicity.44 Given the
di$ering conclusions arising from the inevitable protein corona
formation on various NP formulations, it is necessary to
evaluate the design of any therapeutic NP not just based on
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their synthetic properties but also in the presence of any
protein corona that they may attract, so as to be able to better
predict or understand NP behavior under biological con-
ditions. To determine whether the hydrophilic p(HEMA-ran-
GMA)-based NPs attracted a signi!cant amount of serum
proteins to their surfaces, each of the NP variants was
incubated with rat serum to mimic the experimental conditions
of in vivo assessments of functionalization to follow, and the
total amount of tightly adsorbed serum proteins (commonly
referred to as the “hard corona”) on the respective NP variants’
surfaces was measured.
The amount of serum proteins adsorbed on each of the

functionalized NP variants, i.e., NP-!NG2, TAT-NP, and
!NG2-TAT-NP, was signi!cantly higher than that surrounding
unfunctionalized NPs (F(3,16) = 299.5, p < 0.05). Post hoc
analysis indicated that more proteins bound to NP-TAT and to

NP-!NG2-TAT than to NP-!NG2 or unfunctionalized NPs
(Figure 2A). Protein concentrations eluted from NP variants
incubated under serum-free conditions were low, indicating
negligible contributions to protein concentration by the
targeting moieties. DLS measurements re"ected the adsorbed
protein amount with increased hydrodynamic size of the NP
variants, particularly of !NG2-TAT-NP following incubation
with serum (Figure 2B). The surface charge of the various NP
suspensions was further characterized from " potential
measurements, indicating that the surface charges of the NP
variants changed from negative to neutral following TAT
functionalization in the absence of serum. Subtle changes to
potential measures following incubation with rat serum (Figure
2B) may also be indicative of surface modi!cation of the NP
variants by serum protein adsorption. Taken together, it
appeared that the presence of TAT increased the protein
corona formation on these NPs, likely due to protein!protein
interactions between TAT and serum proteins, despite the fact
that NP-TAT were neutral and NP-!NG2-TAT were
negatively charged (Figure 1A). Assessment of whether the
NP-!NG2 entered NG2+ cells within a mixed cortical culture
preferentially, when compared to unfunctionalized NPs,
indicated that each of the NP variants entered NG2+ cells
regardless of functionalization (Figure 2C).

Targeting E!cacy of the !NG2 Functionalization in
Vitro. A signi!cant amount of hard corona proteins were
adsorbed onto NP-!NG2 incubated in serum when compared
to NP-!NG2 incubated without serum (Figure 2A). To further
assess whether the formation of the corona on the nanoparticle
variants hampered the !NG2 functionalization, mixed cortical
cultures were employed to quantitatively assess NP targeting in
vitro. The cultures were composed of 39% GFAP+ astrocytes,
36% Iba1+ microglia, 4% CC1+ oligodendrocytes, 3.5% #III-T
+ neurons, and 0.8% NG2+/Olig2+ OPCs; remaining cells
(16.7%) were not identi!able by the immunohistochemical
markers employed. Cultures treated with an optimized
concentration of 25 $g/mL of the NP variants showed Cy5
within and around cells at a suitable "uorescence for
visualization, with no evidence of cytotoxicity when viewing
Hoechst+ cell nuclei. Representative confocal images of the
cultures treated with varying concentrations of the NP variants
are provided in the Supporting Information (refer to Figure
S2). Treatment of the mixed cortical cells with each of the NP
variants resulted in no changes to the numbers of Hoechst+
cells, or NG2+/Olig2+ OPCs, GFAP+ astrocytes, Iba1+
microglia, #III-T+ neurons, or CC1+ oligodendrocytes,
expressed as a proportion of Hoechst+ cells (p > 0.05)
(refer to Figure S3 in the Supporting Information for
quanti!cation, representative images, and full statistical
information). The data demonstrated that at the tested NP
concentration, the Cy5-labeled p(HEMA-ran-GMA) NP
variants did not reduce cell numbers of a range of di#erent
neuronal and glial cell subtypes, regardless of !NG2 and/or
TAT functionalization.
To assess the localization of the NP variants within speci!c

cell types and determine whether the !NG2-functionalized
NPs were located more in NG2+/Olig2+ OPCs than in other
cell types within the mixed cortical cultures, the proportions of
each cell type that contained each NP variant, as indicated by
internalized Cy5 "uorescence, were counted. Two-way
ANOVA revealed a statistically signi!cant e#ect of treatment
with the NP variants on the percentages of the analyzed cell
types containing Cy5 "uorescence (F(24,43) = 16.658; p "

Figure 1. Characterization of Cy5-labeled p(HEMA-ran-GMA) NP
variants. “NP” in !gure labels denotes unfunctionalized, Cy5-
p(HEMA-ran-GMA) NPs. (A) Dynamic light scattering (DLS)
displaying hydrodynamic size distributions for each of the NP
variants represented as the percentage of light scattering intensity
(normalized to 1). (B) Transmission electron microscopy (TEM)
image of dried Cy5-p(HEMA-ran-GMA) NPs on a copper grid with a
carbon support !lm (scale bar = 0.5 $m). (C) Con!rmation of
functionalization on NP variants by "uorescence intensities of
secondary (2°) antibodies bound to !NG2 (left panel), or to
!TAT (right panel) antibodies recognizing conjugated TAT.
Signi!cant di#erences are indicated by *p " 0.05, ****p " 0.0001
(au stands for arbitrary units).
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0.0001). The percentages of each cell type with NPs were
compared separately for each NP variant (Figure 3A). In
cultures treated with unfunctionalized NP or NP-TAT, both
OPCs and neurons contained signi!cantly more NPs than
astrocytes, microglia, and oligodendrocytes (p ! 0.01), with no
signi!cant di"erence between the proportions of neurons and
OPCs with NPs regardless of functionalization (Figure 3A).
Preferential presence of NP-!NG2 and NP-!NG2-TAT in
OPCs and neurons was similar but less pronounced (Figure

3A). There were no signi!cant di"erences between the uptake
of NP variants for any of the tested cell types, indicating a lack
of targeting e#cacy of NP-!NG2 toward OPCs (representa-
tive confocal images: Figure 3B; refer to Figure S4 in the
Supporting Information).
It has been previously demonstrated that an adsorbed

corona of proteins from the biological environment may cause
functionalized NPs to lose the ability to speci!cally target cells
by masking the targeting ligands on the NP surface, preventing

Figure 2. Assessment of protein corona on Cy5-labeled p(HEMA-ran-GMA)-based NP variants. NP in !gure labels denotes unfunctionalized, Cy5-
p(HEMA-ran-GMA) NPs. (A) Quanti!cation of the mean total protein amount from the protein corona adsorbed on the NP variants ("g protein/
mg of NP) ± standard error of measurement (SEM). Signi!cant di"erences are indicated by *p ! 0.05, ****p ! 0.0001. (B) Hydrodynamic size
(d, nm) and NP polydispersity index of each of the NP variants, with and without incubation with 55 (v/v)% rat serum assessed by Dynamic Light
Scattering (DLS). Surface charges of NP variants with and without incubation with 55 (v/v)% rat serum given by # potential measurements
(±standard deviation). (C) Colocalization of NP variants, including unfunctionalized control NP (purple), within cell bodies in mixed cortical
culture, immunohistochemically recognized for NG2 (green) (scale bar = 20 "m).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b01356
ACS Appl. Mater. Interfaces 2019, 11, 22085"22095

22089



	
	

 
 

 

them from interacting speci!cally with receptors/ligands on
target cells.45,46 Thus, biomolecules from tissue culture
supplements and secreted cellular components may have
adsorbed onto the NP surface and limited the targeting e"cacy
of NP-!NG2 toward OPCs. An additional experiment
assessing the uptake of the NP variants in either the presence
or absence of serum and media growth factors was conducted,
to assess the contribution of the protein corona to the lack of
e"cacy of functionalization. Cells were incubated with NP at 4
°C for 4 h, to ensure that cell viability was maintained. Two-
way ANOVA demonstrated an e#ect of serum across the NP
variants of F(1,72) = 9.439, p = 0.003, with a trend to a
reduction in the uptake of control and !NG2-functionalized
NPs by NG2+ cells in the presence of serum (Figure 4A,
representative images Figure 4B). However, Sidak’s post hoc
tests correcting for multiple comparisons did not indicate a
signi!cant e#ect of serum for any individual NP variant (Figure
4A). As expected, there was no e#ect of serum on the uptake of
NP-TAT into NG2+ cells.
Similar uptake of the Cy5-labeled NP variants by neurons

and OPCs may be due to the surface charges of neurons,
OPCs, and the NPs. Negatively charged NPs can be

signi!cantly and selectively internalized by neurons compared
to astrocytes, microglia, and oligodendrocytes,47 attributed to
neuronal electrical spiking activity.48 In addition, it has been
previously shown that positively charged NPs display little
neuronal uptake, regardless of spiking activity.48 The Cy5-
labeled p(HEMA-ran-GMA)-based NPs employed in the
current study were negatively charged or neutral, perhaps
explaining their internalization by neurons. Recently, a subset
of OPCs has been discovered to initiate action potentials after
depolarization, dependent on the expression of voltage-gated
sodium channels,49 and it is feasible that an attractive
relationship may also occur with OPCs. It should be noted
that NG2 is not OPC-speci!c, and within the CNS is also
present on pericytes and some smooth muscle cells of the
vascular system,50 which this study did not assess. However,
!NG2-conjugated polymeric NPs have been previously shown
to e#ectively target OPCs both in vitro and in vivo.28

It was interesting to note the apparent lack of active
phagocytosis of the NP variants, with little Cy5 $uorescence
detected within microglia after 24 h exposure. Microglia
numbers were not reduced following incubation with the NPs,
indicating no toxic e#ect of phagocytosis of the NPs. The
degree of opsonization of NPs can be in$uenced by their
surface charge and hydrophobicity/hydrophilicity,51 which in
turn are a direct result of the types of proteins adsorbed onto
the NP surfaces. Hydrophobic NPs are generally thought to be
opsonized more quickly and readily than hydrophilic NPs, due
to their enhanced absorbability.51 Negatively charged NPs, like
the ones used in this study, also often have a lower macrophage
uptake than positively charged NPs.52 However, the possibility

Figure 3. In vitro assessment of cell types with Cy5 localization from
Cy5-labeled p(HEMA-ran-GMA) NP variants. NP in !gure labels
denotes unfunctionalized, Cy5-p(HEMA-ran-GMA) NPs. (A)
Comparisons between cell types for each of the NP variants. Data
presented as mean ± standard error of measurement (SEM)
percentages of each cell type with Cy5 localization, for n = 2!3
independent experiments, following treatment with 25 "g/mL of the
NP variants or HEPES bu#er control. Signi!cant di#erences have
been indicated by **p " 0.01, ***p " 0.001, ****p " 0.0001. A
minimum of 100 cells per cell type was assessed. (B) Representative
confocal microscopy images were taken from a single optical slice
within the Z stack in the middle of Hoechst+ nuclei to demonstrate
intracellular localization.

Figure 4. In vitro assessment of the e#ect of serum on NP uptake by
NG2+ cells at 4 °C over 4 h. (A) Percentage of cells in mixed cortical
culture that were NG2+, colocalized with Cy5-labeled NP variants.
Data are presented as mean ± standard error of the mean (SEM).
Two separate experiments were conducted, showing similar out-
comes; in each experiment duplicate wells were assessed for each NP
variant, and quanti!cation was based on 5 images/well. (B)
Representative confocal microscopy images of NP-!NG2 in NG2+
cells were taken from a single optical slice within the Z stack in the
middle of Hoechst+ nuclei to demonstrate intracellular localization ±
addition of serum at 4 °C at the 4 h time point (scale bar = 10 "m).
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remains that the p(HEMA-ran-GMA)-based NPs were
internalized by microglia and degraded within the 24 h
incubation period, or eliminated from the cells by secretion via
exosomes. Future time-course studies addressing microglial
and macrophage activation in the presence of the NPs would
be useful. Taken together, it was clear that the NPs did not
preferentially target OPCs in vitro, as they were also found in
neurons, perhaps due to the electrical spiking activity of these
cells.48 However, there did not appear to be nonspeci!c
internalization into any cell where the NPs settled in the
culture, nor active phagocytosis.
E!cacy of the TAT and !NG2 Functionalization of

NPs in Vivo. Although the !NG2 functionalization did not
result in selective uptake by OPCs in vitro, the release of
therapeutics di"usely into the brain tissue remains clinically
relevant following neurotrauma, where myelin abnormalities
and di"use axonal injury are associated with ionic imbalances,
apoptosis, and in#ammation.53 To determine whether the
TAT functionalization could enable p(HEMA-ran-GMA)-
based NPs to cross the BBB, it was necessary to conduct in
vivo assessments. All NP variants were compared, to assess the
e"ect of multiple surface functionalizations on the e$cacy of
the TAT functionalization. Uninjured adult rats, where the
BBB is known to be intact, were used as a model system, and
the organ distribution of the NP variants was determined 4 h
following their IV administration via tail vein injection. The
distribution of Cy5-labeled p(HEMA-ran-GMA) NP variants
in the brain and nontarget organs such as the kidney, lung,
liver, and spleen was assessed by imaging whole excised organs
using the Maestro 2.6 in vivo imaging system (representative
images: Figure 5A). Comparative two-way ANOVA of the
mean total #uorescence signal above the threshold showed that
for each NP variant, the amount of #uorescence was di"erent,
depending on the organ being assessed (F(16,122) = 13.418, p
! 0.0001). Data were analyzed and displayed to show
signi!cant di"erences within each organ, relative to NP
variants (Figure 5B), to illustrate any increases in NP-TAT
relative to other NP variants, in the brain or other organs.
Complementing this analysis, it was found that the Cy5-labeled
NP variants remained stable throughout a similarly timed
incubation in serum in vitro, with no free Cy5 released,
indicating that free Cy5 is unlikely to be contributing to the in
vivo signal (refer to Figure S7 in the Supporting Information).
Post hoc tests showed that the mean Cy5 #uorescence
intensity was signi!cantly higher in the kidneys of animals
receiving each of the NP variants than in the animals IV-
injected with the control vehicle, HEPES bu"er (50 mM, pH
7.4), showing that the detected #uorescence was above
background (Figure 4B). Within the kidney, Cy5 #uorescence
was higher in animals injected with NP-TAT than any of the
other variants, including NP-!NG2-TAT. Similarly, in the
liver, Cy5 #uorescence intensity was signi!cantly higher in
animals receiving each of the NP variants than HEPES bu"er
(p ! 0.05), but there were no signi!cant di"erences between
the NP variants (p > 0.05). In the lungs, animals IV-injected
with NP-!NG2 or NP-TAT had higher #uorescence than
animals receiving HEPES bu"er (Figure 5B). In the brain and
spleen, #uorescence was not higher following injection with
any of the NP variants than following injection with bu"er
control, highlighting the low percentage of NP, functionalized
or otherwise, that reached the target organ of the brain (refer
to Table S1 in the Supporting Information). Confocal
microscopy of multiple brain sections from an additional

cohort of animals, searching for the choroid plexus and
ventricles of the brain and particularly examining NG2+
pericytes, failed to detect Cy5 #uorescence above background
following injection with any of the NP variants, including those
that were TAT-functionalized (data not shown).
Taken together, the in vivo analysis failed to show that TAT-

functionalized p(HEMA-ran-GMA)-based NPs could cross the
BBB and access the brain. It was also clearly indicated that
there was a lack of targeted delivery of NPs across the BBB

Figure 5. (A) Images representing the distribution of Cy5-labeled
p(HEMA-ran-GMA) NP variants in whole organs obtained by ex vivo
#uorescence imaging. Cy5 #uorescence of NP variants (colors) was
superimposed over auto#uorescence (gray). Cy5 #uorescence
localized to the pineal gland in brains (black arrows). Representative
images for each organ from n = 5 animals/group shown; **p ! 0.01,
***p ! 0.001, ****p ! 0.0001. (B) Assessment of the total Cy5
#uorescence signal from intravenously delivered Cy5-labeled p-
(HEMA-ran-GMA) NP variants, above the threshold (scaled
counts/s) in a range of whole organs. Comparisons made between
the NP variants within whole organ types. Histogram bars represent
the mean Cy5 signal intensity above the threshold (scaled counts/s)
± standard error of measurement (SEM). Higher signal intensities
were indicative of a higher uptake of the respective Cy5-labeled NP
variant by the given organ.
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into the brain, and a predominance of NPs in the kidney and,
to a lesser extent, in the liver and lung (refer to Supporting
Figure 5 in the Supporting Information). Furthermore, in the
kidney, !uorescence following administration of the NP-TAT
variant was particularly prominent, possibly due to its
prolonged circulation when compared to the other NP variants
due to its relatively neutral charge (Figure 2B).54 Additional
pilot analysis using sliced organs gave a similar distribution
pattern to that observed using the whole organs. However, it is
important to note that !uorescent labels in the far-infrared
range such as cyanine7 (Cy7) would likely allow for deeper
light penetration, reduced light scattering, and minimal
background auto!uorescence as compared to Cy5,55 and
could allow for greater sensitivity of detection in future studies.
Cell-penetrating peptide functionalizations, such as TAT,

can lack speci"city and result in the uptake of NPs by
nontarget organs.11,56 NP size can also in!uence nonspeci"c
internalization. Previously, it has been found that large poly-
methoxypoly(ethylene glycol) NPs of 240 nm diameter were
taken up to a greater extent by macrophages than smaller NPs
of the same composition, despite their hydrophilicity.57

Although our observed lack of uptake of the Cy5-labeled
p(HEMA-ran-GMA)-based NPs by microglia in vitro indicated
that phagocytosis of these NPs was minimal, their relatively
large hydrodynamic size may favor nonspeci"c internalization.
A relationship also exists between the mean hydrodynamic
diameter of NPs and renal "ltration, and any molecule above
10 nm cannot be excreted into urine.58 NPs larger than 10 nm
can be taken up by mesangial cells, which are found
surrounding and supporting the glomerular apparatus.59

However, NPs larger than 75 nm do not penetrate mesangium
signi"cantly,60 with clearance by Kup#er cells in the liver.60,61

Although it was demonstrated that the NPs were stable in
serum over a 4 h period, it may be possible that the p(HEMA-
ran-GMA)-based NPs were actively disassembled into smaller
polymer chains during the 4 h by Kup#er cells in the liver
before being renally excreted. This hypothesis is in accordance
with the rapid renal excretion of 100 nm large cyclodextrin
polymer based NPs, where the fraction of NPs renally cleared
was attributed to their disruption.62 Future in vivo time-course
studies may demonstrate a predominance of NPs in hepatic
cells at earlier time points.
There is precedent in the literature for the presence of a

protein corona masking NP functionalizations designed to
facilitate crossing of the BBB when assessed in vitro,45

although other in vitro assessments have indicated that
targeting can be maintained.42 It is becoming increasingly
clear that the nature of the protein corona depends heavily
upon the features of the NP and the nature of the proteins it
encounters.31,63 The resultant rapid clearance of drugs from
blood circulation to nontarget organs is a major hindrance to
CNS-targeted drug delivery.64 Precoating of NPs with speci"c
serum proteins such as apolipoprotein E (ApoE) could
facilitate successful crossing of the BBB.65 Further functional-
ization with stealth moieties, as with the use of PEG chains to
limit nonspeci"c internalization and protein corona formation
by steric hindrance, may assist in enhancing the usefulness of
!NG2 functionalization of NPs.66 Future assessments of the
composition of the protein corona surrounding each NP
variant and the e#ect of each protein on any functionalizations
will be important to understand how choice of functionaliza-
tions can be optimized. If successful, functionalization of NPs
with !NG2 antibodies has the potential for a wide range of

applications beyond targeting of OPCs in the brain, as NG2 is
expressed on tumor cells, particularly those associated with
metastasis,67 and could be used to deliver chemotherapies.
While it is important to consider the immunogenicity of
surface-conjugated antibodies, NPs can be conjugated with
humanized antibodies, in which all but the binding sites are
human-derived (!95% human, !5% rodent).68 However, this
can come at the expense of targeting a$nity.69

! CONCLUSIONS
The presence of TAT on Cy5-labeled p(HEMA-ran-GMA)
NPs was associated with an increased protein corona relative
to the other functionalized NP and a lack of e$cacy at crossing
the BBB to the brain following IV injection in vivo. If the NPs
had accessed the brain, in vitro assessments indicated that it is
unlikely that the !NG2-TAT-NP would have targeted OPCs.
Despite the fact that TAT-functionalized NPs have been
demonstrated to cross the BBB, our study indicated that
functionalization with antibodies and peptides designed to
facilitate NP passage across the BBB to bind OPCs is not
necessarily e#ective and should be speci"cally assessed on a
case-by-case basis.
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! ABBREVIATIONS
NP, nanoparticle
HEMA, hydroxyethyl methacrylate
GMA, glycidyl methacrylate
BBB, blood!brain barrier
TAT, trans-activating transcriptor
NG2, ! neural/glial antigen 2
OPC, oligodendrocyte progenitor cell
CNS, central nervous system
DLS, dynamic light scattering
TEM, transmission electron microscopy
Cy5, cyanine5
NHS, N-hydroxysuccinimide
SMCC, sulfosuccimidyl 4-(N -maleimidomethyl)-
cyclohexane-1-carboxylate
ATRP, atom-transfer radical polymerization
W/O, water-in-oil
AOT, sodium dioctyl sulfosuccinate
CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
panesulfonate hydrate
ApoE, apolipoprotein E
IV, intravenous
PEG, poly(ethylene glycol)
PBS, phosphate bu"ered saline
DPBS, Dulbecco’s phosphate bu"ered saline
PDGF-AA, platelet-derived growth factor-AA
bFGF, basic !broblast growth factor
PFA, paraformaldehyde
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Protein corona formation moderates the release
kinetics of ion channel antagonists from
transferrin-functionalized polymeric
nanoparticles†

Priya S. R. Naidu, a Eleanor Denham,b Carole A. Bartlett,b Terry McGonigle,b

Nicolas L. Taylor, ac Marck Norret,a Nicole. M. Smith, a Sarah A. Dunlop, d

K. Swaminathan Iyer *a and Melinda Fitzgerald *bde

Transferrin (Tf)-functionalized p(HEMA-ran-GMA) nanoparticles were designed to incorporate and release

a water-soluble combination of three ion channel antagonists, namely zonampanel monohydrate (YM872),

oxidized adenosine triphosphate (oxATP) and lomerizine hydrochloride (LOM) identi!ed as a promising

therapy for secondary degeneration that follows neurotrauma. Coupled with a mean hydrodynamic size

of 285 nm and near-neutral surface charge of !5.98 mV, the hydrophilic nature of the functionalized

polymeric nanoparticles was pivotal in e"ectively encapsulating the highly water soluble YM872 and

oxATP, as well as lipophilic LOM dissolved in water-based medium, by a back-!lling method. Maximum

loading e#ciencies of 11.8 " 1.05% (w/w), 13.9 " 1.50% (w/w) and 22.7 " 4.00% (w/w) LOM, YM872 and

oxATP respectively were reported. To obtain an estimate of drug exposure in vivo, drug release kinetics

assessment by HPLC was conducted in representative physiological milieu containing 55% (v/v) human

serum at 37 #C. In comparison to serum-free conditions, it was demonstrated that the inevitable

adsorption of serum proteins on the Tf-functionalized nanoparticle surface as a protein corona impeded

the rate of release of LOM and YM872 at both pH 5 and 7.4 over a period of 1 hour. While the release of

oxATP from the nanoparticles was detectable for up to 30 minutes under serum-free conditions at pH

7.4, the presence of serum proteins and a slightly acidic environment impaired the detection of the drug,

possibly due to its molecular instability. Nevertheless, under representative physiological conditions, all

three drugs were released in combination from Tf-functionalized p(HEMA-ran-GMA) nanoparticles and

detected for up to 20 minutes. Taken together, the study provided enhanced insight into potential

physiological outcomes in the presence of serum proteins, and suggests that p(HEMA-ran-GMA)-based

therapeutic nanoparticles may be promising drug delivery vehicles for CNS therapy.

1 Introduction
Secondary degeneration that follows injuries to the central
nervous system (CNS), or neurotrauma, results in progressive
and debilitating functional loss.1–4 De!ned by a cascade of

neurometabolic events that includes glutamate excitotoxicity,
cytosolic Ca2+ overload and oxidative stress, the progression of
secondary degeneration may be limited by protecting vulner-
able yet intact CNS tissue.5–8 It is now widely recognized that the
redistribution of Ca2+ within the CNS following injury is
a fundamental and viable therapeutic target for secondary
degeneration.9,10 Given that the accrual of intracellular Ca2+ can
occur via various Ca2+-permeable pathways post-injury,11–13

preclinical studies have identi!ed that the administration of
a novel combination of ion channel antagonists at speci!c
concentrations collectively mitigated secondary degeneration
and preserved function at both acute (up to 1 week)14 and
chronic (3 months) phases of injury.15 This combinatorial
therapy that was administered directly to adult rats subjected to
partial optic nerve transection,16 or repeated mild traumatic
brain injury,17 consisted of lomerizine hydrochloride (LOM),
zonampanel monohydrate (YM872) and oxidized adenosine
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triphosphate (oxATP) that inhibited voltage-gated calcium
channels, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate
and purinergic P2X7 receptors respectively.

The therapeutic e!ciency of the combinatorial treatment
may be enhanced in vivo by therapeutic nanoparticles that non-
invasively enter the CNS from circulation via the protective
blood–brain barrier (BBB). While it is known that the BBB is
temporarily open upon CNS injury, the extent and duration of
this transient breach depends upon the nature and severity of
injury.18 Given that polymers are renowned for their ease of
chemical modi!cations,19,20 speci!cally functionalized poly-
meric nanoparticles that target the closed BBB may be bene!-
cial in improving drug transport to the CNS. Conjugation of
transferrin (Tf), for example, has been a widely utilized func-
tionalization for nanoparticles designed to improve speci!city
for the CNS.21,22 Tf receptors are over-expressed in brain micro-
vascular endothelial cells that form the BBB, making these
receptors highly attractive targets for nanoparticles designed for
CNS delivery.23 Correspondingly, enhanced brain tissue accu-
mulation by receptor-mediated transcytosis is reported with the
use of various Tf-conjugated nanoparticles in in vivomodels.24,25

Polymeric nanoparticles may also protect therapeutic agents
from degradation within the physiological system prior to
reaching their target sites.19,26 Moreover, repeated dosing, which
can be inconvenient in clinical settings of neurotrauma, may be
overcome by controlled release of therapeutic cargo from the
nanoparticles.27 With such potential advantages, a wide range
of nanoparticles for CNS therapy have been designed using
biocompatible and synthetic polymers such as poly(-
ethylenimines), poly(alkylcyanoacrylates), poly(methylidene
malonates) and polyesters.19 Choice of matrix material for
nanoparticle formulations has been typically dependent on the
extent of drug solubility, as high drug loading and entrapment
e!ciency are desirable properties for successful therapeutic
nanoparticles.27,28 However, despite the promise of
nanoparticle-mediated drug delivery for CNS therapy in pre-
clinical in vivo studies, to-date, clinical translation remains
a challenge.29 As the neuro-pharmaceutical sector has the
highest growth potential within the pharmaceutical !eld,30

there is an urgent need to identify and overcome the hurdles
that hamper the progress of encouraging CNS nanotherapies,
such that they may be successfully implemented clinically.

One of the key factors for the lack of clinical success of
nanotherapeutics, not just for CNS therapy, but also for
biomedical applications in general, includes poor correlations
between in vitro assessments and in vivo outcomes. While
therapeutic nanoparticles have been extensively explored over
the past 40 years,19 it is only in the past decade that it became
apparent that the engineered surfaces of nanoparticles can be
altered within the physiological environment due to the inevi-
table adsorption of biomolecules in the circulation.31 Also
known as the protein corona, complex biomolecular layers
rapidly (<30 seconds) adsorb on nanoparticles within the
physiological milieu due to high surface free energy on engi-
neered surfaces.32 The consequential bio-nano interface endows
nanoparticles with a biological identity that varies with di"erent
nanoparticle formulations, as the composition of the protein

corona is dependent on the physico-chemical properties of
nanoparticle formulations such as hydrodynamic size, shape,
curvature, surface charge and functionalization.33–36 With the
adsorption and accumulation of speci!c biomolecules such as
serum proteins with explicit properties, therapeutic fates of
nanoparticles such as biodistribution, immune responses as
well as drug delivery can be in"uenced.37–39 Many in vitro
nanoparticle assessments are conducted in 10–20% serum and
thus do not account for the complexities of the protein corona
formed in vivo, whichmay consist of up to 55% serum content.40

As such, these studies have not accurately predicted nano-
particle behaviour in vivo.41,42 To improve the correlation
between preliminary in vitro assessments and the eventual in
vivo outcomes to aid clinical translation of nanotherapies, it is
therefore critical for any newly developed therapeutic nano-
particle to be assessed on a case-by-case basis for their potential
bene!ts in physiologically relevant environments.

Herein, Tf-functionalized, hydrophilic p(HEMA-ran-GMA)
nanoparticles are designed for use as therapeutic carriers for
the delivery of a combination of ion channel antagonists for
treatment of secondary degeneration following neurotrauma.
As the drug release assessments with these newly developed
functionalized nanoparticles must be carried out in vitro, this
study importantly elucidates the e"ect of serum protein inter-
actions on drug release kinetics under conditions that closely
represent the physiological milieu that the nanoparticles would
encounter upon intravenous administration. Cyanine5 (Cy5)
(Lumiprobe®) is used for "uorescent labelling of nanoparticle
variants developed in this study for bio-imaging purposes, and
unfunctionalized nanoparticles are used as controls to assess
the e"ect of Tf functionalization on protein corona formation
and uptake into cultured cells. Control nanoparticles are
referred to as ‘NP’ and Tf-functionalized nanoparticles as ‘Tf–
NP’.

2 Experimental
2.1 Materials

All materials and reagents related to nanoparticle synthesis and
assessments were sourced from Sigma-Aldrich unless speci!ed
otherwise. All tissue culture materials and reagents were ob-
tained from Gibco™ unless speci!ed otherwise.

2.2 Cy5-labelled p(HEMA-ran-GMA) nanoparticle synthesis

p(HEMA-ran-GMA) copolymer (100 mg), synthesized by atom-
transfer radical polymerization, was completely dissolved in
10 mL 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES bu"er; 50 mM; pH 7) aided by intermittent sonication
in a water bath at room temperature. Copolymer synthesis is
detailed in the ESI.†

The aqueous copolymer solution was added to a mixture of
30 mL n-hexane and 33 g sodium dioctyl sulfosuccinate with
moderate and continuous stirring at room temperature.
Ethylene diamine (1:100 in MilliQ water; 50 mL) was added to
the optically clear and homogenous spontaneous micro-
emulsion to cross-link p(HEMA-ran-GMA) chains in the

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 2856–2869 | 2857
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aqueous micelles via epoxide functional groups to form discrete
nanoparticles overnight at room temperature.

To retrieve the cross-linked nanoparticles, the oil-based
emulsion (!10 mL) was layered upon HEPES bu!er (!25 mL;
50 mM; pH 7) and centrifuged for 30 minutes at 10 000 " g at
4 #C. The aqueous layer (bottom) containing cross-linked
nanoparticles in suspension was carefully collected and lyoph-
ilized immediately. The lyophilized nanoparticles were recon-
stituted in excess ammonia (25%; !50 mL) and allowed to react
at 60 #C for 48 hours with moderate stirring for amine-
functionalization. The reaction solution was then dialysed
(SnakeSkin™ Dialysis Tubing MWCO 10K, ThermoFisher Sci-
enti!c®) against MilliQ water over 24 hours (4 " 5 L changes),
and the puri!ed suspension was lyophilized.

Cyanine5®-N-hydroxysuccinimide ester (Cy5-NHS; 0.25 mg;
Lumiprobe) was dissolved in dimethyl sulfoxide (DMSO) and
added to suspension of amine-functionalized p(HEMA-ran-
GMA) nanoparticles that was reconstituted in sodium bicar-
bonate solution (NaHCO3; 0.1 M), according to the "uorophore
manufacturer's protocol. Cy5-labelling of nanoparticles took
place over 2 hours at room temperature. Unbound Cy5 dye and
other unreacted components were removed by dialysis against
MilliQ water overnight (4 " 5 L changes). The resulting
suspension was centrifuged (20 000 " g; 30 minutes; 3") to
wash and collect the nanoparticles as a pellet. Cy5-p(HEMA-ran-
GMA) nanoparticles (NP) were lyophilized and stored in the
dark at room temperature in a desiccator. The synthesis of NP
had been adapted from the protocol previously described by
Naidu, et al.43

2.3 Tf-functionalization of Cy5-labelled p(HEMA-ran-GMA)
nanoparticles

The protocol for Tf functionalization was adapted from
Hristov, et al.44 succinimidyl-([N-maleidoproprionamido]-
dodecylethyleneglycol) ester (SM(PEG)12; 250 mM in DMSO;
Thermo Scienti!c™) diluted in HEPES bu!er was added to the
NP suspension (10 mg mL$1) at a 1:1 volumetric ratio to make
up a !nal concentration of 1 mM of SM(PEG)12. Themixture was
stirred moderately at room temperature for 2 hours. A!er
which, the PEGylated nanoparticles were washed and retrieved
by centrifugation and redispersed at a concentration of 10 mg
mL$1 in HEPES bu!er.

