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ABSTRACT 

SOMESREE GHOSHMITRA 

REMOTE-CONTROLLED, BIO-COMPATIBLE, MULTIFUNCTIO AL 
NANORESERVOIRS: A POTENTIAL NANOPLATFORM FOR 

REGULATIONG AXON EXTENSION AND FACILITATING 
IMAGING IN GROWING NEURONS 

MAY2011 

Traumatic injury to the central nervous system (CNS) is a significant health problem and, 

currently, there is no effective treatment, partly because of the complexity of the NS. 

Biocompatible nanovectors that can be remotely actuated hold promise for delivering 

treatments targeted to specific neurons for enhancing neurite growth and synaptog nesis 

after injury. Furthermore, assessing the efficacy of treatments could be enhanced by 

biocompatible nanovectors designed for imaging in vivo. To address this need, w 

constructed and tested the biocompatibility of two nanoparticle systems. Th first was 

designed to deliver axon growth-promoting drugs to specific neurons and was based on 

ferromagnetic and superparamagnetic iron oxide nano particles in a thenno-acti vat d 

polyethylene glycol (PEG) network. These particles were synthesized by encapsulating 

iron oxide nanoparticles in PEG analogue biopolymers using free radical polymerization. 

The resulting nanospheres were 300 ± 50 nm in diameter and displayed a broader range 

for volumetric transition when placed in oscillating magnetic fields compared to 

previously constructed drug delivery systems. Particles imbibed with vitamin B 12 
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relea ed thi ub tance in a controlled way when magnetically actuated. When tested in 

P 12 cell , the con tructed nanoparticles had minimal toxicity with iron cone ntration 

up to 3.4 mM when mea ur du ing a live/dead assay. Cell s exposed to f rromagn tic 

particles di . played morphology and neurite outgrowth similar to untreated c ll s. The 

s cond nanoparti l ystem was ynthe ized by encasing cadmium tellurid (CdTe) 

s mi ondu tor quantum dots (QDs) in a thermo-sensitive poly (N-isopropylacrylamide) 

(PNIPAM) n twork. Similar to the magnetically-responsive sys t m, these nanospheres 

al o act d a a re rvoir for drug molecules. When heated above the lower critical 

solution tempera ur (LCST, ~33 °C), the QD-containing nanospheres shrank. In PCI 2 

c ll s, th s PNIPAM nano pheres (up to 500 µ g/ml PNIPAM) did not incr ase toxicity or 

deer ase neurit outgrowth compar d to untreat d cell s .. In addition , QD-bas d 

nanosph r s with carboxylic rich CdT . urfaces locali zed to the cell nucl us. Thus , the 

two nanoscal sys t ms constructed and tested ·her represent potential dru g

delivery/imaging systems with improved biocompatibility; cell targeting and drug rel ase 

profil s compar d to previously reported systems, suggesting incr ased therapeutic 

potential for treating CNS lesions. 
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CHAPTER I 

INTRODUCTION 

Traumatic injury to the c ntral nervous system (CNS) is a significant health 

problem with injuri to the pinal cord and brain accounting for approximately 265,000 

and 1.5 mil lion n w injuries each year, respectively (National spinal cord database, 2011 ~ 

Langloi et al., 2004). However, these numbers may be somewhat mi sleading as an wer 

survey indi ates that paralysis and spinal cord injury are more prevalent than prior 

stimates (Reev s Foundation Report , 2009), suggesting that approximately 1.9% of th 

U .. population (5,596,000 people) may be living with some form of paralysis , with 

1.275 ,000 of th se ~-e, ulting from spinal cord injuries (Reeves Foundation Report , 2009). 

NS injuries are particularly deva tating beca~se there is little post-injury functional 

recovery due to neuronal loss and the release of inhibitory substances (Willerth and 

Sakiyama-Elbert, 2008). For instance, post-injury glia] scarring and myelin di sruption 

are associated with the release of chondroitin sulfate proteoglycan (CSPGs) and 

inhibitory myelin components (e.g. NOGO, myelin associated glycoprotein, 

oligodendrocyte myelin glycoprotein and tenascin), respectively (Willerth and Sakiyama

Elbert, 2008). 

Full functional recovery following CNS injury would require improved neuronal 

survival , regeneration of axons and their reconnection to appropriate targets (Ellis

Behnke, 2007). Neuronal survival could be increased by decreasing inflammatory 
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re pon e and sub equent secondary injury (Dumont et al. , 2001 a). Axon regeneration 

could be promoted by either removing or destroying inhibitory molecule to create a 

growth-permi iv env ironment or by decreasing the response of axons contacting the e 

inhibitor (Fouada et al. , 2001 ). Synaptogenesis would most likely be promoted by the 

application of target-derived growth factors (Willerth and Sakiyama-Elbert , 2008). 

Curr nt treatments used for spinal cord injury include surgical , thermal and 

pharmacological intervention and are largely targeted at decreasing neuronal loss. For 

instanc , surgical decompression coupled with blood pressure therapy is used to reduce 

l sion pr ad (V ale et al. , 1997). Likewise, hypothermia is used to reduce the 

inflammatory response, metabolic rate and extracellular levels of glutamate (Kwon et al. , 

2008). Pharmacological interventions are also aimed at r~ducing inflammation and 

sub equent injury spread and include methylprednisolone, ganglioside GM-1 and 

potassium channel blockers (Dumont et al., 2001 b ). However, the current therapies have 

a small window for treatment and the potential of each is limited by the accessibility of 

th CNS or non-specific, off-target effects. To increase specificity and decrease 

undesirable side effects, we propose that a more viable treatment strategy mi ght be 

targeted at increasing axon regeneration. In the following sections, we revi ew the 

pathophysiology of one CNS di sorder, spinal cord injury, identify potential treatment 

target sites, and di scuss the current and potential applications of nanomaterial s as drug 

delivery systems. 
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Pathophysiology of the Spinal Cord Injury 

The mo t common causes of CNS injury include motor vehicle accidents, falls, 

and gun hot wound (Wille11h and Sakiyama-Elbert, 2008). While the etiology of these 

lesion vari widely, the pathophysiology is very similar. For instance, head injury, 

cer bral i chemia and subarachnoid hemon-hage all lead to primary and secondary 

inj uries and involve a continuum of damage to neurons and axons (Dumont et al., 2001 a). 

To illustrate th omplexity of CNS injury mechanisms, a detailed explanation of spinal 

cord injury i provided. 

pinal cord injury is defined as the occurrence of an acute traumatic lesion of 

neural el ment in the spinal canal (spinal cord and cauda equina), resulting in temporary 

or permanent s.en ory and/or motor deficit (National spinal cord injury stati stical centre, 

2011 ). Th r , ulting di sability depends on several factors, including the type (e.g. 

mac ration , contu ion) (Hulsebosch, 2002), and level (e.g. cervical , thoracic, lumbar) of 

th injury (Dumont et al., 2001 b ). Maceration injuries involve mechanical disruption of 

spinal cord morphology at different severities, ranging from minor injury to complete 

transection , and are usually caused by gun shot or knife wounds (Hul sebosch, 2002). 

Contusion injuries are the most common, representing 25-40% of all cases, and are 

aggressive, usually having a necrotic core. Finally, solid cord injury does not have central 

necrosis or cav itation (Hul sebosch , 2002). In general, higher level spinal cord injuries are 

as ociated with more severe deficits. A complete injury above the first thoracic vertebra 

leads to loss of sensation and paralysis in all four limbs, while injury below this level 

may cause paraplegia and/or pelvic organ dysfunction. Injuries at or above the level of 
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ixth thoracic v rtebra (T6) impair autonomic function (Steinberg et al. , 2000). 

Regardle of th functional sequelae, each type of spinal cord injury involves a series of 

pathological ev nt that can be classified as primary or secondary. 

Primary pinal cord injury is the damage attributable to mechanical damage 

caus d by th acute insult and can be caused through four mechanisms (Dumont et al. , 

2001 a): a) impact with persistent compression; b) impact with transient compress ion ; c) 

distraction, and d) laceration which corresponds to the clinical injuries described 

previously (Hul ebosch , 2002). The first noticeable consequence of the trauma is 

promin nt in gr y matter because of its soft consistency and high level of vascularization, 

compar d to whit matter (Dumont et al. , 2001a). The initial effect on white matter 

depend solely on m chanical damage and is less severe ~ompared to grey matter 

damag . Following mechanical trauma, there is often hemorrhage, followed by a 

di sruption in blood flow -and leading to local jnfarction due to hypoxia and i.schemia 

(Dumont et al. , 2001 a). Neurons and nerve terminals are disrupted at the injury sites 

(Dumont et al. , 2001 a). It is speculated that grey matter is irreversibly damaged within 

the first hour and white matter is irreversibly damaged within 72 hours following an 

injury (Dumont et al. , 2001 a). Thus , treatments targeting primary injury to promote 

neuroprotection have a limited treatment window. 

S econdary injury is responsible for an increase in lesion volume and continuing 

damage that is not attributable to the initial mechanical trauma (Dumont et al. , 2001 a). It 

is characterized by glutamate mediated cytotoxicity, calcium mediated secondary injury, 

electrolyte imbalance, immune system-mediated injury, lipid peroxidation and apoptosis 
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(Dumont et al., 2001 a). These mechanisms promote expansion of the injury and are 

active for month after the initial trauma. Secondary damage is believed to be responsible 

for mo t of the con equences of spinal cord injury. At the same time, it provides an 

extended opportunistic window for treatment to reduce the long term di sability related to 

spinal cord injury. 

A major loss of neurons following spinal cord injury occurs through glutamate

mediated excitotoxicity. Glutamate release is increased within a few minutes of injury by 

depolarization-evoked opening of presynaptic calcium channels (Schwab et. al., 2006). 

Glutamate contribute to secondary injury via several mechani ms , most of which 

involv the influx of Ca+2 through the N-methyl-D-aspartate (NMDA) and a-amino-3-

hydroxy-5-methyl (AMPA) ionotropic glutamate recepto~ . lncreased intracellular Ca+2 

results in cell death via ( a) ion imbalance, (b) lipase mediated increase of inflammatory 

molecules, (c) protease activation and apoptosis, (d) acidosis , (e) lipid peroxidation, arid 

(f) reactive oxygen species (ROS) formation Dumont et al. , 2001 a). Jon imbalance 

results in a massive accumulation of intracellular sodium and water, coupled with 

xtracellular loss of potassium, producing cytotoxic edema, intracellular acidosis and 

di sabling the Na+K+ ATPase (Dumont et al., 2001 a). Calcium-dependent lipases , like 

phospholipase A2 release arachidonic acid, which is further metabolized to 

proinflammatory eicosanoids (Schwab et al. , 2006). The calcium-dependent protease 

calpain can degrade important structural proteins and induce apoptosis. lncreased 

glycolysis causes intracellular acidosis that renders enzymes non functional and 

contributes to_ cell death. Moreover, Ca +
2 
-induced mitochondrial permeability changes 
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occur (Dumont et al., 2001a), contributing to the production of ROS , aggravating post

traumatic inflammation and promoting apoptosis (Schwab et al. , 2006). Increased 

intracellular calcium is also respon ible for lipid peroxidation, which results in cell 

membrane di sruption followed by cell death. Collectively these mechanism s result in cell 

lo , post injury demyelination and secondary inflammatory injury (Dumont et al., 

2001 a) . 

ln addi tion to loss of neurons through the mechani sms detailed above, 

r generation of axons in the CNS is limited due to an increase in outgrowth inhibitors 

po t-injury. Normal axon growth and guidance is regulated by ex tracellular cues that 

pr mote or inhibit advance of the tip of an extending axon (the growth cone) (Keynes and 

ook. l 995). ue that promote axon growth are called c~emo- or contact attractants , 

dep nding on whether they are diffusible ( chemo-attractants) or bound to the 

ex tracell ul ar matrix (contact attractants)(Keynes and Cook, 1995). Similarly, chemo- and 

contact rep ll ents prevent growth cone advance (Spassky et al., 2002). In glial cell

mediated immunological injury, glial cells express inhibitory protein , like NOGO, which 

form a chemical environment through which axons cannot regenerate (Schwab et al. , 

2006). In a simil ar fashion, reactive astrocytes inhibit axon regeneration across the "gli~l 

scar," a chemical barrier formed within a week post-injury (Sch.wab et al. , 2006). 

Fortunately, the ex tended time frame associated with inhibition of axon regeneration 

provides a larger window of opportunity for developing treatments to promote axon 

regeneration. 
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Potential Therapies for Spinal Cord Injury . 

Th tandard clinical treatment for spinal cord injury is treatment with 

meth ylpr dni olone within eight hours of injury, a therapy designed to reduce the 

formation of cytotoxic edema, inflammation and the release of glutamate and free 

radical s (Schwab et al., 2006). Thus, the intention of methylprednisolone therapy is to 

prevent n uronal loss. In preclinical trial , methylprednisolone has been partially effective 

for neuronal and glial protection (Dumont et al., 2001 b ). However, its implementation 

leads to a high r rate of complications such as wound infection, stomach bl eeding and 

pneumonia ( ron tein B, 1995). Moreover, outcomes from clinical trials are ·inconclusive 

regarding th fficacy of m thylprednisolone in recovery following spinal cord injuries in 

human (Dumont et al., 2001 b). Another strategy that might be employed to encourage 

functiona l recovery after CNS injury is to promote regeneration of axons from spared 

neurons. In the rehabilitation stage, after glial sear formation has taken place, guided 

axon regeneration and re-establi hment of the neuronal connections· would be the key to 

r covering lost functionality. This might be achieved by stimulating axons by growth 

fac tors or neurotropins (Willerth and Sakiyama-Elbert, 2008). However, strategies to 

replace growth factors present during development have not resulted in full functional 

recovery following spinal cord injury (Willerth and Sakiyama-Elbert, 2008). Another 

strategy ha employed tra·nsplantation of Schwann or neural stem cells, which can secrete 

growth factor like NGF and BDNF, into the injured spinal cord. However, the treatment 

potential of these strategies is limited because the potential for uncontrolled proliferation 

and tumor formation is high (Willerth and Sakiyama-Elbert, 2008). Pharmacotherapy 
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u ing small molecule manipulators for axon guidance or controlled release of axon 

growth promoter may be a therapeutic strategy that limits non-specific effects and 

pr ci ly regu lat axon growth and guidance of a specified set of neurons (Ellis-Behnke 

R, 2007) . 

anomaterials for Promoting Regeneration 

On t chnology that holds promise for encouraging axon regeneration is the 

employment of nanomaterials. Nanoparticles are particles with one or more dimensions . 

of the ord r of 10 nm or less and may or may not exhibit size-related properties, which 

signifi an tly diff r from bulk materials (Ellis-Behnke R, 2007). Nano-structured 

mat rial and mart urfaces carry excellent treatment pot~ntial for development of novel 

clini al oluti ons b cau e they can be designed to target specific cells (e.g. corticospinal , 

n uron ) and be remotely tuned to release measured doses of therapeutic agents (Ellis 

Behnk R , 2007). To be effective, engineered nanostructures should be: 

1. Sp cifically targeted to ce11s and remain intact until the therapeutic effect is 

achieved, followed by nanomaterial degradation . This formulation can 

decrease the quantity of the therapeutic agent by 10-50 folds (Ellis-Behnke·R ~ 

2007). 

