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Abstract

Protecting intact but vulnerable neurons and glia from damage that occurs secondary

to neurotrauma is one of several requirements for successful therapy. Deregulation of

calcium ion homeostasis is associated with secondary degeneration and release of ex-

citatory amino acids, initiating cascades that lead to increasedmitochondrial produc-

tion of reactive oxygen species and cell death. Calciumchannel blockers such as lomer-

izine have been shown to prevent calcium in ux in vitro and protect against secondary

injury effects in vivo, but problemswith solubility and rapid excretion limit their useful-

ness. Nanoparticles can be used as a drug delivery tool to overcome these limitations.

In this work, nanoparticles of different types were prepared, with the goal of making a

suitable carrier for delivery of lomerizine with provision for imaging and tracking the

nanosystem in vitro and in vivo. Combinations of quantum dots, superparamagnetic

iron oxide nanoparticles, and uorescent dyes were investigated as imaging probes,

with consideration for their usefulness in biological systems. Initial work investigating

multi-pronged imaging tools culminated in the design and synthesis ofmultifunctional

polymer nanospheres that supported bothmultiple imagingmodalities and drug deliv-

ery. e effect of these nanospheres on cell viability, and the endocytic routes by which

nanospheres are taken up, were investigated using amultimodal approach. Correlated

electron microscopy, uorescence, and relaxometry were used to track endocytosis of

the nanospheres in neural cells. Intracellular cytosolic calcium concentrations were

measured to show the effective delivery of lomerizine using these designed nanopar-

ticles. e results show that intracellular delivery using labelled nanoparticles may be

a feasible approach to deliver sustained doses of lipophilic drugs to central nervous

system injury sites.
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Chapter 1

Introduction and literature review

Neurotrauma is a serious medical emergency for which there are no effective clinical

treatments. Nevertheless, recent work has suggested that neuronal repair might be

possible, and several requirements of treatment have been identi ed. Nanotechnology

may offer some help in realising treatments for neurotraumatic injuries because mul-

tiple therapies and diagnoses can be administered or performed simultaneously. is

thesis will describe the preparation of multifunctional nanoparticles that can be used

for uorescence, magnetic resonance, and electron microscopy imaging as well as de-

livery of the neuroprotective drug lomerizine. In this chapter, the current literaturewill

be reviewed. First, neurotrauma and the underlying degenerative mechanisms will be

discussed, along with potential therapeutic interventions. Second, the advantages of

nanotechnology, and how it can be applied to neurotrauma treatment, will be argued.

ird, previouswork in preparingmultifunctional nanoparticles for therapy in the cen-

tral nervous systemwill be analysed. e chapterwill concludewith the formulation of

research aims. To better focus this chapter, emphasis will be placed on nanoparticles

that have actually been used in biological applications, rather than a comprehensive

review of all types of nanoparticles that have been made.

1.1 Neurotrauma is an injury to the central nervous system

In vertebrates, the central nervous system (CNS) encompasses both the brain and

spinal cord, and also the neural retina. Neurotrauma describes a physical injury to

the CNS, usually acute and caused bymechanical insult. e initial impact causes de-

1
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formation of tissue, producing direct neuronal and vascular injury that may be focal

or diffuse.  Injuries to the CNS are potentially devastating, because the CNS is re-

sponsible for controlling autonomic function, behaviour, and memory and learning.

At the systems level, the brain maintains and controls processes within the body. At

the behavioural level, it regulates responses to stimuli in accordance with its selection

and interpretation of sensory inputs, and controls interactions with our surroundings

and other human beings through action and speech. e brain also supports subjec-

tive and mental reality.⁴ Re ecting the importance of the CNS is the evolution of a

highly sophisticated protective system. e CNS is well protected by the cranium and

vertebral column,⁵ and by what was initially construed as isolation from the immune

system and immunoincompetence of microglia, the resident CNSmacrophage.⁶ Addi-

tionally, the blood–brain barrier controls the entry of molecules, effectively separating

the CNS from the rest of the body,⁴ and the CNS is enclosed and protected by three

membranes (dura mater, arachnoid, and pia mater) that constitute the meninges. De-

spite this signi cant protection, injury to the CNS is still possible, reducing the quality

of life of affected individuals.

Neurotrauma may be further classi ed as traumatic brain injury or spinal cord in-

jury. Traumatic brain injury is one of the leading causes of death and severe disability

among young individuals (below 45 years of age) in western countries.⁷ Neurotrauma

can be considered an acute form of neurodegeneration, causing rapid death of neu-

rons,⁸ but is distinct from neurodegenerative diseases, which progress gradually and

have an underlying pathology.⁷ In this work, discussion will be limited to neurotrauma

rather than neurodegenerative diseases such as Alzheimer’s or Huntington’s disease.

An additional clari cation is that traumatic brain injury is distinct from head injury.

Whereas a head injury displays physical characteristics of lacerations, bruising, or de-

formities, traumatic brain injury refers to an injury to the brain itself, which can occur

without external signs of trauma.⁹ ese closed head injuries tend to arise through

blunt impact, either through rapid acceleration of the head from a physical blow, or

rapid deceleration due to contact with a blunt and relatively immovable object or sur-

face. Injuries sustained by the brain include contusion or diffuse axonal injury, and

injuries to the spinal cord tend to be of the diffuse, contusion type, but can also re-

sult from compression, penetration, or maceration. ⁰ Neurotrauma is therefore com-
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Figure 1.1 Glia–neuron interactions. Different types of glia interact with neurons and the surrounding
blood vessels. Oligodendrocytes wrap myelin around axons to speed up neuronal transmission. As-
trocytes extend processes that ensheath blood vessels and synapses. Microglia keep the brain under
surveillance for damage or infection. Figure and caption from Allen & Barres 2009.11

monly associated with motor vehicle accidents, falls, and assaults. Vascular events

such as stroke, cerebral and subarachnoid haemorrhage, and ischaemic brain damage,

although different in cause, result in similar acute neurodegeneration⁸ and are closely

related to neurotrauma.

At the cellular level, a neurotraumatic injury causes irreparable damage to neurons

and their supporting glial cells (general CNS cell types are shown in Figure 1.1). e

dogma that lost neurons cannot be replaced re ects the difficulty and limited extent

to which the CNS is capable of self-repair.  ere are currently no effective clinical

treatments for neurotrauma, and in most cases, the consequences of neurotraumatic

damage are permanent. Nevertheless, research has dispelled the myth that the CNS

is incapable of repair, which suggests that the development of novel treatments for

neurotrauma may be possible. In the following sections, some of the cellular events
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in neurotrauma will be described, and a potential therapeutic intervention will be dis-

cussed.

1.1.1 Secondary degeneration is a consequence of neurotrauma

Neurotrauma usually involves an acute injury caused by mechanical insult, such as

forces of compression and displacement. ⁴ e initial impact causes direct damage to

neurons and glia.  Furthermore, vascular damage tends to occur in all but the most

minor head injuries andmay bemanifested in the brain or spinal cord as haemorrhage,

haematoma or oedema, and these compromise the blood supply at the trauma site.

Inadequate blood ow (ischaemia) and resulting tissue hypoxia can cause further cell

death in a neurotraumatic injury. In addition to this primary tissue damage, many of

the detrimental effects of neurotrauma, including the death of neural tissue, are com-

pounded by secondary consequences of the initial insult. is delayed neuronal death,

or secondary degeneration, develops over a period of hours, days, and even weeks fol-

lowing the initial insult. e effects of secondary degeneration include secondary brain

damage, infection, and post-traumatic epilepsy, as well as further loss of sensory, mo-

tor and autonomic function. ⁴

Secondary degeneration may be due in part to the effects of ischaemia, ⁵ but dif-

fuse cell death surrounding the injury site can also be caused by in ammation, in-

creased intracranial pressure, changes in blood ow, or metabolic changes.  ⁷ e sec-

ondary injury is therefore a degenerative response subsequent to the primary insult

that includes oedema, ischaemia, in ammation, ionic imbalance, excitotoxicity, cas-

pase and calpain activation, loss of energy metabolism, neurotransmitter accumula-

tion, and apoptosis. ⁴ Post-traumatic changes in the levels of inhibitory and excitatory

neurotransmitters and ions (K+, Mg2+, and Ca2+) may have direct neurotoxic effects

on neuronal and glial cells. e major mechanisms of neurotoxicity that will be con-

sidered here include excitotoxicity, loss of intracellular ion homeostasis, and increased

levels of reactive oxygen species; these changes initiate biochemical cascades caus-

ing apoptosis and delayed cell death. It is these complications of neurotrauma, rather

than the primary injury itself, that are treatable; thus, the main objective is to prevent

or minimise various causes of secondary damage. It is therefore the secondary effects

of neurotrauma, and the possibility of therapeutic intervention to prevent degenera-



Neurotrauma is an injury to the central nervous system | 5

tion, that will be the focus of this work, and these topics will be considered in depth in

the following sections.

1.1.1.1 Excess excitatory amino acids are neurotoxic

Excitatory amino acids include glutamate, the major excitatory neurotransmitter in

themammalianCNS, andaspartate. Glutamate acts on ionotropicN -methyl--aspar-

tate (NMDA), AMPA, and kainate receptors, while metabotropic receptors are medi-

ated by GTP-binding protein-dependentmechanisms. ⁶ e release of glutamate from

synapses has been associated with learning and memory processes through rapid ex-

citation and plasticity (the ability of neurons to rearrange their connectivity). ⁶ ⁷ Ex-

cess excitatory amino acids, however, produce cell swelling, vacuolisation, and death

of neurons and glia in vitro, a process known as excitotoxicity. For example, hippocam-

pal neurons are susceptible to glutamate, kainate, and NMDA neurotoxicity, which in-

volves glutamate-induced depolarisation and passive chloride in ux. ⁸ Additionally,

excitatory amino acid agonists cause direct cell death when injected into the brain. ⁹

Both glutamate and aspartate appear in high concentrations in cerebrospinal uid and

in the extracellular space soon after traumatic brain injury, and can remain elevated

for several days. is prolonged excitotoxic episode actively destroys neuronal pop-

ulations, and in vulnerable regions like the hippocampus, contributes to diffuse post-

traumatic lesions and cognitive dysfunction.

1.1.1.2 Loss of calcium homeostasis is involved in cell death

One of the possible links between neurotoxicity and excess excitatory amino acids

such as glutamate is loss of calcium homeostasis. Calcium ions (Ca2+) are ubiquitous

intracellular messengers. To achieve a sufficient signal-to-noise ratio for signalling,

neurons must maintain low intracellular calcium ion concentrations ([Ca2+]i) in com-

parison to the extracellular environment. In resting neurons, [Ca2+]i is held at about

 n, which is  times lower than typical extracellular concentrations. ⁶ ere are

several mechanisms that are responsible for maintaining homeostasis with respect to

[Ca2+]i. ⁶ First, Ca2+ in ux is regulated by ion channels; voltage-gated calcium chan-

nels (VGCCs) are activated by depolarisation of the plasma membrane, whereas lig-

and-gated channels are operated by receptor agonists. Second, [Ca2+]i is buffered by
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several cytoplasmic proteins, including calmodulin, calbindin, and parvalbumin. is

buffering increases the apparent diffusion of Ca2+ within the cell by providing Ca2+

quicklywhen it is required. emajority of calcium ions entering the cell are buffered in

this way. ird, Ca2+ can be stored in organelles such as the smooth endoplasmic retic-

ulum, mitochondria, Golgi, and lysosomes, as well as secretory granules and synaptic

vesicles. ⁰ Large quantities ofCa2+ canbe stored in thismanner, although theprocess is

slow, and is thus not capable of modulating rapid or localised [Ca2+]i changes. Finally,

Ca2+ ions can be driven out of cells. Due to the large [Ca2+] gradient that is maintained

across the plasmamembrane, the removal of calcium is energy-dependent and occurs

via ATP-driven Ca2+ pumps or a Na+/Ca2+ exchange mechanism.

e link between calcium and acute neurodegeneration is well established. It was

reported in 1957 that the injection of glutamate into mouse retina destroyed inner

neural layers. Early in vitro studies assessed the dependency of glutamate-induced

neurodegeneration on [Ca2+]i. Isolated hippocampal neurons experienced an initial

transient increase in calcium followed by a return to constant but still slightly ele-

vated level, before an uncontrolled [Ca2+]i rise and subsequent cell death. e de-

layed [Ca2+]i increase was apparently triggered by the initial excitatory amino acid-

induced insult, because it could not be averted once this insult had occurred.  ⁴ Cell

death was independent of both internal and external Ca2+ concentrations once Ca2+

deregulation began. In addition to these in vitro observations of calcium-related neu-

rodegeneration, calcium homeostasis has been implicated in delayed neuronal death

and degeneration after ischaemic CNS injury. It is known that Ca2+ overload triggers

neuronal cell damage in acute cerebral ischaemia; ⁵ ⁶ if Ca2+ overload is not corrected

then neurons will die. ⁷ In this case, ischaemic depolarisation of the cell membrane

was associated with a precipitous in ux of Ca2+ from the extracellular environment

into intracellular compartments. ⁸ More recent studies indicate that other sources

of Ca2+ may be related to neurotoxicity, including release of Ca2+ from intracellular

stores. ⁹ From the studies described here, it is apparent that abnormally high [Ca2+]i

is a well-known consequence of excitotoxicity. Increased production of free radicals is

also linked to high [Ca2+]i, and this will be discussed in the next section.
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1.1.1.3 Calcium influx leads to increased production of free radicals

Important reactive oxygen species (ROS) include superoxide (O •–
 ), hydrogen peroxide

(HO), and the hydroxyl radical (HO•). ROS are produced by mitochondria under

normal conditions, and participate in signalling networks and also in degenerative

processes. Mitochondrial energy metabolism is the principal source of ROS; most

ROS generation occurs at the electron transport chain as a by-product of respiration.

e initial product of the electron transport chain is superoxide, which is quickly trans-

formed to HO by the enzyme superoxide dismutase. HO is normally removed by

catalase, glutathione peroxidase and thioredoxin peroxidase in the cytosol.

Ca2+ levels and ROS are interdependent. Excessive ROS can induce [Ca2+]i in-

creases by release from internal stores and impairment of Ca2+ clearance systems.

However, [Ca2+]i can also induce changes in ROS. Ca2+ in small quantities can reduce

mitochondrial ROS release, but also increase ROS production by enhancing citric acid

cycle activity and NADH formation, activating ROS-generating enzymes, enhancing

NO generation and promoting the loss of cytochrome c. Excessive concentrations of

Ca2+ have been extensively associated with mitochondrial oxidative stress, because

post-traumatic ischaemia initiates a cascade of metabolic events that can lead to gen-

eration of oxygen free radicals. Oxygen free radicals have been linked to neuronal dam-

age accompanyingmodels of cerebral ischaemia, trauma, and oedema. Mitochondria

actively accumulatemost of the Ca2+ that enters neurons during exposure to toxic lev-

els of excitatory neurotransmitters, and excessive mitochondrial Ca2+ accumulation,

rather than increased [Ca2+]i, is the primary cause of excitotoxic cell death. ⁴ Accumu-

lation of Ca2+ withinmitochondria leads to depolarisation of themitochondrionmem-

brane, increased production of oxygen free radicals, and release of proapoptotic factors

which activate caspases (Figure 1.2). ⁵ High [Ca2+]i impairs mitochondrial ATP pro-

duction ⁶ and activates phospholipases, resulting in accumulation of free fatty acids ⁷

fromwhich toxic oxidative products and arachidonic acidmetabolites, prostaglandins

and leukotrienes are derived. ⁷ ⁷ Furthermore, excess ROS can cause lipid peroxida-

tion, producing potent toxins such as acrolein, which are able to escape and initiate

similar membrane damage in nearby healthy cells. ⁸ is starts a positive feedback

cycle, causing the death of cells that were originally spared by the primary injury (by-

stander damage).
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Figure 1.2 Signalling cascades triggered by activation of glutamate receptors induce cell death. Se-
lective activation of AMPA receptors (AMPAR) and kainate receptors (KAR) leads to Na+ and Ca2+

influx through the receptor channel complex. Subsequent depolarisation activates voltage-gated Ca2+

channels (VGCC) which contributes to [Ca2+]i increase. Ca
2+ overload induces rapid uptake by mi-

tochondria, which results in attenuation of mitochondrial potential and an increase in the produc-
tion of reactive oxygen species (ROS). Finally, activation of NMDA receptors (NMDAR) also initi-
ates cell death which is entirely dependent on Ca2+ influx; however, the molecular mechanisms ac-
tivated by these receptors are not yet known. Abbreviations: FADD, Fas-associated death domain;
14-3-3, phosphoserine-binding protein 14-3-3; ROS, reactive oxygen species; Cyt c, cytochrome c;
Apaf-1, apoptotic protease activating factor 1; AIF, apoptosis-inducing factor; PARP-1, poly(ADP-
ribose)polymerase-1; CdP, calcineurin. Figure redrawn, and caption adapted from, Giaume et al.
2007.35

1.1.1.4 Summary of contributors to secondary degeneration

ere are many other contributors to secondary degeneration, including cytokines,

and changes in [Mg2+] and [K+]. Cytokines can be both detrimental and bene cial

to neurotrauma recovery.⁷ Diffuse neuronal damage is exacerbated by in ammatory

cytokines such as tumour necrosis factor and the interleukin family of peptides. On

the other hand, cytokines can induce synthesis of growth factors, stimulate astrocyte

proliferation, inhibit calcium currents, and initiate macrophage defence mechanisms,

all of which contribute to neuronal survival and repair.⁷ Decreased [Mg2+] disrupts
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calcium transport and accumulation, andmay contribute to post-traumatic neurotox-

icity and changes in regional cerebral blood ow, while K+ release leads to astrocytic

swelling and is oxygen-dependent.

In this thesis, however, the focus will be on changes in calcium after injury. From

the previous discussion, it is clear that homeostasis with respect to [Ca2+]i is vital for

cell survival. After neurotrauma, increased levels of excitatory amino acids are ob-

served in cerebrospinal uid and in the extracellular space. ese are known contribu-

tors to neurotoxicity and lead to a loss of Ca2+ homeostasis and subsequent production

of ROS. is initiates cascades resulting in apoptosis. ese events form the basis for

potential therapeutic intervention, which will be the focus of the next section.

1.1.2 Preventing secondary degeneration is a therapeutic goal

As previously stated, the adult mammalian CNS has a very limited capacity for self-

renewal and repair. e adult brain and spinal cord are generally inhibitory environ-

ments that limit plasticity and prevent effective regenerative growth. Several formi-

dable obstacles stand in the way of healing. ey include scar tissue formation, gaps in

tissue caused by mechanical damage or cell death, the presence of factors that inhibit

axonal growth, and the failure of many adult neurons to initiate axonal extension. ⁹

e purpose of neurotrauma treatment is to facilitate long-term, functional recovery

in the CNS. At the cellular level, four therapeutic goals have been identi ed:⁴⁰ (i) vul-

nerable neurons need to be preserved, (ii) a permissive growth environment must be

established, (iii) axonal growth or extension must be promoted, and (iv) plasticity (i.e.,

the formation of useful neuronal connections) must be encouraged. All of these goals

need to be addressed if successful reinnervation is to be attained. As far as neuro-

trauma is concerned, tissue that is lost in the primary injury is beyond repair with

current knowledge. On the other hand, marginal or penumbral areas surrounding the

primary injury site can be saved from excitotoxicity, which initiates the biochemical

cascade of events culminating in cell death. ⁵ Although some changes in the penum-

bra can occur rapidly, including changes in [Ca2+]i and increased expression of Mn

superoxide dismutase,⁴ the progressive nature of the secondary injury (hours to days

after the initial injury) provides a window of therapeutic opportunity. ⁴ erefore, in

this study, the treatable conditions of neurotrauma will be addressed, and principally,
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the secondary events that occur post-injury. In particular, this thesis will focus on the

rst cornerstone of treatment; that is, the preservation of vulnerable neurons thatmay

succumb to secondary cell death through excitotoxicity.

1.1.2.1 Calcium channel antagonists suppress calcium fluxes

As identi ed in the preceding discussion, an increase in [Ca2+]i is one of the changes

closely associated with secondary cell death after injury. Preventing calcium entry in

neurons is one way to attenuate cell death and promote recovery. ⁵ For example, an

increase in [Ca2+]i can activate proteases such as calpain, which cause cytoskeletal

degradation and neuronal death. Accordingly, many studies have found calpain in-

hibitors to be neuroprotective in models of cerebral ischaemia. ⁰ It is not the entry

of calcium per se that results in cell death, but rather the formation of toxic free radi-

cals that is initiated by high levels of Ca2+. ⁵ Calcium can enter cells through a variety

of ion channels, including ionotropic AMPA (quisqualate), NMDA, and kainate recep-

tors, metabotropic receptors, and VGCCs. ⁰ Of these, the NMDA receptor is 70 times

more permeable to calcium than the other ionotropic receptor types. ⁵ Blocking the

NMDA receptor is useful in reducing calciumand chloride in ux, andNMDA receptors

are known tomediate glutamate-induced cell death in vitro.⁴ Furthermore, glutamate

receptor antagonists like MK-801 (dizocilpine) and 2-amino-7-phosphonoheptanoic

acid ameliorate ischaemic neuronal injury in vivo.⁴ MK-801 and several other NMDA

receptor antagonists failed clinical trials,⁴ however, and thus there remains no suit-

able clinical treatment for neurotrauma. Furthermore, NMDA antagonists are not effi-

cacious inmore severe ischaemia, because of depolarisation and entry of Ca2+ by other

means (speci cally, through VGCCs).⁴⁴ An alternative approach to therapy, therefore,

is to prevent calcium entry through VGCCs. Calcium channel blockers are antagonists

for VGCCs and fall into four structural classes: the dihydropyridines, the phenylalky-

lamines, the benzothiazepines, and the diphenylpiperazines.⁴⁵⁴⁷

1.1.2.2 Lomerizine is a neuroprotective calcium channel blocker

Lomerizine (KB-2796, 1-[bis(4- uorophenyl)methyl]-4-(2,3,4-trimethoxybenzyl)piper-

azine dihydrochloride) is a diphenylpiperazine VGCC antagonist. It was synthesised at

Kanebo Ltd, Japan,⁴⁸ and was developed as a potential drug for selective vasodilation
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Table 1.1 Physical and chemical properties of lomerizine. Data taken from Hara et al. 1995.48

F

F

N

N

OCH3

OCH3

OCH3

Name Lomerizine
Systematic name 1-[bis(4-fluorophenyl)methyl]-4-(2,3,4-trimethoxybenzyl)piperazine dihydrochloride
Formula C27H30F2N2O3 ·2HCl
Appearance White, odourless powder
MP approx. 209 °C
Solubility Soluble in methanol or ethanol; slightly soluble in acetic anhydride or water; practically in-

soluble in ether
pKa pKa1 = 7.5 (in methanol–water 60 :40)

pKa2 = 2.8 (in water)
pOW 9 (pH 1.3), 11 (pH 3.0), >321 (pH 5.0)

in the central nervous system, to improve ocular or cerebrovascular circulation, and it

is in current clinical use in Japan for oral prophylaxis ofmigraine. ⁹ Physical and chem-

ical properties of lomerizine are shown in Table 1.1. Lomerizine selectively blocks L-

and T-type Ca2+channels, but not N-type channels,⁴⁷ and it has no affinity for NMDA,

kainate or AMPA binding sites.⁴⁹ ⁵⁰ It has been suggested that lomerizine binds to the

1,4-dihydropyridine binding site found in L-type Ca2+ channels.⁵ is receptor is lo-

cated on a large (≈  kDa)membrane-spanning protein that constitutes a substantial

portion of the L-type VGCC.⁴⁷ Lomerizine has been shown to inhibit [3H]nitrendipine

binding,⁵ which suggests that it affects dihydropyridine-sensitive channels,⁵ butmay

not necessarily act at this binding site on the VGCC.⁵ Lomerizine selectively increases

cerebral blood ow by inhibiting Ca2+ in ux into vascular smooth muscle, protecting

against ischaemia and hypoxia.⁴⁹ ⁵ In fact, lomerizine is one of the most selective va-

sodilators for CNS and cerebral arteries.⁵ e neuroprotective properties of lomeri-

zine are probably attributable to both its vasodilatory properties (protecting against

ischaemia and hypoxia) and VGCC-blocking ability (preventing Ca2+ in ux). In accor-

dance with its calcium channel-blocking and vasodilatory properties, lomerizine has

been investigated in a variety of models relevant to neurotrauma, both in vitro and in

vivo. ⁹ ⁷ ⁸ ⁴⁴ ⁴⁹ ⁵  ⁵⁴⁵⁹ e in vitro studies will be discussed rst.

Yamada et al. showed that lomerizine (.– µ) protected retinal ganglion cells

against death induced by  h hypoxia when added to cultures.⁵⁴ Calcium imaging us-
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ing fura-2 dye showed an increase in [Ca2+]i following a shorter hypoxic episode, which

could be partially suppressed by preincubation with calcium channel blockers. Hara

et al. reported that lomerizine, unarizine, and nimodipine were protective against

glutamate challenge ( µ, min) in hippocampal neurons.⁴⁹ Mg2+ also protected

neurons, through competition with Ca2+, and its ability to block voltage-sensitive and

NMDA-activated channels,⁴⁹ ⁶⁰ and ethylene glycol tetraacetic acid (EGTA), a calcium

chelator, also attenuated the toxic effect of glutamate.⁴⁹ Toriu et al. showed that lomer-

izine and unarizine at .– µ protected primary retinal cultures (which contained

mostly amacrine cells) against glutamate-induced excitotoxicity ( µ, min).⁵⁵

Lomerizine was protective against NMDA- and kainate-induced types of neurotoxi-

city, but not against toxicity induced by application of ionomycin ( µ), which trans-

ports Ca2+ into cells directly, bypassing VGCCs.⁵⁵ Interestingly, lomerizine also re-

duced HO-induced death in cultured hippocampal neurons,⁵⁶ and may reduce for-

mation of reactive oxygen species in dissociated cerebellar neurons.⁵

Work in vivo also shows the bene ts of lomerizine. In ischaemic models, lomer-

izine administered either pre- or post-ischaemia in rabbits was observed to improve

metabolic recovery and limit neuronal damage.⁵⁷ Danielisová and Chavko found that

lomerizinewashighly effective in treating spinal cord ischaemia, comparable toNMDA

antagonist MK-801 in its efficacy,⁴⁴ but it was unclear whether the bene ts of lomeri-

zine were due to its effect on circulation or its calcium channel-blocking ability. Lom-

erizine has shown promise in treating transient focal cerebral ischaemia in cats ⁸ and

rats ⁷ whether administered before permanent or temporary (i.e., followed by reperfu-

sion) ischaemia. For the rat study, lomerizine (mg kg−) wasmost effectivewhen ad-

ministered immediately after ischaemia, but still showed some bene cial effects when

given at the later time points.

More recently, lomerizine has also been shown to prevent acute neurodegener-

ation in more speci c injury models involving the visual system. ⁹⁵⁸ ⁵⁹ Lomerizine

protected against neuronal degeneration in the mouse (contralateral) dorsal lateral

geniculate nucleus and superior colliculus following induction of retinal damage by

NMDA, injected intravitreally. ⁹ e protective mechanism was speculated to involve

both suppression of NMDA receptor-mediated neurotoxicity and an increase in cere-

bral blood ow (via blockage of Ca2+ channels in neuronal and endothelial cells, respec-
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tively). Lomerizine was administered once daily at mg kg− for a period of  days.

Karim et al. have demonstrated that lomerizine administered at –mg kg− im-

proved retinal ganglion cell survival after partial crush lesion in rat optic nerve. Signi -

cantly more retinal ganglion cells survived when treated with mg kg− lomerizine

(88.1 ± 0.4%) or mg kg− lomerizine (89.8 ± 0.3%) compared to untreated animals

(65.9 ± 1.3%).⁵⁸ In an optic nerve partial transection model, lomerizine reduced mor-

phological disruption, oxidative stress, and phosphacan expression, protected neu-

rons, and limited early increases in the number of macrophages in areas of optic nerve

vulnerable to secondary degeneration.⁵⁹

Despite the advantages of lomerizine, administration of the drug for neuropro-

tection has some drawbacks. Regular doses of lomerizine are required, because the

half-life of the drug is short (elimination half-life  h in humans⁴⁸) compared to the

optimal duration of treatment, which exceeds onemonth.⁶ Also,  h after oral admin-

istration of lomerizine in rats, 56% of the dose was excreted in the faeces and urine,⁶

suggesting that lomerizine uptake by the gastrointestinal system is not particularly

efficient. In previous in vivo studies of neuroprotection, therefore, lomerizine was ad-

ministered orally at least once a day at doses of –mg kg− in rats and rabbits. In

light of these shortcomings, improving drug uptake would be a desirable research out-

come as lomerizine appears to be bene cial for neuron survival in a variety of injury

models.

1.1.2.3 Treatments can be assessed using in vitromodels

Experimental models that replicate the effects of neurotrauma have been devised. e

aim of a model is to mimic the pathology of a clinical injury in an experimental an-

imal or culture.⁶ For example, cell cultures can be exposed to glutamate to mimic

excitotoxicity. Outcomes that are typically measured include cell viability or [Ca2+]i.

e PC12 neural progenitor cell line, isolated from a phaeochromocytoma of the rat

adrenalmedulla,⁶⁴ has been extensively used in assessing excitotoxicity and neuropro-

tection.⁶⁵⁶⁸ PC12 cells express L- andN-type VGCCs, but not T-type VGCCs.⁶⁹ ⁷⁰ PC12

cells also express NMDA receptormRNA, butmost glutamate-induced toxicity is inde-

pendent ofNMDAreceptors; aspartate, kainate, AMPA, and the selectivemetabotropic

glutamate receptor agonist 1-amino-1,3-dicarboxycyclopentane fail to induce toxicity
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in PC12s.⁷ Glutamate causes concentration-dependent death in PC12 cells, and this

cell death has been reported to be dependent onCa2+.⁷ For example, mglutamate

killed 70–75% of undifferentiated PC12s after  h.⁷ Glutamate at m caused an

increase in [Ca2+]i after  h that was observed using fura-2 dye.⁶⁷ Glutamate at m

over  h also increased formation ofmalondialdehyde andNO (indicators of oxidative

stress) and resulted in a signi cant increase in [Ca2+]i.⁶⁶ Based on these reports, the

PC12 cell line is likely to be useful for assessing treatments that aim to protect against

glutamate-induced excitotoxicity such as lomerizine.

1.1.3 Existing therapies are inadequate

Neurotrauma treatments are not well advanced, and are complicated by the hetero-

geneity of injuries.⁷ Current clinical treatments for traumatic brain injury include hy-

pertonic saline administration, decompressive craniectomy, hypothermia, or adminis-

tration of β-blockers.⁷ Although these treatments appear to help in some cases, clini-

cal trial data have not yet convincingly demonstrated any bene t,⁷ and so damage to

the spinal cord has no de nitive therapy.⁷ Methylprednisolone is a synthetic glucocor-

ticoid, and the only clinically used agent for the treatment of acute spinal cord injury.

However, systemic administration of a high dose of methylprednisolone causes signif-

icant side effects and provides only modest improvements in neurological function. ⁴

ere are presently no therapies for stroke or traumatic brain injury. Nonetheless, there

is an optimistic view that effective clinical therapies may be within reach.⁷

As one of the four targets of neurotrauma treatment, this thesis will focus on the

protection of vulnerable neurons and glia from excitotoxic damage using the calcium

channel blocker lomerizine. However, metabolism and excretion are two problems as-

sociated with oral administration of lomerizine. As stated previously, a large propor-

tion of the dose is excreted within  h of oral administration of lomerizine in rats,⁶

and furthermore, all metabolites were less potent than the drug itself. It has already

been stated that lomerizine alone is not sufficient to treat neurotrauma.⁵⁹ Combined

therapies will be required to target not only the neurochemically-induced changes, but

also to initiate andprovide a permissive environment for axonal regrowth.⁴⁰ Nanotech-

nology offers a number of bene ts that may prove useful in augmenting individual

treatments for neurotrauma, and will be the next topic of discussion.
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1.2 Nanotechnology may be useful for treating neurotrauma

As described in the previous section, focal damage to CNS tissuemay occur secondary

to neurotrauma, or as a consequence of ischaemia.⁷⁴ Several aspects of the secondary

injury cascade may be treatable with lomerizine, a drug that increases cerebral blood

ow and prevents excessive Ca2+ in ux caused bywidespread depolarisation and exci-

tatory neurotransmitter release. Current use of lomerizine for this purpose, however,

involves large and regular doses of the drug. e bioavailability of the drug is mod-

est, it is rapidly excreted, and complementary therapies will be required. A controlled

release mechanism could reduce the frequency with which lomerizine needs to be ad-

ministered, improve efficiency by directing the drug to the injury site, and shield the

drug from premature elimination.⁷⁵ Nanotechnology offers a means for achieving this

goal, and potential applications of nanotechnology will be the focus of discussion for

the remainder of this chapter.