Holo-Tf was dissolved in 1" phosphate bu!ered saline (PBS)
(pH 7.2) to make a protein concentration of 5 mg mL$1. N-
Succinimidyl S-acetyl(thiotetraethylene glycol) (250 mM
SAT(PEG)4 in DMSO; Thermo Scienti!c™) was added to the Tf
solution in a 1:1 molar ratio, and the mixture was le! to stir at
room temperature for 30 minutes. 1 M glycine was then added
at !nal concentration of 30 mM to quench the reaction for 15
minutes. The resulting Tf solution was puri!ed by centrifuga-
tion through pre-packed desalting columns (Thermo Scien-
ti!c™ Zeba™ Spin Desalting Column). A deacetylation solution
(0.5 M hydroxylamine and 25 mM ethylenediaminetetraacetic
acid (EDTA) in 1" PBS pH 7.2) was immediately added (0.1 mL
per mL of reaction volume) to the puri!ed SAT(PEG)4-modi!ed
Tf solution and allowed to stir at room temperature for 2 hours.

Following this step, the modi!ed Tf was puri!ed by centrifu-
gation through pre-packed desalting columns and collected in
1" PBS (pH 7.2) with 10 mM EDTA. Tris(2-carboxyethyl)
phosphine (TCEP) was added in a 1 : 1 molar ratio of TCEP to
Tf and the mixture was mixed well.

Tf conjugation of NP was performed within 15 minutes of
TCEP addition. During which, the suspension was le! to stir for
2 hours at room temperature. 2-Mercaptoethanol was added to
the dispersion at a !nal concentration of 1 mM and le! for 5
minutes. Tf–NP were then washed and retrieved by centrifuga-
tion (20 000 " g; 20 minutes; 3") with HEPES bu!er (50 mM,
pH 7.4) and stored at 4 #C until required. Results of supporting
analyses for Tf conjugation of NP are found in the ESI.† Scheme
1 describes the three-stage process required for Tf–NP
synthesis.

2.4 Nanoparticle characterization

Characterization of nanoparticle variants was conducted at
each stage of the synthesis process using dynamic light scat-
tering (DLS) and zeta potential measurements (Malvern
Zetasizer™ Nano ZS, Malvern Panalytical®) using a 4 mW He–
Ne laser operating at 633 nm with a scattering angle of 173#.

100 mg mL$1 nanoparticle variant samples were prepared in
1" PBS and !1 mL volumes were sampled in appropriate
cuvettes for hydrodynamic size (12 mm square polystyrene
cuvettes) and zeta potential (folded capillary zeta cell)
measurements taken in triplicate a!er an initial equilibrium
time of 1 minute. The DLS and zeta potential results were
calibrated against measurements recorded for PGMA (refractive
index 1.515; viscosity 0.05) in water at 25 #C as dispersant
(refractive index 1.33; viscosity 0.887). The scattered light
intensity-weighted hydrodynamic radii and zeta potentials of
the nanoparticle variants were presented as mean % standard
deviation (S.D.).

Lyophilized NPs were reconstituted in MilliQ water
(1 mg mL$1) and washed by centrifugation (20 000 " g; 20
minutes; 3") for further puri!cation for transmission electron
microscopy (TEM) imaging. The resulting NP pellet was recon-
stituted in 250 mL of MilliQ water, and 10 mL of the suspension
was deposited on carbon-coated copper grid and dried over-
night. All TEM images were obtained at 120 kV using JEOL JEM-
2100.

2.5 Protein quanti!cation

Micro BCA™ Protein Assay Kit (Thermo Scienti!c™) was
utilized in the study for (a) con!rmation of Tf-conjugation on
Cy5-p(HEMA-ran-GMA) nanoparticles and (b) quanti!cation of
adsorbed serum proteins on nanoparticle variants. Details of
individual analyses have been provided in the ESI.† The quan-
ti!cation assay was performed according to the manufacturer's
protocol. In brief, bovine serum albumin standards at known
concentrations ranging from 5–50 mg mL$1, and test samples
were loaded into individual wells of a clear, "at-bottomed 96-
well micro-titre plate. All standard and sample volumes were
kept consistent at 150 mL, and tested in triplicate. 150 mL of
Micro BCA™ working reagent, as described by the
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manufacturer, was delivered into each well and the plate was
incubated for 2 hours at 37 !C. A!er cooling to room tempera-
ture, the absorbance of all samples was measured at 562 nm on
a plate reader (PerkinElmer™ EnSpire® Multimode Plate
Reader) to determine protein concentration.

2.6 Drug loading and release pro!le measurements from Tf-
NP by high performance liquid chromatography (HPLC)

HPLC coupled with UV/Vis detector was used to determine drug
loading and the respective release pro!les from Tf-NP. Details
of drug loading in nanoparticles by back!lling, and HPLC
detection of LOM, YM872 and oxATP have been provided in the
ESI.† To assess drug release in the presence of serum proteins,
drug-loaded Tf-NP were placed in 55% (v/v) human serum in 1"
PBS at 37 !C at a !nal nanoparticle concentration of 10 mg
mL#1. At designated release assessment time points, 150 mL

aliquots of the samples from the sinks were rapidly centrifuged
(<2 minutes) through !lter units (Amicon® Ultra-4 Centrifugal
Filter units NMWL 3 kDa) according to the manufacturer's
speci!cations. The !ltrate collected was then used for the
detection of drug concentration by HPLC at speci!c time points
over 1 hour. HPLC auto-sampler vials were !tted with poly-
propylene micro-volume inserts with bottom-springs to contain
the !ltrate samples for analysis.

2.7 Culture of primary mixed cortical cells

All experimental procedures were carried out in strict accordance
with the Australian Code of Practice for the Care and Use of
Animals for Scienti!c Purposes as stipulated by the National
Health and Medical Research Council, and approved by The
University of Western Australia Animal Ethics Committee
(Approval Number RA/3/100/673 and RA/3/100/1485). Brains were

Scheme 1 Synthesis of transferrin-functionalized and Cy5-labelled p(HEMA-ran-GMA) nanoparticles (Tf-NP) via a three-stage process that
utilizes hetero-bifunctional PEGylated cross-linkers, SM(PEG)8 and SAT(PEG)4. Full description of Tf-NP synthesis is provided in the ESI.†

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 2856–2869 | 2859
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dissected from humanely euthanized rat pups using a sterile
scalpel (Braun™) and placed into a Petri dish containing Hank's
Balanced Salt Solution (HBSS). Cortices were surgically freed from
subcortical structures and meninges, using forceps and !ne
operating scissors, and placed into a new Petri dish containing
clean, ice-cold HBSS, where they were dissected into !1 mm3

pieces. Digestion solution containing 13.6 mL HBSS, 0.8 mL
DNaseI (0.2 mg mL"1) and 0.6 mL trypsin (0.25%), was added for
15minutes in 5% CO2 at 37 #C. Digested cortices were transferred
into 5 mL DMEMS20 (DMEM, 4 mM 100$ GlutaMAX, 1 mM
sodium pyruvate, 20% (v/v) fetal bovine serum (FBS), 100 000 U
mL"1 penicillin-streptomycin). Residual tissue in the Petri dish
was gently washed with !2–3 mL DMEMS20 and added to the
digested cortices, which were then centrifuged for 5 minutes at
100 $ g, at which point, a clear tissue pellet could be distin-
guished. 5 mL of DMEMS20 was added to the tissue pellet, which
was then triturated using a transfer pipette until almost homog-
enous and settled on ice for 10 minutes. Avoiding the loose tissue
pellet, the cell suspension was passed through a 70 mm nylon
strainer (VWR International) and into 5mLDMEMS20. Cells were
counted using trypan blue exclusion assay (0.4% trypan blue;
Invitrogen™) with a Neubauer Improved Bright-lined Haemocy-
tometer (ProSciTech®) on an Olympus® CK30 culturemicroscope
at 20$ magni!cation. Cell suspension was added to DMEMS20
(+10 ng mL"1 platelet derived growth factor-AA (PDGF-AA) and 10
ng mL"1 basic !broblast growth factor (bFGF)) and plated onto
poly-DL-ornithine (10 mg mL"1) coated 18 mm2 glass coverslips in
clear 12 well tissue culture plates at a density of 1 $ 104 cells per
cm2. Cultures were incubated at 37 #C in 5%CO2 for 10 days, with
half-volumemedia changes of DMEMS20 + (20 ngmL"1 PDGF-AA
and 20 ng mL"1 bFGF) every 2–3 days.

2.8 Treatment application to primary mixed cortical cultures

Stock nanoparticle variant suspensions of known concentra-
tions were obtained by dispersion in 50 mM HEPES bu!er (pH
7.4) and sterilized by UV irradiation (45 minutes in 1.5 mL
Eppendorf® tubes). A!er 10 days of culture of the mixed cortical
cells, the stock nanoparticle suspensions were added to test
wells containing fresh media (DMEMS20; +20 ng mL"1 PDGF-
AA and 20 ng mL"1 bFGF) at a volumetric ratio of 1 : 10 ratio
respectively. Final nanoparticle concentrations were applied to
test wells as required for the designated assessments: 25 mg
mL"1 for immunohistochemistry labelling; 25–1000 mg mL"1

for cell viability assay by Live/Dead™ assay.

2.9 Cytotoxicity assessment

Cultured primary mixed cortical cells were incubated with
nanoparticle variants at de!ned !nal nanoparticle concentra-
tions, and stained using the Live/Dead™ reagent (4 mM
ethidium homodimer-1 (EthD-1) and 2 mM calcein AM)
(Molecular Probes™) to identify live versus dead cells on the
basis of membrane integrity and esterase activity. A!er a 45
minute incubation at room temperature, cytotoxicity was
quanti!ed by recording "uorescence with a plate reader set to
494/517 nm (excitation/emission) for calcein AM (live cells) and
528/617 nm for EthD-1 (dead cells). Experiments were repeated

three times using cultures derived from separate litters of rat
pups. Representative wells were imaged using "uorescence
microscopy with a 40$ objective lens to assess four standard-
ized !elds of view (FOV) of 293.703 $ 293.703 mm per technical
replicate (n % 3). The numbers of appropriately "orescent live
and dead cells were counted and expressed as mean percent-
ages of the total cell population within the FOV.

2.10 Immunohistochemistry and confocal microscopy

Nanoparticle variants at a !nal concentration of 25 mg mL"1

were applied to well plates in duplicate, to allow for immuno-
histochemical identi!cation of multiple cell types and nano-
particle localization therein, and cultures were incubated for
a further 24 hours at 37 #C in 5% CO2, with the inclusion of 20%
FBS in the culture media as described in Section 2.7. Experi-
ments were repeated three times using cultures derived from
separate litters of rat pups. Immunohistochemistry was con-
ducted in accordance with established procedures5 using
primary antibodies recognizing markers as follow: microglial
activation markers Iba1 (1:500; Abcam, goat Ab5076) and ED1
(1:500; Merck Millipore, mouse MAB1435); oligodendroglial
indicator oligodendrocyte transcription factor 2 (Olig2; 1:500;
R&D Systems, goat AF2418); astrocyte indicator glial !brillary
acidic protein GFAP (1:500; Abcam, rabbit AB33922); and
neuronal indicator b-III tubulin (1:500; Merck Millipore, mouse
MAB1637). Antibodies were diluted in PBS containing 0.2%
Triton™ X-100 and 5% normal donkey serum. Secondary anti-
bodies were Alexa Fluor 488 or 555 (1:400; Thermo Fisher Sci-
enti!c™), together with Hoechst 3342 (1:1000; Thermo Fisher
Scienti!c™) diluted in 1$ PBS containing 0.2% Triton™ X-100.
Finally, the sections were mounted on glass slides with cover
slips using Fluoromount-G (Thermo Fisher Scienti!c™). The
slides were viewed using Nikon Eclipse Ti-inverted microscope.
Four randomly sampled, non-overlapping Z-stack images were
taken per well at 20$ magni!cation. A series of 13 optical
images were taken at 0.5 mm increments along the z-axis, and
deconvoluted using Nikon Elements NT so!ware. This was
followed by the assessment of consistently sized (293.703 $
293.703 mm), non-overlapping regions of interests (ROIs) in the
confocal images in order to determine the proportion of distinct
cell populations that exhibit Cy5 "uorescence from the uptake
of NP and Tf-NP. All image analyses were performed on Fiji
image processing so!ware (National Institutes of Health). In
conjunction with representative confocal images obtained
using all of the above-mentioned markers, total numbers of
Iba1+ resident reactive microglia and ED1+ activated microglia/
macrophages with and without nanoparticles were counted
within a ROI in a 40$ image and expressed as the mean number
of cells per mm2. Quanti!cation was con!ned to microglia/
macrophages due to the prevalence of nanoparticle variants
within these cell populations, and the biological relevance of
immune cell engulfment of nanoparticles.

2.11 Statistical analysis

All statistical data were processed and analyzed using GraphPad
Prism® 6.0.
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Protein quanti!cation by Micro BCA™ assay. Amount of
adsorbed serum proteins on standardized and knownmasses of
NP and Tf-NP was assessed for statistical signi!cance using two-
way ANOVA, with post-hoc analysis by Tukey's multiple
comparisons test (a ! 0.05).

In vitro data. Statistical assessments of the data were carried
out using two-way ANOVA, with post-hoc analyses conducted by
Sidak's or Tukey's multiple comparisons tests where applicable
(a ! 0.05).

Drug release analysis by HPLC. Data from speci!c test
conditions such as pH and the presence of serum proteins were
obtained in triplicate and plotted on X–Y graphs. Best lines of !t
of the data were drawn using the Michaelis–Menten !tting
method. The signi!cance of the data was analysed by two-way
ANOVA, with post-hoc assessments conducted with Tukey's
multiple comparisons test (a ! 0.05). Further comparison of
drug release kinetics under speci!c pH environments was
conducted by mathematical simulation of linearity using the
Higuchi model.

3 Results and discussion
3.1 p(HEMA-ran-GMA) copolymer is a suitable matrix for
functionalized nanoparticle formulation designed for the
incorporation of water-soluble therapeutic cargo

Of the three ion channel antagonists that collectively exhibited
promising therapeutic outcomes for secondary degeneration in
preclinical studies,15,45 YM872 and oxATP have high solubility in
aqueous medium (YM872, 83 mg mL"1 solubility in Britton–
Robinson bu!er;46 oxATP, 50 mg mL"1 solubility in H2O47). LOM
on the other hand, is lipophilic in nature, and known to be
soluble in chloroform, DMSO and methanol, with limited solu-
bility in water.48 However, water-based solutions of LOM may be
prepared by dissolution in methanol, followed by dilution in
water.49 Poly (HEMA) nanoparticles that swell in aqueous media,
due to interactions with the hydroxyl pendants on the polymer
chains, have the capacity to load and release water-soluble drugs
such as doxorubicin and 5-"uorouracil in a controlled
manner.50,51 Thereby, the HEMA component of the polymeric
backbone in the hydrophilic p(HEMA-ran-GMA) nanoparticles
presents the opportunity to incorporate LOM, YM872 and oxATP
within a single polymeric delivery formulation.

Highly reactive epoxide functional groups conferred by gly-
cidyl methacrylate (GMA) monomer used in the synthesis of
p(HEMA-ran-GMA) are useful in enabling functionalization of
targeting ligands and/or "uorescent labels on the nanoparticles
via ring-opening reactions.52 Additionally, the epoxide groups in
the p(HEMA-ran-GMA) backbone are vital in this study as they
facilitate the structural formation of nanoparticles in a sponta-
neous water-in-oil (W/O) microemulsion by crosslinking
chemistry. Taken together, the random copolymer p(HEMA-ran-
GMA) is endowed with essential characteristics that suit the
development of functionalized, hydrophilic and cross-linked
nanoparticles for the incorporation of water-soluble drugs.

Details of the fabrication of cross-linked p(HEMA-ran-GMA)
nanoparticles, Cy5-labeling, and Tf-functionalization of the
nanoparticles are found in the ESI (Fig. S1 and S2†).

3.2 Physico-chemical properties of Tf-NP suggest suitability
for CNS delivery

Dynamic Light Scattering (DLS) intensity histograms (Fig. 1A) of
NP and Tf-NP suspensions show that the nanoparticle variants
have narrow size distributions, and TEM images (panels (i) and
(ii) in Fig. 1A) reveal that the nanoparticles are uniform with
spherical conformation. The nanoparticle polydispersity index
(PDI) values of both NP (0.107) and Tf-NP (0.045) are small
(Fig. 1B), signifying that the nanoparticle variants are suitably
mono-dispersed for biological applications.53 Tf-NP (285 nm)
has a slightly larger mean hydrodynamic size than NP (220 nm)
(Fig. 1B). The lower limit of hydrodynamic size of therapeutic
nanoparticles designed for CNS delivery is thought to be
#20 nm, which allows the avoidance of rapid renal glomerular
!ltration.54,55

The appeal for this approximate nanoparticle size also stems
from the narrow width (#40–60 nm) of the extracellular space in
the healthy human brain.56 However therapeutic nanoparticles
up to 300 nm, particularly those that are modi!ed with poly-
ethylene glycol (PEG), have been reported to successfully accu-
mulate in the CNS following systemic delivery.57,58 Thus, the
hydrodynamic size range of Tf-NP that are functionalized with
the aid of a PEGylated cross-linker, may be suitable for non-
invasive CNS delivery. Moreover, it is noteworthy to acknowl-
edge that larger therapeutic nanoparticles (#200–300 nm) can
be advantageous for clinical application due to improved drug-
loading e"ciency and payload, and can lead to enhanced drug
dispersion and extended periods of drug release.59 However, the
exact size criterion for CNS-speci!c nanoparticles remains
unclear, as the overall design of the nanoparticles largely
controls the mechanisms involved in CNS uptake.

The surface charges of NP and Tf-NP indicated by zeta
potential measurements at pH 7.4 are "20.8 and "5.98 mV
respectively (Fig. 1B). The general negative charges of the
polymeric nanoparticle variants in the aqueous environment
can be attributed to the dissociation of hydroxyl groups in
p(HEMA-ran-GMA) copolymer chains.60 In addition, the positive
shi! in the surface charge of Tf-NP with respect to NP may be
indicative of the protonation of amine groups on the conjugated
Tf.25 Therapeutic nanoparticles with near-neutral, slightly
negative zeta potentials have been reported to successfully
access brain tissue when administered intravenously.58,61

Accordingly, it is considered advisable for CNS-speci!c nano-
particles to have zeta potentials that are slightly negative at
physiological pH ("1–15 mV at pH 7.4) in order to limit
unfavourable biodistribution outcomes as a response to net
surface charge.62–64 Taken together, the hydrodynamic size and
surface charge of p(HEMA-ran-GMA)-based nanoparticles
developed for this study may be suitable for CNS delivery.

3.3 Tf-NP are not cytotoxic to primary mixed cortical
cultures, and are less susceptible to uptake by microglial
populations than NP

It is fundamental that engineered therapeutic nanoparticles are
not cytotoxic such that their proposed bene!cial qualities are
not negated. In vitro assessments in this study were conducted
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in primary mixed cortical cultures in 20% serum, as this is the
highest concentration of serum in which cells maintain viability
in vitro. Live/Dead™ assay con!rms that NP and Tf-NP are not
cytotoxic to the cultures at concentrations up to 500 mg mL!1

nanoparticle (Fig. S3 in ESI†). The interaction and localization
of the Cy5-labelled nanoparticle variants with relevant cell types
are further determined by confocal microscopy of immuno-
labelled primary cultures.

Co-localization of Cy5 is not observed in GFAP+ cells, or in
those labelled with bIII-tubulin, suggesting that neither NP nor
Tf-NP are taken up by astrocytes or neurons (representative
confocal images in Fig. 2A). Likewise, olig2+ cells do not take up
the nanoparticle variants regardless of functionalization
(representative confocal images in Fig. 2B). Interestingly, both
nanoparticle variants predominantly localize within resident
microglia (Iba1+ cells) as well as activated microglia/
macrophages (ED1+ cells) (representative confocal images in
Fig. 2C). Further quantitative analysis from confocal images
reveals that Tf-functionalization does not cause a signi!cant
di!erence in nanoparticle uptake by Iba1+ cells. However,
a greater percentage of ED1+ cells contain NP than Tf-NP
(Fig. 2D).

The results suggest that Tf-NP are less susceptible to uptake
by activated microglia/macrophages than NP. Given that
microglial populations in the CNS are highly phagocytic and act

as the !rst line of defence for immunological responses,65 the
reduced uptake of Tf-NP reported in this in vitro assessment
may be favourable as it suggests that the nanoparticles may not
be subjected to rapid systemic clearance under in vivo test
conditions. However, it is acknowledged that the elevated
presence of serum proteins in the physiological milieu (55%) in
comparison to the serum content in the culture environment
used in this study (20%) may result in variations in the nano-
particle biodistribution in vivo due to increased serum protein
interactions at the nanoparticle surfaces.

3.4 Combinatorial ion channel antagonist treatment can be
loaded into Tf-NP by back!lling

A simple back!lling strategy is used to load LOM, YM872 and
oxATP into Tf-NP. This drug loading method has been
described for mesoporous silica nanoparticles whereby active
molecules are allowed to di!use into the empty pores of the
nanoparticles by exposure to either vapour or solution.66 A
signi!cant advantage of back!lling is that it does not result in
chemical modi!cation of the drugs thereby maximizing drug
potency.67 The cross-linked, water-permeable p(HEMA-ran-
GMA)-based nanoparticles developed in this study do not lose
structural integrity upon lyophilization; a process known to
improve long-term colloidal stability.68 Since LOM, YM872 and
oxATP can be dissolved to make up an aqueous drug solution,

Fig. 1 Nanoparticle characterization: (A) Dynamic Light Scattering (DLS) demonstrate the size distribution of Cy5-labelled p(HEMA-ran-GMA)
nanoparticles (NP) and transferrin (Tf)-functionalized nanoparticles (Tf-NP). Light scattering intensity percentages for NP and Tf-NP (n " 3) are
normalized to 1. Representative transmission electron microscope (TEM) images of NP are depicted in panels (i) 5000# and (ii) 20 000#
magni!cations. Scale bar" 500 nm. (B) Tabulated data summarizes the mean hydrodynamic diameters ($standard deviation (S.D.)), nanoparticle
polydispersity (PDI), and nanoparticle surface charges in terms of zeta potential measurements ($S.D.) of NP and Tf-NP (n " 3).
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drug loading of Tf-NP is possible by rehydration of the lyophi-
lized nanoparticles. As the nanoparticle structure swells in the
aqueous medium, the drugs in solution are absorbed within.
The maximum loading e!ciencies of LOM, YM872 and oxATP
are 11.8 ! 1.05% (w/w), 13.9 ! 1.50% (w/w) and 22.7 ! 4.00%
(w/w) respectively as detected by HPLC (Fig. 3A).

3.5 Serum protein on drug-loaded Tf-NP impacted drug
release kinetics

Commonly utilized in vitro conditions are either serum-free, or
supplemented with 10–20% (v/v) serum depending on culture
protocols.69 Standard in vivo environments however may consist
of up to 55% (v/v) serum.40,42,70 In the presence of higher serum

Fig. 2 In vitro uptake of Cy5-labelled p(HEMA-ran-GMA) nanoparticles (NP) and transferrin-functionalized Cy5-labelled p(HEMA-ran-GMA)
nanoparticles (Tf-NP) in primary mixed cortical cultures. Representative confocal microscopy images (40" magni!cation) are of NP and Tf-NP
treated cultures that are immunohistochemically stained to detect: (A) GFAP+ astrocytes (red) and bIII-tubulin+ neurons (green); (B) olig2+
oligodendroglia (red); (C) top panel: Iba1+microglia (green); bottom panel: ED1+microglia/macrophages (green). All cell nuclei are labelled with
Hoechst (blue) and Cy5-labelled nanoparticle variants appearmagenta in the confocal microscopy images. Scale bar# 10 mm.White arrowheads
indicate nanoparticle colocalization in the representative confocal images. (D) Uptake of nanoparticle variants (NP and Tf-NP) by Iba1+ and ED1+
cells in primary mixed cortical cultures expressed as percentages of total count of respective cell types in standardized !elds of view at 40"
magni!cation. Mean values are presented with standard error of measurements (!SEM). Statistical analyses were conducted using two-way
ANOVA with post-hoc analysis by Sidak's multiple comparison's test (n # 3, *p # 0.05).
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protein concentrations, the e!ect of the protein corona on the
behaviour of therapeutic nanoparticles is likely to be greater,
due to increased concentration of adsorbed serum proteins on

the surfaces of the nanoparticles.37,71 Using physiologically
relevant human serum concentration of 55% (v/v), Micro BCA™
protein quanti!cation assay of the tightly adsorbed serum

Fig. 3 Assessment of drug-loaded, transferrin-functionalized p(HEMA-ran-GMA) nanoparticles (TF-NP) by High Performance Liquid Chro-
matography (HPLC). (A) Maximum loading of individual ion channel antagonists (mg) per mg Tf-NP. Release pro!les of (B) lomerizine, (C) YM872
and (D) oxATP from known masses of drug-loaded Tf-NP incubated at 37 !C in 1" phosphate bu"ered saline (PBS) at pH 7.4 and 5, with and
without the inclusion of 55% (v/v) human serum. Lines of best !t of the data are drawn using the Michaelis–Menten !tting method. Blue dotted
lined in plots B-D indicate the limit of detection of individual drugs assessed by respective HPLC methods. Data provided in this !gure (A–D) are
presented as mean values (n # 3) with standard error of measurements ($SEM). HPLC data stated as ‘w/corona’ refer to those obtained in the
presence of serum proteins. (E) Schematic diagram demonstrating the e"ects of pH and the presence of the protein corona on drug release from
drug-loaded Tf-NP. Orange and yellow arrows denote release of ion channel antagonists from Tf-NP under speci!c pH. Thickness of arrows
correlate to concentration of released drugs. Image not drawn to scale.
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proteins closest to the nanoparticle surface (hard corona) on NP
and Tf-NP reveals that the adsorbed protein concentration on
Tf-NP is signi!cantly higher (1.5 mg protein per mg nano-
particle) than that on an equivalent mass of NP (0.4 mg protein/
mg nanoparticle) (Fig. S4A in ESI†).

Given that the constituency of the protein corona may be
modi!ed with variable surface functionalizations,32,72 equal
amounts of proteins from the hard corona proteins from NP
and Tf-NP are separated for assessment by SDS-PAGE
(Fig. S4B†). There are no substantial di!erences in the types
and intensities of the protein bands derived from the hard
corona of both nanoparticle variants, suggesting that the Tf
functionalization of p(HEMA-ran-GMA)-based nanoparticles
likely do not enrich the protein corona with serum proteins of
di!erent molecular weights. Indeed, a qualitative assessment of
the protein bands by mass spectrometry may o!er further
insight about the types of adsorbed serum proteins on the
nanoparticle variants. However quantitative protein corona
assessment is more relevant to the scope of this study.

The release kinetics of ion channel antagonists from Tf-NP
are assessed by HPLC over a period of 1 hour at 37 !C, either
in 1" PBS in neutral physiological pH of 7.4, or in a slightly
acidic environment (pH 5) that correlates to the endosomal
environment73 (Fig. 3B–D). NP are not evaluated for drug
loading or release in this study as the key objective of the
assessment is to elucidate the capacity of nanoparticles that are
speci!cally functionalized for controlled drug release in the
CNS.

While the general trends of the plots demonstrate sustained
release of the ion channel antagonists over at least 20 minutes,
statistical analyses of the data reveal details of the impact of pH
and serum on the release of each drug from Tf-NP. Statistically

signi!cant di!erences in the released drug concentrations that
are obtained from two-way ANOVA analysis with post-hoc
analysis by Tukey's multiple comparisons test are summarized
in Table 1.

Under serum-free conditions, the lower pH of 5 signi!cantly
enhances the release of LOM and oxATP beyond the 15 minute
time point in comparison to pH 7.4. The pH variation, however,
does not signi!cantly a!ect the concentrations of released
YM872 at 1 hour. It is postulated that the enhanced release of
LOM and oxATP under acidic conditions is likely a result of
structural shrinkage of the nanoparticles, as cross-linked
p(HEMA)-based hydrogels have previously demonstrated vari-
able swelling capacity in water in response to pH, which
consequently a!ects drug release from within.74 This assump-
tion is tested in this study using a mathematical model of drug
release, which can be useful to establish the mechanism of drug
release from a matrix. The Higuchi simulation is a well-known
and widely used controlled release model for spherical hydro-
gel systems that is based on several key hypotheses; one of
which assumes that matrix swelling or dissolution is negli-
gible.75,76 By !tting the drug release data of LOM obtained from
the tested pH conditions into the Higuchi model, it is found
that better linearity is obtained at pH 7.4 (R2 # 0.8868) in
comparison to pH 5 (R2 # 0.6980). Data for this simulation is
provided in Fig. S5 in the ESI.† While this !nding suggests that
non-negligible structural changes could have occurred to the Tf-
NP under acidic conditions to impact the release kinetics of
LOM, the mathematical simulation model could not be applied
to the release data obtained with oxATP due to the unavailability
of a complete drug release data set. At least initially, oxATP is
present at detectable concentrations. However, the release
kinetics of oxATP from Tf-NP is not measurable over the entire

Table 1 Summary of the statistical comparisons by two-way ANOVA of the released concentrations of individual ion channel antagonists (LOM,
YM872 and oxATP) from Tf-NP under di!erent test conditions (i.e. $ 55% (v/v) human serum in 1" PBS and/or variable pH at 5 and 7.4) over the
assessed time points. Post-hoc analysis conducted using Tukey's multiple comparisons testa

LOM: F(5, 48) # 94.81 5 min 10 min 15 min 20 min 30 min 60 min

pH 7.4 v. pH 5 ns ns ** ** ** ***
pH 7.4 v. pH 7.4 w/corona ns ns ns * * ns
pH 5 v. pH 5 w/corona ns ns ns ns * ns
pH 7.4 w/corona v. pH 5 w/corona ns ns ** **** * **

YM872: F(5, 47) # 52.34 5 min 10 min 15 min 20 min 30 min 60 min

pH 7.4 v. pH 5 ns ns ns ns ns ns
pH 7.4 v. pH 7.4 w/corona ns ns ns ** ** ns
pH 5 v. pH 5 w/corona ns ns ns * ** *
pH 7.4 w/corona v. pH 5 w/corona ns ns ns ns ns ns

oxATP: F(5, 48) # 7.157 5 min 10 min 15 min 20 min 30 min 60 min

pH 7.4 v. pH 5 ns ns *** *** * ND
pH 7.4 v. pH 7.4 w/corona ns ns ns ** ND ND
pH 5 v. pH 5 w/corona ns ns ND ND ND ND
pH 7.4 w/corona v. pH 5 w/corona ns ns ND ND ND ND

a “*” Indicates signi!cant di!erence in released drug concentration at speci!c time point, *p# .05, **p # .01, ***p# .001; “ns” # not signi!cant;
“ND” # no data (therefore unable to perform statistical analysis); “v.” # versus; “w/corona” # with protein corona; “min” # minutes.
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assessment period and conditions de!ned in this study
(Fig. 3D). Being a small Schi!-base molecule,77 oxATP may be
inclined to hydrolytic cleavage of azomethine bonds present in
the compound, causing interferences in assessments conduct-
ed in the aqueous environment.78 As such, it is possible that the
instability of the oxATP released from Tf-NP under the
described test conditions may have contributed to the lack of its
detection by HPLC beyond!15minutes at pH 5. However, at pH
7.4, oxATP remains detectable by HPLC analysis for up to 30
minutes in serum-free conditions. Given these observed varia-
tions in the release kinetics of the ion channel antagonists, it is
likely that the di!erences in the molecular properties of the
therapeutic agents played a role in modulating their release
rates from Tf-NP in di!erent pH environments.