2. Coated to facilitate transportation and release of therapeutics only when the 

correct target is reached. 
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Som of the most promising nanostructures for encouraging axon regeneration 

include carbon nanotubes, magnetic beads and iron oxide nanoparticles. Carbon 

nanotub may be effective for axonal repair and regeneration (Zhang et al. , 2005) , but 

they a tivat r ceptor mediated platelet aggregation (Ellis-Behnke R , 2007). Magnetic 

b ad fore application and neurite extension can be accomplished using a small ( ~5-10 

µ m diam ter ) superparamagnetic bead coated with biocompatible polymers. This bead is 

attached to an axon and pulled away from the cell by the pole-piece of a high gradient 

lectromagn t (Fischer et al., 2005). However, posi tioning the micro-needle is 

chall nging, sp ially within complex tissues and magnetic nanoparticles alone are 

high ly toxic (Pis an icll et al. , 2007). However, the use of non-toxic carriers (excipients) . 

can facilitat their delivery to the target cells. A system th~t combines magnetic 

respons iv n s, specific targeting and controlled application of therapeutics might be 

ideal for deliv ring treatments to promote axon regeneration following CNS. injury. 

Remote-controlled, Multifunctional Nanospheres for Targeted Delivery and Axon 

Growth 

Nanomaterials , such as those described above, hold promise for treating CNS · 

injury. However, their potential is limited by several issues, including their 

biocompatib ility (McCaig et al., 2006; Kim et al. , 2008, external tunability (La Van et al. , 

2003; Farokhzad et al. , 2006) or difficulty in targeting the specific cells. A better system 

would have excellent biocompatibility, provide highly specific targeting and controllable 

delivery of therapeutics and be remotely controilable. Although chemical, mechanical, 
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optical and thermal actuations are remotely controllable, they are difficult to administer 

in vi\ o due to adver e organismal effects or difficulties in the logistics of actuation 

(Wang t al. , 2005; S rshen et al., 2005). The use of magneti sm as a stimulus i attractive 

becau e th magnet are transportable and have the ability to specify directionality in vivo 

(Xie et al. , 2008). Magnetically-responsive nanoparticle systems encased in smart 

polymer like poly (N-isopropylacrylamide) (PNIPAM) have been synthesized (Kim et 

al. , 2005 ; Fass and Odde, 2003). PNIPAM is responsive to external stimuli due to its 

physiologically compatible lower critical solution temperature (LCST), close to the 

nom1al physiological temperature ( ~33 °C). However, the biocompatibility of the 

PN IP M-ba d sys tems ha been questioned, because the NIP AM monomer is 

carcinogenic or teratogenic (Cai et al. , 2007). Additionally, the necessity to tune the 

LCST in the range of 36-44 °C for certain biomedical applications requires volumetric 

transition at higher temperatures. Dimercaptosuccinic acid (DMSA) coated -particles 

hav nhanced intracellular uptake, but are largely toxic (Pissanicll et al., 2007). 

Traditional polyethylene glycol (PEG) encapsulation reduces toxicity, but does not retain 

thermo- ensitive behavior or external tunability (Zhang et al., 2006). Thus, an ideal 

nanospher drug delivery system should be able to: (1) precisely control parameters like . 

t mperature or localized tensile force inside the intracellular domain, (2) release 

therapeutic agents in response to external stimuli (e.g. ac magnetic field) , and (3) direct 

orientation in uniform or gradient magnetic/electric fields. A system that meets these 

goals possesses enhanced potential for combinatorial therapeutics. 
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Nanomaterials for Assessing Regeneration 

One of the problem to determine if the treatment is successful is that of assessing 

its fficac y. During inve tigation, animals are usually sacrificed at different time points to 

determine the eff ct (Oyewumi et al., 2004 ). A more effective evaluation strategy would 

allow efficacy monitoring in real time. PEG coated iron oxide nanoparticles, as 

described abov , can be tracked in magnetic field when applied in vivo. However, for real 

time follow up with optical imaging, another nanoscale system consisting quantum dots 

(QD ) may allow enhanced imaging in vivo without the implementation of magnetic 

r sonan imaging (MRl) technology. QDs have received attention for labeling bio-

mol cul (Gao et al. , 2004) due to their unique photoluminescence properties, including: 

(]) siz -tunable mi sion color; (2) a nanow and symmet~ic emission profile; and (3) a 

broad xci tation range. However, uncoated QDs made of semiconductor core (e.g., 

cadmium t lluride, CdTe) are toxic to cells because of release of Cd
2
+ ions into the 

c llular environment (Hardman R , 2006; Derfus et al. , 2004).This problem can be 

partiall y solved by encapsulating QDs with hydrophilic polymers, like poly(N- · 

isopropylacrylamide) (PNIPAM) or poly(ethylene glycol) (PEG) (Zhang et al., 2006, 

GhoshMitra et al. , 2011 ). PNIPAM is an attractive encapsulating agent because of its 

capability to form a tunable shell around the metallic quatum dots and requirement for 

reduced concentrations for detection in vivo, both of which reduce toxicity (Nair et al., 

2008, GhoshMitra et al. , 2011). Uncoated QDs are toxic (Hardman R, 2006), but the 

toxicity of polymer coated QDs is largely unknown. 
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Aims of the Study 

ln thi tudy, our primary objectives were to: (]) synthesize remote-controlled , 

biocompatibl , multifunctional nano-scale systems for efficient targeting and early 

detect ion of p cific cell and controlled release of therapeutic agents, and (2) investigate 

th f a ibility of using these systems to enhance axon growth and manipulate axon 

traj ctori . Thus, th performed experiments represent the initial forays into 

inve tigating the th rapeutic potential of a versatile drug delivery paradigm. Our Specific 

Aims to accompli h these goals are to: 

1. ynth size and characterize magnetically (iron oxide) and optical] y ( quantum dot) 

tunable, multifunctional nanospheres; 

2. D termine the kinetics of particle shrinking and release of imbibed drug from 

d rivatized particles; 

3. D t rmine the cellular uptake and cyto oxicity of the engineered nanosphere 

syst ms; and 

4. Determine if the constructed system does not inhibit outgrowth in PC-12 cells , a 

neuronal model. 

Results from this study may lead a new class of externally tunable nano-scale systems 

that have the following advantages: (1) a fast-responsive system consisting of all FDA

approved bio-materials ; (2) a broader volumetric transition range for sequential release of 

drug to the CNS; (3) a nano-scale intracellular temperature and tensile force regulator for 
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both in vitro and in \ ivo applications; and ( 4) an efficient nano-structure for testing the 

efficacy f the treatment. To our knowledge, this project represents a novel strategy for 

d t cting and delivering therapeutics to specific cells. 

R , ult from thi tudy are described in Ch 2-4 published or submitted 

manuscripts. pe ific Aim l is addressed in Chapter 2 and 3 for magnetic nanoparticles 

and chapt r 4 for th QD system. Specific Aim 2 is addressed in chapter 2 and chapter 4 

for magn tic nanoparticles and QD system, respectively. Specific Aim 3 is addressed in 

chapt r 2 for magn tic nanoparticles and chapter 4 for QD, while Specific Aim 4 is 

relat d to chapt r 3 for magnetic nanoparticles and chapter4 for QDs. Finally, chapter 5 

presen ts a compr hensiv di scussion, ongoing and future investigations , and concluding 

r mark . . 
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CHAPTER JI 

LTER TING MAGNETIC FIELD CONTROLLED, MULTIFUNCTIONAL 

O-RE ERVOIRS: INTRACELLULAR UPTAKE AND IMPROVED 

BI OCO MP A TIB ILITY 

paper published in Nanoscale Research Letters (2010) 

antan I Ghosh, omesree GhoshMitra, Tong Cai , David R. Diercks, Nathaniel C. 

Mill s, DiAnna L. Hynds 

Key Words: Magn tic Actuation , Biomaterial s, Thermo-sensitive Polymers, Nano-· 

biot hnolog , Bio ompatibility, N uron 

Ab tract 

Biocompatib le ma
0

netic nanoparticles hold great therapeutic potential , but conventional 

parti I s can be toxic. Here, we report the synthesis and alternating magnetic field 

d p nd nt actuation of a remotely controllable, multifunctional nano-scale system and its 

mark d biocompat.ibility with mammalian cells. · Monodisperse, magnetic nanospheres 
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ba don th nno- n itive polymer network poly(ethylene glycol) ethyl ether 

m thacrylat -co-poly(ethylene glycol) methyl ether methacrylate were synthesized using 

fr radical p 1 ym rization. Synthesized nanospheres have oscillating magnetic field 

indu d th rm -r v r ible behavior; exhibiting desirable characteristics comparable to 

th wid 1 u d p ly-N-isopropylacrylamide based systems in shrinkage plus a broader 

v lum tri tran, iti n range. Remote heating and model drug release were characterized 

f r differ nt fi Id tr ngth . Nanospheres containing nanoparticles up to an iron 

f 6 mM were readily taken up by neuron-like PCl 2 pheochromocytoma 

c 11: and had r du d toxicity compared to other surface modified magnetic nanocarriers. 

Furth rm r , nano ph r expo ure did not inhibit the extension of cellular processes 

(n uri t utgr wth) v n at high iron concentrations (6mM), indicating minimal negative 

ff ts in llular , t m . Excellent intracellular uptake and enhanced biocompatibility, 

upl d with th la k of del terious effects on ne.urite outgrowth and prior Food and 

Drug dmini . tration (FDA) approval of PEG-based carriers suggest increased 

th rap uti p t ntial of this y tern for manipulating axon regeneration following nervous 

system injury. 

Introduction 

Tr atment p t ntial for many biomedical conditions is limited by the lack of therapeutics 

that can b ffici ntly targeted and precisely controlled. For instance, functional recovery 

f ]lowing n urotraumatic injury could be facilitated by therapeutics for guided axon 
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regeneration [ 1]. Axon growth can be directed by magnetic or electrical fields alone [2-

4], but a more manipulable system that provides precisely tunable therapeutic delivery 

may offer enhanced potential to direct axon regeneration and guidance to targets. Nano

structured materials and smart surfaces provide great potential for developing such novel 

biomedical therapeutic [5-8]. However, several issues limit the use of conventional 

magnetic nanoparticle for biomedical applications. Magnetic nanoparticles alone are 

highly toxic, but excipients can facilitate their delivery to cells [9]. Several groups have 

synthe ized magnetic nanoparticle systems using smart polymers like poly (N

isopropylacrylamide) (PNIPAM) [10-12]. However, PNIPAM based systems have low 

biocompatibi lity becau e the NIPAM monomer is carcinogenic and teratogenic [13]. 

Dimercaptosuccinic acid (DMSA) coated paiticles enhances intracellular uptake, but the 

surf ace functionalization does not improve the biocompatibility of the nanomagnets [ 14]. 

Traditional polyethylene glycol (PEG) coating reduces toxicity, but does not ~etain 

th rmo-sensitive behavior or external tunability. Thus, development of a highly 

biocompatible, non-toxic and highly tunable nanoparticle system is necessary. Ideally, 

the con tructed materials should: (1) minimize toxicity, (2) control intracellular functions 

like temperature or pH, and (3) elicit a fast response to external stimuli (e.g. ac magnetic 

fi Id). A system that meets these goals possesses enhanced potential for combinatorial 

therapeutics. For example, · simultaneous use of hyperthermia and low doses of 

chemotherapeutic agents decreases tumor growl~ by targeted cytotoxicity with reduced 

systemic effects [ 15]. 

16 



For axon regeneration, a system that allows manipulation of cellular function or 

delivery of drug through regulation of temperature and/or magnetic fields may be ideal. 

PNIPAM coated nanomagnets are attractive because of their perceived intelligence to 

external stimuli. For instance, they have a lower critical solution temperature (LCST) 

close to the normal physiological temperature ( ~33°C), allowing size tunability and 

therefore, controlled release of small molecules around 33-35°C [ 16]. However, it is 

necessary to tune the LCST in the range of 33-42°C for certain biomedical applications 

requiring volumetric transition at higher temperatures. Recently, LCSTs of polyethylene 

glycol (PEG) based ystems have been tailored between 24-42°C by changing the molar 

ratio and molecular weight of the copolymers [ 17, 18]. It is also possible to regulate 

pr sure/flow/temperature in micrometer or sub-micrometer range by using tunable 

magnetic nanocrystals embedded in thermo-sensitive polymer networks [ 19]. Since PEG 

is nontoxic, anti-immunogenic and approved by .the FDA 19,17], the potential of 

magnetic modulation makes it an attractive alternative for overcoming traditional 

difficulties in actuating conventional micro- or nanostructures using chemical , 

mechanical or thermal excitation [20-22]. Although optical actuation may be used, its 

application for use in-vivo is limited. Moreover, magnetic actuation could use remotely 

applied ac and de fields to regulate intracellular temperature [23], control the re.lease of 

drug from the tunable excipient by regulating swelling/shrinkage behavior [ 12], and 

manipulate cellular functions (e.g. axon growth) within tissues [17]. Thus, using tunable 

PEG derivatives to encapsulate nanomagnets may facilitate the simultaneous regulation 
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of localized temperature and sustained release of pharmaceuticals to the targeted cells in 

clinical practice. 