Nanotechnology is usually characterised by the creation and use of engineeredma-

terials or devices that have at least one dimension being – nm in size.⁷⁶ e very

small size of nanoscale features (100–10,000 times smaller than mammalian cells) is

important in linking nanotechnology with biotechnology, and designed nanosystems

can interact with biological systems at the cellular, subcellular, and molecular level

with unique speci city.⁷⁶⁷⁸ With this speci city, interactions with cells and tissues

can be controlled in such a way as to induce particular physiological responses with-

out also causing undesirable side effects.⁷⁸ Given the complexity of biological systems,

however, the state-of-the-art in nanotechnologywith respect to neuroscience is largely

empirical.⁷⁶

Nanotechnology has a number of applications to neuroscience, in both pure and

applied research. Uses of nanotechnology in pure neuroscience research are shown

in Figure 1.3. Of the applications shown, those with particular relevance to this the-

sis include quantum dots and different types of molecular interfaces. Quantum dots

are nanoparticles that can be used for bioimaging, and the use of particular surface

molecules can direct not only tissue growth and guide axonal extension, but also pro-

mote or inhibit cellular uptake.⁷⁸ In addition to pure neuroscience, nanotechnology

can be of bene t in clinical medicine; some examples are shown in Figure 1.4. Other
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Figure 1.3 Applications of nanotechnologies in basic neuroscience. Nanomaterials and nanodevices
that interact with neurons and glia at the molecular level can be used to influence and respond to
cellular events. In all cases, these engineered technologies allow controlled interactions at cellular
and subcellular scales. a, Chemically functionalised fluorescent quantum dot nanocrystals used to vi-
sualise ligand–target interactions. b, Surfaces modified with neurotransmitter ligands to induce con-
trolled signalling. For example, GABA (γ-aminobutyric acid) was immobilised, via an avidin–biotin
linkage, to different surfaces to stimulate neurons in predictable (that is, patterned) ways. c, Engi-
neeredmaterialswith nanoscale physical features that produce ultrastructuralmorphological changes.
d, Surfaces and materials functionalised with different neuronal-specific effector molecules, such as
cadherin and laminin, to induce controlled cellular adhesion and growth. Figure and caption taken from
Silva 2006.78

recent examples of clinical work include a self-assembling peptide nano bre scaffold

gel that was used as a barrier during brain surgery to prevent blood and debris en-

tering or leaving the surgical site.⁷⁴ ⁷⁹ e same material, which forms a solution in

water that gelates under physiological ionic salt concentrations, was used to achieve

haemostasis in under  s in a variety of model injuries in rats, mice, and hamsters. ⁹

Using nanotechnology to study neurological physiology and pathology is expected to

reduce the invasiveness of diagnosis, treatment and monitoring.⁸⁰ Together with the

ability of nanosystems to interact with neural cells at the molecular level, this will ul-

timately allow interventions that are effective but also highly speci c. One of the goals

in nanotechnology is to produce systems that have cellular and molecular speci city,

while creating ‘smart’ nanosystems that can respond to pathological insults.⁸⁰

1.2.1 Nanoparticles can provide controlled and targeted release of drugs

Nanotechnologymay be useful in addressing the shortcomings of lomerizine as a neu-

roprotective therapy following neurotrauma. Nanoparticles have been shown to in-

crease the availability of poorly soluble drugs, protect therapeutic agents against degra-
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Figure 1.4 Applications of nanotechnology in clinical neuroscience. Nanotechnology can be used to
limit and/or reverse neuropathological disease processes at a molecular level or facilitate and sup-
port other approaches with this goal. a, Nanoparticles that promote neuroprotection by limiting the
effects of free radicals produced following trauma (for example, those produced by CNS secondary
injury mechanisms). b, The development and use of nanoengineered scaffold materials that mimic
the extracellular matrix and provide a physical and/or bioactive environment for neural regeneration.
c, Nanoparticles designed to allow the transport of drugs and small molecules across the blood–brain
barrier. Figure and caption taken from Silva 2006.78

dation, provide dosing over extended periods, and distribute drugs speci cally to tar-

get tissues.⁷⁵ ⁸ A variety of different nanosystems can be used as drug delivery agents,

including microemulsions, liposomes, dendrimers, block polymer micelles, solid lipid

and polymer nanoparticles, and soluble polymers with drug attached via biodegrad-

able linkages.⁷⁵ Some nanoparticles suited to drug delivery are shown in Figure 1.5,

and these will now be expanded upon.
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Figure 1.5 Different technologies for drug delivery into the brain. Schematic structure of different
nanocarriers (liposomes, nanospheres, nanocapsules, dendrimers and micelles) for drug delivery into
the brain. Liposomes are spherical vesicles that comprise one ormore lipid bilayer structures enclosing
an aqueous core. Liposomes are high-potency carriers that protect encapsulated drugs from degra-
dation. Liposomes can also be functionalised to improve cell targeting and solubility. Nanospheres
and nanocapsules are basically small vesicles used to transport materials. Nanospheres are typically
solid polymers with drugs embedded in the polymer matrix. Nanocapsules are a shell with an inner
space loaded with the drug of interest. Both systems are useful for controlling the release of a drug
and/or protecting it from the surrounding environment. Dendrimers might be the most versatile of
all nanocarriers. They are highly branched polymers with a controlled three-dimensional structure
around a central core. Dendrimers are easily functionalised and can accommodate more than 100 ter-
minal groups. A micelle is a spherical conglomeration of amphiphilic molecules, such as cholesterol.
In aqueous environments, the molecules form a tight ball with the hydrophobic groups on the inside
and the hydrophilic groups on the outside. The reverse occurs in a non-aqueous environment. Mi-
celles are useful for encapsulating non-water soluble drugs to be administered intravenously. Figure
and caption from Orive et al. 2009.82

1.2.1.1 Micelles and liposomes deliver therapies to the brain

Micellar nanoparticles consist of a hydrophobic core that is surroundedby amphiphilic

molecules.⁸  ⁸ e formation ofmicelles occurs spontaneously above a threshold con-

centration known as the critical micelle concentration.⁸⁴ ⁸⁵ Considerable amounts (up

to 30%byweight) of hydrophobic drugs, proteins, oligonucleotides, and imaging agents

can be trapped in micelles; the cargo is protected against degradation and rapid clear-

ance by the micellar structure.⁸ ⁸⁴ After reaching target cells, drugs can be released

frommicelles by diffusion.⁸⁴ A number of in vivo studies and clinical trials demonstrate
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the promise of micellar drug delivery systems.⁸⁴ ⁸⁶⁹⁰ Phospholipid micelles effectively

improved the poor solubility of the antibiotic drug amphotericin B, and reduced tox-

icity of the drug to mammalian cells. Modi cation of the micelles with angiopep-2

facilitated delivery of amphotericin B into the brain.⁸⁶ Pharmacokinetic and biodistri-

bution studies have been performed in mice using triblock copolymer micelles based

on poly(lactic-co-glycolic acid) (PLGA) and poly(ethylene glycol) (PEG). e results

showed that loading micelles with the drug curcumin led to changes in drug biodis-

tribution, decreasing uptake by the liver and spleen and increasing the amount of drug

present in the lungs and brain of mice.⁸⁷ Other drugs that have been delivered to the

brain using copolymeric micelles include the antibiotic cipro oxacin⁸⁸ (using a PEG-

block-cholesterol-based system) the anticancer drug doxorubicin⁸⁹ (by conjugation

to PEG-block-poly(aspartic acid) micelles), and several other hydrophobic anticancer

agents.⁹  ⁹ e cellular uptake of the uorescent dye coumarin-6 was found to be

signi cantly more efficient than that of the free dye when poly(ε-caprolactone)-block-

poly(ethyl ethylene phosphate) micelles were used to encapsulate the dye.⁹⁰

Similar tomicelles, liposomes are vesicles that consist of an aqueous core, enclosed

by one (unilamellar) or several (multilamellar) phospholipid bilayers, and are likely to

be useful for delivering aqueous biomolecules such as neurotrophins and growth fac-

tors to the brain.⁸ Relatively large amounts of drug molecules can be incorporated

into the aqueous compartment (water-soluble compounds) or lipid bilayers (lipophilic

compounds).⁸⁴ Liposomes are simple to prepare because the vesicles form sponta-

neously. e lipids are also commercially available, and because phospholipids are

present in every cellmembrane, they are innocuous and thismakes the liposomes non-

toxic.⁸ Liposomes have been used experimentally to deliver a variety of therapies to

the brain.⁸⁴ PEG-modi ed liposomes have been used to transport daunomycin to the

brain by conjugation to OX26 monoclonal antibody directed against the rat transfer-

rin receptor.⁹  ⁹⁴ PEGylated liposomes were targeted to the brain bymodi cation with

monoclonal antibodies to glial brillary acidic protein⁹⁵ or human insulin receptors;⁹⁶

these liposomes were then used to deliver plasmid DNA to the brain.⁹⁷ Tyrosine hy-

droxylase enzymeactivity and immunoreactivitywere normalised in amodel of Parkin-

son’s disease by a single intravenous injection of a non-viral tyrosine hydroxylase ex-

pression plasmid contained within liposomes.⁹⁸ ⁹⁹ A liposomal formulation was used



20 | Introduction and literature review

to deliver cytidine-5'-diphosphocholine to rats after ischaemia/reperfusion injury; the

effects of free and liposome-encapsulated drug on the survival rate of post-ischaemic

reperfused rats were compared, and the liposome formulation was found to be much

more active. ⁰⁰ Taken together, these data show that micelles and liposomes are ca-

pable of increasing drug solubility and providing a more targeted dose of drugs in the

CNS, two desirable outcomes that apply to lomerizine.

1.2.1.2 Dendrimers can increase bioavailability of drugs

Dendrimers are repeatedly branched polymer molecules that consist of a cascade of

branches grown from one or several cores.⁸  ⁰ e number of branch points is re-

ferred to as the ‘generation’ of the dendrimer. Dendrimers may be biodegradable or

non-biodegradable. ⁰ Some natural polymers have a dendritic structure, including

glycogen, amylopectin, and proteoglycans. Other dendrimers are synthetic; of these,

dendrimers based on poly(amidoamine) (PAMAM) are the most extensively studied.⁸⁵

Dendrimers have been used in a number of studies to carry DNA for transfection and

to deliver a variety of small-molecule pharmaceuticals.⁸⁵ Several examples of the use

of PAMAM dendrimers are provided here. Dendrimers have been used to increase the

aqueous solubility of the drug nifedipine, ⁰ which is similar to lomerizine in that it

is also a calcium channel blocker with limited aqueous solubility, although it is of a

different structural class (the dihydropyridines). ⁰ e effect of dendrimer size and

surface group functionality on the solubility of nifedipine has been compared using

PAMAM dendrimers with amino or ester surfaces at different pHs. ⁰ e solubility

of nifedipine was enhanced by the dendrimers, and this enhancement was greater for

ester-terminated dendrimers than amino-terminated ones. e solubility of nifedip-

ine was found to increase with dendrimer size. ⁰ e anticancer drug cisplatin has

also been encapsulated within PAMAM dendrimers. ⁰⁴ e cisplatin-dendrimer con-

jugate exhibits slower release, higher accumulation in solid tumors, and lower toxicity

than free cisplatin. In a different study, the drug ibuprofen was encapsulated in gen-

eration 3 and 4 PAMAM dendrimers. ⁰⁵ e drug was complexed with the dendrimer

through electrostatic interactions. e dendrimers successfully transported ibuprofen

into lung epithelial carcinoma cells.
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1.2.1.3 Nanospheres have been used for neuroprotective therapy

Nanospheres are solid carriers, – nm in diameter, composed of natural or ar-

ti cial polymers in which drugs can be adsorbed, dissolved, entrapped, or encapsu-

lated. ⁰⁶ For systemic use, nanospheres are more stable than liposomes but can be

limited by their relatively fast clearance from the body.⁸ Poly(butylcyanoacrylate) na-

nospheres were the rst to be used for CNS drug delivery. ⁰⁷ ⁰⁸ Injected intravenously,

the hexapeptide dalargin, dipeptide kytorphin, and small-molecule drug loperamide

exhibited antinociceptive effects only when loaded in nanoparticles; the free drugs

had no effect. ⁰⁸ ⁰ e NMDA receptor antagonist MRZ 2/576 (8-chloro-4-hydroxy-

1-oxo-1,2- dihydropyridazino[4,5-b]quinoline-5-oxide choline salt) has also been deliv-

ered using poly(butylcyanoacrylate) nanoparticles. Intravenous administration of

MRZ 2/576 bound to nanoparticles signi cantly prolonged the anticonvulsive effect of

the drug in mice. is result shows that nanospheres could prolong the availability of

drugs in the CNS, one of the requirements for lomerizine treatment.⁵⁹

Another bene t of nanospheres is the potential for improved targeting. Peptide in-

hibitors of caspases are neuroprotective, but have to be administered directly into the

brain because they cannot cross the blood–brain barrier. To overcome this problem,

PEG-coated chitosan nanospheres were loaded with N -benzyloxycarbonyl-Asp(OMe)-

Glu(OMe)-Val-Asp(OMe)- uoromethyl ketone, a speci c caspase-3 inhibitor, andmod-

i ed with a transferrin receptor monoclonal antibody to target the cerebral vascula-

ture. ese nanospheres successfully delivered the neuroprotective peptide follow-

ing injection into the tail vein of mice, decreasing infarct volume, neurological de cit,

and ischaemia-induced caspase-3 activity after ischaemia/reperfusion injury.

PLGAnanoparticles andmicroparticles (>  nm) have been successfully used to

deliver growth factors for the treatment of neurodegenerative disorders. In a ratmodel,

administration of microparticles loaded with nerve growth factor helped to protect

neurons in the striatum against an excitotoxic quinolinic acid insult. Despite the

advantages of nanospheres described here, the only polymeric nanosphere-based drug

delivery system on the market so far is Abraxane, which is composed of albumin and

loadedwith paclitaxel for breast cancer treatment. ⁰⁷ Although delivery of drugs to the

CNS has been investigated in several clinical trials using liposomes, no clinical trials

have yet been performed for polymeric nanoparticles in the brain or spinal cord. ⁴
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1.2.2 Nanoparticles can be modified for cellular entry or to avoid clearance

Nanoparticle surfaces can be modi ed with many different agents to elicit particu-

lar biological responses, such as uptake by speci c cells.⁷⁵ ⁵ Generally speaking, co-

valent bonding is preferred over electrostatic attraction to ensure permanent attach-

ment of these surface modi cations. ⁶ For therapy, labelling, targeting, or enhancing

or limiting cellular uptake, a variety of nucleic acids, oligonucleotides (aptamers), pep-

tides, proteins, enzymes, antibodies, tumour cell receptors (e.g., folate, Her2), ligands,

or carbohydrates can be attached. Other molecules may be bound to nanoparticles to

promote dispersability, increase circulation time, and reduce immunogenic response

(e.g., PEG, dextran, phospholipids). ⁶ An advantage of nanotechnology over molecu-

lar systems is that multiple targeting ligands can be attached to single nanoparticles,

which increases the binding efficacy of these nanoparticles throughmultivalent inter-

actions. ⁷ Nanoparticle surface modi cations will now be discussed, with particular

focus on those that promote cellular uptake, and those that reduce the rate of clearance

from the body.

1.2.2.1 Peptides and polycations can promote endocytosis

e plasma membrane is the interface between cells and their environment, prevent-

ing pathogens, macromolecules and nanoparticles from entering or leaving cells. ⁸

e plasma membrane consists of a self-assembled bilayer of lipids, the hydrophobic

interior of which prevents the passage of water-soluble substances. ⁹ Althoughmany

essential smallmolecules, including amino acids, sugars and ions, can cross the plasma

membrane through integral membrane protein pumps or channels, macromolecules

and most nanoparticles require interaction with the plasma membrane in order to be

internalised. ⁰ e plasma membrane must rst form an invagination so that the na-

noparticle can be engulfed, followed by a ‘pinching off ’ where the nanoparticle and

lipid bilayer detaches from the rest of the plasma membrane to form a discrete, inter-

nalised vesicle. ⁹ In this way, the materials being brought into the cell are surrounded

by transport vesicles derived from the plasma membrane, ⁰ and speci c interactions

with the plasma membrane can be used to encourage invagination and uptake.

e process by which cells internalise macromolecules and particles is called en-

docytosis. Understanding the particular endocytic routes by which nanoparticles are
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Figure 1.6 Pathways of entry into cells. Large particles can be taken up by phagocytosis, whereas
fluid uptake occurs by macropinocytosis. Both processes appear to be triggered by and are depen-
dent on actin-mediated remodelling of the plasma membrane at a large scale. Compared with the
other endocytic pathways, the size of the vesicles formed by phagocytosis and macropinocytosis is
much larger. Numerous cargoes can be endocytosed by mechanisms that are independent of the
coat protein clathrin and the fission GTPase, dynamin. Most internalised cargoes are delivered to the
early endosome via vesicular (clathrin- or caveolin-coated vesicles) or tubular intermediates (known
as clathrin- and dynamin- independent carriers (CLICs)) that are derived from the plasmamembrane.
Some pathways may first traffic to intermediate compartments, such as the caveosome or glycosyl
phosphatidylinositol-anchored protein enriched early endosomal compartments (GEEC), en route to
the early endosome. Figure and caption fromMayor et al. 2007.124

taken up is important, as the proteins involved and the nature of the intracellular vesi-

cle determine the intracellular transport and fate of the internalised material within

the cell.  Endocytosis can occur via a number of different mechanisms as shown

in Figure 1.6, which can be broadly categorised as phagocytosis (cell ‘eating’) or pinocy-

tosis (cell ‘drinking’). ⁰ Phagocytosis refers to the uptake of large, solid or solid-

like bodies (e.g., bacteria, debris, collagen bres), while pinocytosis generally describes

the uptake of a volume of uid, perhaps containing dispersed material such as nano-

particles. ⁵ Further distinction is made for pinocytic mechanisms depending on the

proteins involved, cell behaviour, or size of particles that can be taken up. ⁰ Clathrin-

mediated endocytosis is the main mechanism of internalisation for most cell types,

in which formation of the endocytic vesicle is driven by polymerisation of the protein

clathrin. Similarly, caveolin-mediated endocytosis involves ask-shapedmembrane

invaginations called caveolae, which are lined by the dimeric protein caveolin. Fis-

sion of both caveolae and clathrin-coated vesicles from the membrane is mediated by
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the GTPase dynamin, but where clathrin-coated vesicles usually deliver cargo to early

endosomes, whichundergo acidi cation anddegrade the cargo, caveolin-mediated en-

docytosis produces vesicles that contain no degradative enzymatic cocktail. Mac-

ropinocytosis is a third mechanism in which actin-driven membrane protusions are

formed, which collapse onto and fuse with the plasma membrane. e intracellular

fate ofmacropinosomes can vary, but often they acidify, shrink, andmay fusewith lyso-

somal compartments. Given the differences in endolysosomal sorting associated

with different endocytic routes, an appreciation of the routes by which nanoparticles

are taken up provides an insight into the intracellular environment to which the na-

noparticles may be exposed. Endocytic pathways also depend on the size, shape, and

surface chargeof nanoparticles. Positively-chargednanoparticles are themost efficient

at plasmamembrane penetration and internalisation because they interact with nega-

tively charged groups on the cell surface. ⁶ Nevertheless, uptake of negatively charged

nanoparticles into cells has also been reported, despite unfavourable interactions with

the negatively-charged cell membrane. ⁶ e surface charge of nanoparticles affects

not only the rate at which nanoparticles are internalised, but also the mechanism of

endocytosis. ⁷ For example, inHeLa cells, positively chargednanoparticleswere taken

up rapidly via a clathrin-mediated pathway, whereas negatively charged nanoparticles

were internalised more slowly by a different endocytic route. ⁸

Onemethod for promoting endocytosis that is particularly used for non-viral trans-

fection combines positive surface charge with a high buffering capacity; DNA, RNA,

and oligonucleotides bear a negative charge and readily condense to form nano-sized

complexes with cationic lipids (lipoplexes) or synthetic polycations (polyplexes). ⁹

⁰ Polyethylenimine (PEI) is a synthetic polycation and is the most widely used non-

viral vector. PEI can promote endocytosis and then facilitate escape of the internalised

cargo from endosomes. After endocytosis, the natural acidi cation within the endo-

some protonates PEI, inducing chloride ion in ux, osmotic swelling and destabilisa-

tion of the endocytic vesicle, leading to release of polyplexes into the cytoplasm. 

e polyplex is then free to access the nucleus with gene delivery and resultant ex-

pression.  ⁴ PEI has also be used to facilitate nanoparticle uptake and endosomal

escape. ⁵ ⁷ Another effective approach for overcoming the cellular barrier for nano-

particle internalisation uses proteins or peptides that are able to translocate across the
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plasma membrane. ⁸ A variety of these cell-penetrating peptides exist, most consist-

ing of fewer than 20 amino acids and being rich in basic residues. ⁸ ⁶ An example

of a cell-penetrating peptide is HIV-1 tat (derived from the transcriptional activator

protein encoded by human immunode ciency virus type 1). ⁸ Tat peptide mediates

cell surface adherence and internalisation by adsorptive endocytic processes through

cellular and nuclear membranes. ⁸ Modi cation of magnetic nanoparticles, gold na-

noparticles, quantum dots, or liposomes with tat peptide results in much greater up-

take of these particles than in their unmodi ed form. ⁸ ⁴⁰ For example, iron oxide

nanoparticles modi ed with tat peptide efficiently label cells within  h. ⁸

Determination of endocytic pathways is often difficult. Most current methods to

study intracellular trafficking of nanoparticles rely on colocalisation of nanomateri-

als with speci c endocytic markers or the exclusion of speci c mechanisms by chem-

ical inhibition or cell mutation. ⁷ ⁴  ⁴⁵ It is important to note that the use of in-

hibitors to identify uptake pathways is not always conclusive because such treatment

may up-regulate a pathway that is usually silent.  ⁴ Up-regulation of nascent path-

ways affects signalling, lipid and protein distributions, membrane tension, and stress

responses. erefore, while analysis of endocytic uptake is possible, and provides in-

sight into the intracellular itinerary of internalised nanoparticles, care should be taken

in the interpretation of results.

1.2.2.2 Stealth modifications slow clearance of nanoparticles

Nanoparticles and liposomes are known to be rapidly cleared from the blood by cells of

the mononuclear phagocytic system, particularly macrophages in the liver and spleen

(including hepatic Kupffer cells) and circulating monocytes. ⁴⁶ ⁴⁹ Nanoparticle re-

moval by macrophages occurs by interaction of the hydrophobic surface of particles

with plasma proteins including immunoglobulins, albumin, and bronectin, ⁵⁰ in a

process termed opsonisation. e plasma proteins, or opsonins, are recognised by spe-

ci c receptors onmacrophages, which then phagocytose the nanoparticles. ⁴⁸ ⁴⁹ e

mononuclear phagocytic system is the primary mechanism by which the organs of

the reticuloendothelial system (RES) (principally the liver, spleen and bone marrow)

recognise circulating nanoparticles. ⁴⁷

Nanoparticle clearance by the non-speci c immune system is known tobe affected
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by size and surface characteristics. ⁴⁹ ⁵ For example, nanoparticles with a hydropho-

bic surface are removed from circulationmore rapidly than those with hydrophilic and

neutral surfaces. ⁴⁹ e rate of opsonisation of nanoparticles can be reduced by mod-

ifying the surface of these particles with a hydrophilic, exible, and non-ionic poly-

mer. ⁵ Examples of these modi cations include PEG, polysaccharides, or poloxam-

ers and poloxamines, ⁴⁶ ⁴⁸ which provide a steric barrier on the particle surface that

minimises opsonisation. ⁴⁷ Nanoparticles that have beenmodi ed in this way are typ-

ically known as ‘stealth’ particles, because they escape the surveillance of the RES. ⁴⁷

Blood lifetimes of injected particles have been related to the presence of PEG on the

surface, ⁴⁸ ⁵ and a PEG corona has also been shown to impart a stealth property to

liposomes, suppressing recognition and uptake by the RES and extending the circula-

tion time of the particles in the body. ⁵ In particular, block copolymers containing a

PEG segment have been shown to be very effective at preventing uptake. ⁵

In addition to reducing clearance, stealth modi cations can improve targeting of

nanoparticles to the CNS. For example, modi cation of polycyanoacrylate nanopar-

ticles with PEG resulted in more effective brain delivery in vivo than unmodi ed na-

noparticles. ⁵⁴ In another study, the biodistributions of unmodi ed and PEGylated

poly(ε-caprolactone) nanoparticles were compared following intravenous injection in

C6 glioblastoma-bearing mice. ⁵⁵ Fluorescent labelling of the nanoparticles and live

imaging showed a greater accumulation of PEGylated nanoparticles in the tumour-

bearing brain. is improved targeting can result in more effective delivery of thera-

peutic agents. Stealth modi cations have been made to polyalkylcyanoacrylate nano-

spheres by adsorption or binding of PEG or polysorbates; polysorbate 80-modi ed na-

nospheres resulted in themost effective delivery of the peptide dalargin to the brain. ⁵⁶

Similarly, when solid-lipid nanoparticles encapsulating the anticancer drug doxoru-

bicin were intravenously injected in rabbits, it was found that increasing PEGylation

resulted in higher concentrations of doxorubicin in the brain. ⁵⁷

1.2.3 Nanoscaffolds can simulate the extracellular matrix

Following an injury, immediate and delayed cell death results in the formation of a

lesion cavity and, later, a glial scar. ⁵⁸ e void at the injury site is not suited to cellu-

lar regeneration, because it lacks the supporting structure that permits cell in ltration
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and acts as a substrate for cell growth and neurite extension.⁸  ⁵⁹ ⁶ Nanoscaffolds

can be used as an arti cial mimic of the extracellular matrix to control tissue struc-

ture, regulate cell functions, and allow the diffusion of nutrients, metabolites and sol-

uble factors (Figure 1.7). ⁶ ese nanoscaffolds may take the form of gels, sponges, or

channel-containing structures, which are porous and three-dimensional. ⁶⁴ e self-

assembling peptide RADA-16 forms nano bre scaffolds and has been used to create a

permissive environment for axonal growth in a hamster optic tract transection injury

model. ⁹ e hydrogel scaffold apparently minimised scar formation, which allowed

axons to bridge the severed connection. Histological analysis and the functional re-

turn of vision, with repair of surrounding damaged brain tissue, showed the signi cant

repair could be promoted by the presence of the scaffold.

Scaffolds can also incorporate drugs and biomolecular cues that attempt to recre-

ate the developmental environment to promote tissue growth.⁸ Nano-based scaffolds

can also be modi ed with chemical and physical cues to control cell differentiation

and growth. ⁶⁵ ⁶⁶ e adhesive tripeptide RGD is found in bronectin and other ex-

tracellular matrix proteins ⁶⁷ and is selectively bound by the αβ integrin receptor,

which modulates cell differentiation and migration.⁸ A hydrogel modi ed with the

RGD motif was implanted into the transected spinal cord of a rat, where it facilitated

the in ltration of host cells, angiogenesis, axonal growth and reduced necrosis. ⁶⁸ e

majority of surviving axons were myelinated, probably as a result of Schwann cell mi-

gration into the scaffold.⁸ Similarly, laminins are also found in the extracellularmatrix

and are a key substrate for axonal growth; the cell-binding domains of laminin consist

of the peptide sequences Ile-Lys-Val-Ala-Val (IKVAV, which facilitates neurite exten-

sion ⁶⁹) and Tyr-Ile-Gly-Ser-Arg (YIGSR, which facilitates cell binding).⁸  ⁷⁰ ese se-

quences, conjugated to polymeric scaffolds, induced neurite extension of dorsal root

ganglion neurons ⁷ and promoted spinal-cord regeneration. ⁷ In another study, an

IKVAV peptide-modi ed amphiphile formed a self-assembled nano bre gel which was

used as a matrix for neural progenitor cells in vitro. e gel scaffold caused signi -

cant neuronal differentiation but suppressed astrocytic differentiation (Figure 1.8). ⁷

e same scaffold conferred behavioural bene ts and reduced apoptosis and glial scar

formation when used to treat compressive spinal cord injury in mice. ⁷⁴ In addition

to the effect of chemical cues, surface patterning also in uences neural cell growth
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Figure 1.7 Polymer scaffolds can serve several important functions in brain repair processes. a, Plac-
ing scaffolds into a region of damaged brain tissue can provide structural support to the surrounding
tissue to minimize secondary cellular degeneration and allow cells from the adjacent parenchyma to
infiltrate the scaffold potentially promoting local tissue regeneration. In addition, these scaffolds can
serve as delivery vehicles for transplanted cells, facilitating neuronal outgrowth and connectivity be-
tween grafted and host cells. b, Scaffolds are also being increasingly used for controlled and program-
mable delivery of neural stem cells. In these illustrations, a flat portion of a scaffold is highlighted.
The scaffold can be modified to provide local and sustained delivery of proteins, and the surface can
be topographically altered (lines), coated with ligands or modified to possess a surface charge to pro-
mote attachment, growth and differentiation of neural stem cells. When implanted into the brain these
material characteristics may prove important for the recapitulation of specific aspects of the normal
and regenerating brain microenvironment, and this allows improved cell graft integration and function.
Figure and caption from Orive et al. 2009.82
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Figure 1.8 Example of an engineered nanomaterial for neural regeneration. Engineered nanomate-
rials enable the highly specific induction of controlled cellular interactions that can promote desired
neurobiological effects. a, Peptide-amphiphilemolecules, which consist of a hydrophilic peptide head
group (green circles) and a hydrophobic carbon tail (white circles) joined by a peptide spacer region
(yellow circles), self-assemble into a dense nanofibre matrix. Under physiological conditions, the self-
assembly process macroscopically produces a self-supporting gel in which neural progenitor cells and
stem cells can be encapsulated. b,An example of a peptide-amphiphile nanogel on a 12mmglass cov-
erslip. c, The surface of the nanofibres consists of laminin-derived, neuronal-specific pentapeptides,
which are encountered by the encapsulated cells at high concentrations, resulting in robust differen-
tiation into neurons while suppressing astrocyte differentiation. The cells are stained for the neuronal
marker β-tubulin III (green) and the astrocyte marker glial fibrillary acidic protein (none is present).
Figure and caption from Silva 2006.78
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and adhesion. Mouse embryonic cortical neurons respondeddifferently to electrospun

poly(lactic acid) (PLA) and PLGA nano bres depending on the distance between -

bres. ⁷⁵ Inter bre distances greater than  µm caused neurites to align and grow in

the direction of the bres; neurites traversed bres less than  µm apart. In another

study, substantia nigra neurons cultured on silica adhered and grew better when the

surface had physical features (i.e., roughness) between 20 and  nm, compared to sur-

face roughness less than  nm or greater than  nm. ⁷⁶

Taken together, these ndings demonstrate that polymer scaffold matrices com-

bined with biochemical cues can act as an arti cial extracellular matrix that may be

useful for treating the CNS after injury or disease. e incorporation of laminin or -

bronectin peptide motifs in nanoscaffolds can enhance cell adhesion, differentiation

and migration. Peptides present in the scaffolds can affect differential destiny, which

has advantages for treating spinal cord injury, stroke, and Parkinson’s disease.⁷⁴

1.2.4 Nanotechnology in the CNS presents some challenges

Neuroscience presents some challenges in using nanotechnology for in vivo bioappli-

cations. One particular consideration that is unique to the CNS is the blood–brain

barrier. is protective mechanism, shown in Figure 1.9, prevents exchange of mole-

cules and cells, and immunologically isolates the CNS from the rest of the body.⁷⁸ CNS

therapies delivered using systemically administered nanoparticles need to be able to

cross this barrier with minimal disruption, which is likely to be difficult.⁷⁸ Although

nanoparticles may prove useful as delivery agents for chemicals that cannot them-

selves cross the blood–brain barrier,⁸⁰ unintentional crossing may result in unfore-

seen side effects.⁷⁸ Another challenge that may arise when using nanoparticles in the

CNS is unacceptable toxicity. e biggest concerns from a toxicological standpoint

are that nanoparticles could accumulate in peripheral ⁷⁷ or CNS tissue, or cross the

blood–brain barrier and cause tissue injury in the brain. ⁷⁸ ⁸⁰ For example, polysor-

bate 80-coated poly(butyl cyanoacrylate) and PEGylated PLA immunonanoparticles

have already been shown to cross the blood–brain barrier. ⁸  ⁸ erefore, the toxicity

of any new nanoparticle system will need to be investigated prior to in vivo use.
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Figure 1.9 The neurovascular unit and the potential of active targeting for drug delivery. The neu-
rovascular unit (bottom right panel) regulates the dynamic and continuous cross-talk between circu-
lating blood elements and brain cellular components including perivascular macrophages, astrocytes
and neurons. At the interface between blood and brain (the blood–brain barrier), endothelial cells and
associated astrocytes are stitched together by structures called tight junctions. The blood–brain bar-
rier hinders the delivery of many potentially important diagnostic and therapeutic drugs to the CNS.
The barrier results from the selectivity of the tight junctions between endothelial cells in the blood
vessels that restricts the passage of solutes. Astrocyte cell projections called astrocytic feet surround
the endothelial cells of the blood–brain barrier, providing biochemical support to those cells. The peri-
cytes shown in this figure are undifferentiated mesenchymal-like cells that also line and support these
vessels contributing to the complex layering of cells forming the blood–brain barrier. Nanocarriers
(top right panel) are materials that can be configured into several different shapes (tubes, spheres,
particles, rods, etc.) and can be loaded with drugs for sustained delivery to specific sites that are tar-
geted by coating the surface of the material with peptides. In this figure the nanocarrier contains a
therapeutic drug, a targeting peptide to increase the penetration of the drug into the brain tissue and
a functionalised surface consisting of, for example, an antibody to target a specific antigen or a steric
coating made of polyethylene glycol or dextrans. Active targeting (left panel) enhances the biodis-
tribution of drug-loaded nanocarriers in the brain tissue, improving the therapeutic efficacy of drugs.
Once particles have extravasated in the target tissue, the presence of ligands on the particle surface
facilitates their interaction with receptors that are present on target cells resulting in enhanced accu-
mulation and cellular uptake through receptor-mediated processes. This approach can be used either
to target vascular endothelial cells and/or to target normal cells or diseased cells. Figure and caption
from Orive et al. 2009.82

1.2.4.1 Toxicity of nanoparticles must be assessed carefully

ebehaviour of nanoparticles for biomedical applications needs to be carefully evalu-

ated, because nanoparticles may interact with each other in the blood stream or at the

target site in unpredicted ways.⁸⁰ However, there are very few data related to the toxi-

city of nanoparticles in the CNS, particularly of the polymeric type. ⁸ Indeed, there is

a lack of information concerning the impact of nanoparticles on human health in gen-
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eral. ⁷⁸ ⁸⁴ It is difficult to predict the toxicity of speci c nanomaterials because toxicity

is dose-, exposure-, and pathway-dependent.⁷⁷ e most common approach to assess

toxicity of nanomaterials is to test cellular viability using mammalian cells, or to indi-

rectly measure cell numbers through tetrazolium salt-based assays, for example.⁷⁷

Several in vitro studies have reportedpotential toxic effects of nanoparticles. ⁷⁸e

majority of studies involving nanoparticles and CNS neuronal cells examined the in-

teraction between metals or metal oxides and neuronal cell lines.⁸ Iron oxide nano-

particles both reduced ⁸⁵ and enhanced ⁸⁶ neurite outgrowth in PC12 cells, depending

on concentration. e enhancement occurred at lower concentrations (≤  µgml−)

while inhibition was observed at ≥ . µ Fe (corresponding to  µgml−). Various

metal and metal oxide nanoparticles increased production of ROS and depleted do-

pamine in PC12 cells. ⁸⁷ ⁸⁸ Titanium dioxide nanoparticles appeared to damage neu-

rons through microglial-generated ROS in embryonic rat striatum primary culture. ⁸⁹

Various in vivo biodistribution studies have been performed to assess toxicity of na-

noparticles in the CNS. e toxicity of PLA-based nanoparticles was assessed after re-

peated intranasal administration in rat. ⁸ While various indicators of immunogenicity

remained unchanged after nanoparticle administration, there was evidence of excito-

toxicity and oxidative stress in the olfactory bulb. PLA nanoparticles have also been

injected intraocularly in rat, where they caused in ammation in the retinal layers after

– h. ⁹⁰ In ammation decreased considerably after  h, however, and PLA nano-

particles remainedwithin retinal pigment epithelial cells fourmonths after intravitreal

injection without histological change in the retinal layers. Although PLA nanoparti-

cles may be useful for sustained delivery of therapeutic agents, as shown in this study,

the in ammatory response should be carefully considered. ⁹ e safety of iron ox-

ide nanoparticles has been demonstrated in the rat brain, ⁹ and the effect of anionic,

cationic, and neutral particles in rat brain has been assessed. ⁹ In the latter study, na-

noparticles were functionalised with surfactants bearing different charges; high con-

centrations of cationic or anionic nanoparticles appeared to disrupt the blood–brain

barrier. ese studies show that although nanotechnology has great potential, the tox-

icity of nanoparticles is a concern that needs to be addressed. Although reports of

toxicity of nanomaterials in the CNS seem to centre on inorganic nanoparticles rather

than soft materials like micelles and nanospheres, it will be necessary to examine the
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biodistribution and potential toxicity arising from nanoparticles used in vivo. ⁷⁸ ⁷⁹

1.2.5 Nanoparticles have potential in treating the injured CNS

In this section, nanotechnology and someof its applications to neurotraumahave been

discussed. Nanoparticles aremuch smaller thanmammalian cells and have the poten-

tial to interact with biological systems with high speci city. Nanotechnology is highly

varied, and could be used to aid neurotrauma recovery in a number of ways. ere is

potential for drug delivery using a variety of nanostructures such as dendrimers, na-

nospheres, micelles, and liposomes. Furthermore, self-assembling peptide scaffolds

could provide a permissive cellular growth environment after injury. ese abilities of

nanotechnology will likely be of value in addressing the problems associated with neu-

rotrauma treatment, and in particular, with administration of lomerizine, by improving

solubility and providing extended release over time. Nanoparticles can be modi ed to

promote cellular uptake using cell-penetrating peptides or polycationic surface mod-

i cations, evade the immune system by attaching PEG chains, or target speci c cell

types in the CNS. ⁵ All of these choices allow for a highly versatile platform for drug

delivery to CNS injury sites. A caveat is that the toxicity of these nanostructures needs

to be carefully assessed as nanoparticles themselves, and their surface modi cations,

can induce toxic changes. Provided the potential pitfalls are carefully assessed, nan-

otechnology offers new and exciting potential approaches to improve neurotrauma

treatments.

1.3 Multifunctional nanoparticles allow drug delivery and tracking

One of the advantages of nanotechnology that has not yet been discussed is that na-

noparticles can integrate both therapeutic and diagnostic functions into a single con-

struct. ⁹⁴ ⁹⁵ Nanoparticles can therefore be designed to perform numerous tasks si-

multaneously, such as imaging and drug delivery, which is advantageous in that it facil-

itates indirect visualisation of drug release. In contrast, molecular drugs require mod-

i cation with a tracking label to be followed in the body. ⁹⁶ When visualisation agents

(including uorescent dyes or nanoparticulate imaging tools) are loaded in nanopar-

ticles along with therapeutic substances, the nanoparticles are said to be ‘multifunc-

tional’. It is also possible to incorporate more than one imaging tool in a single nano-



34 | Introduction and literature review

particle to allow tracking by multiple imaging techniques. Nanoparticles that support

more than one imaging modality are said to be ‘multimodal’. Combining the advan-

tages of multiple imaging techniques offers bene ts over any one modality alone and

can permit a more comprehensive diagnosis. ⁹⁷ ⁹⁸ Multifunctional and multimodal

nanoparticles, therefore, can deliver drugs or other therapies and be visualised bymore

than one technique at the same time. is is bene cial because the nanoparticle tox-

icity or biodistribution can be simultaneously evaluated using various imaging tech-

niques that operate on multiple length scales. e ability to assess toxicity and deliver

therapies is of great importance in con rming the biocompatibility of nanoparticles,

whichneeds tobe carefullymonitored. In this section,multimodal andmultifunctional

nanoparticles will be described. Magnetic resonance imaging will be introduced as a

non-invasive in vivo imaging technique, before the combination ofmagnetic resonance

and uorescence in singlemultimodal nanosystems is described. Finally, drug delivery

using multifunctional magnetic and uorescent nanoparticles will be discussed.

