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Abstract 

Stroke is a leading cause of disability in the world, for which there currently is no effective 

treatment. One potential method for treating stroke is to stimulate the endogenous neural 

stem/progenitor cells (NSPCs) in the subventricular zone (SVZ) of adult brain to replace the 

tissue lost during stroke. Two growth factors that have shown promise in eliciting functional 

repair in rodent models of stroke are epidermal growth factor (EGF) and erythropoietin (EPO). 

However, there is a significant challenge in delivering protein drugs in a minimally invasive yet 

effective manner. In this thesis, a minimally invasive polymer-based system is developed to 

control the sequential release of EGF followed by EPO. This system comprises of a hyaluronan-

methylcellulose (HAMC) hydrogel and two types of polymeric particles, and is applied 

epicortically to deliver EGF and EPO to stroke-injured mouse brains in a minimally invasive 

manner.  In this thesis, the following are demonstrated:  

1) The ability of therapeutics delivered locally to reach the target site after delivery is crucial 

for the success of local delivery strategies. PEG-modification leads to enhanced 

penetration distance of EGF. 
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2) When delivered epicortically to the stroke-injured mouse brain using HAMC, PEG-EGF 

penetrates further into the brain compared to unmodified EGF. Both EGF and PEG-EGF 

stimulated NSPC proliferation in the SVZ, but the extent of stimulation is greater when 

PEG-EGF is delivered compared to unmodified EGF. 

3) The transport of EPO is similar in the uninjured and the stroke-injured brain following 

epicortical delivery from HAMC. EPO delivered epicortically from HAMC is able to reach 

the SVZ and can enhance neurogenesis in the stroke-injured brain.  

4) A composite delivery system is engineered where PEG-EGF and EPO are individually 

encapsulated in different polymeric particles, and the particles are embedded in the 

HAMC hydrogel matrix. Stroke-injured animals that receive composite-mediated growth 

factor treatments ultimately achieve repair comparable to that achieved using a 

conventional catheter/osmotic minipump infusion system, without causing tissue damage 

associated with insertion of the infusion system into the brain.   
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1. Introduction 

1.1. Rationale 

 

Similar to most central nervous system (CNS) disorders and injuries, stroke is a debilitating 

disorder for which no effective treatment exists today 1. It is currently the third cause of death in 

the world, and a leading cause of disability 2. There are two types of strokes: ischemic stroke, 

which results from blockages in cerebroarteries; and hemorrhagic stroke, which results from 

ruptures of the arteries 3. The only FDA approved drug for stroke treatment is tissue 

plasminogen activator (tPA) 4,5, which reduces the extent of stroke injury but does not allow for 

recovery 4. tPA is effective if administered within 6 hours of stroke onset 6, but as it dissolves 

thromboembolytic clots, tPA can only be used to treat ischemic stroke 7. A number of drug-

based treatments that show preclinical efficacy in animal models have also failed to elicit any 

benefit when translated into human subjects 8-11. 

 

Over the last decade, research efforts have been focused on using tissue engineering 

approaches that demonstrate the potential of regenerating brain tissue lost during stroke 12-14. 

Neuroregeneration is a technique that involves administration of exogenous growth factors to 

stimulate endogenous neural stem/progenitor cells (NSPCs) in the subventricular zone (SVZ) of 

the lateral ventricles in the adult brain 15-21. Specifically, one treatment that sequentially delivers 

epidermal growth factor (EGF) followed by erythropoietin (EPO) into the lateral ventricles for 

seven days each elicited tissue regeneration and functional recovery in rodent stroke models 22. 

 

A number of issues, however, prevent the clinical translation of these strategies 23. One issue is 

the current lack of effective yet minimally invasive drug delivery strategies (DDS) 24. Currently 

available DDS suffer a number of limitations when used for targeting the brain. Therapeutic 
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agents delivered systemically have limited ability to traverse the blood brain barrier (BBB), 

consequently high dosages must be administered to allow therapeutically relevant levels to 

accumulate in the brain. This may result in systemic toxicity and other undesired side effects. 

Local strategies such as intracerebral (IC) or intracerebroventricular (ICV) delivery to the brain 

allow for a large array of drugs to be delivered to the brain parenchyma at a constant rate. The 

surgical procedures involved, however, are invasive and associated with risks of infection 25,26. 