The presence of serum proteins, or in other words, formation
of protein corona, results in a statistically signi!cant di!erence
in the concentrations of released LOM, YM872 and oxATP from
Tf-NP at delayed stages (beyond 10minutes). It is noted however
that the analysis of oxATP release is limited due to the afore-
mentioned incomplete data set. Protein corona formation on
Tf-NP does not impact the rate of release of all three ion channel
antagonists during the !rst 10 minutes of the assessment at
both pH 5 and 7.4. Beyond the 15 minute time point up to the
end of the assessment at 1 hour, the protein corona signi!cantly
lowers the amount of LOM released from Tf-NP at pH 7.4.
Interestingly, at pH 5, the protein corona only impacts on LOM
release beyond the 30 minute time point. The protein corona
mitigates the release of YM872 a!er 20 minutes, regardless of
pH. However, at pH 7.4, the amount of YM872 released is not
a!ected by the protein corona at the 1 hour time point. It is
likely that the YM872 release from Tf-NP was approaching
equilibrium concentrations by this stage of the assessment. The
highest detected oxATP concentration released from Tf-NP is
0.05 " 0.006 mM at pH 7.4 at 30 minutes under serum-free
conditions. In the presence of serum proteins at pH 7.4, the
detectable amount of released oxATP diminishes to approxi-
mately 0.03 " 0.001 mM at the 20 minute time point. In a more
physiologically relevant assessment that compares drug release
from Tf-NP in the presence of serum proteins at pH 5 to that at
7.4, it is revealed that only the release of LOM is signi!cantly
enhanced in the acidic environment, and this is beyond the 15
minute time point up to 1 hour. Taken together, this study
demonstrates that the protein corona can induce a shielding
e!ect on drug release.37,79 However, it appears that the impact of
the protein corona on drug release from Tf-NP varied temporally
with respect to the speci!c ion channel antagonist.

The results reveal an important consideration for the
development of therapeutic nanoparticles, whereby the assess-
ment of drug release kinetics in the presence of serum and
variable pH provides a more realistic outcome of therapeutic
potentials. In this case, biocompatible Tf-NP loaded with LOM,
YM872 and oxATP release their therapeutic cargo at both
physiological and endosomal pH. While sustained release is
exhibited by both LOM and YM872 from Tf-NP over a period of 1
hour, potential instability of oxATP in the biological environ-
ment may limit its therapeutic potential to a shorter time span
(<30 minutes). Nevertheless, in the presence of a protein corona

induced by exposure to 55% (v/v) serum, LOM, YM872 and
oxATPmay still be released in combination from Tf-NP for up to
20 minutes.

Partition equilibrium e!ects may moderate the distribution
of released therapeutic agents, thereby a!ecting measured
released drug concentrations.80–82 Released drugs from thera-
peutic nanoparticles may bind to the serum proteins present in
either the protein corona, or to those present in the aqueous
media, thereby altering the measured concentration of released
drugs. The present work has not distinguished between corona
e!ects and free serum binding e!ects. Therefore, it is
acknowledged that the concentration of released drugs detected
in the presence of serum protein may represent the fraction of
released drug that was not bound by serum proteins. While this
study focuses on the changes in drug release kinetics as a result
of serum protein presence, future work may bene!t from
experimental measurements of partition coe"cients for the ion
channel antagonists, to determine the relative contributions of
unbound serum proteins and protein bound as part of a corona.

Research has revealed that the circulation half-life of
systemically administered targeting nanoparticles ranges from
a few minutes up to half hour, prior to elimination from the
physiological system.83,84 Therefore, the preliminary drug
release outcomes from this study obtained by taking typical
blood serum concentration into consideration, suggest that
systemically delivered Tf-NP may be capable of delivery of ion
channel antagonists over clinically relevant durations. Addi-
tionally, taking into consideration that transient openings can
occur in the BBB upon acute CNS trauma,18 it may also be
possible that the Tf-NP can advantageously accumulate within
the CNS from circulation to deliver the ion channel antagonist
combination. Tf functionalization may thus serve as an auxil-
iary mechanism to improve CNS biodistribution in the event
that the BBB returns to its normal closed state by the time the
therapeutic nanoparticles are introduced into physiological
circulation.

4 Conclusions
Hydrophilic p(HEMA-ran-GMA) random copolymer is used to
develop biocompatible Tf-functionalized nanoparticles in this
study to successfully incorporate the largely water-soluble
combination of ion channel antagonists (LOM, YM872 and
oxATP) identi!ed for secondary degeneration therapy. There is
now increased recognition that preliminary in vitro assessments
of therapeutic nanoparticles designed for intravenous admin-
istration require the inclusion of physiologically relevant serum
proteins to account for the e!ects of the inevitable formation of
the protein corona in vivo. In doing so, measured therapeutic
outcomes may more closely match prospective in vivo results
such that the potential for clinical translation of promising
nanotherapies may be accelerated due to enhanced under-
standing of their biological behaviour. As such, release kinetics
of the respective ion channel antagonists from Tf-
functionalized p(HEMA-ran-GMA) nanoparticles are assessed
in the presence of serum proteins as a critical demonstration of
therapeutic capability of the polymeric carriers in biological
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milieu. Recent studies suggest the inclusion of dynamic !ow
conditions in in vitro assessments as circulating serum proteins
under physiological conditions may a!ect the protein corona
composition, which may then moderate biological outcomes of
therapeutic nanoparticles.85–88 Although !ow dynamics is not
accounted for in this study, it is acknowledged that future work
could bene"t from incorporating this factor. While controlled
release of the therapeutic agents is established from the
p(HEMA-ran-GMA)-based nanoparticles, it is importantly
revealed that the presence of serum proteins moderated the rate
of speci"c drug release, which may consequently impact the
scale of therapeutic success under physiological conditions.
Moreover, the inclusion of conditions such as physiological
temperature and variable pH in the drug release assessment,
suggests that oxATP might not be as stable as LOM or YM872
under biological conditions. Overall, this in vitro study is
a pivotal "rst step to gauge the e!ectiveness of Tf-functionalized
p(HEMA-ran-GMA) nanoparticles to deliver the speci"c combi-
nation of ion channel antagonists for the treatment of
secondary degeneration under the in!uence of the protein
corona. The results obtained suggest that future in vivo
assessments should factor in the circumstance that the collec-
tive exposure of the LOM, YM872 and oxATPmight be limited to
approximately 20minutes of nanoparticle circulation within the
physiological system.
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CHAPTER 4 
Discussion and Future Work 

In this project, polymer-based nanoparticles functionalised for CNS-specific 
targeting are designed and developed for the delivery of therapeutic agents to counter the 
pathological mechanisms that propel secondary degeneration.70, 73, 74, 334 A key reason for the 
need of such drug delivery vehicles is to enable the drugs to be effectively delivered at 
required doses to the CNS without the need of invasive techniques, which may compromise 
the treatment of the existing injuries. Moreover, sustained release of therapeutic agents from 
the nanoparticles may be beneficial to limit the need for regular and/or large doses, which 
may be inconvenient in clinical settings. With the use of nanoparticle-mediated drug 
delivery that is typically administered intravenously, there has been increased recognition 
that the inevitable formation of the protein corona could influence therapeutic strategies by 
causing an impact on specific targeting574, 619, 635 and the bioavailability of released active 
agents.584, 645 As such, protein corona analyses have become a mainstay in the assessments 
of various promising nanoparticle formulations over the past decade.547 Accordingly, the 
studies conducted for this thesis have also invested in protein corona assessments in order to 
provide enhanced understanding of the biological identity and fate of the drug delivery 
vehicles. This chapter expands on the discussion of these reports by detailing further 
consequences and implications of the results obtained. Additionally, speculations for useful 
future directions are highlighted. Following these discussions, a general conclusion for this 
thesis is provided. 
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4.1 Comprehensive protein corona assessments may provide 
improved understanding of biological identity of nanoparticles in 
vivo 

In the first of the series of papers described in this thesis, PGMA-based 
nanoparticle variants are used to demonstrate that the composition and concentration of 
adsorbed hard corona proteins can vary with surface functionalisation. This is evident 
even with PEGylated PGMA nanoparticles that are specifically designed to minimise 
serum protein adsorption by steric hindrance. Importantly, the study postulates that the 
enhanced presence of specific classes of serum proteins of varied biological functions 
may direct biological behaviour of intravenously delivered therapeutic nanoparticles 
accordingly. Targeting efficiency is one such attribute of functionalised therapeutic 
nanoparticles that the protein corona can influence. Therefore, modulating surface 
functionalisation of nanoparticles to recruit specific serum proteins that may naturally 
target explicit cell types has become a widely explored strategy in targeted drug 
delivery.598, 646-648  

However, other analytical models suggest that specific targeting of 
nanoparticles via the introduction of proteins or peptides to the nanoparticle surface may 
still be maintained as long as the protein corona does not shield the epitopes of the 
targeting moieties.602, 649, 650 Accordingly, unpublished in vitro data acquired as part of the 
studies conducted for this project, show (Figure 4.1) that despite the presence of protein 
corona, targeting functionality of conjugated αNG2 on PGMA-based nanoparticles can be 
retained, albeit lowered. As depicted in Figure 4.1, αNG2-PGMA-based nanoparticles are 
still able to recognise fluorescent secondary antibodies in the presence of the induced 
protein corona up to 4 h. Indeed, there may be the possibility that the fluorescence 
detection from this assessment could have been the result of non-specific binding, 
whereby the secondary antibodies could have interacted with the serum proteins and 
progressed to have become part of the protein corona on the nanoparticle variants. With 
such complexities potentially arising, there is an outstanding need to comprehend the 
impact of the protein corona better on a case-by-case basis.  

While the first study successfully addresses Aim 1 of the PhD project, indeed it 
is feasible to expand the design of the protein corona analyses to enhance the correlation 
between bench assessments and physiological outcomes. The following sub-sections 
elaborate potential future directions for more comprehensive protein corona assessments 
within the scope of this project. 
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Figure 4.1 Demonstration of primary antibody (1°) aNG2-conjugated PGMA-based nanoparticles 
recognising fluorescent secondary AF488 donkey anti-rabbit antibody (2°) in the presence of a 
protein corona over an incubation time of 4 h at 37°C. 

All PGMA nanoparticles are fluorescently tagged with Rhodamine B (RhB) and encapsulated with 
gold (Au) nanoparticles prior to conjugation with αNG2. PEGylated variants of the PGMA 
nanoparticles (PGMA-Au-RhB-PEG-Mal) are also developed for the assessment. Statistical 
analysis conducted by two-way ANOVA with post-hoc analysis by Tukey’s multiple comparisons 
test. 

4.1.1 Inclusion of dynamic flow conditions 

To ensure that the PGMA-based nanoparticles do not agglomerate rapidly 
during the incubation period prior to sufficient interaction with biomolecules, the 
suspensions are subjected to mild and controlled agitation. While the nanoparticles are 
exposed to standard physiological conditions (i.e. 55 % (v/v) human serum; 37°C; pH 
7.4), recent studies have now revealed that simple, yet controlled agitation may not 
completely reflect actual flow conditions exhibited in circulating blood.541, 651 Shear stress 
on nanoparticles exposed to blood circulation can cause renewed and continuous turnover 
of biomolecular adsorption,652 which may consequently impact the final protein corona 
composition in vivo. Accordingly, it has been shown that in vivo the protein corona can 
significantly differ from that obtained in vitro.653 Therefore, in addition to the 
representative environmental conditions, future protein corona assessments should 
incorporate flow dynamics to enhance the correlation to physiological conditions.  

The studies that focus on the impact of flow kinetics on protein corona 
formation typically use peristaltic pumps equipped with silicone tubing of appropriate 
internal diameter to circulate therapeutic nanoparticles at flow rates that assimilate those 
exhibited in various blood vessels.610, 651 Use of silicone tubing is preferred as it can 
prevent the adsorption of biomolecules and/or nanoparticle-protein corona complexes on 
the inner surfaces of the tubing during circulation. After the desired circulation time, the 
nanoparticles are isolated from the flow circuit, and subsequently, commonly used 
proteomic techniques563 are employed to conduct compositional assessments on protein 
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corona eluted from the surfaces of the nanoparticles. Given that the PGMA-based 
nanoparticles reported in this thesis are designed for intravenous delivery, flow rates of 
the venous system, aorta and peripheral blood vessels should be incorporated into the 
design of future protein corona experiments. 

4.1.2 Small-angle x-ray scattering (SAXS) for in situ protein corona assessment 

As described in the first study, protein corona assessment is conducted on 
samples that are eluted from the nanoparticles with the use of lysis buffers. While this 
methodology works well to extract hard corona proteins, the technique does not support 
the assessment of the soft corona. Loosely-bound biomolecular layers can also play 
crucial roles in targeting efficiency as their interaction with the biological environment 
may be prioritised over the hard corona due to cellular proximity.559, 560 By isolating 
nanoparticles from the biological milieu that they are exposed to, extended soft corona 
layers from the nanoparticle surface are eliminated from the protein corona analyses. 
Small-angle x-ray scattering (SAXS) analysis may hold the advantage of in situ 
assessment of nanoparticles in biological fluids. Given that the adsorption of 
biomolecules on nanoparticles can influence x-ray scattering profiles, the growth of the 
protein corona with respect to time and potentially the folding structure of the proteins 
may be inferred from the diffraction patterns. As depicted by the schematic diagram of a 
proposed SAXS experiment to study the protein corona in Figure 4.2, this technique may 
also incorporate dynamic flow conditions. 

 
Figure 4.2 Schematic diagram of proposed SAXS experiment to assess protein corona formation 
and structural details of adsorbed biomolecular layers on nanoparticles exposed to physiological 
flow conditions. 

Figure redrawn from the experimental description provided in Atluri, et al., 2013.654 
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A proposed SAXS assessment of the protein corona may be conducted in a 
custom-made in situ cell containing a peristaltic pump attached to a silicone capillary 
tube as the basic design could ensure the nanoparticles can be monitored through the 
incident x-ray beam while undergoing flow conditions as described in Section 4.1.1. 
Variation of the incubation temperature and time may also allow the study of the growth 
mechanism of the adsorbed biomolecular layers structurally going beyond traditional 
protein corona assessments that focus mainly on the hard corona. With the inclusion of 
sample washing procedures and sequential incubation in serum-free conditions followed 
by serum-containing milieu, structural information of folding and unfolding mechanisms 
of adsorbed proteins in both the soft and hard corona may be determined. Accordingly, 
recent literature emphasises the value of in situ experiments such as SAXS assessments 
for protein corona analyses.655 

4.1.3 Monitoring changes in protein corona when nanoparticles move from blood 
circulation into other physiological systems (i.e. across the BBB) 

As adsorbed biomolecules play pivotal roles in biological fate of the 
nanoparticles during circulation, it may be equally important to understand the corona 
composition beyond the BBB in order to design more efficient nanotherapies for the 
CNS. Moreover, corona-coated nanoparticles may potentially transport non-permeant 
proteins into the CNS, which could impact the stability of the brain microenvironment 
and metabolism.656 Therefore, it will be critical to better comprehend the evolution of the 
protein corona of therapeutic nanoparticles during BBB transport. However, an 
assessment of this nature might be challenging in physiological systems as the small 
amount of materials that do get transported across the BBB could additionally be 
trafficked by enzymatic degradation.657, 658 As such, a growing number of studies are 
focusing on the incorporation of in vitro cellular models to study nanoparticle 
transportation across the BBB. 

Transwell systems with polystyrene or polycarbonate membranes to create 
apical (‘blood’ side) and basolateral (‘brain’ side) compartments may be suitable to 
mimic the BBB structure in vitro.659 BMECs are typically cultured as a monolayer to the 
point where tight junctions are formed on the apical side of the membrane. Other CNS-
specific cells such as astrocytes and pericytes may be grown in the basolateral side of the 
membrane as depicted in the schematic diagram in Figure 4.3. A recent study used the 
Transwell model to study the changes in the protein corona composition of gold 
nanoparticles after they were transported from the apical compartment to the basolateral 
side.656 Results from this study demonstrate that the protein corona composition of the 
gold nanoparticles is dramatically different after passing through the membrane that 
structurally resembles the BBB. SDS-PAGE and mass spectrometry assessments 
collectively reveal that only 9 of the 20 most abundant serum proteins adsorbed within 
the apical compartment remains on the nanoparticles retrieved from the basolateral 
compartment. Furthermore, 13 serum proteins are enriched in the corona after passage, 
which can lead to further enquiries about the significance of the ‘new’ protein corona for 
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targeted drug delivery in the CNS in vivo. While such Transwell studies of the protein 
corona can be applied to various types of nanoparticles to demonstrate qualitative and 
quantitative changes in the adsorbed proteins that may occur upon BBB transport, it is 
noteworthy to acknowledge that the system may not fully replicate actual physiological 
or pathological conditions. This is mostly due to serum concentrations that adhere to 
culture conditions, which are typically lower than that in physiological systems. 
Additionally, limitations may be brought on by static incubation that do not account for 
dynamic flow.  

Modifications have been made to the traditional Transwell model using hollow 
fibre technology to include dynamic flow conditions.660, 661 In such models, BMECs can 
be cultured in the lumen of microporous fibres, while the extraluminal space inside a 
sealed chamber can consist of other cultured BBB-specific cell types, as depicted in 
Figure 4.4. These dynamic quasi-physiological models were initially fabricated to better 
understand the properties of the healthy BBB, as well as for pharmacological studies (i.e. 
drug permeability in brain).662, 663 Advancements were later made to incorporate 
pathological conditions by altering pulsatile flow kinetics to study the impact of reduced 
luminal flow, glucose, or oxygen.660, 664 Future protein corona assessments of 
nanoparticles designed for CNS therapy may utilise this technology whereby therapeutic 
nanoparticles may be circulated through the chamber with appropriate biological fluids, 
and potentially be retrieved via access ports for protein corona assessments. Recently, 
incorporation of a lab-on-a-chip micro-device to the dynamic BBB model also enables 
real-time visualisation of the cells within the hollow fibres by microscopy.665 This added 
feature may benefit nanoparticle studies whereby permeability at the fabricated BBB 
structure may potentially be monitored.  

Indeed, in vivo evaluations can provide the most realistic outcomes of the 
protein corona assessments. However, such investigations may be highly challenging due 
to technical difficulties of recovering nanoparticles from the brain while avoiding 
contaminations or artefacts.656 As such, future work should certainly focus on such novel 
in vitro models that closely replicate the BBB structure and the mechanisms that regulate 
the membrane.  

 
Figure 4.3 Schematic diagram of a traditional Transwell model to study the BBB in vitro. 

Figure adapted and redrawn from Fan, et al., 2018664 with permission from Begell House. 
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Figure 4.4 Schematic diagram of a flow-based dynamic in vitro BBB model equipped with hollow 
microporous fibres in a chamber. 

Intraluminal space is lined with cultured BMECs and subjected to pulsatile flow with the aid of 
peristaltic pump connected to silicone tubing. BBB-specific cells such as astrocytes and pericytes 
may be grown in the extraluminal space within the chamber. The shear stress generated by the 
flow of the biological fluid mimics the physiological condition of the BBB in vivo. Figure adapted 
and redrawn from Fan, et al., 2018664 with permission from Begell House. 
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4.2 p(HEMA-ran-GMA) nanoparticles for therapeutic use 

The second study in this thesis discusses the development of hydrophilic 
polymer-based nanoparticles for the controlled release of water-soluble drugs. For this 
work, DOX is used as a model drug that was incorporated within p(HEMA-ran-GMA) 
nanoparticles that are fluorescently tagged with Cy5. The results of this work effectively 
address Aim 2 of the thesis by demonstrating that DOX-loaded p(HEMA-ran-GMA) 
nanoparticles are capable of controlled drug release to enhance therapeutic efficiency by 
limiting the proliferation of cultured MCF-7 cells, in comparison to free DOX and DOX-
loaded PGMA nanoparticles. Given the positive outcomes of this crucial study, the use of 
hydrophilic p(HEMA-ran-GMA) nanoparticles are carried forth for the further studies 
conducted for this project. This is mainly due to the potential of incorporating the water-
based combination of ion channel antagonists suggested for secondary degeneration 
treatment. The following sub-sections discuss possible future directions pertaining to the 
scope of this preliminary in vitro assessment of the newly developed polymeric 
nanoparticles. 

4.2.1 In vivo testing of DOX-loaded p(HEMA-ran-GMA) nanoparticles 

The results of this study suggest that under physiological circulation, the 
unfunctionalised p(HEMA-ran-GMA) nanoparticles may be preferentially taken up by 
highly vascularised tumorigenic tissues by the EPR effect.666 While this postulation is 
theoretically valid, tumour-targeting behaviour of the engineered nanoparticles may be 
influenced by their dimensional, physical, and/or chemical properties. Furthermore, 
serum protein adsorption as a function of physico-chemical properties of the 
nanoparticles during circulation can play an added role in biodistribution.545  

Nanoparticle design has an immense impact on tumour targeting.667 Major 
factors that are critical for effective tumour uptake include circulation half-life of 
nanoparticles668, 669 and fenestration size and vascularisation extent of tumour models, 
which are dependent on cancer cell lines.667, 670 As such, the typical size of therapeutic 
nanostructures that have been developed and assessed for cancer treatment is mostly in 
the 100 – 200 nm range.671 Given that the mean hydrodynamic diameter of p(HEMA-ran-
GMA) nanoparticles developed for this project is ~250 nm, there is a possibility that their 
ability to permeate through, or extravasate into tumours may be affected by the pore sizes 
of specific tumour microenvironments.672 Moreover, accumulation of larger nanoparticles 
in tumours may be restricted to the perivascular space with minimal permeation into the 
bulk tumour. This may limit the application of such nanoparticles to the delivery of anti-
angiogenic therapeutics.671 Additionally, it is possible that accumulation of larger 
therapeutic nanoparticles that do enter tumours with bigger fenestrations may be limited 
as they may be prone to increased rate of clearance from the tumours.673 Therefore, due to 
the highly complex and variable nature of tumours,672 the therapeutic efficiency of newly 
developed p(HEMA-ran-GMA) nanoparticles for cancer treatment can only be confirmed 
on a case-by-case basis in future in vivo studies using a range of tumour models at 
various states of growth.  
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4.2.2 Potential for development of multimodal p(HEMA-ran-GMA)-based 
nanoparticles  

The design of the p(HEMA-ran-GMA) nanoparticles may be improved in 
future work with the endowment of multimodal properties that can serve beyond the 
single clinical purpose of drug delivery. This may be accomplished by incorporating 
metallic nanoparticles into the existing fluorescence-tagged polymeric nanoparticle 
design, as avenues for the utilisation of multimodal p(HEMA-ran-GMA)-based 
nanoparticles for theranostic applications may then become viable. Given the 
heterogeneity of disease and patient variability, it is increasingly recognised that 
theranostics, which includes simultaneous bio-imaging and therapy, may be highly 
beneficial for optimised treatment using nanoparticles.674, 675 

Proposed directions towards the fabrication of multi-functional p(HEMA-ran-
GMA) nanoparticles may be initiated with the synthesis of water-soluble metallic 
nanoparticles. Various studies describe the synthesis of iron oxide (magnetite) or gold 
nanoparticles that are stable in aqueous media with precise control over the physico-
chemical properties.676-679 Keeping to the spontaneous W/O emulsion method utilised to 
synthesise p(HEMA-ran-GMA) nanoparticles in this project, it may be possible to 
encapsulate such water-soluble metallic nanoparticles within the hydrophilic polymeric 
matrix by incorporating them into the aqueous phase of the emulsion prior to the addition 
of the cross-linker. Choice of the metallic component to be included in the polymeric 
nanoparticle design will be dependent on the theranostic capability required. For instance, 
incorporation of magnetite into p(HEMA-ran-GMA) nanoparticles may enable contrast 
enhancement in magnetic resonance imaging, magnetic drug targeting, and hyperthermia 
treatment.680-682 Gold nanoparticles on the other hand, demonstrate great promise for 
plasmonic photothermal therapy in cancer treatment.683, 684 

Apart from affording the potential for distinct theranostic capabilities, the 
preparation of p(HEMA-ran-GMA) nanoparticles with metallic components may also 
allow for easier retrieval of as-synthesised nanoparticles in comparison to the existing 
protocol as described in this thesis. Blank p(HEMA-ran-GMA) are currently retrieved 
from the oil-based emulsion by phase separation and centrifugation. While the current 
technique is successful, tedious and lengthy downstream processes are required to purify 
the nanoparticles from excess reactants and surfactant at the risk of reduced yield. It is 
postulated that the added density of cross-linked p(HEMA-ran-GMA) nanoparticles with 
the incorporation of metallic components may allow for a one-step centrifugation of the 
spontaneous emulsion to retrieve the product as a pellet. Further purification of the 
nanoparticles may then be performed by small-scale washes by repeat centrifugation in 
aqueous medium. Such improvements in the synthesis process can greatly benefit large-
scale in vivo studies, which may require sizeable quantities of the nanoparticles over a 
short time-span. 
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4.3 Opportunities to improve BBB-targeting of TAT-functionalised 
p(HEMA-ran-GMA) nanoparticles 

Given the importance and necessity of assessing the effectiveness of newly 
developed therapeutic nanoparticles within the physiological system, the third paper 
presented in the series of studies in this thesis systematically discusses the targeting 
capacity of functionalised p(HEMA-ran-GMA) nanoparticles in vitro and in vivo. The 
nanoparticles are functionalised with TAT peptide and αNG2 to specifically target the 
BBB and OPCs within the CNS respectively. The study importantly suggests that serum 
interactions with the circulating nanoparticles may have hampered specific targeting of 
the functionalisations, leading to the non-specific accumulation in organs such as the 
spleen, lungs, liver and kidney.  

While other studies demonstrate effective transport of various types of TAT-
functionalised nanoparticles across the BBB,465, 537, 685, 686 the lack of success with TAT-
functionalised p(HEMA-ran-GMA) nanoparticles reiterates the fact that the biological 
fate of drug delivery vehicles may be dependent on factors beyond the engineered surface 
chemistry. The following sub-sections describe further work with these nanoparticles that 
may be useful in improving CNS targeting strategy.   

4.3.1 Exploratory protein corona experiments could explain in vivo targeting 
outcomes better 

An extension of this study could include a thorough protein corona assessment 
conducted under representative physiological conditions to reveal whether specific 
biomolecules are enriched on the TAT-functionalised p(HEMA-ran-GMA) nanoparticle 
surface that mitigated the interactions with the BBB. For instance, if lipoproteins are 
absent or minimal in the protein corona, the assessment may assist in confirming that it is 
indeed the protein corona that is responsible for the lack of BBB targeting instead of 
other biological contributions.467, 687 However, apart from providing supporting 
information, the protein corona work may not serve to improve the functionality of TAT-
conjugated p(HEMA-ran-GMA) nanoparticles. Perhaps if the results demonstrate the 
enrichment of RES-specific serum proteins, it may be worthwhile to further functionalise 
the nanoparticles with PEG to minimise biomolecular adsorption by steric hindrance. 

4.3.2 Inducing an artificial lipoprotein corona as a targeting strategy 

A more constructive strategy to improve the targeting efficiency of the TAT-
functionalised nanoparticles may involve artificially inducing a lipoprotein-rich corona in 
a pre-incubation stage prior to intravenous administration. For example, fluorescently 
tagged lipid nanoparticles that are pre-adsorbed with apolipoprotein E4 (ApoE4) allow 
efficient transport across the BBB to reach the brain parenchyma. Interestingly, an 
inverse correlation exists between the ApoE4 concentration in the administered 
nanoparticle suspension and the fluorescence detected in the brain. With higher 
concentration of ApoE4, increased fluorescence is detected in the organs in the 
abdominal area such as the liver and intestine. As such, this study importantly reveals that 
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the concentration of artificial corona needs to be optimised in order to direct specific 
targeting to the brain.688 This simple strategy of inducing a hard corona of selected 
lipoproteins of varying concentrations on p(HEMA-ran-GMA) nanoparticles will be 
relatively easy to achieve, and therefore it may be worthwhile to explore this venture in 
future in vivo experiments.  

Alternatively, p(HEMA-ran-GMA) nanoparticles may be designed with other 
types of BBB-targeting moieties such as Tf, to assess if a different targeting strategy can 
provide improved targeting efficiency than that observed with TAT functionalisation. 
Accordingly, Tf-functionalised p(HEMA-ran-GMA) nanoparticles are developed for the 
fourth study of this thesis (Section 3.4 in preceding chapter), which is further discussed in 
Section 4.4 of this chapter. 

4.3.3 Administration dosage of nanoparticles 

The in vivo nanoparticle biodistribution is assessed by intravenously 
administering 5 mg/kg of Cy5-labelled p(HEMA-ran-GMA)-based nanoparticles in adult 
rats with intact BBB in this study. This dosage is titred for optimal fluorescence detection 
and based on previous work that administered 10 mg of PGMA nanoparticles 
fluorescently tagged with P10 dye per kg of adult rats that were subjected to partial optic 
nerve transection.407 With the assessment of the p(HEMA-ran-GMA)-based 
nanoparticles, biodistribution is predominantly observed in the kidney, liver and lungs.  

Prior research has revealed that the intravenous administration of quantum dots 
resulted in saturation of RES cells in the liver and spleen when a single bolus contains 
more than 1015 particles.689 It therefore is possible that the concentration of p(HEMA-ran-
GMA)-based nanoparticles delivered in the current study is excessive, thus leading to 
accumulation in RES organs. Given that the published dosage is based on achieving 
optimal Cy5 fluorescence detection by the CRi Maestro 2 in vivo imaging system, future 
studies may be carried out with decreased and variable concentrations of nanoparticles 
with a plethora of commercially available fluorescent dyes that are also capable of 
effective in vivo imaging.690-692 This proposed assessment may aid in confirming or 
negating the possibility that non-specific biodistribution of the functionalised p(HEMA-
ran-GMA) nanoparticles is a result of sub-optimal nanoparticle dosage. 
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4.4 CNS-specific drug delivery using Tf-functionalised p(HEMA-ran-
GMA) nanoparticles 

The fourth study conducted as part of this project focuses on the ability of Tf-
functionalised p(HEMA-ran-GMA) nanoparticles to deliver the combination of ion 
channel antagonists identified as a potential therapy for secondary degeneration. 
Importantly, the study elucidates that the protein corona formed on the functionalised 
nanoparticles impedes the drug release kinetics of the ion channel antagonists. With a 
plethora of available studies demonstrating that the protein corona can impact specific 
nanoparticle targeting, there is currently a lack of assessments that determine the extent 
of drug release in the presence of adsorbed biomolecules. The research attributed to 
specific targeting is well-founded, as appropriate biodistribution of therapeutic 
nanoparticles is vital for localised therapy. However, it is equally important to verify that 
serum protein interactions do not significantly hamper drug release from nanoparticles 
within the physiological system. While controlled release of the ion channel antagonists 
is established with p(HEMA-ran-GMA)-based nanoparticles, this in vitro study is deemed 
an essential preliminary examination that showcases the effectiveness of the treatment in 
a realistic setting for when the nanoparticles are administered intravenously. The results 
from this work may be critical to optimise the dosage of the administered Tf-
functionalised nanoparticles, should they successfully target the BBB in an in vivo model. 
With the potential of varying extents and types of CNS injuries in clinical settings 
however, it is expected that the patient profile (i.e. age, weight and injury type) may 
influence dosing effectiveness of the drug-loaded nanoparticles. The following sub-
sections discuss the future work with Tf-functionalised p(HEMA-ran-GMA) 
nanoparticles required in order to progress towards clinical translation. 