1.3.1 Magnetic resonance is a non-invasive imaging technique

Magnetic resonance imaging (MRI) is a powerful technique used to produce images

based on nuclear magnetic resonance. MRI is a non-invasive imaging technique that

does not use ionising radiation ⁶ and is capable of producing high contrast when

imaging soft tissue. ⁹⁹ In addition to these advantages, MRI can be used for deep tis-

sue imaging with high spatial resolution (ca.  nm), ⁶ producing a three-dimensional

tomographic image. ⁰⁰

e physical phenomenon underlying MRI is the relaxation of protons in a static

magnetic eld after application of an excitation pulse. ⁹⁹ When protons are placed in a

large external magnetic eld B⃗, they align either parallel or antiparallel with the mag-

netic eld and precess at the Larmor frequency

ω = γ|⃗B|

e constant γ is the gyromagnetic ratio, which is characteristic of the nucleus being

studied; for hydrogen, γ = .MHzT−. ⁰ ere is a slight excess of protons in the

preferred parallel orientation, producing a net magnetisation in the direction of B⃗. ⁰
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e application of a sinusoidal radio frequency (rf) pulse with frequency ω along an

axis perpendicular to B⃗ will result in a second precessional motion, this time about

the axis of the rf pulse. If the frequency of the rf pulse matches the Larmor frequency

(i.e., ω = ω), then resonance will occur, the effect of which is a spiral motion of the

proton spins into the plane perpendicular to B⃗, called nutation. ⁰ Supposing that

B⃗ is oriented in the z-direction, then a 90° rf pulse will ip spins into the xy plane.

Additionally, all of the spins will be in phase. is corresponds the addition of energy

to the system (excitation). ⁰

After the application of energy through an rf pulse, proton spins return to the equi-

librium state and realign with B⃗ by releasing energy in a process known as relax-

ation. ⁰⁰ ⁰ ere are two independent relaxation mechanisms: spin–lattice (longi-

tudinal) relaxation with relaxation time T, and spin–spin (transverse) relaxation with

relaxation times T and T ∗
 . ⁹⁹ ese relaxation times are not constant and depend

strongly on the immediate chemical environment of the protons. ⁹⁹ During the rf pulse,

proton spins are ipped from the z-direction into the xy plane, reducing the z-compo-

nent of the netmagneticmoment of the protons Mz to zero. ⁰ After the removal of the

rf pulse, Mz will gradually recover to its initial value M according to

Mz(t) = M(− e−t/T)

is longitudinal relaxation occurs as protons give up their energy to surrounding nu-

clei (the lattice). ⁰ At the same time, transverse (T and T ∗
 ) relaxation takes place, in

which the net magnetisation in the xy plane Mxy decays according to

Mxy(t) = Me−t/T

e decay in Mxy occurs as a result of dephasing, which is caused primarily by inter-

actions between spins. ⁰ e difference between the two transverse relaxation times

is that T ∗
 includes the effect of magnetic eld inhomogeneities, which cause faster

dephasing, while T does not; spin-echo sequences remove T ∗
 effects. ⁰
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1.3.1.1 Contrast agents facilitate visualisation in MR images

One of the advantages of MRI is the intrinsic contrast between tissues. ⁹⁹ is is pri-

marily caused by differences in T or T of the tissues being observed. On the other

hand, pathologic tissue may have similar T and T relaxation times when compared

with the surrounding normal tissue, in which case there will be very little contrast be-

tween abnormal and healthy tissue. To improve the visibility of abnormal pathology in

MRI, contrast agents are applied to shorten the relaxation times. ⁹⁹ Contrast agents are

used to alter the relaxation times in diseased and normal tissue by different amounts,

in order to produce contrast. ⁰⁴ e relaxivities, termed r, r, and r ∗ , re ect the effi-

ciency of a given contrast agent to shorten a particular relaxation time. ⁰ e higher

the relaxivity, the greater the effect of the contrast agent on nearby protons, and the

faster the relaxation.

Contrast agents can be divided into two groups. e rst of these primarily affects

T relaxation times, and consists of a paramagnetic metal ion containing at least one

unpaired electron, such asGd3+ orMn2+. ⁰⁵ With seven unpaired electrons, Gd3+ is one

of the most powerful paramagnetic elements, and by far the most common choice. ⁰

Because free Gd3+ is toxic (interestingly, it can function as a calcium channel antago-

nist), Gd3+ ions are normally chelated or contained within a macromolecule. ⁰ Short-

ening T has the effect of increasing intensity in the image. ⁰ e second class of con-

trast agents is used to alter T, and these typically consist of macromolecules contain-

ing several iron atoms that form a superparamagnetic centre. ⁰ e large magnetic

susceptibility of the contrast agent distorts the local magnetic elds in the vicinity,

causing nearby protons to dephase more rapidly than the surrounding tissue. ⁰ is

results in decreased signal (i.e., negative contrast) in T-weighted images. ⁰⁶ Although

T probes are sometimes desirable because they can increase overall contrast in MRI,

one of the challenges in developing these probes is that their sensitivity is lower than

T agents. ⁶ ⁰⁷

1.3.1.2 Iron oxide nanoparticles are effective MRI contrast agents

e most popular T contrast agents consist of nanoparticles of iron oxides, usually

magnetite (FeO) or maghemite (γ-FeO). ⁶ e very small size of these magnetic

materials leads to two important features. First, there is a size limit below which the
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existence of multiple magnetic domains is energetically unfavourable (estimated to be

about  nm for FeO). ⁰⁸ Second, if the size is further reduced, thermal energy can

decouple magnetisation from the particle itself, a phenomenon called superparamag-

netism. ⁰⁸ Under these conditions, the coercive eld drops to zero, and the magnetic

moment of the particle is free to align with an applied eld, independent of the par-

ticle. ⁰⁸ Nanoparticles of iron oxides that display these properties are often referred

to in the literature as superparamagnetic iron oxide nanoparticles (SPIONs). SPIONs

are characterised by high susceptibility, and zero coercivity and remanence, because

Brownian motion is sufficient to randomise the nanoparticle orientations in the ab-

sence of an applied eld. ⁰⁹ SPIONs are advantageous as MRI contrast agents because

they provide the largest change in signal per unit of metal and they are non-toxic, in

contrast to Gd3+. ⁰ An example of a commercially available SPION-based T con-

trast agent is Feridex, which has relaxivity r ≈ – s− m−. ⁰⁰ Other mate-

rials, such as the bimetallic ferrites CoFeO, MnFeO, and NiFeO, have been de-

veloped with the goal of improving magnetic and physicochemical properties, but the

biological fate and toxicity of these new materials remains unknown. ⁶

e effect of SPIONs on relaxation depends on their state of aggregation within

cells. Active sorting within cells can result in compartmentalisation, or clustering, of

SPIONs in intracellular vesicles. Changes in relaxivity caused by compartmentalisation

have been observed in macrophages, lymphocytes, oligodendrocytes, human neural

stem cells and mesenchymal stem cells.  ⁸ In general, a decrease in the longitudi-

nal and transverse relaxivities is observedwhen SPIONs are compartmentalisedwithin

cells.  ⁵ e effect of SPION clustering on relaxivity has been exploited in conjunc-

tionwith theCa2+-binding protein calmodulin to create a calcium-sensitiveT contrast

agent. ⁹

1.3.1.3 SPIONs can be prepared by different methods

ere are two general approaches to the synthesis of magnetite nanoparticles. e

rst is an aqueous method, in which iron() and iron() ions are coprecipitated by

the addition of base (Massart’s method): ⁰

Fe+ + Fe+ + OH– −→ FeO + HO
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is is a very simple method, and is well suited to large-scale production, but it has

several disadvantages. Variations in themolar ratio of Fe3+ to Fe2+ lead to complicated

changes in the crystal phases of the iron oxide product, however, and ionic strength

and pH are important and affect the surface characteristics of the nanoparticles, in-

cluding the surface charge. Also, Fe2+ is sensitive to oxidation, as is the product, and

the particles are not always crystalline and can be difficult to disperse.

Other popularmethods for production of ironoxide nanoparticles include a variety

of thermal decomposition methods using organometallic or inorganic iron sources.

e products tend to be very monodisperse and crystalline in comparison to aqueous

methods, which means that their magnetic properties are very uniform. All of the fol-

lowing are cappedwith long chain aliphatic amines or carboxylates, whichmakes them

dispersible in non-polar solvents, but not in water. One of the earliest reports of the

thermal decomposition of iron precursors came from the group of Alivisatos in 1999. ⁴

Monodisperse maghemite (γ-FeO) nanocrystals were prepared in a single precursor

approach using metal cupferrons. Cupferron (N -nitrosophenylhydroxylamine) read-

ily forms bidentate complexes with many metals, so a variety of metal oxide nano-

particles can be produced using this approach. Metal cupferrons were dissolved in

octylamine and injected into hot trioctylamine at – ◦C with exclusion of air

and water to produce nanocrystals of iron oxide, manganese oxide, and copper oxide.

e nanoparticles were crystalline and – nm in diameter. Hyeon’s group also pro-

duced maghemite nanoparticles by thermal decomposition, but they used iron pen-

tacarbonyl which was converted rst to iron, followed by oxidation to γ-FeO with

trimethylamine oxide. ⁵ismethod gavemonodisperse oleic acid-cappednanocrys-

tals of size – nm, using octyl ether as the solvent. Colvin’s group speculated that iron

carboxylates were involved in the synthesis of iron oxide nanoparticles, and reported

a gram-scale preparation of FeO from FeO(OH). ⁶ is was followed shortly after-

wards by a similar report from Hyeon’s group using an iron oleate complex to form a

variety of nanoparticles, including iron and different iron oxides. ⁷ e method de-

scribed by Sun and Zeng is perhaps the most easily accessible method, striking a bal-

ance between using stable and readily available reagents, being relatively safe and sim-

ple, and producing a well-de ned product; it is therefore very popular. It was also one

of the rst routes for the production of the inverse spinel magnetite, FeO, along with
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Table 1.2 Comparison of a number of clinical imaging techniques. Abbreviations: MRI, magnetic
resonance imaging; PET, positron emission tomography; SPECT, single photon emission computed
tomography; CT, computed tomography; US, ultrasound; PAI, photoacoustic imaging. Adapted from
Baker 2010.231

Technique Resolution
Detection

Strengths Weaknesses
limit (mol)

Fluorescence (light) 1–3 nm 10–12 High sensitivity Poor depth penetration,
low resolution for
whole-body imaging

MRI (magnetic field) 50 µm 10–9–10–6 Non-ionising, high resolution Low sensitivity
PET (positrons) 1–2mm 10–15 High sensitivity Single label detection,

requires radioactivity
SPECT (γ-rays) 1–2mm 10–14 Multiple label detection Requires radioactivity
CT (X-rays) 50 µm 10–6 Fast, cross-sectional images Poor resolution
US (sound) 50 µm 10–8 Quick, harmless Poor contrast
PAI (sound) 50 µm 10–12 Good depth penetration Still being optimised

that reported by Colvin’s group in the same year. An oxygen-coordinated bidentate

chelate, as used in Alivisatos’s method, was used as the precursor. Heating iron()

acetylacetonate in the presence of 1,2-hexadecanediol, oleic acid, and oleylamine pro-

duced monodisperse nanocrystals of size – nm, with larger particles (up to  nm)

being prepared by seed-mediated growth. ⁸ Mixed spinels (MFeO) could also be

prepared by this method, using a combination of metal acetylacetonate precursors. ⁹

Mixed spinels can have either high magnetic permeability and electrical resistivity (M

= Co, Li, Ni, Zn, etc.) or half-metallicity (M = Fe), and offer a means to adjust magnetic

properties. Subsequent work showed that 1,2-tetradecanediol could be used in place

of the more expensive 1,2-hexadecanediol. ⁰

1.3.2 MRI contrast agents can be combined with fluorescent probes

Apart from MRI, various other imaging techniques exist, including positron emission

tomography (PET), single photon emission computed tomography (SPECT), optical

( uorescence) imaging, and ultrasound. ⁰ Some of the characteristics of these tech-

niques are described in Table 1.2. As can be seen from this table, all imaging modali-

ties have limitations. Because no one technique can provide information on all aspects

of structure and function, analysis using multiple imaging techniques is attractive. ⁰

One way to create probes that can be imaged by multiple techniques is to combine

two ormore contrast or imaging agents into a single nanoparticle. ⁶ e resulting na-

noparticle is said to be multimodal. ⁰ e combination of MRI with uorescence is
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particularly attractive because it combines the high sensitivity of uorescence and the

high spatial resolution ofMRI. ⁰ Fluorescencemay refer to either analysis of tissue sec-

tions and cells by uorescencemicroscopy, or themore recent non-invasive technique

of whole-animal analysis using uorophores that emit in the near infrared (NIR). ⁶ In

the NIR, auto uorescence and scattering are low, and the absorption of water, haemo-

globin, and lipids are reduced, allowing maximum light penetration into tissue. A po-

tential problem when incorporating multiple imaging probes in a single nanoparticle

is interference between the two (e.g., iron-based MRI contrast agents quenching u-

orescence agents). ⁶ However, recent work shows that this issue can be overcome.

Magneto uorescent nanoparticles forMRI and uorescence imaging are currently the

most developed multimodal probe. ⁹⁷ ⁰  ⁴

1.3.2.1 Fluorescent probes include dyes and quantum dots

e probes that can be used for in vitro and in vivo uorescence microscopy include

traditional uorescent organic dyes, and quantum dots, which are uorescent nano-

particles. Both can be made with emission across the visible spectrum and into the

NIR. ⁶ First, uorescent dyeswill be discussed, and three classes of dyeswill be consid-

ered here: the xanthenes, cyanines, and dyes of the boron dipyrromethene (BODIPY)

family.

Dyes based on the xanthene core include uorescein and rhodamine derivatives.

Fluorescein is one of the most common labels used in biological applications. ⁴ Its

advantages include relatively high molar absorptivity, excellent quantum yield and

good aqueous solubility; ⁴ its disadvantages are relatively fast photobleaching (even

in a polymer matrix), ⁴  ⁴⁴ pH-sensitive uorescence, ⁴⁵ ⁴⁶ a relatively broad emis-

sion spectrum, ⁴  ⁴⁵ and a tendency to self-quench at high degrees of substitution. ⁴⁷

e photobleaching and pH sensitivity of uorescein make quantitative analyses diffi-

cult. ⁴ e most popular variant for conjugation to proteins and peptides is the iso-

thiocyanate (FITC). ⁴⁷ ⁴⁸ Rhodamines are among the oldest synthetic dyes for fabrics,

and like uoresceins, belong to the xanthene class of dyes. ey tend to have high

molar absorptivities in the visible region, and many of the derivatives are intensely

uorescent. ⁴ Examples of ubiquitous uorophores based on rhodamine and used in

biology include Texas Red and tetramethylrhodamine isothiocyanate (TRITC). Other
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less water-soluble rhodamines have also been used in biological work, including rho-

damine 6G, ⁴⁹ rhodamine 123, ⁵⁰ and rhodamineB. ⁵ Cyanine dyes consist of two aro-

matic or heterocyclic rings linked by a carbon chain with conjugated double bonds. ⁵

ey are the main source of long-wavelength, NIR-emitting uorophores with excita-

tion – nm. ⁴ erefore, they are appealing for in vivo whole-body imaging. ⁶

As the polymethine chain gets longer, so too does the peak absorption wavelength. ⁵

eyhavehigh infrared absorption, but tend todisplay short uorescence lifetimes and

have low uorescence quantum yields. ⁴ Cyanine dyes tend to exhibit poor photosta-

bility, which gets worse as the emission wavelength gets longer. ⁴ As the nal class

of dyes, the BODIPY (4,4-di uoro-4-bora-3a,4a-diaza-s-indacene) family is a popular

choice for various sensing and imaging applications. ese dyes have optical prop-

erties that are often superior to uoresceins, rhodamines, cyanines and other longer-

wavelength dyes. ⁴ For example, they typically have narrow emission spectra, high

molar absorption coefficients, high uorescence quantum yields, good photostability,

and they are relatively insensitive to solvent polarity. ⁵  ⁵⁴ On the other hand, most

compounds of this class are insoluble in water and emit in the green part of the spec-

trum, which has limited their biological use. However, methods that increase the ver-

satility of this dye class have been recently reported, ⁵  ⁵⁵ ⁶ including strategies to

impart water solubility ⁵⁵ ⁵⁸ and modi cations to shift the emission ⁵⁹ ⁶ (e.g., by in-

corporating chromophores to extend conjugationwithin the structure). Although dyes

can be used alone as imaging tools, encapsulation of dyeswithin nanoparticles has sev-

eral advantages. Loading several dyemolecules into a single nanoparticle allows signal

ampli cation and the nanoparticle matrix can reduce degradation of the dye. ⁶

Quantum dots (QDs) are semiconductor nanoparticles that are an alternative to

uorescent dyes. QDs have unique optical and electronic properties resulting from

quantum con nement of electron-hole pairs (excitons) to less than the Bohr radius. ⁶ 

⁶⁴ QDs typically consist of CdSe, CdTe, HgTe, InAs, InP, or GaAs, among other materi-

als. ⁶ ⁶⁵ As uorescent probes, QDs have high brightness, narrow emission and broad

excitation spectra, and high resistance to photobleaching. ⁶⁵ ⁶⁷ QDs can be excited by

a range of wavelengths but emit a narrow spectrum whose peak wavelength is depen-

dent upon the QD size and composition. ⁶⁸ One of the unique features of QDs is that

their peak emission wavelength is tunable by changing the nanoparticle size. ⁶⁹ QDs
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can be used as biological labels; the rst biological labelling studies using QDs were

performed in 1998, ⁶  ⁶⁷ and there are now many reports of bioconjugated QDs for

labelling cells. ⁷⁰ ⁷ QDs have also been used in a number of studies for in vivo imag-

ing. ⁷⁴ ⁷⁶ In the context of neuroscience, Pathak et al. developed staining methods to

target neurons and glia using antibody-conjugated QDs, ⁷⁷ and Li et al. successfully

transfected CdS QDs into the cytoplasm of PC12 cells using PEI. ⁵

For uorescence imaging, CdTe is an appealing material because its emission can

be tuned over the green to red part of the visible spectrum, and into the NIR. ⁷⁸ ⁷⁹

CdTe QDs can be prepared in aqueous solution, although they tend to have a broader

emissionbandwidth than those prepared in organic solvents due to trapped state emis-

sion. ⁸⁰ However, they are more directly useful for biological applications as they can

be dispersed in water. CdTe QDs have been synthesised in aqueous conditions using

3-mercaptopropionic acid (MPA), ⁸ or glutathione (GSH), ⁸ as a stabiliser. GSH is

a tripeptide that exists in most tissues and can chelate Cd2+ ions, reducing toxicity; it

can be used to phase-transfer NIR-emitting CdSeTe/CdSQDswith better stability than

MPA. ⁶⁶

Despite the advantages and promise of QDs for labelling in vitro and in vivo, their

toxicity is a concern. BecausemanyQDs contain heavymetals such as cadmium, there

is the potential for toxicity as a result of heavy metal dissociation from the nanopar-

ticle.⁷⁷ ⁸ QDs composed of materials such as InP may be more benign. ⁰⁷ Toxicity of

QDs in vitro has been investigated in a number of studies. ⁶ For example, CdTe QDs

coated with mercaptopropionic acid and cysteamine were shown to be toxic to PC12

neural progenitor cells at  µgml− while uncoated QDs were toxic at  µgml−. ⁸⁴

One of the important factors affecting QD toxicity appears to be stability in vivo and

during storage, ⁶ because CdSe QD toxicity has been associated with photolysis and

oxidation. ⁸⁵ QD surface coating detachment has also led to toxicity in vitro. ⁸⁶ Intra-

cellular thiols such as cysteine and glutathione can displace ligands from QDs, ⁶⁹ re-

sulting in aggregation and toxicity. ⁸⁷ However, toxicity in vivomaynot be as signi cant

as expected. Intracellular degradation ofQD uorescence has been observed in live an-

imals, ⁷⁰ ⁷⁵ ⁸⁸ but QDs have been retained in experimental animals for  years with-

out observable pathology. ⁸⁹ Similarly, CdSe led to signi cant cell death in hepatocyte

cultures, but produced no signs of toxicity in rat models. ⁹⁰ On the other hand, there
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is some evidence that modi ed and unmodi ed CdSe/ZnS QDs can affect synaptic

transmission and impair plasticity in the hippocampal dentate gyrus of rats. ⁹ From

these studies it is evident that QDsmay pose health risks under some, but not all, con-

ditions. ⁶ erefore, as with all nanoparticle preparations, QDs and their assemblies

will need to be carefully assessed for toxicity prior to use in biological systems.

1.3.2.2 Multimodal nanoparticles combine MR and fluorescence

e development of multimodal imaging probes is expected to become more impor-

tant with the development of nanoparticles for detection, diagnosis, monitoring, and

treatment. ⁹ e reason for usingmultimodal probes is that they complement current

imaging techniques by providing higher sensitivity, speci city, and earlier andmore lo-

calised treatment. ⁹ A large number of multimodal nanostructures (i.e., nanosystems

that support two or more imaging techniques) are reported in the literature. e dis-

cussion here will be limited to those incorporating bothmagnetic resonance (MR) and

uorescence functionalities. ese have been further categorised into those that are

designed primarily for T-weighted imaging (mostly containing Gd3+), which will be

considered rst, and those for T-weighted scans (mostly based on SPIONs).

A number of nanoparticle systems have been designed with a lipidic coating that

is used as a means of incorporating paramagnetic Gd3+ ions. ⁹  ⁹⁶ CdSe/ZnS QDs

were combined with a paramagnetic lipid, Gd-DTPA-bis(stearylamide), and a PEGy-

lated phospholipid. is resulted in a micellar structure around the uorescent QDs

that was biocompatible and detectable by MRI. ⁹⁶ e longitudinal relaxivity was r  =

m− s− at . T based on Gd3+ content, and was estimated to be very high on a

per-particle basis (r  = m− s−) because each QD was encapsulated by many

lipid molecules, half of which contained Gd3+. ese nanoparticles were conjugated

with RGD cell-penetrating peptide, and uptake in human umbilical vein endothelial

cells was shown by both uorescence and MRI. e same nanoparticles were used for

intravital microscopy and MR imaging of tumour angiogenesis in mice, ⁹⁴ and con-

jugated to annexin A5 for uorescence andMR imaging of apoptosis. ⁹ Silica-coating

theQDswas performed in an effort to improve biocompatibility, given that themicellar

structure could bedegraded in vivo. ⁹⁵e incorporation ofGd3+ in nanosystems could

also be achieved by covalent attachment of high-affinity ligands. NIR-emitting Cd-
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SeTe/CdS QDs were conjugated to 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic

acid (DOTA)whichwere used to chelate Gd3+ to produce superior T MRI/NIR uores-

cent probes whose NIR emission was 7 timesmore intense than indocyanine green. ⁶⁶

Another example of this approach is the use of chitosan nanoparticles conjugated to

Cy5.5 dye, DOTA-complexed Gd3+, and 5β-cholanic acid for tumor cell targeting. ⁹⁷

Aside fromchelatedGd3+, nanoparticles containingGdhave also beenusedas con-

trast agents. Inwork byDas et al., GdO nanorodswere dopedwith rare earth ions and

encapsulated in silica to produce up-converting and down-converting uorescent par-

ticles, but the relaxivity was low, probably because the silica coating prevented inter-

action of water protons with the Gd centres. ⁰⁵ Bridot et al. reported GdO nanopar-

ticles that were surface-modi ed with polysiloxane shells, to which various dye mole-

cules and PEG chains were attached. ⁹⁸ In addition to GdO structures, nanoparticles

have beendopedwith paramagnetic ions. Examples include doping of siliconQDswith

Mn2+ ions, ⁹⁹ and Gd3+-doped ZnO QDs. ⁰⁰ Yttrium oxide nanoparticles were doped

with uorescent (Eu3+) and paramagnetic (Gd3+) ions to produce bimodal uorescent

and MR-detectable rare earth oxides; the nanocrystals were then conjugated to folic

acid for cancer cell targeting. ⁰

For T-weighted imaging, superparamagnetic iron oxide nanoparticles (SPIONs)

are the most common probe. First, some examples of polymeric systems for multi-

modal imaging will be mentioned. Park et al. prepared nanospheres from poly(methyl

methacrylate) using a solvent-evaporation emulsion method, encapsulating Nile Red

dye and SPIONs, but in this work, no biological testing was performed. ⁰ Yang et al.

prepared nanohybrids by encapsulating manganese ferrite nanoparticles in pyrene-

conjugated poly(ε-caprolactone)-block-poly(methacrylic acid) nanospheres. ⁰ Cetux-

imab was conjugated to the nanohybrids for cancer detection and resulted in effective

labelling of EGFR+ A431 epidermoid carcinoma cells. Ge et al. reported the coating of

SPIONswith FITC-modi ed chitosan anduptake in the SMMC-7721 humanhepatoma

cell line by uorescence and MRI of nanoparticle-labelled cells. ⁰ Multimodal imag-

ing has also been performed using a micellar system in which four different semicon-

ducting polymers with conjugated dyes were co-encapsulated with SPIONs inmicellar

lipid structures. ⁸ e resulting lipid-coated nanospheres displayed a relatively low

quantum yield (although this was not quanti ed), perhaps because the SPION loading
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was so high, but could still be visualised by uorescence inside SH-SY5Y neuroblas-

toma cells. Although MR phantoms were used to demonstrate contrast in solution,

MR measurements of particles in a biological environment were not made.

ere is another class of polymeric SPION nanostructures that constitute one of

the most successful multimodal imaging agents for uorescence and MR. ese con-

sist of cross-linked iron oxides (CLIOs) bound to the NIR cyanine dye Cy5.5. CLIOs are

monocrystalline iron oxide nanoparticles prepared by the coprecipitation method (a

mixture of phases, including γ-FeO and FeO) within a cross-linked polysaccharide

(usually dextran) shell. ey are approximately  nm indiameter andmaybemodi ed

with amino groups to facilitate further functionalisation. ⁰⁴ ⁰⁶ e CLIO particles are

highly biocompatible by virtue of the dextran coating. CLIO particles are large enough

to avoid rapid clearance in the urine, but also small enough to circulate for a long time

without being quickly cleared by the RES. e dextran shell also helps in this regard.

e half-life of amine-functionalised CLIOs in the blood in mice is about  h, ⁰⁷ and

the circulation half-life of the unmodi ed iron oxide nanoparticles is about  h in hu-

mans. ⁰⁸ e properties of this bimodal contrast agent are very promising, and many

in vivo studies have examined targeting of these nanostructures for different uses; the

class of agents are termed CLIO-Cy5.5. e CLIO-Cy5.5 probe was used to delineate

tumour boundaries in rats, for the preoperative visualisation of brain tumours. ⁰⁹ e

probe was injected into the tail vein of Fischer 344 rats and was found to colocalise

with a green uorescent protein (GFP)-expressing 9L gliosarcoma xenograft  h after

injection, as observed by both NIR uorescence and T-weighted MRI. ⁰ e tumour

area visualised by Cy5.5 was slightly larger than the GFP-positive area due to uptake

by microglia, but high congruency of tumour extent was observed between MRI and

H&E staining. A similar result was obtained using various other tumour cells in both

rats and mice. ⁰⁹ CLIO-Cy5.5 probes have also been conjugated to a variety of target-

ingmoieties and tested in vivo. ese include EPPT,  R (i.e., Arg-Arg-Arg-Arg), 

⁴ annexin V, ⁵ ⁶ bombesin, ⁷ PTP, ⁸ cRGD, ⁹ and IPL peptides, ⁰ VCAM-1 in-

ternalising peptide-28, siRNA against GFP or survivin, and VCAM-1 monoclonal

antibody. A library of multivalent small molecule-modi ed CLIO-Cy5.5 probes were

screened for speci city in several cell lines, and among different physiological states

of a given cell type (i.e., activation of macrophages). ⁴ Finally, the conjugation of di-
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ethylene triamine pentaacetic acid (DTPA) to the probe allowed chelation of Cu, a

PET tracer, to create a trimodal imaging agent that was used to detect macrophages

in atherosclerotic plaques. ⁵

SPIONs have also been combined with QDs to form multimodal probes. Silicon

QDs and SPIONs were simultaneously encapsulated in lipid micelles and imaged us-

ing uorescence in RAW macrophages and in vivo in mouse prostate tumours; ⁶⁵ PEI-

capped CdSe/ZnS QDs were used as a surface modi cation on magnetite nanorings

and imaged in vitro only; ⁶ and SPIONs and CdS QDs were simultaneously encapsu-

lated in a silica shell but were not imaged. ⁸⁰ Some nal examples ofmultimodal imag-

ing tools include SPIONs conjugated to FITC, HIV-1 tat peptide, and Ga or In ra-

dioisotopes. ⁸ ese particles were used for animal PET,MRI, and uorescence analy-

ses. Even a quadruple-modal nanoparticle has been developed, incorporating PET,

MRI, uorescence, and bioluminescent probes. ⁷

1.3.3 Magnetofluorescent nanoparticles can be used for imaging and drug delivery

Various combinations of QDs, dyes, and matrix materials have been used to create

nanoparticles that can be used for imaging as well as drug delivery. In most cases,

multifunctional nanoparticles comprise four main components: a matrix that is sev-

eral hundred nanometers in size or smaller, a magnetic material for MR imaging, an

optical probe such as a uorescent dye formicroscopy, and somemeans of incorporat-

ing a therapeutic agent.⁷⁷ ere are some examples of multifunctional nanoparticles

that incorporate small molecule therapeutic agents in the literature, but until recently,

multifunctional nanoparticle design has focussed on imaging much more than using

these nanoparticles to control or biological functions.⁷⁷ Examples of recent work in

developing magneto uorescent multifunctional nanoparticles for combined MRI, u-

orescence imaging, and drug delivery are presented here. Most of these studies de-

scribe the delivery of anticancer drugs, and it should be noted that this work is still

at a proof-of-concept stage, using in vitro models that are not immediately relevant to

imaging and treatment of solid tumours. ⁸

Liong et al. reportedmesoporous silica nanoparticles containing SPIONs, a uores-

cent dye, and water-insoluble anticancer drugs. ⁹ Nanoparticles were modi ed with

folic acid to target cancer cells, and were soaked in concentrated camptothecin or pa-
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clitaxel solutions in dimethyl sulfoxide (DMSO) to load the nanoparticles with drug.

e particles were taken up by PANC-1 and BxPC3 pancreatic cancer cell lines, and

caused darkening of T-weighted MR images of loaded cells.

A number of studies have examined the encapsulation of the inherently uores-

cent, anticancer drug doxorubicin in multifunctional nanoparticles. ⁰ ⁴ In each of

these studies, doxorubicin release from the nanoparticles was quanti ed and the po-

tential for MRI was demonstrated using phantoms containing the nanoparticles in

aqueous media. Various architectures were explored, including hollow magnetic par-

ticles, block copolymer systems, polymer nanospheres, and silica nanoparticles. Chen

et al. demonstrated the release of doxorubicin at lysosomal pH. ⁰ e nanoparticles

used in this work consisted of a hollow magnetite carrier and were targeted to CEM

cells (a cell line derived from human T-cells) via cell membrane receptor protein tyro-

sine kinase 7 with an aptamer. e nanoparticles displayed enhanced speci c bind-

ing and uptake, delivered doxorubicin to cancer cells, and decreased non-speci c cell

death in control cells. In work by a different group, hydrophobic SPIONs and doxoru-

bicin were encapsulated within a polymer whose biodegradability is dependent upon

pH, using folic acid as the targeting moiety. Agglomeration of the nanoparticles

in a weakly acidic environment was attributed to release of SPIONs from the assem-

bly. Another example using biodegradable polymers is the conjugation of SPIONs to

the amino-terminal fragment of urokinase plasminogen activator for targeting cancer

cells. Doxorubicin was encapsulated and could be released from the nanoparticles

at pH 4.0–5.0 within  h. Targeted nanoparticle delivery resulted in higher levels of dox-

orubicin in breast cancer cells and inhibited tumor cell growth more than untargeted

nanoparticles or the free drug.

Covalent attachment of doxorubicin to nanoparticles is another approach that

has been tested. In a study by Yang et al., doxorubicin was conjugated to triblock

copolymer vesicles containing encapsulated SPIONs. e 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to measure cytotoxicity

induced by doxorubicin, which was released from nanoparticles by acid cleavage of

hydrazone linkages. In work by Lee et al., doxorubicin was bound to multifunctional

mesoporous silica nanoparticles containing FITC dye. ⁴ e nanoparticles were dec-

orated with SPIONs, allowing imaging in MDA-MB-231 breast cancer cells by uores-
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cence microscopy.

In addition, some studies of doxorubicin delivery using multifunctional nanopar-

ticles have examinedMRI inmore depth. ⁵ ⁷ Kim et al. reportedmultifunctional na-

noparticles consisting of a single FeO nanocrystal core and amesoporous silica shell,

to which uorescein or rhodamine B isothiocyanates were covalently bound. ⁵ Dox-

orubicin was loaded in the nanoparticles and the cytotoxic effect of the composite was

tested on SK-BR-3 breast cancer cells. For MRI assessment, nanoparticles were loaded

in MCF-7 breast cancer cells and injected subcutaneously in mice. Additionally, accu-

mulation in organs and passive tumour accumulation were tracked after intravenous

injection in tumour-bearing mice by MRI and uorescence. In a different study us-

ing mesoporous silica nanoparticles, doxorubicin was loaded in multifunctional na-

noparticles containing SPIONs and QDs. ⁶ MRI was performed in vivo by injecting

nanoparticle-labelled cells into a mouse tumour, and release and cytotoxicity of the

drug were quanti ed in vitro. As an example of a polymer-based system, SPIONs and

doxorubicin were encapsulated in PLGA nanoparticles, which were modi ed with the

trastuzumab antibody for targeting to breast cancer cells. ⁷ e affinity of these na-

noparticles for cancer cells in vitro was demonstrated by measuring relative changes

R for different cell suspensions by MRI.

A nal example of multifunctional nanoparticles for cancer treatment is shown

in the work of Mitra et al. CdS:Mn/ZnS QDs were used to functionalise SPIONs to

prepare an anticancer treatment that could be imaged optically and magnetically. ⁸

e nanoparticles were further modi ed with STAT3 inhibitor (an anticancer agent)

and targeted with folate. QD luminescence was quenched in the prepared probe, but

was restored on exposure to cytosolic glutathione, effectively reporting on uptake and

drug release. MRI suitability of the probe and toxicity to cancer cell lines but not an

epithelial cell line were con rmed in vitro.

1.4 Summary

ere are currently no de nitive treatments for neurotrauma. e calcium channel

blocker lomerizine is a neuroprotective drug that has shown promise in protecting

neurons against Ca2+ in ux in various in vitro and in vivo models, but large, regular

doses are required and oral administration is inefficient. It is unknown whether intra-
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cellular or extracellular delivery of lomerizine is themost effective approach. Addition-

ally, lomerizine alone will not be sufficient to treat neurotrauma; combinatorial treat-

ments will be required. is is because neurotrauma recovery requires not only pro-

tection of vulnerable neurons, but also a permissive growth environment, promotors

of axonal growth, and plasticity to re-establish lost connections and restore function.

Nanotechnology can help address this problem, by using nanoparticles for the delivery

of lomerizine. ere is the potential to improve solubility andprovide a slowly released,

extended dose of lomerizine. It is also evident from the literature that nanoscaffolds

can address some of the additional requirements of therapy by providing a suitable

environment for cell growth, and that nanoparticles can be used to deliver multiple

therapies simultaneously. In particular, nanoparticles that are capable of both lomer-

izine delivery and multimodal imaging will be useful for visualising nanoparticles and

assessing toxicity in vitro, as well as observing the biodistribution of nanoparticles in

vivo following injury to the CNS.