Secondary surgeries may also be required for implant removal upon termination of the 

treatments. 

 

The optimal drug delivery system for the brain should build upon the controlled profile and 

therapeutic efficacy of the local delivery systems, but minimize the invasiveness intrinsic in such 

systems. The following criteria should be met when engineering a DDS for the brain: 1) achieve 

controlled delivery profiles that match the treatment paradigm with optimum efficacy; 2) 

minimally invasive; 3) biocompatible; 4) biodegradable such that no surgical removal is required. 

The goal of this thesis is to design a DDS that encompasses all the above-mentioned properties, 

such that it can be used to improve the efficacy of growth factors used to treat stroke as well as 

other disorders of the CNS. 

 

1.2. Hypothesis and Objectives 

 

The hypothesis governing this body of work is: 

A drug delivery system consisting of a hyaluronan-methylcellulose (HAMC) hydrogel and 

polymeric particles will enable epicortical delivery of EGF followed by EPO to the brain to elicit 

tissue regeneration in a mouse model of stroke. 
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 To test this hypothesis, the following objectives were set: 

1. Evaluate EGF diffusion in the brain. 

a) Compare EGF penetration in the uninjured and the stroke-injured brain. 

b) Investigate the effect of PEG-modification on EGF penetration distance. 

2. Assess the feasibility of epicortical HAMC-mediated PEG-EGF delivery for stroke treatment. 

a) Examine the ability of PEG-EGF to penetrate from the cortex to the SVZ in the stroke-

injured mouse brain following delivery from HAMC. 

b) Examine the biological response of the stroke-injured brain to PEG-EGF delivered from 

HAMC. 

3. Assess the feasibility of epicortical HAMC-mediated EPO delivery for stroke treatment. 

c) Examine the ability of EPO to penetrate from the cortex to the SVZ in the stroke-injured 

mouse brain following delivery from HAMC. 

d) Examine the biological response of the stroke-injured brain to EPO delivered from 

HAMC. 

4. Design and optimize a composite DDS for epicortical delivery of PEG-EGF followed by EPO. 

a) Engineer a composite DDS to achieve sequential release of PEG-EGF followed by EPO. 

b) Investigate cellular response in the SVZ and peri-infarct region to PEG-EGF and EPO 

delivered epicortically from the composite DDS. 

c) Investigate the effect of the composite on the brain’s injury response after stroke. 

d) Investigate the tissue benefit achieved by PEG-EGF and EPO delivered epicortically 

using the composite DDS. 
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1.3. Stroke 

1.3.1. Statistics 

 

Stroke is a devastating condition for which no effective treatment is currently available. It is a 

leading cause of disability and the 3rd leading cause of death worldwide, resulting in 

approximately 15 million injuries and 5 million deaths each year 27. Stroke primarily affects the 

population over 50 28, although there are trends indicating that younger populations are 

increasingly susceptible to it today 29. Stroke patients who survive the initial injury often still lose 

some or all abilities of self care 30,31, and this is a significant burden on the health care system 

and society 32.  

  

1.3.2. Pathology of stroke 

 

The two broadest categories of stroke are ischemic strokes and hemorrhagic strokes 33. 

Hemorrhagic stroke, resulting from cerebral hemorrhage following ruptured blood vessels, 

constitutes 20% of all stroke injuries 34 while ischemic stroke, resulting from blood vessel 

occlusion, constitutes the remaining 80% 35. As hemorrhagic stroke typically causes immediate 

death 36 and the majority of stroke cases are ischemic stroke, the focus of this thesis will be on 

ischemic stroke.  

 

There are two stages in ischemic stroke 37. The site of the initial ischemic insult is referred to as 

the core region. Here, thromboembolic blockage of arteries leads to near-immediate necrotic 

cell death, which is referred to as the primary injury. Following the primary injury, the tissue that 

surrounds the core (penumbra) experiences a shortage of blood, which leads to reduction in 

oxygen and glucose concentrations in the penumbra. The subsequent ATP depletion leads to a 
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buildup of toxic substances such as glutamate and Ca2+, and eventually leads to significant 

apoptosis and necrosis in the penumbra. This series of events following the primary injury are 

collectively referred to as the secondary injury 38.  