4.4.1 In vitro functional assessment of drug-loaded NP and Tf-NP  

Live cell calcium imaging with Ca2+-sensitive Fura-2AM dye (Invitrogen) 
previously demonstrated that the administration of 1 μM LOM, 240 μM YM872 and 1 
mM oxATP as free drugs successfully decreased intracellular Ca2+ over a period of 30 
minutes in H2O2-stressed primary mixed cortical cultures under serum-free conditions.346 
Following the confirmation that Tf-NP are capable of controlled release of the ion 
channel antagonists, similar calcium imaging assessments were carried out using drug-
loaded NP and Tf-NP to assess the functionality of the released ion channel antagonist 
combination. Unfunctionalised NP samples were included in this in vitro experiment, as 
confocal microscopy analysis had demonstrated significant differences in specific cell 
uptake in the mixed cortical cultures (Figure 3.2 in preceding chapter). In order to prevent 
an over-bearing presence of the drug-loaded nanoparticle variants on the primary cultures 
that may not correspond to actual in vivo bio-distribution, the functionality study by 
calcium imaging was limited to 100 μg/mL drug-loaded nanoparticle concentration per 
test well. It should be noted however that serum-free conditions were used for the 
assessment as required by the technique. The experimental method utilised for the 
calcium imaging work is described in detail below: 



	 Chapter 4: Discussion and Future Work 	
	 	
	

	 157 	
	 	
	

Calcium Imaging Protocol 

Calcium imaging was performed at room temperature on live primary mixed cortical cells 
grown and attached to glass coverslips, using the ratiometric Ca2+-sensitive dye Fura-
2AM (Invitrogen). Each treatment was assessed in duplicate and the experiment was 
repeated three times using cultures prepared from different litters of rat pups. All 
solutions and nanoparticle suspensions were prepared immediately prior to live cell 
imaging. Cells were administered with 4 μM Fura-2AM in NB-A (+10 mM HEPES, 
without Phenol Red; Life Technologies) at room temperature, for 30 minutes, then gently 
washed with HBSS (Life Technologies). Coverslips were then transferred to an RC-26G 
chamber system (Warner Instruments) containing 1 mL NB-A (+10 mM HEPES). Live 
cell images were captured every 15 s for 2 minutes in order to measure basal Ca2+ levels. 
A pre-prepared solution containing a final H2O2 concentration of 400 μM ± ion channel 
antagonists or drug-loaded nanoparticle variants was then applied to the chamber at t = 4 
minutes during a 30-minute acquisition. Two different free drug concentrations were 
tested; high drug concentration is obtained with reference to the drug concentrations 
described by Doig, et al.,346 while low drug concentration is with reference to the drug 
loading in Tf-NP as described in this study. Known masses of drug-loaded nanoparticle 
variants were prepared as described in the Supporting Information in Appendix A. 
Unloaded free drug was removed from the nanoparticle variants by rapid centrifugation 
(10000× g, 10 minutes, 1×). Drug-loaded nanoparticle pellets obtained were resuspended 
in appropriate volumes of 10 mM HEPES within 2 minutes of addition to culture wells 
subjected to calcium imaging. Final nanoparticle concentration per test well was 100 
μg/mL. Cells were visualised using an Olympus BX51WI upright microscope equipped 
with an XM10 monochrome CCS camera (Olympus). Imaging was performed at 40× 
magnification, capturing a FOV of 147.2 μm × 100.4 μm, with an exposure time of 20 ms 
and 2 × 2 pixel binning. ROIs per FOV were defined as each individual cell within the 
FOV, and were used to determine F340/F380 ratios using Olympus Xcellence RT 
software. One FOV per coverslip was assessed, consistent for all coverslips.  

Due to unexpected experimental interferences however, variable increases in 
the F340/F380 ratios upon addition of the nanoparticle suspensions to the cultures were 
detected during the 30-minute analysis period. These inconsistencies may be at least in 
part, due to the variable amounts of YM872 removed from the nanoparticles variants 
prior to administration to the cultures. While both LOM and oxATP appeared colourless 
in aqueous medium, YM872 took on a yellow hue in solution. It was therefore possible 
that the resulting fluctuations in the colour intensity due to the amounts of free YM872 in 
the treatment suspensions may have interfered with the readouts from light emissions at 
340 nm and 380 nm. As a consequence, it was not possible to draw reliable in vitro 
conclusions about the capacity of the released ion channel antagonists from NP and Tf-
NP to curb the influx of intracellular Ca2+ in this study. Figure 4.5 provides representative 
plots of the variable changes in the F340/F380 ratio obtained from this work. 
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Figure 4.5 Unpublished calcium imaging data. 

Calcium imaging data demonstrates variable changes in 340/380 nm ratios after the addition of 
the ion channel antagonist treatments (± nanoparticle vehicles) at t = 4 minutes in primary mixed 
cortical cells that were subjected to hydrogen peroxide insult. Plots in (i) and (ii) represent data 
obtained from two of the biological replicates used in the entire experiment. 

Despite the unfortunate circumstances surrounding this functionality 
assessment, as per Aim 4b of this project, it is critical to be able to provide evidence that 
the combinatorial treatment released from the p(HEMA-ran-GMA)-based nanoparticles is 
capable of mitigating Ca2+ influx. Indeed, calcium imaging is a powerful tool in 
neuroscience whereby a large number of studies have utilised the technique to elucidate 
sub-cellular mechanisms that drive neurological performance and neurodevelopment.693 
However, it is noteworthy to recognise that the technique can be modified, which may be 
taken advantage of for future work with respect to the functionality assessment of the 
drug-loaded p(HEMA-ran-GMA)-based nanoparticles. In this work, Fura-2AM dye was 
used as the indicator for Ca2+ transients. While this dye is widely accepted as the standard 
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for quantitative measurements of intracellular Ca2+,694 it can be replaced with other 
synthetic calcium dyes that include, but are not limited to, Oregon Green 488 BAPTA,695 
Rhod-4696 and Asante Calcium Red.697 Each of these synthetic dyes have precise 
fluorescence intensities and/or spectral properties,698 which may be specifically 
advantageous for the preparations analysed in calcium imaging assessments.699 While 
synthetic calcium dyes present versatility for calcium imaging, the dyes may lose activity 
over time potentially causing issues during long-term assessments.694 The use of 
genetically-encoded Ca2+ indicators (GECIs) that have been widely studied in the recent 
decade, may be beneficial in avoiding this problem posed by synthetic indicators.693, 694 
GECIs are fluorescent proteins that can be expressed in specific cell populations in order 
to produce a highly targeted approach to sense Ca2+ fluctuations. Furthermore, advances 
in protein engineering have developed GECI types with attractive properties such as 
enhanced thermo-stability and red-shifted emission spectra.698, 700 The latter is a 
particularly valuable property for in vivo imaging as the longer excitation wavelength 
permits deep tissue imaging with reduced scattering by endogenous fluorophores.701 Of 
the various GECIs, the GCaMP series composed of green fluorescent protein, calmodulin 
and peptide sequences from myosin light chain kinase,694 is widely studied. A key 
advantage of the GCaMP indicators, apart from their dynamic range, is the enhanced 
sensitivity to action potential firing.694, 698, 700 Considering that inconsistent spectral data 
was obtained using Fura-2AM in the fourth study presented in this thesis, it may be 
worthwhile to explore these other calcium dye options in the attempt to obtain more 
consistent data for future work. 

4.4.2 Tf-functionalisation may be tuned to influence avidity for BBB binding in 
prospective in vivo studies 

It is noteworthy to recognise that a stoichiometric excess of Tf is used for 
p(HEMA-ran-GMA) nanoparticle conjugation, and that it may be possible to tune the 
amount of Tf available. This may be a necessity given that the avidity of Tf-conjugated 
nanoparticles can influence transcytosis mechanisms at the BBB, which acts as a 
formidable barrier to the CNS.702 Studies reveal that Tf-functionalised nanoparticles with 
high avidity sequester at brain vasculature without significantly binding to Tf receptors 
present in blood.703 Paradoxically, in the event that avidity is too high, despite binding to 
the BBB, Tf-functionalised nanoparticles are less readily available for release into the 
brain parenchyma in appreciable quantities.703, 704 Depending on the physico-chemical 
properties of the engineered nanoparticles (i.e. nanoparticle size, surface area, and 
number of available reactive sites for Tf binding), it may be necessary to vary the amount 
of Tf conjugated and assess the capacity for BBB transport of these Tf-NP preparations in 
prospective in vivo assessments.703, 705 This study however, is limited to highlighting the 
confirmation of Tf conjugation on p(HEMA-ran-GMA) nanoparticles using the described 
method and in the context of a closed BBB.  
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4.4.3 Qualitative assessment of protein corona on Tf-functionalised p(HEMA-ran-
GMA) nanoparticles 

There are no substantial differences in the types and intensities of the SDS-
PAGE protein bands derived from the hard corona of both nanoparticle variants, 
suggesting that the Tf functionalisation of p(HEMA-ran-GMA) nanoparticles likely do 
not enrich the protein corona with serum proteins of different molecular weights (Figure 
B4 in Appendix B). Indeed, a qualitative assessment of the protein bands can offer more 
insight about the types of adsorbed serum proteins on the nanoparticle variants. However, 
the quantitative protein corona assessment conducted is more relevant to the scope of this 
study that mainly focuses on the impact of the amount of adsorbed serum proteins on 
drug release from the functionalised nanoparticles.  

While assessing the biocompatibility of Tf-functionalised p(HEMA-ran-GMA) 
nanoparticles in primary mixed cortical cell cultures, it is coincidentally found that the 
nanoparticles, functionalised and otherwise, are predisposed to uptake by microglial cells. 
Given that the culture medium contains 20 % (v/v) fetal bovine serum, it is likely that a 
protein corona formed on the nanoparticle variants and contributed to the preferential 
cellular uptake. Interestingly, Tf-functionalised nanoparticles, potentially due to a 
different protein corona composition in comparison to unfunctionalised nanoparticles, are 
taken up by microglial cell populations to a lesser extent. Samples obtained from in-gel 
protein digestion of the SDS-PAGE gel could be subjected to mass spectrometric 
techniques in order to reveal the details of differences in the corona composition for the 
two nanoparticle variants.  

In order to make the corona assessment physiologically relevant, along with 
studies conducted with 20 % (v/v) serum protein, 55 % (v/v) serum must also be 
included. The type and source of serum used in protein corona assessments can also vary 
the types of adsorbed proteins detected on nanoparticle surfaces.706 As such, depending 
on the in vivo model that is likely to be used in future studies with Tf-functionalised 
nanoparticles, it is recommended that species-specific blood serum be used in the in vitro 
protein corona analysis. 

4.4.4 Potential for targeted delivery of antioxidants for CNS therapy by p(HEMA-
ran-GMA)-based nanoparticles 

The discussions and study outcomes provided in this thesis clearly revolve 
around the fact that the protein corona is an important factor that controls nanoparticle 
behaviour in biological environments. Accordingly, several studies have been formulated 
based on adapting physico-chemical properties of therapeutic nanoparticles to ensure that 
the inevitable adsorption of biomolecules can be moderated to suit the desired biological 
outcomes such as specific targeting.545, 707-709 Indeed, a simpler alternative may be to cater 
biological applications according to the natural bio-fate of engineered nanoparticles that 
occurs as a result of the inevitable protein corona composition.  
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Over-production of inflammatory cytokines by activated microglia is a 
hallmark of neurodegenerative processes following injury to the CNS. As such, delivery 
of anti-inflammatory agents and/or antioxidants to microglia has been recommended as a 
valuable therapeutic target.710, 711 Therefore, instead of attempting to deliver ion channel 
antagonists for secondary degeneration treatment, it may be potentially useful and 
therapeutically advantageous to utilise p(HEMA-ran-GMA)-based nanoparticles for the 
delivery of anti-inflammatory or antioxidant agents, given that the preliminary in vitro 
assessment demonstrates preferential uptake by CNS microglia. It will be necessary for 
the chosen therapeutic agent to be water-soluble as p(HEMA-ran-GMA)-based 
nanoparticles are hydrophilic. Accordingly, various water-soluble antioxidants and anti-
inflammatories that include, but are not limited to, vitamins C and E, and plant-derived 
crocin are explored for CNS therapy and could be useful in this context.712-714  

Despite this novel possibility, discretion must be considered in suggesting this 
strategic therapeutic alternative. The in vitro study that has spearheaded the potential for 
targeted delivery to CNS microglia is conducted in static cultures that contain lesser 
serum content than that typically found in circulation. Perhaps with the exposure of more 
serum proteins under dynamic flow conditions, the protein corona composition and 
concentration may be altered. This in turn, may change the results of the cellular uptake 
analysis whereby other cell types in the mixed cortical culture may sequester the 
nanoparticles. Moreover, the therapeutic effects of any drug (ion channel antagonists, 
anti-inflammatory agents or antioxidants) released from the nanoparticles will only be 
beneficial if the drug delivery vehicles can be transported across the BBB if endeavouring 
to access the brain parenchyma when the BBB is closed. The current in vitro assessment 
has not accounted for the capacity of Tf functionalisation to be BBB-specific. Therefore, 
it will be essential for future work with Tf-functionalised p(HEMA-ran-GMA) 
nanoparticles to include these considerations in the experimental plans. 
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4.5 Concluding remarks 

The current treatment options for secondary degeneration that follows injuries 
to the CNS do not include effective and clinically approved pharmacotherapies. The 
administration of a novel combination of ion channel antagonists that can curb the influx 
of intracellular Ca2+ via specific pathways shows promise for long-term recovery from 
the injuries. The efficacy of the treatment strategy is however dependent on the 
availability of the ion channel antagonists at therapeutically effective doses, and non-
invasive drug delivery past the closed BBB is also deemed beneficial. As set forth in the 
aims of this project, the findings of this thesis report the rational design, preparation, and 
biological assessments of functionalised polymeric nanoparticles that can be used to 
deliver the ion channel antagonists in a targeted manner to the CNS. The hydrophilic 
p(HEMA-ran-GMA)-based nanoparticles produced in this project are sufficiently non-
toxic in relevant in vitro systems, and have the capacity to be functionalised with 
fluorescent dyes for bio-imaging, as well as a range of CNS-specific targeting moieties. 
The nanoparticles are also able to entrap and release the water-based combination of 
LOM, YM872 and oxATP by a back-filling method that does not chemically modify the 
encapsulated drugs. 

Despite the favourable characteristics, with increasing knowledge of the 
influence of serum interactions on biological outcomes of promising therapeutic 
nanoparticles, the effects arising from the formation of the protein corona take centre-
stage in the evaluations of this project. The results from the studies are highly valuable as 
they provide realistic overviews of the behaviour of p(HEMA-ran-GMA)-based 
nanoparticles with respect to CNS therapy. For instance, while TAT functionalisation is 
feasible on p(HEMA-ran-GMA) nanoparticles, its targeting efficiency is significantly 
deterred by serum protein interactions causing unfavourable CNS biodistribution. Tf-
functionalised p(HEMA-ran-GMA) nanoparticles release the combination of ion channel 
antagonists in a sustained manner at physiologically relevant pH and temperature. 
However, with the inclusion of serum proteins in the drug release studies to induce the 
presence of the protein corona, the released concentrations of individual ion channel 
antagonists are lowered. By constructing preclinical assessments to closely represent the 
physiological milieu, the studies initiate the first steps towards understanding the 
therapeutic effectiveness of the nanoparticles such that their design may be perfected for 
enhanced outcomes. This may be achieved by choosing appropriate functionalisations 
that deliver the best targeting outcomes, or by adapting the administration dosage of the 
nanoparticles such that effective therapeutic concentrations may be released in the 
presence of the inevitable protein corona. Overall, the key findings of this thesis reveal 
the significance of enhanced correlations between preclinical in vitro assessments and the 
in vivo environment that nanoparticles would be exposed to such that unpredictable 
nanoparticle behaviour can be minimised.  

Future preclinical work to assess the functional outcomes of p(HEMA-ran-
GMA) nanoparticles should include conditions that reflect the physiological systems 
beyond the scope of incorporating the presence of serum proteins. Dynamic flow 
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conditions and changes in the microenvironment as the nanoparticles traverse biological 
barriers such as the BBB may also impact the protein corona on the functionalised 
nanoparticles. Results derived from such extensive experimental designs can mirror the 
biological identities of the nanoparticles within physiological systems to provide a more 
accurate representation of the therapeutic efficiency of p(HEMA-ran-GMA)-based 
nanoparticles. Moreover, the hydrophilic nature of these nanoparticles may potentially be 
used for the incorporation of other water-soluble drugs such as anti-oxidants. Therefore, 
the versatile nature of p(HEMA-ran-GMA) nanoparticles developed in this project may 
possibly be tailored for other therapeutic strategies that may aid in maximising their 
potential for CNS therapy. Indeed, this is provided that importance is given to the 
physico-chemical compatibility of the potential drugs and the nano-carrier matrix when 
developing a new formulation. Furthermore, given that variable release kinetics are 
observed with the individual ion channel antagonists tested in this project, it may be 
necessary to assess drug release characteristics of future drug candidates on a case-by-
case basis. 

Clinical management techniques for the progressive and detrimental effects of 
CNS injuries are in urgent need of an overhaul, whereby effective treatments must be 
centred on preserving vulnerable, yet uninjured tissue around injury sites. The 
implementation of nanotechnology holds the promise of delivering effective therapeutic 
agents such as ion channel antagonists, in a targeted and non-invasive manner to the 
CNS. Accordingly, the novel p(HEMA-ran-GMA) nanoparticles developed for this 
project exhibit advantageous attributes for targeted drug delivery that may be useful to 
treat neurotrauma. As the overarching objective of any engineered therapeutic 
nanoparticle is effective and rapid clinical translation, the noteworthy results obtained 
herein importantly reveal further insight into designing pre-clinical analyses to provide 
enhanced understanding of the protein corona on a case-by-case basis by accurate 
reproduction of physiological conditions in in vitro settings. 
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Fitzgerald and K. Swaminathan Iyer  

 
 

1. MATERIALS 

All chemicals and reagents were purchased from Sigma-Aldrich unless otherwise stated: 
glycidyl methacrylate (GMA); methyl ethyl ketone (MEK, Fisher Chemicals); diethyl 
ether; chloroform (Merck Millipore); Pluoronic-F108; MilliQ water (<18 MΩcm); 
rhodamine B (RhB, Fluka Chemicals); O-(2-aminoethyl)polyethylene glycol Mp 3000. 
For the protein corona formation study, sterile and filtered human serum was obtained 
commercially. cOmpleteTM Mini EDTA-free Protease Inhibitor cocktail (Roche); Urea; 
CHAPS; Sucrose; Sequencing-grade trypsin (Promega); LCMS Grade Water; LCMS 
Grade Acetonitrile (ACN); LCMS Grade trifluoroacetic acid (TFA); LCMS Grade formic 
acid (FA); Coomassie Blue R250 (Thermofisher Scientific); Methanol; Acetic Acid; 4-15 
% 30 μL-Mini-PROTEAN Precast polyacrylamide gel (Biorad); Ammonium 
Bicarbonate; sodium dodecyl sulphate (SDS); glycerol; bromophenol blue; Tris-HCl; 
PierceTM BCA Assay Kit (Thermo Scientific). 

 
2. METHODS 

A. SYNTHESIS OF PGMA 

Poly(glycidyl methacrylate) (PGMA) (Mw 120000) was synthesized by radical 
polymerization according to a published procedure.1 In brief, glycidyl 
methacrylate (GMA) (10.0 mL, 73.3 mmol) in methyl ethyl ketone (MEK) (10 
mL) was added to a Schlenk tube, and then degassed through 3 freeze/pump/thaw 
cycles and backfilled with argon gas. The solution was transferred to a 50 mL 
two-necked round-bottomed flask fitted with a gas-tight overhead stirrer, then 
heated to 80 °C before azobisisobutyronitrile (AIBN) (0.2 M in toluene, 292 μL, 
0.584 mmol) was added via syringe. The reaction was stirred at 80 °C under 
nitrogen gas for 18 h. After which, air was allowed to enter the reaction and MEK 
(20 mL) added to dilute the viscous liquid. The solution was cooled to room 
temperature and then added slowly to methanol (600 mL). The resulting 
precipitate was collected by filtration. The precipitate was air-dried briefly, then 
dissolved in tetrahydrafuran (THF) (50 mL), filtered and re-precipitated by slow 
addition to methanol (600 mL). The product was collected by filtration and dried 
to afford PGMA (8.2 g, 79 %) as a white solid. 
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B. SYNTHESIS OF RHB-MODIFIED PGMA 

100 mg of PGMA and 25 mg of Rhodamine B (RhB) dye were added to 30 mL 
MEK and refluxed for 3 hours at 70 oC. The resulting PGMA-RhB solution was 
reduced under pressure to ~1 mL volume at 40 oC. Solid PGMA-RhB was isolated 
in diethyl ether and allowed to dry at room temperature. 

 
C. PREPARATION OF PGMA-RHB NANOPARTICLES 

PGMA-RhB was dissolved in 1:3 chloroform/MEK to form an organic phase. The 
organic phase was added drop-wise into a vigorously stirring aqueous phase 
consisting of a solution of Pluronic-F108 (1.25 % (w/v)). The resulting emulsion 
was homogenized using a probe ultrasonicator for 10 minutes at a low power 
setting. After removing the solvents present in the emulsion under reduced 
pressure, the nanoparticle suspension was centrifuged at 3000× g for 20 minutes 
and the supernatant was collected and stored at room temperature until required. 
Nanoparticle yield by mass was calculated by weighing out freeze-dried samples 
of known volume of the supernatant. 

 
D. PEGYLATION OF PGMA-RHB NANOPARTICLES 

To prepare PEGylated PGMA-RhB NPs, 1:1 mass ratio of PGMA-RhB NPs to O-
(2-aminoethyl) polyethylene glycol Mp 3000 acquired from Sigma-Aldrich, was 
dispersed by sonication in 10 mL volume of deionized water and heated at 70 °C 
for 48 h. The resulting suspension was centrifuged at 3000x g for 5 minutes and 
the supernatant consisting of PEG-PGMA-RhB NPs was stored at room 
temperature until required. 

 
E. FOURIER TRANSFORM INFRA-RED (FTIR) SPECTROMETRY 

The NP variants were freeze-dried and subjected to FTIR analysis (Perkin-Elmer) 
between the frequency range of 4000-450 cm-1 with a resolution of 4 cm-1. 

 
F. DYNAMIC LIGHT SCATTERING AND ZETA POTENTIAL MEASUREMENT 

NP hydrodynamic size and size distribution were determined using Dynamic 
Light Scattering, which also enables zeta potential measurements corresponding 
to the surface charge of the NPs. (DLS, Malvern Zetasizer Nano) Briefly, neat NP 
suspensions were diluted in MilliQ water to an appropriate concentration and 
subjected to DLS and zeta potential measurements. Serum-incubated NPs had an 
additional step of centrifugation to wash off unbound serum proteins (3 times with 
1× PBS). The resulting NP pellet was resuspended by brief sonication prior to 
being subjected to DLS and zeta potential measurements. 
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G. TRANSMISSION ELECTRON MICROSCOPY 

NP samples for TEM imaging were prepared by depositing 10 µL of diluted NP 
suspension on carbon-coated copper grids. All TEM images were obtained off the 
dried grids at 120 kV. (JEOL JEM-2100) 
 

H. PROTEIN CORONA FORMATION ON NANOPARTICLES 

Known masses of the NP variants were resuspended in protein concentration that 
mimics in vivo serum conditions2 (55 % human serum in 1× PBS) and incubated 
for 1 hour at 37 oC with agitation. Upon completion of incubation period, the NP-
serum suspension was centrifuged through a 0.7 M sucrose solution at 20000× g 
for 20 minutes. The serum coated NP pellet was washed with 1× PBS three times 
by centrifuging (15 minutes; 20000× g) to remove all unbound serum proteins. 
After the final wash, the pellet was resuspended by sonication in 100-150 μL of 
rehydration buffer (8 M urea and 2 % (w/v) CHAPS) on ice. The resulting 
suspension was then centrifuged at room temperature at 20000× g for 20 minutes 
and the supernatant containing hard corona proteins was collected for subsequent 
analyses. 

 
I. BICINCHONINIC ACID (BCA) PROTEIN QUANTIFICATION 

Protein solutions eluted from the NP samples and human serum were subjected to 
protein quantification according to the manufacturer’s instructions using BSA as a 
standard. 

 
J. 1-D SODIUM DODECYL SULPHATE (SDS) POLYACRYLAMIDE GEL 

ELECTROPHORESIS 

5× SDS loading buffer (250 mM Tris-HCl pH 6.8; 10 % (w/v) SDS; 30 % (v/v) 
glycerol; 5 % (v/v) 2-mercaptoethanol; 0.02 % (w/v) bromophenol blue) was 
added to the appropriate volume of protein samples and heated for 5 minutes at 95 
oC. The samples were cooled and 20 μg of protein per sample was loaded into the 
wells of a precast 4-15 % polyacrylamide gel. The loaded denatured protein 
samples were allowed to stack by running the gel at 50 V for 15 minutes. After 
which the samples were subjected to gel electrophoresis separation at a constant 
current of 15 mA. After SDS-PAGE, the gel was washed with MilliQ water and 
stained with Coomassie Brilliant Blue R-250 stain for 30 minutes and then 
destained overnight (acetic acid: methanol: water = 1:4:5) on a rocking platform at 
room temperature. The gels were imaged using the Biorad ChemiDoc MP system. 

 
K. PROTEIN QUANTITATION 

The open-source scientific image analysis package, ImageJ was used to quantify 
the abundance of protein bands in the gel images by means of pixel measurements 
(n = 3). The resulting data obtained from the gels was normalized to 100 (highest 
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intensity measured in human serum sample) to enable comparison of protein band 
intensities.  
 

L. IN-GEL PROTEIN DIGESTION  

Proteins bands from the SDS-PAGE gel were excised on a clean surface and 
placed in allocated wells of a 96-well plate with V-bottom configuration. Each gel 
slice was washed to de-stain 3× with 100 μL 50 % (v/v) acetonitrile (ACN) in 
10mM ammonium bicarbonate solution using gentle agitation on an orbital shaker 
for 45 minutes. Gel slices were then dried at 50 oC for 20 minutes. 20 μL of 
tryptic digestion solution (12.5 μg/mL in 10 mM ammonium bicarbonate solution) 
was added to each dried gel slice and incubated at 37 oC overnight. Peptide 
extraction after the digestion process was performed as previously described by 
Shevchenko, et al3. Retrieved peptides were stored at -80 oC until required for 
mass spectrometry analysis. 

 
M.  LIQUID CHROMATOGRAPHY MASS SPECTROMETRY (LC-MS) 

The peptide extracts were analysed by mass spectrometry using an Agilent 6520 
Q-TOF mass spectrometer with an HPLC Chip Cube source. The Chip consisted 
of a 160 nL enrichment column (Zorbax 300SB-C18 5 u) and a 150 mm 
separation column (Zorbax 300SB-C18 5 u) driven by Agilent Technologies 1200 
series nano/capillary liquid chromatography system. Both systems were controlled 
by MassHunter Workstation LC/MS Data Acquisition for 6500 series Q-TOF (ver 
B.06.01, Build 6.01.6157, Agilent Technologies). Peptides were loaded onto the 
trapping column at 4 uL min-1 in 5 % (v/v) ACN and 0.1 % (v/v) formic acid (FA) 
with the chip switched to enrichment and using the capillary pump. The chip was 
then switched to separation and peptides eluted during a 15-minute gradient (5 % 
ACN – 35 % ACN) directly into the mass spectrometer. The mass spec was run in 
positive ion mode and MS scans run over a range of m/z 250-1400 and at 8 
spectra/s and MS/MS scans run over a range of m/z 70-1400 and at 4 spectra/s. 
Precursor ions were selected for auto MS/MS at an absolute threshold of 500 and 
a relative threshold of 0.01, with max 3 precursors per cycle, and active exclusion 
set at 2 spectra and released after 1 minute. Precursor charge-state selection and 
preference was set to 2+, 3+ and then >3+ and precursors selected by charge then 
abundance. Resulting MS/MS spectra were opened in MassHunter Workstation 
Qualitative Analysis (ver B.07.00, Build 7.0.7024.29, Service Pack 1, Agilent 
Technologies) and MS/MS compounds detected by “Find Auto MS/MS” using 
default settings. The resulting compounds were then exported as mzdata files. 

 
N. VALIDATION OF PROTEIN IDENTIFICATIONS 

Mzdata files from MassHunter Workstation Qualitative Analysis were searched 
using MASCOT (version 2.5.1 Matrix Science) software and the Human UniProt 
database (13/04/2016, 70236 sequences) using the decoy search option of Mascot. 
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Enzymatic digestion with trypsin was selected, along with maximum 1 missed 
cleavages, peptide charges + 2 and + 3, 100 ppm precursor mass tolerance and 
0.25 Da fragment mass tolerance; Carbamidomethyl (C), oxidation (M) were set 
as variable modifications. Protein matches were only claimed if at least one 
significant unique peptides were detected per protein, resulting in MOWSE scores 
typically higher than 70 (p < 0.05 significance level is Score > 36).  
 

O. STATISTICAL ANALYSIS 

All statistical data presented in this study were analysed using GraphPad Prism 
6.0 software package. Student’s t-test was used in the BCA quantification of hard 
corona proteins to determine statistical significance of the total amount of 
adsorbed serum proteins between PEGylated and non-PEGylated PGMA-RhB 
nanoparticles. one-way ANOVA (post hoc analysis by Tukey’s multiple 
comparisons test) was utilized for the statistical analysis of protein abundance to 
determine if individual protein bands observed in human serum are able to 
preferentially adsorb on either PEGylated or non-PEGylated PGMA-based 
nanoparticles. 
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3. SUPPORTING FIGURES 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The epoxide rings present on the PGMA polymer backbone are highly reactive and undergo 
nucleophilic ring-opening reaction with O-amino (polyethylene glycol) 3000. (Refer to Figure 1A) 
The resulting –OH stretch at approximately 3400cm-1 observed in the spectra is indicative of the 
presence of PEG chain functionalization of the PGMA-RhB NPs. (Blue spectrum: PEG-PGMA-
RhB NP and black spectrum: PGMA-RhB NP) 

 

 
Figure S2. Time-based protein corona analysis from PGMA-RhB NPs (A) and PEG-PGMA-
RhB NPs (B). 

NP samples were incubated in 55 % (v/v) human serum at 37oC from 30 minutes up to 4 hours 
and it was determined that the hard corona profile stabilised and remained consistent beyond 1 
hour exposure to human serum.  Between the 30-minute and 1-hour time points, specific protein 
bands in the corona indicated differences in specific protein abundances, possibly because the 
final hard corona composition had not been reached during that time frame. 

Figure S1. FTIR spectra indicating PEG chain conjugation on PGMA-RhB NP surface. 
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Figure S3. DLS measurements of hydrodynamic radii before and after serum incubation, 
represented on a non-logarithmic scale. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Normalised triplicate raw data of protein band abundance at observed kDa from human serum 
and hard corona samples from non-PEGylated and PEGylated PGMA-RhB NPs. Abundance 
values were derived from ImageJ analysis of the band intensities from SDS-PAGE gels and the 
highest value measured in human serum from each gel was normalised to 100. (n=3) 

 
  

Table S1.Tabulated raw data of protein band abundance. 
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Individual band intensity from human serum and hard corona samples from PEGylated and non-
PEGylated PGMA-based nanoparticles at designated kDa measured by ImageJ analysis. Table 2 
in the manuscript summarizes the statistical significance information for each band, and the 
protein/s identified therein. Statistical analysis was performed by 1-way ANOVA to determine if 
individual proteins in human serum could preferentially adsorb on PEGylated or non-PEGylated 
nanoparticles. (n=3, *p<0.05, **p<0.005, ***p<0.0005 and ****p<0.00005) 

 

Figure S4. Graphical representation of individual protein band intensities. 
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Statistical data derived using one-way ANOVA (post hoc analysis: Tukey’s multiple comparisons 
test) to analyse individual protein band abundance from both hard corona samples compared to 
each other and to the respective band from human serum, *p<0.05, **p<0.005, ***p<0.0005 and 
****p<0.00005, ns is not significantly different 

Table S2. Statistical analysis of protein band abundance data. 
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SUPPORTING INFORMATION 

Novel hydrophilic copolymer-based nanoparticle enhances the therapeutic efficiency of 
Doxorubicin in cultured MCF-7 cells 
 
DOI: 10.1021/acsomega.8b02894 

Priya S.R. Naidu, Marck Norret, Sarah A. Dunlop, Melinda Fitzgerald, Tristan D. Clemons and 

K. Swaminathan Iyer 

 
 

1. MATERIALS 

All materials used in the study were obtained from Sigma-Aldrich unless specified 
otherwise. 
 
2. METHODS 

2.1 CHARACTERIZATION BY 1H NUCLEAR MAGNETIC RESONANCE (1H NMR) AND 
GEL PERMEATION CHROMATOGRAPHY (GPC) 
1H NMR (1H Nuclear Magnetic Resonance) spectra were measured using Bruker 
500 MHz spectrometer, using CD3OD as the solvent for the copolymer and ME-
Br initiator used in this study. All chemical shifts were referenced to the solvent 
peak for CD3OD (δ3.31 ppm). Gel Permeation Chromatography (GPC) was used 
to determine the weighted average molecular weight (M!""""") and polydispersity 
index (PDI) of the polymer (Waters Styragel HR 3 7.8 x 300 mm column, Waters 
Styragel HR 4 7.8 × 300 mm column, 5 μm). Agilent Technologies 1100 Series 
GPC and Agilent GPC software were used for measurements and data analysis 
respectively. Measurements were taken using dimethylformamide (DMF) as the 
eluent at the flow rate of 0.7 mL/min at 40 °C, and calibrated against poly (methyl 
methacrylate) (PMMA) standard. 