Magneto uorescent nanoparticles offer the most useful tracking available, given

current technologies; MRI and uorescence are both well-established, safe techniques

that are appropriate for small animals. For creating multimodal particles, QDs, uo-

rescent dyes, and magnetic nanoparticles are likely to be of use. QDs are an exciting

and relatively new alternative compared with traditional organic uorescent dyes, and

their use in biological systems (particularly in labelling in the CNS) has been demon-

strated. However, toxicity is a concern and needs to be evaluated carefully. Drug deliv-

ery can be carried out using polymer nanospheres, which offer a compromise between

cell entry, non-toxicity, drug payload, imaging tool attachment, and modi ability. Na-

nospheres also allowmultivalent attachment of probes, which increases detection sen-

sitivity. Some previously documentedmultimodal imaging tools have been used in the

CNS, con rming their usefulness, but there are few reports ofmultifunctional nanopar-

ticles that can image by uorescence and MR and also deliver drugs, except perhaps

for targeted release of doxorubicin. Descriptions of multifunctional systems showing

functional outcomes in theCNSare evenmore scarce. ere are nopreviously reported

examples of studies that combinemultimodal imagingwith delivery of a calcium chan-

nel blocker, such as lomerizine, demonstrating functional effects of the drug. Given the

potential improvements offered by nanotechnology, lomerizine delivery may be im-



50 | Introduction and literature review

proved by using nanoparticles, leading to a more efficacious treatment that prevents

Ca2+ overload in cells located in a penumbral region of CNS injury. is is likely to be

of bene t in preventing secondary degeneration after neurotrauma. e development

of such a technology could also be extended in the future to also include the delivery

of a self-assembling scaffold to further assist recovery after neurotrauma.

1.5 Hypothesis and aims

Based on the ndings of the literature review, the following hypotheses are made:

1. Multifunctional nanospheres can incorporate an MRI contrast agent and uo-

rescent moiety and be used for delivery of lomerizine, facilitating bioavailability

and enabling extended temporal release of the drug;

2. Surface modi cation of multifunctional nanospheres with PEI will encourage

cellular uptake of multifunctional nanoparticles, while PEG will reduce it; and

3. Lomerizine delivery using nanoparticles will limit [Ca2+]i increase in response

to glutamate in an in vitro model.

In testing the hypotheses, the aims of this thesis are to:

1. Prepare and characterise a multifunctional drug delivery agent that supports

imaging by uorescence and MRI and allows drug encapsulation;

(a) Explore promising technologies for the development of a magneto uores-

cent multimodal imaging probe, including QDs, organic dyes, and mag-

netite;

(b) Examine polymer-based systems as multifunctional carriers for encapsu-

lation and release of lomerizine;

2. Investigate the biocompatibility and innate toxicity of the agent itself and make

appropriate modi cations that will facilitate or limit cell entry;

3. Assess drug loading and measure release pro les for the loaded delivery agent;

and
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4. Investigate neuroprotective effects of the drug lomerizine delivered using this

multifunctional delivery agent, using an in vitro glutamate (i.e., excitatory amino

acid) injury model.

e work addressing these aims is reported in a series of papers that form the basis of

the following chapters.
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Chapter 2

Introduction to series of papers

Fromthe reviewof the literature, it is evident that there are several problemsassociated

with lomerizine administration for neuroprotection, including poor bioavailability and

rapid excretion. Nanotechnology may be able to help overcome these shortcomings,

and also facilitate further therapeutic requirements following neurotrauma, as indi-

cated by previous work in the eld. Drug delivery systems, bioimaging nanoparticles,

and nanoscaffolds are some of the tools that could be useful in aiding recovery from

CNS injury. In this chapter, the work done in addressing the aims set forth at the end

of the previous chapter will be introduced.

2.1 Development of a multimodal QD imaging probe

e rst paper presented as part of this thesis concerns the preparation of simulta-

neously uorescent and magnetic nanocomposites as a multimodal label for tracking

nanosystems (Aim 1a). e literature suggests that the combination of uorescence

and MRI would be useful for imaging in vitro and in vivo, respectively, with the poten-

tial for live-animal uorescence if NIR uorophores are used. QDs were selected as the

uorescent component because of their advantages over organic uorophores. euse

of QDswould possibly reduce photobleaching concerns, and allow the simple prepara-

tion of different coloured probes, while magnetite nanoparticles would function as an

effective T contrast agent for MRI. Using this combination of imaging tools, surface

modi cation with polymers or dendrimeric structures could then create a means for

trapping drugs for subsequent delivery.

53
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Because the toxic effects of quantum dots had been widely reported in the litera-

ture, an additional requirement was to try to use more biocompatible aqueous meth-

ods where possible to reduce this toxicity. A microwave-assisted aqueous route using

the ubiquitous tripeptide -glutathione (which is known to bind free Cd2+ ions) was

chosen to prepare CdTe quantum dots, whose emission can be tuned across the green

to red part of the visible spectrum and into the NIR. ⁷⁸ ⁷⁹ is procedure was pre-

viously reported by the group of Ren et al. ⁸ Massart’s method (i.e., coprecipitation)

was used for the preparation of magnetite nanoparticles. ⁰ Both of the components

were dispersible inwater, in contrast to previousmethods, inwhichnanoparticleswere

prepared in organic solvents and were therefore not directly useful in aqueous envi-

ronments. Uncertainties in this rst stage included whether the uorescent emission

of the quantum dots would be quenched by the presence of magnetite ⁶ (which has

a broad absorption spectrum, about – nm), ⁸ if glutathione-capped quantum

dots would be as toxic as previously reported thiol-capped ones, ⁶⁹ ⁸⁷ and whether

the nanocomposite would be colloidally stable in aqueous saline environments.

In this paper, the formation of superparamagnetic and uorescent nanocompos-

ites is demonstrated. A number of techniques were used to characterise the product,

including transmission electron microscopy (TEM), powder X-ray diffraction (PXRD),

uorescence spectrophotometry, and superconducting quantum interference device

(SQUID) magnetometry. Some evidence suggested that a simultaneously magnetic

and uorescent composite was formed, but control during the preparation was poor.

Discrete composite particles could not be formed, and the composite was not col-

loidally stable; only unstable aggregates of these hybrids were prepared. e forma-

tion of such nanocomposites offered no scope for inclusion of drugs, except perhaps

through surface modi cation with polymer brushes or similar. ⁹ However, the poorly

de ned surface would have made surface modi cation difficult, as the functionality

present at the particle surface remained unknown. An important observation, how-

ever, was that the broad absorption of magnetite did not completely quench the emis-

sion of the quantum dots. Although the emission intensity of the QDs decreased in the

presence of magnetite, this reduction was relatively small, probably because there was

a sufficient concentration of QDs. Alternatively, there may have been a large propor-

tion of QDs on the surface of the nanocomposite aggregates so that emitted photons
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were unlikely to interact with magnetite particles.

Toxicities of theCdTe quantumdots andnanocompositeswere investigated in pre-

liminary experiments. As-prepared quantum dots were incubated with PC12 cells, but

signi cant toxicity was observed with most of the culture being killed. A similar result

was obtained when the unstable nanocomposites prepared here were tested. In light

of the unknown nanoparticle surface and high toxicity, drug encapsulation methods

were not examined, and in the following work, a different approach was investigated.

Results published in Evans, C. W., Raston, C. L. & Iyer, K. S. Nanosized luminescent

superparamagnetic hybrids. Green Chem 12, 1175–9 (2010).

2.2 Multifunctional PMMA nanospheres release lomerizine but are

not taken up by cells

ework in section 2.1 did not allow for encapsulation of drugs, so a different approach

was taken. In accordance with the literature, a polymer matrix was expected to allow

entrapment of not only drugs, but also imaging probes, so a polymer system was in-

vestigated here (Aim 1b). One concern with this approach was that nanoparticles that

allowed drugs to diffuse out might also allow imaging tools to escape. is could po-

tentially induce toxicity, andwould no longer permit visualisation of the nanoparticles.

With this caveat in mind, poly(methyl methacrylate) (PMMA), a non-biodegradable

polymer, was chosen so that the integrity of the particle would be maintained. It re-

mained to be seen whether or not the imaging tools could be retained in the nanopar-

ticles while the drug was released. Once again, uorescence andMRI were selected as

the imaging modes of choice. Because toxicity was observed when CdTe QDs used in

the previous section were incubated with cells, a green- uorescent dye of the BODIPY

class was selected as an alternative. e dye chosen, 1,3,5,7,8-pentamethyl BODIPY,

has a very high quantum yield, even in aqueous environments. ⁵ Additionally, a previ-

ously unreported pH-responsive BODIPY dye was tested in these nanospheres. PMMA

nanospheres containing dye and SPIONs were prepared by an emulsion method, pro-

ducing nanospheres – nm in diameter. Particles around  nm in size have

been suggested to be optimal for cellular uptake. ⁶ Although PMMA did not possess

reactive groups for subsequent chemicalmodi cation of the nanospheres, a PEGylated
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analogue was also prepared by using a preformed block copolymer of PMMA and PEG,

which was expected to impart stealth properties and limit cellular uptake.

Nanospheres were incubated with PC12 cells and viability was quanti ed to de-

termine whether nanospheres were toxic (Aim 2). No toxicity was observed, except at

very high concentrations of nanospheres that would be inappropriate therapeutically.

After  h, neither unmodi ed nor PEGylated nanospheres were associated with cells.

e addition of free PEI to the culture caused unmodi ed, but not PEGylated, nano-

spheres to associate with cell membranes, as observed by confocal microscopy. is

provided some evidence that the PEG chains on the nanosphere surface prevented cell

interaction. However, nanospheres were not internalised by cells in any of the above

cases. Lomerizine encapsulation and release was also achieved using these particles

(Aim 3). e synthesis procedure was modi ed slightly when lomerizine was to be en-

capsulated; the aqueous phase was buffered at a slightly basic pH to reduce solubility

of lomerizine, preventing drug release during preparation. e release of lomerizine

was then measured over time using high performance liquid chromatography (HPLC)

and was found to be pH-dependent, with increasing release under acidic conditions

but minimal release at pH 7.4. is demonstrated that encapsulation and release of

lomerizine was effective using this polymer system.

e results described in this paper address the rst three aims of the project, which

were the preparation ofmultifunctional nanoparticles, assessment of their toxicity and

quanti cation of drug release. However, there was no means for testing drug release

using an in vitro model to address the nal aim of neuroprotection. is was because

lomerizine release was shown to only occur under acidic conditions, and nanospheres

were not internalised by cells. It was not possible to achieve an extracellular pH in

vitro that would be low enough for lomerizine release without killing the culture. An in

vivo assessment of neuroprotection may have been possible, because extracellular pH

is known to fall following injury. Acidosis is a phenomenon observed particularly after

ischaemia, where anaerobic glycolysis causes a buildup of lactic acid and a drop in pH

at both the tissue and cellular levels. ⁶ However, measuring drug release in response to

acidosis at in vivo injury sites would not have been technically feasible at this stage. To

better target the dose of lomerizine, intracellular delivery was desirable, but free PEI

did not result in effective internalisation of the nanospheres. erefore, in the follow-
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ing work, the polymer was changed from PMMA to one containing reactive groups so

that PEI could be covalently attached. Furthermore, one of the limitations of the BO-

DIPY dyes used here was that covalent attachment to the nanospheres could not be

achieved. Although therewas no evidence to suggest that theBODIPY uorophores es-

caped from the nanospheres, in all followingwork, the uorescentmoietywas changed

to rhodamine B, which has been shown to covalently link to PGMA through an epoxide

ring-opening reaction. ⁴⁰

Results presented in Evans, C. W., Latter, M. J., Ho, D., Peerzade, S. A., Clemons, T.

D., Fitzgerald, M., Dunlop, S. A. & Iyer, K. S. Multimodal and multifunctional stealth

polymer nanospheres for sustained drug delivery. New J Chem 36, 1457–62 (2012).

2.3 PEI-modified multimodal PGMA nanospheres are internalised by

cells

In the third part of this study, nanospheres were prepared from a different polymer:

poly(glycidyl methacrylate) (PGMA). is polymer contained reactive epoxide func-

tional groups that could be used to covalently attach dyes and surface modi cation

agents via SN nucleophilic substitution reactions. Alcohols, amines, carboxylic acids,

thiols, and acid anhydrides are all reactive towards PGMA. ⁴⁰ In this case, the rst step

was the attachment of rhodamine B (RhB) dye to the polymer. e ring strain in the

epoxide group means that this reaction proceeds under mild conditions. In fact, dye

conjugationwas attemptedwithBODIPYdyes aswell, but the linkages thatwere tested

resulted in uorescence emission quenching, perhaps through a perturbation of elec-

tron energy levels or side reactions of the PGMA epoxide groups with the core BODIPY

structure. ⁵ erefore, attention was focussed on rhodamine B dye, which contains a

reactive carboxylic acid group but did not suffer from this problem. From this modi-

ed polymer, nanospheres were prepared in a similar way to PMMA. e nanosphere

surface was then modi ed with PEI.

e in vitro behaviour of these nanospheres was assessed in two cell lines (namely,

PC12 neural progenitor and rMC-1 Müller cells) and in primary rat hippocampal and

cortical cultures. PEI modi cation resulted in successful nanosphere uptake in all of

the tested cell types, including neurons and astrocytes. e toxicity of PEI-modi ed
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PGMA nanospheres was assessed in these four different cell types to ensure that mul-

tifunctional PGMA nanospheres were themselves non-toxic (Aim 2). e uptake rates

and endocytic routes of the nanospheres were characterised by several techniques to

better understand the intracellular itinerary of the particles. Fluorescencemicroscopy

and TEM revealed that PEI-modi ed PGMA nanospheres were internalised by PC12

and other cells and were likely contained within early endosomes, but not late endo-

somes, after  h. e compartmentalisation of nanospheres into endosomeswas con-

rmed by relaxometry, where the transverse relaxivity of clusters of nanospheres was

reduced compared to free nanospheres. e PEI-modi ed PGMA nanospheres pro-

duced here were taken up actively, but non-speci cally, by cells, and appeared to be

suitable for use in vitro based on the results of the viability assays.

In this paper, the rst two aims that were set out in the previous chapter were

successfully achieved; namely, a multifunctional nanoparticle was designed and char-

acterised, and the innate toxicity of the carrier was con rmed to be low. Importantly,

the PGMA nanospheres had potential for intracellular delivery of lomerizine, as inter-

nalisation in neural cells was achieved. In the next section the remaining two aims are

addressed using these same PGMA nanospheres.

Results published in Evans, C. W., Fitzgerald, M., Clemons, T. D., House, M. J., Pad-

man, B. S., Shaw, J. A., Saunders, M., Harvey, A. R., Zdyrko, B., Luzinov, I., Silva, G. A.,

Dunlop, S. A. & Iyer, K. S. Multimodal analysis of PEI-mediated endocytosis of nano-

particles in neural cells. ACS Nano 5, 8640–8 (2011).

2.4 Multifunctional PGMA nanospheres achieve intracellular release

of lomerizine

e nal paper presented in this thesis details the delivery of lomerizine to PC12 cells

in vitro, and incorporates much of the previous work, demonstrating the attainment

of all four aims of the project. Lomerizine was encapsulated in PEI-modi ed PGMA

nanospheres (Aim 1), which were shown in the previous paper to be non-toxic (Aim 2),

release pro les weremeasured (Aim 3), and nally, a neuroprotection-related outcome

was measured to show the potential of lomerizine delivery using the developed multi-

functional nanoparticles (Aim 4). For the purpose of showing neuroprotection, an in



Multifunctional PGMA nanospheres achieve intracellular release of lomerizine | 59

vitro model was used, in accordance with the previous work. PC12 cells were exposed

to glutamate in the presence of nanoparticle treatments, and [Ca2+]i was quanti ed.

is work showed that lomerizine delivered using multifunctional nanoparticles pre-

vented calcium in ux in the presence of high concentrations of glutamate, the most

abundant mammalian neurotransmitter. Excess glutamate leads to overactivation of

VGCCs, contributing to the excitotoxic in ux of Ca2+after neurotrauma.

Based on the results so far, PEI-modi ed PGMA nanospheres were known to be

internalised by several different cell types, and probably collected in early endosomes

within  h. In contrast, unmodi ed nanospheres were not endocytosed by cells. e

experiments in thismanuscript cover the loading of lomerizine in PGMAnanospheres,

checking that subsequent modi cation of the nanospheres using PEI could be per-

formed in thepresence of the drug,measuring the release of lomerizine from thePGMA

polymer system, and testing the efficacy of the delivery system by measuring [Ca2+]i

in PC12 cells. Fura-2 is a uorescent dye that was used as a ratiometric indicator for

determination of [Ca2+]i. ⁴ Several questions remained at this stage. It was unknown

whether lomerizine delivered intracellularly in endosomes couldmigrate to the plasma

membrane and block calcium channels residing there. e actual binding site of lom-

erizine is not con rmed in the literature. Also, the pH in the compartments containing

nanospheres was unknown. If the nanospheres were contained in early endosomes as

speculated, the pH would probably be close to 6, but the pH could be lower if endo-

somes matured.  ⁴ A conservative concentration of nanospheres was used for this

study to ensure that lomerizine was present in a comparable or lower concentration

than the free drug ( µ) in DMSO, which was used as a control.

e results demonstrate convincingly that lomerizine can be delivered in vitro us-

ing PGMAnanospheres functionalisedwith PEI. Furthermore, lomerizine delivered us-

ing nanospheres prevented Ca2+ in ux in the presence of glutamate. From this work, it

is apparent that intracellular release of lomerizine is possible, and that the drug is able

to escape from endosomes and reach its binding site on VGCCs. e pH of the com-

partments containing nanospheres was presumably sufficiently acidic to cause lomer-

izine dissolution. Taken together, the results from the last two papers presented in this

thesis show that PGMA nanospheres may be suitable carriers for intracellular delivery

of lomerizine. ey are internalised by cells, are non-toxic at the required concentra-
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tion, and release lomerizine only when they are internalised and exposed to the acidic

endosomal environment.

Results presented in Evans, C. W., Viola, H. M., Ho, D., Hool, L. C., Dunlop, S. A.,

Fitzgerald, M. & Iyer, K. S. Nanoparticle-mediated internalisation and release of a cal-

cium channel blocker. RSC Adv 2, 8587–90 (2012).

2.5 Summary

e papers and manuscripts presented here show the development of a multifunc-

tional system that can be imaged bymultiple techniques and is capable of drug release

for neurotrauma treatment applications. is development proceeds from an investi-

gation of quantum dots, to two different polymer systems, assessments of the in vitro

behaviour of these nanoparticles, and demonstrations of effective pH-dependent drug

release.



Chapter 3

Series of papers

e results of this thesis are presented in the following series of published papers and

submitted manuscripts, the citations of which are listed below. Supporting informa-

tion for these manuscripts may be found in Appendix A, where applicable.

1. Evans, C. W., Raston, C. L. & Iyer, K. S. Nanosized luminescent superparamag-

netic hybrids. Green Chem 12, 1175–9 (2010).

2. Evans, C. W., Latter, M. J., Ho, D., Peerzade, S. A., Clemons, T. D., Fitzgerald, M.,

Dunlop, S. A. & Iyer, K. S. Multimodal and multifunctional stealth polymer na-

nospheres for sustained drug delivery. New J Chem 36, 1457–62 (2012).
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3. Evans, C. W., Fitzgerald, M., Clemons, T. D., House, M. J., Padman, B. S., Shaw, J.

A., Saunders, M., Harvey, A. R., Zdyrko, B., Luzinov, I., Silva, G. A., Dunlop, S. A. &

Iyer, K. S. Multimodal analysis of PEI-mediated endocytosis of nanoparticles in

neural cells. ACS Nano 5, 8640–8 (2011).
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blocker. RSC Adv 2, 8587–90 (2012).
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The combination of fluorescent and magnetic properties in single nanosystems is of current
interest for applications in the biomedical and biological sciences, including drug delivery, and cell
separation and labelling procedures. These nanocomposite particles are generally synthesised
using high-temperature procedures, and many involve encapsulation in a silica or polymer coating.
The resulting large particle size may limit the use of these nanocomposites in biological work. We
demonstrate an aqueous self-assembly route to fabricate nanohybrids combining cadmium
telluride quantum dots and magnetite nanoparticles. The entire procedure is conducted under
aqueous conditions to improve sustainability and physiological compatibility. The resulting
nanocomposite displays strong fluorescent emission, and superparamagnetic behaviour.

Introduction

Research at the intersection of physics, chemistry, and biology
has led to the development of many applications of nanotech-
nology in the biological and biomedical sciences. Numerous
reports describing nanocomposite materials have been pub-
lished, which combine the features of two or more nanoparticles
into a new, single, discrete entity. In particular, nanocomposites
incorporating magnetic and luminescent functionalities are of
interest for biological application as magnetic resonance imaging
(MRI) contrast and drug delivery agents, and in cell separation
and labelling procedures.1-5 The majority of these functional
materials are currently prepared using high temperature routes
in organic solvents,6 which means they cannot be directly
dispersed in physiological media.7 An aqueous approach, on the
other hand, would help overcome physiological dispersibility
issues for biological applications. Some work in the area of
multifunctional nanocomposites has been undertaken, and
there have been reports of silica- or polymer-coated magnetic
composites, where luminescent particles have been embedded in
the coating material.8 Also, magnetic and fluorescent particles
have been encapsulated simultaneously in giant vesicles.9 In
these approaches, however, small particle size is sacrificed and
many of the reported ‘beads’ are several hundred nanometres in
diameter.8 Furthermore, high temperature syntheses still prevail
in these reports.

The selection of magnetic and luminescent components is
driven by the need for high saturation magnetisation and
intense luminescence; nanoparticles of iron oxides and cadmium
chalcogenides are often chosen for their respective strengths

Centre for Strategic Nano-fabrication, The University of Western
Australia, 35 Stirling Highway, Crawley, WA, 6009, Australia.
E-mail: swaminatha.iyer@uwa.edu.au; Fax: +61 8 6488 7330; Tel: +61
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powder X-ray diffraction pattern for the nanocomposite material,
with reference patterns and d-spacings; TEM of CdTe and magnetite
nanoparticles and nanocomposite particles; magnetisation curve for as-
prepared magnetite. See DOI: 10.1039/b925531a

in these properties, which we will now discuss in more detail.
First, of the many magnetic materials that may be prepared
in nanoparticulate form, the iron oxides—including magnetite
(Fe3O4) and maghemite (g-Fe2O3)—are of particular interest
because they are biocompatible, but for biomedical applications,
magnetite is preferred over maghemite because of its higher
saturation magnetisation and susceptibility.10 Furthermore, the
size dependent superparamagnetic behaviour of magnetite
nanoparticles has resulted in its application as an MRI contrast
agent.11 Magnetite nanoparticles may be prepared by the co-
precipitation route, which is a popular method because it is both
simple and scalable; the pH and ionic strength may be controlled
to give control of the particle size from 2 to 15 nm.11 Second,
semiconductor nanoparticles, or quantum dots (QDs), hold
several benefits over traditional organic fluorophores used in bi-
ology. They show good stability, sharp and symmetrical emission
spectra, nearly continuous excitation spectra above the threshold
of absorption, and tunable emission allowing simultaneous
excitation of different colour probes using a single excitation
source.12-14 Nanoparticles of CdTe, a cadmium chalcogenide, are
an example of QDs whose fluorescence emission wavelength may
be tuned across the red to green part of the optical spectrum
by controlling particle size. In addition, CdTe QDs may be
conveniently prepared in a microwave-assisted aqueous ‘green’
route with fluorescence quantum yields in excess of 60%, using
a biomolecule, L-glutathione (GSH), as a stabiliser.13 The green
synthesis methodology requires less time and uses less toxic
and cheaper raw materials with a lower reaction temperature,
permitting practical large-scale preparation of QDs.15

The production of sub-100 nm particles is of particular
importance for cellular labelling, where there is likely to be
a marked difference in the uptake of colloidal quantum dots
and comparatively large silica microspheres.16 For cellular
applications, the particle size must be less than 30 nm if particles
are to cross the nuclear membrane,17 and less than 15–20 nm if
particles are to be used for labelling minute subcellular features.18

The preparation of nano-sized (<100 nm) multifunctional
composites is a desirable outcome, for then these particles
may be of use in more advanced cell separation and labelling

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 1175–1179 | 1175



Scheme 1 Schematic reaction summarising the preparation of the CdTe–Fe3O4 nanocomposite.

applications. The aim of the work herein was to prepare a
luminescent and magnetic nanocomposite in an entirely aqueous
procedure, by directly attaching the functional components,
rather than embedding them within a comparatively large
matrix. We have identified a simple aqueous self-assembly route
for the attachment of cadmium telluride (CdTe) quantum dots
to magnetite (Fe3O4) nanoparticles, both also prepared via
aqueous routes. These materials were chosen based on the ability
to prepare highly luminescent CdTe QDs in a rapid aqueous
procedure and the high saturation magnetisation of magnetite.
We believe that a general procedure for direct attachment of
the magnetic and luminescent functional moieties will allow
the design of smaller materials, where a thick polymer or silica
coating to achieve a sufficient incorporation of QDs or to ensure
dispersibility in water will be unnecessary.

Results and discussion

In this work, the constituent QDs and magnetic particles were
formed first, and were subsequently attached to one another
to form the nanocomposite (Scheme 1). First, CdTe QDs
were prepared using GSH as both a stabiliser and source of
sulfide ions, forming a cadmium sulfide passivating shell on
the CdTe nanoparticles in situ, Fig. 1(a, b).13,19 The ability of
the microwave reactor to heat under pressure allowed reactions
above the boiling point of the solvent, with a corresponding
increase in reaction rate, permitting a fast, convenient prepa-
ration. The safer aqueous synthesis route was preferred over
the ‘hot injection’ approach, which uses high temperatures,
high-boiling solvents, toxic and/or unstable precursors, and
dry atmospheres.20 Superparamagnetic magnetite nanoparticles
were prepared by the co-precipitation of ferrous and ferric ions
in basic solution.11 The CdTe and Fe3O4 nanoparticles prepared
herein formed well-defined nanocrystals as seen in previously
published reports.13,21 (See supporting information for charac-
terisation of representative QDs and Fe3O4 nanoparticles†).

Given that thiol groups readily bind to cadmium22 and
magnetite has an affinity for carboxylic acids,23 we reasoned
that the spontaneous attachment of the as-prepared QDs to
magnetite particles to form the nanocomposite might have

Fig. 1 Samples under white light and UV illumination at 380 nm. (a, b)
Colloidal QD samples prior to treatment, (c, d) nanocomposite material
suspended in water, and (e, f) the same nanocomposite samples collected
by the application of a magnetic field.

been possible due to the presence of both functionalities in
GSH. We found, however, that mixing the GSH-stabilised QDs
and uncoated Fe3O4 resulted in very little attachment; isolated
magnetic particles did not fluoresce. It was likely that there
was an insufficient density of carboxylic acid groups on the
surface of the QDs as GSH undergoes thermal degradation
to provide sulfide ions for the formation of the passivating
CdS layer. Furthermore, it has been reported that both the
carboxylate and thiolate groups can interact with the QD
surface, resulting in a further drop in the number of free groups
available.24 Therefore, we hypothesised that a monolayer of
short chain molecules incorporating thiol and carboxylic acid
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functional groups was necessary to provide enough grafting
density for efficient attachment. For this purpose we chose
3-mercaptopropanoic acid (MPA), which has been used to re-
place hydrophobic ligands to solubilise nanoparticles in aqueous
systems.23 To a QD dispersion we added MPA and then uncoated
Fe3O4 under constant stirring; after 24 h the particles were
attracted to a permanent magnet indicating attachment of the
two materials.

The addition of MPA to the GSH-functionalised QD particle
dispersion resulted in a drop in pH of the solution. We queried
whether MPA was really necessary, and if the addition of H+ was
enough to effect attachment to Fe3O4 by the two carboxylic acid
groups on GSH. No attachment was observed by fluorescence
spectroscopy for a QD dispersion acidified by dilute HCl to the
same pH (pH = 4), however, which suggested that MPA served
an important role in facilitating the interaction between the QDs
and Fe3O4. We found that the analogous compound thioglycolic
acid (TGA) was a successful substitute for MPA in this regard.
The nanocomposite material ranged in colour from dark yellow
to red as depicted in Fig. 1(c–f). The characterisation of this
material is presented below.

Fluorescence properties

In order to form the composite, the addition of MPA or TGA
was a crucial step. MPA and TGA have been extensively used
as effective surface modification agents not only to improve
the photoluminescence quantum yield of CdTe nanocrystals
but also to impart stability and functionality.25 It has been
reported that the photoluminescence properties of CdTe-MPA
and CdTe-TGA QDs depend upon pH, and in both cases the
fluorescence intensity has a maximum (CdTe-TGA: pH 4.5,
CdTe-MPA: pH 6).25 This pH-dependent photoluminescence
behaviour originates from the interaction of the carboxylate
groups of MPA/TGA at the particle surface. The quantum
yields of the nanocomposite samples described herein were up
to 7%. The broad absorption profile of magnetite (which did not
contribute to emission) and surface modification with the acidic
thiol was responsible for the observed drop in quantum yield
following attachment of the QDs to magnetite particles.

A red shift in PL is expected following surface modification
using TGA and MPA, and is attributed to the sulfuration
reaction taking place on the CdTe surface; the S : Te ratio has
a strong influence on the absorption and fluorescence spectra
of CdTe QDs.25 One possible explanation is the increase of
the particle size due to the increase of cadmium sulfide on
the QD surface, resulting in a more uniform passivating layer
and stronger PL intensity. Upon addition of the acid, a red
shift in the particle emission wavelength was visibly discernable.
We confirmed the shift in peak emission wavelength (about
17 nm on average) by fluorescence spectrophotometry (Fig. 2).
This observation was consistent with previously reported
values.26

Powder X-ray diffraction

The powder X-ray diffraction pattern of the nanocomposite
material revealed the presence of cubic Fe3O4, while the peaks for
the cubic semiconductor nanoparticles (which contained CdTe
and a shell of CdS) were positioned between those for each

Fig. 2 Normalised fluorescence spectra of three representative
nanocomposite samples, before (solid lines) and after (dashed lines)
addition of MPA.

of the corresponding bulk materials, as previously reported.7,13

Reference patterns and pattern indexing are presented in further
detail in the supporting information†. Essentially, the pattern for
the composite was formed by the superposition of the individual
patterns for QD and Fe3O4 nanoparticles (Fig. 3). We concluded
that there was no reaction between the luminescent and magnetic
moieties that altered the crystal structures, and the attachment
of the two was achieved only through surface interactions.

Fig. 3 Powder X-ray diffraction pattern for the nanocomposite mate-
rial, with reference patterns for CdTe, CdS and Fe3O4.

Microscopy

Electron microscopy of the nanocomposite material (Fig. 4)
showed the attachment of QDs to the surface of Fe3O4. The
nanocomposite particles were about 15–20 nm in size. Elemental
image maps of the nanocomposite, obtained using energy-
filtered TEM, also indicated the presence of both Fe and Cd
species. Lattice spacings measured from Fourier transforms of
Fe and Cd regions of high resolution TEM images agreed with
both PXRD and previously measured data. A TEM overview of
the composite sample is shown in the supporting information.†
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Fig. 4 (a) TEM image of the nanocomposite material, highlighting one
Fe3O4 particle and two QDs, (b) FFT of the image, and (c) corresponding
elemental map for iron (red) and cadmium (blue).

Magnetometry

Magnetisation versus applied field measurements at room
temperature indicated zero coercivity and remanence of the
nanocomposite material (Fig. 5). The magnetic behaviour
was consistent with the expected superparamagnetic properties
owing to the small size of the magnetic cores. We measured a
representative specific saturation magnetisation of 9.2 emu g-1

for the nanocomposite, and based on Atomic Absorption
Spectroscopy (AAS) analysis for iron content, a normalised
value of 76 ± 5 emu g-1 for Fe3O4 in the composite alone. This
value was close to the specific saturation magnetisation of bare
8–10 nm Fe3O4 nanoparticles prepared by co-precipitation as
reported in earlier publications,27 and similar to the value we
measured by SQUID for the as-prepared magnetite particles (see
supporting information†). This confirmed that the combination
of the QDs with Fe3O4 did not significantly alter the magnetic
behaviour of the latter.

Fig. 5 Magnetisation curve for the nanocomposite material, showing
specific magnetisation vs. applied field, and (inset) detail at the origin.

Experimental methods

Chemicals used in this work were as follows: cadmium nitrate
tetrahydrate (Analar, 99%), L-glutathione (Fluka, 97%), tel-

lurium (Fluka, 99.999%), 3-mercaptopropanoic acid (Aldrich,
99%), iron(II) chloride tetrahydrate (Fluka, 98%), iron(III)
chloride (Fluka, 98%). All other chemicals were of analytical
grade purity. Degassed Milli-Q water (>18 MX cm) was used in
all preparations, and samples were stored under argon.

Magnetite preparation

Magnetite was prepared using the coprecipitation technique,
described elsewhere. Concentrated ammonia solution (1 mL)
was added to 50 mL degassed aqueous solution of Fe2+ (10 mM)
and Fe3+ (20 mM) with stirring. Magnetic separation was used
to wash the black Fe3O4 particles, which were subsequently
resuspended in 10 mL degassed Milli-Q water.

Cadmium telluride preparation

CdTe was prepared using a published microwave technique.13

Under argon, Te (20 mg) was reduced in water (3 mL) using
excess NaBH4 with heating, to yield a colourless solution of
NaHTe, which was transferred with stirring to 150 mL aqueous
cadmium nitrate (4 mM) and L-glutathione (10 mM). The pH
of the solution was adjusted to 8.0 with 1 M HCl or NaOH
solution. Subsequent heating formed CdTe nanoparticles, using
any desired combination of temperature (110–140 ◦C) and heat-
ing time (5–45 min) to achieve different fluorescence emission
wavelengths. The microwave reactor (CEM Discovery) used an
80 mL glass vessel, the headspace of which was purged with
argon prior to heating. The maximum microwave power ranged
from 200–300 W, depending on the volume of solution to be
heated.

Magnetic–fluorescent composite preparation

In a typical preparation, 10 mL colloidal CdTe solution
prepared as described above was precipitated by addition of
50 mL 3-mercaptopropanoic acid. The precipitate was collected
by centrifugation, washed several times, and resuspended in
several millilitres of degassed milli-Q water. Aqueous magnetite
suspension (250 mL) was added with stirring. After 24 h, a
magnetic, fluorescent material was collected by the application
of a magnetic field. Samples were freeze-dried prior to powder
X-ray diffraction and magnetic analysis.

Instrumentation

Magnetometric measurements were made on a Quantum Design
7 T MPMS instrument, using approximately 5 mg samples.
Fluorescence spectra were recorded using a Varian Cary
Eclipse spectrophotometer. Quantum yields were measured
against Rhodamine 6G as a standard (95%), and corrected
for absorbance. For atomic absorption spectroscopy, the iron
content of nanocomposite samples was measured using a Varian
SpectrAA 100 instrument, using a 1 : 1 mixture of air/acetylene.
A commercially available standard solution of iron (1000 ± 3 mg
mL-1 Fe, in 2% HCl) was used to calibrate the instrument.
Powder X-ray diffraction patterns were obtained at 300 K
on a Siemens D5000 diffractometer, using Ni-filtered Cu-Ka
radiation (l = 1.54056 Å, operated at 40 kV and 35 mA).
Transmission electron micrographs were acquired using a JEOL
3000F microscope operated at 300 kV.
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Conclusions

We have demonstrated a simple route to self-assemble cadmium
telluride nanoparticles on the surface of superparamagnetic
magnetite nanoparticles. The nanocomposite combines the
properties of its constituents; namely, superparamagnetism and
size-tunable luminescence. The procedure was carried out in
its entirety in aqueous solution, which we believe will assist in
overcoming physiological solubility issues, and furthermore, the
resulting particles remain within the nano size regime and are
therefore likely to be more readily usable in subcellular labelling
applications. We expect that the combination of magnetic and
luminescent functions will offer the ability to magnetically
position the nanosystem with respect to an anatomical reference,
and the fluorescence of the semiconductor quantum dots will
facilitate tracking the distribution of the nanosystem at the
subcellular level. This synthetic route promotes the design of
smaller materials, where a thick polymer or silica coating to
achieve a sufficient incorporation of QDs is unnecessary.
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We report the preparation of fluorescent and magnetic PMMA nanospheres, and a corresponding

PEGylated ‘stealth’ analogue prepared using a block copolymer. The nanospheres contain

encapsulated magnetite nanoparticles and fluorescent BODIPY dyes, including a new such dye

with pH-sensitive fluorescent emission. The new dye could potentially be used as an indicator of

the immediate physiological environment. The nanospheres were non-toxic at up to 500 mg ml�1

in PC12 cells. Lomerizine, a lipophilic calcium channel blocker, was also encapsulated in the

nanospheres and displayed sustained, pH-dependent release characteristics. The nanospheres may

be of use to release lomerizine and other water-insoluble drugs at central nervous system

injury sites.