In thi study, we report synthesis and actuation of low toxicity magnetic 

nano pheres, and assessed their effect on PC 12 cell viability and morphology. 

Copolymers of 2-(2-methoxyethoxy)ethyl methacrylate and oligo(ethylene glycol) 

methacrylate (PEGETH2MA-co-PEGMA) based hydrogels were synthesized to 

encapsulate ferromagnetic nano-particles. The polymeric shell acts as the reservoir of the 

drug molecules, while the magnetic core acts as nano-source of heat when exposed to the 

ac magnetic field. To our knowledge, this is the first time that ac field modulated remote 

actuation, model drug release and cytotoxicity is assessed for monodisperse, novel 

nanospheres that are made of all biocompatible and tunable polymers. 

Experimental Techniques 

Nanosphere Synthesis 

We synthesized ferromagnetic nanoparticles (Fe3O4) encapsulated within the 

thermo-activated polymer network of PEGETH2MA-ca-PEGMA using free radical 

polymerization (scheme 1). 6.4 g of PEGETH2MA (Mn~246 g mor
1
, Aldrich), 1.57 g 

PEGMA (Mn~300 g mor 1, Aldrich), 0.12 g Fe3O4, 0.064 g sodium dodecyl sulfate 

(SDS) and 4.6 ' 10-4 mol of Ethylene glycol dimethacrylate (EGDMA 97%, Fluka) were 

di ssolved in 200 mL of de-ionized (DI) water. The solution was purged with nitrogen gas 

for 40 min at 70°C. Ammonium persulfate (APS, 0.20 g), which was dissolved in 5 mL 
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of water, was then added to initiate the emulsion copolymerization. The reaction lasted 

for 12 hour under nitrogen gas bubbling atmosphere. The nanospheres were purified via 

a dialysis tube (MW cut-off 13 , 000) against water for 7 days at room temperature while 

the de-ionized water was exchanged twice a day, and collected by ultra centrifugation. 

Thermogravity analysis (TGA) was performed to quantify the polymer and nanomagnet 

concentration after synthesis. Vitamin B 12 (MW 1356) was used as model drug for ac 

field modulated release demonstration. Magnetic nanospheres and the control polymeric 

nanoparticles (without magnetic core) are used for release experiment. Aqueous solution 

of vitamin B 12 (20 mg/ml) was added to the freeze-dried nanospheres. The solution was 

stiITed for 8 h at 25 °C. Drug loaded particles were collected by ultra centrifugation. The 

release behavior was studied in insulated plastic reaction vessels containing the 

nanosphere solution. Two separate conditions were maintained: (a) ac field exposure ( 100 

Oe, 150 kHz) , and (b) de field exposure (I 00 Oe;. 0 Hz). The supernatant was· collected at 

every time point following the ac/dc field exposure and the particles are re-dispersed. 

Time dependent release was quantified as mass released at time t, M,, over the total mass 

released, Mcum (96 h) using a UV-Vis spectrometer. To minimize Joule heating, ac field 

was switched on for 20 min , following 40 min off cycles. For uptake assessment, 

fluorescent nanospheres were synthesized by conjugating with Methacryloxyet~yl 

thiocarbamoyl rhodamine B fluorescent monomers (Polysciences, Inc., emission: 570 

· nm) during the copolymerization reaction. Fluorescence intensity is easily var~ed by 

adjusting the amount of fluorescent monomer during reaction and in this study, 1 mg of 
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monomer is added per 6 gm of copolymer content. Any unreacted fluorescent monomer 

was removed by dialysis for 7 days. 

Scanning and Transmission Electron Microscopy 

Sphere morphology was assessed using an FEI QUANT A 200 Scanning Electron 

Microscope (SEM). A Philips EM 420 Transmission Electron Microscope (TEM) was 

used to simultaneously observe polymer encapsulation and the embedded magnetic 

nanoparticles (core-shell structure). Cryo-immobilization was performed to prevent the 

nanospheres from collapsing during electron microscopy. Accelerating voltage during 

SEM imaging was kept between 5-20 kV; TEM analysis was performed with 120 kV 

electron beam. 

Light Scallering and Magnetic Measurements 

For the dynamic light scattering (DLS) experiment, a laser light scattering 

spectrometer (AL V, Germany) equipped with an AL V-5000 digital time correlator was 

used with a helium-neon laser (Uniphase 1145P, wavelength of 632.8 nm) as the light . 

source. The hydrodynamic radius distribution of the nanospheres in water was measured· 

at a scattering angle of 60°. A homemade magnetic field generator was designe~ to 

extract the AC field induced heating response. This device consists of an AC signal 

generator, a power amplifier, and a copper coil (diameter 25 mm, coil quality _factor •~ 70). 

The coil was an element of a resonant RLC circuit with a self-inductance of 48 µ H. The 
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field strength was calculated using a high frequency current probe (Tektronix) and an 

oscilloscope (Agilent). Custom software (written in Lab View) controls the signal. 

Magnetic property [M(H)J of the nanospheres was measured using a Lakeshore model 

7300 Vibrating Sample Magnetometer (VSM) at ambient temperature. 

Cell Culture and Treatment 

PC 12 rat pheochromocytoma cells (A TCC, Manassas, VA) were used to assess 

nanosphere biocompatibility. Cells were routinely cultured at 37°C in 5% CO2 in F-12 

Nutrient Mixture with Kaighn' s modification (Fl 2K) containing 2.5% fetal bovine serum 

and 15% horse serum (both from lnvitrogen, Carlsbad, CA). For experiments, cells were 

plated at I 0,000 cells/cm2 on glass cover-slips in 24-well tissue culture plates and 

allowed to grow for 48 hours. Cultures were washed twice with phosphate buffered 

saline (PBS) and placed into serum- and phosphate-free HEPES-buffered Dtilbecco's 

modified Eagle's medium (DMEM, lnvitrogen, Carlsbad, CA) to prevent particle 

aggregation. Nanospheres were added at final iron concentrations (assessed by TGA 

analysis) of 0, 0.34, 3 .4, 6.0 or 16 mM for 48 hours. 

Assessment of Particle Internalization 

PC12 cells were exposed for 48 hours a.t 37°C to fluorescent nanospheres 

containing magnetic nanoparticles at an iron concentration of 3.4 mM. Cultu~es were 

washed with PBS to remove extracellular nanoparticles, and cells were incubated for 24 
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more hours at 37°C. Cultures were fixed for 20 minutes in 4.0% paraformaldehyde and 

2.0% glutaraldehyde in PBS at room temperature. · Images were captured through a 64X 

objective in differential interference contrast (DIC) and tetramethylrhodamine 

isothiocyanate (TRITC, Ex = 568 nm, Em = 585/40 nm) channels using a Zeiss Axiovert 

200M microscope (Zeiss, Thomwood, NJ) fitted with a Yokogawa CSU-10 confocal 

scanner and a Hamamatsu camera (McBain Instruments, Simi Valley, CA) .. 

Assessment of Cell Viability 

After exposure to magnetic nanospheres, cells were washed twice in PBS and 

viability was assessed using the Live/Dead viability/cytotoxicity assay (lnvitrogen, 

Carlsbad, CA), according to the manufacturer's directions . In brief, cultures were 

double-labeled with calcein AM, which permeates cell membranes and becomes 

fluorescent when exposed to esterase activity in 'living cells, and ethidium homodimer-1 

(EthD 1 ), which is excluded by the plasma membrane from living cells but crosses the 

compromised membrane of damaged cells to bind nucleic acids and fluoresce . Digital 

images were captured through a I OX objective on a Zeiss A viovert 200M microscopy 

(Zeiss, Thornwood, NJ) in fluorescein isothiocyanate (FITC, Ex= 480/30 nm, Em= 

535/40 nm) and TRITC (Ex = 540/25 nm, Em = 605/55 nm) channels for calcejn AM and 

EthDl, respectively. Only non-aggregated single cells (at least 300 cells/condition) were 

quantified, and the percent of viable cells was calculated. Significant differe~ces 

between magnetic nanospheres containing different concentrations of iron were 
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determined by ANOVA with subsequent Tukey post-hoc tests. Nuclear morphology was 

assessed using confocal images captured through a 64X objective from cells labeled with . 

4 ' ,6-diamidino-2-phenylindole (DAPI, Ex= 405 nm, Em= 450/35 nm), following 

exposure to nanospheres containing magnetic nanoparticles at different concentrations of 

iron. 

Assessment of Cell Morphology, Cytoskeleton and Neurite Outgrowth 

Following nanosphere exposure, cultures were washed twice with PBS and placed 

into serum-free F- l 2K with or without 100 ng/ml nerve growth factor ~ subunit (~ -NGF, 

Sigma-Aldrich, St. Louis , MO), added daily for 72 hours. Cultures were fixed in 4.0% 

paraformaldehyde and 2.0% gluteraldehyde in PBS , washed twice in PBS , and blocked 

for 30 minutes in PBS containing 1.5% normal donkey serum and 0.1 % Triton X-100 at 

room temperature. Samples were double labeled for filamentous actin and tubulin by 

sequential exposure to 3.3 µM Texas Red-X phalloidin (30 minutes, Invitrogen, Carlsbad, 

CA) and rabbit anti- ~III tubulin (] :200, overnight, Abeam, Cambridge MA). Tubulin 

immunereactivity was visualized by Alexafluor 488-conjugated donkey anti-rabbit 

secondary antibodies (1 :200, 1 hour, Invitrogen, Carlsbad,CA). Digital images were 

·captured though a 40X objective using DIC optics , and through a 64X objecti~e in 

TRITC (Ex = 568 nm, Em = 585/40 nm) and FITC (Ex = 488 nm; Em = 520/35 nm) 

channels on a Zeiss Axiovert 200M microscope· with confocal attachments (~cBain 

Instruments, Simi Valley, CA). 

23 



Neurite outgrowth was assessed using the percent of neurite-bearing cells, 

determined from phase contrast images (5 images/condition/experiment) captured · 

through a 40X objective on a Zeiss Axiovert 200M microscope. For this analysis a 

neurite was defined as a cellular extension the exceeded 10 µm. Only non-aggregated 

cells where the cell and all its neurites were included in the image were quantified, and 

imaged fields were systematically selected from each quadrant and the center of each 

cover-slip to ensure a representative sample. Differences between experimental 

conditions were determined by ANOV A with subsequent Tukey post-hoc test using a 

significance level of a= 0.05. 

Results and Discussion 

It was important to design a system where the polymer encapsulates the magnetic 

nanoparticles to facilitate solubility and bioavaiiability and also provides the potential to 

conjugate bioactive peptides, antibodies, oligonucleotides or drugs. Thus, a key feature 

was to design a PEG-based system with a tunable LCST close to physiological · 

temperature. Based on previous reports [ 17, 18], we chose a molar ratio of PEG MA to 

PEGETH2MA of 20%. Unlike single domain crystals, multi-domain magnetic particles · 

exhibit primarily hysteresis loss-induced heating inside the ac field exposure with low 

frequency. Hysteresis loss induced heating is preferred over relaxation loss because the 

former is easier to tune by the controlled modulation of the oscillating magn~tic field, 

especially considering the sharp hydrodynamic radius change that may occur around the 

24 



LCST and severely impact the Brownian relaxation loss. To maximize the energy 

absorption, nanomagnet size was chosen to be in the range of 25-30 nm, close to the 

ferromagnetic exchange length (27 nm) for magnetite [24]. 

Physiochemical Characterization of Magnetic Nanospheres 

The nanospheres exhibited good colloidal stability in aqueous solution with no 

obvious precipitation after several days. We initially assessed particle size and 

morphology using SEM. Spherical particles were observed (Fig. 1 a) and the mean 

diameter was found to be 315 ± 23 nm. No magnetic nanoparticles were observed on the 

surface of the nanospheres, indirect proof of polymer encapsulation. The lower electron 

beam energy (5-30 kV) of SEM imaging was insufficient to penetrate the outer polymer 

layer, so we directly assessed particle encapsulation by TEM. At an accelerating voltage 

of 90 kV , electrons were able to pierce through the outer polymer shell. The resulting 

TEM micrographs revealed that the nanomagnets were mostly concentrated near the 

center of the nanospheres (Fig. I b ). The individual particles were located near each other, 

but were separated and did not agglomerate. We interpret these results as validation that 

the synthesis did indeed produce nanospheres with a hydrophobic core that had limited or 

no particle agglomeration (even at higher concentrations), which would have r.esulted in 

subsequent reduction in coercivity. 

The temperature dependence of normalized hydrodynamic radii (Rh) ~f the 

magnetic nanospheres was probed by performing the DLS measurement (Fig.··2). Here, 
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the radii [Rh(T)] are divided by the value at 22°C [Rh(22)], and the molecular weight of 

PEGMA is fixed at 300 Da. The volumetric transition occurred between 31 and 41 °C and. 

included a sharper change or LCST at around 36°C. The broader transition range was 

attributed to the free radical polymerization process, where polymer chains are initiated 

all along the reaction and therefore~ strong chain-to-chain deviations of composition can 

. be expected. This transition range is broader than that of the PNIP AM nanospheres, 

which have homogeneous composition and therefore, a sharp transition [25]. Volumetric 

change is seen to be unaffected due to nanomagnet doping compared to the non-magnetic 

PEG nanospheres having similar compositions, justifying the use of optimal 

concentration of magnetic particles. LCST of the nanospheres can be elevated / lowered 

to a desired temperature based on PEGMA molecular weight and molar ratio and 

currently being investigated. Magnetic properties of the doped PEGETH2MA-ca-PEGMA 

nanosphere aqueous dispersion (IO wt.% polymer concentration; i.e., 3 .5 mg/ml Fe3O4, 

determined by TGA analysis) were probed by performing the VSM measurements (Fig. 

