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ABSTRACT 

SUMOD SEBASTIAN 

DRUG RELEASE KINETICS AND BLOOD-BRAIN BARRIER CROSSING 
EFFICACY OF POLYMER ENCAPSULATED MAGNETIC NANOCARRIERS 

 
DECEMBER 2019 

Spinal cord injury (SCI) causes neuronal death and leads to permanent loss of 

motor and sensory functions. Treatment of SCI is challenging, as axon regeneration from 

damaged neurons is limited by their intrinsic inability to regenerate as well as by the 

presence of extrinsic growth inhibitory molecules at the injury site. Moreover, targeting 

therapeutics to damaged CNS neurons is difficult due to the presence of the blood brain 

or blood spinal cord barrier (BBB/BSCB). This increases the demand for developing new 

treatment strategies for SCI. Unique properties of nanomaterials make them promising 

for targeted drug delivery to CNS neurons. We have developed a polymer encapsulated 

magnetic nanocarrier (PE-MNC) system for targeted and controlled drug delivery across 

the BBB. PE-MNCs were synthesized by precipitation polymerization method and tested 

for their biocompatibility in neurons. Drug loaded nanocarriers were tested for their 

release kinetics and targeted drug delivery to neurons in culture. We have also tested their 

size dependent BBB crossing efficacy in the presence and absence of an external 

magnetic field as well as induced hypoxia. 



v 

 

We found that the physicochemical properties of PE-MNCs are ideal for their in 

vivo applications. Specifically, PE-MNCs possess superparamagnetic behavior in the 

presence of an external magnetic field and a higher LCST value. Increasing doses of PE-

MNC treatment for up to 96 h did not detrimentally affect the neuron morphology. These 

nanocarriers exhibited a 50-70 nm volumetric reduction at physiological temperatures 

and released 80% of the imbibed drugs in a controlled manner. Moreover, they could 

induce neurite outgrowth on inhibitory substratum by delivering outgrowth promoting 

drugs to cortical neurons. We have used two different sizes of PE-MNCs for transport 

studies across bovine brain microvascular endothelial cell in vitro BBB model. In the 

presence of an external magnetic field, irrespective of their size, PE-MNCs were 

transported across a hypoxic in vitro BBB model. We conclude that PE-MNCs have the 

potential to deliver therapeutics to severed neurons across BBB following SCI.       
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CHAPTER I 

INTRODUCTION 

 

Spinal cord injury (SCI) is a significant health problem accounting for about 

17,730 new injuries each year in the United States (US). According to the National Spinal 

Cord Injury Statistical Center (NSCISC), approximately 291,000 people in US are living 

either in rehabilitation facilities or in wheelchairs with SCI (NSCISC, 2019). SCI 

damages or kills both ascending somatosensory and descending corticospinal motor 

neurons (CSMNs) that pass through the spinal cord (Figure 1; Dulin & Lu, 2014). 

Damaged spinal neurons do not have the capacity to regrow and regain their lost 

functions. Hence, both complete and incomplete SCI interrupts the communication 

between brain and body, which leads to sensory, motor, and autonomic dysfunctions 

below the level of injury including lifelong paralysis (Pêgo et al., 2012). 

Neuropsychological testing has revealed that people with SCI develop cognitive 

impairments like deficits in memory, decision-making, concentration, problem solving, 

and organizing (Dezarnaulds & Ilchef, 2014). This is largely due to the adaptive 

neuroplasticity within the somatosensory and motor cortex using spared spinal circuitry 

after SCI. Although surgery and medications can reduce injury associated damages to 

spinal cord, there are no treatments available that can restore the complete function of 

denervated spinal regions. The recovery of sensorimotor  and cognitive functions after 

SCI require axon regeneration and/or collateral sprouting from the injured neurons and a 
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corresponding level of neuroplasticity at both the spinal cord and cortical regions 

(Serradj, Agger, & Hollis, 2017).  

Primary and Secondary Injury of Spinal Cord 

The primary injury of spinal cord is caused by mechanical impact often due to 

concussion, contusion, or compression by a blunt force; laceration from bone fragments; 

or infarct by a disrupted blood supply. Disruption of blood vessels causes hemorrhage, 

blood-spinal cord or blood-brain barrier (BSCB/BBB) dysfunction and compromised 

oxygen and nutrient supply to the damaged area and its surroundings. The immune 

system is activated and results in infiltration of macrophages into the lesion site and 

activation of resident microglia. Systemic events begin within seconds of the primary 

injury and leads to severe hypotension, hypoxia, and ischemic local infarction. These 

primary incidents lead to neurogenic shock and/or cell death and instant impairment or 

loss of function at and below the level of injury (Ulndreaj, Badner, & Fehlings, 2017). 

Primary injury to the spinal cord cannot be prevented and is difficult to treat due to 

unexpectedness of the injury and limited therapeutic window offered by its short duration 

(Aikat & Dua, 2016).  

Secondary injury mechanisms like hypoxia, ischemia, sodium, and calcium 

mediated cell injury, glutamatergic excitotoxicity, hemorrhage, BBB/BSCB dysfunction, 

and inflammation leads to delayed damage and death of neurons that survive the primary 

injury. The secondary injury further amplifies the primary damage by promoting glial 

scar formation and the presence of inhibitory molecules like chondroitin sulfate 

proteoglycans (CSPGs) in the scar region prevent regeneration of severed axons (Figure 
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1); (Gaudet & Fonken, 2018). Neuroglycan 2 (NG2), aggrecan, brevican, neurocan, 

versican, and phosphacan are some of the extracellular matrix molecules of CSPG family.  

 

Figure 1. SCI leads to sensory and motor functional impairment. The left panel shows 
descending corticospinal motor tracts (CST), and the ascending somatosensory tract from 
dorsal root ganglion (DRG) neurons in an uninjured spinal cord. Following injury (right 
panel), the axons from CST and DRG neurons are damaged (lesion), interrupting the flow 
of information in these tracts. Adapted from Dulin and Lu, 2014. 

 

Secondary injury mechanisms also lead to the synthesis of extrinsic growth 

inhibitory molecules like myelin-associated glycoprotein (MAG), Nogo and 

oligodendrocyte- myelin glycoprotein (OMgp), from oligodendrocytes (Ferguson & Son, 

2011). Moreover, neuronal demyelination and Wallerian degeneration (WD) prevent 

functional recovery following SCI (Buss et al., 2005). Therefore, targeting secondary 

injury is a promising therapeutic intervention. In addition, neurotrophins and 

neurotrophic factors like nerve growth factor (NGF), neurotrophin-3 (NT-3), brain-

derived neurotrophic factor (BDNF), and glial-cell derived neurotrophic factor (GDNF) 
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critically regulate the survival and axonal sprouting of injured neurons (Houle & Tessler, 

2003; Ferguson & Son, 2011).  

 
Currently, the most used drug clinically for acute SCI is methylprednisolone 

(MP), a glucocorticoid. A very high dose of MP is needed to reduce the inflammation at 

the injury site and that leads to severe side effects as well. Moreover, MP does not have 

any effect on regeneration of severed axons (Tyler, Xu, & Cheng, 2013). Axon 

regeneration research focuses on enhancing the intrinsic ability of neurons to regenerate 

and reduce or reverse the extrinsic inhibitory environment (Ramer, Borisoff, & Ramer, 

2004). RhoA small guanosine triphosphatase (GTPase) is a member of Rho family of 

proteins that regulate neuronal actin dynamics. Since activation of RhoA signals growth 

cone collapse and neurite outgrowth inhibition,  manipulating RhoA signaling 

mechanism is a promising strategy for axon regeneration (Fujita & Yamashita, 2014; 

Koch et al., 2018).  

Axon Regeneration and Rho GTPases 

Rho kinase (ROCK), known as Rho-associated coiled-coil forming protein 

serine/threonine kinase or Rho-associated kinase, is one of the central regulatory 

molecules for cytoskeleton control, cell adhesion process, and gene expression. The 

ROCK II isoform of Rho kinase is preferentially expressed in brain. ROCKs are 

downstream effectors of RhoA that signal rapid growth cone collapse, neurite retraction, 

and neurite growth inhibition (Fujita & Yamashita, 2014; Koch et al., 2018). Previous 

studies have shown that upregulated CSPGs following SCI activate RhoA, and activate 
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its downstream target, Rho-associated kinase (ROCK), which triggers growth cone 

collapse and represents a significant barrier to axon regeneration. It has been reported that 

ROCK inhibitors were able to improve neural function recovery after nerve damage or 

after brain ischemia/reperfusion injury in animals (Joshi, Bobylev, Zhang, Sheikh, & 

Lehmann, 2015; Forgione & Fehlings, 2014). One ROCK inhibitor that has been widely 

used in axon growth and regeneration research is Y-27632, which specifically inactivates 

ROCK. Y-27632 promotes growth of neurites, both on permissive substrates and on 

growth inhibitory substrates like CSPGs (Fujita & Yamashita, 2014; Breitenlechner et al., 

2003; Chan, Wong, Liu, Steeves, & Tetzlaff, 2007). Moreover, Y-27632 is a proven drug 

that enhances sprouting of severed axons in vitro (Fournier, Takizawa, & Strittmatter, 

2003). Similarly, Rho inhibitor C3 transferase (C3) reverses the effects of molecules that 

are inhibitory for axon outgrowth, promoting axonal sprouting and functional recovery in 

animal models of central nervous system (CNS) injury (Huelsenbeck et al., 2012; Boato 

et al., 2010). However, these water-soluble drugs have limited access to the brain and 

spinal cord as their entry is blocked by the BBB/BSCB. Thus, intravenous delivery of 

regeneration-promoting drugs is not a viable clinical treatment (Chen & Liu, 2012). 

Therefore, using a drug delivery system carrying RhoA/ROCK inhibitory molecules that 

can be targeted to the damaged neurons across BBB would be a promising strategy to 

promote neurite outgrowth and axonal regeneration after SCI. 
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Nano Drug Delivery Systems 

Researchers are trying to find efficient methods that can take therapeutics across 

the BBB. Nano-sized (10-1000 nm) drug carriers having the ability to cross the BBB are 

promising vehicles for delivering therapeutics specifically to the damaged neurons. 

Moreover, such targeted drug delivery drastically reduces the dose of drugs required for 

therapeutic benefit and this, in turn, decreases side effects (Sharma et al., 2009). 

Properties of nanomaterials vary from their bulk forms in that they have larger surface to 

volume ratio, enhanced photoemission, improved surface catalytic activity and enhanced 

heat conductivity. Moreover, the small size of nanomaterials allow them to interact with 

cells and cell organelles and these properties lead to the development of promising drug 

delivery systems (nanocarriers) using nanomaterials (GhoshMitra, Diercks, Mills, Hynds, 

& Ghosh, 2012; Sharma et al., 2009) . The potential benefits of using nanocarriers for 

drug delivery are numerous and include reduced drug dosage with enhanced therapeutic 

activity, prolonged drug half-life and release, improved solubility of hydrophobic drugs, 

stimuli triggered drug release, protection of sensitive drugs from degradation, reduced 

administration frequency of drugs, minimal side effects, and cost-effectiveness (Tietze et 

al., 2013). Nanocarriers can be engineered for SCI treatment by modifying their 

physicochemical properties to make them biocompatible/nonimmunogenic, permeable to 

the blood brain barrier (BBB) or BSCB, target specific cells, stable/intact in vivo, release 

drugs in a controlled manner and degrade following drug release.  

Nanocarriers made using environmentally responsive polymers can undergo 

physical or chemical change in response to an external stimulus. Physical and chemical 
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stimuli like temperature, pH, ultrasound, magnetic field, electromagnetic radiation, and 

chemical agents are used to trigger responsive polymers for changes in their behavior. 

These stimuli alter the molecular interactions within the polymer and lead to changes in 

their solubility, hydrophilic and hydrophobic interactions and eventually conformation 

(Liechty, Kryscio, Slaughter, & Peppas, 2010). Thermo-responsive polymers possess a 

thermal induced phase transition, referred to as a lower critical solution temperature 

(LCST). Nanocarriers made of thermo-responsive polymers are soluble below LCST and 

beyond LCST, they become insoluble and phase separate (Figure 2). LCST can be tuned 

by copolymerizing different analogues of the same polymer (Grishkewich, Akhlaghi, 

Zhaoling, Berry, & Tam, 2016). At temperatures above LCST, thermo-responsive 

nanocarriers will become hydrophobic in nature by decreasing the length of polymer 

chains and expel the water or imbibed drugs in it. This phase transition can be reversed at 

temperatures below LCST where they become hydrophilic in nature and increase in size 

by forming hydrogels (Figure 2; Liechty et al., 2010). Therefore, nanocarriers engineered 

to have an LCST higher than physiological temperature (37 °C), are suitable for 

controlled in vivo drug release.   
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Figure 2. LCST and volumetric transition of thermo-responsive nanocarriers. 
Diagrammatic representation of thermo-responsive nanocarriers with a larger volume and 
radius in solution when the temperature is below their LCST (left). Thermo-responsive 
polymers will be more hydrophilic below LCST and more hydrophobic above LCST. 
When the temperature of the solution rises above LCST, thermo-responsive nanocarriers 
shrink in size (right). This volumetric transition nature will be reversed as the temperature 
goes below LCST (Created with Biorender.com).  
 