Introduction

Colloidal systems, including nanoparticles and liposomes,

have been extensively studied as potential drug carriers for

targeted or controlled release. The encapsulation of drugs in

nanoparticles offers one means for controlled or targeted

release, but the use of nanosystems could be increased if

tracking methods in the body were also incorporated to

visualise delivery. For this reason, there is considerable interest

in developing multifunctional nanoparticles, which combine

imaging and therapy in a single construct.1 Monitoring of the

nano-assembly will facilitate an indirect determination of the

site at which the therapy is administered.2

It is possible to incorporate more than one imaging tool in a

single nanoparticle system, producing a multifunctional particle

that supports several imaging modalities. One common combi-

nation of imaging modalities is magnetic resonance imaging (MRI)

and fluorescence microscopy, which combines the radiation-free,

whole-body, deep tissue imaging ability of MRI with the sensitivity

of fluorescence detection.3–7 Delivering drugs using this kind of

nanoparticle as the vehicle has several benefits; encapsulated drugs

are protected on their journey to the target tissue,8 and the resulting

particles can be followed at the scales of systems and organs by

MRI, or at the cellular level by fluorescence.3,9 Furthermore,

the physical encapsulation approach is suited to a variety

of molecular and nanoparticulate cargoes without needing

substantial modifications to the preparative procedure for

the carrier nanoparticles.

Nanoparticles and liposomes are known to be rapidly

cleared from tissues and blood by cells of the mononuclear

phagocytic system (MPS), particularly macrophages in the

liver and spleen10 (including hepatic Kupffer cells)11,12 and

circulating monocytes.13 Nanoparticle removal by the MPS

occurs by interaction of the hydrophobic surface of particles

with plasma proteins (opsonins), which are recognised by

specific receptors on macrophages, promoting the binding

and phagocytosis of these carriers.11,13 This is the primary

mechanism by which the organs of the reticuloendothelial

system (RES)—principally the liver, spleen and bone marrow—

recognise circulating nanoparticles.12

Nanoparticle clearance by the RES is known to be affected

by size and surface characteristics.13,14 For example, nano-

particles with a hydrophobic surface are removed from circulation

more rapidly than those with hydrophilic and neutral surfaces.13

Previous studies demonstrate that the rate of opsonisation of

nanoparticles can be reduced by modifying the nanoparticle

surface with a hydrophilic, flexible, and non-ionic polymer.15

Examples include poly(ethylene glycol) (PEG), polysaccharides,

or poloxamers and poloxamines,10,11 which provide a steric

barrier on the particle surface that minimises opsonisation.12

Nanoparticles that have been modified in this way are typically

known as ‘‘stealth’’ particles, because they escape the surveillance

of the RES.12 Increased blood lifetimes of injected nanoparticles
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have been related to the presence of PEG on their surfaces.11,14

Similarly, a PEG corona has been shown to impart a stealth

property to liposomes, suppressing recognition and uptake by

the RES and extending the circulation time of the particles in

the body.16 Importantly, high concentrations of PEG on the

surface alone do not lead to low uptake; the spatial configu-

ration and freedom of the PEG chains is also important.14 In

particular, block copolymers containing a PEG segment have

been shown to be very effective at preventing uptake.14

Herein, we report a stealth carrier for sustained drug release,

using PEG-modified PMMA nanoparticles that contain both

magnetite and a fluorescent probe. Using a novel, pH-sensitive

BODIPY dye we also show that the emission of the fluorophore

can be potentially used as an indicator of the immediate

physiological environment. We show that the distribution and

loading of magnetite nanoparticles inside these nanocarriers can

be regulated by the choice of solvents. Finally, we demonstrate

that these stealth nanocarriers can be used as a pH-responsive

release agent using lomerizine, a small-molecule drug that is

generally insoluble in aqueous systems.

Results and discussion

The BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene)

fluorophores are a popular choice for various sensing and

imaging applications. These dyes typically have small Stokes

shifts and narrow emission spectra,17 but most compounds of

this class are insoluble in water and emit in the green part of

the spectrum, limiting their biological use. On the other hand,

methods that increase the versatility of this dye class have been

recently reported,17–24 including strategies to impart water

solubility18–21 and modifications to shift the emission22–24

(for example, by incorporating chromophores to extend conjuga-

tion within the structure).

In this work, two such dyes were synthesised: the green-

fluorescent 1,3,5,7,8-pentamethyl BODIPY 325 and the new

1,3,7,8-tetramethyl-5-(4-dimethylaminostyryl) analogue 4. The

parent dye 3 was prepared in one pot by condensation of

pyrrole 1 and acid chloride 2 prior to coordination with boron

trifluoride-etherate (Scheme 1). Knoevenagel reaction of 3 in

the presence of the aldehyde afforded the new dye 4. Extending

the conjugation red-shifted the peak absorption wavelength

(lmax 591 nm for 4 in dichloromethane compared to lmax

499 nm for 3 in chloroform25), producing a dye that was purple

in dichloromethane, while also providing an acid-sensitive

group that opens the possibility for sensing behaviour (peak

emission wavelength lem E 500 nm protonated, 670 nm

deprotonated). This qualitative reversible molecular switching

of BODIPY 4 was also demonstrated in the presence of acid or

base (Fig. 1a) as previously seen for the structurally similar

meso-phenyl BODIPY dye.26

Iron oxide nanoparticles (with sizes 4–10 nm) were prepared

via the high temperature decomposition of Fe(acac)3 (Fig. S1).
27,28

Polymer nanospheres were synthesised from either poly(methyl

methacrylate) (PMMA), to give unmodified nanospheres, or from

poly(methyl methacrylate)-block-poly(ethylene glycol) (PMMA-b-

PEG) to produce a PEGylated stealth analogue. By including

BODIPY dyes and iron oxide nanoparticles in the organic phase,

we prepared magnetic and fluorescent polymer nanospheres as

shown in Fig. 1b–c. Nanospheres contained multiple iron

oxide nanoparticles; the association of individual magnetite

nanoparticles into clusters has been used to increase the

transverse relaxivity of nanospheres of the same size while

maintaining the superparamagnetic characteristics.29 The nano-

spheres produced by this methodwere stable in aqueous dispersion,

even though the iron oxide and BODIPY constituents were not.

DLS of the nanospheres showed that the particle size was in the

range 100–300 nm, with an average size of approximately 170 nm

(Fig. 1d). SQUID data (Fig. S2 and S3) show that the nanospheres

maintained the superparamagnetic behaviour of the constituent

iron oxide nanoparticles, as indicated by the absence of hysteresis

at 300 K and the coincidence of the zero field-cooled and

field-cooled magnetisation curves. The FT-IR spectrum of

the prepared nanospheres strongly resembled that of PMMA

Scheme 1 Preparation of BODIPY dyes 3 and 4: (i) dichloromethane,

triethylamine, boron trifluoride etherate; (ii) toluene, piperidine, acetic

acid, molecular sieves.

Fig. 1 (a) Fluorescence spectra of 4 (solid) and 4 + H+ (dashed)

recorded in CH2Cl2; both spectra have been normalised to give the

same maximum emission intensity. The photograph, under UV

illumination, shows the colour change observed upon the addition of

acid or base; (b) Nanosphere sample (containing BODIPY 3) dispersed

in water; (c) the same sample collected using a permanent magnet;

(d) Dynamic light scattering characterisation of nanoparticle size for

PMMA (solid) and PMMA-b-PEG (open) nanoparticles.
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(3000–2800 cm�1, C–H stretch; 1731 cm�1, CQO stretch),30

and suggested that the unmodified PMMA nanospheres were

not substantially PEGylated by the Pluronic surfactant used in

the preparation.

The assembly of the magnetite nanoparticles (either uniformly

dispersed throughout the nanosphere or selectively associated to

one side) could be controlled by changing the solvent mixture

employed in the organic phase. The selection of solvents affects

the dispersability of the iron oxide nanoparticles within the

solvated polymeric micelle, which determines the distribution

of these particles within the nanospheres (Fig. 2). The PMMA

nanospheres prepared using different solvent mixtures as shown

in Fig. 2 had longitudinal relaxivity r1 E 8 s�1 mM�1 and

transverse relaxivity r2 E 300 s�1 mM�1 as detailed in Fig. S4.

The high value of r2 is similar to other values reported in the

literature and confirms the suitability of PMMA nanospheres for

use as an MRI contrast agent.31

Using a similar technique, drug-loaded nanoparticles were

prepared by dissolving lomerizine in the organic phase.

Lomerizine is an L- and T-type voltage-gated calcium channel

blocker and selective cerebral vasodilator.32 It protects retinal

ganglion cells following optic nerve injury33–36 and displays

neuroprotective effects in a number of other injury

models.37–40 In in vivo studies, however, large and repeated

doses of lomerizine are used.33–36 Because injury to the central

nervous system results in an extracellular pH drop,41,42 a

pH-responsive, controlled-release drug delivery system will

likely be of therapeutic value, delivering greater doses of

lomerizine to the most acidic sites. In these kinds of injuries,

immune responses can include macrophage recruitment and

microglial activation;33–35 a stealth delivery mechanism may

be beneficial if delivery to these sites is desired.

For drug loading, the aqueous phase and subsequent washes

were buffered at pH 9 to prevent dissolution of lomerizine

during purification. Drug release data were subsequently

recorded at pH 5, 6, or 7.4 after magnetic separation of

nanoparticles and resuspension in phosphate buffered saline

(PBS) to mimic physiological conditions (Fig. 3). Reverse-

phase HPLC (RP-HPLC) was used to separate the released

lomerizine, which was monitored by UV at 210 nm.43 The

drug loading was also measured by RP-HPLC and was found

to be 41 � 1% w/w. It has been reported that polymeric drug

delivery systems often release drug in an initial burst, followed

by extended period of slower release, perhaps due to the drug

being adsorbed on the particle surface or because of pores and

cracks in the polymer matrix.44 In this case, it would appear

that the low solubility of lomerizine results in the saturation of

the sink within a few hours. Thus, the release rate fell

considerably from this point onwards, but it is also likely that

a burst pattern was observed. The dependence of the release

rate on pH is likely due to the pH-dependent solubility of

lomerizine itself as PMMA is not a pH-responsive polymer, and

therefore drug release probably occurs simply by diffusion.

Extrapolating from the initial slope gives an indication that

the total loaded dose of lomerizine would be released after

approximately 5 h, 21 h, and 90 days for pH 5, 6, and 7.4

respectively under ideal sink conditions.

To ensure that the drug carrier was not innately toxic,

nanospheres (PMMA and PMMA-b-PEG) were incubated

with rat pheochromocytoma neural progenitor (PC12) cells

and the toxicity of the nanospheres after 24 h determined using

a Live/Dead assay (calcein AM and ethidium homodimer-1).

No reduction in cell viability (p > 0.05) was observed for

either type of particle at concentrations up to 500 mg ml�1

(Fig. 4a–b). At 1000 mg ml�1, however, PMMA-b-PEG particles

caused a reduction (p r 0.05) in cell viability, whereas PMMA

particles did not. Therefore, both types of nanospheres were non-

toxic at up to 500 mg ml�1 as assessed by cell viability relative to

control, and differences in measured viabilities are attributed

to statistical variation in the samples. Upon incubation for up

to 120 h, we did not observe any association with cells for

either the PMMA or PMMA-b-PEG particles as prepared.

To assess the effectiveness of the stealth surface, nano-

spheres were combined with branched polyethylenimine

(PEI) and incubated with PC12 cells. Polyethylenimine is a

synthetic polymer and a common transfection agent;45–47 the

positive charges on PEI assist in association with the plasma

Fig. 2 TEM images of particles prepared from the following hexane/

chloroform/acetone solvent systems: (a) PMMA 0 : 1 : 19 (scale bar =

50 nm); (b) PMMA 1 : 2 : 9 (scale bar = 50 nm); (c) PMMA-b-PEG

1 : 2 : 9 (scale bar = 50 nm). (d) Corresponding low magnification view

of the particles in (b) (scale bar = 100 nm), inset: elemental mapping

shows presence of carbon (red) and iron (green). (e) Lower magnification

view of particles in (c) (scale bar = 100 nm).

Fig. 3 Release of lomerizine over time at pH 5.0 (red triangles, solid

line), pH 6.0 (blue circles, dashed line) and pH 7.4 (black squares, dotted

line). All data points are averages of two lomerizine determinations� SE.

The inset shows a magnified scale for release at pH 7.4.
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membrane of cells and may promote endocytosis.48 When PEI

was combined with particles, adhesion of PMMA particles to

the cell membrane (Fig. 4c–d) was observed, but particles did

not appear to be internalised, probably because PEI was not

covalently bound to the nanospheres. On the other hand,

stealth PMMA-b-PEG nanospheres did not associate with

cells, even when PEI was added (Fig. 4e). This suggests that

the block copolymer particles sterically hinder the electrostatic

attraction of PEI, and that they may be useful as a stealth

delivery agent.

Conclusions

We report a method to synthesise nanoparticles containing

non-water-soluble dyes and iron oxide nanoparticles that

can then be used in aqueous biological experiments. This

method is suited to a variety of lipophilic dyes, and we have

demonstrated the incorporation of two BODIPYs in the

nanospheres without modifying the synthesis procedure. The

fluorescent emission of 4 is pH-dependent, with acidification

causing a blue-shift in the maximum emission wavelength. The

neuroprotective drug lomerizine was also encapsulated in

these nanoparticles and exhibited a pH-dependent release

profile. The nanoparticles are non-toxic to PC12 cells at

concentrations up to 500 mg ml�1 and the PEGylated particles

did not associate with PC12 cells, even in the presence of the

transfection agent PEI. This strategy enables multimodal

tracking and delivery of drugs, potentially improving other-

wise poor bioavailability of a neuroprotective agent.

Experimental

Materials

Boron trifluoride diethyl etherate, 4-(dimethylamino)benzal-

dehyde, 2,4-dimethylpyrrole, piperidine, Pluronic F-108, poly-

ethylenimine (Mn 1200, Mw 1300, 50% solution in water),

poly(methyl methacrylate) (Mw 120,000 g mol�1), triethyl-

amine, and Tris were obtained from Aldrich, acetyl chloride and

triethylamine from Fluka, PMMA-b-PEG (Mn 40000 g mol�1

MMA, 11,500 g mol�1 PEG, Mw/Mn 1.3) from Polymer Source,

Inc., and lomerizine dihydrochloride from LKT Laboratories.

Solvents were of analytical grade, except HPLC solvents which

were of HPLC grade and filtered (0.2 mm) before use. Hexane was

distilled before use, and CH2Cl2 was distilled according to

standard procedures.49 Milli-Q water (> 18 MO cm) was used

in all preparations. Cell culture materials were obtained from

Invitrogen unless otherwise stated: RPMI1640, horse serum,

fetal bovine serum, penicillin/streptomycin, L-glutamine, non-

essential amino acids, sodium pyruvate. Poly(L-lysine) hydro-

bromide was obtained from Sigma.

BODIPY synthesis

BODIPY 3 was prepared according to literature procedure

and characterisation data agrees with that reported for
1H NMR spectrum.25 The 13C NMR spectrum was not

previously reported. 13C NMR (100 MHz, CDCl3, 25 1C):

d = 153.56, 141.41, 140.99, 132.04, 121.20, 17.27, 16.33,

14.39 ppm. The synthesis of dye 4 was adapted from the

Knoevenagel method previously reported.26BODIPY 3 (127.4 mg,

0.486 mmol) was combined with 4-(dimethylamino)benz

aldehyde (81.0 mg, 0.543 mmol) in toluene (10 mL) in the

presence of acetic acid (0.4 mL), piperidine (0.38 mL) and

molecular sieves. The reaction mixture was heated to reflux for

3 h, purified by column chromatography (silica) eluting with

dichloromethane/hexane (7 : 3), affording the desired product

BODIPY 4 (33.7 mg, 20% based on recovery of 14 mg of

starting BODIPY 3). 1HNMR (400 MHz, CDCl3, 25 1C): d=

7.47 (m, 3H), 7.19 (d, J(H,H) = 16 Hz, 1H), 6.68 (m, 3H), 6.04

(s, 1H), 3.01 (s, 6H), 2.60 (s, 3H), 2.55 (s, 3H), 2.46 (s, 3H),

2.42 ppm (s, 3H); 13C NMR (100 MHz, CDCl3, 25 1C): d =

153.28, 151.47, 150.92, 140.96, 138.87, 138.33, 137.05, 133.55,

131.90, 129.05, 124.78, 120.55, 117.73, 117.75, 114.44, 112.02,

40.24, 29.69, 17.63, 17.20, 16.28, 14.46 ppm; UV/Vis (CH2Cl2):

lmax(e) = 591 nm (38300); HR-ESMS calculated for

C23H26BF2N3 392.2224; found 393.2299 [M+H]+.

Iron oxide nanoparticle synthesis

Magnetite nanoparticles were prepared by decomposition of

Fe(acac)3 in benzyl ether, as previously described.27,28

Preparation of nanospheres

PMMA (75 mg, Mw 120,000 g mol�1) and iron oxide nano-

particles (5 mg) were dissolved in chloroform and the solvent

evaporated in vacuo to help solvate the polymer. BODIPY 3 or

4 (5 mg), lomerizine (20 mg) and hexane/chloroform/acetone

(6.0 mL, typically 0.5 : 1 : 4.5) were added and all components

were dissolved. This mixture was added dropwise with vigorous

stirring to an aqueous solution of Pluronic F-108 (1.25 mg mL�1),

Fig. 4 PC12 cultures incubated with nanospheres. Error bars

indicate SE. (a) Viability of PC12 cells incubated for 24 h with PMMA

nanospheres (n = 7 per concentration, one-way ANOVA with

Bonferroni post hoc correction, p > 0.05). (b) Viability of PC12 cells

incubated for 24 h with PMMA-b-PEG nanospheres (n = 7 per

concentration, Mann-WhitneyU, pr 0.05 indicated by *). (c) PMMA

nanospheres containing pentamethyl BODIPY 3 are associated with

cells in the presence of PEI (green = 3, PMMA nanospheres;

DIC overlay, 40 �/1.25, scale bar = 20 mm). (d) The same is observed

for PMMA nanospheres containing BODIPY 4 (red = 4, PMMA

nanospheres, blue = Hoechst, nuclei; DIC overlay, 63 �/1.40, scale

bar = 20 mm). (e) PMMA-b-PEG nanoparticles do not associate

with cells, even in the presence of PEI (red = 4, PMMA-b-PEG

nanospheres, blue = Hoechst, nuclei; DIC overlay, 63 �/1.40, scale

bar = 20 mm).
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buffered with 10 mM Tris at pH 9.0. The mixture was then

homogenised with a probe-type ultrasonicator for 1 min at low

power and stirred overnight under a slow flow of N2 to

evaporate the solvents. The resulting suspension was centri-

fuged at 3000 g for 45 min and the supernatant was passed

through a magnetic separation column (Miltenyi Biotec). The

collected nanospheres were washed from the column and

isolated by centrifugation at 16 000 g for 30 min. PEGylated

nanospheres were prepared in the same way, using PMMA-b-

PEG in place of PMMA. Samples were prepared for electron

microscopy by air-drying a drop of aqueous dispersed nano-

spheres on a carbon-coated copper grid; TEM was performed

on a JEOL 2100 operated at 120 kV. Magnetometry was

performed on a Quantum Design 7 T MPMS instrument,

and DLS size and zeta measurements were carried out using a

Malvern ZetaSizer Nano.

Relaxometry

Relaxivity data were measured (Bruker minispec mq) at

1.41 T. A Carl-Purcell-Meiboom-Gill (CPMG) spin echo

sequence was used to measure T2. The echo spacing was 1 ms

(2000 echoes). An inversion recovery (IR) sequence was used to

measure T1 using 10 inversion times (TI) logarithmically spaced

between 10 and 10 000 ms. Nanosphere samples were suspended

in water, and data were recorded at 27 1C. The iron content of

the samples was determined by ICP-AES after acid digestion.

Determination of lomerizine release

Release experiments were performed in pre-warmed phos-

phate buffered saline (PBS) at various pH levels (pH 5.0, 6.0

and 7.4). Nanospheres (10 mg) were dispersed in PBS (10 mL)

and maintained at 37.0 � 0.1 1C. The sinks were sampled in

duplicate over 10 h; aliquots of 150 mL were transferred to

filter tubes (Millipore, Amicon Ultra-0.5, 50 kDa cutoff),

centrifuged at 17 000 g for 5 min, and analysed by RP-HPLC.

No fresh PBS media was introduced into the sinks. Lomerizine

concentrations were calculated from a standard curve and

were reported as mean values � SE. The determination of

lomerizine by RP-HPLC was adapted from Waki and Ando.43

The measurements were run on a Waters 2695 separations

module coupled with Waters 2489 UV/Vis detector. A C18

column (150 � 4.60 mm, 5 mm, 25 � 5 1C) was used with

isocratic elution using a 69 : 31 mixture of acetonitrile and

0.1% w/w potassium phosphate buffer (pH 6) at 10.0 mL min�1,

monitoring the eluent at 210 nm. Each sample was run for 13 min

and the integrated area of the largest peak between the

retention time 9–10 min was used for the calculation of

lomerizine concentration. The limit of detection for lomerizine

in water at 210 nm was 0.1 mg L�1. The loading of lomerizine

in nanospheres (1.69 mg) was determined by adding methanol

(1 mL) and sonicating in an ultrasonic cleaning bath (10 min).

Samples were left for 1 h, centrifuged to remove nanoparticles

(17 000 g, 10 min), and analysed by RP-HPLC as above.

Cell culture

Rat phaeochromocytoma (PC12) cells were obtained from the

Mississippi Medical Centre (Jackson, MS), and were maintained

at 37 1C with 5% CO2 in RPMI1640 media supplemented with

horse serum (10%), fetal bovine serum (5%), penicillin/

streptomycin (50 U mL�1, 50 mg mL�1), L-glutamine (2 mM),

non-essential amino acids (1%), and sodium pyruvate (1 mM).

For confocal microscopy, cells were grown on poly(L-lysine)-

coated coverslips, coated by incubation for at least 1 h with

poly(L-lysine) hydrobromide (10 mg mL�1). Nanospheres were

added at a concentration of 10 mg mL�1 and PEI was added at a

final dilution of 1 mg mL�1 when used. For viability assess-

ments, cells were plated at a density of 2 � 105 mL�1 in 96-well

plates coated with poly(L-lysine) 24 h prior to experiments. Cells

were incubated with nanospheres dispersed in complete media

for 24 h, and viability was determined using Live/Dead assay

(Invitrogen); briefly, cells were incubated with calcein AM

(1 mM) and EthD-1 (2–3 mM) in PBS for 30 min, and then

fluorescence was quantified using a spectrophotometer (BMG

FluoStar Optima) or cells were counted in four fields of view

per well at 20 � magnification (Olympus IX-71) with assess-

ment of approximately 1000 cells per replicate.
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T
he use of nanoparticles for site-
specific delivery of therapeutic pay-
loads is a goal that has attracted

considerable attention in biomedical
research.1,2 The potential ability to load a
single nanoparticle preparation with a vari-
ety of drugs and facilitate delivery to
specific intracellular or extracellular sites
would be a significant advance, because
the nanoparticle delivery strategy is gener-
alizable and can be used to release low
molecular mass compounds, proteins, and
recombinant DNAs at focal areas of disease,
maximizing clinical benefits while limiting
side effects.2,3 Recent reports also suggest
that nanoparticles can influence cellular
signaling by interacting with membrane
microdomains that house different signal-
ing components such as receptors, signal
activators, and transducers.2,4�6 Because
the response to this activation includes
changes to cellular transport and target-
ing, a precise understanding of the entire
intracellular nanoparticle itinerary, beyond
the point of initial entry, is important to
fully realize the potential of these nano-
materials as drug carriers and transfection
agents.
Intracellular and extracellular barriers

preventing successful drug delivery have
been overcome in numerous studies using
nanosized complexes of cationic lipids
(lipoplexes) or synthetic polycations (poly-
plexes).7�9 Of the latter, polyethylenimine
(PEI), the most widely used nonviral vector,
is considered the gold standard. This is
because PEI can act as a “proton sponge”
and promote endosomal escape, resulting

in very high transfection efficacy of its
polyplexes.10,11 After endocytosis, the nat-
ural acidification within the endosome pro-
tonates PEI, inducing chloride ion influx,
osmotic swelling, and destabilization of
the vesicle, leading to release of polyplexes
into the cytoplasm.12,13 The major shortfall
of PEI as a nonviral vector, however, is that
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ABSTRACT

Polymer nanoparticles are widely used as a highly generalizable tool to entrap a range of different

drugs for controlled or site-specific release. However, despite numerous studies examining the kinetics

of controlled release, the biological behavior of such nanoparticles remains poorly understood,

particularly with respect to endocytosis and intracellular trafficking. We synthesized polyethylenimine-

decorated polymer nanospheres (ca. 100�250 nm) of the type commonly used for drug release and

used correlated electron microscopy, fluorescence spectroscopy and microscopy, and relaxometry to

track endocytosis in neural cells. These capabilities provide insight into howpolyethyleniminemediates

the entry of nanoparticles into neural cells and show that polymer nanosphere uptake involves three

distinct steps, namely, plasma membrane attachment, fluid-phase as well as clathrin- and caveolin-

independent endocytosis, and progressive accumulation in membrane-bound intracellular vesicles.

These findings provide detailed insight into how the intracellular delivery of nanoparticles is mediated

by polyethylenimine, which is presently the most commonly used nonviral gene transfer agent. This

fundamental knowledge may also assist in the preparation of next-generation nonviral vectors.

KEYWORDS: nanosphere . endocytosis . neuron . polyethylenimine .
multimodal imaging
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toxicity scales with transfection efficacy.11,14 There is
very little mechanistic understanding of PEI-mediated
intracellular delivery,15 which is important not only
because PEI is commonly used for nonviral gene
transfer but also because this knowledge may direct
the design and synthesis of next-generation nonviral
vectors with low toxicity. Most current methods to
study intracellular trafficking of nanoparticles are re-
stricted to co-localization of nanomaterials with specific
endocytic markers or the exclusion of specific mechan-
isms by chemical inhibition or cell mutation.16�21

RESULTS AND DISCUSSION

In this work, an approach was developed to directly
image endocytosis and intracellular trafficking using
fluorescent andmagnetic polymer nanospheres. Polymer
nanospheres were prepared from poly(glycidyl metha-
crylate) (PGMA) modified with rhodamine B (RhB) dye,
which was used to encapsulate magnetite (Fe3O4) nano-
particles. The epoxide groups on PGMA enabled an-
choring of PEI chains by means of a simple ring-open-
ing reaction (Figure 1a), as previously demonstrated.22

These nanospheres enabled amultimodal approach to
directly assess how PEI mediates the cellular trafficking
of nanoparticles, using correlated relaxometry, fluores-
cence spectroscopy and microscopy, and transmission
electron microscopy. The polymer nanoparticles were
synthesized using a nonspontaneous emulsification
method, in which a binary solvent mixture containing
both immiscible and soluble components was employed

as the dispersed phase. This organic solution of the dye-
modified polymer, also containing iron oxide nanoparti-
cles (Figure 1b), was emulsified in water in the presence
of a surfactant. The polymer nanoparticles were char-
acterized using transmission electron microscopy
(Figure 1c, d), dynamic light scattering (Figure 1e),
fluorescence spectrophotometry (Figure S1), andmag-
netometry (Figure S2). Analysis of nanospheres before
and after PEI attachment revealed a small increase in
average size and a large positive shift in the zeta
potential distribution (Figure 1e). The average particle
diameter following PEI attachment was 160 nm
(distribution 90�260 nm), and particles comprised
approximately 3% PEI by weight (see Supporting In-
formation for elemental analysis). Nanospheres were
magnetically separated from excess, unbound PEI.

Toxicity of Nanospheres. The toxicity and transfection
efficacy of PEI depend on both its molecular weight
and structure (i.e., linear or branched).15 Two possible
explanations for cellular perturbation and toxicity have
been suggested. First, the presence of free PEImay play
a role in inducing cell dysfunction because both
branched and linear configurations can bind to plasma
membrane proteoglycans, compromise membrane in-
tegrity, and induce early necrotic-like changes within
30 min.14 Second, PEI-induced cytotoxicity has been
related to the activation of a mitochondrially mediated
apoptotic program involving channel formation in the
outer mitochondrial membrane within 24 h.14,23 In the
present study, covalent grafting of PEI chains to the

Figure 1. Fluorescent, superparamagnetic nanospheres were prepared by an emulsion route and made use of the reactive
epoxide groups of PGMA to anchor PEI. (a) Schematic representation of the attachment of PEI to fluorescent PGMA�RhB
nanospheres containing iron oxide nanoparticles. (b) Iron oxide (magnetite, Fe3O4) nanoparticles prepared by high-
temperature decomposition (scale bar = 100 nm). (c) Low-magnification image of polymeric nanospheres (scale
bar = 500 nm). (d) Individual polymer nanosphere showing distribution of iron oxide nanoparticles within the polymer shell
(scale bar = 20 nm). (e) Particle size (left panel) and zeta potential (right panel) distributions before (open) and after (solid)
modification with PEI.
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magnetic PGMA core allowed the removal of free PEI
using magnetic separation, facilitating a clear determi-
nation of whether PEI-modified nanospheres were
toxic or not.

The toxicity of the modified nanospheres was ex-
amined in rat pheochromocytoma neural progenitor
(PC12) and retinal Müller glial cell lines (rMC-1), as well
as primary rat hippocampal and cortical neuron cul-
tures after 24 and/or 72 h incubation (Figure S3). For
the immortalized cultures, there was no decrease in
viable cell numbers (p > 0.05) for any of the tested
concentrations (up to 250 μg mL�1). Similar results
were observed in the primary neuron cultures, where a
toxic effect (p e 0.05) was observed only at very high
nanosphere concentrations (1000 μgmL�1) that would
be inappropriate therapeutically. The assay was ver-
ified by assessing trypan blue dye exclusion in PC12
cells. In line with previously proposed mechanisms of
PEI toxicity, we suggest two reasons for our observed
lack of toxicity in the tested cell lines and primary
cultures. First, our PEI chain length was shorter
(1.2 kDa) than used in previous studies (25 and
750 kDa),14,24 and second, PEI was bound to the nano-
spheres and, as a result,mayhavebeenunable to interact
with mitochondrial membranes. This investigation cov-
ered the time course of known cytotoxic changes.14

Nanosphere Uptake Monitored by Fluorescence. Nano-
sphere uptake was examined in more depth, to further
analyze intracellular trafficking and investigate why
PEI-modified nanospheres were not toxic. When nano-
spheres were incubated with PC12 cells, nanospheres

with PEI modification were taken up rapidly, within
minutes, while those without PEI modification were
not associated with cells even after 3 days (Figure S4).
Nanospheres that were internalized presented a punc-
tate distribution and were excluded from the nucleus
(Figure 2a�d). To examine the dynamics of endocyto-
sis, we used live cell confocal imaging to monitor
fluorescence of nanospheres in PC12 cells for periods
of 24 and 72 h (Figure 2e, Videos S1 and S2). In time-
lapse experiments, using a single confocal slice
through the cells, we observed a linear increase in
fluorescence per cell with time (Figure 2f). Similar
results were obtained with primary cortical and hippo-
campal neuronal cultures, with a greater intensity of
fluorescence per cell in cortical cells (Figure S5). There
was no apparent correlation between the intensity of
fluorescence indicating nanosphere uptake and the
viability of the various cell cultures following treat-
ment. The result in PC12 cells was also confirmed using
a spectrofluorometric plate reader to measure inten-
sity over large samples of cells. A constant rate of
uptake has been previously reported for zwitterionic
quantum dots in HeLa cells.25

Endocytosis of Nanospheres Determined by Drug Inhibition
and Electron Microscopy. There are many distinct endocy-
tic pathways that coexist in mammalian cells that
regulate the entry of a wide range of different sized
moieties from ions tomacromolecules, pathogens, and
drugs. It follows that polymeric nanoparticle drug
delivery systems are also subject to the same
selectivity.2,6,26 Uptake of nanoparticles by endocytosis

Figure 2. PEI-modified polymeric nanospheres (10 μg mL�1) are rapidly internalized. (a) Confocal maximum intensity
projection of nanospheres in PC12 cells after 72 h (red = RhB, nanospheres; blue = Hoechst, nuclei; DIC overlay; 40�/1.25,
scale bar = 20 μm). (b) Epifluorescence image of nanosphere uptake in rMC-1 cells after 24 h (red = RhB, nanospheres; blue =
Hoechst, nuclei; 20�/0.50, scale bar = 100 μm). (c) Hippocampal neuron as viewed by confocal microscopy after 24 h
incubation with nanospheres (red = RhB, nanospheres; green = β-III-tubulin/Alexa 488, neurons; blue = Hoechst, nuclei; 60�/
1.49, scale bar = 5 μm). (d) Confocal image of a cortical neuron after 24 h incubation with nanospheres (red = RhB,
nanospheres; green = β-III-tubulin/Alexa 488, neurons; blue = Hoechst, nuclei; 60�/1.49, scale bar = 5 μm). (e) Frames from a
region of confocal time-lapse experiment (0, 0.5, 1, 2, 3, 6, 9, 12, 18, 24 h) showing internalization of nanospheres by PC12 cells
(red = RhB, nanospheres; DIC overlay; 20�/0.75, scale bar = 10 μm). (f) Nanosphere uptake in PC12 cells over time quantified
by RhB fluorescence.
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can occur via a number of different routes depending
on the cell type and the nature of the cargo
(nanoparticle size and surface charge). Pinocytosis, or
fluid-phase uptake, has often been reported as a
common route for uptake of positively chargedmacro-
molecules, comprising macropinocytosis (for particles
>1 μm), clathrin-mediated endocytosis (e120 nm), and
caveolin-mediated endocytosis (e90 nm).5,7,27�29 In
the case of PEI/DNA polyplexes, endocytosis is initiated
when polyplexes bind to syndecans, which are nega-
tively charged heparan sulfate proteoglycans (HSPGs)
in cell membranes.30�32 Syndecan clustering around
the particle triggers cytoplasmic binding of these
transmembrane proteins to actin filaments through
linker proteins, which subsequently supports polyplex
uptake through endocytic vesicles. More recently, a
distinct fluid-phase pathway, independent of clathrin
and caveolin, has been identified to contribute to the
uptake of PEI-25/DNA polyplexes of sizeg150 nm, and
importantly, macropinosomes have been reported to
have a higher propensity to deliver PEI-25/DNA cargo
than endosomes.27 Consequently, multiple pathways
of intracellular trafficking, including macropinocytosis,
should be considered in the analysis of PEI-mediated
endocytosis of our nanospheres.

The internalization of nanospheres was investi-
gated in PC12 cells following treatment with well-
known inhibitors of clathrin-mediated endocytosis
(chlorpromazine), lipid raft- and caveolin-mediated
endocytosis (nystatin/progesterone), and macropino-
cytosis (N,N-dimethylamiloride).33�37 We observed no
statistically significant reductions in uptake (p > 0.05)
for any of these drugs either individually or in combi-
nation (Figure S6). As the uptake of PEI-modified nano-
spheres was not significantly inhibited by treatment
with selected drugs, macropinocytic and clathrin- and
caveolin-mediated endocytic routes are probably not
required for uptake of polymer nanospheres. Further-
more, the result implies that there is at least one other
possible mode of entry for these nanoparticles. It is
important to note that the use of inhibitors to identify
uptake pathways is not conclusive, however, because
such treatment may up-regulate a pathway that is
usually silent.6,19 Up-regulation of nascent pathways
has cell-wide consequences in terms of signaling, lipid
and protein distributions, membrane tension, and
stress responses.6 Therefore, electron microscopy was
used as an additional means of assessing endocytosis
as well as the intracellular itinerary of the internalized
PEI-modified nanospheres.