2, Inset). The hysteresis response reveals the ferromagnetic characteristics of the 

nanospheres. From the TEM micrographs, we observed that the nanomagnets· did not 

agglomerate after repeated heating cycles, possibly because of the lower residual 

magnetism (0.314 X 1 ff2 emu/gm) of the particles. 
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Response to Alternating Magnetic Field and Drug Release 

We next measured the remote heating response of the nanospheres in an ac 

magnetic field (125 Oe, 120 kHz). Temperature inside the insulated plastic reaction 

vessels containing the nanosphere solutions was monitored by a fiber optic temperature 

sensor (Photon Control Inc. ,). Copolymer concentrations were varied from 10 wt. % to 0.1 

wt. %, re ulting in nanomagnet concentration of 3 .5 mg/ml to 0.035 mg/ml ( ~45 mM to 

0.45 mM Fe). Upon application of the field, the measured temperature of the nanosphere 

solutions increased in a concentration-dependent manner and reached a near steady state 

after approximately 30 minutes (Fig.3a). For any specific concentration of nanomagnets , 

similar temperature regulation capability is achieved as a function of ac field intensity. As 

speculated from the minor hysteresis loops , the effective ·heating is observed only above a 

threshold field ( ~37Oe, not shown here). Finally, ac field dependent release of vitamin 

B 12 is demonstrated in Fig. 3b. Oscillating field. induced heating and subsequent 

shrinkage of the hydrogel network led to enhanced release of the loaded drug from th~ 

magnetic nanospheres. However, ac field was unable to heat the control nanospheres and 

did not cause accelerated release from them. Moreover, it is also observed that the 

applied de field had minimal effect on the release profile for both magnetic and the 

control particles. As the nanosphere temperature can be tailored by controlled.modulation 

of field intensity and nanomagnet loading, we interpret these results to indicate that the 

system may be precisely manipulated using external ac magnetic fields to al~er the release 

profile or sequential release. 
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Magnetic Nanosphere Internalization Into Neuron-like Cells 

To affect cellular functions, magnetic nanospheres must gain entry into cells. We 

assessed cellular uptake using fluorescent magnetic nanospheres and confocal 

microscopy. Cells not exposed to nanospheres displayed morphology typical of PCl 2 

cells (Fig. 4a) and had minimal fluorescence in confocal sections taken through the center 

of each cell (Fig. 4b). In comparison, exposure to magnetic nanospheres did not alter cell 

morphology (Fig. 4c). Similar to previous results [26-28], fluorescent nanospheres were 

readily internalized (Fig. 4d). Interestingly, the pattern of internalization in the cun-ent 

study was more indicative of a cytosolic distribution, compared to the typical punctuate 

endosome distribution seen in the earlier reports. It is possible that 48 hours of exposure 

to magnetic nanospheres allowed translocation of the nanospheres from endocytotic 

vesicles to the cytosol. However,_endocytotic distribution was still observed in non

neuronal cells 3 days after nanoparticle exposure [28], perhaps reflecting a ·cell type

specific response. In this analysis , we observed that nearly 100% of the cells intemal~zed 

magnetic nanospheres within 48 hours. That the synthesized nanospheres are so readily 

internalized has important implications for the potential of this system to be useful in 

biomedical therapeutics. In addition, these results ·also indicate the ease of derivatizing· 

the polymer shell, potentially providing an efficient method to target the nano.sphere to 

particular cells. For instance, by selecting a proper initiator and surfactant, it is possible 

to synthesize nanospheres with amino or carboxyl functional groups to allo":' covalent 

attachment of peptides at either the carboxy or amino termini. Targeted delivery could be 
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achieved by attaching a peptide ligand for a neuron-specific receptor ( e.g. attaching the ~ 

subunit of nerve growth factor for targeting trkA expressing neurons), similar to 

strategies previously reporting for targeting nanoparticle systems to particular cell types 

[29-31]. In addition, this could allow measured release of incorporated drugs or peptides 

using oscillating magnetic fields, creating highly diverse therapeutic potential for the 

synthesized system [27, 32] . 

Magnetic Nanospheres are Minimally Toxic to Neuron-like Cells 

To be useful in biomedical applications, the constructed nanospheres must have 

low toxicity and little innate bio-reactivity. We assessed the cytotoxicity of the magnetic 

nanospheres using a Live/Dead assay. In this assessment, living cells incorporated 

calcein AM and remained impermeable to ethidium homodimer 1 (EthDl), thereby 

exhibiting green fluorescence. Dead or dying cells allowed EthD 1 to cross· their 

compromised membranes and exhibited red fluorescence. Fluorescent images of PC 12 

cells not exposed to magnetic nanospheres had a very low basal level of cell death (Fig. 

5a). Comparable levels of cell death were seen in cells exposed for 48 hours to 

nanospheres containjng magnetic nanopaiticles corresponding to 3 .4 mM iron (Fig. Sb): 

For nanospheres containing higher levels of magnetic nanoparticles (e.g. an irpn 

concentration of 16 mM), toxicity increased (Fig: 5c ). Quantification (Fig. 5d) indicated 

a significant effect of magnetic nanoparticle co'ncentration on cell viability (~3,11 = 

22.741, p = 0.001), but confirmed there was no difference between cells exposed to 
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nanospheres with iron concentrations up to 3.4 mM (p > 0.98). However, cell viability 

was decreased by nanospheres containing magnetic nanoparticles with 16 mM iron 

concentration (p = 0.001 ). Based on prior work using magnetic nanoparticles, we assume 

that cell death occurred through an apoptotic mechanism. We did not completely analyze 

thi s, but did assess nuclear morphology and found little fragmentation and blebbing or 

DNA condensation in cells not exposed to magnetic nanospheres (Fig. 5e) or exposed to 

nanospheres containing magnetic nanoparticles at an iron concentration of 3 .4 mM (Fig. 

Sf). Nuclear changes were abundant with nanospheres containing high levels of magnetic 

nanoparticles ( 16 mM irnn, data not shown). These results suggest the constructed 

nanosphere system assessed here had decreased cellular toxicity and induction of 

apoptosis compared to magnetic nanoparticles coated with PNIPAM or 

dimercaptosuccinic acid (DMSA)_ [ 14] , or polyethylenoxide (PEO) triblock copolymers 

f33]. 

Magnetic Nanoparticles Minimally Affect Morphology and Neu rite Outgrowth 

Because central nervous system axons do not regenerate to an appreciable extent 

after damage f 1], one application of the synthesized nanosphere system might be in the· 

therapeutic manipulation of axon extension. If the nanospheres do not inhibit the 

extension of cellular processes, they hold promise for this application. We began to 

assess the potential use of the synthesized nanospheres for manipulating axon extension 

using PCl 2 cell s, a neuronal model that extends neurites in response to exogenous 
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addition of nerve growth factor (NGF). PC12 cells not exposed to magnetic nanospheres 

exhibited little formation of neurites in the absence of NGF, showing a spreading 

morphology with abundant lamellipodia (Fig. 6a). In contrast, cells exposed to NGF 

displayed a neuron-like morphology with 1 to 2 neurites/cell (Fig. 6b ). Exposure to 

magnetic nanospheres containing nanoparticles at 3.4 mM iron did not alter cell 

morphology in the absence (Fig. 6c) or presence (Fig. 6d) of NGF. Because neuron 

structure is determined by the arrangement of cytoskeletal microtubules and actin 

filaments, we next assessed the effect of magnetic nanospheres on PCl 2 cytoskeleton. 

For cells not exposed to magnetic nanospheres, typical arrangements of cytoskeletal 

elements were observed. Here, tubulin was abundant in the central regions of cells and · 

actin filaments were mainly localized to the cell cortex for rounder cells observed in the 

absence of NGF (Fig. 6e) and for cells extending neurites in the presence of NGF (Fig. 

6f). Cytoskeletal arrangements were similar for cells exposed to magnetic nanospheres 

(3.4 mM iron) in both the absence (Fig. 6g) and presence (Fig. 6h) of NGF. Howev~r, it 

may be possible that actin filament concentration was slightly increased in cells exposed 

to magnetic nanospheres (compare Fig. 6 (e and f) with Fig. 6 (g and h)). These results 

stand in contrast to the decreased actin filament content seen With DMSA coated 

magnetic nanoparticles f 14]. Thus, it appears that the constructed nanosphe1:e system has 

no detrimental effects on cell morphology and cytoskeleton, and may enhance the 

formation of actin filaments. 
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The few effects on cell morphology indicate promise for the synthesized system 

for manipulating axon regeneration. However, if the nanospheres adversely affect neurite 

outgrowth, their therapeutic potential is decreased. Qualitative assessment from phase

contrast images of cells not exposed to magnetic nanospheres showed little neurite 

outgrowth in the absence of NGF (Fig. 7a), whereas daily treatment with 100 ng/ml NGF 

led to cells that readily extended neurites and exhibited the formation of cellular contacts 

(Fig. 7b ). Similar levels of neurite extension were seen in cells exposed to nanospheres 

containing magnetic nanoparticles with an iron concentration of 6.0 mM for 48 hours 

prior to 72 hours without (Fig. 7c) or with 100 ng/ml NGF (Fig. 7d). In the latter, cells 

also formed cell to cell contacts: These results indicated that exposure to non-toxic levels 

of magnetic nanospheres did not inhibit the elaboration of neurites. An exciting 

application of this system is its implementation to enhance axon growth and manipulate 

axon trajectories in combination with endogenous responses to magnetic fields [2-4]. We 

are currently assessing baseline and magnetic field-induced responses of several neuronal 

models to the nanospheres. 

Conclusions 

In summary, we report the synthesis, actuation and dose-dependent modulation of 

a multifunctional nano-scale system consisting of all FDA-approved bio-polymers. Based 

on these results , we conclude that the designed nanomagnets possess dual capability of 

regulating temperature and tuning size, i.e., the mesh density by remote controlled 
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actuation. These special features carry the potential for synergistic application of heat and 

sustained release of small molecules in therapeutics. Moreover, compared to currently 

available systems, cytotoxicity is remarkably reduced by the stealth polymer 

encapsulation around the magnetic core and allowing higher intracellular concentrations 

of magnetic nanoparticles. One exciting application for this system may be using either 

unaltered or derivatized nanospheres in conjunction with magnetic fields to manipulate 

axon growth. The neurite growth pattern seen at high nanosphere concentrations is 

especially promising for further studies with effect on primary neurons in terms of axon 

regeneration following nervous system injury. 
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Fig.2.1: (a) SEM, and (b) TEM micrograph of the magnetic nanospheres. Nan<?magnets 

are not visible through the polymer layer in SEM images, while the TEM micrograph (90 

kV) captures the polymer encapsulation and the embedded nanoparticles simultaneously. 
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- Fluorescent Nanospheres 

(c) 

+ Fluorescent Nanospheres 

Fig.2.4: Cellular uptake of magnetic nanospheres by PC12 cells. Representative (a) 

differential interference contrast (DIC) and corresponding (b) confocal images of PC 12 

cells not exposed to magnetic nanospheres. Representative (c) DIC and corresponding 

( d) confocal images of cells exposed to fluorescent magnetic nanospheres showing 

abundant internalization into cells. Scale bar in (b) = 10 µm and is valid for all images. 
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Fig.2.5: Magnetic nanospheres hav_e minimal cellular toxicity. Representative digital 

image of PC12 cells either not exposed (a), or exposed to magnetic nanospheres with iron 

concentrations of (b) 3.4 mM or (c) 16 mM for 48 hours and double labeled with calcein 

AM (green) to show living cells and ethidium homodimer-1 (EthD 1, red) to label dead or 

dying cells. Scale bar in (c) = 50 µm, and is valid for (a), (b) and (c). (d) Quantification 

revealed little cell toxicity up to 3.4 mM iron. Data are means± standard deviations from 

3 separate experiments, *p = 0.001 compared to cells not exposed to magnetic 

nanospheres (ANOVA and subsequent Tukey's post-hoc). Representative images show 

intact nuclei with little evidence of fragmentation, condensation or blebb1ng for cells ( e) 

not exposed or (t) exposed to nanospheres containing 3 .4 mM iron. Scale bar in (t) = IO 

µm, and is valid for ( e) and (t) . 
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Fig.2.6: Cells maintain normal morphology after exposure to magnetic nanospheres. 

Representative differential interference contrast (I;)IC) images of cells not exposed to 

magnetic nanospheres show typical morphology for PC12 cells (a) not treated or (b) 

treated daily with 100 ng/ml nerve growth factor (NGF) for 72 hours. Normal 

morphology is maintained when cells are exposed to magnetic nanospheres and ( c) not 

treated or ( d) treated with NGF. Compared to cells not exposed to magnetic nanospheres 

and ( e) not treated or (f) treated with NGF, cells exposed to magnetic nanospheres in the 

(g) absence or (h) presence ofNGF have similar microtubule (green) and actin filament 

(red) cytoskeletal arrangements. Scale bar in (d) = 10 µm and is valid for (a) through (d). 

Scale bar in (h) = 10 µm and is valid for (e) through (h). 
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Fig.2. 7: Magnetic nano spheres do not inhibit neurite outgrowth. Compared to 

representative phase contrast images of PC12 cells not exposed to magnetic nanospheres 

and either (a) not treated or (b) treated daily with 100 ng/ml nerve growth factor (NGF), 

cells exposed to magnetic nanospheres with an iron concentration of 6.0 mM display 

similar morphology in the (c) absence or (d) presence ofNGF. Scale bar in (d) = 10 µm, 

and is valid for (a) through (d). (e) Quantification of the percent of neurite bearing cells 

shows similar neurite outgrowth for cells either not exposed or exposed to magnetic 

nanospheres at iron concentrations of0.34 and 6.0 mM and treated with NGF, all of 

which increased neurite outgrowth compared to cells not treated with NGF. Data in (e) 

are means± standard deviations from 3 separate experiments, *p = 0;001 compared to 

cells not treated with NGF (ANOV A with subsequent Tukey post-hoc test). 
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CHAPTER III 

MODERATE LEVEL EXPOSURE TO POLY(ETHYLENE GLYCOL) ANALOUGE 

BIOPOLYMER ENCAPSULATED, MULTI-FUNCTIONAL 

MAGNETIC NANODOTS DO NOT DELETERIOUSLY 

AFFECT NEUITE OUTGROWTH 

A paper to be submitted 

Key Words: Magnetic Nanodots, Biomaterials, Tunable Polymers, Neurite Outgrowth, Nano

biotechnology. 