PEG (polyethylene glycol) is an FDA approved polymer shown to be non-toxic 

for in vivo applications. The World Health Organization (WHO) has set an estimated 

acceptable daily dose of PEG up to 10 mg/kg, as it is present in many products that we 

use for oral, skin and hair applications. Many of the PEG analogue polymers possess 

thermo-responsive property and can be used for engineering nanocarriers for controlled 

drug release (Webster et al., 2009). Moreover, PEGylated nanoparticles shown to have 

increased circulation half-life as they can escape from immune cells of the body 

(Lindqvist, Fridén, & Hammarlund-Udenaes, 2016). Similar to PEG nanocarriers, 

superparamagnetic iron oxide nanoparticles (SPIONs) are becoming a part of many drug 

T > LCST 

T < LCST 

Hydrophilic nanocarriers;  
larger diameter  

Hydrophobic nanocarriers;  
smaller diameter  
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delivery systems as they can be targeted using an external magnetic field. SPIONs are 10 

to 100 nm sized γ-Fe2O3 (maghemite) or Fe3 O4 (magnetite) particles, generally coated 

with dextran, a polysaccharide or PEGylated for therapeutic applications. SPIONs exhibit 

a phenomenon called superparamagnetism, where they become magnetized to their 

saturation magnetization in the presence of an external magnetic field and when the 

magnetic field is removed, they no longer exhibit any residual magnetic properties. 

Superparamagnetic nature avoids SPION agglomeration in solution (Wahajuddin & 

Arora, 2012;  Maldonado-Camargo, Unni, & Rinaldi, 2017). In general, SPIONs will 

have a single magnetic domain compared to the multiple domains present in large 

magnets. In the presence of an oscillating magnetic field, single magnetic dipoles within 

the particle (SPION) rotate between a magnetic easy axis and this mechanism is termed 

Neel relaxation. This mechanism of magnetic relaxation generates heat from SPIONs and 

can be used for hyperthermia applications. If SPIONs are encapsulated by thermo-

responsive polymers, inducing Neel relaxation can lead to a desired volumetric change in 

the surrounding polymer from the heat generated by the SPIONs (Maldonado-Camargo, 

Torres-Díaz, Chiu-Lam, Hernández, & Rinaldi, 2016; Musielak, Piotrowski, & 

Suchorska, 2019). This is an attractive model of a drug delivery system that can be 

engineered to release drugs in a controlled manner using an external magnetic field. 

Another important concern during nanocarrier engineering for CNS applications is 

making them efficient to be transported across BBB.  
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Blood Brain Barrier and Drug Transport 

  The BBB functions as a dynamic interface between blood and cerebral tissue, 

allowing only selected materials to pass through (Abbott, Patabendige, Dolman, Yusof, & 

Begley, 2010). In general, BBB restricts the passage of ionized hydrophilic substances 

that are greater than 500 Da (Pulgar, 2019).  BBB maintains ionic homeostasis for 

neuronal functions, protects the brain from toxins in the circulation system and supplies 

nutrients to brain cells (Brasnjevic, Steinbusch, Schmitz, & Martinez-Martinez, 2009; 

Fernandes, Soni, & Patravale, 2010). 

The BBB is made up of a monolayer of endothelial cells lining the cerebral 

capillaries that feed it. These endothelial cells have a different phenotype compared to 

other parenchymal cells as they form tight junctions (TJs) at their adjacent margins and 

have numerous transporters (Figure 4) and very few pinocytic vesicles. Moreover, 

fenestrations are absent in these CNS capillaries (Abbott, 2005).  The transport across 

BBB is highly selective due to the presence of tight junctions as a physical barrier, 

enzymes as a metabolic barrier, and p-glycoproteins (P-gp) as a transport barrier 

(Brightman & Reese, 1969; Simon & Simons, 2008; Weiss, Miller, Cazaubon, & 

Couraud, 2009). Neurovascular unit (NVU) is a special structure formed by endothelial 

cells, pericytes, lamina surrounding endothelial cells and pericytes, astrocytic end feet 

processes, perivascular neurons and glial cells and NVU regulate the integrity and 

permeability of BBB (Figure 3; Weiss et al., 2009; Hawkins & Davis, 2005).  
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Figure 3. Schematic representation of neurovascular unit (NVU) that forms the blood-
brain barrier (BBB). NVU is formed by CNS blood capillary endothelial cells having TJs; 
pericytes attached to the endothelium; basal lamina covering endothelium and pericytes; 
astrocytic end feet processes and interneurons surrounding basal lamina; and perivascular 
neurons and glial cells. Each component of NVU has a role in the regulation of functional 
integrity of endothelial TJs that form the BBB.  

Transport of substances across BBB can be through different methods like 

paracellular or transcellular diffusion, carrier mediated transport, efflux pumps, ATP-

ADP mediated active transport, receptor mediated transcytosis, and adsorptive mediated 

transcytosis (Figure 4). In paracellular diffusion, small water soluble molecules diffuse 

through TJs whereas in transcellular diffusion, lipid soluble substances diffuse through 

the plasma membrane (Shen, Weber, Raleigh, Yu, & Turner, 2011). In carrier mediated 
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transport, substrate binds to the transporter protein inducing transport according to 

concentration gradient. Receptor mediated endocytosis helps in transport of peptides in a 

receptor dependent manner (Bauer, Krizbai, Bauer, & Traweger, 2014). In adsorptive-

mediated transcytosis, intake is triggered by the electrostatic interaction between a 

positively charged moiety of a peptide and the negatively charged plasma membrane 

surface. ATP-ADP mediated transporter actively transports drug molecules across BBB 

and couples with efflux molecules like p-glycoprotein (P-gp) to limit the transport of 

molecules. P-gp is an a well-studied efflux transporter of the adenosine triphosphate 

binding cassette (ABC) family, known for its multidrug resistance function through 

efflux mechanisms (Pulgar, 2019).  

  Delivering therapeutic agents across the BBB is a major challenge. Endothelial 

transcytosis, which does not disrupt the TJs, is a major route of transport across BBB. 

Nanomaterials can be transported across BBB by adsorptive and receptor mediated 

transcytosis. During transcytosis, nanomaterials are endocytosed into the endothelial 

cytoplasm, trafficked through vesicles in the cytoplasm and exocytosed into the brain 

interstitial fluid (Ding, Wu, & Nair, 2013). The endothelial endocytosis and transcytosis 

of nanocarriers depends on physicochemical properties like the size, charge, surface 

chemistry, shape, and material composition (Johnsen & Moos, 2016). Nanocarriers can 

be endocytosed into endothelial cells by one of the four main types of mechanisms: 

clathrin mediated endocytosis, caveolae mediated endocytosis, clathrin-caveolae 

independent endocytosis and macropinocytosis (Figure 4; Fernandes et al., 2010).  
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  The literature suggests that clathrin coated vesicles can transport a cargo of <150 

nm size, caveolin vesicles can transport cargoes of size <60 nm and macropinocytosis 

transport larger cargo <5 µm in most of the cell types (Xu, Olenyuk, Okamoto, & Hamm-

Alvarez, 2013). However, endocytic studies of ligand-devoid particles in non-phagocytic 

cells reveals that both clathrin and caveolae mediated uptake is used to endocytose 

particles <200 nm or <500 nm in diameter, respectively (Elkin, Lakoduk, & Schmid, 

2016; Khater, Meng, Wong, Nabi, & Hamarneh, 2018). External triggering including 

magnetic or electrical fields also plays an important role in the transcytosis efficacy of the 

drug delivery system. Saiyed et al. (2010) showed that delivery of the drug AZTTP 

(azidothymidine 5’-triphosphate) using magnetic liposomal nano formulation increased 

the effectiveness of treatment for neuroAIDS. In this work, application of an external 

magnetic force of 0.3 Tesla resulted in a 3-fold increase in the transmigration of AZTTP-

loaded magnetic liposomes of 150 nm size across an in vitro BBB model (Saiyed, 

Gandhi, & Nair, 2010). In order to facilitate the efficient transport of drugs to the brain, 

the functional and structural tightness of the BBB needs to be overcome. Hypoxia is one 

of the most common conditions following SCI that causes disruption of BBB (Bauer et 

al., 2014). Hence, it is important to understand the transport of nanocarriers across BBB 

during normal and hypoxic conditions. In vitro BBB models are routinely used to study 

nanomaterial as well as molecular transport across BBB. Specifically, bovine brain 

microvascular endothelial cell monolayers (BBMVECs) have been applied in several 

studies investigating receptor-mediated endocytosis or transcytosis, paracellular 

permeability, and P-gp efflux mechanisms Moreover, it is easy to replicate traumatic 
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stress in an in vitro BBB model through induced hypoxia (Helms et al., 2015; Culot et al., 

2008).  

There are many FDA approved nano formulations in clinical use, but none of 

them are used for drug transport across BBB. Doxyl/caelyx, a PEGylated liposomal 

particle for ovarian cancer treatment; Onivyde MM-398, a PEGylated liposomal particle 

for metastatic pancreatic cancer treatment; and Abraxane, an albumin bound paclitaxel 

for lung, breast and pancreatic cancer treatments, are some of the routinely used 

nanomedicines. Similarly, INFeD and DexFerrum are iron dextran colloid particles 

prescribed for iron deficient anemia treatment (Anselmo & Mitragotri, 2016). Feridex, a 

SPION-dextran particle and GastroMARK, a SPION-silicone particle are used as MRI 

imaging agents by making use of their superparamagnetic behavior (Prasad et al., 2018). 

Considering the current status of nanomedicines in clinic, engineering a thermo-

responsive PEG-iron based nanocarrier system for CNS application, is of great 

significance.   

A nano drug delivery system that specifically targets the ascending and 

descending tracts of spinal cord across BBB/BSCB and can be remotely actuated to 

release therapeutic drugs is ideal for treatment of SCI (Ghosh & Cai, 2010; Wilt et al., 

2009). We have developed a unique nanodrug delivery system based on iron oxide 

nanocrystals embedded in thermo-responsive polyethylene glycol copolymers, which can 

be directed specifically to the targets and remotely induced to release drug through 

applying an external oscillating magnetic field (Figure 5). PEG copolymer shell of 

nanocarriers are made of thermoactivated polymer network of poly (ethylene glycol) 
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ethyl ether methacrylate- co-poly (ethylene glycol) methyl ether methacrylate 

(PEGEEMA-co-PEGMEMA; Ghosh et al., 2010). The magnetic core acts as the source 

of heat when exposed to oscillating magnetic field. Magnetic actuation could use 

remotely applied ac and dc fields to regulate intracellular temperature and control the 

release of drug molecules from the tunable hydrogel. These polymer-encapsulated 

magnetic nanocarriers (PE-MNCs) are designed to be guided to the target using an 

external magnetic field and to exhibit a volumetric transition at a slightly higher 

temperature than the physiological temperatures (37-42 °C). This would lead to release of 

drug molecules imbibed in the PE-MNC matrix (Figure 5; McCallister, Gidney, Adams, 

Diercks, & Ghosh, 2014; Atluri et al., 2018).  

Preliminary experimentation in PC12 pheochromocytoma cells indicated that up 

to 3.4 mM iron concentration of PE-MNCs are nontoxic to the cells (Ghosh et al., 2010). 

However, whether this holds for populations of neurons affected by SCI remains to be 

determined. Moreover, efficacy of these nanocarriers to deliver drugs to cortical neurons 

for axon regeneration has to be determined. Treatment using ROCK inhibitor, Y-27632 

reverses or reduces CSPG inhibition (Fujita & Yamashita, 2014). However, loading PE-

MNCs with optimum concentrations of Y-27632 and determining the release kinetics of 

Y-27632 along with its efficacy on neurite outgrowth of damaged cortical neurons is 

required to fine tune PE-MNCs. Even though these nanocarriers are promising, we have 

to assess their BBB crossing efficacy as well as the transcytosis mechanisms involved for 

their intravenous applications or clinical translation. Moreover, it is important to 

understand the transport of PE-MNCs across BBB during secondary injury mechanisms 
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like hypoxia, following SCI. Further, the effect of an external magnetic field on PE-MNC 

transcytosis has yet to be identified. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 5. Proposed model of drug delivery using magnetic nanocarriers (PE-MNCs). 
PEGEEMA and PEGMEMA thermo-responsive polymers are shown in black and gray 
colored chains. Dextran coated iron oxide particles are shown as golden colored dots. 
Drug molecules are labeled as red dots. A DC magnet can be used to target PE-MNCs 
across BBB. In the presence of an oscillating magnetic field, iron oxide particles generate 
heat and this in turn increase the temperature of the surrounding polymer. Once the 
temperature crosses LCST, polymeric matrix undergoes conformational change and this 
leads to a sudden decrease in size and the release of imbibed drugs (Created with 
Biorender.com).  
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Based on the physicochemical properties of PE-MNCs, we hypothesized that in 

the presence of a magnetic field, PE-MNCs are transported across BBB through 

paracellular pathway during traumatic conditions. We also hypothesized that PE-MNCs 

are biocompatible with neurons and deliver imbibed drugs to cortical neurons at 

physiological temperatures. In this study, our overall objectives were to (1) investigate if 

PE-MNCs are biocompatible; and (2) to determine their controlled drug release at 

physiological temperatures; and (3) to determine whether their transport across BBB is 

influenced by an external magnetic field. Thus, the performed experiments contribute to 

the design and development of a remotely controlled, biocompatible nanocarrier that can 

be targeted specifically to neurons for controlled release of drugs to treat SCI.   

Our specific aims to accomplish these goals were to:  

1. Determine the physicochemical properties of fluorescently labeled PE-MNCs using 

dynamic light scattering (DLS) and scanning electron microscopy (SEM), following 

their synthesis by precipitation polymerization method. 

2. Determine whether the uptake of PE-MNCs detrimentally affects outgrowth of 

processes from B35 neuroblastoma cells and rat primary cortical neurons using image 

analysis strategies. 