Transmission electron microscopy was used to im-
age cellular processes involved in endocytosis and
cellular trafficking after 3, 6, 12, 24, and 72 h expo-
sure to nanospheres (Figure 3). In these images, the
polymer nanospheres appear as light circles, while the
encapsulated iron oxide nanoparticles are much smal-
ler and electron dense, as in Figure 1d. PEI-mediated

endocytosis involved adsorption of nanospheres to the
cell surface, perhaps suggesting that endocytosis is
triggered by interaction with syndecans on the cell
membrane as for cationic polyplexes.30 The number of
nanospheres associated with the cell surface increased
with time. Nanosphere uptake was accompanied by
protrusions and invaginations of the plasma mem-
brane (Figure 3a), characteristic of macropinocytosis,
and also tubular invaginations characteristic of clathrin-
and caveolin-independent endocytosis26 extending
0.5�2 μm into PC12 cells (Figure 3b). These observa-
tions accord with the results of the chemical inhibition
experiment, as nanosphere uptakewas not suppressed
when macropinocytosis and clathrin- and caveolin-
dependent endocytosis were inhibited.

Individual nanospheres were observed throughout
the cytoplasm of PC12 cells within 3 h (Figure 3c). After
6 h, nanospheres appeared to have a greater proximity
to one another, forming loose clusters that were
occasionally membrane-bound. After 12 h, loose clus-
ters were frequently observed near vesicles enclosed
by multiple membranes, and by 24 h, these clusters
appeared to be mostly membrane-bound. The mem-
brane-bound nanosphere clusters themselves were
often grouped together, and in some instances mem-
branes were apparently in the process of fusion
(Figure 3d). By 72 h, the clusters were larger
(200�500 nm) and comprised several smaller mem-
brane-bound packages that were grouped together
andenclosedby oneormoremembranes (Figure 3d, e).
These observations suggested that nanospheres
were being captured within endosomes, and the
presence of multivesicular bodies indicated endo-
some maturation.38,39

Immunohistochemistry Shows That Nanospheres Are Not in
Lysosomes. Lysosomes constitute the final degradative
stage in the endocytic journey, vary in size and appear-
ance, and are usually associated with membrane
whorls similar to those we observed ultrastructurally.38

Using the same time points as the TEM experiment,
PC12 cells were incubated with nanospheres and
analyzed immunohistochemically for lysosomal-asso-
ciatedmembrane protein 1 (LAMP-1), a marker of both
late endosomes and lysosomes.Wedid not observe co-
localization of nanospheres with LAMP-1 immunopo-
sitive intracellular compartments (Figure S7).

It appears that our lack of observed toxicity of the
nanospheres is consistent with observations of nano-
sphere compartmentalization (and increase in the size
of these aggregates), rather than osmotic swelling. In
the case of polyplexes, buffering of endosomal com-
partments by polyamines results in increased entry
of Hþ, with concomitant Cl� uptake, which in turn
promotes osmotic swelling and endosomal leakage or
lysis.13 This destructive process is the mechanism
whereby the DNA polyplex escapes lysosomal capture
and so accesses the nucleus with gene delivery and
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resultant expression. The process is rapid, with release
via osmotic swelling occurring within 4 h and DNA
expression peaking at 24 h.40 That we did not observe
osmotic swelling or signs of endosomal escape is in
accordance with our finding of a lack of toxicity within
24 h. Taken together, our observations suggest a

sequence in which smaller nanosphere clusters fused
to form larger aggregates, but were not contained in
lysosomes within 72 h.

Relaxometry Can Be Used to Follow Nanosphere Endocytosis.
The observation of compartmentalization of nano-
spheres in individual PC12 cells by TEM was confirmed

Figure 3. PEI-modified polymer nanospheres (10 μg mL�1 in all preparations) are visualized by TEM at various time points
displaying stages in internalization and compartmentalization. (a) Endocytosis of nanospheres by a macropinocytotic-like
route (nanospheres indicated by arrows; scale bars = 100 nm). (b) Endocytosis that is apparently clathrin- and caveolin-
independent (nanospheres indicated by arrows, and internalized particles by arrowheads; scale bar = 200 nm). (c) Time series
showing stages in intracellular trafficking. From left to right, at 3 h, nanospheres have been internalized; at 6 h, they form
loose clusters; at 12 h, become associatedwith othermembrane-bound vesicles; and at 24 h, are located in clusters bound by
multiple membranes (nanospheres are outlined as a visual aid; arrows indicate multiple membranes surrounding nano-
spheres; scale bars = 100, 100, 200, 100 nm). (d) After 72 h, nanospheres are arranged in discrete clusters, many of which are
surrounded by multiple membranes (arrows indicate multiple membranes surrounding nanosphere clusters; arrowheads
indicate membranes apparently in the process of fusion, expanded in the inset; scale bars = 200 nm). (e) Whole cell section
constructed from three images after 72 h incubation with nanospheres. Nanospheres are visible at the cell surface
(arrowhead) and in clusters (arrows) throughout the section (false-colored image; scale bar = 1 μm).
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in a larger population of cells using relaxometry. This
analysis was made possible by the superparamagnetic
iron oxide nanoparticles contained within the nano-
spheres. Superparamagnetic nanoparticles are effec-
tive contrast agents for magnetic resonance (MR)
imaging, as they possess a large magnetic moment
and are free to align with an applied magnetic field.
The resultant microscopic field gradients dephase
nearby protons, shortening both the longitudinal re-
laxation time T1 and the transverse relaxation time T2.
T1 is also reduced via other relaxation mechanisms.
The corresponding relaxation rates, R1 and R2, are
influenced by the local concentration of nanoparticles,
the applied field strength, and the environment in
which the nanoparticles interact with surrounding
protons.41�44 In particular, the relaxation induced by
iron oxide nanoparticles is known to depend on their
compartmentalization in macrophages, lymphocytes,
oligodendrocytes, human neural stem cells, and me-
senchymal stem cells.41�46

We analyzed relaxation rates in PC12 cells after 72 h
exposure, by which time PEI-modified nanospheres
were bound within intracellular compartments. We
compared relaxation rates of nanospheres that had
been endocytosed by PC12 cells with those of free
nanospheres, both of which were held in agarose gels.
The transverse relaxivity of free nanospheres at 1.4 T
was r2free = 322 ( 26 mM�1 s�1 with a 19-fold
reduction in PC12 cells (r2cell = 16.7 ( 1.2 mM�1 s�1;

Figure 4a). There was a 2-fold decrease in the longi-
tudinal relaxivity r1 (r1free = 4.70 ( 0.05 mM�1 s�1,
r1cell = 2.70( 0.26 mM�1 s�1; Figure 4b). The decrease
in r2 on compartmentalization of nanospheres is at-
tributed to the behavior of the aggregates as a micro-
metric nanosphere. The larger effective diameter shifts
the compartmentalized nanoparticles into the echo-
limited proton relaxation regime.47 In this echo-limited
environment, the perturbations in the magnetic field
experienced by the water protons become effectively
static. Hence, the refocusing pulses become efficient,
reducing r2 compared to the dispersed nanoparticles
and introducing a significant dependency on the echo
spacing (Figure 4c). Furthermore, the dramatic depen-
dence of r1 on magnetic field strength (Figure 4d) is
also consistent with clustering of the nanoparticles and
similar to theoretical predictions and observations.48

We attribute the reduction in r1 to the less rapid inner-
sphere exchange of water molecules inside the cell as
well as a reduced molecular exchange with bulk water
through a “membrane-shielding” effect.45

Using fluorescence intensity as a measure of iron
content, we would expect that the state of clustering
within cells could be measured over time using relaxo-
metry. This advantage of the multimodal nanospheres
will be helpful in following endolysosomal sorting not
only in vitro but also on a larger scale in vivo using live
fluorescence imaging in conjunction with MRI. A stan-
dard curve of fluorescence versus iron content was

Figure 4. Relaxometry shows effects of compartmentalization of PEI-modified polymeric nanospheres in PC12 cells. In all
panels, solid points represent free nanospheres and open points cell-bound nanospheres. (a) Decrease in r2 for cell-bound
nanospheres compared with free nanospheres. (b) Decrease in r1 following internalization of nanospheres. (c) Effect of echo
spacing (TE) on R2 relaxation rate. Top panel: Similar values of r2 for free nanospheres using short (triangles) and long (stars)
TE. Bottom panel: Nanospheres compartmentalized within cells display a doubling in r2 between short (triangles) and long
(stars) echo time measurements. (d) Reduced dependence of r1 on field for compartmentalized (open) compared with free
(solid) particles.
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constructed with strong correlation (r = 0.9970), from
which we were able to determine the iron content of a
cellular sample to within 10% error (Figure S8).

CONCLUSION

The nanospheres used in the present study repre-
sent a novel combination of features including direct
visualization by electron and fluorescence microscopy,
as well as the ability to examine compartmentalization
after endocytosis by relaxometry. The magnetic prop-
erties also enabled removal of excess PEI, enabling
examination of PEI-mediated endocytosis without the

confounder of toxicity of free PEI. Endocytosis involved
a clear sequence of events: interaction of nanoparticles
with the cell membrane induced membrane ruffling
and tubular invagination, characteristic respectively of
unregulated/unselective macropinocytosis and cla-
thrin- and caveolin-independent endocytosis, followed
by time-dependent intracellular clusteringwithin lamel-
lar envelopes. The nanosphere architecture thus offers a
broad scope for delivery of a wide range of agents to
intracellular compartments. The findings we have pre-
sented will assist in the design and synthesis of next-
generation nanoparticles for site-specific drug delivery.

MATERIALS AND METHODS
Materials. All chemicals were purchased from Sigma-Aldrich

unless otherwise stated: benzyl ether (99%), chlorpromazine
hydrochloride (98%), 5-(N,N-dimethyl)amiloride hydrochloride,
iron(III) acetylacetonate (97%), nystatin, oleic acid (BDH, 92%),
oleyl amine (70%), Pluronic F-108, polyethylenimine (50% solu-
tion, Mn 1200, Mw 1300), progesterone (99%), rhodamine B
(Kodak, 95%), and 1,2-tetradecanediol (90%) were used as
received. All tissue culture reagents were purchased from
Invitrogen unless otherwise stated: B27, bovine serum albumin
(Aldrich), DMEM, fetal bovine serum, L-glutamine 200 mM,
GlutaMAX 100�, horse serum, MEM, Neurobasal, nonessential
amino acids (NEAA) 100�, penicillin/streptomycin, poly(L-
lysine) (Aldrich), RPMI1640, sodium pyruvate 100�, and tryp-
sin/EDTA. Samples were mounted for light microscopy using
Fluoromount-G (Southern Biotech).

Preparation of Iron Oxide Nanoparticles. Fe3O4 was synthesized
by the organic decomposition of Fe(acac)3 in benzyl ether at
300 �C, in the presence of oleic acid, oleyl amine, and 1,2-
tetradecanediol, as previously described.49,50

Synthesis of RhB-Modified PGMA. PGMA was synthesized by
radical polymerization according to a published procedure.22

In brief, glycidyl methacrylate was polymerized in methyl ethyl
ketone (MEK) to give PGMA (Mw = 250 000 g mol�1), using
azobisisobutyronitrile as initiator. The polymer was purified by
multiple precipitations from MEK solution using diethyl ether.
To attach the dye to the polymer, a solution of rhodamine B
(RhB, 20 mg) and PGMA (100 mg) in MEK (20 mL) was heated to
reflux under N2 for 18 h. The solution was reduced in vacuo
before the modified polymer was precipitated with diethyl
ether (20 mL). The polymer was redissolved in MEK and
precipitated with ether twice to remove ungrafted RhB.

Polymer Nanosphere Preparation. Nanoparticles were prepared
using a nonspontaneous emulsification route. The organic
phase was prepared by dispersing iron oxide nanoparticles
(20 mg) and dissolving PGMA�RhB (75 mg) in a 1:3 mixture
of CHCl3 and MEK (6 mL). The organic phase was added
dropwise, with rapid stirring, to an aqueous solution of Pluronic
F-108 (1.25% w/v, 30 mL), and the emulsion was homogenized
with a probe-type ultrasonicator at low power for 1 min. The
organic solvents were allowed to evaporate overnight under a
slow flow of N2. Centrifugation at 3000g for 45 min removed
large aggregates of iron oxide and excess polymer. The super-
natant was removed to a 50 mL flask containing PEI (50 wt %
solution, 100 mg) and heated to 80 �C for 18 h. The magnetic
polymeric nanospheres were collected on a magnetic separa-
tion column (LS, Miltenyi Biotec), washed with water (2 �

1.5 mL), and then flushed with water until the filtrate ran clear.
The resulting concentrated particle suspension was aliquoted
(ca. 10 � 500 μL) and stored at 4 �C for quantification by
lyophilization, analysis, and subsequent use. Nanospheres were
sterilized by UV irradiation.

Cell Culture. Rat pheochromocytoma cells (PC12) wereobtained
from the Mississippi Medical Center (Jackson, MS), cultured in poly-
(L-lysine)-coated polystyrene flasks in a humidified atmosphere

containing 5% CO2 at 37 �C, and maintained in RPMI1640
medium containing horse serum (10% v/v), fetal bovine serum
(5% v/v), penicillin/streptomycin (100 U mL�1, 100 μg mL�1),
L-glutamine (2 mM), nonessential amino acids (100 μM), and
sodium pyruvate (1 mM). For experiments, cells were seeded in
24- or 96-well plates or on glass coverslips coated with poly-
(L-lysine) at a cell density of (0.5�2)� 105mL�1 and incubated for
24 h prior to experiments. Cells were not differentiated. Retinal
Müller cells (rMC-1)were cultured in uncoatedpolystyrene dishes
in DMEM high-glucose medium containing fetal bovine serum
(10%), penicillin/streptomycin (50 U mL�1, 50 μg mL�1), and
L-glutamine (2 mM). Cells were seeded at 1 � 105 mL�1 and
incubated for 24 hprior to experiments.Hippocampal andcortical
neuronal cultures were prepared as follows and maintained for
7�14 days prior to experiments. All experiments were carried out
in accordance with approved protocols from the Institutional
Animal Care and Use Committee of the University of California,
San Diego; procedures also conformed to “Principles of Labora-
tory Animal Care” (NIH publication No. 86-23, revised 1985) and
were approved by The University of Western Australia's Animal
Ethics Committee. Rat pups (Sprague�Dawley, P1; or PVG,
P1�P3) were placed in a CO2 atmosphere and rapidly de-
capitated or anesthetized with xylazine/ketamine (Ilium xylazil
and Ketamil, Troy Laboratories, 10 and 50 mg kg�1, respectively,
ip) and euthanized with Euthal (pentobarbitone sodium 850 mg
kg�1, phenytoin sodium125mgkg�1; ip). Brainswere removed to
a dish containing dissociationmedia [DM: in H2O; MgCl2, 5.8 mM;
CaCl2, 2.5 mM; HEPES, 1.6 mM; phenol red, 8 mg L�1; Na2SO4,
90 mM; K2SO4, 18.75 mM] on ice, from which hippocampal and
cortical tissue was isolated and removed to DM on ice. DM was
removed, and prewarmed enzyme solution [ES: DM, 10 mL;
papain, 200 U; L-cysteine, 1.6 mg] was added to the tissue, which
was incubated at 37 �C for 25 min with gentle shaking every
5min. The supernatant was replacedwith heavy inhibitor [HI: DM,
12 mL; trypsin inhibitor, 120 mg; bovine serum albumin, 120 mg]
for 2min, then light inhibitor [LI: DM, 9mL; HI, 1mL] for 2min, and
then with platingmedia [PM: inMinimumEssential Medium; fetal
bovine serum, 10% v/v; glucose, 20 mM; pen/strep, 20 U mL�1,
20 μg mL�1; GlutaMAX, 2 mM; sodium pyruvate, 1 mM] to a
suitable dilution for cell counting. The tissue was triturated until a
homogeneous cell suspension was obtained, and cells were
further diluted and plated on glass coverslips coated with poly-
(L-lysine) (10μgmL�1) overnight at 37 �C. Four hours later, PMwas
replaced with feedingmedia [FM: in Neurobasal; glucose, 12mM;
pen/strep, 20 UmL�1, 20 μgmL�1; GlutaMAX, 0.5mM; B27, 2% v/
v; 2-mercaptoethanol, 25 μM]. Half of the culture media was
replaced twice weekly. Morphological assessment of primary
cultures indicated that approximately 95% of cells were neuronal
due to the initial serum-free conditions (n = 1000 cells assessed).

Cell Viability Measurements. Viability was measured using a
Live/Dead cell kit (Invitrogen). Cells were incubated for 24 h
before the cell media was replaced with nanoparticle suspen-
sions of different concentrations in media. After a further 24 or
72 h, the nanoparticle suspension was removed, the cells were
washed once with PBS, and 100 μL of Live/Dead reagents was
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added (calcein AM, 1 μM; ethidium homodimer-1, 3 μM). After
30 min, images were recorded using an inverted fluorescence
microscope at 20� magnification (Olympus IX-71, Olympus IX-
81). Four images were recorded from each well at consistent
locations for all wells and all experiments, and live and dead
cells were counted. The trypan blue dye exclusion assay was
used as an additional measure of cell viability, following similar
treatment procedures. Cells were detached using tryp-
sin�EDTA, resuspended in 100�200 μL of cellmedia, combined
with trypan blue, and counted using a hemocytometer or an
automated cell counter (Invitrogen Countess).

Endocytic Inhibition Study. PC12 cells were plated in 96-well
plates as above. Solutions of chlorpromazine (10 μg mL�1),
nystatin, and progesterone (25 and 10 μgmL�1, respectively), or
5-(N,N-dimethyl)amiloride (50 μM) were prepared in complete
media; progesterone was diluted from a 2 mg mL�1 stock in
EtOH. Cells were incubated for 1 h with inhibitors, and then the
drugs were placed together with nanospheres (10 μg mL�1).
After 3 h, wells were washed with PBS and fluorescence was
quantified (BMG FluoStar Optima).

Immunohistochemical Analysis. PC12 cells were grown as above,
incubated with nanospheres (1�10 μg mL�1) for 3, 6, 12, 24, or
72 h, and fixed in paraformaldehyde (4%). Fixed cells were
incubated in PBS containing Triton X-100 (0.2%) and blocked
(7.5%) for 10 min, then incubated in the same solution con-
taining anti-LAMP1 (Abcam, 1:1000), anti-β-III-tubulin (Tuj-1,
Chemicon, 1:500), and/or anti-GFAP (Dako, 1:1000) overnight.
Antibodies and nuclei were visualized by incubation with Alexa
488 and/or Alexa 647 (Molecular Probes, 1:400) and Hoechst
33342 (Sigma, 1 μg mL�1) for 1�2 h. Images were captured by
confocal microscopy (Leica TCS SP2, Nikon A1Si).

Preparation of TEM Samples. PC12 cells were grown on 8 mm2

or 1.2 mm diameter 50.8 μm Aclar film for chemical fixation or
cryopreservation, respectively. The films were attached to the
surface of 12-well culture plates by spot-welding and then UV-
sterilized prior to the addition of cells. PC12 cells were plated
as above and treated with nanospheres (10 μg mL�1) for 3, 6,
12, 24, or 72 h prior to fixation or cryopreservation. Following
chemical fixation (2.5% glutaraldehyde in PBS, pH 7.4), sam-
ples were rinsed with PBS and postfixed (1% OsO4) prior to
dehydration in a graded series of ethanol. Alternatively, cryo-
preservation was achieved by high-pressure freezing (Leica
EM PACT2) after dipping sample discs in cryoprotectant
(2 mg mL�1 low-gel agarose in cell media at 37 �C). Frozen
samples were placed in freeze-substitutionmedia (1% osmium
tetroxide, 0.2% uranyl acetate, and 3% water in acetone) and
gradually brought to room temperature in a freeze-substitu-
tion unit (Leica EM AFS2). All specimens were embedded in
Procure-Araldite before sections (80�120 nm) were cut and
collected on uncoated 200-mesh copper grids. Grids of con-
ventionally processed specimens were stained with uranyl
acetate and lead citrate prior to observation, while grids of
high-pressure frozen specimens were unstained. Iron oxide
and nanosphere samples were prepared for TEM by deposition
on carbon-coated copper grids. All TEM images were obtained
at 120 kV (JEOL JEM-2100).

Relaxometry. Relaxivity data were measured using four Min-
ispec mq series instruments (Bruker) operating at 0.23, 0.46,
0.92, and 1.41 T. A Carl-Purcell-Meiboom-Gill (CPMG) spin echo
sequence was used to measure T2. The echo spacing was 2 ms
for the short TE measurements (1000 echoes) and 10 ms for the
long TE measurements (200 echoes), with a repetition time of
10 s for both. An inversion recovery (IR) sequence was used to
measure T1 using 10 inversion times (TI) logarithmically spaced
between 50 and 5000 ms. One 75 cm2 flask of PC12 cells was
incubated with polymer nanospheres for 72 h at a concentra-
tion of 50 μg mL�1. Cells were detached from the substrate,
fixed in 4% paraformaldehyde, and counted before dilutions
were prepared for relaxometry measurements. The samples
were suspended in 0.5% agarose gel, and data were recorded at
37.5 �C. The iron content of the samples was determined by ICP-
AES after acid digestion (5 mL).
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Lomerizine is a calcium channel blocker that selectively blocks L-

and T-type Ca2+ channels, but it is effectively insoluble under

physiological conditions. Herein we show that lomerizine can be

released from a nanoparticle-based carrier by intracellular

protonation in PC12 cells, suppressing Ca2+ influx in these cells

in response to glutamate.

Neurotrauma describes a physical injury to the central nervous

system (CNS), usually acute and caused by mechanical insult.1 In

addition to the primary injury, the accumulation of neurotransmit-

ters (particularly the excitatory amino acid glutamate) and changes in

the intracellular calcium concentration [Ca2+]i may be toxic to

neuronal and glial cells.2 Subsequent indirect cell death is associated

with a loss of Ca2+ homeostasis and is termed secondary

degeneration;3–5 preventing the death of these intact but vulnerable

cells is a key objective in neurotrauma treatment.6 Secondary

degeneration is initiated within minutes of injury, and develops over

several weeks following the initial insult.7,8 There is an important

window of therapeutic opportunity during this time to protect cells

that were spared by the initial event,9 because even rescuing a small

proportion of neurons can have significant benefits in maintaining

function.10 Lomerizine is a calcium channel-blocking drug that

protects against secondary degeneration following neurotraumatic

injury. Treatment is required for weeks to months after injury, but

lomerizine has limited aqueous solubility and is rapidly excreted. In

this work, an extended release mechanism for lomerizine is

investigated by encapsulating the drug in multifunctional polymer

nanospheres.

Lomerizine (KB-2796, 1-[bis(4-fluorophenyl)methyl]-4-(2,3,4-

trimethoxybenzyl)piperazine dihydrochloride) is a calcium channel

blocker that selectively blocks L- and T-type Ca2+ channels, but

not N-type channels.11 Additionally, lomerizine may reduce the

formation of reactive oxygen species in dissociated cerebellar

neurons.12 In accordance with its calcium channel-blocking abilities,

lomerizine protects against H2O2-induced death,13 glutamate-

induced toxicity,14 and glutamate-induced cell death15 in rat

hippocampal neuron cultures; protects against hypoxia in rat retinal

ganglion cell cultures;16 improves recovery after ischaemic spinal

cord damage in rabbits;17,18 protects neurons in visual centers of the

brain after retinal damage by intravitreal injection of N-methyl-D-

aspartate (NMDA) in mice;19 protects against cerebral hypoxia/

ischaemia20 and retinal ischaemia/reperfusion15 in rats; and provides

limited protection against secondary degeneration following partial

optic nerve injuries in rats.21,22

Nevertheless, the administration of lomerizine for neuroprotection

has some drawbacks. Regular doses of lomerizine are required,

because the half-life of the drug is short (elimination half-life 108 h in

humans)23 compared to the optimal duration of treatment, which

exceeds one month.7 Also, 24 h after oral administration of

lomerizine in rats, 51.7% of the dose was excreted in the faeces,

and 4.1% was excreted in urine,24 suggesting that lomerizine uptake

by the gastrointestinal system is not particularly efficient. In previous

in vivo studies of neuroprotection, therefore, lomerizine was

administered orally at least once a day at doses of 10–30 mg kg21

in rats and rabbits. A delivery system using nanoparticles could assist

in improving the bioavailability of the drug, and also enable

sustained release over time. Nanoparticles have been shown to

increase the availability of poorly soluble drugs, protect therapeutic

agents against degradation, provide dosing over extended periods,

and distribute drugs specifically to target tissues.25,26

In this report, we use magnetic, rhodamine B (RhB)-labelled

fluorescent poly(glycidyl methacrylate) (PGMA) nanospheres for the

intracellular delivery of lomerizine. The uptake of these nanospheres,

shown in Fig. 1a, has been demonstrated previously in PC12 rat

neural progenitor cells.27 Functionalisation of the nanospheres with

polyethylenimine (PEI) was found to be necessary for cellular uptake

(Fig. 1b, c), but although PEI can induce toxic changes, the

nanospheres used here do not reduce cell viability or escape from

endosomes.27

The preparation and characterisation (fluorescence spectra, Figure

S1 and magnetometry, Figure S2) of the nanospheres used in this

work is described in the ESI.{ For the present work, three

nanosphere preparations were made. The first contained no drug

(ENP), the second contained lomerizine but was not functionalised
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with PEI (LNP2PEI), and the third contained lomerizine and was

PEI-functionalised (LNP+PEI). The mean hydrodynamic diameter

of the unmodified nanospheres was 210 nm (FWHM 120 nm) as

measured by dynamic light scattering (Fig. 1d), with a small increase

in size associated with PEI attachment. The encapsulation efficiency

of lomerizine in nanospheres was 7.1¡ 1.3%. Drug release from the

nanospheres into phosphate-buffered saline (PBS) was assessed at

physiological and slightly acidic pH (Fig. 2). The rate and quantity of

lomerizine released from the polymer nanospheres decreased with

increasing pH; at normal physiological pH (7.4) the release of

lomerizine was below the detectable limit at all time points. In these

experiments, the concentration of lomerizine in the sink reached a

maximum level after several hours; this may reflect saturation of the

sink solution that would be unlikely to occur in vivo. The extent of

the lomerizine release from the modified nanospheres was reduced by

PEI on the particle surface. This was perhaps a result of steric

hindrance or electrostatic interactions between the drug and PEI,

both of which carry a positive charge in acidic solution.

We have previously demonstrated that PEI-modified polymer

nanospheres localize in endosomes within 24 h (Fig. 1c).27 The pH

in early endosomes is mildly acidic and falls below 5 as the

endosomes mature,28 so the release of lomerizine from nano-

spheres could be triggered under these conditions. Here, we

administered lomerizine to PC12 cells using nanospheres, and

measured the intracellular calcium concentrations after glutamate

challenge in order to determine whether the intracellular release of

lomerizine could be employed for neuroprotection. PC12 cells

express both N- and L-type voltage gated calcium channels

(VGCCs), but not T-type channels,29,30 and in undifferentiated

PC12 cells, glutamate exposure (1–10 mM) over 24 h causes

oxidative stress and increased [Ca2+]i.
31,32 Glutamate-associated

toxicity in PC12 cells has been shown to be independent of typical

NMDA receptors,33 and the PC12 cell line is therefore suitable for

assessing the L-type calcium channel blockade by lomerizine.

Cells receiving nanosphere treatments were incubated with nano-

spheres containing lomerizine, with or without modification with

PEI (LNP+PEI and LNP2PEI respectively), or nanospheres

containing no lomerizine but with PEI modification (ENP). These

treatment groups were compared with cells treated with lomerizine

only (i.e., the free drug) at 1 mM. In all cases, nanospheres were

added at 20 mg mL21, which was estimated to yield a concentration

of lomerizine similar or lower than that of the free drug, based on the

data in Fig. 2. The results are shown in Fig. 3. Compared to resting

cells (‘untreated’), [Ca2+]i was significantly increased in cells that were

treated with empty nanospheres (ENP) and exposed to glutamate

(p ¡ 0.01). Lomerizine delivered using PEI-modified nanospheres

(LNP+PEI), or added as the free drug dissolved in 0.01% DMSO,

resulted in a significant (p¡ 0.001) decrease in [Ca2+]i in the presence

of glutamate; both routes were equally effective. Nanospheres

containing lomerizine but without PEI modification (LNP2PEI)

did not reduce [Ca2+]i (p > 0.05) compared to cells treated with

empty nanospheres. This was presumably because these LNP2PEI

nanospheres were not internalised by cells and were not exposed to

the acidic endosomal environment. Taken together, these results

suggest that lomerizine release from nanospheres requires a drop in

pH and that PEI-modified nanospheres may be a suitable vehicle for

the intracellular release of this drug.

Internalisation of polymer nanospheres is not a requirement for

lomerizine release, however, as drug release will occur in any

Fig. 2 Lomerizine release from nanospheres with and without PEI

modification (LNP ¡ PEI) over time. Filled symbols show release at pH

5, and open symbols the release at pH 6. In both cases, no release of

lomerizine was detectable by high pressure liquid chromatography (HPLC)

at pH 7.4 (not shown). (a) Release from nanospheres without modification

(LNP2PEI). (b) Release from nanospheres with PEI modification

(LNP+PEI). Error bars denote standard error (SE)..

Fig. 1 Polymer nanospheres were prepared and characterised, and were

internalised by PC12 cells. (a) The nanospheres contain magnetite

nanoparticles (inset) and rhodamine B fluorescent dye (scale bar 500 nm).

(b) PEI-modified nanospheres are internalised by PC12 cells (orange, RhB,

nanospheres; blue, Hoechst 33 342, nuclei; DIC overlay; 100 6/1.40; scale

bar 20 mm). (c) Transmission electron microscopy (TEM) shows nanospheres

incubated with PC12 cells are contained within intracellular vesicles after

72 h (scale bar 200 nm). (d) Nanosphere size distributions as measured by

dynamic light scattering; PEI-modified nanospheres (LNP+PEI and ENP)

show a slight increase in size compared to unmodified nanospheres

(LNP2PEI).
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environment with a lowered pH. After CNS injury, vascular

interruption causes a switch to anaerobic glycolysis in the brain;

this results in a decrease in pH in the intercellular space known as

acidosis. The pH falls about 1 unit during ischaemia, and can drop

below pH 6.0 during severe ischaemia or under hyperglycemic

conditions.34 In this situation, we would expect lomerizine release

from the nanospheres with the dose being dependent on the extent of

the injury. Therefore, we suggest that the nanospheres we have

described will be useful in either their PEI-modified or unmodified

forms, and that intracellular delivery or release into the intercellular

space could be achieved.

We have demonstrated the use of multifunctional polymer

nanoparticles to facilitate the intracellular delivery of a calcium

channel blocker in vitro. Release of lomerizine from nanospheres will

likely assist in improving the bioavailability of this drug and may

provide a means for extended release under slightly acidic conditions.

Neurotrauma treatment often requires surgery immediately after

injury (to repair vascular damage, for example, or for debridement

and decompression following spinal cord injury), so nanospheres

could potentially be administered directly at injury sites at this time.

In such a case, nanospheres would not need to cross the blood–brain

barrier, which is a significant obstacle in using nanoparticles to treat

the CNS.35 Lomerizine alone is not sufficient to prevent the

secondary damage arising as a result of neurotrauma21 and

combinatorial therapies will probably be needed to target not only

the neurochemically-induced changes, but also to initiate and provide

a permissive environment for axonal regrowth.9 A nanoparticle-

based approach could be beneficial for this purpose with potential

for the delivery of multiple therapeutic strategies simultaneously.
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Chapter 4

Conclusions and future work

In this project, a multifunctional drug delivery agent was designed and tested. is

agent was prepared to attempt to solve some of the problems associated with the

administration of drugs for neuroprotection following neurotrauma. Lomerizine is a

lipophilic calcium channel-blocking drug that has been shown to help prevent sec-

ondary degeneration after partial injury in the CNS. Regular, large doses are required

to effect neuroprotection, however, and the bioavailability of the drug is relatively poor.

Itwas thought that ananoparticle-baseddeliverymechanismmight help by facilitating

localised delivery of the drug and providing a sustained dose over time. In addition, the

use of nanotechnology might allow simultaneous diagnostics, smart delivery, and per-

mit the combination of lomerizine for neuroprotection with other therapies. is the-

sis demonstrates the preparation and in vitro testing of a potential nanoparticle-based

drug delivery agent for the sustained, localised release of lomerizine. In this chapter,

further consequences of each of the studies with be discussed, speculations for useful

future directions will be made, and a general conclusion will be provided.

4.1 Superparamagnetic quantum dot composite

In the rst of the series of papers, the preparation of a simultaneously uorescent and

superparamagnetic composite consisting of QDs and SPIONs is described. is com-

posite was designed to be used as a multimodal imaging probe for MRI and uores-

cence, with the prospect of modifying the composite to include drug encapsulation

capability. Evidence of the formation of a composite that was simultaneously uores-

91
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cent andmagnetic was found. An important conclusion from this part of theworkwas

that the presence of the magnetic particles, which have a very intense, broad absorp-

tion, did not completely quench the emission of the uorescent component. However,

several difficulties were encountered. First, the colloidal stability of these composites

was a problem, and second, surface functionalisation with polymers to improve the

stabilitywas difficult because the nature of the nanoparticle surfacewas unknown. Ad-

ditionally, the CdTe QDs used in this work appeared to elicit a toxic response in PC12

cells, in accordance with previous reports. ⁸⁴ Possible reasons for this toxicity include

Cd2+ etching from the nanoparticle surface, the formation of free radicals, or nanopar-

ticle interaction with individual cellular components leading to their malfunction.⁷⁷

⁸  ⁸⁴ Toxicity of the QDs could be reduced in a number of ways. It has been shown

that the antioxidant N -acetylcysteine may help protect cells against QD-induced free

radical formation. ⁸⁴ Alternatively, it has been suggested that encapsulation of QDs in

polymer-based systems might help overcome cytotoxicity. ⁸

e most important improvement to the uorescent and magnetic nanocompos-

ites described here would be to devise a more controlled preparation. Improving the

colloidal stability of the composite is also a priority. ese are major drawbacks with

the present system. It may be that the stability could be improved by adding a silica

coating, or attaching a polymer to the composite surface. Both of thesemethods could

improve the biocompatibility of the nanocomposite, as well as provide ameans of drug

entrapment for controlled release. Although silica coating was attempted after form-

ing the nanocomposite, the nanocomposites were already aggregated, and therefore

this approach did not work; silica coating may need to be performed on the individual

components rst. No attempt was made to attach polymer brushes to the composite,

as no information about the surface functionalisation was available. A better under-

standing of the surface chemistry of the QDs is needed.

Ultimately, the QD-magnetite nanocomposite approach was abandoned in favour

of a more biocompatible polymer-based system, which was more easily adapted to al-

low for encapsulation and binding of many different components. Nonetheless, there

is still potential for the use of QDs as a uorescent label in the other work presented in

this thesis. e QDs produced using the microwave synthesis method used here were

stable in aqueous dispersion, however, which would be a problem for encapsulating
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these QDs in polymers using an emulsion method. e emulsion method presented

in subsequent work required components to partition into the oil phase rather than

the continuous, aqueous phase. Although ligand exchange reactions can be used to

transfer QDs from oil to water, they often cause a drop in the quantum yield of the

QDs. ⁴  ⁴⁴ ere are limited accounts of successful phase transfer of aqueous QDs

into organic solvents in the literature by ligand exchange, although some reversible

phase transfermechanisms have been reported, ⁴⁵ ⁴⁶ and polymerwrappingmethods

have been shown to preserve the photoluminescence properties of QDs. ⁴⁷ As such, it

would probably be best to prepare QDs using high temperature synthesis methods ⁴⁸

⁴⁹ (such as the hot injection method) if the use of QDs in polymer nanospheres were

to be considered. Despite these drawbacks with the prepared composite, tracking of

nanosystems in vitro and in vivo, drug delivery frompolymer-modi ed composites, and

cell separation and labelling applications may bene t from this work if these draw-

backs can be addressed. A number of studies have reported magnetic QD composites

and heterostructures prepared in organic solvents, ⁵⁰ ⁵⁶ and polymer modi cation of

these materials ⁹ may be a useful starting point for preparing multifunctional nano-

particles.