Abstract 

Recently, huge interest has been generated in investigating the possible therapeuric use of 

tunable magnetic nanostructures to overcome the existing ·challenges to treat central 

nervous system (CNS) damage related conditions. However, several issues (e.g., 

biocompatibility or remote controlled actuation for multi-modal therapeutics) limit the 

use of conventional magnetic nanoparticles for biomedical applications. To address · 

many of these shortcomings, we have synthesized a monodisperse nano-scale system 

consisting of highly water dispersible magnetic nanodots embedded in a remotely tunable 

polyethylene glycol analouge biopolymer shell. Monodisperse nature of the nahospheres~ 
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their response to external magnetic field and volumetric transition near physiological 

temperatures are very attractive, especially for drug delivery systems. To further analyze 

the potential for combinatorial therapeutics for CNS damage related conditions, we have 

explored the efficiency of the uptake of nanospheres into PC12 pheochromocytoma cells 

and assess several additional measure of neurite outgrowth. We found that nanospheres 

were readily incorporated into the cytosolic compartment within 3 hours and did not alter 

the morphology of cellular processes compared to cells not exposed to nanospheres. 

Quantification of neurite outgrowth showed no significant differences in neurite initiation 

or elongation between cells treated with moderate level exposure compared to control 

cultures under similar conditions. Thus, this study reports an attractive nano-scale system 

with great potential to deliver therapeutics to precise locations within the nervous system 

for axonal outgrowth and guidance . . 

Introduction 

Traumatic injury to the central nervous system (CNS) is a significant health problem with 

injuries to the spinal cord and brain accounting for approximately 250,000 and 1.5 

million new injuries each year, respectively [ 1-2]. However, thes_e numbers may be 

somewhat misleading as a new survey indicates that paralysis and spinal cord injury may 

be more prevalent than previously thought, and a recent study reveals that approximately 

1.9 percent of t~e U.S. population, or 5,596,000 people reported they were living with 

some form of paralysis and 1,275,000 people in the U.S are living with spinal cord injury 

[3]. Currently, there is no effective treatment available for CNS injury, partially due to the 
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complexity of the system. Thus, it is evident that innovative approaches possessing novel 

therapeutic potential need to be implemented in order to overcome the existing challenges to treat . 

CNS damage related conditions. 

Functional recovery following neurotraumatic injury could be facilitated by 

therapeutics for guided axon regeneration [ 4]. Efforts to develop micro- or nanofabricated 

neural devices using conducting electroactive polymers [5], magnetic-field induction [6-

10], or mesoporous silica nanoparticles [ 11] have been employed for application to the 

nervous system. Magnetic bead force application and neurite extension have been 

reported [ 12-13], but positioning the micro-n_eedle is a challenging task, especially inside 

the complex tissues. Furthermore, simultaneous delivery of the peptide trophic factors is 

needed to promote growth-cone functionality. Although, these innovative techniques are 

promising alternatives, a single nanovector that is biocompatible, remotely tunable, 

capable of performing on-demand release of a specific drug or a combination of drugs to 

the targeted cells in the CNS, and can control intracellular functions (e.g., by regulating 

temperature or tensile force) carries remarkable treatment potential for healing 

neurotraumatic lesions by encouraging neurite growth and synaptogenesis. Thus, novel 

nanoparticle bio-conjugates and_ smart surfaces are increasingly gaining attention for 

developing clinical solutions in all areas of medicine [14-16], including 

neurodegenerative disorders [ 17-18]. 

Magnetic nanoparticles are attractive possibilities for novel nano-platf~rms to 

promote axonal growth and guidance as they meet almost all of the above mentioned 

goals for combinatorial therapeutics. However, biocompatibility of the nano-magnets and 
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intracellular uptake is a severe concern. For example, dimercaptosuccinic acid (DMSA) 

coated nano-magnets have enhanced intracellular uptake, but surface functionalization 

does not improve the biocompatibility of the system [19]. Poly (N-isopropylacrylamide) 

(PNIP AM) based systems demonstrate thermo-responsive behavior; however, NIP AM 

monomers are suspected carcinogens [20]. Traditional polyethylene glycol (PEG) coating 

reduces toxicity [21] , but does not retain thermo-sensitive behavior. Thus, controlled 

release of the trophic factors is an issue. To address these concerns, we have recently 

reported that PEG analogue biopolymer based magnetic nanostructures [22] [magnetic 

nanoparticles encapsulated within temperature responsive poly(ethylene glycol) ethyl 

ether methacrylate-co-poly(ethylene glycol) methyl ether methacrylate (PEGETH2MA-

co-PEGMA) network] is non-toxic, and anti-immunogenic by Food and Drug 

Administration (FDA) standards [23-25]. Oscillating magnetic field modulat~d release of 

imbibed drug and nanoscale temperature control ·are extremely promising characteristics 

for combin.atori.al therapeutics to facilitate axon growth. Although biocompatibility of 

several PEG based systems, inclu~iqg ours has been investigated [20,22, 26-31 ], their 

effects on neurite outgrowth are largely unexplored. Furthermore, preliminary results of 

our previous work were encouraging as they demonstrated a high percentage of neurite 

bearing cells in the presence of the nanospheres. However, the scarcity of information on 

the neurite outgrowth pattern and intracellular uptake profile prompted us the study of 

PEG analogue based multifunctional magnetic nanoreservoirs. In this work, we report a 

novel approach for synthesis of multifunctional nanospheres by embedding highly water 

dispersible magnetic nanodots inside the temperature sensitive PEG analogues, and 
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investigate their uptake profile and effects on neurite outgrowth. The observations are 

critical in determining the efficacy of the designed system to facilitate axonal outgrowth 

after nervous system injury. 

Experimental techniques 

Nanosphere Synthesis 

We synthesized magnetic nanoparticles encapsulated within the thermo-activated 

polymer network of PEGETH2MA-co-PEGMA using a similar but modified approach, 

as that reported in our previous work [22]. First, highly water dispersible magnetic 

colloidal nanocrystal clusters are synthesized that facilitate formation of the shell by PEG 

analogue biopolymers around them by acting as seeds during free radical polymerization 

process. In brief, 3 g of dextran, T-40 (TCI America), and 315 mg of ferric chloride 

hexahydrate (Sigma) is dissolved in 10 mL of d~-ionized (DI) water. The solution is 

cooled to 4 °C, and to the above cooled mixture is added afreshly prepared aqueous 

solution containing 125 mg of ferrous chloride tetrahydrate (Sigma) dissolved in water.to 

a total volume of 430 µ L. While being rapidly stirred, the above acidic solution is 

neutralized by the dropwise addition of 450 µL of cooled (4°C) 28-30% ammonium 

hydroxide solution. The dark suspension is then heated to 80°C over a one hour heating 

interval to allow the formation of magnetite nanocrystal and the ammonium chloride 

along with excess dextran and ammonium hydroxide are removed by 72 h dialysis. In the 

1 . . . ' 
second step, 2:1 g of PEGETH2MA (Mn~246 g mor , Aldrich), 0.69 g PEGMA 

(Mn~ 300 g mor 1, Aldrich), 6 mL of previously prepared magnetic nanocrystal solution, 
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sodium dodecyl sulfate (SDS, 0.02 g) as surfactant and 0.02 g of ethylene glycol 

dimethacrylate (EGDMA 97%, Fluka) were dissolved in 150 mL of de-ionized (DI) 

water. The solution was purged with nitrogen gas for 40 min at 70°C. Ammonium 

persulfate (APS, 0.07 g), dissolved in 5 mL of water, was added to initiate the emulsion 

copolymerization. The reaction lasted for 6 hours under nitrogen gas bubbling 

atmosphere. The nanospheres were purified via a dialysis tube (MW cut-off 13, 000) 

against water for 7 days at room temperature with DI water exchanges twice daily. The 

membrane pore size allowed only the surfactant, SDS to pass out into the surrounding 

water while keeping the polymer encapsulated magnetic nanospheres in the solution 

within the dialysis tubing. Finally, the nanospheres were collected by ultracentrifugation, 

freeze-dried, and stored at room temperature. Thermogravity analysis (TGA) was . 

performed to quantify the polymer and nanomagnet concentration after synth~sis. For 

uptake assessment, fluorescent nanospheres were synthesized by conjugating with 

Methacryloxyethyl thiocarbamoyl rhodamine B fluorescent monomers (Polysciences, 

Inc. , emission: 570 nm) during the copolymerization reaction. Fluorescence intensity is 

easily varied by adjusting the amount of fluorescent monomer during reaction and in this 

study, 1 mg of monomer is added per 6 gm of copolymer content. Any unreacted 

fluorescent monomer was removed by the 7 day dialysis. 
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Scanning Electron Microscopy 

Sphere morphology was assessed using an FEI NOV A 230 NANOSEM 200 Scanning 

Electron Microscope (SEM). Cryo-immobilization was performed to prevent the 

nanospheres from collapsing during electron microscopy. Accelerating voltages during 

SEM imaging were kept between 5-20 kV. To image neuronal outgrowth, cells were 

fixed in 4o/~ paraformaldehyde solution for 45 minutes followed by washing with PBS 

and dehydrated with increased concentration of ethanol by conventional methods. After 

dehydration, cells were sputter coated with an approximately 20-nm thick coating of an 

Au-Pd alloy in a Gatan 682 Precision Etching Coating System (PECS). 

Cell Culture and Treatment 

PC 12 rat pheochromocytoma cells (A TCC, Manassas, VA) were routinely cu~tured at 

37°C in 5% CO2 in F-12 Nutrient Mixture with Kaighn's modification (F12K) 

containing 2.5% fetal bovine serum and 15% horse serum (~oth from Invitrogen, 

. 2 
Carlsbad, CA). For experiments, cells were plated at 10,000 cells/cm on glass 

coverslips in 24-well tissue culture plates and allowed to grow for 48 hours. Cultures 

were washed twice with phosphate buffered saline (PBS) and placed into serum- and 

phosphate-free HEPES-buffered Dulbecco's modified Eagle's medium (DMEM, 

Invitrogen, Carlsbad, CA) to prevent particle aggregation. Fluorescently tagged 

nanospheres · were added at final sphere concentration of 300 µ g/mL for 30 min, 1, 3, and 
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6 h for uptake experiments; and unlabeled nanospheres were used at 0, 0.34 and 2.6 µM 

iron concentration overnight for assessment of effects on neurite outgrowth. 

Uptake Assessment 

Following nanosphere exposure, cultures were washed with PBS to remove extracellular 

nanoparticles, and cells were incubated for 24 more hours at 37°C. Cultures were fixed 

for 20 minutes in 4.0% paraformaldehyde and 2.0% glutaraldehyde in PBS at room 

temperature. Images were captured through a 64X objective in differential interference 

contrast (DIC) and tetramethylrhodamine isothiocyanate (TRITC, Ex = 568 nm, Em= 

585/40 nm) channels using a Zeiss Axiovert 200M microscope (Zeiss, Thomwood, NJ) 

fitted with a Yokogawa CSU-10 confocal scanner and a Hamamatsu camera (McBain 

Instruments, Simi Valley, CA). The overall uptake of both types of nanosphe~es in the 

cellular environment was calculated using NIH linageJ software. 

Assessment of Neurite Outgrowth 

After exposure to nanospheres, cultures were washed twice with PBS and placed into 

serum-free F-12K with or without 100 ng/ml nerve growth factor P subunit (f3-NGF, 

Sigma-Aldrich, St. Louis, MO), added daily for 72 hours. Cultures were fixed in 4.0% 

paraformaldehyde and 2.0% gluteraldehyde in PBS and washed twice in PBS. Phase 

contrast images (3-4 images/condition/experiment) were captured through a 40X 

objective on a Zeiss Axiovert 200M microscope. Each image was assessed for neurite 

initiation (number of neuritis/cell) and elongation (length of longest neurite/cell and total 
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neurite length/cell). For this analysis, a neurite was defined as a cellular extension the 

exceeded 10 µm. Only non-aggregated cells where the cell and all its neurites were 

included in the image were quantified, and imaged fields were systematically selected 

from each quadrant of each cover-slip to ensure a representative sample. Differences 

between experimental conditions were determined by ANOV A with subsequent Least 

Significant Difference (LSD) post-hoc test using a significance level of a= 0.05. 

Results and Discussion 

Physiochemical Characterization of Magnetic Nanospheres 

With ·addition of APS, to initiate the emulsion copolymerization, complete oxidation of 

magnetite toy-ferric oxide was observed and the resulting colloid turned red brown color 

of y-ferric oxide, from brown or bla_ck of magnetite nanocrystals, which contains ferrous 

ions (Fe2+). Dextran cover on the nanocrystal's surface provided excellent water 

dispersibility, and the magnetic cores acted as seeds for the formation of the shell during 

the polymerization process, which consisted of copolymers of PEGETH2MA, and 

PEGMA. Moreover, this resulted in very narrow particle size distribution with a 

polydispersity index (PDI) of 1.08, which is in the same range to, that for the PNIPAM 

nanospheres [23]. Monodisperse behavior of the nanospheres is further observed by 

performing SEM imaging (Fig. 1 A), and minimum to no particle agglomeration is 

observed, even at higher concentrations. The lower electron beam energy (5-30 kV) of 

SEM imaging was insufficient to penetrate the outer shell, and thus the magnetic 

nanocrystals remain invisible; however, absence of the nanoparticles on the outer 
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polymer shell completely rules out possible surface attachment and subsequent sphere 

agglomeration, which is typical for magnetic hydrogel colloids. Nano-magnets inside the · 

polymer shell were observed by performing TEM i_maging (Fig. 1 B ), and again, very 

limited to no particle agglomeration was noticed. Under the measured field intensity of 

5.9 mT, created by a ring shaped permanent magnet at the adjacent wall of the flask, the 

nanospheres moved in the direction of the field within minutes and form an identical ring 

shaped film on the flask wall close to the magnet (Fig. 1 C). Almost all particles were 

completely separated from the solution, even with the application of a moderate field 

intensity, which demonstrates that the sphere response to external magnetic field is much 

stronger than that of the individual magnetic nanodots due to a much higher 

magnetization per particle. Slight agitation brings the nano.spheres back into the solution 

if the magnetic field is removed. Finally, the DLS measurement confirmed th~ retention · 

of the temperature induced LCST close to the normal physiological temperature, as ·. 

observed in our previous study [22], which is especially important for on demand release 

of imbibed drugs. 

Uptake Profile of Magnetic Nanospheres by PCJ 2 Cells 

We assessed the cellular uptake using fluorescent nanospheres and confocal microscopy. 