3. Determine drug release kinetics from PE-MNCs and the effect on neurite outgrowth 

using Franz cells, HPLC and image analysis. 

4. Determine the efficacy of PE-MNCs crossing the BBB in normal and neurotrauma 

conditions using an in vitro BBB model.   
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CHAPTER II 

METHODS 

In this work, we synthesized and characterized four different types of 

nanocarriers: PE-MNC 220 (~220 nm), PE-MNC 90 (~90 nm), single shell nanocarriers 

(SSNCs) and double shell nanocarriers (DSNCs). Following their characterization, B35 

neuroblastoma cells and rat cortical neurons were treated with different concentrations of 

PE-MNC 220 to study their effect on neurite initiation, elongation, and cytoskeleton 

dynamics. Next, we loaded DSNCs with Y-27632 molecule and tested their drug release 

profile at different temperatures. Moreover, we assessed the neurite outgrowth of cortical 

neurons on inhibitory substratum by delivering Y-27632 using DSNCs. Finally, we 

quantified the BBB transport efficacy of PE-MNC 220 and PE-MNC 90 in the presence 

and absence of magnetic field and/or hypoxia. Methods are given in the order of 

experiments briefly explained above.  

Polymer Encapsulated Magnetic Nanocarriers (PE-MNCs) 

PE-MNC synthesis 

PE-MNCs were synthesized by the precipitation polymerization method in two 

steps as reported previously (McCallister et al., 2014; Ghosh et al., 2010). In the first 

step, iron oxide nanoparticles were prepared by dissolving 3.0 g of dextran-40 (TCI 
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America), and 315 mg of ferric chloride hexahydrate [FeCl3.6(H2O), Sigma Aldrich] in 

10 mL of deionized (DI) water that was purged with nitrogen gas for 30 min at room 

temperature. The solution was cooled to 4 °C, and a freshly prepared aqueous solution of 

125 mg ferrous chloride tetrahydrate [FeCl2.4(H2O), Sigma Aldrich] was added. While 

being rapidly stirred, the above acidic solution was neutralized by the drop-wise addition 

of 450 µL of cooled (4 °C) 28–30% ammonium hydroxide (NH4OH) solution. The 

resulting dark suspension was then heated to 70 °C for 1 h to allow the formation of 

magnetite (Fe3O4) nanocrystals. Ammonium chloride (NH4Cl) along with excess dextran 

and NH4OH were removed by 72 h dialysis.  

In the second step, polymer shell was prepared by dissolving 2.1 g of poly 

(ethylene glycol) ethyl ether methacrylate (PEGEEMA, Mn ~ 246 g mol-1, Sigma 

Aldrich), 0.63 g of poly (ethylene glycol) methyl ether methacrylate (PEGMEMA, Mn ~ 

300 g mol-1, Sigma Aldrich), 10 mL of previously prepared magnetic nanocrystal 

solution, sodium dodecyl sulfate (SDS, 25 mg) surfactant, and 0.06 g of ethylene glycol 

dimethacrylate (EGDMA, 97%, Fluka) in 150 mL of DI water [Where, Mn is the number 

average molecular weight, measured by counting the total number of molecules in a 

unit mass of polymer]. The solution was purged with nitrogen gas and stirred for 40 min 

at 70 °C. To this solution, 1.5 mg of methacryloxyethyl thiocarbamoyl rhodamine B 

fluorescent monomers (Polysciences, Inc.) dissolved in 500 µL isopropyl alcohol (70%) 

was added and continued stirring for another 10 min. 73 mg of ammonium persulfate 

(APS, Sigma Aldrich) dissolved in 5mL of water, was added to initiate the emulsion 

copolymerization and polymer encapsulation of magnetic nanocrystals. The reaction 
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lasted for 6 h under a bubbling nitrogen gas atmosphere. The nanocarriers were purified 

via a dialysis tube (MW cutoff: 13,000 Da; Carolina) against water for 7 days at room 

temperature with DI water exchanges twice daily.  

Fluorescently labeled polymer encapsulated magnetic nanocarriers (PE-MNCs) 

were collected by ultracentrifugation (4 °C) at 15,500 x g for 1.5 h and stored at 4 °C. 

Similarly, a batch of smaller PE-MNCs was prepared as described above but with 35 mg 

SDS and 0.034 g EGDMA. Single shell nanocarriers (SSNCs) were synthesized as 

described in the second step above but without the addition of magnetic nanocrystal 

solution and fluorophores. SSNCs were collected by ultracentrifugation of half the 

volume of final solution following dialysis and stored at 4 °C. The remaining half volume 

(100 mL) of SSNC solution was used for the synthesis of double shell nanocarriers 

(DSNCs).  

To prepare DSNCs, 1.05 g of PEGEEMA and 0.63 g of PEGMEMA, 7.3 mg 

SDS, and 0.035 g of EGDMA were dissolved in 100 mL of DI water. The solution was 

purged with nitrogen gas for 40 min. A previously synthesized SSNC solution (100 mL) 

was put into a reactor and heated to 70 °C under a nitrogen environment for 30 min. Then 

the outer-shell solution was dripped into the reactor, which took about 20 min. APS (36 

mg) dissolved in 5mL of water was added to initiate the emulsion copolymerization and 

DSNC formation. The reaction lasted for 6 h under a bubbling nitrogen gas atmosphere 

(70 °C). DSNCs were centrifuged following dialysis and stored at 4 °C.  
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PE-MNC characterization 

A Malvern NanoZS 90 system (Malvern Panalytical) equipped with a helium–

neon laser (He-Ne laser 633 nm, Max 4mW) light source was used to measure the 

hydrodynamic radius and volumetric transition behavior of nanocarriers (Dynamic light 

scattering/ DLS) as well as the zeta potential (Electrophoretic light scattering/ ELS) in 

water. Dynamic Light Scattering at an angle of 90° measured the diffusion of particles 

moving under Brownian motion, and converted to size using the Stokes-Einstein 

relationship (Koniakhin et al., 2015; Palchoudhury, Baalousha, & Lead, 2015). Samples 

were diluted with DI water (10-3) and each sample was repeatedly measured three times 

to get the mean size and were expressed as ± SEM. Polydispersity index (PDI) or 

heterogeneity index was also calculated using DLS to check the size distribution of the 

nanocarriers in solution (Matsuura, Ouchi, Nakamura, & Kato, 2018). Laser Doppler 

Micro-electrophoresis technique was used to measure zeta potential (ZP). An electric 

field was applied to the solution for the nanocarriers to move with a velocity related to 

their zeta potential. This velocity was measured as electrophoretic mobility and converted 

to ZP (McFadyen & Fairhurst, 1993). Samples were diluted with DI water (10-2) and each 

sample was repeatedly measured three times to get the mean ZP. 

The nanocarrier morphology was assessed by performing scanning electron 

microscopy (SEM Hitachi TM3030 plus). Nanocarriers were diluted in DI water (1/50 

v/v) and spread on carbon adhesive discs (leit tabs) which were pressed onto an 

aluminium specimen stub. Accelerating voltage during SEM imaging was kept between 5 
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and 15 kV. Energy dispersive X-ray spectroscopy (EDS/ EDX) using Quantax 70 was 

performed for surface elemental analysis of nanocarriers.  

 

Assessment of Cytoskeleton Changes, Neurite Elongation and Neurite Initiation 

B35 cell culture and treatment 

B35 rat neuroblastoma cells were grown until confluency in 1:1 Dulbecco’s 

Modified Eagle Medium - Nutrient mixture F12 (DMEM-F12; Gibco, CA) with 10% 

fetal bovine serum (FBS; Atlanta Biologicals, GA) and 1% penicillin/ streptomycin/ 

fungizone (PSF - antibiotic antimycotic, HyClone laboratories, GE Healthcare Life 

Sciences, UT) at 37 °C, 5% CO₂. The media was changed every three days and cells were 

passaged when confluent. Cells were plated on UV sterilized glass coverslips 3000 

cells/cm2 in 24-well tissue culture plates. Cells were allowed to attach and grow until 30-

40% confluent, washed twice with phosphate buffered saline (PBS), and replaced in 

serum-free DMEM-F12 media and were either treated or not treated with 50, 100, or 150 

µg/mL of PE-MNCs that were not fluorescently labeled. Cultures were incubated for 24, 

48, or 96 h at 37 °C with 5% CO2. Cultures were fixed in 4% paraformaldehyde for 30 

min at room temperature. The solution was then drawn out and the wells were rinsed 

twice in 1X PBS and stored for immunocytochemistry (ICC).  

Rat cortical neuron culture and treatment 

Primary cortical neurons (RCN) were isolated from post-natal day 0-1 Sprague-

Dawley rats (Charles River Laboratories). The pups (P0-1) were anesthetized on ice for 

20 min and decapitated. The skin was cut along the midline towards the nose using 
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curved forceps. The skull was cut laterally starting from foramen magnum using sterile 

scissors and pulled back using forceps.  The brain was scooped using a sterile spatula to a 

sterilized 35 mm petri dish having serum (10% FBS) containing DMEM-F12 media. 

Then, cerebral cortices were dissected out using a sterile scalpel and the meninges and 

blood vessels were removed using fine tipped forceps under a dissection microscope. The 

cleaned cortices were placed in a sterile petri dish in serum-free DMEM-F12 media and 

diced into fine chunks of approximately 1 mm length using a sterile sharp scalpel. The 

diced cortices were dissociated using 0.25% papain (Sigma-Aldrich, MO) for 15 min at 

37 °C in an incubator. To inactivate papain, 1 mL of FBS (Atlanta Biologicals, GA) was 

added. The contents were pipetted out to a 15 mL centrifuge tube, triturated using a 

sterile Pasteur pipette 15-20 times, and centrifuged for 5 min at 208 x g. The supernatant 

was aspirated and discarded. The cells were resuspended in 10 mL of DMEM-F12 

supplemented with 10% FBS and 1% PSF solution. Following cell counting using 1:4 

trypan blue staining, the cells were seeded on UV sterilized 18 mm coverslips coated 

with poly-D-lysine (PDL; Sigma-Aldrich, MO) at a density of 3000 cells/well and 

incubated for 4-6 h for the cells to attach at 37 °C, 5% CO2. Then, media was changed to 

neurobasal medium (Gibco, CA) containing 10% B27 supplement (Gibco, CA) and 10% 

PSF, and the media was refreshed every 3 days by exchanging half of the medium with 

fresh neurobasal medium. 48 h cultures were either treated or not treated with 50, 100 or 

150 µg/mL of PE-MNCs that were not fluorescently labeled. Cultures were incubated for 

96 h at 37 °C with 5% CO2 and fixed in 4% paraformaldehyde for 30 min at room 
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temperature. The solution was then drawn out and the wells were rinsed twice in 1X PBS 

and stored for immunocytochemistry (ICC).  

Immunocytochemistry and Microscopy 

The fixed cells (B35 cells and RCN) were permeabilized and blocked using 

blocking buffer (0.1% Triton-X 100, 0.1% BSA and 1.5% normal goat serum in PBS) for 

30 min and washed twice in 1X PBS. The cells were then treated using anti -tubulin (1: 

200; Ms X tubulin beta III isoform, Millipore, CA) at 4 °C overnight. Primary antibody 

was drawn off and cells were rinsed twice in 1X PBS and treated with secondary 

antibody goat anti-mouse (1:200; Alexa- fluor 488, Jackson Immunoresearch, PA) and 

incubated for 1.5 h at room temperature. The cells were rinsed twice with 1X PBS. Actin 

staining was done using Texas-red phalloidin (Invitrogen, OR) for 1 h at room 

temperature and the cells were then washed twice in 1X PBS. The coverslips were 

mounted on a glass slide in one drop of Vectashield mounting medium with 4,6-

diamidino-2-phenylindole (DAPI; Vector laboratories, CA) and allowed to dry for 48 h. 

The slides were observed and analyzed under the 40X objective of a Nikon Eclipse Ti 

inverted microscope attached to a Nikon A1R confocal system and images were obtained 

using DIC, TRITC, FITC, and DAPI filters. The neurons in the field were analyzed for 

neurite initiation (number of neurites/cells, percentage of neurite bearing cells), 

elongation of neurites (longest neurite/cell and total neurite length/cell), and 

morphology/cytoskeleton (actin and tubulin quantification).  A neurite was defined as a 

process longer than 10 µm originating from the cell body. All cells that were completely 

contained (cell body and all its processes could be identified) within the image were 
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quantified. 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 coverslip to ensure a representative sample. A total of 9 

independent cultures were analyzed for each treatment condition (n = 9). 

Statistical analysis 

All data are expressed as means ± SEM (error bars represent SEM). All data were 

analyzed using ANOVA and significant differences across groups were determined by 

Tukey’s multiple comparison (pairwise) post-hoc test. A p-value < 0.05 was considered 

statistically significant.  

 

Drug Release Kinetics of PE-MNCs 

Drug loading and release from DSNCs 

DSNCs were used for drug release experiments. 0.5 mL of stock DSNCs was 

mixed with 4.5 mL DI water and 5 mL of Y-27632 (50 µM) and the solution was stirred 

overnight at room temperature. Drug loaded DSNCs were collected by ultracentrifugation 

(25 °C) at 9700 RPM for 1.5 h. Unjacketed, clear PermeGear Franz cells (PermeGear 

Inc., PA) having 5mm orifice diameter, 0.20 cm2 orifice area and 5mL receptor volume 

was used for diffusion experiments. Dialysis membrane (MW cut-off: 13,000, Carolina) 

was used as diffusion barrier between donor and receiver chamber and 250 µL of drug 

loaded DSNCs were added in the donor chamber. The release experiments were 

conducted at temperatures 25 °C, 37 °C, and 40 °C. Samples (100 µL) were collected 

from the receiver chamber at 0.033, 0.083, 0.25, 0.5, 1, 2, 4, 8, 12, 24, and 24 h and 
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replaced with DI water. The collected samples were filtered using 0.4 µm syringe filter 

and stored at room temperature for HPLC analysis.  