 
2.2 SYNTHESIS AND CHARACTERIZATION OF 2-(4-MORPHOLINO)-ETHYL-2-

BROMOISOBUTYRATE INITIATOR (ME-BR) FOR ATOM TRANSFER RADICAL 
POLYMERISATION (ATRP) 

4-(2-hydroxyethyl) morpholine (9.1 mL; 75.5 mmol) and triethylamine (15.8 mL; 
113.3 mmol) were dissolved in 250 mL of dry methylene chloride in an inert 
environment. After cooling the mixture for 20 minutes on ice, 2-bromoisobutyryl 
bromide (10.3 mL; 83.1 mmol) was added drop-wise under nitrogen and the 
reaction was stirred at room temperature over 48 h. 0.1 M sodium carbonate 
solution was added to the reacted mixture to remove triethylammonium bromide 
salt by phase separation. The organic layer was retrieved and washed 5× with 200 
mL portions of deionised water. After drying over anhydrous magnesium 
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sulphate, solvent was removed from the final product under reduced pressure at 
room temperature and stored in the absence of light in a desiccator.  

 
2.3 SYNTHESIS AND CHARACTERIZATION OF P(HEMA-RAN-GMA) COPOLYMER VIA 

ATRP 

The monomers, 2-hydroxyethyl methacrylate (HEMA; 3.4 mL; 28 mmol) and 
glycidyl methacrylate (GMA; 1.6 mL; 12 mmol), were dissolved in methanol 
(MeOH) at a volumetric ratio of 1:3 (monomer : MeOH) in a Schlenk flask. 2-(4-
morpholino)-ethyl-2-bromoisobutyrate (ME-Br; 210 μL; 1 mmol) was added and 
the mixture was degassed 3× using the standard “freeze-pump-thaw” method and 
backfilled with argon gas. Copper (I) bromide (CuBr; 143 mg; 1 mmol) and 2,2-
bypyridine (bpy; 392 mg; 2 mmol) was added and the reaction was carried out at 
80 °C under standard Schlenk conditions for 1 h. Upon completion, the reaction 
was opened to air and additional MeOH (15 mL) was added. The p(HEMA-ran-
GMA) copolymer product was collected by precipitation in excess diethyl ether 
and dried overnight under vacuum. Co-polymer composition was determined by 
1H NMR (500 MHz, CD3OD) where peaks at δH 2.551 (1H, br), δH 2.688 (1H, 
br) and δH 2.868 (1H, br) corresponded to the epoxide moiety, confirming the 
presence of GMA in the polymer chain. Weighted average molecular weight (M!) 
and polymer polydispersity (PDI) of p(HEMA-ran-GMA) were measured by Gel 
Permeation Chromatography (GPC). p(HEMA-ran-GMA) characterization results 
can be found in Figure S2.  

 
2.4 NANOPARTICLE SYNTHESIS 

2.4.1 Synthesis of poly (glycidyl methacrylate) (PGMA) nanoparticles 

The synthesis of poly glycidyl methacrylate (PGMA) and the solvent evaporation 
oil-in-water (O/W) emulsion method to synthesise PGMA nanoparticles, along 
with the justifications for their use for therapeutic purposes have been previously 
described extensively.1-3 In brief, 100 mg of PGMA was dissolved in 1 : 3 mixture 
of chloroform and methyl ethyl ketone respectively to form 8 mL of organic 
phase. This was added drop-wise into vigorously stirring aqueous phase made up 
of 30 mL 1.25 % (w/v)  Pluronic F-108 in MilliQ water and sonicated extensively. 
An aqueous suspension of PGMA nanoparticles was retrieved by removing all 
solvents under reduced pressure at 40 °C. Known volumes of the nanoparticle 
suspension were lyophilised for yield assessment, while the remaining suspension 
was stored at room temperature prior to analyses and further functionalization. 

 
2.4.2 Synthesis of p(HEMA-ran-GMA) nanoparticles 

p(HEMA-ran-GMA) nanoparticles were synthesized via spontaneous “water-in-
oil” (W/O) inverse nano-emulsion. p(HEMA-ran-GMA) (131.7 g/mol; 100 mg; 
758 μmol) was completely dissolved in 4 mL of MilliQ water. The surfactant, 
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sodium dioctyl sulfosuccinate (AOT; 17 g) was completely dissolved in 250 mL 
of dry hexane. The aqueous copolymer solution was then added to the hexane-
AOT mixture with moderate stirring which resulted in an optically clear and 
homogenous emulsion. 1:100 dilution of ethylene diamine in MilliQ water (42 
μL; 6.17 μmol) and a few drops of triethylamine (TEA) was added to the stable 
emulsion to enable p(HEMA-ran-GMA) nanoparticle formation within the 
aqueous micelles in the W/O emulsion via cross-linking of epoxide groups present 
on the copolymer backbone, overnight at room temperature. To retrieve the cross-
linked p(HEMA-ran-GMA) nanoparticles as an aqueous suspension, the W/O 
micro-emulsion was disrupted by the addition of MilliQ water and centrifuged 
(10000 g; 30 min). The aqueous phase consisting of p(HEMA-ran-GMA) 
nanoparticles was carefully removed and dialysed using regenerated cellulose 
membrane (Fisherbrand™ MWCO 12-14 kDa) against MilliQ water over 48 h to 
remove unreacted reagents and/or remnant AOT. 

 
2.4.3 Cyanine5 (Cy5) functionalization of nanoparticles 

Aqueous ammonia (aq. 25 % NH3) was added in 20-fold excess with respect to 
the epoxide functional groups present in the nanoparticle suspension and reacted 
over 48 h at 60 °C to enable amine-functionalization of the nanoparticles via 
epoxide ring opening. The amine-functionalized nanoparticles were purified by 
dialysis overnight (Fisherbrand™ Regenerated Cellulose MWCO 12-14 kDa) 
against MilliQ water and lyophilized for yield assessment. Cyanine5-N-
hydroxysuccinimide (Cy5-NHS) ester (Lumiprobe) (0.27 mg; 433.6 μmol) was 
dissolved in 1 : 10 reaction volume of dimethyl sulfoxide (DMSO) and added to a 
9 : 10 reaction volume of amine-functionalized nanoparticles in amine-free buffer 
(50 mM HEPES; pH 8.3) making up a total volume of 10 mL. The reaction 
mixture was briefly sonicated and stirred over 4 h at room temperature. The 
chemical reaction scheme for the functionalizations mentioned above can be 
found in Scheme S1. Unbound fluorophore was removed to purify the Cy5 
functionalized nanoparticles by dialysis (MWCO 12-14 kDa) against MilliQ water 
overnight.  
 

2.5 NANOPARTICLE CHARACTERIZATION 

Mean hydrodynamic size of the nanoparticle variants were characterized using 
dynamic light scattering (Zetasizer Nano ZS) using a 4 mW He-Ne laser operating 
at 633 nm with a scattering angle of 173°. Surface charges of the nanoparticle 
variants (zeta potential) were also determined. Measurements were taken in 
triplicate after an initial equilibrium of 1 minute. The samples were calibrated 
against measurements for recorded for PGMA (refractive index 1.515; viscosity 
0.05) in water at 25 °C as dispersant (refractive index 1.33; viscosity 0.887). The 
intensity-weighted hydrodynamic sizes and zeta potentials of the nanoparticle 
variants were presented as mean ± standard deviation. All zeta potential 
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measurements were taken at physiological pH (7.4). 10 μL nanoparticle 
suspensions were deposited on carbon-coated copper grids and dried overnight in 
preparation for Transmission Electron Microscopy (TEM) imaging. All TEM 
images were obtained at 120 kV using JEOL JEM-2100. Thermal analysis to 
assess the cross-linking efficiency of lyophilized p(HEMA-ran-GMA) 
nanoparticles was conducted by thermogravimetric analysis (TGA) (PerkinElmer 
Thermal Analyzer TGA 7) and differential scanning calorimetry (DSC) 
(PerkinElmer DSC 7) at a uniform heating-rate of 5 °C/min over a range of 22 °C 
to 350 °C.  

 
2.6 DOXORUBICIN (DOX) LOADING INTO CY5-FUNCTIONALIZED NANOPARTICLES 

Both nanoparticle variants were loaded with DOX by a “back-filling” method.  
 
For Cy5-p(HEMA-ran-GMA) nanoparticles: A known mass of lyophilised Cy5-
p(HEMA-ran-GMA) nanoparticles was mixed with an equal amount of DOX in 5 
mL MilliQ water. The suspension consisting of nanoparticles and DOX was 
sonicated and allowed to stir at room temperature for 2 h. DOX-loaded p(HEMA-
ran-GMA) nanoparticles were then retrieved as a pellet by centrifugation (20000 
g; 30 min; 3×).  

For Cy5-PGMA nanoparticles: A known volume of the Cy5-PGMA nanoparticle 
suspension was centrifuged to pellet the required mass of nanoparticles. An equal 
mass of DOX in 5 mL MilliQ water was added to the pellet and sonicated. The 
suspension was allowed to stir at room temperature for 2 h. The volume of the 
suspension of Cy5-PGMA nanoparticles and DOX was reduced to ~1 mL under 
reduced pressure at room temperature. DOX-loaded Cy5-PGMA nanoparticles 
were retrieved by centrifugation of the concentrated suspension of nanoparticles 
and DOX (20000 g; 30 min; 3×).  

 
Scheme S1. Schematic representation of Cyanine5 (Cy5) functionalisation of PGMA 
and p(HEMA-ran-GMA) nanoparticles. 

Functionalisation was done via two stages: (1) Epoxide ring opening reaction to 
functionalize nanoparticles with amine groups (2) Cy5 functionalization via the amine 
groups on nanoparticle surface by substitution with NHS-ester. 
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The DOX-loaded nanoparticle pellets for both variants were reconstituted in 1× 
PBS (pH 7.4) to 5 mg/mL nanoparticle concentration and stored at 4 °C until 
required. 

 
2.7 DOX LOADING AND RELEASE PROFILE ASSESSMENT BY HIGH PERFORMANCE 

LIQUID CHROMATOGRAPHY (HPLC) 

DOX loading and release experiments were performed in pre-warmed 1× PBS (37 
°C; pH 7.4). Quantification of the drug was determined by HPLC analysis. 
Standard concentrations of DOX in 1× PBS (10 μL injections in triplicate) were 
run on a Waters 2695 separations module coupled with Waters 2489 UV/Vis 
detector with a 50 : 50 isocratic solvent system consisting of 0.02 M phosphate 
buffer (pH 5.4) and acetonitrile (ACN) at flow-rate of 10 mL/min. Monitoring the 
eluent at 233 nm produced a peak at the retention time of 2 minutes. Each 
standard sample of known concentration was run for 10 minutes and the 
integrated area of the detected peak corresponded to the assessed DOX 
concentration to produce a standard curve. The limit of detection for DOX using 
this method was 0.1 μg/mL. For DOX loading assessments of each nanoparticle 
variant, a known mass of drug-loaded nanoparticles were dispersed in 1 mL 
methanol, sonicated in an ultrasonic bath for 15 minutes and left to stand at room 
temperature for 1 h. The samples were then centrifuged (20000 g, 30 minutes) to 
collect a known volume of the supernatant without disrupting the nanoparticle 
pellet and the solvent was extracted completely under reduced pressure at room 
temperature. The dried DOX from each sample was reconstituted in 1 mL of 1× 
PBS (pH 7.4) and assessed for concentration by the above-mentioned HPLC 
method to determine the DOX loading efficiency per mg of nanoparticles. DOX 
release experiments were carried out in pre-warmed 1× PBS (37 °C; pH 7.4) by 
dispersing DOX-loaded nanoparticles to make up a final nanoparticle 
concentration of 1 mg/mL in a sink volume of 10 mL. 200 μL of the sinks were 
sampled in triplicate over a course of 3 days at specific time points. No fresh 1× 
PBS was added. Each sample was centrifuged (20000 g, 30 minutes) and the 
supernatant was assessed for DOX concentration using the HPLC method as-
above. The results of the DOX loading and release experiments were reported as 
means ± SEM. 

 
2.8 IN VITRO ASSESSMENT OF NANOPARTICLE VARIANTS 

2.8.1 Culture of MCF-7 cells 

MCF-7 cells (human breast adenocarcinoma cell line, ATCC) were cultured in 
Minimum Essential Media α (MEM α, Gibco) supplemented with 0.15 % sodium 
bicarbonate, 10 % fetal bovine serum (FBS) and 1× GlutaMAX, and were grown 
in a humidified incubator at 37 °C with 5 % CO2. In-vitro assessments of 
nanoparticle cytotoxicity (Section 2.8.2) and IC50 assessment of DOX-loaded 
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nanoparticles (Section 2.8.4) were conducted using this biologically relevant 
cancer model with the above-mentioned cell culture media. 

 
2.8.2 Cytotoxicity assessment by MTS Assay 

Nanoparticle cytotoxicity was quantified by cell metabolism, often referred to as 
viability, assessed by MTS assay (Promega CellTiter 96® AQueous One Solution 
Cell Proliferation Assay). In brief, MCF-7 cells were seeded in triplicate (104 
cells/well) in 96-well plates (Corning® Clear Polystyrene Microplate: clear flat 
bottom) in 50 μL culture media per well and were allowed to settle overnight. 50 
μL of respective Cy5-conjugated nanoparticle suspensions at varying final 
concentrations (0 – 1000 μg/mL nanoparticles in culture media) were then added 
and allowed to incubate with the cells for 24, 48 or 72 h in 96-well plates. Control 
wells (with no nanoparticle treatment) were topped up with 50 μL culture media 
such that the final volume of all test wells was 100 μL. The MTS assay was 
conducted according to the manufacturer’s protocol (20 μL MTS reagent per test 
well) at the specified time points and the absorbance at 490 nm resulting from the 
coloured formazan product generated by viable cells due to the reduction of the 
MTS tetrazolium compound was assessed on a plate reader (PerkinElmer 
EnSpire™ Multimode Plate Reader). Measured values were normalised to blank 
wells with culture media only. 

 
2.8.3 Confocal imaging of Cy5-functionalized nanoparticles in MCF-7 cells  

Cells were seeded (5 x 104 cells/well) on poly-L-lysine treated cover slips (10 
mm) in 24-well plates ((Corning® Clear Polystyrene Microplate: clear flat 
bottom) with 500 μL culture media per well and allowed to settle overnight. Cy5-
conjugated nanoparticle variants (20 μg/mL in 100 μL culture media) were added 
in duplicate to the respective wells and incubated for 24 h. To fix the cells in each 
well, media was removed, cell layers were washed with 1× PBS twice and then 4 
% (w/v) paraformaldehyde in 1× PBS was added for 15 minutes. After removing 
the fixative, the cover slips in each well were washed twice with 1× PBS before 
permeablizing the cells in each well with 0.5 % (v/v) Triton® X-100 in 1× PBS 
for 15 minutes at room temperature. The permeabilization solution was removed 
and each well was washed twice with 1× PBS before the addition of 2 % (v/v) 
donkey serum in 0.5 % Triton® X-100 solution (2 % DKS) to block the cells for 1 
h at 4 °C. Antibodies recognising Mouse βIII-tubulin (1 : 500) in 2 % DKS was 
added to each well and incubated overnight at 4 °C. After removing the primary 
antibodies, Hoechst stain (1:2000) and AF555 goat anti-mouse secondary 
antibody (1 : 1000) in 2 % DKS was added to each well and incubated in the dark 
at room temperature for 20 min. Prepared samples on cover slips were washed 
twice with 1× PBS and mounted onto glass slides for confocal imaging (Nikon 
Confocal Microscope C2) using spectral properties of DAPI (cell nucleus), AF555 
(microtubules in cytoskeleton) and Cy5 (nanoparticles). 
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2.8.4 Assessment of MCF-7 cell growth inhibition by DOX-loaded Cy5-functionalized 
nanoparticle variants 

MCF-7 growth inhibition was assessed in the presence of free DOX and DOX-
loaded nanoparticles in varying concentrations using the MTS assay as described 
previously in Section 2.8.2. Cells (104 cells/well in 50 μL culture media) were 
allowed to incubate overnight in 96-well plates in triplicate before various 
concentrations of DOX and UV-sterilised DOX-loaded nanoparticle variants were 
added and the cells incubated for a further 24 h before the MTS assay. The 
respective inhibitors (free DOX and DOX-loaded nanoparticle variants) were 
added in the required drug concentrations in volumes of 50 μL, making the total 
volume of each test well 100 μL. DOX availability from each nanoparticle variant 
was calculated from the drug loading assessment and the required concentration of 
DOX-loaded nanoparticle variants to deliver specific DOX concentrations was 
delivered to the test wells. Blank nanoparticle variants were added to the analysis 
matrix to serve as controls, alongside test wells containing untreated MCF-7 cells. 

 
2.9 STATISTICAL ANALYSIS 

All statistical analyses were conducted using GraphPad Prism 6.0. All presented 
data is illustrated as the mean, with error bars that represent standard error of the 
mean (SEM). Significant differences are denoted by p ≤ 0.05 (*), p ≤ 0.01 (**), p 
≤ 0.001 (***) and p ≤ 0.0001 (****). All data are the means of technical 
triplicates and post-hoc analyses are specified where required. 
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3. SUPPORTING FIGURES 

 
Figure S1. Copolymer Charcaterisation by 1H Nuclear Magentic Resonance. 

1H Nuclear Magnetic Resonance (NMR) (500 MHz, CD3OD, δ3.33) spectrum of p(HEMA-ran-
GMA) copolymer synthesized by atom-transfer radical polymerization (ATRP) using 2-(4-
morpholino)-ethyl-2-bromoisobutyrate (ME-Br) as initiator. The numbers in blue on the NMR 
spectrum correlate to the peaks responsible for the respective protons from the structure of the 
copolymer (inset schematic), in reference to the solvent peak marked by the blue asterisk on the 
spectrum. Gel Permeation Chromatography (GPC) analysis of p(HEMA-ran-GMA) provided the 
copolymer’s weighted average molecular weight ( ) and polydispersity index (PDI) which are 
tabulated in the inset table. Confirmation of successful co-polymerization is derived from the 
presence of epoxide group at δ2.71 (1H, s), δ2.89 (1H, s) and δ3.73 (1H, s) and the GPC 
analysis of the product. 

  

MW
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Figure S2. Hydrodynamic size distribution of nanoparticle variants assessed by DLS, 
represented as scattering intensity %. 

 
Added information on nanoparticle surface charge (Refer to Table 1 in manuscript):  
The unfunctionalized and cross-linked p(HEMA-ran-GMA) nanoparticles were highly negatively 
charged at -75 mV which made them very stable in aqueous solution, such that it was not 
possible to pellet them by centrifugation at 20000 g. Ring-opening reaction of the epoxide 
functional group on the nanoparticle surface to produce primary amine-terminated chains 
indicated an increase in the surface charge to -48 mV, which could be explained by the 
protonation of the amine functional group in aqueous medium. After nucleophilic substitution of 
the terminal amine groups by Cy5-N-hydroxysuccinimide (NHS) ester, the surface charge of Cy5-
p(HEMA-ran-GMA) nanoparticles increased to -12.5 mV, at which point it became possible to 
retrieve the nanoparticles as a pellet by centrifugation at 20000 g. 

 
  



	 Appendix A: Supporting Information for Papers 	
	 	
	

	 184 	
	 	
	

 
Figure S3. Mean hydrodynamic size of cross-linked p(HEMA-ran-GMA) nanoparticles with 
respect to changes in Wo ratio. 

Ordinary one-way ANOVA with post hoc analysis by Tukey’s Multiple Comparisons Test. (n = 3) 
No significant changes or trends observed in hydrodynamic size of p(HEMA-ran-GMA) 
nanoparticles was observed with changes in Wo ratio, while cross-linker was kept consistent at 
50 mol% in the emulsion. 

 

 
Figure S4. Extrapolated IC50 values ± standard error of measurement (SEM). 

Ordinary one-way ANOVA with post hoc analysis by Tukey’s Multiple Comparisons 
Test. (n = 3,  ***p < 0.0005) 
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Figure S5. Relationship between nanoparticle concentration and respective DOX loading 
per test well. 
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Serum protein interactions diminish the ability of functionalized nanoparticles to cross 
the blood brain barrier and enter target cells 
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1. MATERIALS 

All materials and reagents used for the preparation of nanoparticles for this study were 
obtained from Merck© (previously Sigma-Aldrich®) unless specified otherwise. All tissue 
culture reagents were purchased from Gibco™ unless specified otherwise.   

 
2. METHODS 

2.1 NANOPARTICLE SYNTHESIS 
 

2-hydroxyethyl methacrylate (HEMA) and glycidyl methacrylate (GMA) were 
copolymerized via atom-transfer radical-polymerization (ATRP) (refer to 
Schematic 1). GMA (12 mmol, 1.64 mL) and HEMA (28 mmol, 3.40 mL) were 
dissolved in methanol (MeOH) at monomer to solvent ratio of 1:3 and degassed 3 
times via the freeze/pump/thaw method. An alkyl halide initiator (ME-Br, 209 µL, 
280.16 g/mol, 1.34 g/mL, 1 mmol), copper (I) bromide (CuBr, 143 mg, 1 mmol) 
and 2,2-bipyridine (bpy, 143 mg, 2 mmol) were added to the degassed monomer 
solution. The reaction was heated at 80 °C under standard Schlenk conditions for 
1 h and the copolymer, p(HEMA-ran-GMA), product was collected by 
precipitation in excess diethyl ether and dried overnight under vacuum. 

 

 
Figure S1. Atom-Transfer Radical Polymerisation (ATRP) of 2-hydroxyethyl methacrylate 
(HEMA) and glycidyl methacrylate (GMA) to synthesise p(HEMA-ran-GMA) copolymer. 
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The hydrophilic p(HEMA-ran-GMA) NPs were formed by a spontaneous water-
in-oil (W/O) inverse nano-emulsion. The aqueous phase of the emulsion 
comprised of copolymer dissolved in water (25 % (v/v)) which was added to an 
organic phase consisting of cyclohexane (75 % (v/v)) and 0.5 M dioctyl 
sulfosuccinate sodium salt (AOT). Ethylene diamine (50 mol %) was added to the 
resulting optically clear and homogenous emulsion to enable cross-linking of the 
dispersed aqueous copolymer over 24 h at room temperature (RT). To retrieve the 
cross-linked NPs, all organic solvent in the W/O emulsion was removed under 
reduced pressure, leaving behind a solid mixture of AOT and cross-linked NPs. 
This was re-dispersed in deionized water and ultracentrifuged at 300k × g for 30 
minutes (~8 – 10 ×) and the supernatant consisting of AOT was discarded after 
each run in order to purify the NPs.  

After dialysing the NPs over 24 h against MilliQ water (Fisherbrand™ 
Regenerated Cellulose Dialysis Tubing MWCO 12-14 kDa) to remove any 
unreacted components and surfactant, aqueous ammonia (aq. 25 % NH3) was 
added in 5-fold excess with respect to the epoxide functional groups present in the 
NP suspension and reacted over 24 h at 60 °C to enable amine-functionalization 
of the NPs via epoxide ring opening. The amine-functionalized NPs were purified 
by dialysis overnight against MilliQ water (4 × 5 L changes over 24 h) and 
lyophilized for yield assessment.  

Cyanine5 (Cy5)-N-hydroxysuccinimide ester (Lumiprobe) (0.27 mg; 433.6 μmol) 
was dissolved in 1:10 reaction volume of dimethyl sulfoxide (DMSO) and added 
to a 9:10 reaction volume of amine-functionalized p(HEMA-ran-GMA) NPs in 
amine-free buffer (50 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 
(HEPES) ; pH 8.3) as suggested by the manufacturer’s protocol. The reaction 
mixture was briefly sonicated and stirred over 4 h at RT. Unbound fluorophore 
was removed to purify the Cy5-functionalized p(HEMA-ran-GMA) NPs by 
dialysis against MilliQ water overnight (3× 4 L changes). Cy5-p(HEMA-ran-
GMA) NPs were lyophilized for yield assessment and/or for storage at RT in a 
desiccator away from direct light. 

Cy5-p(HEMA-ran-GMA) NPs were functionalized with αNG2 antibody and TAT 
using a hetero-bifunctional sulfosuccimidyl 4-(N-maleimidomethyl)cyclohexane-
1-carboxylate (SMCC) cross-linker with polyethylene glycol (PEG) chain spacer, 
SM(PEG)12 (Thermo Scientific™). This cross-linker consists of both N-
hydroxysuccinimide and maleimide groups adjacently positioned with PEG 
spacers consisting of 12 ethylene glycol units. To enable sulfhydryl groups to link 
to the maleimide end group of the SM(PEG)12, the αNG2 and TAT peptide were 
individually exposed to 10 molar excess of tris (2-carboxyethyl) phosphine 
(TCEP) in 50 mM HEPES buffer at pH 6.5 for 1 h at RT. During this time, the 
Cy5-p(HEMA-ran-GMA) NPs were resuspended in 50 mM HEPES buffer at pH 
7 and SM(PEG)12 in DMSO was added at 10 molar excess with respect to 
theoretical amine functional groups left on NPs after Cy5 conjugation. The cross-
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linker attachment reaction was carried out at RT for 1 h with moderate stirring. 
After which, the disulphide bond reduced moieties were introduced to the NP 
suspension to produce respective functionalized NPs by allowing the reaction to 
occur at RT for 1 h. Variants with αNG2 only, TAT only and both αNG2 and 
TAT were synthesized. Based on the theoretical quantity of cross-linker presence 
on the NP surface, the αNG2 and TAT were exposed at 10 molar excess and 
allowed to react for 1 h at RT. For NPs functionalized with both α-NG2 and TAT, 
the antibody functionalization was conducted for the first 30 minutes of the 
reaction time, followed by TAT functionalization for another 30 minutes. 
Unreacted reactants were removed from NP variants by centrifugation at 17000 × 
g for 30 minutes and the supernatant was assessed by Micro BCA™ analysis to 
allow calculation of the degree of functionalization. The functionalized NPs were 
resuspended in 50 mM HEPES at pH 7.4 and stored at 4 °C until required. 

 
2.2 NANOPARTICLE CHARACTERISATION 

 
Mean hydrodynamic size and surface charges (zeta potentials) of the NP variant 
suspensions were characterized using dynamic light scattering (DLS) (Malvern 
Zetasizer Nano ZS, Malvern Panalytical®) using a 4 mW He-Ne laser operating at 
633 nm with a scattering angle of 173°. Respective NP variant samples at a 
concentration of 0.1 mg/mL were prepared by resuspension by sonication for 30 
seconds, immediately prior to analysis, in order to minimize incidence of particle 
aggregation. Measurements were taken in triplicate after an initial equilibrium of 
1 minute. The samples were calibrated against measurements for recorded for 
PGMA (refractive index 1.515; viscosity 0.05) in water at 25 °C as dispersant 
(refractive index 1.33; viscosity 0.887). The intensity-weighted hydrodynamic 
radii and zeta potentials of the NP variants were presented as mean ± standard 
deviation (S.D). All zeta potential measurements were taken with 1× phosphate 
buffered saline (PBS) at physiological pH (7.4). 10 μL NP suspensions were 
deposited on carbon-coated copper grids and dried overnight in preparation for 
transmission electron microscopy (TEM) imaging. All TEM images were 
obtained at 120 kV using JEOL JEM-2100. 

The attachment of αNG2 antibody and TAT peptide to the NP was confirmed as 
follows:  

• αNG2 detection 

Rabbit αNG2-functionalized NPs were incubated with 1:500 AF488 goat anti-
rabbit secondary antibodies for 30 minutes at RT with constant agitation, to allow 
secondary antibody binding. The NPs were then centrifuged (17000× g; 10 
minutes) to wash and remove any unbound secondary antibodies from the NP 
pellet. This clean-up process was repeated 2 more times by resuspending the NP 
pellet with 1× PBS. After the final centrifugation, the resuspended NP pellet was 
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assessed for fluorescence using the spectral properties of AF488 to confirm the 
presence of the primary antibody, αNG2.  

• TAT detection 

TAT-functionalized NPs were incubated with 1:500 chicken αTAT antibodies for 
30 minutes at RT with constant agitation, to allow αTAT 1° antibody to bind to 
TAT peptide present on the NPs. Following this incubation, the NPs were 
centrifuged (17000 × g; 10 minutes) to wash and remove unbound 1° antibodies 
from the NP pellet. This clean-up process was repeated 2 more times by 
resuspending the NP pellet with 1× PBS. The resuspended αTAT-TAT-
functionalized NPs were then incubated with 1:500 FITC-conjugated anti-chicken 
antibody for 30 minutes at RT with constant agitation. The FITC-αTAT-TAT-
functionalized NPs were then centrifuged and washed as described before to 
remove any unbound FITC anti-chicken antibodies from the nanoparticle pellet. 
After the final centrifugation, the resuspended NP pellet was assessed for 
fluorescence using the spectral properties of FITC to confirm the presence of the 
secondary antibodies bound to the αTAT-TAT-functionalized NPs.  

 
2.3 PREPARATION OF MIXED CORTICAL CULTURES 

 
Working under sterile conditions, brains were dissected from five humanely 
euthanized rat pups and placed into a petri dish containing Hanks Balanced Salt 
Solution (HBSS). Cortices were surgically freed from subcortical structures and 
meninges, using forceps and fine operating scissors, and placed into a new petri 
dish containing clean, ice-cold HBSS, where they were chopped into ~1 mm3 
pieces using a sterile scalpel blade (Braun). Digestion solution containing 6.8 mL 
HBSS, 0.4 mL DNaseI (0.2 mg/mL) and 0.3 mL trypsin (0.25 %) was added for 
15 minutes in 5 % CO2 at 37 °C. Digested cortices were transferred into 5 mL 
DMEMS20 (DMEM, 4 mM 100 × GlutaMAX, 1 mM sodium pyruvate, 20 % 
(v/v) fetal bovine serum (FBS), 100,000 U/mL penicillin-streptomycin). Residual 
tissue in the petri dish was gently washed with ~2-3 mL DMEMS20 and added to 
the digested cortices which were then centrifuged for 5 minutes at 100× g, at 
which point, a clear tissue pellet could be distinguished. 5 mL of DMEMS20 was 
added to the tissue pellet, which was then triturated using a transfer pipette until 
almost homogenous and settled on ice for 10 minutes. Avoiding the loose tissue 
pellet, the cell suspension was passed through a 70 μm nylon strainer (VWR 
International) and into 5 mL DMEMS20. Cells were counted using Trypan blue 
exclusion assay (0.4 % Trypan blue; Invitrogen™) with a Neubauer Improved 
Bright-lined haemocytometer (ProSciTech®) on an Olympus® CK30 culture 
microscope at 20× magnification. Cell suspension was diluted in DMEMS20 (+ 
10 ng/mL platelet derived growth factor-AA (PDGF-AA) and 10 ng/mL basic 
fibroblast growth factor (bFGF)) and plated onto poly-DL-ornithine (1× 
concentration in DPBS overnight; Sigma-Aldrich®) coated 18 mm2 glass 
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coverslips in 12 well plates at a density of 1 × 104 cells/cm2. Cultures were 
incubated at 37 °C in 5 % CO2 for 10 days, with half media changes of 
DMEMS20 (containing 2× concentration of growth factors i.e. + 20 ng/mL 
PDGF-AA and 20 ng/mL bFGF) every 2 – 3 days. 

 
2.4 IN VITRO NP TREATMENT 

 
After 10 days in vitro, stock NP suspensions (4-5 mg/mL in HEPES buffer) were 
added to sterilized HEPES buffer to achieve a concentration range of between 100 
μg and 4 mg/mL. These NP suspensions in HEPES buffer were then further 
diluted in DMEMS20 (+ 20 ng/mL PDGF-AA and 20 ng/mL bFGF) at 1:10 ratio, 
giving a concentration range of 10 – 400 μg/mL.  NPs were added to wells at the 
time of half media changes; final NP concentrations ranged from 5 – 200 μg/mL, 
whilst controls received HEPES buffer diluted in DMEMS20 (+ 20 ng/mL PDGF-
AA and 20 ng/mL bFGF) at 1:10 ratio.  

In separate experiments, NP variants at a final concentration of 25 μg/mL were 
applied to 0.17 mm thickness coverslips at 10 days post plating in 3 sets of 
duplicates, to allow for immunohistochemical identification of multiple cell types 
and NP localization therein, and cultures were incubated for a further 24 h at 37 
°C in 5 % CO2. Experiments were repeated three times using cultures derived 
from separate litters of rat pups. NP variants were added similarly to cultures in 
DMEMS20, either with or without FBS, PDGF-AA or bFGF supplementation, for 
4 h at 4 °C; experiments were repeated twice, using cultures derived from separate 
litters of rat pups. 