For sphere uptake profile investigation, incubation conditions were set at concentration of 

200 µ g/mL spheres, because this concentration was observed to stay in the nonsaturated 

portion for PC12 cells. Cells not exposed to nanospheres had minimum fluorescence in 

confocal sections taken through the center of each cell (not shown here). In comparison, 
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core-shell nanospheres were readily internalized, and a much more intense signal was 

detected (Fig. 2A-C). Significant signal in the middle focal plane indicates sphere 

endocytoses, which is further bolstered from the lack of signal collected at the surface of 

the cells (not shown here), which indicates insignificant cell surface bound spheres. To 

assess the accumulation of the nanospheres in PC 12 cells, the intracellular fluorescence 

intensities in various sections were measured and calculated. Time dependent increase in 

the fluorescence intensity was observed (Fig. 2D). The intracellular sphere uptake for the 

PC12 cells achieves a plateau less than 3 h. We have observed a cytosolic distribution of 

the internalization pattern, and nearly 100% of the cells internalized the nanospheres 

within 3 hours. Observed intracellular uptake profile is important, especially for 

applications such as magnetic force induced axonal guidance using the nanospheres. Fast 

intracellular uptake is highly advantageous, as magnetic force may be applie~ for a longer 

. time span to achieve special control [32], which is expected to facilitate the axonal 

outgrowth. 

Assessment of Nanosphere Exposure on Neurite Morphology and Outgrowth 

Previously, we found that exposure to PEG analogue biopolymer based magnetic 

nanospheres did not adversely affect the arrangement of cytoskeletal elements . 

(microtubules and actin filaments) or the percent of neurite--bearing cells, compared to 

cells not exposed to nanospheres [22]. However, we could not rule out effects. on other 

aspects of neurite outgrowth (e.g. inhibition of elongation) or subtle changes to cell . 

morphology. As these criteria critically determines the effectiveness of a system for 
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being used as a vehicle for delivering drugs to the CNS to promote axon growth, 

assessment of morphological changes of the fine extensions and outgrowth parameters is · 

of pivotal interest. Here, we addressed these concerns by assessing growth cone structure 

using SEM imaging and neurite outgrowth using estimators other than the commonly 

used percent of neurite bearing cells. Compared to control PC12 cells not exposed to 

nanospheres (Fig. 3A-B) cultured under outgrowth promoting conditions (100 ng/ml P

NGF supplementation), cells exposed to nanospheres maintained a normal phenotype 

(Fig. 3C-D), readily extending processes and developing well spread growth cones. We 

could not distinguish any altered morphological features in the growth cones of PC 12 

cells exposed to nanospheres up to 2.6 mM iron concentration (Fig. 3C-D). Specifically, 

growth cones of cells exposed to nanospheres were of similar dimensions compared to 

cells not exposed to nanospheres , and had readily identifiable central and peripheral 

domains with abundant lamellipodia (arrows) arid filopdia (arrowheads). 

Using images captured through a 40X objective, we also 111easured neurite initiation 

using the number of neurites/cell. In cells not exposed to nanospheres, treatment with 

NGF increased the number of neurites/cell, and exposure to nanospheres did not alter this 

effect (Fig. 4A). Thus, we concluded that exposure to maganetic nanospheres did not 

significantly alter neurite initiation. However, after initiation, neurites need to extend 

through the extracellular environmentby elongation. Exposure of cells to NGF appeared 

to increase the length of the longest neurite/cell (Fig. 4B) and the total neurite· length/cell 

(Fig. 4C); however, these measures failed to reach statistical significance. In all cases, 

exposure to nanospheres did not alter estimates of neurite elongation. Together with the 
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morphological assessment, these data indicated to us that exposure to synthesized 

nanospheres did not adversely affect neurite outgrowth. 

One impetus behind constructing a magnetic nanoparticle system is the potential 

such systems have for delivering treatments to inaccessible areas. For instance, disorders 

of the CNS can be particularly devastating due in part to its inaccessible nature arising 

from separation provided in part by the blood brain barrier. Magnetically-responsive 

systems could be targeted to particular locations using directed magnetic fields. Once 

located at the site of damage, the nanospheres could be actuated to release imbibed drug 

by an oscillating magnetic field induced modulation of the thermo-sensitive polymer 

networks. In the case of spinal cord injury, the nanosphere surface could be specifically 

functionalized to target a particular subset of cells (e.g. upper motor neurons) and 

induced to release drug t~at would. encourage regeneration of motor neuron ~xons in the 

inhibitory environment -of the CNS, making them excellent candidate for novel 

therapeutics. 

Conclusions 

Our prior work indicated that PEGETH2MA-co-PEGMA encap_sulated magnetic 

nanodots decreased their toxicity in a neuronal cell model, PC12 cells. In this -work, using 

a modified technique, highly water dispersible magnetic nanocrystals were effectively 

embedded inside the temperature sensitive PEG analogues during the polymerization 

process. Strong magnetic property, response to the external magnetic field, and tunable 

volumetric transition behavior are very important, especially to achieve intracellular 
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spatial control by the application of magnetic force. Further investigation revealed that 

PC12 cells easily internalized the nanospheres within 3 hours of exposure and did not 

decrease neurite initiation or elongation in the presence of ~-NGF at moderate dosage 

level. We interpret these data as important indicators that neuron-like cells can be safely 

exposed to magnetic nanoparticles if they are properly encapsulated in PEG analogue 

thermo-sensitive biopolymers. Importantly, the novel encapsulation we designed and 

implemented also allows for surface derivatization and the controlled release of imbibed 

drugs , making them highly advantageous for biomedical applications. 
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Fig. 3.1: SEM and TEM micrograph of magnetic nanospheres. (A) SEM micrograph of 

the monodisperse nanospheres, and (B) TEM micrograph of the tunable polymer shell 

(shaded region) and embedded magnetic nanodots (dark spots). Scale bar in (B) = 100 

nm. (C) Response of the magnetic nanospheres to an applied de field of 5.9 mT by a 

permanent ring magnet at the adjacent wall of the flask. . 
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Fig. 3.2: Intracellular uptake profile of magnetic nanospheres by PC12 cells. 

Fluorescence intensities after (A) 0.5 h, (B) 1.5 h, and (C) 2.5 h incubation. Sc~le bar in 

(A) = 10 µ m and is valid for all images. (D) Effects of incubation time on intracellular 

uptake of the nanospheres by neuronal cells. I, represents intensity distribution/cell area at 

any time t, and Imm represents intensity distribution/cell area after 12 h exposure. 
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Fig. 3.3: SEM images of PC12 cells. (A-B) not treated, or (C-D) treated with 

nanospheres (24 hours) in the presence of f3-NGF. Micrographs revealed that cell had 

normal morphology (C) and produced well developed growth cones (D) with abundant 

lamellipodia (arrows) and filopodia (arrowheads) following nanosphere exposure, 

compared to the control cells (A-B). Scale bars are located at the lower right of each 

image and indicate length of20 µm for A and C and 30 µm for Band D, respectively. 

65 



2.0 

'ii 
~ 1.5 

~ 
'i: 
~ 1.0 z .... 
0 

l o.s 
s = z 0.0 

NGF: 

A 

s 
3 60 

'ii so u --.c 40 "S'ii 
C 

:s 30 

~ 
20 ·c: 

= ~ 
10 z 

s 0 
~ 

0 
NGF: 

C 

0 0.34 

+ + 
Iron Concentration (mM) 

0 

+ 
0.34 
+ 

Iron Concentration (mM) 

2.6 

+ 

2.6 

+ 

B 

2.0 

'ii 
~ 1.5 

~ 
"i: 
~ 1.0 
z .... 
0 

l o.s 
s = 
z 0.0 

NGF: 

0 0 0.34 

+ + 
Iron Concentration (mM) 

2.6 

+ 

Fig. 3.4: Quantification of neurite outgrowth after exposure to magnetic nanospheres. 

PC 12 cells were exposed to nanospheres at 0, 0.34 or 2.6 µM iron concentrations for 24 

hours, followed by 72 hours with or without 100 ng/ml ~-NGF. Digital images (3-

4/condition) of fixed cultures were assessed for neurite initiation by measuring the 

number of neurites/cell (A), and for neurite elongation by measuring the length of the 

longest neurite/cell (B) and the total neurite length/cell (C). Data are means + SEM from 

2 separate experiments and *indicates statistically significant differences, compared to 

cells cultured without ~-NGF or nanospheres, at p < 0.05 (ANOVA and LSD post-hoc). 
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CHAPTER IV 

EXCELLENT BIOCOMPATIBILITY OF SEMICONDUCTOR QUANTUM DOTS 

ENCASED IN MULTIFUNCTIONAL POLY(N-ISOPROPYLACRYLAMIDE) 

NANO-RESERVOIRS AND NUCLEAR SPECIFIC LABELLING OF 

GROWING NEURONS 

Somesree GhoshMitra, David R. Diercks, Nathaniel C. Mills, DiAnna L. Hynds, 

Santaneel Ghosh 
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Quantum dots (QDs) have received attention for labeling bio-molecules; however, 

toxicity of these nanostructures in the intracellular environment have prevented a 

biomedical breakthrough. Here we report biocompatibility of a QD based multifunctional 

system on neuronal cells. Moreover, the designed nanostructures bind with high affinity ' 

in the cell nucleus. Nucleus specific binding and enhanced biocompatibility, CQupled with 

no deleterious effects on neurite outgrowth, even at high dosages ( 500 µg/mL sphere 

cone.) suggest increased therapeutic potential of this system for specific targ~ting 

followed by controlled release of drugs in treating neurodegenerative disorders. 
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Semiconductor QDs have received attention for labeling bio-molecules [ 1-4] due 

to their unique photoluminescence properties: (1) size-tunable emission color, (2) a 

narrow and symmetric emission profile and (3) a broad excitation range. However, the 

optical properties of QDs have not translated into a biomedical breakthrough in tumor 

imaging devices or "theranostics (therapy and diagnostics)" applications. A major hurdle 

is that uncoated QDs made of a semiconductor core (e.g., Cadmium Telluride, CdTe) are 

toxic to cells because of the release of Cadmium ions (Cd2+) in the cellular environment 

[5-8]. This problem can be partially solved by encapsulating QDs within hydrophilic 

polymers, like poly(ethylene glycol) (PEG) [9]. For the poly(N-isopropylacrylamide) 

(PNIP AM) encapsulated CdTe system described here (CdTe-PNIPAM), the polymer 

shell acts as the reservoir of the drug molecules and as a tunable biocompatible matrix 

around several QDs; thus controlling the release of drugs and the distance be~ween the 

adjacent dots inside the nanospheres by causing volumetric shrinkage of the polymer 

network above the lower critical solution temperature (LCST,~33°C) [10-11]. Therefore, 

the possibility of external modulation to bring the dots close enough to cause Forster 

resonance energy transfer (FRET) makes it an attractive alternative for biological 

detection that overcomes traditional difficulties in actuating conventional nanostructures 

by chemical, mechanical or magnetic excitations. Release of drug molecules [ 1.2] and 

switchable photoluminescence behavior from CdTe-PNIPAM nanostructures has been 

observed [ 13-14 ]. However, to be useful for biomedical applications, the system must 

have low toxicity and little innate bio-reactivity. While the toxicity of uncoated QDs is 

known [5-8], only a limited number of studies assess the toxicity of polymer coated QDs 
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[9]. Moreover, the existing reports have assessed single QD core-shell polymeric 

structure's toxicity where traditional PEG encapsulation is not externally tunable, and 

cannot control the intermediate distance between the adjacent dots and is not suitable for 

drug delivery applications in which triggered release is necessary. Thus, the scarcity of 

information on the biocompatibility and organelle specific labeling by tunable polymer

QD bio-conjugates prompted this study of CdTe-PNIPAM nanoreservoirs. 

Here we report biocompatibility and cell nucleus specific binding of CdTe

PNIPAM multifunctional nanospheres on Pheochromocytoma Cell Line 12 (PC12) cells, 

a neuronal model that extends neurites in response to exogenous addition of nerve growth 

factor (NGF). Thus, biocompatibility and organelle specific binding is assessed for 

monodisperse QD-polymer nonostructues that are capable· of delivering both therapeutic 

and diagnostic agents. 

CdTe-PNIPAM nanospheres were synthesized in three steps: (a) PNiPAM 

nanosphere synthesis was performed by precipitation polymerization of N

isopropylacrylamide (NIPAM) monomer and the cross linking agent methylene 

bisacrylamide (BIS) in water at 70°C; (b) CdTe nanocrystals were synthesized by adding 

cadmium perchlorate (Cd(ClO4)2.6H2O)/thioglycolic acid (TGA) solution to freshly 

prepared sodium hydrogen telluride (NaHTe) solution (1 :500 volume ratio) and then 

properly adjusting the pH; (c) Finally, PNIPAM encapsulated QDs were synthesized by 

breaking the disulfide bonds (S-S) and forming reactive thiol groups .on the PNIPAM 

surface and cross-linking those with free thiols on the QDs. Particles were collected after 

repeated ultracentrifugation and washing. 
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Dynamic light scattering (DLS) was performed to examine the LCST behavior 

using a Malvern NanoZS system equipped with a Helium-Neon laser (632.8 nm) as the 

light source. Nanosphere morphology and size distribution were determined by 

performing scanning electron microscopy (SEM-FEI NOV A 230 NANOSEM). Plunge 

cooling in liquid nitrogen prevented sample collapse during freeze-drying. To observe the 

encapsulated QD nanocrystals, high resolution transmission electron microscopy 

(HRTEM) was carried out using an FEI Tecnai F20 HRTEM. 

Cytotoxicity of the nanospheres was assessed using the Live/Dead assay by 

double-labeling the PC12 cells with calcein-acetoxymethyl ester (calcein AM) and 

ethidium homodimer-1 (EthDl). To observe growth-cone morphology, following 

nanosphere exposure and NGF treatment, cells were fixed in 4% paraformaldehyde 

solution for 45 min., washed with phosphate buffered saline (PBS) and dehydrated with 

increasing concentrations of ethanol by conventional methods. After dehydration, cells 

were sputter coated with a gold-palladium alloy ( ~ 20-nm) in a Gatan 682 Precision 

Etching and Coating System (PECS), and SEM micrographs were captured. Finally, to 

observe the nuclear specific QD binding, confocal microscopy was performed (Zeiss 

Axiovert 200M microscope). See supplementary material at [URL will be inserted by 

AIP] for details of the chemical synthesis, schematic diagram (Scheme S 1 ), QD 

distribution (Fig. S 1 ), and cell culture and treatment (Fig. S2). 