UHPLC analysis 

Ultimate HPLC 3000 (Thermo Scientific) with Accucore 150-C18 column (150 x 

4.6 mm dimension with particle size 2.6 µ) was used for HPLC analysis. 100 µL samples 

were injected for analysis. Mobile phase was prepared by mixing 50% v/v water (buffer) 

and acetonitrile (ACN, organic solvent). The sample was eluted using a gradient mobile 

phase and the flow rate was 0.5 mL/min. For Y-27632 the UV wavelength was 270 nm 

and the total run time was 20-minute at 25 °C. Drug release profile from DSNCs were 

calculated as area under the curve (mAU x min).  

CSPG treatment of rat cortical neurons & Microscopy 

Baked, circular glass coverslips (18 mm) were UV sterilized in 24 well culture 

plates. Coverslips were adsorbed with a mixture of chondroitin sulfate proteoglycan 

(CSPG, Chemicon, CA) in a striped pattern by incubating coverslips with CSPG 

saturated cellulose strips (1.5 cm x 400 µm). Tetramethylrhodamine-5-(and-6)-

isothiocyanate (TRITC, 10% v/v of a 0.44 mg/mL stock solution) was added as a marker 

to identify CSPGs using fluorescence microscopy. Striped coverslips were coated with 

poly-D-lysine (PDL; Sigma-Aldrich, MO). Cortical neurons from P0 rats (RCN) were 

extracted as described above and were seeded on coverslips with CSPG stripes in 24 well 

plates. RCN was treated with 50 µM Y-27632 or DSNCs loaded with Y-27632 for 24 h. 

The cultures were fixed in 4% paraformaldehyde for 30 min at room temperature. The 

solution was then removed and the wells were rinsed twice in 1X PBS and stored for 
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immunocytochemistry (ICC). Fixed cells were treated with anti-βIII tubulin and Alexa 

Fluor 488 antibodies and mounted using DAPI. The slides were observed and analyzed 

under 40X objective of a Nikon Eclipse Ti inverted microscope attached to a Nikon A1R 

confocal system and images were obtained using TRITC, FITC, and DAPI filters. Using 

Nikon image analysis software (NIS elements), binary images were created and the area 

of neurite outgrowth on ROI selected over CSPG was calculated (µm2) for all treatment 

groups.  

Statistical analysis 

All data are expressed as means ± SEM (error bars represent SEM). All data were 

analyzed using ANOVA and significant differences across groups were determined by 

Tukey’s multiple comparison (pairwise) post-hoc test. A p-value < 0.05 was considered 

statistically significant.  

 

Blood-Brain Barrier Crossing Efficacy of PE-MNCs 

In vitro BBB culture & treatment  

Bovine brain microvascular endothelial cells (BBMVEC, kindly donated by 

James Connor, PhD, Penn State College of Medicine, Hershey PA) were cultured in 

complete growth medium (Cell Applications, Inc.) as reported in Duck et al. (2017). 

BBMVECs were grown to confluence on Costar transwell 0.4 mm porous filters 

(Corning) coated with 15 µg/fibronectin (Sigma Aldrich) and then gently washed three 

times with 1X PBS and exposed to serum free media (Cell Applications, Inc.) containing 

138 nM hydrocortisone (Sigma Aldrich) for 72 h to promote tight junction formation. 
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Trans-endothelial electrical resistance (TEER) reflects the tightness of the intercellular 

junctions. TEER was measured in the presence and/or absence of 0.5 T neodymium 

magnet using an EVOM volt-ohmmeter (World Precision Instruments, Sarasota, FL) 

combined with STX-2 electrodes and was expressed relative to the surface area of the 

monolayers, Ω x cm2. Serum-free medium containing 286 nM FITC- Dextran 70 kDa 

(Sigma Aldrich) was added to the apical chamber of control wells. The ability of FITC-

Dextran 70 kDa to diffuse across the BBB serves as a measure of barrier integrity and 

enables correction for any leakage.  

Transwell plates were divided into two sets; one set was kept on top of 

neodymium magnets (0.5 Tesla) throughout the treatment and the other set without 

magnetic influence. Then, 150 µg/mL of fluorescent PE-MNCs were added to the apical 

chamber and 100 µL aliquots of media from basal chamber was collected for 

fluorescence measurements at 2 min, 5 min, 15 min, 30 min, 1 h, 2 h, and 4 h and 

replaced with fresh media. Similarly, the experiment was conducted following a 24 h 

hypoxia treatment with 100 µM CoCl2. 100 µL aliquots collected in a 96 well costar plate 

was read for fluorescence using a Synergy H1 Hybrid reader (excitation: 555 nm, 

emission: 570 nm BioTek). 

Statistical analysis 

Data from nine independent replicates are expressed as mean ± standard error of 

the mean (SEM). Statistical differences between experimental groups were determined 

using ANOVA and Tukey’s multiple comparisons test. A level of significance of p < 

0.05 was used for all differences evaluated, using GraphPad Prism. 
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CHAPTER III 

RESULTS 

 

In this chapter, results are explained in the same order as given in methods. 

Following synthesis of nanocarriers, their physicochemical properties like size, 

polydispersity index (PDI), zeta potential (ZP), LCST and superparamagnetic behavior 

were measured or quantified. Then, results obtained from quantification of neurite 

initiation, elongation and cytoskeleton following PE-MNC treatment in neurons is given. 

Next, Y-27632 release profile from DSNCs and total neurite outgrowth area on CSPG 

substratum following DSNC-Y-27632 treatment is explained. Further, measurements of 

functional integrity of BBMVEC in vitro BBB model is shown. Finally, quantification of 

PE-MNC 220 and PE-MNC 90 transport across the in vitro BBB model in the presence 

or absence of an external magnet and/or hypoxia is explained.  

 

Polymer Encapsulated Magnetic Nanocarriers (PE-MNCs) 

Four different types of nanocarriers (Figure 1) were synthesized and characterized 

as per the methods given and used for neuronal biocompatibility testing, drug release 

experiments and BBB transport studies. Addition of ammonium persulfate (APS) to a 

mixture of dextran coated iron oxide (Fe3O4) particles, PEGEEMA, PEGMEMA, 

EGDMA crosslinker, rhodamine B fluorophore, and SDS surfactant at 
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high temperature in the presence of nitrogen gas (N2), resulted in the emulsion 

copolymerization reaction and the formation of nanocarriers (Figure 6). Complete 

oxidation of magnetite (Fe3O4) to maghemite (γ-Fe2O3) was observed, indicated by the 

color change of the resulting colloid from brown or black of Fe3O4 nanocrystals (Figure 

7a) to reddish-brown of γ-Fe2O3 (Figure 7b).  

 

 

 

 

 

 

 

 

 

 

Figure 6. Diagram represents synthesis of PE-MNCs (Adapted from Ghosh et al., 2010). 
Structure A represents PEGEEMA polymer and structure B represents PEGMEMA 
polymer. Red dots are dextran coated iron oxide nanoparticles. When APS was added to a 
mixture of PEGEEMA, PEGMEMA, dextran coated iron oxide nanoparticles, cross 
linker EGDMA, and surfactant SDS in the presence of N2 gas at 70 °C, free radicals from 
APS initiated the precipitation polymerization reaction and formation of PE-MNCs. 
When the solution was cooled to room temperature, size of PE-MNCs increased as the 
temperature came below their LCST.  
 
 

PE-MNC at 70 °C 

PE-MNC at 25°C 
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First, the hydrodynamic diameter of the synthesized nanocarriers was measured. 

Two different sizes of PE-MNCs (~220 and 90 nm at 25 °C), a single shell nanocarrier 

(SSNC; ~150 nm at 25 °C) and a double shell nanocarrier (DSNC; ~230 nm at 25 °C) 

were synthesized (Figure 7; Figure 1). At physiological temperature (37 °C), 

hydrodynamic diameters of PE-MNC 220, PE-MNC 90, DSNC, and SSNC were reduced 

to ~ 160, 75, 190, and 120 nm, respectively (Figure 1). Fluorescently labeled PE-MNCs 

were synthesized with a magnetic core. Whereas, DSNCs and SSNCs were synthesized 

without magnetic core and/or fluorescence and was milky white in color (Figure 7c).  

 

 

 

 

 

 

 

 

Figure 7. Colloidal solutions of synthesized nanocarriers. Black colored dextran coated 
iron oxide (Fe3O4) nanoparticles in solution (a); reddish-brown colored, fluorescently 
labeled PE-MNCs in solution (b); and milky white DSNCs without fluorophore and/or 
magnetic core, in solution (c). 
 

We also measured the PDI or heterogeneity index as well as zeta potential (ZP) of 

the nanocarriers. PDI of PE-MNC 220, PE-MNC 90, DSNC, and SSNC were found to be 

0.43, 0.02, 0.04 and 0.03, respectively (Figure 1). Similarly, ZP values, a measure of 

a b c 



33 

 

nanocarrier stability, were found to be -10.27, -31.8, -18 and -25 mV for PE-MNC 220, 

PE-MNC 220, PE-MNC 90, DSNC, and SSNC, respectively (Figure 1).  

Table 1 

Physicochemical Properties of the Synthesized Nanocarriers 

No: Nanocarriers 
D (nm) at 
25 °C 

D (nm) at 
37 °C 

PDI  ZP (mV) 

1  PE-MNC 220  217 + 1.5  162 + 1  0.43  

  
-10.27  

2 PE-MNC 90 89 + 0.5 76 + 0.5 0.02 
  
-31.8 

3 DSNC 236 + 2 192 + 3.4 0.04 
  
-18 

4 SSNC 153 + 1.2 122 + 0.5 0.03 
  
-25 

Table shows four types of PE-MNCs synthesized as PE-MNC 220, PE-MNC 90, DSNC 
and SSNC. At room temperature (25 °C), hydrodynamic diameters (D) of PE-MNC 220, 
PE-MNC 90, DSNC and SSNC were found to be 217 + 1.5, 89 + 0.5, 236 + 2, and 153 + 
1.2 nm, respectively. At physiological temperature (37 °C), hydrodynamic diameters 
were reduced to 162 + 1, 76 + 0.5,192 + 3.4, and 122 + 0.5 nm, respectively. 
Polydispersity index (PDI) values were measured as 0.43, 0.02, 0.04, and 0.03 and zeta 
potential (ZP) values were measured as -10.27, -31.8, -18, and -25 mV, respectively. 
Diameters are expressed as means ± SEM. 
 

We measured the size of DSNCs at different temperatures from 25 to 42 °C and 

constructed the LCST graph (Figure 8). LCST curve of DSNCs shows a broader 

volumetric transition with a comparatively higher value of LCST at 39 °C (red line). Area 

between the two black lines on the left indicates the first decrease in size due to inner 

shell shrinkage from 27 to 35 °C, while the area between two black lines on the right 

points to the second decrease in size due to outer shell shrinkage from 35 to 42 °C.  
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Figure 8. Lower critical solution temperature (LCST) curve of double shell nanocarriers 
(DSNCs). Graph shows a broader volumetric transition of DSNCs from 25 °C to 42 °C. 
Area between the two black lines on the left indicates the first decrease in size due to 
inner shell shrinkage from 27 to 35 °C, while the area between two black lines on the 
right points to the second decrease in size due to outer shell shrinkage from 35 to 42 °C. 
LCST of DSNCs were found to be 39 °C (red line), as there is a sudden decrease in 
volume at that temperature.  
 

To test the superparamagnetic nature of PE-MNCs, they were exposed to an 

external neodymium magnet (0.5 T) Synthesized PE-MNCs are magnetically responsive 

as shown in Figure 9. PE-MNCs accumulate towards the magnetic field within 15 min in 

solution (Figure 9b & c) and disperse back in the absence of magnetic field (Figure 9d & 

h). Moreover, multiple magnets made them accumulate at multiple locations in the same 

vial (Figure 9f & g).  
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Figure 9. Superparamagnetic behavior of PE-MNCs in solution. PE-MNCs were mixed 
in DI water at a concentration of 150 µg/mL (a & e); PE-MNCs were accumulated on the 
wall of the vial (reddish-brown spots) in the presence of an external magnetic field 
(0.5T), within 15 min of exposure (b & c); accumulation in the presence of two magnets 
(f & g); PE-MNCs started dispersing back into solution soon after the external magnet is 
removed (d & h).   
 

Finally, we imaged DSNCs using SEM to assess the shape of the synthesized 

nanocarriers. SEM image of DSNC showed that the synthesized nanocarriers are 

a b c d 

e f g h 
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spherical in shape (Figure 10a). Moreover, the surface elemental analysis using energy 

dispersive X-ray spectroscopy (EDS/EDX) showed the presence of carbon (C) and 

oxygen (O) on the surface of DSNCs (Figure 10b).   