 

There are two main injury mechanisms involved in secondary stroke: excitotoxicity 39 and 

oxidative stress 40. Excitotoxicity results from the ATP reduction in the penumbra following 

primary injury 41. Without adequate energy supply, cells in the penumbra cannot maintain their 

normal Ca2+, K+, Na+ and Li+ ionic gradient, and intracellular glutamate is released 42. Under 

normal circumstances, the released glutamate would be recycled by the cells during their 

metabolic process. However, due to the energy shortage, this recycle of glutamate does not 

occur. The intracellular glutamate released by pre-synaptic neurons binds to post-synaptic 

receptors, promoting Ca2+ entry 43. High intracellular Ca2+ levels trigger a series of intracellular 

signaling events, leading to disruption of cytoskeletal proteins and important cellular enzymes, 

and generation of radicals such as peroxynitrile. Ca2+ also triggers apoptotic pathways by 

activating the BCLXL class of apoptotic transcription factors 44.  

 

The other major mechanism involved in secondary injury in stroke is oxidative stress 40. The 

main source of oxidative stress is the reactive oxygen species (ROS) generated during 

reperfusion (re-establishment of blood flow) 45. Reperfusion is a process whereby blood flow is 

re-established after ischemia, which typically occurs minutes after the initial onset of stroke. 

These ROS lead to mitochondrial failure and compromises cell survival 45. Both necrosis and 

apoptosis occur as a consequence of both the ROS attack on neurons and the excitotoxic 

pathway, and lead to large scale cell death in the penumbra. 
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1.3.3. Currently available clinical treatments and their limitations 

 

Little may be done to prevent the primary injury in stroke as it results from a combination of 

genetic factors and lifestyle issues 46-50, so the majority of stroke treatments being developed 

today aim at reducing the severity of secondary injury 1, protecting neurons in the penumbra 

against excitotoxic and oxidative stress (neuroprotection) 51, and regeneration of new functional 

neural cell types (neuroregeneration) 52.  

 

Acute stroke treatments available today need to be administered within hours of the onset of 

stroke in order to be effective 53. Upon hospitalization, patients are typically first subjected to 

brain scans such as computed tomography (CT) 54 or magnetic resonance imaging (MRI) 55. 

This allows a quick diagnosis to be performed, such that the nature and severity of stroke may 

be assessed. Most patients are then placed under hypothermia, a treatment that reduces the 

extent of injury 56,57. Subsequently, ischemic stroke patients are typically treated with 

intravenous injection of thrombolytic agents 58.  

 

Thrombolysis is one of the treatments most commonly administered to acute ischemic stroke 

patients (within hours of onset) 53. It is also the most effective of all the clinically available 

treatments, with better efficacy than treatments such as stroke unit intensive care and extended 

hypothermia. Thrombolytic agents are used in reperfusion therapy to dissolve the blood clots 

(thromboemboli) that occlude cerebral blood vessels 59. Reperfusion therapy re-establishes the 

blood flow to the penumbra, thus salvaging the tissue 60. A large number of thrombolytic agents, 

typically fibrin-specific agents, have been developed, although the only agent approved by the 

FDA for human use is tissue plasminogen activator (tPA) 61. Despite its effectiveness as a clot-

buster, tPA has a very limited time window for administration: if used more than 6 hours after 
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the onset of stroke, tPA does not elicit any beneficial effects. Furthermore, tPA only leads to a 

reduction in the extent of injury, and not tissue regeneration 61.  

 

Today, recovery after stroke in humans is typically achieved through long-term rehabilitation and 

physiotherapy 62. While there has been some successful cases, most patients do not regain full 

motor and cognitive function, and the time required to achieve significant recovery can range 

from a few months to several decades 63, depending on the severity of stroke 62,64. 

1.4. Using regenerative medicine-based approaches for treating stroke 

 

Given the current lack in clinically proven treatments that can stimulate effective repair after 

stroke, extensive research efforts have been devoted to the development of new therapies. To 

date, regenerative medicine-based strategies such as exogenous stem cell transplants (Section 

1.4.2) 65 and endogenous stem cell stimulation (Section 1.4.3) 66 have shown significant promise 

in many pre-clinical models and some clinical trials. Neuroprotection aims at preserving the host 

tissue after stroke, while neuroregeneration attempts to regenerate brain tissue to restore 

function lost during stroke. Neither approach, however, has been approved for clinical use 67. 