 
2.5 IMMUNOHISTOCHEMISTRY 

 
Cultures were removed from the incubator and briefly washed once with 37 °C 
Dulbecco’s phosphate buffer solution (DPBS; Thermo Fisher Scientific™). Cells 
were fixed by removing half of the volume of DPBS and adding an equal volume 
of 4 % (w/v) paraformaldehyde (Sigma-Aldrich®) in 0.1M phosphate buffer 
pH7.2 (PFA) for 5 minutes, then removing all of the solution and adding 4 % 
(w/v) PFA for 20 minutes, followed by three washes with 1× PBS. Fixed cells on 
coverslips were then incubated in wells in 1× PBS + 0.2 % (v/v) Triton™ X-100 
(PBST) + 5 % (v/v) normal donkey serum (DkS; Abcam© AB7475) for 30 
minutes to block non-specific binding sites and permeabilize cellular membranes, 
then incubated at 4 °C overnight in the dark on an IKA Vibrax® VXR-VX7 orbital 
shaker at ~80 rpm with primary antibodies (1:500 dilution in solution of PBST + 5 
% (v/v) DkS) recognizing OPC indicators NG2 (Merck©; rabbit AB5320) and 
Olig2 (R&D Systems®; goat AF2418); astrocyte indicator glial fibrillary acidic 
protein (GFAP; Abcam©; rabbit AB33922); microglia indicator ionized calcium-
binding adapter molecule 1 (Iba1; Abcam©; goat AB5076); neuronal indicator 
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beta-III tubulin (bIII-T; Abcam© rabbit AB18207) and oligodendrocyte indicator 
adenomatous polyposis coli clone 1 (CC1; Merck©; mouse OP80). Following 
overnight incubation, the fixed cells were washed 3× for 5 minutes with 1× PBS.  
Fluorescent secondary antibodies Alexa Fluor® 488 and 555 (1:400; anti-rabbit, 
anti-goat and/or anti-mouse; Thermo Fisher Scientific™) and Hoechst 33342 
(1:1000; Thermo Fisher Scientific™) were added and cells incubated at RT in the 
dark for 2 h on an IKA Vibrax® VXR-VX7 orbital shaker at 100 rpm, then 
washed three times with 1× PBS. Coverslips were then removed from wells using 
fine forceps, carefully mounted onto Superfrost Plus™ microscope slides (Thermo 
Fisher Scientific™) using Fluoromount-G™ (Thermo Fisher Scientific™), and 
stored in the dark at RT until visualization.  
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3. SUPPORTING FIGURES 

 

 
Figure S1. Additional characterisation of NP variants. 

(A) Assessment of Cy5 fluorescence intensity of NP variants demonstrated linear fluorescence 
within the tested concentration range, regardless of functionalization. (B) Fluorescence intensities 
of secondary (2°) antibodies bound to αNG2, or to αTAT antibodies recognizing conjugated TAT 
on the surface of NP-αNG2-TAT. Significant differences were indicated by ****p ≤ 0.0001. 
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Figure S2. Degree of functionalisation of targeting moieties (anti-NG2 and TAT) on 
respective NP variants. 

 
Analysis conducted by Micro BCA™ assessment of the supernatant containing unreacted 
antibody or peptide. 
 
Notes: 

From the known maximum concentration of exposed antibody or peptide, the amount bound to a 
known mass of NPs was back-calculated: 

Amount of anti-NG2 per mg of NP-αNG2 = 1.8 μg 
Amount of anti-NG2 per mg of NP-αNG2-TAT = 1.2 μg 
Amount of TAT per mg of NP-TAT = 0.2 μg 
Amount of TAT per mg of NP-αNG2-TAT = 0.09 μg 
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Figure S3. Representative images of mixed cortical cultures treated with Cy5-labelled 
p(HEMA-ran-GMA) NP variants at a concentrations of either 5, 25, 100 or 200 µg/mL. 

 
Nuclei were visualized with Hoechst (blue). Each column represents NP variant treatment, whilst 
each row displays variants at different dosages. Control (no NP) is on the far right. Microscope 
settings were consistent for all NP concentrations for comparative purposes; 25 µg/mL provided 
optimal discriminatory capacity between distributions of NP variants. Scale bar = 50 μm, applies 
to all images. 

 

Notes: 

Cultures treated with 100 and 200 μg/mL NP variants displayed high Cy5 florescence in all cells, 
indicating lack of discriminatory localization; 200 μg/mL of all NP variants assessed appeared to 
aggregate and therefore 25 μg/mL NPs was deemed optimal for analysis and used for further 
detailed assessments. 
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Figure S4. Effect of Cy5-labelled p(HEMA-ran-GMA) NP variants on the number of 
Hoechst+ cells, OPCs, astrocytes, microglia, neurons and oligodendrocytes. 

 
Numbers of cells, expressed as mean ± standard error of measurement (SEM) for n = 2 – 3 
independent experiments, following treatment with 25 µg/mL of the NP variants or HEPES buffer 
control did not change for (A) Hoechst+ cells (F (4,10) = 0.027; p = 0.998), (B) NG2+/Olig2+ 
OPCs (F  (4,10) = 0.743; p = 0.584), (C) GFAP+ astrocytes (F (4,5) = 1.607; p = 0.305), (D) Iba1+ 
microglia (F (4,10) = 0.051; p = 0.994), (E) bIII-T+ neurons (F (4,10 = 0.737; p = 0.587) or (F) 
CC1+ oligodendrocytes (F (4,10) = 0.309; p = 0.806). A minimum of 150 cells per cell type was 
assessed. * Indicates significant differences at p ≤ 0.05; none seen.  
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Figure S5. In vitro assessment of cell types with Cy5 localisation from Cy5-labelled 
p(HEMA-ran-GMA) NP variants. 

 
Comparisons between NP variants for each of the cell types. Data presented as mean ± standard 
error of measurement (SEM) percentages of each cell type with Cy5 localization, for n = 2 – 3 
independent experiments, following treatment with 25 µg/mL of the NP variants or HEPES buffer 
control. Significant differences have been indicated by ** p £ 0.01, ***p £ 0.001, ****p ≤ 0.0001. A 
minimum of 100 cells per cell type was assessed.  
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Figure S6.Comparison of the total Cy5 fluorescence signal from intravenously delivered 
Cy5 labelled p(HEMA-ran-GMA) NP variants, above threshold (scaled counts/s) in a range 
of whole organs. 

 
Comparisons made between organ types for each of the NP variants. Histogram bars represent 
the mean Cy5 signal intensity above threshold (scaled counts/s) ± standard error of measurement 
(SEM). Higher signal intensities were indicative of a higher uptake of the respective Cy5-labelled 
NP variant by the given organ. 

Notes: 

Data was displayed to allow visualization of comparisons of NP variants between organs. In 
organs from rats IV-injected with each of the NP variants, the mean Cy5 fluorescence intensity 
was significantly higher in the kidney than in the liver, lung, brain or spleen.  For unfunctionalized 
NPs and NP-αNG2-TAT, liver was also higher in Cy5 fluorescence than brain or spleen; for NP-
αNG2, lung was higher in Cy5 fluorescence than brain or spleen; and for NP-TAT, both liver and 
lung were higher in Cy5 fluorescence than brain or spleen.  
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Figure S7. Stability of Cy5-labelled NPs under simulated in vivo conditions. 

NP variants were incubated in 55 (v/v) % serum at 37 °C for 4 h to simulate the environment 
experienced by the NPs in the in vivo assessments. In order to assess the stability of the NP with 
respect to the Cy5 conjugation, the supernatant after the suspension was centrifuged to retain the 
NPs as a pellet, and assessed for free Cy5 fluorescence. Results showed that Cy5 fluorescence 
was not detected in the supernatant, suggesting that the NPs remained stable throughout the 
duration of in vivo circulation. 
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Table S1. Cy5 signal indicating the presence of Cy5-labelled NP variants in the measured 
organs. 

 Brain Kidney Lung Spleen Liver 

NP 1.36 ± 0.82 77.18 ± 4.30 3.90 ± 0.84 0.01 ± 0.01 17.56 ± 3.73 

NP-αNG2 0.65 ± 0.28 81.49 ± 4.69 9.62 ± 2.47 0.31 ± 0.15 7.93 ± 4.21 

NP-TAT 0.37 ± 0.08 76.88 ± 3.06 8.63 ± 1.47 0.73 ± 0.30 13.38 ± 3.53 

NP-αNG2-TAT 0.20 ± 0.11 72.88 ± 6.13 7.14 ± 1.88 0.15 ± 0.15 19.64 ± 4.69 

 
Data represented as mean percentages of the total signal per animal ± standard error of 
measurement (SEM). 
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SUPPORTING INFORMATION 

Protein Corona Formation Moderates the Release Kinetics of Ion Channel Antagonists 
from Transferrin-Functionalized Polymeric Nanoparticles  

DOI: 10.1039/C9RA09523C. 

Priya S. R. Naidu, Eleanor Denham, Carole A. Bartlett, Terry McGonigle, Nicolas L. Taylor, 

Marck Norret, Nicole M. Smith, Sarah A. Dunlop, K. Swaminathan Iyer and Melinda Fitzgerald. 

 

1. METHODS 

1.1 SYNTHESIS OF P(HEMA-RAN-GMA) COPOLYMER BY ATOM-TRANSFER RADICAL 
POLYMERISATION (ATRP) 

 
Glycidyl methacrylate (GMA) (12 mmol, 1.64 mL) and 2-hydroxyethyl 
methacrylate (HEMA) (28 mmol, 3.40 mL) were dissolved in methanol at 
monomer to solvent ratio of 1:3 and an alkyl halide initiator (ME-Br, 450 µL, 
280.16 g/mol, 2 mmol), copper (I) bromide (CuBr, 143 mg, 1 mmol) and 2,2-
bipyridine (bpy, 143 mg, 2 mmol) were added. The ME-Br initiator was 
synthesized according to protocols established by Bories-Azeau, et al.1 The 
resulting solution was degassed 3× using a standard freeze/pump/thaw method. 
Polymerization was heated at 80 °C under standard Schlenk conditions for 1 h and 
the copolymer, p(HEMA-ran-GMA), product was collected by precipitation in 
excess diethyl ether and dried overnight under vacuum. The purified copolymer 
product was assessed by 1H Nuclear Magnetic Resonance (NMR). The spectrum 
was measured using Bruker 500 MHz spectrometer, using deuterated methanol 
(CD3OD) as solvent. All chemical shifts were referenced to the solvent peak for 
CD3OD (δ3.31 ppm). Gel Permeation Chromatography (GPC) was used to 
determine the weighted average molecular weight () and polydispersity index 
(PDI) of the polymer (Waters Styragel HR 3 7.8 x 300 mm column, Waters 
Styragel HR 4 7.8 × 300 mm column, 5 μm). Agilent Technologies 1100 Series 
GPC and Agilent GPC software were used for measurements and data analysis 
respectively. Measurements were taken using dimethylformamide (DMF) as the 
eluent at the flow rate of 0.7 mL/min at 40 °C, and calibrated against poly (methyl 
methacrylate) (PMMA) standard. The synthesis and characterization of p(HEMA-
ran-GMA) copolymer has been previously described by Kretzmann, et al.2 

1.2 PROTEIN QUANTIFICATION 
 

Micro BCA™ Protein assay kit (Thermo Scientific™) was utilized in the study 
for (a) confirmation of Tf-conjugation on Cy5-p(HEMA-ran-GMA) nanoparticles 
and (b) quantification of adsorbed serum proteins on nanoparticle variants. The 
assay was performed according to the manufacturer’s protocol. In brief, bovine 
serum albumin (BSA) standards at known concentrations ranging from 50 μg/mL 
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– 5 μg/mL, and test samples were loaded into individual wells of a 96-well plate. 
All standard and sample volumes were kept consistent at 150 μL and tested in 
triplicate. 150 μL of Micro BCA™ working reagent, as described by the 
manufacturer, was delivered into each well and the plate was incubated for 2 h at 
37 °C. After cooling to room temperature, the absorbance of all samples was 
measured at 562 nm on a plate reader (Perkin Elmer™ EnSpire® Multimode Plate 
Reader) to determine protein concentration. 

1.2.1 Confirmation of Tf conjugation on Cy5-p(HEMA-ran-GMA) NPs 

Tf-NP were dispersed in 1× PBS (pH 7.4) at concentrations ranging from 10 – 
200 μg/mL. Control samples with NP were prepared in the same sample 
concentration range. Positive controls (SAT(PEG)4-modified Tf in known 
concentrations: 50 μg/mL – 5 μg/mL) were also tested. 

1.2.2 Quantification of serum proteins adsorbed on NP variants (protein corona) 

The NP variants (± Tf) were incubated in 55 % (v/v) human serum and protease 
inhibitor (1× cOmplete™, Mini EDTA-free Protease inhibitor Cocktail) in 1× 
PBS (pH 7.4) at 37 °C for 30 minutes. The serum-incubated NP suspensions (1 
mL) were loaded onto a sucrose cushion (0.7 M sucrose) and centrifuged at 
20000× g for 30 minutes at 4 °C. The NP pellet retrieved was then washed 3× 
with 1× PBS (pH 7.4) to remove serum proteins that are not tightly adsorbed on 
the NP surfaces and were immediately lyophilized. The dried samples were 
reconstituted in ~100 – 150 μL rehydration buffer made up of 8 M urea and 2 % 
(w/v) 3-((3-Cholamidopropyl)dimethylammonio)-1-propanesulfonate hydrate 
(CHAPS) and sonicated on a sonic water bath until the NPs are well dispersed. 
The suspension was centrifuged at 20000× g for 30 minutes and the supernatant 
was retained for protein quantification by Micro BCA™ assay. 5 μL of the sample 
was diluted in sufficient 1× PBS (pH 7.4) for the protein quantification analysis.  

1.3 GEL ELECTROPHORESIS (SDS-PAGE) ASSESSMENTS 
 

5× SDS loading buffer (250 mM Tris-HCl pH 6.8; 10 % (w/v) SDS; 30 % (v/v) 
glycerol; 5 % (v/v) 2-mercaptoethanol; 0.02 % (w/v) bromophenol blue) was 
added to the appropriate volume of protein samples and heated for 5 minutes at 95 
°C. The samples were cooled and 10 μg of protein per sample were loaded into 
the wells of a precast 4-15 % polyacrylamide gel (Biorad). The loaded denatured 
protein samples were allowed to stack by running the gel at 50 V for 15 minutes. 
After which the samples were subjected to gel electrophoresis separation at a 
constant current of 15 mA. After SDS-PAGE, the gel was washed with MilliQ 
water and stained with Coomassie Brilliant Blue R-250 stain for 30 minutes and 
then destained overnight (acetic acid: methanol: water = 1:4:5) on a rocking 
platform at room temperature. The gels were imaged using the Biorad ChemiDoc 
MP system. 
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1.4 DRUG LOADING AND RELEASE ASSESSMENTS BY HIGH PERFORMANCE LIQUID 
CHROMATOGRAPHY (HPLC) 

Known masses of lyophilized Tf-NP were backfilled with a combination of LOM, 
YM872 and oxATP. Solutions of the drugs were prepared accordingly: 

5 mg of LOM was dissolved in 50 μL of methanol, followed by dilution with 
sterilized MilliQ water to make up a final drug concentration of 10 mg/mL. 
YM872 and oxATP were each dissolved in sterilized MilliQ water to make up a 
final concentration of 10 mg/mL. A combined water-based drug solution was 
obtained at a final concentration of 5 mg/mL of each drug, and was exposed to 1 
mg of lyophilized Tf-NP in 1.5 mL Eppendorf tubes. The nanoparticles were 
briefly sonicated in the combined drug solution, and allowed to stand for 30 
minutes at 4 °C. The suspension was then centrifuged at 10000× g for 10 minutes 
at 4 °C, and the supernatant was carefully removed from the pellet consisting of 
drug-loaded Tf-NP. It should be noted that the drug backfilling was performed 
within the hour prior to analyses. 

High Performance Liquid Chromatography (HPLC) coupled with UV/Vis detector 
was used to determine drug loading and the respective release profiles from Tf-
NP. To assess drug release in the presence of serum proteins, drug-loaded Tf-NP 
were incubated in 55 % (v/v) human serum in 1× PBS at 37 °C. At designated 
release assessment time points, 150 μL aliquots of the samples were immediately 
centrifuged through filter units (Amicon Ultra-4 Centrifugal Filter units NMWL 3 
kDa) according to the manufacturer’s specifications. The filtrate collected was 
then used for the detection of the drug concentration by HPLC at specific time 
points over 1 h. 

1.4.1 Detection of LOM and YM872 

Isocratic elution using a 69 : 31 mixture of acetonitrile (ACN) and 0.5 % (w/v) 
trifluoroacetic acid at 0.5 mL/min, monitoring the eluent at 210 nm. The retention 
time of LOM was at 4.7 minutes and YM872 at 2.9 minutes. Samples were run for 
13 minutes and the integrated area of the peaks at the designated retentions times 
were used for the calculation of drug concentration. The limit of detection for 
LOM and YM872 in water at 210 nm was 0.1 μg/L. 

1.4.2 Detection of oxATP 

Gradient elution using mobile phase consisting of a combination of 2 eluents, (A) 
ACN and (B) 0.1 M phosphate buffer pH 7 at the following varying flow rates: At 
t = 0 minute, 100 % B at 0.85 mL/min; 4 minutes, 95 % B at 0.8 mL/min; 8 min, 
75 % B at 1 mL/min; 12 minutes, 70 % B at 1 mL/min. The detection of oxATP 
was monitored at 254 nm and the retention time was 5.4 minutes. Total run time 
per sample was 12 minutes.  
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2. SUPPORTING FIGURES 

2.1 QUALITATIVE ASSESSMENT BY SDS-PAGE OF TRANSFERRIN (TF) POST-
STRUCTURAL MODIFICATIONS PRIOR TO CONJUGATION TO NP 

 

 
Figure S1. Qualitative assessment of Transferrin (Tf) post-modifications. 

Tf conjugation technique was adapted from the protocol established by Hristov, et al.3 In brief, 
human holo-Tf (76 – 81 kDa) was covalently conjugated to amine-functionalized NP using hetero-
bifunctional cross-linkers, Succinimidyl-([N-maleimidoproprionamido]-octyl ethylene glycol) 
ester (SM(PEG)8) (Thermo Scientific™). While providing the availability of maleimide functional 
groups as reactive sites for Tf conjugation, modification with SM(PEG)8 additionally enabled 
increased nanoparticle stability in highly ionic solutions such as blood.4, 5 Prior to bioconjugation 
to SM(PEG)8-modified NP via thiol coupling, the Tf molecules were subjected to modifications 
with N-Succinimidyl S-acetyl (thiotetraethylene glycol) (SAT(PEG)4), in order to protect primary 
amine groups of the protein. Subsequently, modification with tris (2-carboxyethyl) phosphine 
(TCEP) promoted the reduction of the disulphide bridge on the Tf molecule in preparation for 
covalent conjugation to SM(PEG)8-modified NP. Rigorous step-wise evaluations of this 3-stage 
bioconjugation method had previously confirmed the capacity to successfully control and couple 
Tf to nanoparticles. Furthermore, in vitro receptor-binding and cellular uptake studies had 
corroborated the preservation of Tf antigenicity following conjugation to nanoparticles.3, 6 
Correspondingly, in this study, SDS-PAGE analysis of purified Tf post-modification, in comparison 
to unmodified native Tf, confirmed that the primary structure of the protein was preserved prior to 
NP functionalization. A colorimetric protein quantification assay of increasing concentrations of Tf-
NP suspensions showed proportionate increases in Tf concentrations, confirming the availability 
of approximately 27 μg of conjugated Tf per mg of Tf-NP.  
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2.2 QUANTIFICATION OF FUNCTIONALISED TRANSFERRIN ON TF-NP SUSPENSIONS 
BY MICROBCAä PROTEIN QUANTIFICATION ASSAY 

 

 
Figure S2. Confirmation and quantification of Tf functionalisation on p(HEMA-ran-GMA)-
based nanoparticles. 

Micro BCA™ protein quantification assay confirms transferrin (Tf) functionalization on p(HEMA-
ran-GMA)-based nanoparticles by assessing the amount of protein detected in varying 
concentrations of Tf-NP suspensions. (n = 3; ± SEM) Values depicted in blue above the bar 
charts represent mean Tf concentrations detected for respective Tf-NP suspension 
concentrations in 1× phosphate buffered saline (PBS). 
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2.3 CYTOTOXICITY ASSESSMENT OF NANOPARTICLE VARIANTS IN PRIMARY MIXED 
CORTICAL CULTURES 

 

 
Figure S3. Cytotoxicity assessment of nanoparticle variants ± transferrin (Tf) 
functionalisation in primary mixed cortical cultures. 

 
Cytotoxicity assessment of nanoparticle variants ± transferrin (Tf) functionalization (NP and Tf-
NP) of varying concentrations by Live/Dead™ assay in primary mixed cortical cultures. Live and 
dead cells were quantified by fluorescence measurements under standardized fields of view 
(FOV; 293.703 × 293.703 μm) at 40× magnification using 3 biological replicates after incubation 
with specific nanoparticle variant concentrations made up in 50 mM HEPES buffer (pH 7.4). Plate 
reader was set to 494/517 nm (excitation/emission) for calcein AM (live cells) and 528/617 nm for 
EthD-1 (dead cells). Negative controls with 50 mM HEPES buffer and media controls were 
assessed for comparison. All samples were assessed in triplicates (n=3) and four standard FOV 
were analysed per technical replicate. The mean numbers of live and dead cells were quantified 
and expressed as percentages of the cell population within the FOV. Statistical analysis was 
conducted using two-way ANOVA with post-hoc analysis by Sidak’s multiple comparisons test. 
(*p < 0.05) 
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2.4 PROTEIN CORONA ASSESSMENT OF TF-NP AND NP BY MICROBCAä PROTEIN 
QUANTIFICATION AND SDS-PAGE 

 

 
Figure S4. Protein corona assessments on Cy5-labelled p(HEMA-ran-GMA)-based 
nanoparticle variants. 

Protein corona assessment on Cy5-labelled p(HEMA-ran-GMA) nanoparticles (NP) and 
transferrin-functionalized nanoparticles (Tf-NP). (A) Serum protein quantification of adsorbed hard 
corona (± standard error of measurement (SEM)) on nanoparticle variants by Micro BCA™ assay. 
Two-way ANOVA was conducted with post-hoc analysis by Tukey’s multiple comparisons test 
(n=3; *p < 0.05). (B) Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 
separation of hard corona serum proteins eluted from NP and Tf-NP (10 μg protein loaded per 
sample well).  
Given that the constituency of the protein corona may be modified with variable surface 
functionalizations,7, 8 equal amount of proteins from the hard corona proteins from NP and Tf-NP 
were separated and assessed by SDS-PAGE. There were no substantial differences in the types 
and intensities of the protein bands derived from the hard corona of both nanoparticle variants, 
suggesting that the Tf functionalization of p(HEMA-ran-GMA)-based nanoparticles likely did not 
enrich the protein corona with serum proteins of different molecular weights. Indeed, a qualitative 
assessment of the protein bands by mass spectrometry may offer further insight about the types 
of adsorbed serum proteins on the nanoparticle variants. However, the quantitative protein 
corona assessment was more relevant to the scope of this study.  
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2.5 MATHEMATICAL SIMULATION OF THE RELEASE OF LOM FROM TF-NP WITH 
RESPECT TO SPECIFIC PH ENVIRONMENTS, USING THE HIGUCHI MODEL 

 

 
Figure S5. Assessment of release kinetics of LOM from Tf-NP. 

 
Comparison of the release kinetics of LOM from Tf-functionalized p(HEMA-ran-GMA) 
nanoparticles (Tf-NP) with respect to specific pH environments (pH 5 and 7.4) using 
mathematical simulation by the Higuchi Model. 
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Appendix B 
Dual Targeting of Functionalised PGMA Nanoparticles 

The following paper describes the in vivo assessment of αAQP4-functionalised PGMA 
nanoparticles to target astrocytes in the CNS. The targeting strategy was employed to 
deliver the antioxidant, resveratrol, to impede the spread of oxidative stress through the 
astrocytic syncytium that occurs as a consequence of Ca2+ overload. 
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a b s t r a c t

Following neurotrauma, oxidative stress is spread via the astrocytic syncytium and is associated with
increased aquaporin 4 (AQP4), in!ammatory cell in"ltration, loss of neurons and glia and functional
de"cits. Herein we evaluate multimodal polymeric nanoparticles functionalized with an antibody to an
extracellular epitope of AQP4, for targeted delivery of an anti-oxidant as a therapeutic strategy following
partial optic nerve transection. Using !uorescence microscopy, spectrophotometry, correlative nanoscale
secondary ion mass spectrometry (NanoSIMS) and transmission electron microscopy, in vitro and in vivo,
we demonstrate that functionalized nanoparticles are coated with serum proteins such as albumin and
enter both macrophages and astrocytes when administered to the site of a partial optic nerve transection
in rat. Antibody functionalized nanoparticles synthesized to deliver the antioxidant resveratrol are
effective in reducing oxidative damage to DNA, AQP4 immunoreactivity and preserving visual function.
Non-functionalized nanoparticles evade macrophages more effectively and are found more diffusely,
including in astrocytes, however they do not preserve the optic nerve from oxidative damage or func-
tional loss following injury. Our study highlights the need to comprehensively investigate nanoparticle
location, interactions and effects, both in vitro and in vivo, in order to fully understand functional
outcomes.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Structural and functional losses following neurotrauma are
exacerbated by the spread of injury beyond the initial insult. This
secondary degeneration is thought to be triggered by glutamate
excitotoxicity [1,2] and calcium ion (Ca2!) overload [3], leading to
oxidative stress [4]. Oxidative stress during secondary degenera-
tion is associated with astrocyte hypertrophy, immune cell in"l-
tration, loss of neurons and glia, structural abnormalities in myelin
and chronic functional de"cits [5e7]. Hitherto, strategies for
limiting oxidative stress induced by neurotrauma have utilized
antioxidants [8,9], receptor antagonists or ion channel inhibitors to
interrupt the biochemical cascades that lead to oxidative stress
[10,11]. Resveratrol is an example of an antioxidant that has shown
promising protective results in vitro and in vivo [12e15], attenu-
ating neuronal swelling whilst increasing recovery of normal
neuronal morphology [16], and improving locomotor responses
following percussion-induced neurotrauma in young Wistar albino
rats [17]. However, in vivo trials have shown that in addition to poor

Abbreviations: AQP4, aquaporin 4; BSA, bovine serum albumin; CNS, central
nervous system; DCF, dichloro!uorescein; DCFH-DA, 20 ,70-dichlorodihydro-
!uorescein diacetate; DLS, Dynamic light scattering; DMEM, Dulbecco's modi"ed
Eagle's medium; DNA, deoxyribonucleic acid; FOV, "eld of view; GFAP, glial "bril-
lary acidic protein; HPLC, high-performance liquid chromatography; MEK, methyl
ethyl ketone; MHA, 6-maleimidohexanoic acid; NanoSIMS, nanoscale secondary ion
mass-spectrometry; NMR, nuclear magnetic resonance; NP-e, PGMA-RhB nano-
sphere with no resveratrol; NP-MHA, PGMA-MHA-RhB nanosphere with no
resveratrol; NP-MHA-AB, PGMA-RhB nanosphere with conjugated anti-AQP4
antibody and no resveratrol; NP-MHA-Res, PGMA-MHA-RhB nanosphere encap-
sulating resveratrol; NP-MHA-Res-AB, PGMA-RhB nanosphere with conjugated
anti-AQP4 antibody encapsulating resveratrol; NP-Res, PGMA-RhB nanosphere
encapsulating resveratrol; NPs, polymer nanoparticles; PBS, phosphate buffered
saline; PGMA, poly(glycidyl methacrylate); PVG, Piebald Viral Glaxo (rats); RCF,
relative centrifugal force; RhB, Rhodamine B; rMC-1, Retinal Müller glial cell-line 1;
ROI, region of interest; TCEP, tris(2-carboxyethyl)phosphine; TEM, transmission
electron microscopy.
* Corresponding author.

E-mail address: lindy."tzgerald@uwa.edu.au (M. Fitzgerald).
1 Equal contribution.

Contents lists available at ScienceDirect

Biomaterials

journal homepage: www.elsevier .com/locate/biomateria ls

http://dx.doi.org/10.1016/j.biomaterials.2015.10.001
0142-9612/© 2015 Elsevier Ltd. All rights reserved.

Biomaterials 74 (2016) 200e216



	

 
 

 

solubility in water (30 ng/mL), resveratrol has low bioavailability
and is rapidly metabolized following administration [18,19]. As
such, despite promising in vitro results, therapeutic strategies such
as resveratrol have thus far not been a clinical success, and no
effective treatments currently exist to prevent the spread of pa-
thology following injury to the central nervous system (CNS)
[20,21]. Novel nanosystems have considerable potential for the
treatment of currently intractable diseases and injuries, including
neurotrauma. Nanoparticle systems provide a way to overcome
issues including poor bioavailability [22,23] and toxicity at required
doses [20,24], which have plagued traditional treatments. Engi-
neered polymer nanoparticles are non-toxic [25], can encapsulate
therapeutic agents and may deliver them to a speci!c target with
the aid of a targeting moiety [26e30], thereby potentially over-
coming poor bioavailability and off-target side-effects.

Astrocytes are thought to contribute substantially to the spread
of oxidative stress via the movement of excess Ca2! and reactive
species through the astrocytic syncytium [31,32]. We and others
have previously demonstrated up-regulation of the plasma mem-
brane bound water channel AQP4 in CNS tissue affected by neu-
rotrauma [33,34], particularly in astrocytes [34]. Therefore, AQP4
can be exploited as a potential target to direct nanoparticles func-
tionalized with antibodies recognizing an extracellular epitope of
this protein, to astrocytes. Here we use an in vitromodel of injury to
the CNS, and demonstrate similar increases in AQP4 in mixed
retinal cells. Glutamate is added to the cultures to simulate the
glutamate excitotoxicity that occurs following injury to neurons
and supporting glia [35] resulting in increased AQP4 immunore-
activity. In vivo, in!ltration of microglia and macrophages [36,37]
further contribute to the spread of reactive species and resultant
oxidative stress [32,38,39]; hence targeting of nanoparticles to
in!ltrating in"ammatory cells is also likely to be bene!cial. The
tracking of targeted nanoparticles, their therapeutic cargoes and
their effects on cells in tissue in vivo can be problematic. We have
developed multimodal polymeric nanoparticles that encapsulate
smaller magnetite nanoparticles and contain "uorescent dyes,
thereby allowing them to be imaged in vivo [40]. However, the
therapeutic payload can be much more dif!cult to track. The use of
stable-isotopes (e.g. 13C, 15N or 127I) in therapeutic agents has
allowed for tracking of anti-cancer drugs using nanoscale second-
ary ion mass spectrometry (NanoSIMS) in tumors [41e43], with
individual cell types identi!ed using "uorescence microscopy
[44,45]. The presence of concentrated deposits of iron in the form of
Fe3O4 (magnetite) can also be used to track the nanoparticles using
NanoSIMS. We have previously used NanoSIMS in conjunctionwith
"uorescence immunohistochemistry [46] to characterize changes
in the distribution of Ca microdomains in vivo, following partial
optic nerve transection injury. Here, we leverage the spectral and
spatial resolution of NanoSIMS [47], to simultaneously investigate
the localization of nanoparticles and the therapeutic agent resver-
atrol encapsulated within them, as well as assess physiologically
relevant outcomes of nanoparticle treatment on Ca microdomain
dynamics in vivo. We combine NanoSIMS outcomes with "uores-
cence microscopy and transmission electron microscopy (TEM), to
demonstrate that functionalizing antioxidant loaded nanoparticles
with the anti-AQP4 antibody causes these nanoparticles to asso-
ciate with both astrocytes and macrophages, resulting in reduced
oxidative damage and preserved function in vivo.

2. Materials and methods

2.1. Materials

All chemicals and materials were purchased from Sigma-
eAldrich unless otherwise stated: poly(glycidyl methacrylate)

(PGMA, donated by Igor Luzinov, University of North Carolina);
rhodamine-B (RhB, Fluka Chemika AG); 6-maleimidohexanoic acid
(MHA), tris(2-carboxyethyl)phosphine hydrochloride (TCEP$HCl),
methyl ethyl ketone (MEK, Fisher Chemical); diethyl ether, chlo-
roform (Merck Millipore); benzyl ether, resveratrol, 13C Resveratrol,
Fe(acac)2, 1,2-tetradecanediol, oleic acid, oleylamine, pluronic F-
108, MACS® separation columns (Miltenyi Biotec); rare-earth
magnets (Aussie Magnets); bovine serum albumin (BSA). Tissue
culture and immunohistochemistry reagents: Dulbecco's modi!-
cation of Eagles Medium (DMEM, high glucose, containing L-
glutamate and pyruvate), penicillin/streptomycin, poly-L-lysine,
fetal bovine serum, GlutaMAX 100 " , trypsin/EDTA, Hoechst nu-
clear dye (all from Gibco, Life Technologies); glutamate (Sigma
Aldrich); DCFH-DA (Thermo Scienti!c); polyclonal anti-AQP4
(Alamone labs), anti-bIII tubulin (Covance), anti carboxymethyl
lysine (anti-CML, Cosmo Bio), anti-GFAP (Sigma), anti-8OHdG
(Abcam), anti-ED1 (Millipore) antibodies; AlexaFluor (AF) 488,
AF555 and AF647 (Life Technologies) secondary antibodies;
Fluoromount-G (Southern Biotech). Custom made monoclonal an-
tibodies directed against the extracellular epitope of AQP4
(YTGASMNPARSFGPAVIMGNWENHWIC) was generated by Dr K
Davern (Monoclonal Antibody Facility, Harry Perkins institute of
Medical Research, Western Australia).