 

 

 

 

 

 

 

 

Figure 10. SEM and EDX images of DSNC. SEM image shows that the DSNCs are 
spherical in shape (a). Energy dispersive X-ray spectroscopy (EDS/EDX) shows the 
surface elemental composition of DSNCs as carbon (C - red) and oxygen (O-green) (b).  
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Assessment of Neurite Initiation, Neurite Elongation and Cytoskeleton Changes 

During spinal cord injury, there is loss of sensory, motor, and autonomic 

functions due to axon damage. We proposed the use of PE-MNCs as drug delivery 

systems to deliver therapeutics to damaged neurons to enhance axon regeneration or 

neurite sprouting. Following characterization, PE-MNCs were tested in neuron models 

for their biocompatibility. B35 neuroblastoma cells, a common model used to study 

neurite outgrowth, were treated with different concentrations of PE-MNCs to investigate 

the effects on their morphological features (Schubert et al., 1974; Schubert & Jacob, 

1970). Rodent cortical neuron cultures have been successfully used to study their axon 

growth and regeneration capacity (Al-Ali, Beckerman, Bixby, & Lemmon, 2017; 

Blackmore et al., 2010).  Rat cortical neurons (RCN) were extracted from postnatal rats 

and cultured as explained in methods. Cortical neurons were grown for 48 h to allow 

attachment and growth before treating with different doses of PE-MNCs. The dose 

dependent effects of PE-MNCs on B35 cells for 24 h, 48 h, and 96 h and cortical neurons 

for 96 h were studied using increasing doses (up to 150 µg/mL) of PE-MNCs. The time 

and dose dependent effects of PE-MNCs on (a) neurite initiation, (b) neurite elongation, 

and (c) cytoskeleton changes were compared to cells not exposed to PE-MNCs. Neurite 

initiation and elongation were calculated from DIC images (Figures 11 & 12) and 

cytoskeletal changes were assessed from confocal images using FITC, TRITC, and DAPI 

filters (Figures 18 & 19). 
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DIC images suggested that increasing doses of PE-MNCs had little or no effect on 

B35 neuron morphology compared to untreated ones at 24 h (Figure 11). Increasing 

concentrations are given as 1 µl (50 μg/mL), 2 µl (100 μg/mL), and 3 µl (150 μg/mL). 

 

 

 

 

 

 

 

 

 

 

Figure 11. Neurite outgrowth in B35 cells treated for 24 h with 1 µl (50 μg/mL), 2 µl 
(100 μg/mL), and 3 µl (150 μg/mL). Compared to untreated neurons (control), there were 
no major morphological changes observed in treated neurons.  
 
 

Similarly, DIC images at 96 h did not show any effect on B35 neuron morphology 

with increasing doses of PE-MNCs (Figure 12). As expected, we could observe longer 

neurites for both treated and untreated neurons after 96 h. Increasing concentrations are 

given as 1 µl (50 μg/mL), 2 µl (100 μg/mL), and 3 µl (150 μg/mL). 
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Figure 12. Neurite outgrowth in B35 cells treated for 96 h with 1 µl (50 μg/mL), 2 µl 
(100 μg/mL), and 3 µl (150 μg/mL) of PE-MNCs. Compared to untreated neurons 
(control), there was no major morphological changes observed in treated neurons. 
Compared to 24 h grown neurons, both treated and untreated neurons showed longer 
neurites at 96 h.   
 

From DIC images, we quantified the effect of PE-MNC exposure on B35 neurite 

initiation. Quantification was done by measuring number of neurites per cell and the 

percentage of neurite bearing cells with increasing doses of PE-MNCs at 24, 48, and 96 h 

(Figure 13A & B).  
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Figure 13. Quantification of neurite initiation in B35 cells after exposure to PE-MNCs. 
B35 cells were exposed to 50, 100 and 150 μg/mL concentrations of PE-MNCs for 24, 
48, and 96 h. Images of fixed B35 cells were analyzed for neurite outgrowth/initiation by 
calculating the percentage of neurite bearing cells (A), and counting the number of 
neurites/cell (B). Data shown are means + SEM from three separate experiments (n = 9), 
at p < 0.05 (ANOVA and Tukey’s post-hoc). No statistically significant differences 
between groups were found. 
 

Similarly, from DIC images of RCN, we quantified the effect of PE-MNC 

exposure on neurite initiation. Quantification was done by measuring the number of 

neurites per cell and the percentage of neurite bearing cells with increasing doses of PE-

MNCs at 96 h (Figure 14A & B). 

B 
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Figure 14. Quantification of neurite initiation in RCN after exposure to PE-MNCs. RCN 
cells were exposed to 50, 100, and 150 μg/mL concentrations of PE-MNCs for 96 h. 
Images of fixed RCN cells were analyzed for neurite outgrowth/initiation by counting the 
number of neurites/cell (A) and calculating the percentage of neurite bearing cells (B).  
Data shown are means + SEM from three separate experiments (n = 9), at p < 0.05 
(ANOVA and Tukey’s post-hoc). No statistically significant differences between groups 
were found. 

From DIC images, we then quantified the effect of PE-MNC exposure on B35 

neurite elongation. Quantification was done by measuring the length of longest neurite 

and total nerite length per cell with increasing doses of PE-MNCs at 24, 48, and 96 h 

(Figure 15A & B).  

A B 
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Figure 15. Quantification of neurite elongation in B35 cells after exposure to PE-MNCs. 
B35 cells were exposed to 50, 100 and 150 μg/mL concentrations of PE-MNCs for 24, 
48, and 96 h. Images of fixed B35 cells were analyzed for neurite elongation by 
measuring the length of longest neurite/cell (A) and total length of neurites/cell (B). Data 
shown are means + SEM from three separate experiments (n = 9), at p < 0.05 (ANOVA 
and Tukey’s post-hoc). No statistically significant differences between groups were 
found. 
 

Similarly, from DIC images of RCN, we quantified the effect of PE-MNC 

exposure on neurite elongation. Quantification was done by measuring the length of 

longest neurite and total nerite length per cell with increasing doses of PE-MNCs at 96 h 

(Figure 16A & B).  

A 
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Figure 16. Quantification of neurite elongation in RCN after exposure to PE-MNCs. 
RCN cells were exposed to 50, 100, and 150 μg/mL concentrations of PE-MNCs for 96 
h. Images of fixed RCN cells were analyzed for neurite elongation by measuring the 
length of longest neurite/cell (A) and total length of neurites/cell (B). Data shown are 
means + SEM from three separate experiments (n = 9), at p < 0.05 (ANOVA and Tukey’s 
post-hoc). No statistically significant differences between groups were found. 
 
 

From confocal images we then quantified the effect of PE-MNC exposure on B35 

cytoskeleton. Quantification was done by measuring the fluorescence intensities of actin 

and tubulin with increasing doses of PE-MNCs at 24, 48, and 96 h (Figure 17A & B).  
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Figure 17. Quantification of cytoskeleton in B35 cells after exposure to PE-MNCs. B35 
cells were exposed to 50, 100, and 150 μg/mL concentrations of PE-MNCs for 24, 48, 
and 96 h. Images of fixed B35 cells were analyzed for cytoskeleton by measuring the 
fluorescence intensities of actin (A) and tubulin (B). Data shown are means + SEM from 
three separate experiments (n = 9), at p < 0.05 (ANOVA and Tukey’s post-hoc). No 
statistically significant differences between groups were found. 
 
 
 

A 

B 
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Confocal image shows RCN nucleus stained with DAPI, microtubules labeled 

with βIII tubulin (green) and actin filaments stained with TX-Red phalloidin (red) 

following 96 h growth (Figure 18).  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Rat cortical neurons labeled for cytoskeletal proteins. Microtubules with βIII 
tubulin (green) and actin filaments with TX-Red phalloidin (red) following 96 h growth. 
Nucleus is stained with DAPI (blue). 

 

Compared to the untreated RCNs, we could not observe any increase or decrease 

in the intensity of actin and tubulin in RCNs treated with 150 μg/mL for 96 h (Figure 19). 

 

Merged DAPI 

Tubulin Actin 
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Figure 19. 3D intensity profile of cytoskeletal proteins. Tubulin (green) and actin (red) in 
rat cortical neurons following 150 μg/mL PE-MNC treatment for 96 h. Compared to 
untreated group (Figure 18), there is no increase or decrease in the fluorescence intensity 
of tubulin and actin cytoskeleton.  
 

From confocal images, we then quantified the effect of PE-MNC exposure on 

RCN cytoskeleton. Quantification was done by measuring the fluorescence intensities of 

actin and tubulin with increasing doses of PE-MNCs at 96 h (Figure 20A & B).  
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Figure 20. Quantification of cytoskeleton in RCN after exposure to PE-MNCs. RCN cells 
were exposed to 50, 100, and 150 μg/mL concentrations of PE-MNCs for 96 h. Images of 
fixed RCN cells were analyzed for cytoskeleton by measuring the fluorescence intensities 
of actin (A) and tubulin (B). Data shown are means + SEM from three separate 
experiments (n = 9), at p < 0.05 (ANOVA and Tukey’s post-hoc). No significant 
differences between groups were observed. 
 

To determine whether PE-MNCs affect process extension in neurons, we assessed 

the neurite outgrowth following PE-MNC treatment. The number of neurites per cell and 

A B 
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percentage of neurite bearing cells were measured to assess the neurite initiation in B35 

cells (Figure 13A & B) and cortical neurons (Figure 14A & B). Compared to the cells 

treated with PE-MNCs to those which are not, no significant change in neurite initiation 

were observed with increasing doses of PE-MNCs in B35 and cortical neurons. The 

number of neurites per cell and percentage of neurite bearing cells in B35 cells were 

statistically insignificant with increasing concentrations of PE-MNCs for up to 96 h. 

Similar results were obtained in rat cortical neurons treated with PE-MNCs for up to 96 

h. There was no significant change observed in the number of neurites per cell or the 

percentage of neurite bearing cells in cortical neurons with increasing concentrations of 

PE-MNCs.  

Total neurite length and length of longest neurite were measured in B35 and 

cortical neurons to analyze the neurite elongation. There was no significant difference 

observed in total neurite length or in longest neurite length between untreated B35 cells 

and B35 cells treated for up to 96 h with doses of PE-MNCs up to 150 µg/mL (Figure 

15A & B). Similarly, no significant change in total neurite length or longest neurite 

length was observed with increasing doses of PE-MNCs in cortical neurons, when 

compared with untreated cortical neurons (Figure 16A & B).  

Changes in cytoskeleton proteins actin and tubulin present in B35 cells and RCNs 

were analyzed following PE-MNC treatment by measuring their mean fluorescence 

intensity as given in the methods section. No significant difference in the actin and 

tubulin content was observed in B35 cells for up to 96 h treatment (Figure 17A & B). 

Compared to the untreated neurons, no significant change in cytoskeleton proteins were 
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observed with increasing concentrations of PE-MNCs in treated RCNs up to 96 h (Figure 

20A & B).  

 

Drug Release Kinetics of PE-MNCs 

Following biocompatibility testing of PE-MNCs in neurons, they were tested for 

their ability to release imbibed drugs in a controlled manner. DSNCs and ROCK inhibitor 

Y-27632 were used for drug release experiments. DSNCs were loaded with 50 µM 

concentration of Y-27632 and added the donor chamber of a Franz cell for Y-27632 

release and its diffusion to the receiver chamber for up to 36 h (Figure 21). As the 

thermo-responsive DSNCs have their LCST at 39 °C (Figure 8), the release experiment 

was conducted at three different temperatures (25, 37, and 40 °C). Sampling (100 µL) 

was done from the receiver chamber at 11 time points and analyzed using an UHPLC, 

C18 column for the percentage of drug released over time from DSNCs. The 

concentration of drug released over time was obtained as area under the curve (AUC; 

mAU x Min) 

The diffusional release profile (Figure 22) of loaded Y-27632 from DSNCs 

characterizes the amount of drug released from nanocarriers at different temperatures as a 

function of time into the receiver chamber of a Franz cell. The blue line in Figure 21 

represents the diffusion of an aqueous solution of 50 µM Y-27632. Drug was detected in 

the first sample collected at 2 min (0.033 h) and there was no significant increase for the 

drug concentration at 5 min (0.083 h). From 5 min onwards, the drug diffusion increased 

significantly until 1 h and reached the maximum concentration between 1 and 2 h. Then, 
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the drug concentration decreased significantly till 8 h and remained the same through 12 

h. Though there was no major increase in concentration after 12 h, the concentrations at 

24 and 36 h were significantly higher than that of 12 h. There was no significant 

difference between concentrations of 24 and 36 h and were equivalent to the 

concentration at 30 min (0.5 h).  

            

Figure 21. Franz cell for diffusion of released drug. Drug loaded DSNCs were added to 
the dosage compartment or donor chamber. A dialysis membrane was used as the 
diffusion membrane that separates donor and receiver chambers. DI water was added to 
the receiver chamber and the temperatures were adjusted to 25, 37, and 40 °C using water 
bath. At different time points released drug was sampled from sampling area and replaced 
with fresh DI water. Adapted from Salamanca, Barrera-Ocampo, Lasso, Camacho, and 
Yarce (2018).   
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Figure 22. Controlled release profile of Y-27632 from DSNCs at different temperatures 
(25, 37, and 40 °C). Released drug concentration was measured using UHPLC as area 
under the curve (AUC). Blue line represents diffusion of 50 µM aqueous solution of Y-
27632 across the membrane in Franz cell. Red line represents release profile of Y-27632 
from DSNCs at 25 °C. Green line represents release profile of Y-27632 from DSNCs at 
37 °C. Purple line represents release profile of Y-27632 from DSNCs at 40 °C. Data 
shown are means + SEM from three separate experiments (n = 3), at p < 0.05 (ANOVA, 
Tukey’s post-hoc).  
 