4.2 PMMA-based multifunctional nanospheres

In the second paper, nanospheres were prepared using PMMA, a non-biodegradable

polymer. e nanospheres contained SPIONs and BODIPY dyes. Optionally, lomer-

izine could be encapsulated in the nanospheres, and a PEGylated analogue was also

prepared. e in vitro toxicity of the nanospheres in PC12 cells was acceptably low to

warrant further testing. Relaxometry measurements indicated that the nanospheres

would likely produce sufficient contrast in MR images to allow tracking, with T re-

laxivity (ca.  s− m− Fe) being substantially higher than commercially available

Feridex contrast agent. Nanospheres produced using PMMA were found to be po-

tentially useful for release of drugs into the extracellular space. e release of lomer-

izine was pH-sensitive and proceeded most rapidly under acidic conditions, probably

due to protonation and increased solubility of the drug (pKa = 2.8). It is likely that

the mechanism of lomerizine release was simply diffusion from within the polymer

matrix. In contrast to the observed release under acidic conditions, at normal physio-
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logical pH the release of lomerizine was negligible. is is a highly desirable outcome

in drug delivery, because it prevents the drug from being released under normal con-

ditions in healthy tissue. After injury, on the other hand, acidosis in ischaemic tissue

causes the pH in the cellular and tissue environments to fall. ⁶ e drop in pH would

lead to release of lomerizine. Although the release of lomerizine could not be shown in

vitro in the present work (the acidic pH required for lomerizine release would kill cells),

the efficacy of lomerizine release could perhaps be assessed using an in vivo model of

focal ischaemia, for example. A useful nding was that the uorophore and SPIONs

did not have to be covalently bound to the nanosphere to prevent their escape, as no

evidence of dye leaching was observed in the confocal imaging experiments. ese

imaging species were probably sufficiently lipophilic to remain trapped in the polymer

nanosphere.

In order to test the hypothesis that PEGylated nanospheres had stealth properties,

as proposed in Aim 2, it would be necessary to measure serum adsorption rates and

in vivo circulation times. e size of the nanospheres would also play a role in deter-

mining the rate at which they were recognised and cleared, and this property could be

adjusted to optimise performance. Although relaxometry indicated that PMMA na-

nospheres had a strong effect on T relaxation times, the MRI behaviour of the nano-

spheres (speci cally, the transverse relaxivity r) could not be adjusted as well as was

desired. Two different solvent conditions used in the preparation of nanospheres were

examined, and it was speculated that the transverse relaxivities of the two types of

particles produced would be different, but this was found not to be the case. is was

perhaps because the distance between SPIONs in the different nanosphere assemblies

were too similar to have an effect on relaxivity. Investigating the reproducibility of the

SPION clustering within the nanospheres and its effects on relaxivity might be worthy

of further investigation.

Several improvements could be made to this preparation. First, the new BODIPY

dye that was tested did not respond to pH changes in the range 5–7, which is opti-

mum for physiological systems; the chemical structure of the dye itself would probably

need to be changed to bring the pKa value closer to physiological pH. Second, the re-

sults of this section may be transferable to a biodegradable polymer, such as PLGA,

which could be used to encapsulate the drug. is degradation would probably need
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to be slow given the necessary duration of lomerizine treatment.⁶ Complicationsmay

arise if imaging tools were released, but provided these probes were also biocompati-

ble and could be cleared effectively, thismay be an alternative approach. e bene t of

a biodegradable polymer is that the nanosystem would be cleared from the body after

it has served its purpose. ird, the drug encapsulation efficiency could probably be

improved by adjusting the conditions of the synthesis (i.e., choice of solvents and their

proportions, ratio of aqueous to dispersed phase, etc.), to encourage lomerizine parti-

tioning into the organic phase. Making the nanosphere surface charge more negative

may increase electrostatic interactions with PEI, which might enable cellular uptake

of these nanospheres. Alternatively, a block copolymer of PMMA and PEI could be

investigated as a means of achieving a positive surface charge for cellular uptake.

e system described here is represented by a new multifunctional nanoparticle

that might help address some of the problems associated with lomerizine, including

poor bioavailability and theneed for regular administration. epH-dependent release

of lomerizine from PMMA nanospheres may be useful for delivering the drug into the

extracellular space in response to acidosis induced by ischaemia. ⁶ e results of this

work could be extended to other polymer systems (including biodegradable polymers),

dyes (such asNIR uorophores), andother similarly lipophilic drugs. Nanosphereswith

different surface modi cations can be prepared by using block copolymers. As such,

the system described here is a versatile platform for extracellular delivery of lipophilic

drugs.

4.3 PGMA-based multifunctional nanospheres

In this work, polymer nanospheres were produced from PGMA and RhB dye, and con-

tained magnetite nanoparticles. e nanospheres could be subsequently modi ed

with PEI, and were characterised extensively, both in a materials sense and in vitro.

In vitro tests showed that nanospheres were taken up by several endocytic routes, in a

variety of cell types, and after – h, the nanospheres apparently gathered in early en-

dosomes. e nanospheres were not toxic at concentrations lower than  µgml−

as measured by cell viability assays. Although PEI is known to induce toxic changes in

vitro, ⁴ ⁵⁷ in the present case it did not, perhaps because the PEI was bound to nano-

spheres, or because the surface density of PEI was not sufficiently high. ere was no



96 | Conclusions and future work

indication that these nanospheres causedmembrane disruption or could escape endo-

somes, a nding in accordance with the lack of observed toxicity. Nanospheres were

incubated with cells for up to  h and therefore covered the timecourse for known

toxic changes in vitro. ⁵⁷ Relaxometry again revealed a high value of r ( s− m−

Fe), which indicated that strong contrast should be produced inMR images using these

nanospheres. Additionally, the relaxivity of the nanospheres was shown to depend on

intracellular compartmentalisation, as in previous work.  ⁸ is would normally

preclude the use of MR for quanti cation of iron loading in cells, but in the present

case, the multimodal properties of the nanospheres allow uorescence to be used to

quantify iron concentration. is may allow relaxometry to be used as a quantitative

measure of the state of nanosphere aggregation within cells in the future.

PGMA nanospheres are among the most promising candidates for delivery of a

lipophilic drug in vitro. Multifunctional PGMA nanospheres present many opportuni-

ties for a range of therapeutic applications and represent a platform that can be further

tailored for speci c applications. Changes that could be made include use of differ-

ent targeting modi cations and different imaging probes (e.g., QDs, or NIR uorescent

dyes). e reactive glycidyl groups present on the polymer would likely allow facile at-

tachment of targeting moieties (e.g., antibodies, peptides, or ligands). is may have

potential for further improving targeting of the nanospheres to speci c cell types. is

could be bene cial for anticancer therapies (using folate for targeting, ⁰  ⁹  ⁸ for

instance), as well as treatments focussing on particular CNS cell types. For example,

astrocyte function is known to critically in uence neuronal survival during ischemia

and other brain insults, aswell as neurite outgrowth andneurogenesis. ⁵⁸ ⁵⁹ Targeting

particular cell types offers potential for highly speci c therapies to treat themany other

biochemical and physical changes that take place following neurotrauma. In conjunc-

tion with PEG surface modi cation, this may allow the preparation of stealth particles

with very speci c binding abilities. While the presentmodi cationwith PEI is effective

in promoting cellular interaction, it is non-speci c, and speci c therapies are highly

desirable. is is because targeted therapies can reduce delivery to unintended sites,

allowing larger doses to be administeredwith a greater percentage of drug reaching the

target, producing fewer side effects. ⁶⁰ Additionally, a deeper understanding of com-

plex neural systems can be obtained by making use of highly speci c nanosystems.⁷⁸
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Different organic uorophores could be investigated in order to improve the spec-

tral characteristics of the PGMA nanospheres. RhB has a reasonably broad emission

spectrum which can result in spectral overlap when used in conjunction with other

common biological uorophores such as Alexa 488. In particular, NIR-emitting u-

orophores are attractive because they are useful for multimodal in vivo uorescence

and MRI imaging. Although dyes that emit in the visible spectrum are convenient for

in vitro analysis because they can be directly visualised by uorescence microscopy,

NIR dyes are becoming increasingly important for in vivo imaging. is is because aut-

o uorescence is lower and light penetration through tissue is greater in the NIR. ⁶

Fluorescent imaging in vivo has low resolution but high sensitivity, and is a promis-

ing new non-invasive imaging technique. e use of NIR dyes was attempted, but the

uorescence of the dyes tested was very weak. Although this was expected, ⁴ uo-

rescence was so poor as to be undetectable by spectrophotometry. Further work may

lead to a improved uorescent emission andanunderstanding ofwhy uorescencewas

quenched. Different MRI contrast agents could also be used. Positive contrast agents

(i.e., thosewhich primarily affect T)might bemore easily visualised in tissues, because

they lead to a signal of higher intensity, rather than hypointense regions as for SPIONs.

ey are also not associatedwith blooming of the image, although the sensitivity is not

as good. ⁶ e nanospheres could probably be functionalised with T contrast agents

to enable T-weighted imaging; one way to do this in the literature is through cova-

lent attachment of Gd-chelating molecules, followed by addition of a Gd3+ salt. ⁶⁶ ⁹⁷

Such a procedure should be relatively straightforward owing to the reactive epoxide

functional groups present on the polymer.

Another variable worth testing is different PEI modi cations. Higher molecular

weight PEI, or an increased grafting density, may allow sufficient buffering of endolyso-

somal pH to promote endosomal escape of the nanospheres. e nanospheres may

then nd application as a non-viral transfection agent. Testing the toxicity of the na-

nospheres would need to be repeated, however, because endosomal escape can be as-

sociated with toxicity. ⁴ ⁵⁷ To prevent nanospheres being immediately sequestered

in intracellular compartments, or to increase circulation time in vivo, a combination of

both PEI and PEG modi cations could be applied to the nanospheres. e PEG mol-

ecules would be expected to impart stealth properties to the nanospheres, and could
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be attached to PGMA nanospheres by direct grafting of end-functionalised PEG onto

PGMA nanospheres using the reactive epoxide groups of the polymer. Alternatively,

the effect of nanosphere size on compartmentalisation could be investigated. Chang-

ing the nanosphere size would be difficult using the present emulsion approach, al-

though concentration, solvent, and molecular weight of the polymer are known to af-

fect the resulting nanosphere size when using emulsion methods. ⁶  ⁶ Alternatively,

an emulsion polymerisation process could be used, ⁶  ⁶⁴ or the produced particles

could be subjected to a more rigorous size-selection process.

Further examination of nanosphere toxicity is also warranted. One of the limita-

tions of using a non-biodegradable polymer such as PGMA is that nanospheres are

likely to accumulate in cells with repeated treatments. is may have a deleterious ef-

fect by further disrupting already perturbed cellular functions, or as a result of the toxi-

city of the nanosphere constituents themselves (e.g., iron oxides). e accumulation of

iron oxide nanoparticles has been demonstrated in cultured astrocytes. ⁶⁵ Given that

SPIONs were encapsulated within a protective polymermatrix, the toxic effects of iron

oxide may be reduced compared to free SPIONs in this work. However, it would be

necessary to examine the accumulation of nanospheres within cells over a longer pe-

riod of time and whether continuing accumulation resulted in toxicity. Additionally,

only healthy neuronal populations were exposed to nanospheres in this project, which

is probably not representative of the post-traumatic cellular environment. Compro-

mised cells would likely be more vulnerable to further insult than their healthy coun-

terparts, so it would be helpful to know whether nanospheres cause further cell death

in in vitro models of oxidative stress or ischaemia, or in vivo models of neurotrauma.

Furthermore, the MTT assay may provide a more comprehensive indication of nano-

sphere toxicity than using the Live-Dead assay to quantify cell viability, because the

former reveals changes in cellular metabolism and not only cell death.

epreparationof PGMAnanospheresmodi edwithRhBandPEI and loadedwith

SPIONs represents the successful development of a multifunctional system that can

be imaged and has provision for drug encapsulation and release. A non-biodegradable

polymer was used in this work, as in the previous section, but similarly, the results

are likely to be applicable to other polymers, dyes, and contrast agents. A number of

imaging techniqueswere used to follow these nanospheres simultaneously, potentially
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leading to new methods for the quanti cation of intracellular compartmentalisation

and endolysosomal sorting. e ability to functionalise PGMA nanospheres with PEI

effectively allowed the development of a multifunctional platform that could be useful

for intracellular delivery.

4.4 Delivery of lomerizine using multifunctional PGMA nanospheres

e nal part of this work shows the feasibility of achieving lomerizine release from

multifunctional PGMA nanospheres in an in vitro model. Using the synthesis pro-

cedure already established for polymer nanospheres, PGMA nanospheres were pre-

pared containing lomerizine. e encapsulation of lomerizine and its release from

these nanospheres were quanti ed as for PMMA. Finally, nanospheres were shown

to release lomerizine, resulting in VGCC blockade that limits Ca2+ in ux in response

to glutamate-induced excitotoxicity in PC12 cells. Lomerizine delivered using nano-

spheres was shown to be equally effective as the free drug prepared as a solution in

0.01% DMSO, as assessed by reduction in [Ca2+]i in response to glutamate challenge.

However, the nanospheres have the advantage of being able to provide a sustaineddose

over time, and could potentially be functionalised as described in the previous section

to give better targeting of the drug. is would be expected to lead to more efficient

use of the drug, without the need for regular administration. An improvement that

could be made to the PGMA nanosystem is increasing the encapsulation efficiency of

lomerizine in the nanospheres. For PGMA nanospheres, the encapsulation efficiency

was 7%, as determined by HPLC. As for PMMA nanospheres, the proportion of lomer-

izine encapsulated in nanospheres could be increased by choosing different solvents

or adjusting solvent ratios used for the emulsi cation.

An important experiment that remains is to compare lomerizine delivered using

nanoparticles with free lomerizine. is should be done in an optic nerve partial tran-

section model so that lomerizine delivery using nanospheres can be compared with

oral administration.⁵⁹ It would be necessary to measure for how long release of lom-

erizine could be sustained to ensure a sufficient duration of therapy, which needs to

be longer than month.⁶ e release shown in this paper appears to slow after – h,

perhaps due to saturation of the sink solution. Extrapolating from the data, the entire

encapsulated dose of lomerizine could be released over a period of up to about  days.
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In reality, a moremetered done that depends on the extent of acidosis at the injury site

might be achievable. If the dose of lomerizine is released too quickly, then it may be

possible to identify a synthetic parameter (such as the density of PEI functionalisation)

that determines the drug release rate at a given pH, rather than relying on the physic-

ochemical properties of the drug as was the case here. Before any in vivo experiments

are undertaken, it would be necessary to con rm that nanospheres are non-toxic, and

determine whether or not they relocate to speci c organs after they are placed in the

body. is could be achieved using the multimodal imaging capabilities (both MRI

and uorescence imaging) of the nanospheres. Although not a part of this thesis, these

experiments have already been performed, and this work is presented in Appendix B.

PGMAnanospheres were tested in vivo, using a high concentration of nanospheres ad-

ministered intravitreally or at the site of an optic nerve partial transection in rats, to

con rmwhether tracking of the nanosystemwas possible usingMRI and uorescence.

Both imaging techniques were useful, and the location of nanospheres could be visu-

alised using either small animal MRI, or tissue sectioning and uorescence analysis.

e measured relaxativities of the nanospheres indicated that strong contrast should

be produced and this was indeed the case. e nanospheres were observed to persist

in tissue for a sufficiently long time to potentially provide a useful extended dose of

lomerizine to help reduce secondary degeneration after neurotrauma.

Future work on this project would need to examine the effectiveness of lomeri-

zine delivered using nanospheres and whether the expected bene ts of administra-

tion using nanoparticles led to improved outcomes in an in vivo injury model. Given

that systemic administration of the nanospheres described here would need further

investigation (to ensure effective targeting, blood circulation and stability, for exam-

ple), the question arises how andwhen nanospheres should be administered. Systemic

administration of nanospheres would present a number of challenges requiring fur-

ther investigation. e rst of these is whether or not nanospheres could cross the

blood–brain barrier. It is likely that the relatively large size of the nanospheres would

prevent their free diffusion through this barrier; receptor-mediated transcytosis would

therefore be necessary if nanospheres were to enter the brain parenchyma. ⁸ Reduc-

ing the nanosphere size (≤  nm) and functionalising the nanosphere surface with

antibodies that activate receptors highly expressed on the brain capillary endothelium



Final remarks | 101

(e.g., transferrin or insulin receptors) may provide a means for overcoming this chal-

lenge.⁹  ⁹⁷ ⁸ Second, ischaemia at the injury site would probably mean that systemic

administration of nanospheres would be difficult because of the limited blood supply.

erefore, systemic administration of nanospheres may not be appropriate. Because

neurotrauma often results from vehicle accidents and is closely associatedwith stroke,

it is likely that surgerywould be required soon after injury to repair vascular damage re-

sulting in haemorrhage, for example, or for debridement and decompression following

spinal cord injury. Nanospheres could potentially be administered directly at injury

sites at this time, although some means of achieving diffusion or immobilisation of

nanoparticles may be necessary. Immobilisation or positioning of a nanosphere bo-

lus could be controlled using a magnetic eld and the magnetic property of the nano-

spheres, whereas PEGylation of the nanosphere surface might assist in particle diffu-

sion throughout tissue vulnerable to secondary degeneration.

4.5 Final remarks

e ndings presented in this thesis describe the rational design, preparation, and bio-

logical testing of a multifunctional drug delivery agent, as set forth in the project aims.

e multifunctional polymer nanospheres produced here were sufficiently non-toxic

to cells, and successfully encapsulated and released lomerizine. Strategies were de-

vised to deliver lomerizine intracellularly by modi cation of PGMA nanospheres with

PEI, and to achieve extracellular release of lomerizine from either PGMA or PMMA

nanospheres in response to acidosis. A functional outcome of intracellular release of

lomerizinewas also demonstrated in vitro; Ca2+ in ux in PC12 cells was effectively sup-

pressed in the presence of glutamate. Using this nanoparticle-based approach, lomer-

izine might be made more bioavailable in vivo, and extended release dosing may be

possible. Although speci c uorescent dyes, drugs, and surface modi cations were

investigated in this thesis, the results are highly applicable to a variety of therapeutic

substances and imaging tools. Indeed, one of the bene ts of using a nanoparticulate

system is that the identity of encapsulatedmaterials can be alteredwhile the biological

behaviour of the carrier remains essentially unchanged. ⁶⁶ erefore, this thesis really

describes the preparation of amultifunctional platform that is highly versatile and can

potentially be used to improve targeting ofmany lipophilic drugs while also being used
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for imaging.

In the future, itmay be possible to target delivery of the drug to speci c cell types by

further modi cation of the nanoparticle platform. e use of biodegradable polymers

may also be helpful, to allow clearance of the nanosystem after lomerizine release, as

initial results suggested that clearance of nanospheres was slow. e clearance of na-

nospheres is an important consideration that requires further attention. Future work

includes testing lomerizine-loaded nanospheres (both PMMA and PGMA) in vivo. e

use of multifunctional polymer nanospheres to deliver lomerizine is expected to as-

sist in reducing Ca2+ in ux in vivo, as indicated by in vitro experiments in this project.

Because Ca2+ in ux is a consequence of glutamate excitotoxicity, lomerizine delivery

may help to limit neuronal death and loss of function following neurotrauma.

In this thesis, successful encapsulation and release of lomerizine has been demon-

strated. e problems associated with lomerizine administration in vivo may be over-

come using this approach, leading to effective neuroprotection in penumbral regions

of CNS injury. Lomerizine helps to reduce Ca2+ in ux associated with glutamate ex-

citotoxicity, which limits neuronal death and resulting loss of function caused by sec-

ondary degeneration. is is the rst step in treatingneurotrauma,which currently has

no established clinical treatment. e remaining therapeutic goals identi ed for suc-

cessful neurotrauma treatment include providing a permissive environment for neu-

ronal growth, promoting axonal extension, and encouraging plasticity. erefore, lom-

erizine delivered using nanoparticles would probably need to be combined with self-

assembling peptide scaffolds or other therapies in order to effectively facilitate recov-

ery after neurotrauma. Drug delivery and self-assembling scaffolds are two tools of-

fered by nanotechnology that may be of use in treating neurotrauma. ese exciting

developments may play a key role in disproving the dogma that neuronal injury is per-

manent, bringing treatments to aid recovery from neural injuries within reach.
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Supporting information

Nanosized luminescent superparamagnetic hybrids

CameronW. Evans, Colin L. Raston and K. Swaminathan Iyer

Figure S1. PXRD and reference data.
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c

a b

Figure S2. Transmission electronmicrographs. a,Cadmium telluride quantum dots. b,Magnetite na-

noparticles. c, Low resolution micrograph of the nanocomposite (CdTe–Fe3O4).
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Figure S3. Magnetisation curve for as-prepared magnetite.
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Supporting information

Multimodal and multifunctional stealth polymer nanospheres for sus-

tained drug delivery

CameronW. Evans, Melissa J. Latter, Diwei Ho, Tristan D. Clemons, Melinda Fitzgerald, Sarah

A. Dunlop, and K. Swaminathan Iyer

Figure S1. Transmission electron micrograph of as-prepared magnetite nanoparticles. Scale bar =

100 nm.

Figure S2. Zero-field cooled (solid)–field cooled (open) curves for PMMA nanospheres as measured

by SQUID magnetometry.
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Figure S3. Hysteresis loops at 5 K (open) and 300K (solid) for PMMA nanospheres, measured using

SQUID magnetometry. The inset shows detail at the origin.

Figure S4. Determination of relaxivity for two different PMMA nanosphere preparations. Solid points

denote nanosphere prepared using hexane/chloroform/acetone ratio 1:2:9, and open points represent

nanospheres prepared using solvent ratio 0:1:19.
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Supporting information

Multimodal analysis of PEI-mediated endocytosis of nanoparticles in

neural cells

Cameron W. Evans, Melinda Fitzgerald, Tristan D. Clemons, Michael J. House, Benjamin S.

Padman, Jeremy A. Shaw, Martin Saunders, Alan R. Harvey, Bogdan Zdyrko, Igor Luzinov,

Gabriel A. Silva, Sarah A. Dunlop and K. Swaminathan Iyer

Figure S1. Fluorescence spectrophotometry displays the spectral characteristics of PEI-modified na-

nospheres; uncorrected excitation (dashed line) and emission (solid line) spectra were measured in

water.
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Figure S2. SQUIDmagnetometry of PEI-modified nanospheres reveals superparamagnetic behaviour.

a, Hysteresis loop at 5 K. b, The magnetisation curve at 300K displays no hysteresis and shows a

specific saturation magnetisation of 5.7 emu g–1. c, Zero-field-cooled (open points) and field-cooled

(solid points) curves are coincident above ca. 50 K.
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Figure S3. Viability of cells incubated with increasing concentrations of PEI-modified nanospheres. a,

Immortalised cells (namely PC12 and rMC-1) incubatedwith nanospheres for 24 h or 72 h respectively

displayed no statistically significant (one-way ANOVA with Bonferroni post-hoc correction, p>0.05,

N=3 per group) reduction in cell viability (mean ± SE) for concentrations up to 250 μgml–1. b, Pri-

mary neurons from rat were incubated with nanospheres for 24 h; only hippocampal neurons showed

a significant (one-way ANOVA with Bonferroni post-hoc correction, p ≤ 0.05 indicated by *, N=5 per

group) reduction in viability (mean ± SE) at 1000 μgml–1 compared to control.

Figure S4. Internalisation of nanospheres (10 �gml–1) is dependent upon modification with PEI. a,

Nanosphereswithout PEImodificationwere not associatedwith PC12 cells after 72 h incubation (red =

RhB, nanospheres; blue = Hoechst, nuclei; DIC overlay; 63×/1.40, scale bar = 20 μm). b, PEI-modified

nanosphereswere internalised by PC12 cells and presented a punctate distributionwith exclusion from

the nucleus (red = RhB, nanospheres; blue = Hoechst, nuclei; DIC overlay; 100×/1.40, scale bar =

20 μm).
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Figure S5. Internalisation of nanospheres quantified by fluorescence intensity (mean ± SE) in cortical

and hippocampal neuronal cultures. Analysis of 10 or more fields of view (10×/0.30 objective) per

group shows greater uptake by cortical neurons (Mann-Whitney U test, p≤0.05 indicated by *) than

hippocampal neurons.

Figure S6. Inhibition of endocytic routes did not result in reduced uptake of nanospheres (10 μgml–1).

PC12 cells were treated with inhibitors for 1 h and incubated with nanospheres in the presence of in-

hibitors for a further 3 h. Fluorescence was used to quantify nanosphere uptake (mean ± SE). No

significant reductions (one-way ANOVA with Bonferroni post-hoc correction, p > 0.05, N=6) in PEI-

modified nanosphere uptake were observed relative to control, using the nanosphere fluorescence as

a measure of uptake. (CPZ = chlorpromazine, Nys/Prog = nystatin/progesterone, DMA = dimethy-

lamiloride.)
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Figure S7. Nanospheres are not located within lysosomes or late endosomes. PC12 cells were incu-

bated with PEI-modified nanospheres for up to 72 h, and lysosomes and late endosomes were labelled

immunohistochemically using an antibody for the lysosomal associated membrane protein LAMP-1.

a, Confocal maximum intensity projection shows no colocalisation of nanospheres (10 μgml–1) with

lysosomes or late endosomes (red = RhB, nanospheres; green = Alexa 488, LAMP-1; blue = Hoechst,

nuclei; DIC overlay; 100×/1.40, scale bar = 5 μm). b, Confocal maximum intensity projection with na-

nospheres at 1 μgml–1 (red = RhB, nanospheres; green = Alexa 488, LAMP-1; blue = Hoechst, nuclei;

DIC overlay; 100×/1.40, scale bar = 10 μm).
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Figure S8. Fluorescence and iron content of nanoparticles are correlated. The fluorescence intensi-

ties of standard solutions of nanospheres were recorded in aqueous dispersion (open triangles). The

samples were subsequently digested and iron was quantified by ICP-AES. Strong correlation of iron

content with fluorescence allowed the determination of iron in a sample of PC12 cells containing na-

nospheres (filled square) to within 10% error.

Video S1. PC12 cells were incubated with PEI-modified nanospheres (10 μgml–1) for 24 h and imaged

using confocal microscopy. A single z-slice was recorded at each time point (red = RhB, nanospheres;

DIC overlay; 20×/0.75).

Available online at http://pubs.acs.org/doi/suppl/10.1021/nn2022149
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Video S2. PC12 cells were incubated with PEI-modified nanospheres (10 μgml–1) for 72 h and imaged

using confocal microscopy. A single z-slice was recorded at each time point (red = RhB, nanospheres;

DIC overlay; 20×/0.75; composite of 4 images).

Available online at http://pubs.acs.org/doi/suppl/10.1021/nn2022149

Elemental analysis

Nanospheres before PEI modi cation: C 56.67%, H 7.04%, N < 0.30%.

PEI-modi ed nanospheres: C 50.84%, H 6.56%, N 1.10%.

e percentage by mass of PEI in the PEI-modi ed sample was determined by the in-

crease in nitrogen content following modi cation. e contribution of Rhodamine B

to the nitrogen content of the nanospheres is negligible, based on previous reports

(Tsyalkovsky, V. et al. Fluorescent reactive core-shell composite nanoparticles with

a high surface concentration of epoxy functionalities. Chem Mater 20, 317–25 (2008))

and the nitrogen content of the unmodi ed nanospheres being below the measurable

limit.
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Appendix B

In vivo use of PGMA nanospheres

e following paper describes the in vivo use of multifunctional PGMA nanospheres

that were developed in this thesis. e biodistribution and toxicity of the nanospheres

was investigated in rats using correlated whole-animal MRI and uorescence imag-

ing of tissue sections. Nanospheres were introduced by either intravitreal injection or

application at the site of a partial transection of the optic nerve.

1. Harrison, J., Bartlett, C. A., Cowin, G., Nicholls, P. K., Evans, C. W., Clemons, T.

D., Zdyrko, B., Luzinov, I., Harvey, A. R., Iyer, K. S., Dunlop, S. A. & Fitzgerald,

M. In vivo imaging and biodistribution of multimodal polymeric nanoparticles

delivered to the optic nerve. Small 8, 1579–89 (2012).
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  1. Introduction 

 Traumatic injuries to the central nervous 

system (CNS) result in direct loss of neu-

rons and function and are exacerbated by 

secondary degeneration of surrounding 

tissue. [  1–3  ]  Treatment strategies to promote 

axon regeneration or reduce secondary 

degeneration have had limited success 

when translated to the clinic. [  4  ,  5  ]  Systemi-

cally applied polymeric nanoparticles can 

cross the blood brain barrier and deliver 

therapeutic agents into the CNS, [  6  ,  7  ]  and 

nanoparticles can also be used to deliver 

therapeutic agents directly to a site of 

injury or disease in the CNS. [  4  ,  8  ]  Intraoc-

ular delivery of nanoparticle preparations 

containing therapeutic agents has also 

shown promise for treatment of eye dis-

ease. [  9–13  ]  There are caveats however, because nanoparticle 

preparations have been shown to be toxic to neurons in 

vitro, [  14  ]  to accumulate in peripheral organs in vivo, [  15  ]  and 

their presence in the brain has been linked to toxicity. [  16  ]  The 

toxic effects of nanoparticles depend on the particle size and 

size distribution, agglomeration state, shape, chemical com-

position, surface chemistry, and surface charge. [  17  ]  It is there-

fore vital that the biodistribution and potential pathological 

consequences of nanoparticles to the whole body be carefully 

assessed following delivery to the CNS, on a case by case 

basis, in both an injury and a non-injury animal model in vivo 

prior to possible clinical use. [  12  ,  18  ]  

 To determine the biodistribution of nanoparticles, it is 

necessary to identify them after administration. Magnetic 

resonance imaging (MRI) and fl uorescence microscopy 

are powerful analytical imaging techniques, and combining 

these visualization modalities to track nanoparticles is highly 

advantageous. The spatial resolution of MRI allows tracking 

on the whole body scale although its sensitivity is low, while 

fl uorescence imaging complements MRI by virtue of its high 

sensitivity and microscopic level of detail. [  19  ]  The ability to 

perform imaging on live animals with such particles is an 

obvious benefi t and enables real-time monitoring of nano-

particle biodistributions. To date, nanoparticles have been 

designed to deliver therapeutic agents to the CNS and use 

either fl uorescent dyes [  6  ,  8  ,  20  ,  21  ]  or magnetic materials [  11  ,  22  ,  23  ]  

for tracking. Although nanoparticles with both magnetic 

and fl uorescent capabilities have been used in other applica-

tions, particularly cancer, [  24–26  ]  studies describing delivery and 

resultant whole body biodistribution of dual magnetic/fl uo-

rescent nanoparticles to the CNS are limited. [  27  ]  

 We have assessed the whole body biodistribution of 

multimodal polymeric nanoparticles (hereafter referred to as 

NP) in vivo, using MRI and fl uorescence analysis, following 

administration to either a partial transection injury site in the 

optic nerve (ON) or intravitreally to the eye: that is, in both 

damaged and intact CNS. Partial transection of the ON is an 

effective model of secondary degeneration in the CNS [  28–30  ]  

and can be used to assess the effi cacy of therapeutic strat-

egies in limiting secondary degeneration; [  31  ,  32  ]  intraocular 

injections are used to deliver therapeutics to the diseased 

eye. [  33  ,  34  ]  In addition, we assessed the movement of NP within 

neural tissue and the response of activated microglia/macro-

phages to the NP. Histopathological analysis of brain and 

peripheral tissues was also conducted. 

   2. Results and Discussion 

 NP, 100–250 nm in diameter, designed to carry therapeutic 

agents to sites of injury or disease in the CNS were used in 

the current study and have been characterized as described 

in Evans et al., 2011. [  35  ]  The particles are composed of 

poly(glycidyl methacrylate) (PGMA), contain superparamag-

netic iron oxide nanoparticles (average size 6 nm,  Figure    1  A) 

and the fl uorescent dye rhodamine B, and are surface-modi-

fi ed with polyethylenimine (PEI; Figure  1 B). Dynamic light 

scattering (DLS) was performed in triplicate at 37  ° C to 

determine the average particle size: 157  ±  38 nm, and zeta 

potential: 34.0  ±  0.2 mV. NP were superparamagnetic as 

determined by SQUID magnetometry (where SQUID is 

superconducting quantum interference device) as there was 

no hysteresis at 300 K (specifi c saturation magnetization 

of polymer nanospheres 6 emu g  − 1 ), and the relaxivity  r  2  of 

the nanospheres was determined, based on the iron content 

inside the polymer, to be 340 s  − 1  m m   − 1  Fe.  

  2.1. NP Injected into Damaged ON are found 
in the ON and Retina 

 NP (0.5  μ L injection of 10 mg mL  − 1 : 5  μ g) injected into a 

partial ON transection at the time of injury were detected 

using MRI and were visible as hypointense regions in the 

image, due to T2 ∗  effects ( Figure    2  , circled). The NP dis-

turb the magnetic fi eld homogeneity causing a susceptibility 

effect that extends beyond the physical location of the NP in 

T2 ∗  images. This is illustrated by the hypointense region in 

Figure  2 A extending into the tissue either side of the optic 

nerve where the NP were injected, in contrast to fl uorescence 

     Figure  1 .     Visualization of NP component and fi nal structure. Iron oxide (Fe 3 O 4 ) nanoparticles 
prepared by high-temperature decomposition (a); scale bar  =  50 nm. NP containing iron 
oxide nanoparticles, with covalently attached rhodamine B dye and PEI surface modifi cation 
(b); scale bar  =  500 nm.  
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microscopy visualization (see below). The MRI contrast 

signal was located in the ON and appeared to become weaker 

as time progressed (Figure  2 A–C). It is possible that these 

decreases were due to transport of the NP following injection 

or due to the NP being cleared by macrophages (see below). 

Animals sham-injected with phosphate buffered saline (PBS) 

into the partial ON transection injury site had small visible 

dark areas in the ON at the site of injury (Figure  2 D–F), most 

likely due to blood at the injury site. Therefore, care must be 

taken in interpretation of MR images to ensure that hypoin-

tense regions on MRI images are truly due to magnetic NP.  

 NP injected into the partial ON transection at the time 

of injury were also visualized by fl uorescence microscopy 

( Figure    3  ). A relatively large quantity of NP was injected 

(5  μ g) in order to facilitate detection of NP at and away 

from the injury site and provide a ‘worst-case scenario’ for 

assessment of NP infi ltration and resultant toxicity in periph-

eral tissues (see Section 2.3). As such it is likely that there 

was more damage to neurons and glia at the injury site than 

would be expected if therapeutically relevant amounts were 

administered. Three hours after injection, NP were visible as 

a strongly fl uorescent bolus towards the end of the injection 

site in the ON (Figure  3 A). Three days after injection, the 

fl uorescent NP were visible in a larger area extending from 

the end of the injection site back to the partial transection 

injury (Figure  3 B). ED-1 immunopositive activated micro-

glia/macrophages had infi ltrated the area surrounding the NP 

and some NP were colocalized with these cells (Figure  3 B,D). 

It was not possible to quantify these microglia/macrophage 

numbers due to the strong and broad fl uorescence spectra of 

the rhodamine B dye incorporated into the large bolus of NP, 

interfering with the fl uorescence emitted by immunopositive 

cells. By 14 days after partial ON transection and injection, 

the fl uorescence from the NP was reduced, being present in 

the dorsal half of the ON distal to the injury (Figure  3 C), 

but infi ltration of ED-1 immunopositive activated microglia/

macrophages remained pronounced and colocalized with nan-

oparticles at the injury site (Figure  3 E). The ONs of animals 

sham-injected with PBS into the partial transection injury site 

were characterized by lesser infi ltration of ED-1 immunopo-

sitive activated microglia/macrophages (Supporting Informa-

tion (SI), Figure S1) that was similar in extent to that seen 

after partial ON transection but with no injection. [  29  ,  31  ]   

 Three days after injection of NP into the partial ON 

transection injury site, fl uorescent NP were observed prox-

imal to the injury site at the ON head (not shown) and in 

 β -III tubulin immunopositive retinal ganglion cell (RGC) 

somata in the eye ( Figure    4  A–C). Signifi cantly more  β -III 

tubulin immunopositive RGCs containing fl uorescent NP 

were observed at 3 days after injury than at 14 days ( p   ≤  0.05, 

Figure  4 C). There was a signifi cant increase in the number of 

ED-1 immunopositive activated microglia/macrophages in the 

RGC and inner plexiform layers 14 days after injury and ON 

injection ( p   ≤  0.05, Figure  4 F). However, the number of ED-1 

immunopositive activated microglia/macrophages that con-

tained fl uorescent NP remained low ( p   >  0.05, Figure  4 D–F, 

     Figure  2 .     Gradient echo MR images of the heads of rats injected with A–C) 0.5  μ L of NP (10 mg mL  − 1  in PBS) or D–F) 0.5  μ L sham injections (PBS) 
into the partial ON transection injury site. Animals were perfused and assessed 3 h (A,D), 3 days (B,E), or 14 days (C,F) after injury and injection. 
Circled regions indicate enhanced signal from NP.  
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     Figure  3 .     Fluorescence microscopy images of ON sections from rats injected with NP (red) into the partial ON transection injury site. Animals were 
perfused and assessed 3 h (A), 3 days (B,D), or 14 days (C,E) after injury and injection. Sections were also immunohistochemically stained for 
ED-1 (green). A, B, C are montaged images taken using 10 ×  objective, scale  =  200  μ m. D, 25 ×  objective, scale  =  50  μ m. E, 100 ×  objective, scale  =  
10  μ m. The end of the injection site is indicated by an arrow and the partial ON transection injury indicated by  ∗ .  