2.2. Nanoparticle synthesis

Fe3O4 magnetite nanoparticles were synthesized in accordance
with established procedures [48]. Polymer based nanoparticles
(NPs) were prepared as described [49], with the following modi!-
cations. PGMA (500 mg, Mw 120,000 g/mol) was re"uxed in MEK
for 18 h with MHA (736.7 mg, 3.49 mmol). The resulting white
product (PGMA-MHA) was isolated from Et2O, and allowed to dry
at room temperature for 1 h. Proton nuclear magnetic resonance
(NMR) of PGMA-MHA indicated the presence of maleimide ole!n
protons at 6.68 ppm, con!rming MHA attachment to PGMA. 1H
NMR (400 MHz, CDCl3): d 6.68 (s, maleimide ole!n), 4.06 (d,
J # 195 Hz, 2H), 3.23 (s, 1H), 2.74 (d, 83 Hz, 2H), 1.96 (m, 2H), 1.05
(m, 3H) ppm. Following this, all of the product was placed in MEK
with RhB (55.0 mg, 0.12 mmol) and re"uxed for 18 h. The resulting
pink/red product (PGMA-MHA-RhB) was isolated from Et2O. 1H
NMR of PGMA-MHA-RhB indicated the presence of peaks in the
aromatic region corresponding to that of RhB. 1H NMR (400 MHz,
CDCl3): d 8.33 (dd, 1.6 Hz, 6.8 Hz), 7.66 (m), 7.18 (m), 7.07 (d, 9.2 Hz),
6.74 (d, 9.2 Hz), 6.68 (s, maleimide ole!n), 4.06 (d, J # 195 Hz, 2H),
3.23 (s, 1H), 2.74 (d, 83 Hz, 2H), 1.96 (m, 2H), 1.05 (m, 3H) ppm.
Product was kept in chloroform until needed. For synthesis of NP
containing no maleimide linker, the MHA attachment step was
omitted.

Antioxidant containing multimodal NP were synthesized using
the following procedure. PGMA-MHA-RhB was dissolved in MEK
(4.5 mL) along with resveratrol (15 mg, 65.7 mmol), to which was
added Fe3O4 magnetite nanoparticles (10 mg, 43.2 mmol) in CHCl3
(1.5 mL). This mixture was added drop-wise to a vigorously stirring
aqueous solution of Pluronic F-108 (12.5 mg/mL). The resulting
emulsion was homogenized with a probe-type ultrasonicator for
2 min at low power and stirred overnight under a slow "ow of N2(g)
to evaporate the solvents. The emulsion was then centrifuged at
3000 g for 45 min and the supernatant passed through a magnetic
separation column. The collected NP were washed from the col-
umn, collected in Pluronic F-108 (2.5 mg/mL) and stored at 4 $C
until use. Control NP were generated by omitting resveratrol or
MHA addition steps from the procedure. For in vivo experiments,
13C-enriched resveratrol (99 atom % 13C for 6 of the 14C) was used
with no other modi!cation to the synthesis, in an attempt to track
the release of resveratrol using NanoSIMS.
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Fig. 1. Synthesis and characterization of NP preparations. (a) A maleimide functional group was attached to the polymer chain, resulting in the formation of an ester linkage through
a ring opening reaction of the epoxide ring on the PGMA backbone and the carboxylic acid on the 6-maleimidohexanoic acid [56]. (b) The maleimide functional group facilitates
attachment of anti-AQP4 antibody (green). (c) Con!rmation of attachment of anti-AQP4 antibody to NP is shown via increased green "uorescence following incubation of NP-MHA-
AB with species speci!c AF488 secondary antibody (NP ! 1" ! 2"), compared to NP-MHAwith AF488 secondary antibody (NP ! 2"), NP-MHA-AB but no secondary antibody control
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NP compositions synthesized and referred to in this text are as
follows: PGMA-RhB with no resveratrol (NP-e); PGMA-RhB
encapsulating resveratrol (NP-Res); PGMA-MHA-RhB with no
resveratrol (NP-MHA); PGMA-MHA-RhB encapsulating resveratrol
(NP-MHA-Res); PGMA-MHA-RhB functionalized with anti-AQP4
antibody with no resveratrol (NP-MHA-AB); PGMA-MHA-RhB
functionalized with anti-AQP4 antibody and encapsulating resver-
atrol (NP-MHA-Res-AB).

2.3. NP characterization

NP size was determined using Dynamic Light Scattering
together with zeta potential determination (DLS, Malvern ZetaSizer
Nano), and NP size visualized using transmission electron micro-
scopy (TEM, JEOL 2000FX; JEOL, Japan), using dried suspensions of
NP. NP resveratrol content was determined by high performance
liquid chromatography (HPLC) as follows. To facilitate the release of
resveratrol from NPs, a known mass of freeze-dried NP was sus-
pended in a de!ned volume of MeOH (1 mL) and sonicated for 1 h,
allowed to sit for 1 h at ambient temperature and pressure, fol-
lowed by centrifugation at 16873 RCF for 30 min. 90 mL of the su-
pernatant was removed, run through a reverse-phase column
(Phenomenex Luna 5 mm C18(2) 100 Å) maintained at 25 !C and
analyzed using a Waters 2695 Separation Module connected to a
Waters 2489 UV/Vis detector (ldetection " 304 nm). The mobile
phase was composed of 1.25% CH3COOH in a 20:80 mixture of
MeCN and milliQ-H2O ("ow rate " 10 mL/min).

Release of resveratrol from NP was measured in phosphate
buffered saline (PBS) at pH 6 (to mimic acidic conditions following
injury) and 7 (to mimic physiological conditions). 1 mg of NP (NP-
MHA ± Res) was suspended in 1 mL of PBS (the ‘reservoir’ or ‘sink’)
and incubated at ambient temperature and pressure. At 30 min
intervals for 360min, the preparationwas centrifuged at 16873 RCF
for 5 min and 90 mL samples of supernatant taken for HPLC analysis,
as described above. The remainder of the supernatant was dis-
carded, with care taken not to disturb the NP pellet. The NP pellet
was re-suspended in 1 mL of fresh PBS for each subsequent 30 min
incubation.

2.4. Functionalisation of NP with anti-AQP4 antibodies

A series of custom-made anti-extracellular AQP4 monoclonal
antibodies were screened for immunoreactivity to rMC1 retinal
Müller cells (gift from Dr. Gabriel A. Silva, University of San Diego,
CA) that had been cultured for 24 h according to established con-
ditions [49] in DMEM (high glucose, containing L-glutamate) me-
dium supplemented with fetal bovine serum (heat inactivated, 10%
v/v), penicillin/streptomycin (1% v/v [50 mm/L, 50 mg/mL]) and
GlutaMAX 100 # (1% v/v) at 1 # 105 cells/mL. Immunoreactivity
was assessed as described [49] using a 1:3 dilution of sera on cells
!xed in paraformaldehyde (4%), and visualized with AF448 sec-
ondary antibodies. Secondary antibody-only controls were
included and images were captured by confocal microscopy (Leica
TCS SP2; LeicaMicrosystems, Germany). The anti-AQP4monoclonal
antibody with the greatest immunoreactivity to rMC1 cells (1A6)
was chosen for further studies. Anti-AQP4 antibody (0.1 mg/mL)
was reacted with TCEP (0.04 mmol/L) in degassed PBS at 37 !C

under N2(g) for 2 h to reduce the disul!de bonds from cysteine
groups on the antibody in order to facilitate reaction of the thiols
with the maleimide ole!n of MHA. Aliquots of prepared antibody
were transferred to stirring suspensions of NP to give a reaction
volume with a 5:1 mass ratio of NP to antibody. Following stirring
at 37 !C under N2(g) for 2 h, the resultingmixturewas centrifuged in
1.5 mL aliquots at 16873 RCF for 30 min, and the supernatant dis-
carded. The washing process was repeated 3 times to ensure
removal of unattached antibody and the resulting NP-antibody
pellet was re-suspended in PBS at appropriate concentrations for
in vitro and in vivo experiments. Unreacted maleimide functional
groups were not blocked following antibody coupling reaction.
Attachment of anti-AQP4 antibodies to NP was con!rmed via in-
cubation of NP with species appropriate AF488 secondary anti-
bodies (1/500) at 37 !C under N2(g) for 2 h and assessment of
"uorescence using an EnSpire Multimode Plate Reader (Perkin
Elmer, USA). The interaction of NP with albumin was assessed by
suspending 200 mg of various NP preparations in 500 mL of albumin
(6.0 mg/mL) and incubating for 24 h at ambient temperature.
Samples were centrifuged for 20 min at 16873 RCF and three
separate 2 mL samples of each supernatant assessed using a
NanoDrop 2000 Spectrophotometer (ThermoFisher Scienti!c, USA)
to determine the concentration of albumin in the remaining su-
pernatant (absorption at 280 nm). The concentration of albumin
remaining on NP preparations with and without resveratrol were
also determined using the Nanodrop Spectrophotometer, sub-
tracting the background absorbance of the NP alone, and express-
ing data in mg of albumin/mg NP.

2.5. In vitro assessments of effects of NP

All procedures involving animals conformed to the National
Health and Medical Research Council of Australia Guidelines on the
Use of Animals in Research andwere approved by the Animal Ethics
Committee of The University of Western Australia (approval num-
ber RA3/100/1201). Primary mixed retinal cell cultures were pre-
pared from Piebald Viral Glaxo (PVG) rat pups (<5 days postnatal)
and cultured according to established procedures [50]. Cells were
cultured for 48 h in Neurobasal media (with 10% fetal calf serum
and 1% glutamax) in wells pre-coated sequentially with 100 mL
poly-L-lysine (10 mg/mL) and laminin (100 mg/mL). NP (200 mg/mL of
NP; 10 mM of resveratrol) were added to cultures and incubated for
a further 24 h in the presence of glutamate (10 mM). Cells were
washed, and incubated with 100 mL of DCFH-DA (100 mM) in cell
culture media for one hour. Following removal of DCFH-DA, cells
were solubilized in 100 mL of 0.1% triton X100 solution and "uo-
rescence assessed (EnSpire Multimode Plate Reader,
lexcitation " 480 nm, lemission " 530). Immunohistochemical ana-
lyses were conducted using established procedures [51], on mixed
retinal or rMC1 cells cultured and treatedwith NP and/or glutamate
as described above. Imaging was conducted on a Nikon Eclipse Ti
inverted microscope (Nikon Corporation, Japan), with all images
deconvoluted using autoquant blind deconvolution in Nikon Ele-
ments AT software. Representative single optical slices fromwithin
z-stacks were chosen for analysis and display. Contours were drawn
around individual cells (using ImageJ/Fiji) and the immunoreac-
tivity of these cells was assessed where appropriate, using ImageJ

(NP $ 1!), or NP incubated with no antibodies (NP); data are mean "uorescence ± S.E.M. (dei) NP preparations were visualized using TEM (d, NP-e; e, NP-MHA; f, NP-MHA-AB; g,
NP-Res; h, NP-MHA-Res; i, NP-MHA-Res-AB; AB " anti-AQP4 antibody, Res " resveratrol), scale bar " 200 nm. HPLC was used to analyze resveratrol release from NP (NP-MHA-Res)
over 360 min in PBS at (j) pH 6 (k) pH 7 (mean ± S.E.M.), both as the percentage of resveratrol in each analyzed sample (solid line with upright triangle) and the cumulative
resveratrol (spread dotted line with inverted triangle) as a percentage of resveratrol present in the initial sample. The line above 0 (dashed line) indicates the resveratrol content in
NP at the termination of the experiment (360 min) and the line at approximately 80% (tight dotted line) indicates the total resveratrol measured at 360 min (cumulative resveratrol
in reservoir/sink plus remaining resveratrol in NP). Resveratrol release data presented are representative of two independent experiments. (For interpretation of the references to
color in this !gure legend, the reader is referred to the web version of this article.)
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intensity analysis software.

2.6. In vivo assessments of effects of NP

Adult, female piebald viral Glaxo (PVG) black hooded rats
(165e205 g, Animal Resource Centre, Murdoch, WA, Australia)
were anaesthetized and partial optic nerve transection of the right
optic nerve performed as described previously [46]. Animal treat-
ment groups were normal (uninjured control), and animals that
had undergone the partial optic nerve transection and were treated
with PBS (vehicle), NP-MHA-Res, NP-MHA-AB or NP-MHA-Res-AB.
All groups had an n ! 4 animals: note that the number of animals
per group was limited by the requirement for simultaneous pro-
cessing for the key NanoSIMS outcomes and the size of freeze-
substitution systems. The numbers of animals used per experi-
mental group are in line with published studies conducted at the
nano and ultrastructural scale [6,7,52]. Additionally, the outcomes
were assessed by investigators blinded to group identity and sta-
tistically signi!cant outcomes were observed. The nature of !ne
scale analyses such as NanoSIMS and TEM assessments of ultra-
structure necessitate analysis of a relatively small number of ani-
mals, compensated at least in part by analysis of multiple !elds of
view for each analysis to ensure random sampling. Note that a
sham injury group was not included as we have previously
demonstrated no statistical differences between sham injured and
normal optic nerve, when assessing a range of relevant outcome
measures [37]. At the time of injury, 0.25 ml of NP preparations at
5 mg/mL were injected directly into the injury site using a Nanojet
(World Precision Instruments). Nanoparticles used in in vivo testing
contained a resveratrol payload of 5.5 mg (0.024 mmol) per mg of
nanoparticle. Prior to harvesting of optic nerve tissue at 24 h after
injury, the optokinetic nystagmus visual re"ex was assessed as
described previously [53]. Visual function was con!ned to the
injured optic nerve, as left eyelids of all animals, including normal
control animals, were sutured shut at the time of injury. Optic nerve
samples were prepared for NanoSIMS using rapid cryopreservation
by high pressure freezing, followed by freeze substitution and resin
in!ltration as described previously [46,54]. Adjacent sequential
sections to those prepared for NanoSIMS analysis were assessed
immunohistochemically and for RhB "uorescence, as described for
in vitro assessments. Quanti!cation of ED1" cells containing NP
was conducted by counting all ED1" cells in a single optic nerve
section at the injury site from each animal and expressing data as a
proportion of ED1" cells containing NP. 8OHdG and AQP4 immu-
nointensity was quanti!ed using ImageJ analysis software to
determine the area or mean intensity above an arbitrarily de!ned
and constant threshold intensity in a single optic nerve section at
the injury site from each animal. Additional tissue sections (0.2 mm
thick) were prepared and imaged using TEM (JEOL 2100; JEOL,
Japan).

Sections selected for NanoSIMS analysis were assessed using the
same criteria as described previously [46]. In brief: secondary ion
micrographs were acquired using the CAMECA NanoSIMS 50 ion
microprobe at The University of Western Australia. Several sections
per optic nerve were analyzed, with at least two !elds of view
assessed per section. To afford a steady state of secondary ion yield
all !elds of view were implanted with a primary ion dose of
1 # 1017 ions/cm2 prior to imaging. Each !eld of view (FOV) was
imaged three times, to determine (i) structure, (ii) 13C content and
(iii) Ca and Fe distributions. For (i) and (ii), a Cs" primary ion beam
(nominal beam diameter ! 100 nm, current ! 1.5 pA) was used to
sputter the negative ion species 12C12C$, 12C14N$, 31P$, 32S$, 35Cl$

and secondary electrons (for structural information), as well as
12C$, 12C12C$, 13C12C$, 12C14N$, 31P$ and secondary electrons (for
13C isotopic information). For (iii), an O$ primary ion beam

(nominal beam diameter ! 600 nm, current ! 28 pA) was then
used to sputter the positive ion species 12C", 23Na", 40Ca", 56Fe"

and 133Cs". The Cs signal is derived from the implanted Cs primary
ion, and can be used for relocating the exact FOV and tuning the
secondary ion optics. All FOV were 30 # 30 mm in dimension, and
imaged at a resolution of 256 # 256 pixels, with a dwell time of
30 ms/pixel. The size of the FOV was veri!ed using a 10 mm Cu grid.
For 13C analysis, there was signi!cant isobaric interference on mass
25. As such, the instrument was tuned for high mass resolution.
Charge build-up during Cs" primary beam use was not observed.
Adequate sample conductivity was provided by the combination of
underlying Si substrate and overlying Au coat provided. As the
valency of the detected ions is not discernible, detected ions are
referred to by their isotopic species (e.g. 40Ca) and elemental
symbol (Ca), not oxidation state (e.g. Ca2"). During collection of 13C
data, FOV from normal uninjured control animals with no 13C-
enriched resveratrol were imaged at the commencement and
completion of each imaging session.

Analysis of Ca microdomains using NanoSIMS was conducted
using the OpenMIMS plugin for Fiji/ImageJ (version 2.0; NIH) [55]
as described previously [46]. In brief, microdomain density
(de!ned as the number of microdomains in a given area, in a
particular tissue type) and microdomain proportion (de!ned as the
area of microdomain in a given area, in a particular tissue type)
were determined (all in mm2) for each FOV in a section, and data
were averaged for all FOV for a particular animal. Tissue type was
determined as described previously [46]: in brief, secondary ion
maps for 31P$, 32S$ and 12C14N$ were assigned to color channels in
RGB images (referred to as PeSeCN images) and aligned with
immunohistochemically assessed adjacent sections, using GFAP to
indicate astroglial regions, or AQP4. We have previously demon-
strated, using immunohistochemical assessment of GFAP, bIII-
tubulin and myelin basic protein, that features in PeSeCN images
facilitate identi!cation of tissue type [46]. Note that due to thewide
emission spectrum of RhB in the NP, immunohistochemical ana-
lyses were limited to use of AF488 secondary antibodies. Therefore,
axonal regions were de!ned as areas not immunopositive for GFAP,
as described previously [46].

Analysis of 13C content using NanoSIMS was conducted on three
types of regions of interest (ROI): speci!c hotspots of Fe signal
observed in tissue from animals treated with NP; the surrounding
tissue (non-Fe hotspot) and across the whole FOV. ROIs corre-
sponding to Fe hotspots were generated from 56Fe" bitmaps, with
data extracted from both 13C12C$ and 12C12C$ bitmaps. Bitmaps
were generated using a method derived from the Ca microdomain
NanoSIMS analyses described previously [46]. Individual grey
values were applied to each ROI (RGB color model values:
hotspots! 141,414, non-Fe hotspot tissue ! 323,232). 13C/12C ratios
for each ROI were determined by halving the result from dividing
the total 13C12C$ count by the 12C12C$ count, to account for using
the double ion species (which has a higher ion yield than the single

Table 1
DLS size and zeta potential measurements of NP preparations.

NP composition Size (nm) Zeta potential

NP-e 168.8 ± 30.5 $11.6 ± 12.1
NP-MHA 148.2 ± 20.9 $19.9 ± 5.1
NP-MHA-AB 330.5 ± 32.6 $20.4 ± 8.4
NP-Res 115.4 ± 18.9 $30.3 ± 4.5
NP-MHA-Res 125.5 ± 18.8 $30.4 ± 5.2
NP-MHA-Res-AB 214.3 ± 44.1 $18.4 ± 10.9

The presence of MHA or resveratrol did not in"uence the overall NP diameter
measured using DLS. Functionalisation of NPwith anti-AQP4 antibody resulted in an
observable increase in size, but did not in"uence the zeta potential.
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Fig. 2. Increase in AQP4 immunoreactivity in mixed retinal cells exposed to glutamate for 48 h or 7 days in vitro. Glutamate (10 mM) exposure resulted in a signi!cant increase in
mean AQP4 immuno"uorescence co-localized with GFAP ! astrocytic like Müller cells at (a) 48 h and (b) 7 days (*P " 0.05, **P " 0.01; mean ± S.E.M.). (c, d) Representative images
show increased AQP4 immunoreactivity following 7 days glutamate exposure, (e, f) in both Müller cells and retinal ganglion cells: red # AQP4, green # GFAP, purple # bIII Tubulin,
blue # Hoechst ! nuclei. White arrows indicate co-localization, scale bar # 50 mm. (geh) Immunoreactivity of custommade anti-AQP4 antibody in a single 0.5 mm optical slice in the
z plane of rMC-1 cells in vitro (g, secondary only control; h, anti-AQP4 antibody, green (serum 1A6); scale bar # 20 mm). Data are representative of at least three independent
experiments.
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ion species, 12C! and 13C!). The 13C/12C ratios of all ROIs were
converted to atomic percent (13C %) using the following formula:

13C % "
!

R
1# R

"
; where R " 0:5

!
total13C12C ion count
total12C12C ion count

"

where total ion count is for the chosen ROI. 13C enrichment was
visualized as a 13C12C/12C12C ratio HSI, where ratio is represented by
a color scale where the minimum was set to natural abundance
(scale ratio factor " 10,000, max " 500, min 207). Enrichment was
determined by comparison to signal collected in non-enriched
control FOV.

2.7. Statistical analyses

Signi!cances were determined with SPSS statistical software
using Student's t-test or one-way ANOVA as appropriate, and
Bonferroni, Dunnett's or Games-Howell post-hoc tests for in vitro

assessments and KruskaleWallis tests for in vivo measures:
P $ 0.05 was regarded as signi!cant.

3. Results and discussion

3.1. Synthesis and characterization of multifunctional polymeric
nanoparticles

In this work, we have prepared multimodal polymeric nano-
particles (NP) containing the antioxidant resveratrol. NPs were
synthesized from poly(glycidyl methacrylate) (PGMA): we have
shown that our PGMA NP are non-toxic, stable under physiological
conditions and readily functionalizable via the epoxide group
[40,49,56]. We have functionalized the NP with antibodies to an
extracellular epitope of AQP4, to facilitate targeting to astrocytes
following injury to the CNS. The complex, folded protein structure
of an antibody results in an interaction with the target antigen that
is speci!c, high af!nity and relatively resistant to enzymatic
degradation. In order to generate the fully functionalized NP, a
multi-step synthesis procedurewas followed, with characterization
throughout. Prior to synthesis of NP, the PGMA backbone was
functionalized with maleimide groups using 6-maleimidohexanoic
acid (MHA), to enable binding of the anti-AQP4 antibody (Fig. 1a).
MHA attachment to PGMA (PGMA-MHA) was con!rmed using 1H
NMR, by the presence of a singlet at d 6.68 ppm corresponding to
the ole!n protons on MHA (for further details see the NP synthesis
and NP characterization sections in the Materials and Methods).
PGMA-MHA was further functionalized with the "uorescent dye
Rhodamine B (RhB), as reported previously [49], and con!rmed via
1H NMR. Dry functionalized PGMA-MHA with RhB was used to
synthesize NP containing magnetite, with or without resveratrol,
using spontaneous emulsi!cation [49]. The size of the resultant NP

Table 2
Effect of various NP preparations on DCF "uorescence intensity in mixed retinal cells
stressed with glutamate.

NP composition Mean DCF "uorescence intensity/mg protein (±S.E.M.)

Control 5.94 ± 1.74
NP-e 4.94 ± 0.89
NP-MHA 3.91 ± 0.40
NP-Res 3.91 ± 0.29
NP-MHA-Res 6.71 ± 1.14
NP-MHA-AB 7.55 ± 1.22
NP-MHA-Res-AB 4.91 ± 1.03

Mean DCF "uorescence intensity (arbitrary units) in mixed retinal cells stressed
with 10 mM glutamate and treated with various NP preparations for 24 h or vehicle
only control: no signi!cant differences were observed.

Fig. 3. Behavior of NP preparations in vitro. (a) Representative image (individual 0.5 mm optical slice in the z-plane) of mixed retinal cells incubated with nanoparticles (NP-MHA-
AB; Blue " Hoechst, Green " AQP4 and Red " Nanoparticles (RhB); scale bar " 30 mm, arrowhead indicates clump of NP, arrow indicates NP not associated with AQP4# cell). (b)
Histogram shows concentration of albumin in the supernatant after 24 h of incubation with suspended NP of varying composition (mean albumin concentration ± S.E.M., *P < 0.05
compared to Albumin 0 h, yP < 0.05 compared to Albumin 24 h and zP < 0.05 compared to empty NP). (c) Schematic diagram illustrating potential interactions of the protein corona
(yellow ovals) including albumin, likely to form around NP following their incubation in biological media. The size and orientation of the protein corona relative to antibody and/or
resveratrol is speculative at this stage. Data are representative of two independent experiments.
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was ~150 nm, as determined using DLS (speci!c SI size distribu-
tions listed in Table 1); the data describe single narrow peaks,
indicating that the NP exist as distinct individual particles in so-
lution. NP were puri!ed and antibodies attached (Fig. 1b), resulting
in a marked increase in total NP diameter but no observable change
in zeta potential (Table 1). Antibody attachment to NP was
con!rmed by incubating the NP preparations with a "uorescent
secondary antibody (AF488) recognizing the anti-AQP4 antibody
[27,57]. Fluorescence intensity of NP linked to anti-AQP4 antibody
was substantially higher than that of control NP preparations
(Fig. 1c).

Using TEM, the size and morphology of the polymer component
of the various NP preparations was shown to be approximately
constant for each of the NP preparations, regardless of the presence
of MHA or resveratrol (Fig. 1dei). The !ne structures within all of
the NP preparations (Fig. 1dei) are magnetite nanoparticles
encapsulated within the polymer sphere. Note that apparent ag-
gregation was due to drying effects of sample preparation and the
antibody component was not visible using TEM under the imaging
conditions employed. The differences in contrast and visualization
of the NP and the background carbon !lm spanning Cu grids
observed in the images were due to subtle differences in

instrument tuning and sample preparation: thinning of the edges
of NP resulting in less material present for electrons to pass through
and a resulting loss of contrast. Resveratrol loading in NP prepa-
rations was analyzed using HPLC and shown to be independent of
polymer composition, ranging from 3.5 to 5.8% (mass of resveratrol/
mass of dried NP). Release of resveratrol from NP was gradual, and
close to completion following 3 h incubation in physiological so-
lution at both pH 6 and 7 (Fig. 1jek). Note that resveratrol release
was similar from each of the various NP preparations, regardless of
antibody functionalisation; NP-MHA-Res are shown. The effects of
a control preparation of free resveratrol was compared to an
equivalent concentration of resveratrol encapsulated in NP.
Resveratrol delivered by NP was at least as effective at reducing
immunoreactivity of oxidative stress indicator carboxymethyl
lysine, as an equivalent concentration of free resveratrol in an
astrocyte-like immortalizedMüller cell line (rMC1 cells, see Fig.1 in
Ref. [58]).

3.2. Use of anti-AQP4 antibodies to target NP to astrocytes in vitro

We have previously demonstrated that AQP4 immunoreactivity
increased in astrocytes of optic nerve vulnerable to secondary

Fig. 4. Analysis of 13C content and Fe distribution in NP and following injection of NP into injured optic nerve in vivo. (aec) NanoSIMS analysis of dried NP mounted directly onto a Si
wafer substrate shows clear Fe signal at 56 u for NP that are (a) not loaded with resveratrol, (b) loaded with un-enriched resveratrol or (c) loaded with 13C-enriched resveratrol.
Similarly, (def) HSI images of the 13C12C/12C12C ratio showing the relative 13C content in NP that are (d) not loaded with resveratrol, (e) loaded with un-enriched resveratrol, (f)
loaded with 13C-enriched resveratrol; scale bar ! 10 mm; scale from blue to pink indicates enrichment in 13C, (blue ! natural abundance). (g) Fe hotspots in NanoSIMS images of
optic nerve tissue were used to generate (h) greyscale bitmaps indicating ROI type (RGB code; Fe-hotspots ! 141,414, remaining tissue ! 323,232 and holes in tissue ! b3b3b3). (i)
Bitmaps were used to generate ROIs for Fe hotspots and (j) for remaining tissue, that were used to extract signal intensity data from 13C12C" images, scale bar ! 10 mm. Data are
representative of multiple sections from n ! 4 animals per group, collected in a single large scale experiment.
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degeneration following partial injury in vivo [34]. Here, we provide
further in vitro evidence that functionalizing NP with antibodies to
AQP4 is a valid mechanism to direct NP to astrocytes following CNS
injury. We demonstrate that immunoreactivity of AQP4 in
astrocyte-like Müller cells within mixed retinal cultures increased

following 48 h and 7 days exposure to 10 mM glutamate (Fig. 2aeb,
a: 48 h, *P ! 0.05; b: 7 days, **P ! 0.01). AQP4 immunoreactivity
was observed to colocalise with both GFAP "Müller cells as well as
bIII-tubulin " retinal ganglion cells (Fig. 2cef) and was particularly
pronounced in Müller cell end-feet following 7 days exposure to

Fig. 5. NanoSIMS, !uorescence and TEM imaging of optic nerve tissue following partial optic nerve transection injury and treatment with various NP preparations. Note that all
images are from animals that have received the partial optic nerve transection injury unless designated ‘normal’. (a) 13C, detected as 13C12C# secondary ion (25 u), was evenly
distributed throughout the FOV. (b) Astrocyte-rich glial areas in NanoSIMS images were identi"ed by superimposing GFAP immunoreactivity (green !uorescence) on PeSeCN false-
color RGB overlays. (c) AQP4 immunoreactivity (yellow !uorescence) was superimposed on PeSeCN images to demonstrate that AQP4 was localized predominantly in astrocyte-
rich glial regions. (d) Superimposing RhB !uorescence (red) on NanoSIMS Fe images demonstrated occasional co-localization of RhB with Fe hotspots (white, purple when co-
localized). (e) Fluorescence images demonstrated that anti-AQP4 antibody functionalized NP (NP-MHA-Res-AB, RhB !uorescence signal, red) did not speci"cally associate with
AQP4 immunoreactivity (yellow). (fej) Fluorescence images superimposed on PeSeCN NanoSIMS images demonstrated that Fe hotspots (white) and RhB (red) !uorescence were
not above background in optic nerve from Normal (f) or PBS-vehicle (g) treated animals, but were seen following (h) NP-MHA-Res, (i) NP-MHA-AB and (j) NP-MHA-Res-AB
treatment, although not speci"cally localized to glial regions. (kem) TEM micrographs show the presence of NP within optic nerve: the spherical polymer NPs (some high-
lighted in red to aid visualization) contain smaller Fe3O4 nanoparticles (black). NP-MHA-Res-AB were found within (k) astrocytes and (l) macrophages, scale bar $ 400 nm, whereas
NP-MHA-Res were con"ned to astrocytes (m), scale bar $ 1 mm, arrows indicates astrocytic "lament-like structures. (neo) Fluorescence immunohistochemistry demonstrated (n)
NP-MHA-Res-AB (pink) clustered in and around ED1" (green) macrophages (arrow) whereas (o) NP-MHA-Res were distributed diffusely across the section, scale bars $ 10 mm.
(pet) Fluorescence immunohistochemistry demonstrated increased diffuse 8OHdG immunoreactivity (green) in (q) injured PBS-vehicle treated animals compared to (p) normal: (r)
NP-MHA-Res had no effect, (s) NP-MHA-AB partially reduced 8OHdG and (t) NP-MHA-Res-AB comprehensively reduced non-nuclear 8OHdG immunoreactivity (blue $ Hoechst,
red $ RhB from NP, scale bar $ 40 mm). (u) Quanti"cation of the mean ± SEM proportion of ED1" activated microglia/macrophages containing NP; (v) quanti"cation of mean ± SEM
area of 8OHdG immunoreactivity above an arbitrarily de"ned threshold intensity; (w) control NP-MHA-AB image demonstrating appearance of section following immunohisto-
chemistry where the primary antibody was omitted, scale bar $ 40 mm; (x) quanti"cation of mean ± SEM AQP4 immunointensity above an arbitrarily de"ned threshold intensity.
Data are representative of multiple sections from n $ 4 animals per group, collected in a single large scale experiment; * indicates signi"cant difference P ! 0.05.