 

Overall release pattern of Y-27632 by DSNCs at 25 °C (red line) was similar to 

that of free drug diffusion (blue line), except that there was a significant increase at 5 min 

(0.083 h; Figure 22). Maximum percentage of drug released from DSNCs at 25 °C was 

approximately 55% at 2 h (Figure 22). Compared to free drug diffusion (blue line), there 

was a 1 h delay for the release by DSNCs at 25 °C to reach maximum percentage.  
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Release profile at 37 °C (green line) was markedly different from that at 25 °C (Figure 

22). There was a significant increase in drug release within the first 30 min and from 

thereafter the overall pattern was similar to that of free drug (blue line) and the one at 25 

°C. Approximately, 65% of the adsorbed drug release from DSNCs was observed starting 

from 15 min (0.25 h) through 1 h, at 37 °C (Figure 22).  

Release profile pattern at 40 °C (purple line) was very similar to that at 37 °C 

from 2 min (0.033 h) through 1 h (Figure 22). There was a significant increase in drug 

release from 2 min through 15 min (0.25 h) and remained the same through 30 min (0.5 

h). Though there was a significant decrease at 1 h, release at 2 h, and 4 h did not show 

any significant difference compared to that at 30 min. From 4 h through 24 h there was a 

significant decrease in drug release by DSNCs at 40 °C. There was no significant 

difference between the release at 24 and 36 h. A maximum of 80% drug was released 

from DSNCs at 40 °C within the first 15 min (Figure 22). This is a significant increase 

compared to 65 and 35% release observed respectively at 37 and 25 °C from DSNCs. 

Moreover, the release at 4 h was approximately 80% (purple line), similar to that at 30 

min.  
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Neurite Outgrowth on CSPG Substratum 

Following the demonstration of thermo-responsive drug release nature of DNCs, 

they were tested in cortical neurons for their target drug release efficacy. Rat cortical 

neurons were cultured on CSPG substratum as per the methods given. Inhibition of 

neurite outgrowth and/or extension on 25 µg/mL CSPG substratum was observed in 

untreated neuron cultures (Figure 23). The effect of Y-27632 delivered to CSPG treated 

cortical neurons by DSNCs were compared to that of Y-27632 bath application.  

 

 

 

 

 

 

 

 

 

 

Figure 23. Neurite inhibition on 25 µg/mL CSPG substratum. RCNs were labeled with 
βIII tubulin (green) and CSPG substratum was labeled with TRITC fluorophore (red). 
White line indicates the border of CSPG stripe. This image demonstrates the inhibition of 
neurite outgrowth or extension by 25 µg/mL CSPG substratum.   
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We then treated RCNs grown on CSPG substratum with 50 µM Y-27632 bath 

application for 24 h. Confocal images of treated RCN showed significant neurite 

outgrowth on CSPG substratum (Figure 24).  

 

 
 
 
 

 

 

 

 

 

 

 

Figure 24. Neurite outgrowth on CSPG substratum induced by 50 µM Y-27632 bath 
application. White line indicates the border of CSPG stripe. This image demonstrates the 
neurite (green) outgrowth on 25 µg/mL CSPG substratum (red) following 24 h treatment 
using 50 µM Y-27632 bath application.   
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To compare with the effect of bath application, we treated RCNs grown on CSPG 

substratum with 150 µg/mL DSNCs loaded with 50 µM Y-27632. Confocal images 

showed significant neurite outgrowth on CSPG substratum similar to that of 50 µM Y-

27632 bath application (Figure 25).  

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Neurite outgrowth on CSPG substratum induced by DSNCS-Y-27632 (50 µM) 
treatment. White line indicates the border of CSPG stripe. This image demonstrates the 
neurite (green) outgrowth on 25 µg/mL CSPG substratum (red) following 24 h treatment 
using 150 µg/mL DSNCs loaded with 50 µM Y-27632.   
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We then treated RCNs grown on CSPG substratum with 250 µM Y-27632 bath 

application for 24 h. Confocal images of treated RCN showed significant neurite 

outgrowth on CSPG substratum (Figure 26). Compared to 50 µM Y-27632 bath 

application, 250 µM Y-27632 treatment produced increased neurite outgrowth on CSPG 

substratum.  

 

 

 

 

 

 

 

 

 

 

 

Figure 26. Neurite outgrowth on CSPG substratum induced by 250 µM Y-27632 bath 
application. White line indicates the border of CSPG stripe. This image demonstrates the 
neurite (green) outgrowth on 25 µg/mL CSPG substratum (red) following 24 h treatment 
using 250 µM Y-27632 bath application.   
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To compare with the effect of bath application, we treated RCNs grown on CSPG 

substratum with 150 µg/mL DSNCs loaded with 250 µM Y-27632. Confocal images 

showed significant neurite outgrowth on CSPG substratum similar to that of 250 µM Y-

27632 bath application (Figure 27).  

 
 
 
 
 
 
 

 

 

 

 

 

 

 

Figure 27. Neurite outgrowth on CSPG substratum induced by DSNCS-Y-27632 (250 
µM) treatment. White line indicates the border of CSPG stripe. This image demonstrates 
the neurite (green) outgrowth on 25 µg/mL CSPG substratum (red) following 24 h 
treatment using 150 µg/mL DSNCs loaded with 250 µM Y-27632.   
 

We quantified the neurite outgrowth on CSPG substratum as total neurite area 

(µm2). For the measurements, confocal images of treated neurons were converted to 

binary images (Figure 28) and the area of neurite outgrowth on CSPG substratum was 
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calculated as a measure of the targeted drug release efficacy by DSNCs (Hynds & Snow, 

2002).  

 

 

 

 

 

 

 

 

 

 
 
Figure 28. Binary image of neurite outgrowth on 25 µg/mL CSPG substratum following 
24 h treatment using DSNCs loaded with 50 µM Y-27632. Binary area to the right of 
white line is measured as the neurite outgrowth induced by DSNC mediated Y-27632 
treatment.                
 

A minimum neurite growth was present on 25 µg/mL CSPG substratum (Figure 

29). Each treatment group showed a significant increase in the total neurite area on CSPG 

with respect to the control group (Figure 29). No significant difference in neurite area 

was observed between 50 μM Y-27632 bath application and 50 μM Y-27632-DSNC 

treatment (Figures 24, 25, 29). Similarly, there was no significant difference in total 

neurite area between 250 μM Y-27632 bath application and 250 μM Y-27632-DSNC 

treatment (Figures 26, 27, 29). However, there was a significant increase in total neurite 
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area for the groups treated with 250 μM drug than the groups treated with 50 μM drug 

(Figure 29).  

 

 

 

 

 
 
Figure 29. Quantification of RCN Neurite outgrowth on CSPG substratum following 
exposure to different concentrations of Y-27632 in the media or using DSNCs. RCN cells 
grown on CSPG striped coverslips were exposed to 50 and 250 μM concentrations of Y-
27632 in the media or DSNCs loaded 50 and 250 μM Y-27632. Images of fixed RCN 
cells were analyzed for neurite outgrowth on CSPG by measuring the total neurite area. 
Data shown are means + SEM from three separate experiments (n = 9), at p < 0.05 
(ANOVA, Tukey’s post-hoc).  
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Blood Brain Barrier Crossing Efficacy of PE-MNCs 

 Previous experiments have shown the biocompatibility, controlled and targeted 

drug release efficacy of the synthesized nanocarriers (PE-MNCs/DSNCs). However, for 

drug delivery to severed neurons in spinal cord, nanocarriers must be transported across 

BBB/BSCB to the spinal cord parenchyma. To assess the BBB crossing efficacy of PE-

MNCs, an in vitro BBB model of bovine brain microvasculature endothelial cell 

(BBMVEC) monolayers were used. As these PE-MNCs are superparamagnetic in nature, 

their transport across BBB was measured in the presence and/or absence of an external 

magnetic field (0.5 T). Since hypoxia during SCI leads to increased BBB permeability 

through TJ disruption (Helms et al., 2010; Frati et al., 2017), the transport of PE-MNCs 

were measured in the presence and/or absence of CoCl2 induced hypoxia as well. To 

evaluate the role of nanocarrier size in BBB transport, two different sizes (~ 90 nm and 

220 nm) of PE-MNCs were used in the study.  

Trans endothelial electrical resistance (TEER) values of BBMVEC monolayers 

were measured to be approximately 180 Ω.cm2 in the absence of magnet and there was no 

significant difference when the cells were exposed to a 0.5 T magnetic field using a 

neodymium magnet for up to 24 h (Figure 30).  
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Figure 30. Quantification of trans endothelial electrical resistance (TEER) of bovine 
brain microvasculature endothelial cell (BBMVEC) monolayers in an in vitro BBB 
model in the presence and/or absence of magnet (0.5 T). Data shown are means + SEM 
from three separate experiments (n = 3), at p < 0.05 (t-test). 
 

Dextran 70 flux was measured at six different time points starting from 2 min 

(0.033 h) through 4h (Figure 31). As expected for in vitro BBB models, there was a 

minimum dextran flux present and the dextran concentration increased in basal chamber 

over time (blue line). There was a significant increase of dextran flux at 1, 2, and 4 h 

compared to that from 2 min through 30 min (0.5 h). Whereas, in case of induced 

hypoxia using 100 µM CoCl2, the dextran flux (green line) was significantly increased 

starting from 15 min (0.25 h). The concentration of dextran in the basal chamber showed 

significant increase over the time from 15 min through 4 h.  
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Figure 31. Flux of 70-kDa FITC dextran across bovine brain microvasculature 
endothelial cell (BBMVEC) monolayers for 4 h in the presence and/or absence of CoCl2 
induced hypoxia. Blank mean fluorescence (serum free media) was subtracted from the 
dextran flux values. Data shown are means + SEM from three separate experiments (n = 
3), at p < 0.05 (ANOVA, Tukey’s post-hoc). 
 

PE-MNC 90 transport in the absence of magnetic field and hypoxia (blue line; 

Figure 32A) was minimum and a significantly small amount of nanocarriers was present 

in the basal chamber starting from 30 min (0.5 h) through 4 h. In the presence of a 0.5 T 

magnet (red line; Figure 32A), the overall pattern of flux was similar to that in the 

absence of magnetic field (blue line), except for the significant increase in transport 

observed at 2 h and 4 h. When hypoxia was induced using 100 µM CoCl2, the pattern of 

PE-MNC 90 transport (green line; Figure 32A) was similar to that in the absence of 

magnetic field (blue line), except for the significant increase at 2 h. In the presence of 

both magnetic field and hypoxia, PE-MNC 90 transport was significantly increased 

starting from 30 min (0.5 h) through 4 h (purple line; Figure 32A).  
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Figure 32.  Effects of magnetic field and hypoxia on PE-MNC 90 transport across bovine 
brain microvasculature endothelial cell (BBMVEC) monolayers for 4 h (A); 
Quantification of apical concentration of PE-MNC 90 for 4 h in the presence or absence 
of magnetic field and hypoxia (B). Blank mean fluorescence (serum free media) was 
subtracted from both basal and apical fluorescence values. Data shown are means + SEM 
from three separate experiments (n = 3), at p < 0.05 (ANOVA, Tukey’s post-hoc). 
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Apical fluorescence (Figure 32B) of PE-MNC 90 was compared to the basal 

fluorescence (Figure 32A) to assess the endocytosis of PE-MNCs by endothelial cells as 

well as the possible adsorption to the transwell membrane. In the absence of magnet (blue 

line; Figure 32B), apical fluorescence remained the same at 2 and 5 min (0.033 and 0.083 

h) and there was a significant reduction at 15 and 30 min (0.25 and 0.5 h) and remained 

the same through 2 h and significantly reduced at 4 h. In case of hypoxia without magnet 

(green line; Figure 32B), starting from 2 min there was a significant decrease in apical 

fluorescence and followed the similar pattern of the group with no magnet and no 

hypoxia (blue line). Both groups treated with magnet (red and purple lines) followed 

similar pattern in which, there was a significant reduction initially at 5 min and remained 

the same through 30 min; a second significant reduction observed at 30 min and remained 

the same through 1 h; and a third significant reduction observed at 2 h and remained the 

same through 4 h.  

When the apical fluorescence was compared to basal fluorescence, we could not 

find a significant increase in basal fluorescence in the first 15 min, corresponding to the 

significant decrease observed in apical fluorescence. For all treatment groups, there was 

an increase in basal fluorescence as well as a decrease in apical fluorescence (Figure 32A 

& B), starting from 30 min. Interestingly, the group treated with both hypoxia and 

magnet resulted in a significant increase in basal fluorescence corresponding to the 

significant decrease in apical fluorescence (purple lines; Figure 32A & B) and this 

correlation was absent in all the other three groups.  
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Compared to the smaller PE-MNC 90 (Figure 32A), the larger PE-MNC 220 

(Figure 33A) did not show any significant increase in transport starting from 2 min 

through 1 h in all treatment groups except the one with both magnet and hypoxia. But we 

could observe a significant increase in PE-MNC 220 flux at 2 h and 4 h in all these three 

groups (blue, red, and green lines). In the case of both hypoxia and magnet, the transport 

of PE-MNC 200 showed a significant increase starting from 30 min (purple line; Figure 

33A). Whereas, PE-MNC 90 showed a significantly increased transport starting from 15 

min (purple line; Figure 32A). Moreover, PE-MNC 220 was steadily increasing from 30 

min through 4 h compared to the increase of PE-MNC 90 over a longer period of time 

(15 min through 4 h).  