The CdTe-PNIPAM nanospheres exhibited good colloidal _stability, strong 

luminescence and no precipitation after several days . Using SEM imaging, slightly oval 
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shaped particles ( arising from the surface roughness of the carbon film during sample 

preparation) were observed (Fig. la), and the mean diameter was found to be 382 ± 45 

nm. The SEM micrographs did not reveal any QD nanocrystals on the surface of the 

hydrogel nanospheres, an indirect proof of polymer encapsulation. Subsequently, 

HRTEM imaging (200 kV electron beam) revealed that the embedded QDs were 

uniformly distributed and did not form any large scale agglomerations (Inset, Fig. la and 

supplementary material, Fig. S 1 ). To quantify the volumetric transition, sphere radii 

[Rh(T)] from the DLS experiment were divided by the value at 22°C [Rh(22)], and the 

shrinkage efficiency is seen to be almost unaffected at the present QD doping level , 

compared to the un-doped PNIP AM nanospheres (Fig. 1 b ), thanks to low volume filling 

fraction of the QD nanocrystals [1]. This is particularly important, since the retention of 

the thermo-responsive property is the key factor for photoluminescence enhancement and 

drug delivery applications [13-15]. 

We assessed the cytotoxicity of the nanospheres us_ing the Live/Dead assay. 

Fluorescent images of PC12 cells not exposed to CdTe-PNIPAM nanospheres had a very 

low basal level of cell death (supplementary material, Fig. S2). Comparable levels of cell 

death were seen in cells exposed for 48 hours to CdTe-PNIPAM nanospheres containing 

as high as 500 µ g/mL PNIPAM (Figs. 2a-b ). However, cell viability was decreased 

drastically with bare QDs, even from dosages having as low as one-fourth of the 

fluorescent intensity as that of the safely administered PNIPAM encapsulated· QDs 

(supplementary material, Fig. S2). This decreased cell viability possibly occurred through 

an apoptotic mechanism. These results suggest the synthesized nanostructures had 
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decreased cellular toxicity and induction of apoptosis compared to bare QDs or individual 

QDs with core-shell structure or PEG coated silanized dots [7-9]. 

Reduced toxicity is promising, however, if the nanospheres adversely affect 

neurite outgrowth, their therapeutic potential is decreased. Here, we address these 

concerns by assessing cell morphology and growth cone structure using SEM imaging. 

Compared to control PC12 cells (no nanospheres) cultured under outgrowth promoting 

conditions (100 ng/ml 0 -NGF), cells exposed to nanospheres (500 µg/mL) maintained a 

normal phenotype (Fig. 3a), readily extending neurites and developing well spread 

growth cones (Fig. 3b ). Moreover, formation of cell to cell contacts was also observed. 

Thus, relatively high levels of CdTe-PNIP AM nanospheres did not inhibit the elaboration 

of neurites, an important criterion [ 15-16] for combinatorial therapeutics. 

To establish the utility of the nanoreservoirs for organelle specific bi_nding of 

neuronal cells, we fluorescently labeled neuron~like PC12 pheochromocytoma cell nuclei 

using the designed nanostructures. CdTe QDs with carbo~ylic rich surfaces bound with 

high affinity in cell nuclei, through electrostatic and hydrogen bonding. This property 

was used to specifically stain the nucleus with green colored nanoreservoirs (Fig. 4 and 

Movie 1). Moreover, after overnight exposure, we did not find fragmentation or 

deoxyribonucleic acid (DNA) condensation in cells. This finding further bolsters the 

claim of low toxicity of the nanospheres and indicates the ease of derivatizing the 

polymer shell. The technique might be extended for specific ligand-:receptor conjugation, 

such as avidin-biotin interaction for labeling actin filaments [ 17]. 
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In summary, we have assessed biocompatibility of a nano-scale system, which 

possesses excellent potential for in vivo applications. Compared to currently available 

systems, cytotoxicity is reduced by the tunable polymer encapsulation around the QD 

nanocrystals, which also allows efficient cellular uptake of the nanospheres. Thus, a 

single nanovector that is biocompatible, remotely tunable, capable of performing 

organelle specific binding for detection of damaged cells and can provide on-demand 

release of a specific drug will carry remarkable treatment potential for neurotraumatic 

lesions by encouraging neurite growth and synaptogenesis. 
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Fig. 4.1: SEM micrograph of the monodisperse CdTe-PNIPAM nanospheres and thermo

responsive behavior (a) SEM micrograph of the monodisperse CdTe-PNIPAM 

nanospheres. Scale bar= 1 µm. Inset: An HRTEM image of encapsulated CdTe QDs 

(Scale bar= 2 nm). (b) Thermo-responsive behavior of PNIPAM nanospheres (red 

circles), and CdTe-PNIPAM nanospheres (blue triangles) from DLS measurement. Rh(T) 

represents the hydrodynamic radius at any temperature T; and Rh(22) represents the 

radius at 22°C. 
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Fig. 4.2: Cell viability assay (a) Representative digital image of PC12 cells exposed to 

CdTe-PNIPAM nanospheres (500 µg/mL PNIPAM) for 24 hours and double labeled with 

calcein AM (green) to show living cells and ethi_dium homodimer-1 (EthD 1, red) to label 

dead or dying cells. Scale bar= 50 µm. (b) Results of cell viability assay. Data are mean 

± stdv. from three separate experiments. 
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Fig. 4.3: SEM images of PC12 cells treated with nanospheres (24 hours) in the presence 

of P-NGF. Micrographs revealed that cell had normal morphology (a) and produced well 

developed growth cones (b) with abundant lamellipodia (arrows) and filopodia (block 

arrows) following nanosphere exposure. 

Fig. 4.4: Nucleus specific binding of CdTe-PNIPAM nanospheres with PC12. Scale bar 

is = 1 O µm. [Movie 1 in supporting information further demonstrates nanosphere uptake 

in PC 12 cell nuclei] 

77 



Supporting Information: 

A. Synthesis of CdTe-PNIP AM nanospheres 

Poly(N-isopropylacrylamide) (PNIPAM) encapsulated quantum dot (QD) nano-spheres 

were synthesized in three steps, as described in our previous work [ 13]. This three-step 

process consists of (1) PNIPAM particle synthesis; (2) Cadmium Telluride (CdTe) 

nanocrystal preparation; (3) encapsulation of nanocrystals in PNIPAM nano spheres 

(CdTe-PNIPAM). 

1. PNIP AM nanosphere synthesis: PNIP AM nanosphere synthesis was performed by 

precipitation polymerization of N-isopropylacrylamide (NIP AM) monomer and the cross 

linking agent methylene bisacrylamide (BIS) in water at 70°C. Specifically, NIP AM 

monomer (87.7 mM), N(3-aminopropyl) methylacrylamide chloride monomer (4.4 mM), 

methylene-bis-acrylamide (0.44 mM) and N,N-cysteine-bis-acrylamide (3.5 mM) were. 

dissolved in deionized, distilled water. The solution was sparged with nitrogen and heated 

to 7Q°C for 60 min. Potassium persulfate (KPS) was then added to the solution to initiate 

the reaction. The reaction was carried out at 70°C for 5 h. 

2. CdTe nanocrystal synthesis: Sodium borohydride ( 42.3 mM) was reacted with 

tellurium (20.1 mM) to form sodium hydrogen telluride (NaHTe). CdTe nanocrystals 

were synthesized by adding cadmium perchlorate Cd(ClO4)2.6H2O (lM)/thioglycolic 

acid (TGA, 3.8 mM) solution (500 mL, sparged with nitrogen gas for 30 min) to the 

freshly prepared sodium hydrogen telluride solution (1 :500 volunie ratio) and pH 

adjustments to 9. Finally, the CdTe nanocrystals with free thiol groups were formed by 
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refluxing the reaction mixture at 100°C under open-air conditions with a condenser 

attached. 

3. CdTe-PNIP AM Nanosphere synthesis: Particle encapsulated QDs were synthesized 

using free thiols on the QDs. PNIP AM particles were mixed with 1,4-dithiothreitol to 

break disulfide (S-S) bonds and to form reactive thiol groups on the hydrogel particles. 

The PNIP AM nanospheres with reactive thiol groups were dialyzed for 7 days prior to 

QD incorporation. Finally, the PNIPAM particles were mixed with QDs at room 

temperature and pH 7 .0 under constant agitation. The reaction was carried out for 24 h, 

and the cross-linked particles (between thiol groups of the PNIP AM particles and the 

QDs) were centrifuged at 3000-10000 rpm for 1 hour. By decanting the supernatant, 

followed by repeating the cycle of re-dispersion with water and centrifugation, the 

unloaded nanocrystals were removed and PNIP_AM spheres loaded with CdTe QDs were 

obtained, denoted as CdTe-PNIP AM. A schematic is provided in Fig. 1. 

B. Cell culture and treatment 

Pheochromocytoma Cell Line 12 (PC12) cells (American Type Culture Collection, 

ATCC, Manassas, VA) were routinely cultured at 37°C in 5% CO2 in F-12 Nutrient 

Mixture with Kaighn's modification (F12K) containing 2.5% fetal bovine seru~ and 15% 

horse serum (both from Invitrogen, Carlsbad, CA). For experiments, cells were plated at 

10,000 cells/cm2 on glass coverslips in 24-well .tissue culture plates _and allowed to grow 

for 48 hours. Cultures were washed twice with phosphate buffered saline (PBS) and 

placed into serum- and phosphate-free HEPES-buffered Dulbecco's modified Eagle's 
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medium (DMEM, lnvitrogen, Carlsbad, CA) to prevent particle aggregation. CdTe

PNIP AM nanospheres were added at final sphere concentration of 500 µ g/mL for 

overnight incubation for cell nucleus labeling and neurite morphology evaluation. For 

viability assessment, nanospheres were added at different concentrations (50-500 

µglmL). 

C. Assessment of cell viability 

After exposure to CdTe-PNIPAM nanospheres, cells were washed twice in PBS and 

viability was assessed using the Live/Dead viability/cytotoxicity assay (lnvitrogen, 

Carlsbad, CA), according to the manufacturer's directions. In brief, cultures were 

double-labeled with calcein-acetoxymethyl ester (calcein AM), which permeates cell 

membranes and becomes fluorescent when exposed to esterase activity in living cells, 

and ethidium homodimer-1 (EthDl ), which is excluded by the plasma membrane from 

living cells but crosses the compromised membrane of damaged cells to bind nucleic 

acids and fluoresce. Digital images were captured through a 1 OX objective on a Zeiss . 

A viovert 200M microscope (Zeiss, Thomwood, NJ) in fluorescein isothiocyanate (FITC, 

Ex = 480/30 nm, Em = 535/40 nm) and Tetramethyl Rhodamine !so-Thiocyanate 

(TRITC, Ex = 540/25 nm, Em = 605/55 nm) channels for calcein AM and EthD 1, 

respectively. Only non-aggregated single cells (at least 300 cells/condition) were 

quantified, and the percent of viable cells was calculated. Nuclear morphology was 

assessed using confocal images captured through a 64X objective from cells labeled with 

4' ,6-diamidino-2-phenylindole (DAPI, Ex= 405 nm, Em= 450/35 nm), following 

exposure to CdTe-PNIPAM nanospheres. 
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D. Assessment of neurite morphology 

After exposure to nanospheres, cultures were washed twice with PBS and placed into 

serum-free F-12K with or without 100 ng/ml nerve growth factor~ subunit (J3-NGF, 

Sigma-Aldrich, St. Louis, MO), added daily for 72 hours. To image neurite morphology, 

cells were fixed in 4% paraformaldehyde solution for 45 minutes followed by washing 

with PBS and dehydrated with increased concentration of ethanol by conventional 

methods. After dehydration, cells were sputter coated with an approximately 20-nm thick 

coating of a gold-palladium alloy in a Gatan 682 Precision Etching Coating System 

(PECS). Finally, neurite morphology was assessed using an FEI NOVA 230 NANOSEM 

(Scanning Electron Microscopy, ~5-lOk magnification). 
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Fig. S1: CdTe QD distribution inside the PNIPAM nanosphere .. Observed using an FEI 

Tecnai HRTEM imaging (200 kV electron beam). Please note: CdTe QDs are apparently 

having less contrast, because of presence of the outer PNIP AM shell, and overlapping of 

the hydrogel nanospheres. 
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Fig. S2: QD-PNIP AM nanospheres have minimal cellular toxicity. Representative 

digital image of PC12 cells either not exposed (a), or exposed (b) to QD-PNIPAM 

nanospheres with PNIP AM concentrations of 500 µ g/mL for 24 hours and double labeled 

with calcein AM (green) to show living cells and ethidium hoinodimer-1 (EthD 1, red) to 

label dead or dying cells. (c) Exposure to bare QDs having as less as one-fourth 

fluorescence intensity that of the sample (b, 500 µ glmL PNIP AM) cause drastic decrease 

in cell viability. Scale bar in (a)= 50 µm, and is valid for (a), (b) and (c). (d) 

Representative images show intact nuclei with little evidence of fragmentation, 

condensation or bl ebbing for cells exposed to nanospheres containing 500 µ glmL 

PNIPAM. ·Scale bar in (d) = 10 µm. 
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Summary of Results 

CHAPTER V 

DISCUSSION 

The current study was initiated to investigate the potential of two nanoparticle 

systems for delivery of therapeutics or imaging for axon regeneration following damage 

to the central nervous system (CNS). In particular, we tested the biocompatibility of iron 

oxide nanoparticles or quantum dots (QDs) embedded in magnetic- or thermoresponsive 

hydrogels in PC12 cells, a neuronal model. For the iron oxide magnetic nanoparticle 

system, we found that remote actuation with an oscillating magnetic field caused 

shrinking of the polyethylene glycol (PEG) gel, resulting in a release of imbibed drug. 