     Figure  4 .     Fluorescence microscopy of retinal sections from rats injected with NP (red) into the partial ON transection injury site. Sections were also 
immunohistochemically stained for  β -III tubulin (A,B) or ED-1 (D,E) (both green). Representative images show  β -III tubulin immunopositive retinal 
ganglion cells (RGCs) containing fl uorescent NP (arrows) 3 days (A) or 14 days (B) after injury and injection, and one of the occasional examples 
of ED-1 immunopositive activated microglia/macrophages (arrow, D) containing fl uorescent NP (arrow, E). Histograms indicate the mean  ±  SEM 
(standard error of mean) numbers of  β -III tubulin immunopositive RGCs mm  − 2  containing NP in retinal sections (C; note mean retinal ganglion cells 
mm  − 1  at 3 h  =  0) or the mean  ±  SEM numbers of ED-1 immunopositive activated microglia/macrophages with or without NP mm  − 2  in the ganglion 
cell and inner plexiform layers (F), but not including the optic nerve head. Note mean ED-1 immunopositive activated microglia/macrophages mm  − 2  
with NP  =  0 at 3 h and 3 days. Signifi cant differences between groups are indicated  ∗  ( p   ≤  0.05). For images: A, 60 ×  objective, scale  =  10  μ m; B, 
25 ×  objective, scale  =  10  μ m; D,E, 40 ×  objective, scale  =  20  μ m.  
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mean  =  0 at 3 h and 3 days after injury). Retinae of animals 

sham-injected with PBS (as opposed to nanoparticles) into 

the partial ON transection injury site were also characterized 

by infi ltration of similar numbers of ED-1 immunopositive 

activated microglia/macrophages at each time point, approxi-

mately equivalent to infi ltration into the retina that we have 

previously reported 3 days following partial ON transection 

with no injection into the ON. [  29  ]   

 The observation of NP in somata of RGCs 3 days fol-

lowing injection of the NP at a partial ON transection injury 

site in vivo is likely to be due to retrograde transport of the 

NP along axons to the parent somata in the retina. Retrograde 

transport of NP in neurons has been described in vitro and 

ex vivo [  36–38  ]  and delivery of NP to the nose and ear in vivo 

resulted in transport to central pathways in the brain. [  39  ,  40  ]  To 

our knowledge, the current study is the fi rst demonstration of 

transport of NP to neural somata from an injury to a white 

matter tract in vivo. NP may have entered RGC axons via the 

cut ends or by active uptake across cell membranes across 

the breadth of the ON. It is possible that NP also entered oli-

godendrocytes and/or astrocytes at the injury site although 

we have no evidence for this at this time. It is clear that NP 

injected at the injury site evoked a considerable infi ltration 

of activated microglia/macrophages that are likely to have 

phagocytosed NP. However, it is important to note that the 

sham PBS injections and indeed the partial ON transection 

injury itself (i.e., with no injection) also results in infi ltration 

of activated microglia/macrophages into the ON in consider-

able numbers [  29  ,  31  ]  and therefore NP injected at a CNS injury 

site are not necessarily highly immunogenic per se. 

   2.2. Multimodal Polymeric Nanoparticles Administered 
Intravitreally Remain in the Eye 

 NP (5  μ g total) delivered to the eye via two intravitreal injec-

tions, one nasal and one temporal, were detected using MRI, 

and were visible as two dark areas ( Figure    5  , circled). The 

MRI contrast signal from the NP moved towards the ON 

head at the back of the eye by 14 days after injection, but the 

signal did not perceptibly decrease (Figure  5 A–C). In con-

trast, hypointense areas were not visible in the eye following 

sham injection of PBS (Figure  5 D–F).  

 NP injected intravitreally were also visualized by fl uo-

rescence microscopy combined with immunohistochemistry 

( Figure    6  ). There were no  β -III tubulin immunopositive 

RGCs containing fl uorescent NP observed at any time after 

intravitreal injection (Figure  6 A). As time passed, NP were 

increasingly found in highly fl uorescent aggregates associated 

with the ganglion cell layer (Figure  6 B). There were no fl uo-

rescent NP detected in the ON following intravitreal injec-

tion. Three days after intravitreal injection of NP, the number 

of ED-1 immunopositive activated microglia/macrophages 

mm  − 2  in the RGC and inner plexiform layers of the retina, 

with or without fl uorescent NP, was signifi cantly higher than 

the numbers at 3 h or 14 days after injection (Figure  6 C,D). 

Approximately 9% of ED-1 immunopositive cells con-

tained fl uorescent NP at 3 days after intravitreal injection 

(Figure  6 D). The retinae of animals intravitreally injected 

with PBS (sham) contained low numbers of ED-1 immuno-

positive activated microglia/macrophages, similar to those 

reported for normal, i.e., uninjected, PVG rats. [  29  ]   

     Figure  5 .     MR images of the heads of rats injected intravitreally with 2  ×  0.5  μ L injections of 5 mg mL  − 1  NP in PBS (A–C) or 2  ×  0.5  μ L sham injections 
(PBS, D–F). Animals were perfused and assessed 3 h (A,D), 3 days (B,E), or 14 days (C,F) after intravitreal injection. Circled areas indicate signal 
from NP in the eyes.  
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 When intravitreally injected, there was no clear loss of 

the NP on MRI and the continued presence of fl uorescent 

NP in retinal sections indicated that the marked infi ltration 

of activated microglia/macrophages in the eye following NP 

injection did not remove NP from the ocular environment. 

It is likely that the mode of delivery and composition of NP 

is important in ensuring preservation of functional NP at the 

site of administration. Fluorescence remained associated with 

aggregates of NP in the eye for the 14 days of the study indi-

cating that the rhodamine B, which was covalently bound to 

the NP, remained intact. Similarly, prolonged presence of var-

ious nanoparticle preparations has been observed following 

ocular administration [  10  ,  21  ]  and pronounced infl ammatory 

infi ltration observed following administration of chitosan 

nanoparticles. [  22  ]  Prolonged presence of NP, perhaps in aggre-

gates, that have not been taken up by cells in the eye may be 

potentially useful for slow release of therapeutic agents. 

   2.3. Biodistribution Following Delivery of NP to the ON or Eye 

 The biodistribution and possible spread of our NP to other 

tissues postdelivery to the injured ON or intravitreally was 

key in assessing their suitability as a sustained drug release 

agent. Using MRI, the presence of negative contrast due 

to the decrease in average relaxation time over a region of 

interest is indicative of magnetic NP. Dark spots were occa-

sionally visible in whole body images and in higher magni-

fi cation images of the head or kidneys. However, there was 

no evidence of an increased incidence of dark spots in NP 

injected compared to sham-injected (PBS) animals at any 

time point or injection location (example sham-injected, 

 Figure    7  A). The occasional dark spots could be a result 

of iron in the blood, such as blood clots or capillaries not 

cleared of blood during the perfusion. Another way to detect 

NP is via a decrease in relaxation times which refl ect diffuse 

uptake of NP. Kidney and brain were selected for analysis 

and T1, T2 ∗ , and T2 relaxation times determined at 3 or 14 

days following injection of NP or sham injection into the 

partial ON transection site or intravitreally ( Table    1  ). There 

was no evidence of shortening of the relaxation times in the 

kidneys of NP-injected rats (compared to sham; Figure  7 B,C, 

Table  1 ). Similarly, relaxation times for selected regions of 

brain of an animal injected intravitreally with NP 14 days 

previously were not consistently decreased compared to the 

sham-injected animal (Figure  7 D, Table  1 ). The availability 

of only one animal per treatment group for MRI precluded 

comprehensive statistical analysis of relaxometry data, but 

the results suggest that MRI relaxation studies did not detect 

NP in the regions of interest assessed.   

 Fluorescence microscopy analysis of sections of brain, 

pancreas, liver, lung, kidney, heart, spleen, and gut from ani-

mals injected with NP at the partial ON transection site or 

intravitreally, did not detect fl uorescence above that observed 

in sham-injected animals (PBS; data not shown). Segments of 

equal mass (0.12 g) of these tissues were homogenized and 

magnetically concentrated to aid in detection of NP if present. 

Spiking of normal brain homogenates with known quantities 

of the NP was used to demonstrate that the limit of sensi-

tivity of detection of fl uorescent NP was 2.5  ×  10  − 9  g in 0.12 g 

of homogenized tissue (21 ng of NP g  − 1  tissue), with 214  ±  

12 (mean  ±  SEM) fl uorescent particles visible after magnetic 

     Figure  6 .     Fluorescence microscopy assessment of retinal sections from rats intravitreally injected with NP (red). Sections were also 
immunohistochemically stained for  β -III tubulin (A,B) or ED-1 (C) (both green). Representative images show:  β -III tubulin immunopositive retinal 
ganglion cells that did not contain fl uorescent NP 3 days (A) or 14 days (B) after injection. Most NP were associated with the ganglion cell layer but 
occasional clusters (asterix) were associated with the inner plexiform layer (A). NP were also occasionally present in large highly fl uorescent (yellow, 
asterix) non-cellular aggregates (B). ED-1 immunopositive activated microglia/macrophages were found with (thin arrows) or without (broad arrow) 
NP (C); 25 ×  objective, scales  =  20  μ m. The histogram indicates the mean  ±  SEM numbers of ED-1 immunopositive activated microglia/macrophages 
mm  − 2  with or without fl uorescent NP, in the ganglion cell and inner plexiform layers, but not including the optic nerve head (D, note mean ED-1 
immunopositive cells with NPs mm  − 1  at 3 h  =  0). Signifi cant differences between groups are indicated  ∗  ( p   ≤  0.05).  
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concentration of the spiked homogenate ( p   ≤  0.05, number of 

fl uorescent particles signifi cantly above values from normal 

tissue). It is important to note that autofl uorescent material 

of similar appearance to the NP is present at low levels in the 

tissue sections and homogenates from NP- and sham-injected 

animals, particularly in brain. However, there were no sig-

nifi cant increases in numbers of fl uorescent particles present 

in tissue homogenates from animals injected with NP at the 

partial ON injury site or intravitreally at any of the time 

points assessed, compared to sham-injected animals ( p   >  0.05, 

Table S1 (SI)), indicating that there was less than 21 ng g  − 1  of 

NP in all tissues assessed. 

 Histopathological analysis revealed particulate matter 

that was not fl uorescent in each of the tissues examined from 

all animals, including completely normal and sham-injected 

(PBS) animals (representative example kidney, Figure  7 E–G). 

The number of particles in brain sections was quantifi ed and 

ranged from 0 to 4 particles per fi fty 40 ×  objective fi elds. 

Particles varied in morphology from apparently round to 

irregular in outline, were not consistent in size and were 

therefore unlikely to be NP. Similarly, fl uorescent material 

was observed that often corresponded with autofl uorescent 

erythrocytes and not fl uorescent NP (Figure  7 E–G). Impor-

tantly, there was no apparent pathology observed following 

injection of nanoparticles into the ON or eye within brain, 

pancreas, liver, lung, kidney, heart, spleen or gut compared to 

animals injected with PBS or completely normal animals. 

 Our observed lack of changes in MRI relaxometry meas-

ures in brain and kidney following NP injections may have 

been due to a lack of sensitivity. However, taking advantage 

of the fl uorescence capability of the NP, we added credence 

to the relaxometry result with the observation of no fl uores-

cent NP in sections or homogenates of these or other tissues. 

Furthermore, there was no evidence of abnormal pathology 

related to NP administration in these or any of the tissues 

assessed, other than at the injection sites. It is therefore likely 

that the lack of change in relaxometry measures following NP 

administration refl ect the lack of NP present in these tissues. 

    3. Conclusion 

 In summary, we have demonstrated that the NP we have 

prepared can be effectively visualized at the site of admin-

istration using whole animal MRI as well as with fl uorescent 

microscopy of tissue sections. When injected into the par-

tially damaged ON, NP remain primarily at the injury site but 

some enter axons and are transported retrogradely to parent 

somata. Similarly, NP also remain in the eye following intra-

vitreal injection. However, injection of NP in both models 

results in considerable infi ltration of activated microglia/

macrophages. The biodistribution of NP can also be assessed 

posthumously by fl uorescence microscopy of sections and 

magnetic concentration and fl uorescence visualization of 

tissue homogenates. We observed no dissemination of the NP 

into peripheral tissues and no abnormal pathology in periph-

eral organs. The lack of peripheral toxicity indicates that in 

accordance with previous studies, [  41  ]  iron oxide nanoparticles 

     Figure  7 .     Representative MR image demonstrating a rare example of a black spot in the kidney (arrow) in a whole body image from an animal sham 
intravitreally injected with PBS 3 days earlier (A). Images of kidneys 3 days following injection of NP- (B) or sham-injected (C) into the partial ON 
transection site have regions of interest selected for relaxometry measures indicated (white boxed). Regions of interest selected for relaxometry 
measures from brain of an animal injected intravitreally with NP 14 days previously are also indicated (boxed, D). Histopathological analysis 
revealed particulate material that was not fl uorescent and fl uorescence colocalized with erythrocytes (E–G). Images shown are the same fi elds 
of view of a renal corpuscle imaged under bright fi eld microscopy (E), fl uorescence microscopy (F), and the composite image (G), from an animal 
injected intravitreally with NP 3 days previously. Three bright fl uorescent glomerular signals (broad arrows) colocalize with erythrocytes and a dark 
particle between the glomerular tuft and Bowman’s capsule (arrow) shows no fl uorescent signal. 40 ×  objective, scale  =  10  μ m.  
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within polymer nanospheres do not pose a toxic threat to 

the body, even if delivered in excess and engulfed by macro-

phages. Use of NP to deliver therapeutic agents encapsulated 

in the polymer sphere, administered intrethecally or by injec-

tion into the injury site and consequently the soma of injured 

neurons, may therefore be a useful therapeutic strategy fol-

lowing brain or spinal cord injury. 

 Delivery of NP containing therapeutic agents to glia and 

damaged axons at an injury site, and consequently to somata 

of neurons with damaged axons in white matter tracts could 

be useful following CNS injury. However, it is important to 

note that the proportion of RGCs containing fl uorescent NP 

was only approximately 1.5% of the reported RGC popu-

lation in normal PVG rat retina. [  31  ,  32  ]  It may be possible to 

modify the surface properties of our NP using various ligands 

or to change their size to improve targeting, increase uptake 

into neurons and transport to neural somata as well as 

decrease immunogenicity and phagocytosis by macrophages. 

Delivery of therapeutic agents directly to the neural somata 

could be particularly useful for specifi c classes of therapeutic 

agents such as anti-sense oligonucleotides and siRNAs. [  27  ,  42  ]  

Sustained delivery of therapeutic agents intravitreally, using 

NP, may also be useful for treatment of ocular degenerative 

diseases such as glaucoma. [  43  ]  

   4. Experimental Section 

  Animals : Female PVG Hooded rats (160–190 g. Animal 
Resources Centre, WA) were housed under a standard 12 h light/
dark cycle and fed standard rat chow and water ad libitum. Pro-
cedures conformed to “Principles of laboratory animal care” (NIH 
publication No. 86-23, revised 1985) and were approved by The 
University of Western Australia’s Animal Ethics Committee. Rats 
were anesthetized with xylazine (llium xylazil, Troy Laboratories, 
10 mg kg   − 1 ; intraperitoneal (i.p.)) in combination with ketamine 
(Ketamil, Troy Laboratories, 50 mg kg  − 1 ) and euthanazed with 
Euthal (Pentobarbitone sodium 850 mg kg  − 1 ; Phenytoin sodium 
125 mg kg   − 1 ; i.p.). 

  Partial Optic Nerve Transection : The procedure was per-
formed as described previously. [  31  ]  Skin overlying the skull was 
incised along the midline, retracted and the right ON accessed by 
defl ecting the Harderian lachrymal gland immediately behind the 
right eye. The nerve parenchyma was exposed approximately 1 mm 
behind the eye by making a slit in the  dura mater  with ophthalmic 
scissors. A controlled 200  μ m cut (approximately one quarter of 
ON width) was made in the dorsum of the ON using a diamond 
radial keratotomy knife, the depth of the incision determined by 
the protrusion of the blade beyond a surrounding guard. Nanopar-
ticles (dispersed in PBS) or PBS vehicle (sham) was injected into 

   Table  1.     Relaxation times for regions of interest in kidney and brain following injection of NP. Relaxation times expressed as T1, T2 ∗ , and T2 
(mean  ±  standard deviation, SD, in ms), for regions of interest in kidney 3 days and brain 14 days following injection of NP or sham injection 
(PBS) into the partial ON transection injury site or intravitreally. Regions of interest are defi ned in Figure  7 B–D. 

Kidney Left cortex Right cortex Left medulla Right medulla Left papilla Right papilla

T1

Intravitreal NP 911.5  ±  16 886.6  ±  22 1112  ±  22 1113  ±  11 1231  ±  16 1306  ±  22

Intravitreal sham 647  ±  11 704  ±  11 774  ±  17 842  ±  9.3 821  ±  15 929  ±  10

Injury site NP 922.8  ±  31 959  ±  25 1150  ±  39 1195  ±  24 1377  ±  38 1386  ±  17

Injury site sham 798  ±  31 818.7  ±  14 935  ±  35 958  ±  18 1061  ±  29 1122  ±  15

T2 ∗ 

Intravitreal NP 28  ±  1.4 32.7  ±  1.3 22.2  ±  1.7 51.4  ±  0.5 31.8  ±  2.2 60.2  ±  1.2

Intravitreal sham 30.1  ±  1.6 31.3  ±  1.4 47.1  ±  0.2 41.9  ±  0.9 56.5  ±  0.8 66.2  ±  0.6

Injury site NP 34.9  ±  1.7 34.0  ±  1.4 35.4  ±  1.4 50.7  ±  1.5 39.4  ±  2.2 60.2  ±  1.8

Injury site sham 34.1  ±  1.2 32.4  ±  0.9 55.4  ±  0.5 55.5  ±  0.3 80.2  ±  0.9 66.2  ±  2.1

T2

Intravitreal NP 69.4  ±  4.4 66.2  ±  5.4 79.8  ±  2.0 77.5  ±  2.8 104.6  ±  2.8 109.0  ±  3.3

Intravitreal sham 62.0  ±  5.5 68.9  ±  6.1 66.0  ±  2.6 71.6  ±  2.5 83.7  ±  3.4 98.7  ±  3.2

Injury site NP 72.7  ±  6 76.6  ±  5 81.9  ±  3 89.3  ±  3 103  ±  4 116  ±  3

Injury site sham 84.4  ±  7.7 79.0  ±  6 86.1  ±  2.9 82.4  ±  2.6 101.7  ±  2.5 103.3  ±  2.4

Brain Region 1 Region 2 Region 3 Region 4 Region 5 Region 6

T1

Intravitreal NP 918  ±  17 1059  ±  30 984  ±  22 995  ±  22 956  ±  40 971  ±  51

Intravitreal sham 929  ±  27 1022  ±  21 1036  ±  20 1018  ±  21 891  ±  17 1014  ±  47

T2 ∗ 

Intravitreal NP 35  ±  0.3 23.2  ±  0.8 40.8  ±  0.8 36.6  ±  0.9 30.6  ±  0.4 29.1  ±  0.8

Intravitreal sham 30.0  ±  0.5 25.4  ±  1.0 37.5  ±  0.6 37.2  ±  0.6 29.8  ±  0.5 29.2  ±  0.5

T2

Intravitreal NP 47.9  ±  3.1 56.3  ±  2.0 45.9  ±  2.4 48.7  ±  2.4 55.4  ±  6.2 56.4  ±  4.8

Intravitreal sham 46.0  ±  4.0 51.0  ±  2.8 42.1  ±  2.8 45.4  ±  3.0 51.2  ±  5.5 51.6  ±  5.0
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the site of the incision at the time of injury, as described below. 
Care was taken not to stretch the ON or damage major ophthalmic 
blood vessels. The sheath was closed, skin sutured (4/0 Silkam) 
and animals recovered on a warming blanket. Rats were treated 
with antibiotic and analgesic (Neomycin, 10 mg kg  − 1  in sterile PBS; 
Norocarp, 2.8 mg kg  − 1 ; subcutaneous, s.c.) and a topical antibiotic 
to the skin wound (Tricin, Jurox, Australia). No post-operative infec-
tions were observed. 

  Synthesis of NP : All chemicals were purchased from Aldrich 
unless otherwise stated. Iron(III) acetylacetonate (97%), oleic acid 
(BDH, 92%), oleyl amine (70%), 1,2-tetradecanediol (90%), benzyl 
ether (99%), rhodamine B (RhB) (Kodak, 95%), Pluronic F-108, 
poly ethylenimine (50% solution, number-averaged and weight-
averaged molecular weights:  M  n  1200 g mol  − 1 ,  M  w  1300 g mol  − 1 ) 
were used as received. Magnetite (Fe 3 O 4 ) nanoparticles were syn-
thesized by the organic decomposition of Fe(acac) 3  in the pres-
ence of oleic acid, oleyl amine, and 1,2-tetradecanediol, in benzyl 
ether at 300  ° C, as previously described. [  44  ,  45  ]  A solution of RhB 
(25.8 mg) and PGMA (102.89 mg) in methyl ethyl ketone (MEK) 
(25 mL) was heated to refl ux under N 2  for 20 h. The modifi ed 
polymer was precipitated by addition to diethyl ether (20 mL). 
Nanospheres were prepared using an emulsifi cation method. The 
organic phase contained magnetite (27.37 mg) and PGMA-RhB 
(96.45 mg) in a 1:3 mixture of CHCl 3  and MEK (7.5 mL). The organic 
phase was added dropwise, with rapid stirring, to an aqueous 
solution of Pluronic F-108 (1.25 mg mL  − 1 , 37.5 mL) and soni-
cated at low power for 1 min with a probe-type ultrasonicator. The 
organic solvents were allowed to evaporate overnight under a slow 
fl ow of N 2 , before initial purifi cation by centrifugation at 3000 g  for 
45 min. PEI (50 wt% solution in water, 122.5 mg) was combined 
with the supernatant and the mixture was heated to 80  ° C for 20 h 
to graft PEI onto the nanosphere surface. The nanospheres were 
collected on a magnetic separation column (LS, Miltenyi Biotec) 
and washed with water (2  ×  1.5 mL). The resulting concentrated 
particle suspension was aliquoted (ca. 10  ×  500  μ L) and stored 
at 4  ° C. The average dry weight of each aliquot was determined 
by freeze-drying three samples, which were then discarded. Before 
use, nanosphere suspensions were centrifuged at 17 000 g  and 
redispersed in PBS. The nanoparticles were imaged using trans-
mission electron microscopy at 120 kV (JEOL-2100). DLS was per-
formed in triplicate at 37  ° C. SQUID magnetometry and relaxivity 
measures were also taken. 

  Injection of NP : A volume of 0.5  μ l of NP at 10 mg mL  − 1  (5  μ g 
total) was delivered into the right ON injury site using a Nanojet 
injection device (Nanolitre 2000, World Precision Instruments, 
USA). For intravitreal administration, two 0.5  μ L intravitreal injec-
tions of NP at 5 mg mL  − 1  were made, one nasally and one tempo-
rally just behind the limbus into the right eye (5  μ g total), using 
a Hamilton syringe and 33G needle. Rats intravitreally injected 
with NP did not have an injury to the ON. Rats were euthanased 
and transcardially perfused with 0.9% saline followed by 4% para-
formaldehyde in 0.1  M  phosphate buffer (pH 7.2), 3 h, 3 days, or 
14 days after partial ON transection and/or administration of NP 
( n   =  3 per group, total of 6 groups). Sham-injected animals received 
equivalent volumes of PBS delivered to the right ON partial transec-
tion injury site or intravitreally and were used as controls ( n   =  1 per 
time point, total  n   =  3 per route of administration). One animal in 
each group and all sham-injected animals were assessed using 
MRI and tissue sections and samples were taken from all animals, 

as described below. A further two completely normal animals were 
used as controls for histopathological analysis. 

  MRI Analyses : Fixed animals are routinely used for MRI anal-
ysis. [  46–48  ]  Pilot experiments were conducted with and without 
Magnevist (Bayer) contrast agent. Perfusion without the contrast 
agent resulted in superior visualization of the NP and was adopted 
for the current study. Individual perfused rats were scanned using 
a Bruker (Ettlingen, Germany) 4.6 T AVANCE spectrometer run-
ning Paravision v5.0. Head images were acquired using a 72 mm 
ID, volume  1 H transmit coil interfaced with a four-channel phased 
array rat head receive coil. Gradient echo images were acquired in 
the axial and coronal plane and aligned along each optic nerve. 
Imaging parameters for the axial images were; TR  =  135 ms, 
TE  =  6 ms, pulse angle  =  30 ° , fi eld-of-view  =  50  ×  35 mm, matrix 
 =  256  ×  256, slice thickness  =  1 mm, slices  =  10, number of aver-
ages  =  8 and acquisition time  =  7 min 35 s. For determination of 
relaxation constants in the brain, three axial images with the fi eld-
of-view  =  50  ×  35 mm, matrix  =  256  ×  128 and slice thickness 
 =  1 mm were acquired for T1, T2, and T2 ∗  weighted image series. 
The following parameters were used: T1; TE  =  14 ms, TR  =  110, 
287, 515, 834, 1373, 4000 ms; T2, TR  =  3000 ms, TE  =  20, 60, 
100, 140, 180, 220 ms; T2 ∗ , T1  =  1500 ms, TE  =  4.5, 11.5, 18.5, 
25.5, 32.8, 39.5, 46.5, 53.5 ms. 

 Body images were acquired on a transmit/receive 72 mm ID 
volume coil. A 3D gradient echo image was acquired to give full 
body coverage with the following parameters; TR  =  50 ms, TE  =  
6 ms, pulse angle  =  20 ° , fi eld-of-view  =  90  ×  50  ×  50 mm, image 
matrix  =  256  ×  128  ×  128 and acquisition time 11 min 39 s. For 
determination of relaxation constants in kidney, two coronal images 
with the fi eld-of-view  =  90  ×  50 mm, image matrix  =  512  ×  256 and 
slice thickness  =  2 mm, were positioned so one slice included the 
kidneys. The following parameters were used: T1; TE  =  16.7 ms, 
TR  =  87, 209, 354, 530, 757, 1074, 1608, 4000 ms, acquisition 
time  =  14 min, T2; TR  =  3000 ms, TE  =  20, 60, 100, 140, 180, 220, 
260, 300 ms, acquisition time  =  10 min T2 ∗ ; TR  =  3000, TE  =  6.5, 
16.4, 26.4, 36.3, 46.3, 56.2, 66.2, 76.1, 86.0, 106.0, 115.9 ms. 
Relaxometry measures were determined using the tools within Par-
avision v5.0. T1, T2, and T2 ∗  values were determined for regions-
of-interest in the kidneys (boxed, Figure  6 B,C) and brain (boxed, 
Figure  6 C). 

  Preparation of Tissue Sections and Samples : Following tran-
scardial perfusion, ONs, eyes, brains, pancreas, liver, lung, kidney, 
heart, spleen, and gut were dissected and postfi xed in 4% para-
formaldehyde overnight. Organs were then trimmed into blocks 
for histology and processed either for wax- or cryo-sectioning. For 
fl uorescence analysis and immunohistochemistry, tissue blocks 
were cryoprotected in 15% sucrose overnight, embedded in OCT 
(Tissue Tek) before sectioning at 16  μ m and collection onto super-
frost plus slides. Slides used for immunohistochemistry were 
stored at  − 80  ° C before further processing (see below). Slides 
used for fl uorescence analysis were stained with Hoescht nuclear 
stain (1  μ g mL  − 1 , Molecular Probes, Inc, Eugene, OR), coverslipped 
using Fluromount-G (Southern Biotech) and viewed using fl uores-
cence microscopy. 

 For histopathology, fi xed tissue blocks from brain (transverse 
section through cerebrum), pancreas, liver, lung, kidney, heart, 
spleen and gut were trimmed into standard histology cassettes 
(Simpson tissue processing/embedding cassette M505-4), with all 
tissues from one animal placed in the same cassette. The selected 
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tissues were processed routinely (TissueTek VIP tissue processor, 
Miles Scientifi c) through paraffi n wax, embedded (Leica EG1150C 
and EG1150H embedding station), cut at 5  μ m (Leica RM2135 
microtome) and stained with haematoxylin and eosin. 

 Further tissue segments (approximately 0.12 g) from fi xed 
brain, pancreas, liver, lung, kidney, heart, spleen and gut were 
homogenized in 0.5 mL PBS using a hand held homogenizer 
(Kontes, pellet pestle motor) and NP concentrated by taping the 
sides of the tubes to a neodymium-iron-boron magnet and incu-
bating overnight at 4  ° C with gentle rocking followed by 4 h without 
rocking. The supernatant was removed while the tube was still 
attached to the magnet; the magnetically concentrated material 
was resuspended in 50  μ L PBS, applied to a microscope slide and 
air-dried. Positive controls were created by spiking brain homoge-
nates from normal animals with NP preparations at fi nal concentra-
tions ranging from 5  ×  10  − 8  to 10  ×  10  − 2  g L  − 1 . 

  Immunohistochemistry : ON (longitudinal) and retinal (showing 
dorsal-ventral axis) sections were air dried, rehydrated in PBS 
for 5 min followed by PBS containing 0.2% Triton X-100 for 
10 min before incubating overnight at 4  ° C with primary antibodies 
(diluted in PBS  +  0.2% triton X100  +  5% normal goat serum) 
detecting:  β -III tubulin (TUJ1, mouse, 1:500; Covance, NJ) or acti-
vated microglia/macrophages (ED-1, 1:500, Serotec). Antibody 
binding was visualized following 2 h incubation with anti-mouse 
(Alexa Fluor 488, 1:400, Molecular Probes) secondary antibody 
and Hoechst nuclear stain (1  μ g/mL) was also applied. Slides were 
coverslipped using Fluromount-G (Southern Biotech) and viewed 
using fl uorescence microscopy. All sections for each antibody were 
immunostained at the same time to ensure uniformity of immuno-
histochemical procedures and images were captured at constant 
exposure times with no automatic computer software adjust-
ments. Control sections stained only with secondary antibodies 
were included in all experiments and showed no or only minimal 
fl uorescence (data not shown). 

  Analysis, Quantifi cation, and Statistics : Quantifi cation of  β -III 
tubulin immunopositive retinal ganglion cells (RGCs) [  48  ]  and ED-1 
immunopositive activated microglia/macrophages [  50  ]  in retinal sec-
tions from each animal was conducted using 40 ×  and 25 ×  objec-
tive images respectively, taken using either a Leitz Diaplan or Nikon 
upright microscope. NP were strongly fl uorescent and clearly visible 
using the 25 ×  objective in environments of low autofl uorescence 
and images of rhodamine B fl uorescent nanoparticles in ON and 
retina were captured. The use of an eyepiece graticule and predeter-
mined locations of the fi elds of view to be analyzed ensured no bias 
by the investigator. The numbers of ED-1 immunopositive cells with 
or without rhodamine B fl uorescent NP, in the RGC and inner plexi-
form layers of three fi elds of view surrounding, but not including, 
the optic nerve head in each of three sections per animal, were 
expressed as ED-1 immunopositive cells mm  − 2 . The numbers of  β -III 
tubulin immunopositive RGCs containing rhodamine B fl uorescent 
NP in three entire retinal sections per animal were also expressed 
mm  − 2 . Hoechst nuclear staining was used as an aid to clearly iden-
tify and count only those immunopositive cells within the focal 
plane. All analyses were conducted by a single investigator (JH), 
ensuring constant criteria of selection and results were expressed 
as means  ±  SEM for each experimental group. Occasional outlier 
data points were removed using Dixon’s Q-test and values were 
statistically analyzed using ANOVA and Bonferroni/Dunn post-hoc 
tests, requiring a signifi cance of  p   ≤  0.05. 

 Sections from all tissues were assessed for fl uorescence. The 
degree of autofl uorescence in sections of pancreas, liver, lung, 
kidney, heart, spleen, and gut precluded quantitative analysis of 
fl uorescent NP infi ltration into peripheral tissues by fl uorescence 
microscopy. Numbers of fl uorescent particles in 50  μ L magnetically 
concentrated tissue homogenates were expressed as means  ±  SEM 
for each experimental group. Values were statistically analyzed 
by comparing counts from each tissue following sham (PBS) or 
NP administration, either at the injury site or intravitreally, using 
ANOVA and Bonferroni/Dunn post-hoc tests, requiring a signifi -
cance of  p   ≤  0.05. 

 Histological sections were examined using an Olympus BX-41 
light microscope. The pathologist was blinded to the experimental 
group of the animal. Each tissue was examined at low magnifi cation 
(4 ×  objective) and then 50 fi elds were examined at 40 ×  objective 
for each tissue, tracking in a castellation manner, in two transects 
across the centre for brain sections and including 100 glomeruli for 
kidney sections. Any particulate matter or lesions were noted and 
coordinates recorded. Photography was undertaken on an Olympus 
BX-51 with trinocular head and an Olympus DP12 camera. A further 
BX-51 fl uorescence microscope (School of Biological Sciences) with 
Olympus camera and processing software was used for correlation 
of H&E fi ndings with fl uorescence fi ndings. Sections were examined 
using the U-MWG2 mirror unit (excitation fi lter 510-550 nm, emis-
sion fi lter 590 nm) suitable for rhodamine B isothiocyanate (RITC) 
and rhodamine-phalloidin fl uorochromes. Images were captured 
with an Olympus DP-70 camera using DP Controller v1.2.1.108 and 
DP Manager v1.2.1.107 software (Olympus Optical Co., Ltd.). 
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Figure S1 Fluorescence microscopy image of an ON section from a rat 
injected with PBS into the partial ON transection injury site. The animal 
was perfused and assessed 3 days after injury and injection. Sections were 
immunohistochemically stained for ED-1 (green). Montaged images taken 
using 10× objective, scale = 200 µm. The end of the injection site is 
indicated by an arrow and the partial ON transection injury indicated by *. 
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Table S1. Numbers of fluorescent particles present in tissue homogenates from animals injected with 
nanoparticles at the partial ON injury site or intravitreally 

Tissue NP at injury site  NP intravitreally 

3 h 3 d 14 d sham 3 h 3 d 14 d sham 

Brain 

Pancreas 

Liver 

Lung 

Kidney 

Heart 

Spleen 

Gut 

3.3±1.3 18.7±16.7 7.3±6.4 44.7±31.7 48.7±48.7 6.0±3.5 12.7±9.8 18.7±11.6 

1.3±0.7 3.3±1.8 16.3±11.3 27.7±19.2 N/A 2.0±2.0 5.7±4.7 7.0±3.6 

0.7±0.7 4.3±4.3 5.3±3.5 11.3±3.4 2.0±2.0 2.7±1.8 3.7±3.7 8.7±3.8 

3.7±2.0 5.0±5.0 2.0±2.0 23.0±10.7 2.0±0.0 12.7±11.7 6.0±6.0 16.0±11.4 

0.7±0.7 1.0±1.0 13.0±2.6 21.7±9.4 0.0±0.0 5.0±2.6 14.3±10.6 11.0±11.0 

0.0±0.0 0.7±0.7 5.3±2.7 12.3±2.8 0.7±0.7 2.7±0.7 3.3±3.3 4.7±2.4 

1.7±1.7 2.0±0.6 3.3±2.4 2.0±2.0 0.7±0.7 2.0±1.2 1.3±1.3 0.3±0.3 

2.0±.2 5.0±5.0 0.0±0.0 7.0±2.6 2.7±1.8 2.0±1.2 2.0±1.2 3.7±0.3 

 

Mean ± SEM numbers of fluorescent particles present in tissue homogenates from animals injected 
with NP at the partial ON injury site or intravitreally at 3 hours (h), 3 or 14 days (d), compared to 
sham (PBS) injected animals. Counts from sham injected animals were pooled for each tissue and 
administration site, to provide an n of 3 for each group. There were no significant increases in 
numbers of fluorescent particles in NP, compared to sham injected groups, for any of the tissues 
assessed (p > 0.05). NA indicates sample not available. 
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