Apical fluorescence of PE-MNC 220 showed a significant reduction within the 

first 5 min (Figure 33B) and a corresponding increase in basal fluorescence was absent 

(Figure 33A). In the absence of hypoxia, apical PE-MNC 220 remained more or less the 

same without a magnet (blue line, Figure 33B), whereas a significant decrease was 

observed with a magnet (red line; Figure 33B) between 1 h and 4 h. This significant 

decrease in apical fluorescence corresponds to the significant increase in basal 

fluorescence (red line; Figure 33A). In the case of hypoxia with no magnet (green line), 

there was an initial significant decrease in apical fluorescence up to 15 min and a 

significant increase was observed at 30 min (0.5 h); then there was a significant decrease 

through 1 and 2 h, which was similar to the fluorescence observed at 15 min. In the 

presence of both hypoxia and magnet, apical fluorescence showed a significant reduction 
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starting from 30 min through 4 h and was corresponding to the significant increase in 

basal fluorescence (purple lines; Figure 33A & B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. Effects of magnetic field and hypoxia on PE-MNC 220 transport across 
bovine brain microvasculature endothelial cell (BBMVEC) monolayers for 4 h (A); 
Quantification of apical concentration of PE-MNC 220 for 4 h in the presence or absence 
of magnetic field and hypoxia (B). Blank mean fluorescence (serum free media) was 
subtracted from both basal and apical fluorescence values. Data shown are means + SEM 
from three separate experiments (n = 3), at p < 0.05 (ANOVA, Tukey’s post-hoc). 
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CHAPTER IV 

DISCUSSION 

  

Functional recovery following SCI is limited due to the inability of neurons to 

regenerate their axons. Secondary injury that results from a cascade of reactions after 

primary SCI forms the glial scar and spreads the damage to adjacent healthy tissue. 

Further, axon regeneration is restricted by the inhibitory molecules present in the glial 

scar. Hence, therapeutics targeting damaged neurons for axon regeneration as well as the 

secondary injury mechanisms for neuroprotection are promising strategies for SCI 

treatment. Unfortunately, SCI treatment is challenging because of the difficulty in 

delivering therapeutics to the damaged neurons or spinal tissue. Nano drug delivery 

systems are extraordinary versatile structures that can be engineered for targeted drug 

delivery to spinal cord. However, engineered nanocarriers have to be tested for their 

biocompatibility, BBB/BSCB transport, and targeted and controlled drug release.  

In this study, we have synthesized a polymer encapsulated magnetic nanocarrier 

system that can be targeted to damaged spinal neurons using external magnetic fields and 

release therapeutics by thermal activation of the polymer. We hypothesized that in the 

presence of a magnetic field, PE-MNCs will be transported across BBB through 

paracellular pathway during traumatic conditions. We also predicted that PE-MNCs 

would be biocompatible with neurons and deliver imbibed drugs to cortical neurons at 
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physiological temperatures. Synthesized PE-MNCs were tested for their biocompatibility, 

controlled and targeted drug release and BBB transport following their characterization.  

 

Characteristics of Synthesized PE-MNCs and DSNCs 

We synthesized the PE-MNCs and DSNCs by precipitation polymerization 

method and the reaction was initiated by free radicals generated from ammonium 

persulfate (APS). Precipitation polymerization is a suitable method for the synthesis of 

polymeric nanocarriers with a magnetic core as well as for the crosslinking of different 

types of polymers (Cai et al., 2012; Vauthier & Bouchemal, 2009). The results were very 

similar to the results obtained by McCallister et al. (2014). Moreover, methacryloxyethyl 

thiocarbamoyl rhodamine B fluorescent monomers were attached to the polymers through 

vinyl covalent bond during precipitation polymerization reaction (Bravo-Osuna, Ponchel, 

& Vauthier, 2007). This method of fluorophore attachment prevents the leaching of 

unbound fluorescent monomers from nanocarriers during in vitro and/or in vivo 

experiments (Tenuta et al., 2011).  

At a high temperature (70 °C), dextran coated magnetic nanocrystals facilitated 

the formation of the PEGEEMA-co-PEGMEMA shell around them by acting as seeds 

during the polymerization process of PE-MNC synthesis. Similarly, at 70 °C, the 

collapsed inner shell (SSNC) served as a nucleus for the polymerization of the outer shell 

as well as prevented the formation of new SSNCs, during DSNC synthesis. Moreover, 

DSNC polymerization reaction at high temperature blocked the outer shell polymers from 

interpenetrating into the inner shell area. The presence of carbon (C) and oxygen (O) on 
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the surface of DSNCs (Figure 10b) observed in the surface elemental analysis using 

energy dispersive X-ray spectroscopy (EDS/EDX) confirmed the presence of 

polyethylene glycol (PEG) polymers. During precipitation polymerization, size of the 

nanocarriers was increased by decreasing the concentration of surfactant SDS and vice 

versa (McCallister et al., 2014). We synthesized the nanocarriers with a size ranging from 

~ 100 to 200 nm which is proven to be long-lasting in circulation and shown to escape 

filtration by liver and spleen (Hoshyar, Gray, Han, & Bao, 2016; Blanco, Shen, & Ferrari, 

2015).  

DLS experiments at different temperatures (25 °C and 37 °C) showed a 

volumetric transition (10 to 50 nm) for all four types of nanocarriers and this confirms 

that they are thermo-responsive in nature (Figure 1). Nanocarriers with a higher value of 

LCST and broader volumetric transition range are preferred for prolonged drug release at 

physiological temperatures. The higher LCST and broader range of volumetric transition 

will prevent the burst release of imbibed drugs from DSNCs at physiological 

temperatures (Ghosh et al., 2010; Chan, Akhbanbetova, Quantock, & Heard, 2016). 

Double shell as well as the ratio of PEGEEMA and PEGMEMA oligomers resulted in the 

broader volumetric transition range of DSNCs (Figure 8; McCallister et al., 2014). The 

transition temperature of PEGEEMA is approximately 24 °C and that of PEGMEMA is 

approximately 61 °C. We could obtain a comparatively higher LCST of 39 °C (Figure 8) 

for DSNCs by increasing the percentage of PEGMEMA from 30% to 60% of PEGEEMA 

during the outer shell polymerization (McCallister et al., 2014; Koda, Terashima, & 

Sawamoto, 2015; Grishkewich et al., 2016). Tuning LCST of PEG analogue nanocarriers 
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through similar methods were reported previously (Lutz, Hoth, & Schade, 2009; Du, Sun, 

Tai, Wang, & Liu, 2015; Guven & Piskin, 2006).  

PDI or heterogeneity index values range from 0 to 1 and measures the distribution 

of particle size in a sample. Lower PDI values (Figure 1) shows that the synthesized 

particles are predominantly monodisperse or homogeneous in nature (Bromberg & Ron, 

1998; Madsen, Warren, Armes, & Lewis, 2011). SEM images confirmed that the DSNCs 

are spherical and uniform in size (Figure 10a). Similarly, zeta potential (ZP) is an 

important physicochemical parameter that influences the stability of nanocarriers in 

solution (Gupta & Trivedi, 2018). The ZP values of all four nanocarriers were found to 

be negative. This could be due to the negative charge present on methoxy PEG surface 

and the ionic strength of the solution. Nanocarriers with neutral or negative surface 

charge are advantageous for in vitro and in vivo applications as they have shown to 

reduce serum protein adsorption as well as accumulation in liver and/or spleen. This in 

turn results in longer circulation half-life of nanocarriers (Alexis, Pridgen, Molnar, & 

Farokhzad, 2008; Yamamoto, Nagasaki, Kato, Sugiyama, & Kataoka, 2001). It has been 

shown that an absolute ZP value of 10 mV or higher prevents aggregation of particles in 

solution and leads to increased stability (Lu & Gao, 2010). Compared to the negative ZP 

values of PE-MNC 90 (-31.8), DSNC (-18), and SSNC (-25), PE-MNC 220 had the 

lowest negative ZP value (-10.27). This could be due to the acidic or basic pH of PE-

MNC 220 solution as it is showed that the negative ZP value increases around neutral pH 

(7.0) (Salgın, Salgın, & Bahadır, 2012). Together, negative ZP values (>10) indicate that 
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the synthesized nanocarriers are stable in solution and are confirmed from the visually 

stable emulsions (Figure 7) without any aggregation. 

Accumulation of PE-MNCs in the presence of an external magnetic field and 

dispersion in the absence of the same is a characteristic of superparamagnetic iron oxide 

nanoparticles (SPIONs) and they exhibit the least tendency to agglomerate in solution 

(Wahajuddin & Arora, 2012). This confirms that the synthesized PE-MNCs are 

superparamagnetic in solution, which is a favorable character of magnetic nano drug 

delivery systems for intravenous applications to target them to specific locations using an 

external magnetic field. Moreover, SPION containing PE-MNCs are ideal for the release 

of imbibed drugs under the influence of an external oscillating magnetic field as 

explained in the proposed model (Figure 5; Musielak et al., 2019). SPION containing PE-

MNCs can also function as contrasting agents in vivo and can be imaged using MRI or X-

ray computed tomography (CT) or magnetic particle imaging (MPI) (Zheng et al., 2017). 

Together, characterization of PE-MNCs and DSNCs confirmed that they possess the 

required physiochemical properties to function as a potential nano drug delivery system.   

 

Effect of PE-MNCs on Neurite Outgrowth and Cytoskeleton Dynamics 

We hypothesized that the synthesized PE-MNCs would be biocompatible with 

neurons. Consistent with this, we found that neurite initiation and neurite elongation were 

not affected by exposure to PE-MNCs for up to 96 h and at a concentration of up to 150 

µg/mL. Similarly, the cytoskeleton measured by actin and tubulin intensities, remained 

unaffected with increasing concentrations of PE-MNC exposure in neurons up to 96 h. 
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This could be due to the presence of PEG analogue polymers and dextran coated iron 

oxide nanoparticles in PE-MNCs.  

Morphological and cytotoxicity effects of iron oxide nanoparticles in PC12 

pheochromocytoma cells (a common model of neuronal differentiation) did not show any 

significant effect on cell viability or total neurite length following 48 h exposure (Marcus, 

Skaat, Alon, Margel, & Shefi, 2015). Exposure of PC12 cells to 150 µM concentration of 

anionic magnetic nanoparticles (AMNPs) for 6 days did not affect the viability, 

morphology and cytoskeletal structure of cells. Whereas, exposure to 15 mM 

concentration of AMNPs for 6 days significantly decreased the viability, neurite 

outgrowth and formation of microtubules and actin microfilaments in PC12 cells 

(Pisanic, Blackwell, Shubayev, Fiñones, & Jin, 2007). Similarly, Riggio et al. (2012) 

reported no observable toxic effects from 50 µg/mL concentration of poly-L-lysine 

coated magnetic nanoparticles on viability of SH-SY5Y human neuroblastoma cells 

following 3 days of exposure. When PC12 cells were tested with dextran coated iron 

oxide nanoparticles for 3 days with a maximum concentration of 250 µg/mL, there was 

no significant effect on cell viability, total neurite length and actin-tubulin cytoskeleton 

(Soenen, Himmelreich, Nuytten, & De Cuyper, 2011). Petters, Thiel, and Dringen (2016) 

reported that 24 h exposure of primary rat cerebellar granule neurons with a maximum 

concentration of 3 mM fluorescent di-mercaptosuccinate (DMSA) coated iron oxide 

nanoparticles did not induce any significant toxicity.  

A 6-week long phase I clinical study using PEG liposomal doxorubicin (Doxil®, 

a reference agent in breast cancer) showed that PEGylation impaired its uptake by the 
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reticuloendothelial system (RES) and resulted in a significant prolongation of the serum 

half- life to ∼50 h compared with 10 min for the free drug. Moreover, PEGylation 

resulted in less in vivo toxicity than the free doxorubicin, which is a cytotoxic antibiotic 

(Hamilton et al., 2002). Similarly, PEGylated liposomal nanoparticles showed minimal 

protein binding when mixed with serum, less uptake by RES as well as less accumulation 

in mouse liver (Li & Huang, 2009). Together, our data suggest that PE-MNCs do not 

detrimentally affect neurite outgrowth and can be used as a biocompatible nano drug 

delivery system for neuronal applications.  

 

Y-27632 Release Kinetics of PE-MNCs 

We used DSNCs for drug release experiments using Y-27632 as they showed an 

LCST of 39 °C (Figure 8). As we expected, the broader volumetric transition range of 

DSNCs resulted in a prolonged drug release starting from 2 min to approximately 4 h at 

physiological temperatures. In case of 25 °C release experiment, we could observe a 

significant increase in drug release (red line; Figure 21) around 5 min (0.083 h). This 

could be due to the diffusion of free drug present in the Y-27632-DSNC preparation. It is 

clear from the graphs 21 and 22 that DSNCs were able to hold approximately 50% of the 

adsorbed drug at 25 °C. The significant increase in drug release found between 1 and 2 h 

by DSNCs at 25 °C (red line) could be due to the slow diffusion of adsorbed drugs from 

the nanocarriers and/or due to the presence of free drug in the preparation.  

Significantly increased drug release (65%) within the first 30 min at 37 °C (green 

line; Figures 21 & 22) could be due to the increased volumetric transition of DSNCs. 
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From the LCST curve (Figure 8), it is clear that the outer shell of DSNCs will start 

shrinking as the temperature increases towards LCST and this in turn results in an 

increased volumetric transition at 37 °C compared to the same at 25 °C. Compared to 37 

°C, the release at 40 °C was significantly higher (80%) within the first 30 min and 

remained significantly higher through 36 h. Increased drug release by DSNCs at 40 °C 

(purple line; Figures 21 & 22) for a prolonged time could result from a larger volumetric 

transition of nearly 50 – 70 nm as the temperature rose above their LCST (Figure 8). In 

general, one of the desired characteristics of nano drug delivery systems is their zero-

order release kinetics, where the percentage of drug release would remain constant 

throughout the delivery period. Similarly, one of the undesirable characteristics of nano 

drug delivery systems is the high release or burst release kinetics for a shorter period of 

time, which is a measure of the weak retention capacity of nanocarriers (Ummadi, 

Shravani, Rao, Reddy, & Sanjeev, 2013). Drug release kinetics of DSNCs below and 

above LCST shows more of a controlled release than a burst release.  