Similar gel shrinkage was also evident in QDs ~ncased in poly (N-isopropylacrylamide) 

(PNIP AM) upon hydrogel heating. Even though bare magnetic nanoparticles (Pissanicll 

et al. , 2007) or cadmium telluride (CdTe) QDs are highly toxic (Hardman R, 2006; 

Derfus et al. , 2004), the system we constructed induced cell death only at iron 

concentrations above 3 .4 µM iron for magnetic nanoparticles and at PNIP AM 

concentration above 500µg/ml tested for the coated QDs. Both nanosphere systems were 

readily internalized into PC 12 cells and had no observable effects on cell morphology or 

neurite outgrowth. Furthermore, we designed each system with the ability to derivatize 

the hydrogel coats, so that different functional groups could face the extra-particle 

environment or be used to attach biologically active molecules. We demonstrated that 
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QD based polymeric nanospheres with carboxylic rich CdTe surfaces localized to 

the nucleus demonstrated subcellular targeting. We interpret these data as evidence that 

we have constructed biocompatible drug delivery and imaging systems that may be 

promising for the delivery of novel therapeutics and determination of their efficacy 

within living systems. Below, we discuss the advantages of our systems compared to 

those constructed previously by other investigators, the potential physiological 

consequences of using nanoparticle systems in vivo, and identify the future directions for 

investigating the potential of our nanoparticle system for drug delivery or imaging. 

Advantages and Limitations of the Designed Nanosystems 

Magnetic Nanoparticles 

To our knowledge, we are .the first to construct a nanoparticle syste~ that is 

responsive to remote magnetic and thermal actuation, consisting of a PEG hydrogel and 

iron oxide particles. Different from previously reported m~gnetic systems (Herrera et al., 

2008; Aqil et al.,2008; Retama et al.,2007), the current constructed nanosphere system 

has decreased cellular toxicity and induction of apoptosis compared to magnetic 

nanoparticles coated with PNIP AM, dimercaptosuccinic acid {DMSA) (PissanicII et al., 

2007), or polyethylenoxide (PEO) triblock copolymers (Hafeli et al., 2009). Moreover, the 

morphological evaluation results stand in contrast to the decreased actin filament content 

seen with DMSA coated magnetic nanoparticles (Pissanicll et al., 2007). Thus, it appears 

that the constructed nanosphere system does not possess the same detrimental effects on 
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cell morphology and cytoskeleton that have been reported for other systems, and may 

even enhance the formation of actin filaments. 

The magnetic nanosphere system described in this study possesses several 

advantages over previously reported systems. First, the hydrogel materials used in our 

system are non-toxic, non-immunogenic and has been proven by the Food and Drug 

Administration (Cai et al., 2007). PNIP AM-based systems are widely used because they 

retain thermo- and magnetic responsive behaviors desirable for drug delivery. However, 

PNIPAM gels are synthesized from monomers that are suspected teratogens (Harsh and 

Gehrke, 1991). Our hydrogels are synthesized using poly (ethylene glycol) ethyl ether 

methacrylate-co-poly(ethylene glycol) methyl ether methacrylate. Although previously 

repo11ed traditional PEG encapsulated nanomagnets have ·reduced toxicity relative to base 

iron nanoparticles (Gupta and Wells, 2004), these nanocarriers do not have t~e thermo

sensitive behavior or external tunability of our system, which has a broader volumetric 

transition range. Similarly, dimercaptosuccinic acid (DMS_A) coated particles display . 

enhanced intracellular uptake similar to our system, but surface functionalization did not 

improve the biocompatibility of the nanomagnets relative to uncoated nanoparticles 

(Pissanicll et al. , 2007). These improvements may allow higher _intracellular 

concentrations of magnetic nanoparticles leading to enhanced magnetic hyperthermia or 

other applications, including increased controlled released of therapeutic molecules and 

potential for enhancing magnetic resonance imaging. The strong magnetic properties, 

response to the external magnetic fields, and tunable volumetric transition may indicate 

the potential of our magnetic nanosphere system for achieving intracellular spatial control 
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through the application of magnetic force. One exciting application for this system may 

be using either unaltered or derivatized nanospheres in conjunction with magnetic fields · 

to manipulate axon growth. 

However, there are some limitations of the constructed magnetic nanoparticle 

system that should be address to optimize their use for clinical applications. Currently, 

the lower critical solution temperature (LCST) of the designed system is around 35°C. 

For optimum delivery of theraptics, the nanospheres should possess higher LCST with 

broad volumetric transition range to allow sustained release of drugs after internalization 

or surface attachment to the target cells. Modulation of LCST is currently being 

investigated. Furthermore, the systemic physiological compatibility of this system has not 

been determined. 

Quantum Dots 

In comparison to previously constructing QD systems (Zhang et al., 2006), the. 

system constructed and tested here more remotely tunable, and potentially an enhanced 

imaging tool. In the above mentioned study, the PEG-coated silanized core-shell QD 

structure is traditional core shell structure thus the intermediate distance between the 

adjacent dots cannot be controlled. 

Since bare QDs are highly toxic (Hardman, 2006; Derfus et al., 2004), they need 

to be coated for applications in vivo. Single QD core-shell polymeric structures have been 

investigated (Dabbousi et al. , 1997). However, traditional PEG encapsulation is not 

externally tunable, and is not suitable for drug delivery applications. The PNIPAM-based 
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QD system investigated in this study possesses enhanced potential for combinatorial 

therapeutics. For the designed system, the polymer shell acts as the reservoir of the drug · 

molecules and as a tunable biocompatible matrix around several QDs. This allows control 

of the release of drugs and the distance between the adjacent dots inside the nanospheres 

by causing volumetric shrinkage of the polymer network. Therefore, the possibility of 

external modulation to bring the dots close enough to cause Forster resonance energy 

transfer (FRET) makes it an attractive alternative for biological detection over the 

currently available systems (Zhang et al., 2006). 

In contrast, limitations with a QD based imaging tool include difficulties 

associated with imaging in vivo. For instance, QDs must be excited by light in the 

ultraviolet (UV) or visible range of the electromagnetic spectrum. Tissue penetrance of 

light is only limited. This limits the possibility of imaging structures deep ii:i the body. 

In addition, exposure to light in the UV range c·auses the production of thymidine dimers 

(Setlow and Setlow, 1962) and 6-4 photoproducts in DNA (Lawrence et al., 1985), and 

thus may increase the risk of damage or carcinogenesis in exposed tissues. 

Physiological Consequences of the Designed Nanosystems. . 

The systems we constructed in this study demonstrate minimal toxicity in PC12 

cells up to certain concentrations. However, additional evaluation is necessary to assess 

the potential of each system for use in vivo. Particularly, we do not know the .release 

kinetics for either iron oxide or QD particles from the hydrogels. This is a concern since 

excessive free iron accumulation in tissues may cause fron toxicity-related diseases (Jain 
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et al. , 2008) and as mentioned previously, CdTe QDs are highly toxic (Hardman R, 2006; 

Derfus et al. , 2004 ). Therefore, it is important to know the bioavailability, tissue 

distribution and clearance of the nano-carriers for successful therapeutic application. 

The bioavailability and bio-distribution of magnetic nanoparticles depend on 

several physical and chemical characteristics of nano-carriers (e.g. size, shape, surface 

charge, outer shell composition). As nanomedicine is a newly emerging field, only a few 

studies are currently available highlighting clearance and bio-distribution of engineered 

or surface functionalized nano-carriers (Jain et al., 2008; Bourrinet et al., 2006; Hudgins 

et al. , 2002). The closest to our system (in terms of nanoparticles and size of the coated 

nanoparticles) is a study performed by Jain et al. (Jain et al., 2008). 

These investigators assessed tissue distribution and clearance studies with oleic 

acid and pluronic acid coated iron. oxide nanoparticles. They measured seruqi iron levels 

after injection of male Sprague-Dawley rats (240-260 g) with a suspension of coated 

magnetic nanoparticles (10 mg Fe/kg i.v.) in saline, finding increased levels for three 

weeks post-treatment. However, no change was detected in the total iron binding capacity 

(TIBC). Moreover, hepatic enzyme analysis revealed only a transient increase in serum 

markers of tissue damage, including aspartate aminotransferase,_ alanine aminotransferase 

and alkaline phosphatase, compared to the control group, with serum enzyme levels 

returning to the normal within 72 hours. These data indicate that a system similar to our 

magnetic nanoparticle system has potential for use in vivo. 

Indirect toxicity from magnetic nanoparticle exposure via oxidative stress is also a 

concern for any prospective drug. The lipid hydroperoxide assay (LHPO) for oxidative 
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stress indicates a tissue-specific response with levels increasing in liver, kidney and 

spleen, but not lung, brain or cardiac tissue (Jain et al., 2008). Histopathological 

examination suggests that no changes in cell morphology were observable up to seven 

days after nanoparticle injection, but there was a gradual increase in the serum iron levels 

over this time frame followed by a slow decline, indicative of slow clearance and iron 

being bound rather than freely circulating (Jain et al. , 2008). 

Assessing the biodistribution of nanoparticles indicates that 55% of the particles 

are localized in liver after systemic injecting (Jain et al., 2008). The possible explanation 

for this distribution may be that clearance is accomplished by reticuloendothelial system. 

Little distribution to the brain was evident up to one week after nanoparticle injection, but 

the levels gradually increased over the second and third weeks (Jain et al., 2008). The 

authors interpret these findings as. intact magnetic nanoparticles cannot cros~ the blood 

brain barrier within the first week, after which iron leaches from the particles and binds to 

transferrin and crosses the blood brain barrier by activating transferrin receptors (Jain -et 

al. , 2008). Free iron, is associated with toxicity more than bound iron (Jain et al., 2008). 

Interestingly, silica coated iron oxide nanoparticles (50nm diameter) injected 

intraperitonially do not cause a change in blood brain barrier permeability (Kim et al., 

2006). If the reports regarding the distribution and clearance of other magnetic 

nanoparticle systems are generalizable to other systems, it may indicate our system might 

have little toxicity issue when applied in vivo. However, the delayed transport of iron 

across the blood brain barrier may necessitate injection directly into the CNS for treating 

brain or spinal cord injuries. 
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One caveat of the study by Jain et al. is that they did not examine the renal 

clearance or any change in glomerular filtration rate (GFR), which is important for 

understanding systemic clearance of coated nanoparticles. In this study (Jain et al., 2008), 

the mean magnetic particle size was 11 ± 2 nm and the mean hydrodynamic diameter of 

the polymeric nanospheres was 193 nm, close to the size of our our magnetic 

nanoparticles (300nm). It has been suggested that the larger size particles are eliminated 

faster than the smaller particles (Neuberger et al., 2005). For example, ferumoxtran 10, an 

ultrasmall superparamagnetic iron oxide nanoparticle ( 4.3-6 nm diameter, clearance time 

of 7 weeks (Bourrinet et al. , 2006) has a longer system half-life than nanospheres with a 

100-300 nm diameter (Jain et al., 2008). A longer half-life is desirable for diagnostic 

purposes (Bourrinet et al. , 2006), particularly for MRI applications. In addition, the tissue 

distribution and systemic half-life.of coated nanoparticles also depends on t~e coating 

material , rather than the hydrodynamic radii of the system (Jain et al., 2008). Clearly, 

similar types of studies in vivo are necessary for our system. 

For QDs, we are unaware of any study related to bioavailability, tissue 

distribution or clearance. Indeed, there are only a few studies in neural tissues, and most 

of the QD related studies are with imaging and treatment for tu~ors (Kim et al. , 2011; 

Liu et al. , 2009). In the future, similar studies need to be done to evaluate the t0xicity and 

renal clearance of our (and similar) QD systems (Jain et al., 2008). 
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Future Direction and Concluding Remarks 

Tunable nanocarriers have the potential to regulate the release profile of small 

molecules and are able to apply tensile force in a gradient or uniform magnetic field. 

Thus, they may be-very useful for manipulating axonal guidance. While a great variety of 

extracellular and intracellular signals regulate axon regeneration, the most widely studied 

and best understood outgrowth pathways involve signaling from peptide trophic factors. 

As an initial strategy for promoting axon growth, we will focus on testing drug-loaded 

nanospheres for their ability to manipulate the nerve growth factor (NGF) signaling 

network. The ~ subunit of NGF is biologically active and promotes axon growth in a 

variety of biological systems (Lykissas et al., 2007). Its medium range molecular weight 

(MW of NGF ~ 13,267.1 Da) may be ideal for remote-controlled release from the tunable 

outer polymer shell by controlled modulation of an alternating current magn~tic field. 

We plan to test the ability of released NGF to facilitate axon growth from neurons. 

NGF binds to TrkA receptors on neurons and initi~tes signal transduction 

cascades that lead to neurite extension and growth-cone formation (Nusser et al., 2002). 

Thus, a second attractive target may be a downstream effector of NGF. Since all 

signaling networks associated with axon growth ultimately lead_to rearrangements in the 

actin cytoskeleton at the tips of extending axons (the growth cone), this site is another 

potential therapeutic target. In the case of spinal cord and brain injury, inhibitors of axon 

growth are increased to prevent axon regeneration (Dou et al., 2009; Guo et al., 2007; 

Buss et al., 2009). These inhibitors commonly oppose the action of trophic factors and 

lead to growth cone and axon retraction by activating the small guanine nucleotide 
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triphosphatase (GTPase) RhoA. There is evidence to suggest that inactivation of Rho 

kinase, an immediate downstream effector of RhoA, leads to increased axon growth after 

traumatic injury to the central nervous system (Schweigreiter et al., 2007). Attractive to 

us is a small molecule inhibitor of Rho kinase, Y27632. This drug has a molecular weight 

of 320.3 Da. Thus, it is an ideal candidate to be loaded into the tunable nano-reservoirs 

for controlled release into cells . This is the focus of a second strategy we will assess for 

the ability to facilitate axon growth. 

In summary, we have demonstrated the potential of two different types of nano

carriers to implement novel clinical solutions to nervous system injury. Excellent 

intracellular uptake and enhanced biocompatibility of the magnetic nano-reservoirs, 

coupled with the lack of deleterious effects on neurite outgrowth and prior FDA approval 

of PEG-based carriers suggest increased therapeutic potential of this system _for 

manipulating axon regeneration and guidance. Moreover, in order to test the efficacy of 

the treatment, a tunable hydrogel-quantum dot based multifunctional system was 

investigated for efficient and fast detection of the cells. Excellent biocompatibility and 

organelle specific binding is particularly promising for that sytem which may be used as 

an in vivo imaging tool. To our knowledge, this is the first time _that biocompatibility and 

organelle specific binding has been assessed for monodisperse QD-polymer • 

nonostructues that are capable of delivering both therapeutic and diagnostic agents. 
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