More than 700 drugs have been tested preclinically and clinically since early 2000, but none has 

been approved, either due to lack of efficacy or due to safety concerns 68. A number of factors 

may contribute to this lack of success. First, the causes of stroke are numerous and different for 

each individual. This makes it difficult to interpret and compare the outcome of medical 

interventions 46. Second, drugs that are suitable for one condition may have no benefit or even 

have adverse effects in another situation, and the results from various pre-clinical studies are 

often contradictory 69. Third, even when a suitable model of stroke has been developed and a 

potential drug or therapeutic agent been identified in animal models, clinical translation is 

extremely challenging 70. To gain a more complete understanding of human stroke, it is 
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important to first understand the biology of stroke in animal models, as a full understanding will 

likely reconcile the results obtained from different animal models. The next section will provide a 

discussion on animal models commonly used in developing treatments for stroke.  

 

1.4.1. Animal models of stroke 

 

Animal models have served as indispensable tools in studying human stroke 71. The number of 

animal models has also expanded greatly over the recent decades, as our understanding on the 

causes of stroke increased. 

 

Historically, larger animals such as dogs, pigs, and non-human primates have been 

predominantly used as models for studying the causes and risk factors in stroke 72-74. Currently, 

however, most stroke-related animal studies are carried out in rats and mice 75. Their relatively 

small sizes and lower cost, in addition to the similarity between the structure of their brains and 

that of human brains, make them suitable candidates for understanding the pathology of stroke 

and developing treatments. Additionally, the high degree of genetic homogeneity within each 

strain allow for highly controlled experimental conditions 76.  

 

The criteria used to assess the usefulness, practicality, and reliability of an animal model 

typically include the following 77: 1) the pathophysiology of the animal selected should be 

relevant to humans; 2) the size of stroke cavity developed after injury should be reproducible 

between experiments; 3) the technique used to induce stroke should be relatively simple and 

minimally invasive; 4) variables in animal physiology should be easy to monitor and can be 

maintained within normal ranges; 5) brain samples should be easy to harvest and readily 
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available, such that histological analyses may be carried out; and 6) the cost should be 

reasonable. 

Animal models of stroke can be divided into the following four major categories. Each one has 

its advantages and limitations, and each is used for addressing different aspects of stroke 

research. 

 

1.4.1.1. Middle cerebral artery occlusion (MCAO) 78 

 

The MCAO model is most frequently used in stroke research today due to its relevance to 

human clinical cases. Experimentally, this condition is induced by inserting a transluminal suture 

into the internal carotid artery of the animal host. The suture is kept in place, either transiently 

for 30, 60, or 90 min, or permanently. The size of the stroke lesion is dependent on the length of 

blockage as well as the shape, size, insertion length, and coating material of the suture. 

 

Advantages of the MCAO model include that the size of the penumbra with respect to the brain 

size is relevant to human strokes, and the extent of injury can be controlled through the time-to-

reperfusion. Some limitations of this model include that the surgical technique involved is 

relatively complex and invasive, and although the model is theoretically reproducible, outcomes 

often vary in practice. Additionally, the animals’ mastication functions are sometimes affected, 

which complicates data analysis and interpretation. These experiments are also difficult to 

perform on the mice, and as a result MCAO models are predominantly used in rat models of 

stroke. 

 

 

1.4.1.2. Thromboembolic stroke models 79 
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Thromboembolic strokes are typically induced by injecting either an autologous clot fragment or 

synthetic blocking agent (e.g. polymer microspheres) into an extracranial artery. The size of the 

blocking agent and the affected artery dictates the nature and severity of the resulting injury.  

 

Thromboembolic models of strokes are popular due to its simple nature and resemblance to the 

pathophysiology of human ischemic stroke. Most human strokes are caused by 

thromboembolism, where an artery is blocked either by the buildup of clot(s) in the affected 

artery (thrombosis) or fragments broken off from a remote thrombus (embolus). This model 

allows for the evaluation of a large number of thrombolytic agents, and for the evaluation of the 

resulting ischemic lesion after thrombolysis. However, no standardized animal model exists, and 

there is a high degree of variability in this class of models. The polydispersity in the size of clot 

fragments, in combination with the uncontrolled location of blockage, renders the model highly 

variable, and the results obtained from different studies may be hard to compare. 