Our data supports the previous work done by (Ghosh et al., 2010) where they 

reported approximately 80% of Vitamin B12 release from a similar nanocarrier over a 

period of 40 h in an oscillating magnetic field. Similarly, around 80% of imbibed 

cisplatin was released at 37 °C from a similar nanocarrier over a period of 100 h (Atluri 

et al., 2018). Chan et al. (2016) conducted a diffusional release of Y-27632 from PEG 

400 microfilm and they reported a maximum of 80% drug release within the first 10 min 

at room temperature. In another study, Docetaxel (DTX) release from thiolated chitosan 

polymethyl methacrylate (Ch-GSH-pMMA) nanocarriers showed a sustained diffusional 
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release profile of up to 80% of DTX released during 10 days (Saremi, Dinarvand, 

Kebriaeezadeh, Ostad, & Atyabi, 2013). Compared to the diffusional release from PEG 

400 microfilms and Ch-GSH-pMMA nanocarriers, LCST based release from PE-MNCs 

is a better approach for controlled drug release. Together, drug release kinetics of DSNCs 

at 25, 37, and 40 °C demonstrated the potential of DSNCs for controlled drug release for 

a prolonged period of time.  

 

Neuronal Delivery of Y-27632 and Neurite Outgrowth on CSPG Substratum 

We kept the neuronal cultures at room temperature for 15 min following addition 

of DSNCs loaded with Y-27632. This was done to prevent the maximum drug release at 

37 °C from DSNCs until they are endocytosed by neurons. Drug release experiment 

showed that a maximum of 65% loaded drug can be released from DSNCs at 37 °C 

(green line; Figure 22) within 15 min through 1 h. Comparatively similar outgrowths 

produced by neurons treated with Y-27632-bath and Y-27632-DSNC could be due to the 

targeted release of drug by DSNCs. Bath application provides the drug extrinsically to 

neurons whereas, endocytosed DSNCs can release imbibed Y-27632 intrinsically in 

neurons.  

Similar to our data, CSPG stripes having a concentration of 25 µg/mL produced 

significant inhibition of neurite outgrowth over substratum from chick DRG explants 

(Hynds & Snow, 2002). Inhibition of ROCK with Y-27632 promoted neurite outgrowth 

on inhibitory substrates like myelin, myelin-associated glycoprotein (MAG) and Nogo-66 

(an inhibitor present in myelin) from E13 DRG neurons in vitro. Moreover, Y-27632-
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treated rats show an increased number of axonal sprouts in the dorsal gray matter 

adjacent to the dorsal CST (Fournier et al., 2003). In a similar study using inhibitory 

substratum aggrecan, 50 µM Y-27632 treatment promoted total axonal outgrowth similar 

to our data from DRG neurons (Borisoff et al., 2003). Compared to the results from Y-

27632 bath applications, DSNC-Y-27632 delivery showed that a minimum dose of 

intrinsic drug delivery could produce neurite outgrowth similar to that of bath 

application. Together, our data supports the targeted drug release efficacy of DSNCs. 

 

Blood-Brain Barrier Crossing Efficacy of PE-MNCs 

We hypothesized that in the presence of a magnetic field, PE-MNCs would be 

transported across the BBB through a paracellular pathway during traumatic conditions. 

To test this hypothesis, we first validated the functional tightness of BBMVEC 

monolayers by measuring TEER values. TEER graph (Figure 30) confirmed that the 

exposure of magnetic field did not affect the functionality of the tight junctions (TJs). 

TEER values between 150-200 Ω.cm2 show the endothelial tight junction efficacy of an 

in vitro BBB model that can be used for transport studies. Measurement of TEER and 

tracer molecule flux can be translated as the paracellular permeability of in vitro BBB 

models (Helms et al., 2015). Hence, validation of functional tightness of BBMVEC 

monolayers was also performed using FITC conjugated dextran 70-kDa as tracer 

molecule (Duck, Simpson & Connor 2017). We could observe a minimum dextran 70 

flux from 1 through 4 h and similar permeability has been previously reported with 

bovine brain microvascular endothelial cell/ BBMVEC based in vitro BBB models  
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(Culot et al., 2008). Similar to our data, adult rat in vitro BBB model study showed 

higher TEER values (175 Ω.cm2) and lower permeability of tracer molecules (Takata et 

al., 2013). The significant increase in dextran 70 flux (green line; Figure 31) starting from 

15 min through 4 h confirmed the increased paracellular permeability of the BBMVEC 

monolayer, during induced (100 µM CoCl2) hypoxia. In support of our data, Brown et al. 

(2003) showed a 2.2 fold increase in the paracellular 14C-sucrose flux across BBMVEC 

monolayers following 24 h of hypoxic stress. This validates that our current in vitro BBB 

model is an efficient model for paracellular transport experiments.  

PE-MNC 90 flux in the absence of magnetic field and hypoxia (blue line; Figure 

32A) starting from 30 min (0.5 h) through 4 h, could be due to the minimum permeability 

or the leaky nature of BBMVEC monolayers and that was confirmed with dextran tracer 

flux (blue line; Figure 31). Similarly, the increase in PE-MNC 220 flux at 2 h and 4 h in 

all the groups (blue, red, and green lines; Figure 33A) except the one with magnet and 

hypoxia could be due to the diffusion of PE-MNC 220 through permeable or leaky TJs of 

BBMVECs. Significant increase in PE-MNC 90 flux observed at 2 h and 4 h in the 

presence of 0.5 T magnet (red line; Figure 32A), could be due to the influence of a strong 

magnetic field for a prolonged time of 4 h. The presence of magnetic field might have 

attracted more PE-MNC 90 through the permeable or leaky areas of BBMVEC 

monolayer. A similar low-permeability profile was observed with iron oxide 

nanoparticles in either the presence or absence of an external magnetic field across 

bEnd.3 monolayer in vitro BBB model (Sun et al., 2014).   
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The absence of significant increase in basal fluorescence of PE-MNC 90 at 15 

min (Figure 32A & B) and PE-MNC 220 at 5 min (Figure 33A & B), corresponding to 

the significant decrease in apical fluorescence could be due to the possible endocytosis of 

PE-MNCs by endothelial cells (Figure 32A & B). We could observe a significantly 

higher basal fluorescence corresponding to the decrease in apical fluorescence only in the 

case of hypoxia with magnet (purple lines; Figure 32A & B) and this relation was absent 

in all other groups. This could be either due to the endocytosis of PE-MNCs by 

BBMVECs or due to their possible adsorption in the transwell. According to Hanada et 

al. (2014), silica nanoparticles of  sizes 100 and 400 nm accumulated on the basolateral 

side of a rat brain microvascular endothelial cell monolayers due to the adsorption of 

particles on the membrane following transcytosis through the cells. Similarly, Georgieva 

et al. (2011) showed that both magnetic core silica matrix nanoparticles (SiMAG/G) and 

surface modified - SiMAG/G were endocytosed by human BBB endothelial hCMEC/D3 

cells. In contrast, they observed a significantly higher rate of transcytosis for surface 

modified - SiMAG/G than SiMAG/G through hCMEC/D3 cells. These reports explain 

the reduced PE-MNC flux corresponding to the observed decrease in apical fluorescence. 

In case of hypoxia with no magnet (green line; Figure 33B), the sudden increase 

in PE-MNC 220 apical fluorescence observed at 30 min could be due to the action of 

efflux pumps present on brain microvascular endothelial cells. A portion of PE-MNCs 

that were endocytosed within 15 min could be effluxed back to the apical chamber at 30 

min. Gulyaev et al. (1999) reported an increased brain concentration for polysorbate 80 

coated nanoparticles compared to uncoated nanoparticles in rat following intravenous 
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delivery. They further observed an inhibition of endothelial efflux system by polysorbate 

80, which is a surfactant shown to inhibit p-glycoprotein (P-gp) efflux system. Another 

group reported significantly increased uptake of gold nanoparticles by P-gp-expressing 

mouse J774.2 cells in the presence of P-gp inhibitor verapamil (Dreaden et al., 2014). 

Surprisingly, Chatard, Puech, Perek, and Roche (2017) reported that CoCl2 induced 

hypoxia resulted in an overexpression or increased functionality of P-gp in bEnd.3 

immortalized mouse brain endothelial cells. This could be the same reason for an 

increased apical fluorescence of PE-MNC 220 at 30 min following hypoxia.  

Observed increase in PE-MNC 90 flux at 2 h (green line; Figure 32A) during 

induced hypoxia could be due to the increased paracellular transport through disrupted 

TJs same as that observed in case of dextran 70 tracer molecule (green line; Figure 31). 

In the presence of both magnet and hypoxia, PE-MNC 90 flux increased from 30 min 

(0.5 h) through 4 h (purple line; Figure 32A) and PE-MNC 220 flux increased from 1 

through 4 h (purple line; Figure 33A).This significantly increased PE-MNC flux in the 

presence of a strong magnet could be through the disrupted TJs of BBMVEC monolayer. 

In support of our findings, Sun et al. (2014) reported a 30% increase in iron oxide 

nanoparticle flux across an osmotically disrupted bEnd.3 mouse brain endothelial cell 

monolayers within a period of 4 h. This clearly demonstrates the efficacy of PE-MNCs 

that can be transported across BBB using an external magnetic field, in case of hypoxia 

or TJ disruption. Most importantly, these data demonstrate a clinically relevant 

mechanism of nanocarrier transport across BBB following traumatic injury.   
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When we compared the transport of smaller (PE-MNC 90) and bigger (PE-MNC 

220) nanocarriers, we found that the rate of transport of PE-MNC 220 was higher than 

that of PE-MNC 90. On the other hand, PE-MNC 90 started crossing BBB at 15 min and 

PE-MNC 220 started crossing only at 30 min. This could be related to their size and 

magnetic strength. In other words, smaller PE-MNCs can be transported sooner than 

bigger PE-MNCs by applying the same magnetic force as they can be easily pulled 

through disrupted TJs. Whereas, bigger PE-MNCs expressed a sudden increase in the rate 

of transport with magnet from the time they started crossing BBB and this could be due 

to the presence of more SPIONs (Figure 9) at their core. Intravenous injection of different 

sizes of gold nanoparticles in mice showed a 70% decrease in transport across BBB for 

bigger particles (200 nm) compared to smaller ones (100 nm; Sonavane, Tomoda, & 

Makino, 2008). Similarly, transport of different sizes of silica nanoparticles across an in 

vitro rat BBB model showed that 30 nm particles readily transported across the 

membrane, 100 nm particles hardly passed through the membrane and 400 nm particles 

remained in the apical chamber (Hanada et al., 2014).  
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Summary 

In conclusion, we have synthesized a polymer encapsulated magnetic nanocarrier 

system specifically for drug delivery to spinal cord during traumatic injury. We have 

shown the physiochemical properties PE-MNCs that are favorable for drug adsorption 

and intravenous applications. Moreover, exposure of cortical neurons to higher doses of 

PE-MNCs proved that they are biocompatible for neuronal applications. Drug release 

experiments demonstrated the potential benefit of LCST property of nanocarriers for 

controlled drug release at physiological temperatures. Increasing LCST to 39 or 40 °C by 

adjusting the ratio of thermo-responsive copolymers as well as by adding a second shell, 

make them suitable for clinical use. CSPG substratum experiments demonstrated the 

clinical relevance of these nano sized drug carriers as they could produce significant 

neurite outgrowth on CSPG stripes by delivering nano quantities of drug to cortical 

neurons. Finally, data from in vitro BBB experiments suggest that the hours following 

primary SCI is a possible window of opportunity to transport drug loaded PE-MNCs 

across disrupted BBB/BSCB present at or near the injury site, using an external magnetic 

field.   

Currently, there are many FDA approved nano-formulations available for clinical 

use. Among them, most of the PEGylated nanomedicines were developed for the 

treatment of different types of cancer. Iron based nanomedicines are available either as 

iron supplements or as MRI contrast agents. Surprisingly, there are few nanomedicines 

available for CNS applications. Therefore, there is a great demand for biocompatible 

nanocarriers that can be transported across BBB for neuronal applications. Since PE-



82 

 

MNCs are made of PEG analogue polymers and iron, these nanocarriers have a great 

potential for CNS drug delivery. We have shown drug release from our nanocarriers 

using Y-27632, which is a BBB permeable 320 Da molecule. In the next step, we would 

like to test the drug release efficacy of PE-MNCs/ DSNCs using C3 transferase, which is 

a 24 kDa RhoA inhibitor. Y-27632 and C3 transferase have shown similar effects on 

neurite outgrowth or axonal sprouting, in vitro. Moreover, we would like to test the 

efficacy of nanocarriers to take C3 across hypoxic BBB in the presence of a magnetic 

field. Further, we want to test the role of transcytosis in the transport of PE-MNCs across 

BBB using inhibitors for endocytosis and P-gp efflux mechanisms.  

This dissertation research contributes to the development of a potential nanocarrier 

system for safe, targeted, controlled, low dose and effective drug delivery to CNS across 

BBB/BSCB.  
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