Fig. 6. (1) Nanoparticles enter the biological milieu in vivo and (2) interact with endogenous proteins resulting in the formation of a protein corona around the particles. Three
nanoparticle formulations were tested in vivowhich were shown to interact with albumin in vitro; (a) NP-MHA-Res-AB, (b) NP-MHA-AB and (c) NP-MHA-Res. (3) The presence of a
corona composed of endogenous proteins allows some nanoparticles to evade macrophages. (4) Some antibody conjugated nanoparticles are phagocytized by macrophages. (5) All
three nanoparticle compositions are internalized by astrocytes.
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glutamate (white arrows; Fig. 2d, f). Binding of the custom made
antibody recognizing an extracellular epitope of AQP4 to
GFAP ! rMC1 cells was con!rmed immunohistochemically and
shown to be distributed in punctate hotspots of "orescence located
at the cell membrane as well as in the cytosol (Fig. 2g, h).

2070-dichloro"uorescein diacetate (DCFH-DA) conversion to DCF
was used to monitor production of reactive species, as an indication
of oxidative stress, in mixed retinal cells exposed to glutamate and
treated with the various NP preparations. However, there were no
signi!cant differences in DCF "uorescence in cells treated with any
of the NP preparations, including those containing resveratrol
(dF " 6, F " 1.722, P > 0.05, Table 2), indicating lack of effective
targeting and/or delivery of therapeutic to cells within the mixed
retinal cultures. Therefore, the interactions of NP preparations with
mixed retinal cells were monitored using "uorescence immuno-
histochemistry in vitro, to directly assess the targeting ef!ciency of
the anti-AQP4 antibody functionalized NP. It was observed that
there was considerable clumping of NP and lack of targeting
speci!city of anti-AQP4 antibody functionalized NP to AQP4! cells
(Fig. 3a, arrow indicating lack of targeting, arrowhead indicating
clumping). There were no discernible consistent differences be-
tween the targeting and distribution behavior of the various NP
preparations in vitro, regardless of the presence of resveratrol, MHA
or anti-AQP4 antibody.

3.3. NP interactions are affected by biological milieu in vitro

Clumping and sedimentation of NP was not observed in NP
stock suspended in Pluronic F-108. It was therefore hypothesized
that elements of the tissue culture media were contributing to the
lack of target speci!city and clumping of the NP preparations [59].
In vitro incubation of NP with albumin, a key protein component of
the fetal bovine serum used to supplement tissue culture media,
resulted in a signi!cant decrease in albumin concentration
remaining in the supernatant after 24 h incubationwith each of the
NP compositions, with the exception of NP with no functionalisa-
tion or resveratrol (Fig. 3b, dF " 7, F " 31.286, P # 0.05). A decrease
in the albumin concentration of the supernatant suggests the
adsorption of albumin onto NP as a corona [60]. The protein corona
formed by serum proteins may interfere with the selective binding
of anti-AQP4 antibody to cells and is likely to lead to the observed
clumping of NP. Some of the possible interactions are illustrated in
Fig. 3c: note that the size, orientation and chemical linking of the
protein corona to NP and/or antibody is speculative at this stage.
Nevertheless, it is likely that in vivo, proteins including albumin,
which is present in interstitial "uid [61], could interact to form a
corona surrounding the NP, binding through h-bonds, van derWaal
interactions and solvation forces [62].

It is interesting to note that the supernatant following incuba-
tion of albumin with NP-Res lacking MHA or antibody functional-
isation in vitro, also displayed a reduced albumin concentration,
indicating that MHA and/or antibody is not necessary for the NP-
Albumin interaction (Fig. 3b). Coating of NP-Res likely occurs via
non-covalent interactions. Free resveratrol has been documented to

bind to proteins found in cell media [63], as well as albumin in
aqueous solutions [64], through spontaneous thermodynamically-
favored processes [65]. Sequestering of resveratrol in an albumin-
resveratrol complex may have contributed to our observed lack of
effect of resveratrol containing NP on reactive species, following
glutamate exposure in vitro (Table 2). Albumin-resveratrol com-
plexes have been reported to exhibit a decreased absorbance band
at 280 nm, the wavelength used to measure albumin concentration
[66], however in our hands we observed no decrease in absorbance
of 6 mg/mL albumin at 280 nm in the presence of the 6 mg/mL
concentration of resveratrol likely released from the NP (based on
our measured mass of resveratrol/mass of dried NP and release
pro!les of Fig 1j, k), indicating lack of interference with our mea-
sures of albumin. Furthermore, we also assessed the amount of
albumin bound directly to NP preparations with and without
resveratrol and demonstrated a greater concentration of adsorbed
albumin for NP-MHA-Res (1.89 ± 0.01mg albumin/mgNP) than NP-
MHA (1.17 ± 0.01 mg albumin/mg NP). Taken together, the
adsorption of albumin to NP regardless of the presence of antibody
or resveratrol, con!rms the presence of an albumin corona around
each of the functionalized NP preparations. Thus, it can be
concluded that multimodal polymeric functionalized NP containing
antioxidants can be synthesized using the procedures employed.
However, both their cell-speci!c targeting functionalisation and
the effective delivery of their resveratrol therapeutic payload, may
bemodi!ed by coatingwith serum proteins such as albumin in vitro
and perhaps in vivo.

3.4. NP can be tracked via NanoSIMS, !uorescence microscopy and
TEM in vivo

NanoSIMS is an imaging mass spectrometry technique, and has
been used to track carbon compounds in biological systems using a
13C isotope label [67]. Herewe used 13Ceenriched resveratrol when
synthesizing the NP in an attempt to track the release of Resveratrol
in vivo. The presence of both Fe (Fig. 4aec) and 13C (Fig. 4def) in NP
was con!rmed by NanoSIMS analysis of bulk dried NP powder. The
NP containing 13C-enriched resveratrol were enriched to
2.14 ± 5.21$ 10%3 at% compared to empty NP (0.98 ± 3.13$ 10%3 at
%) and NP containing un-enriched resveratrol (1.02 ± 5.48$ 10%3 at
%; Fig. 4def). A sample raw SIMS spectra (see Fig. 2 in Ref. [58])
demonstrates that overlap of 56Fe, 28Si2 and 40Ca16O secondary ion
signals at similarmass was only observed at 56.00 u. 56Fe signal was
successfully resolved for imaging, with spectral resolution shown
in Table 1 in Ref. [58].

Equal concentrations of the various NP preparations were
injected directly into the injury site following partial transection of
the optic nerve in adult rats. Fe hotspots were present in NanoSIMS
images of optic nerve from animals treated with NP, and are
considered to correspond tomagnetite encapsulated in NP (Fig. 4g).
These NanoSIMS images of Fe were used to generate grey-scale
bitmaps, which allowed delineation of the FOV into regions of Fe-
hotspots (putative NP) and regions of non-Fe hotspots (Fig. 4h).
ROI for 13C analysis were generated from these bitmaps, using set

Fig. 7. (aee) Representative NanoSIMS images of Ca superimposed on PeSeCN show Ca microdomains (red) in (a) Normal uninjured optic nerve, and following partial optic nerve
transection and treatment with (b) PBS vehicle, (c) NP-MHA-Res, (d) NP-MHA-AB and (e) NP-MHA-Res-AB, scale bar " 10 mm. Dot plots show quanti!cation of both axonal and glial
mean ± S.E.M. non-P co-localized Ca microdomain (f) density (number per mm2) and (g) proportion (mm2 of microdomain per mm2 of tissue area) in optic nerve from normal
uninjured animals and from optic nerve vulnerable to secondary degeneration following partial optic nerve transection and treatment with PBS vehicle, or the various NP
preparations. Signi!cant differences between axonal (blue) and glial (red) values are indicated (*P # 0.05). Data obtained from pooling axonal and glial values is also shown for (h)
density and (i) proportion. Circles indicate mean for each animal within a given treatment group, vertical bars illustrate the range and horizontal bars indicate grand means for each
treatment group. Data points at the same value are shown as two circles (one larger). (j) Histogram shows mean ± S.E.M. total responses in the optokinetic nystagmus re"ex test of
visual behavior by PVG rats, assessing normal uninjured animals or 24 h following partial optic nerve transection and administration of PBS vehicle control or NP preparations.
Signi!cant differences are indicated relative to treatment with NP-MHA-Res-AB (*P # 0.05) or to completely normal uninjured animals (zP # 0.05). Data are representative of
multiple sections (where appropriate) from n " 4 animals per group, collected in a single large scale experiment.
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thresholds in Image-J analysis software (Fig. 4i, Fe hotspots; j, non-
Fe hotspot area).

Measurements of bracketing control samples gave a mean ratio
of 1.10 ± 5.29 ! 10"3 at%, indicating that the detection limit was
about 0.01 at%. However, in all ROI for 13C analysis, the 13C/12C ratio
was within the error of the unlabeled control sample measure-
ments, indicating that 13C enrichment was less than the 0.01 at%
detection limit. Furthermore, in optic nerve sections from animals
injected at the injury site with NP containing 13Ceenriched
Resveratrol (NP-MHA-Res, NP-MHA-Res-AB), C was uniformly
distributed throughout the optic nerve tissue and there were no
identi!able hotspots of 13C signal apparent in any of the FOV
imaged (Fig. 5a). The observed lack of 13C enrichment is likely due
to the release and dissipation of 13C-resveratrol from NP (Fig. 1j, k)
and its further dilution during sample preparation (using C-rich
polymer resin, Lowacryl HM20). Modi!cation of the polymer shell
may slow down the release of resveratrol from NP and enable
detection of 13C-enriched therapeutic within the NP [68,69].
Additionally, such a modi!cation could be useful for therapeutic
applications where more sustained release of antioxidant is
desirable.

The localization of NP within treated optic nerve was tracked
using NanoSIMS together with "uorescence microscopy. We have
previously demonstrated that tissue types can be identi!ed using
NanoSIMS P, S and CN secondary ion maps collected in the form of
RGB color maps, where the order of the secondary ion indicates the
color channel in the RGB image. Differences in color indicate
varying ratios of the secondary ions and correspond to different
tissue types (e.g. glial vs axonal) [46]. Darker blue regions in
NanoSIMS false color PeSeCN RGB overlays aligned with GFAP
immunopositive regions (green) in sections adjacent to those used
for NanoSIMS analysis (Fig. 5b), as previously described [46],
allowing astrocyte rich glial tissue to be distinguished in NanoSIMS
images. Note that glial regions may contain multiple cell types
including astrocytes, oligodendrocyte somata, oligodendrocyte
precursor cells, and in"ammatory cells including macrophages.
AQP4 immunoreactivity (yellow) was distributed predominantly in
these glial regions (Fig. 5c). NP were identi!ed by detection of RhB
(false colored red, Fig. 5d) in the sections adjacent to those used for
NanoSIMS analysis and by detection of hotspots of Fe signal in the
NanoSIMS images. Note that NP are present in clusters within
endocytic vesicles following in vivo administration to the injured
optic nerve [49], thereby facilitating visualization by "uorescence
microscopy at the micron scale. Despite the 1 mm displacement
between the adjacent tissue sections, RhB "uorescent NP occa-
sionally aligned with hotspots of Fe signal (white, mass of 56 u;
purple when aligned, Fig. 5d) in the adjacent sections analyzed for
NanoSIMS. Clusters of NP present in the tissue were likely to be
smaller than the thickness of the tissue sections, and thus the NP
detected using Fe signal in sections imaged using NanoSIMS only
occasionally extended into adjacent sections, to also be detected by
RhB "uorescence. RhB "uorescence (red) from NP-MHA-Res-AB
was generally distributed close to AQP4 immunopositive (yellow)
regions of optic nerve but was also present in AQP4 negative re-
gions (Fig. 5e), indicating a lack of exclusive targeting of the func-
tionalized NP to AQP4, within astrocyte-rich glial regions in vivo. As
expected, RhB "uorescence (red) and Fe hotspots (white) were only
present above background in optic nerve from animals treated with
the various NP preparations (Fig. 5fej), con!rming that RhB "uo-
rescence together with NanoSIMS provide a means of localizing NP
within optic nerve sections. While Fe from ferritin could be visible
in NanoSIMS images of injured optic nerves, we did not observe an
increase in Fe hotspots as a consequence of injury (Fig. 5f compared
to Fig. 5g). NP-MHA-AB and NP-MHA-Res-AB were present pre-
dominantly in darker blue astrocyte-rich glial regions (Fig. 5i, j),

whereas NP-MHA-Res were distributed throughout the FOV
(Fig. 5h). It is possible that smaller clusters of NP, not able to be
visualized by RhB "uorescence, may have been targeted more
precisely to AQP4# cells. However, there was also no indication of
selective localization of Fe hotspots to astrocyte-rich glial regions in
the NanoSIMS images from NP-MHA-Res treated animals (Fig. 5h).

The localization of NP within treated optic nerves was assessed
further using TEM and "uorescence immunohistochemistry.
Spherical features encapsulating magnetite in a clearly circular
distributionwere visualized and identi!ed as NP (some highlighted
in red; Fig. 5kem). In optic nerve treated with anti-AQP4 func-
tionalized NP containing resveratrol (NP-MHA-Res-AB), the NP
were present extracellularly and in both astrocytes (Fig. 5k), iden-
ti!ed by characteristic !lamentous features [70,71] (arrow) and
phagocytic cells likely to be macrophages (Fig. 5l), identi!ed by the
abundance of glycogen granules in the soma [72], suggesting that
these NP can be internalized by both astrocytes and macrophages.
Similar cellular localization was observed with NP-MHA-AB (not
shown). In contrast, in optic nerve treated with NP containing
resveratrol but not functionalized with anti-AQP4 antibody (NP-
MHA-Res), NP were not observed in macrophages but were present
extracellularly and within astrocytes (Fig. 5m). Note also the
proximity of the NP-containing cell to a myelinated axon at a Node
of Ranvier (Fig. 5m). These !ndings were con!rmed by immuno-
histochemical analysis of optic nerve sections from treated animals:
NP-MHA-Res-AB were present in and around ED1# activated
microglia/macrophages (Fig. 5n, arrow). In contrast, NP-MHA-Res
were present in a more disperse distribution, occasionally in the
proximity of ED1# cells (arrow), but many not associated with
microglia/macrophages (Fig. 5o). Quanti!cation of the proportion
of ED1# activated macrophages/microglia containing NP demon-
strated that there was a signi!cantly higher proportion of ED1#
cells that contained NP when animals were treated with NP-MHA-
Res-AB than when they were treated with NP-MHA-Res (P $ 0.05,
Fig. 5u). Thus, NP preparations can readily be tracked using Nano-
SIMS, "uorescence microscopy and TEM, and we have used these
visualization and analysis techniques to demonstrate that while
anti-AQP4 antibody functionalized NP were present in both astro-
cytes and macrophages, NP lacking the AQP4 antibody functional-
isation generally evaded macrophages.

3.5. Functionalizing NP affects their localization and antioxidant
ef!cacy in vivo

It has been reported that the presence of an albumin coating on
polymer nanoparticles results in a signi!cant decrease in uptake by
macrophages [73]. The signi!cant increase in nanoparticle size
resulting from the formation of an corona of serum proteins is
thought to decrease cellular uptake relative to corona-free nano-
particles [74]. However, it is important to note that when nano-
particles decorated with polyethylene glycol, designed to confer
stealth-like properties to aid in macrophage evasion, are coated
with serum proteins, phagocytosis by macrophages increases [75],
indicating that outcomes may depend upon the composition of the
nanoparticles employed. Indeed, it is becoming increasingly un-
derstood that the accumulation of NP within cells, including mac-
rophages, is highly dependent upon both the size and composition
of the NP in question as well as the surrounding protein corona, and
not solely dependent upon any single parameter [76]. Our in vitro
demonstration of albumin binding to anti-AQP4 functionalized NP
(Fig. 3b) indicates that it is highly likely that these NP preparations
are also coated by serum proteins in the interstitial "uid in vivo,
potentially interfering with targeting speci!city. However, together
with our further observation that NP-MHA-AB and NP-MHA-Res-
AB are present at increased levels in macrophages in vivo, we
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conclude that the coating of NP with serum proteins including al-
bumin, together with the anti-AQP4 antibody, appears to enhance
macrophage phagocytosis of these polymeric NP. The increased
immunogenicity introduced by attachment of the antibody to the
NP may have contributed to their uptake by macrophages
[73,77,78], a phenomenon not necessarily restricted to use of anti-
AQP4 antibodies. This interpretation is supported by the fact that
NP lacking the anti-AQP4 antibody tended to evade macrophages.
Alternatively, it is possible that the differences in conformation or
orientation of the protein corona surrounding the various NP
preparations affects interactions with macrophages (Fig. 3c); and
interactions may also depend upon the degree of activation or
differentiation of the macrophages themselves [79]. Note that cell
localization of NP functionalized with other antibodies could not be
assessed in the current study due to the requirement for simulta-
neous processing for NanoSIMS analysis and the size of freeze-
substitution systems. Additional in vitro and in vivo studies
assessing the nature of the interactions between NP, antibodies,
interstitial proteins and cells will be required to fully exploit the
potential of multi-cellular targeting. Importantly, macrophage
phagocytosis of NP could be bene!cial if the therapeutic being
delivered by the phagocytized NP can counter deleterious effects of
macrophage in!ltration.

We have recently demonstrated that reactive species in mac-
rophages are increased at the injury site of a partial optic nerve
transection 24 h after injury, and are likely to initiate the spread of
oxidative damage via the astrocytic syncytium [32]. Therefore,
delivering an antioxidant to macrophages via the anti-AQP4 anti-
body functionalisation on NP could limit the effects of reactive
species in macrophages and throughout the nerve. Indeed, the
increased diffuse immunoreactivity of 8-hydroxy-20-deoxy-
guanosine (8OHdG), an indicator of oxidative damage to both
mitochondrial and nuclear DNA [80], observed in optic nerve sec-
tions following injury and PBS vehicle treatment relative to normal
control (Fig. 5p,q), was effectively decreased following treatment
with NP-MHA-Res-AB (Fig. 5t). NP-MHA-AB were less effective,
with some non-nuclear 8OHdG immunoreactivity observed
(Fig. 5s), and NP-MHA-Res were ineffective (Fig. 5r); note control
image from section not incubated with anti-8OHdG antibody
(Fig. 5w). Semi-quanti!cation of the area of 8OHdG immu-
nointensity above an arbitrarily de!ned threshold intensity sup-
ported the observed decrease in tissue sections from animals
treated with the NP-MHA-Res-AB (Fig. 5v). The dispersed distri-
bution of NP-MHA-Res through the optic nerve was further
apparent (Fig. 5r), with red, RhB containing NP present throughout
the tissue section. It was not possible to con!rm that 8OHdG
immunoreactivity was decreased speci!cally in macrophages
following NP-MHA-Res-AB treatment, as the wide emission spec-
trum of RhB present in NP in the sections precluded double label
immunohistochemistry. Nevertheless, taken together our results
indicate that delivery of resveratrol to macrophages was more
effective at reducing oxidative damage across the nerve than
diffuse release of resveratrol. As a further measure of cellular stress,
we quanti!ed the immunoreactivity of AQP4 in optic nerve sections
from animals treated with the various NP preparations, demon-
strating that AQP4 immunoreactivity following injury was only
reduced when animals were treated with NP-MHA-Res-AB
(P ! 0.05, Fig. 5x). These data provide an additional indication of
the selective bene!cial effects of delivery of antibody functional-
ized NP containing resveratrol to macrophages. Note that diffuse
release of resveratrol can be implied from the rapid release of
resveratrol from NP-MHA-Res observed in vitro, although addi-
tional effects of serum proteins such as albumin and/or antibody
sequestering resveratrol in or around NP-MHA-Res-Ab cannot be
ruled out. Additional control of oxidative stress in astrocytes by

anti-AQP4 antibody functionalized NP containing resveratrol that
evade macrophages and reach their intended target would likely
provide further antioxidant bene!t. However it is worth noting that
NP-MHA-Res, which were observed in astrocytes, exerted no
demonstrable bene!cial effect on oxidative damage. A schematic
diagram representing the observed cellular localizations of the
various NP preparations in vivo is provided (Fig. 6).

3.6. Effects of treatment with NP preparations on Ca microdomains
in vivo

Further effects of the various NP preparations on changes in
dynamics of Ca microdomains were assessed using NanoSIMS. Ca
microdomains were observed in both glial and axonal regions of
optic nerve, from animals in all treatment groups (Fig. 7aee). Note
that glial and axonal regions were identi!ed with reference to
PeSeCN false color RGB NanoSIMS images, together with immu-
nohistochemical analysis of adjacent sections, as described above
[46]. Sequential imaging of the same FOV revealed changes to
microdomains along the z-plane, allowing three-dimensional im-
aging of Ca microdomains using NanoSIMS (see Fig. 3 in Ref. [58]).
Some Ca microdomains were co-located with areas of enriched P
signal, as reported previously [46]. However, analysis of micro-
domains was con!ned to the density and proportion of micro-
domains that were not co-located with areas of enriched P signal
(non-P co-localized) in glial and axonal regions, as these are the
outcomes that we have demonstrated to decrease following partial
optic nerve transection in vivo [46]. In the current study, therewas a
strong trend towards reduced density and proportion of Ca
microdomains in optic nerve vulnerable to secondary degeneration
following partial optic nerve transection. However, all changes
relative to normal or vehicle treated injured optic nerve were not
statistically signi!cant for either axonal, glial or pooled tissue
compartments (Fig. 7fei P > 0.05). Reduced density of Ca micro-
domains may re"ect release of Ca2" into the cytosol, resulting in
increased reactive species and oxidative stress [46]. Interestingly,
there was a statistically signi!cant increase in both density and
proportion of Ca microdomains in glial regions, compared to axonal
regions, in optic nerve from animals treated with NP-MHA-Res
(Fig. 7f, g P ! 0.05). This aberrant change was associated with
continued increased 8OHdG and AQP4 immunoreactivity, indi-
cating continued oxidative and cellular stress (Fig. 5r, v, x). In
contrast, an increasing trend towards normalization of Ca micro-
domains in axonal tissue compartments, which was only apparent
following treatment of animals with anti-AQP4 antibody func-
tionalized NP containing resveratrol (NP-Res-MHA-Ab) (Fig. 7f, g),
correlated with reduced oxidative damage to DNA and reduced
AQP4 immunoreactivity (Fig. 5t, v, x). The variability of the Ca
microdomain data derived from NanoSIMS is a feature of these
analyses and re"ects the relatively small area of the nerve that it is
possible to sample, relative to the whole tissue section [46].

3.7. NP preparations affect functional outcomes

While differential effects were demonstrated using a series of
oxidative stress outcome measures (Fig. 5), of particular impor-
tance given the inclusion of the anti-oxidant resveratrol, further
indices of improvement were considered. We have previously
demonstrated that neuronal retinal ganglion cells vulnerable to
secondary degeneration die via both apoptotic and necrotic
mechanisms following partial optic nerve transection [81]. How-
ever we have also learnt that death of retinal ganglion cells does not
always directly re"ect the all-important functional outcomes [82].
We therefore focused on behavioral measures of visual function as
the most relevant measure to assess therapeutic ef!cacy of the NP
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system. The optokinetic nystagmus visual re!ex was used as a
measure of visual function retained by the injured optic nerve,
relative to that of the right optic nerve of normal uninjured animals.
As expected, a signi"cant decrease was observed in mean total
responses following injury in untreated animals (PBS vehicle)
compared to uninjured normal animals (Fig. 7j, P ! 0.05) [53].
Treatment with NP-MHA-Res resulted in no improvement in the
number of responses: values remained signi"cantly lower than for
normal animals (P ! 0.05). Treatment with anti-AQP4 antibody
targeted NP, both non-resveratrol containing (NP-MHA-AB) and
resveratrol containing (NP-MHA-Res-AB), resulted in numbers of
responses that were not signi"cantly different to normal animals
(P > 0.05). However, only treatment with NP-MHA-Res-AB resulted
in a signi"cant increase in the number of responses compared to
PBS vehicle treated control animals (P! 0.05). Functional outcomes
mirror the 8OHdG and AQP4 immunoreactivity observed in optic
nerve sections (Fig. 5pet), indicating a link between oxidative
damage in the optic nerve and functional outcomes at 24 h post
injury. As such, we demonstrate a functionally signi"cant thera-
peutic effect from the application of anti-AQP4 antibody function-
alized resveratrol containing NP 24 h following injury.

4. Conclusions

In summary, we have developed an antibody-functionalized
polymer NP, which interacts with endogenous interstitial proteins
such as albumin to form a highly effective therapeutic strategy for
treatment of secondary degeneration in vivo. Antibody functional-
isation resulted in NP entering macrophages and delivering the
antioxidant resveratrol where it was most bene"cial. Treatment
with NP-MHA-Res-AB resulted in behavioral outcomes comparable
to uninjured animals, associated with reduced oxidative damage to
DNA, reduced AQP4 immunointensity and a trend towards normal
Ca microdomain distributions in axons. Each NP preparation was
present extracellularly and within astrocytes, regardless of anti-
AQP4 antibody functionalisation. However, diffuse delivery of
resveratrol by non-functionalized NP, without the additional
macrophage targeting provided by antibody functionalisation, was
ineffective at preserving function. This suggests that the delivery of
the antioxidant resveratrol to macrophages, perhaps in conjunction
with delivery to astrocytes, plays a crucial role in mitigating the
effects of secondary degeneration in the optic nerve following
injury. Preventing or delaying the spread of reactive species by
macrophages together with protection of astrocytes may leave as-
trocytes free to preserve axons and thus function in the CNS. We
demonstrate the potential bene"ts from successful development of
multimodal, targeted NP for the treatment of CNS injury, and
highlight the need for comprehensive investigation of NP location,
interactions and effects, both in vitro and in vivo, in order to work
towards full understanding of functional outcomes.
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Appendix C 
Characterisation of Nanoparticles Designed for Treatment of 
Partial Injury to CNS 

The following paper describes an additional characterisation technique with the use of 
nanoscale secondary ion mass spectrometry (NanoSIMS) to reveal Ca2+ distributions in 
excised optic nerves subjected to partial optic nerve transection. The work done 
supplements the results obtained from the use of αAQP4-functionalised PGMA 
nanoparticles assessed in the paper presented in Appendix C of this thesis.  
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a b s t r a c t

Before using nanoparticles for therapeutic applications, it is necessary
to comprehensively investigate nanoparticle effects, both in vitro and
in vivo. In the associated research article [1] we generate multimodal
polymeric nanoparticles functionalized with an antibody, that are
designed to deliver an anti-oxidant to astrocytes. Here we provide
additional data demonstrating the effects of the nanoparticle pre-
parations on an indicator of oxidative stress in an immortalized Müller
cell line in vitro. We provide data demonstrating the use of nanoscale
secondary ion mass spectroscopy (NanoSIMS) to identify speci!c ions
in bulk dried NP. NanoSIMS is also used to visualize 40Ca micro-
domains in the z dimension of optic nerve that has been subjected to a
partial optic nerve transection. The associated article [1] describes the
use of NanoSIMS to quantify 40Ca microdomains in optic nerve from
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animals treated with various nanoparticle preparations and provides
further interpretation and discussion of the !ndings.
& 2016 The Authors. Published by Elsevier Inc. This is an open access

article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Speci!cations table

Subject area Chemistry, Biology.

More speci!c sub-
ject area

Nanotechnology, Neuroscience.

Type of data Graph, raw, images.
How data was
acquired

Fluorescence microscopy (Nikon Eclipse Ti inverted microscope), nanoscale
secondary ion mass spectroscopy (NanoSIMS-CAMECA NanoSIMS 50 ion
microprobe at the University of Western Australia).

Data format Data are both analyzed and raw.
Experimental
factors

Cells were incubated with H2O2 and various nanoparticle preparations prior to
analysis of an oxidative stress indicator. Optic nerve tissue sections were pre-
pared from cryopreserved optic nerve 24 h following partial optic nerve injury in
adult PVG rat.

Experimental
features

Immunoreactivity of carboxymethyl lysine in an immortalized Müller cell line
was assessed in the presence of H2O2 stress and the anti-oxidant resveratrol
encapsulated within nanoparticles, relative to controls. NanoSIMS spectra of
PGMA polymer nanoparticles containing magnetite were analysed to demon-
strate spatial resolution. NanoSIMS analysis of cryopreserved injured optic nerve
was used to show 40Ca microdomains in the z dimension.

Data source
location

Perth, Australia.

Data accessibility Data is with this article.

Value of the data

! The data provide measures of oxidative stress in stressed cells exposed to a free antioxidant,
compared to the antioxidant encapsulated in nanoparticles (NP).

! A raw nanoscale secondary ion mass spectroscopy (NanoSIMS) spectra and spectral resolution data
from dried NP containing magnetite are provided, showing how NanoSIMS can be used to
detect NP.

! NanoSIMS data describing the distribution of Ca microdomains in the z projection in optic nerve
following partial transection injury are also provided.

! NanoSIMS analyses of the distribution of Ca microdomains can be conducted following injury or in
disease states, in order to detect changes that may be amenable to therapeutic intervention.

1. Data

The oxidative stress indicator carboxymethyl lysine was assessed in an astrocyte-like immortalized
Müller cell line (rMC1 cells). Cells were stressed with H2O2 and exposed to free antioxidant and
antioxidant encapsulated within NP. A sample raw NanoSIMS spectra of bulk dried NP and associated
spatial resolution data demonstrate the ability to detect 56Fe within NP. NanoSIMS can be used to
detect 40Ca microdomains in the z dimension of optic nerve following partial optic nerve transection.
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2. Experimental design, materials and methods

Comparison of the effects of free antioxidants and antioxidants within NP on mean total immu-
nointensity of the oxidative stress indicator carboxymethyl lysine (CML) in vitro, assessed using
ImageJ image analysis software (Fig. 1).

Raw NanoSIMS spectra (Fig. 2) and spectral resolution data (Table 1) are shown to illustrate the
nature of the data generated using the NanoSIMS and the ability to differentially detect speci!c ions.

Fig. 1. Cells were cultured for 48 h in Neurobasal media (with 10% foetal calf serum and 1% glutamax) in wells pre-coated
sequentially with 100 !L poly-L-lysine (10 !g/mL) and laminin (100 !g/mL). Oxidative stress was induced in immortalized
astrocyte rMC-1 cells through the addition of 5 mmol/L H2O2 in cell growth media. 10 !M Resveratrol or NP (200 !g/mL of NP;
10 !M of resveratrol) were added to cultures and incubated for a further 24 h. The concentration of nanoparticles was capped at
a maximum of 200 mg/ml, above which they have been found to be toxic [2] and equivalent concentrations of resveratrol were
delivered in free form or encapsulated in NP. Data are presented as CML mean total intensity 7 S.E.M.; !!po0.05 signi!cantly
different from DMSO vehicle with H2O2:DMSO"H2O2. 10 mM resveratrol within NP was more effective at reducing CML
immunoreactivity than 10 mM free resveratrol. Note that empty NP (blank NP) were also effective at reducing CML immu-
noreactivity, as has been reported for other NP preparations [3]. The CML minus control describes immunoreactivity without
the presence of the anti-CML antibody.

Fig. 2. Sample spectrum produced during the tuning of NanoSIMS detector 4 at 56.00 u showing overlap of 56Fe and 28Si2 and
40Ca16O mass peaks when assessing bulk dried NP containing magnetite. NP were synthesized according to established pro-
cedures [1,4]. The red peak is the Fe signal from metallic Fe used to calibrate peak position. The green peaks are acquired from
the sample – the left-hand peak is Fe, while the right peak is a combination of the CaO and Si2 peaks. There is no signi!cant
overlap of the CaO/Si2 peak on the Fe peak.
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Table 1
Spectral resolution at 56.00 u.

Species symbol Mass Radius

56Fe 55.935 515.788
28Si2 55.954 515.876
40Ca16O 55.958 515.892

Mass of secondary ion fragments at mass 56.00 u. Detector was successfully tuned to
detect 56Fe and not 28Si2 and 40Ca16O.

Fig. 3. Partial optic nerve transection and cryopreservation of tissue was conducted as described, [5] tissue was collected 24 h
following partial optic nerve injury. Images were collected with a resolution of 256!256 pixels, dwell time of 10 ms/px, 30
planes at 655.36 s/plane, for a total acquisition time of 16,695 s, all FOV 30!30 !m. Full details of image acquisition are
provided in [1]. Top panel: a montage of each slice is presented in order from left to right. Bottom panel: occasional Ca
microdomains were observed to disappear (red circles), and new Ca microdomains to appear (yellow circle) when scanning
from slice 1–30; scale bar"10 !m.
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Analysis of Ca distribution in the z-dimension of an optic nerve !eld of view (FOV) following
partial optic nerve transection, collected using NanoSIMS. All procedures involving animals con-
formed to the National Health and Medical Research Council of Australia Guidelines on the Use of
Animals in Research and were approved by the Animal Ethics Committee of The University of Western
Australia (approval number RA3/100/1201) (Fig. 3).
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