 

1.4.1.3. Photothrombosis models 80 

Photothrombosis is performed by injecting a photosensitive dye systemically and irradiating a 

pre-determined cortical region using a light beam with a specific wavelength. This generates 

oxygen radicals and induces focal damage in the endothelial layers, and induces platelet 

activation and aggregation in both pial and intraparenchymal vessels. This model allows a highly 

defined cavity region to form with minimal surgical requirements. However, as vasogenic edema 

and breakdown of the BBB in the lesion site occur within minutes of initial induction, the 

formation of the penumbra is difficult to predict and also has low reproducibility.  

 

1.4.1.4. Pial vessel disruption (PVD) models  
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PVD is a technique where blood vessels on the cortical surface of the brain are disrupted 

mechanically to create a stroke lesion 22. This model has been used to study stroke in large 

rodents, but has seen limited use in mice, larger animals and non-human primate models 81. 

The major advantages of the PVD model are its simplicity and reproducibility 82. However, this 

model has a number of drawbacks in studying ischemic stroke, as hemorrhage and edema 

sometimes forms in animals following PVD, which increases the level of complexity in data 

analysis. 

   

1.4.1.5. Endothelin-1 models  

 

Endothelin-1 (ET-1) is a small peptide that acts as a vasoconstrictor. It can be applied, either 

directly into the MCA, close to the MCA 83, or into the cortex 84. This model typically produces 

lesion patterns that are similar to MCAO but smaller in size. The main advantages of the ET-1 

models include simple surgeries, relatively low invasiveness compared to PVD and MCAO, and 

the ability to induce ischemia in any target region of the brain. Additionally, the vasoconstrictive 

action of ET-1 is dosage dependent and therefore variable stroke lesion sizes can be achieved. 

Furthermore, ET-1 induces transient focal ischemia, and reperfusion occur naturally. In this 

thesis, ET-1 is used to induce focal ischemic stroke in mice for its minimally invasive nature, 

ease of application, and the reproducibility of stroke lesion characteristics.  

 

 

 

1.4.2. Neuroprotection as a treatment strategy for stroke 
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One class of treatment currently under development, referred to as neuroprotection, aims at 

improving neuronal survival 85. A number of neuroprotective approaches have been developed 

over the last several decades. One of the most common neuroprotective approaches is the use 

of glutamate antagonists. Glutamate binds to the extracellular receptors on neurons, including 

N-methyl-D-aspartic acid (NMDA) receptors and α-amino-3-hydroxyl-5-methyl-4-isoxazole-

propionate (AMPA) receptors, and initiates Ca2+ influx and excitotoxic cell death. NMDA and 

AMPA receptor antagonists can bind competitively to these receptors to prevent glutamate 

binding 86. This prevents the downstream activation of apoptotic enzymes that impede neuronal 

survival. 

 

Both pre-clinical and clinical results, however, show that many NMDA receptor antagonists fail 

to elicit functional recovery in animal models of stroke 86. Consequently some research groups 

are developing antioxidant-based neuroprotective treatments 86. Reperfusion is necessary for 

the long-term survival of cells in the brain post stroke, but it also leads to accumulation of ROS 

in the penumbra. The purpose of antioxidants is to reduce the reperfusion-induced oxidative 

stress experienced by neurons. The therapeutic agent edaravone  has shown limited pre-clinical 

success by inhibiting lipid peroxidation and vascular endothelial cell damage, and reducing fluid 

accumulation in the brain (edema) 86.  

 

Neurotrophic factors have also been used in the attempt to achieve neuroprotection after stroke. 

A number of factors, including basic fibroblast growth factor (bFGF) and erythropoietin (EPO), 

have been used in this class of treatment, and they act by activating survival genes and 

suppressing suicidal genes in neurons. Other less commonly used treatments include free 

radical scavengers, Ca2+/Na+/K+ channel blockers, anti-inflammatory agents that inhibit 

neutrophil intrusions, γ-aminobutyric acid (GABA) receptor antagonists, and caspase inhibitors 

87.  
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To date, most neuroprotective therapies that have shown promise pre-clinically have been 

unsuccessful in achieving neuroprotection clinically 22,86,88. Aside from limited clinical success, 

one other major drawback in neuroprotective treatments is that these approaches only help to 

increase the survival of existing neurons 89. Since there is large scale neuronal death resulting 

from the trauma of stroke, cognitive functions are inevitably lost 90. Thus to regain these 

functions, it is important to promote post-stroke regeneration of brain tissues. 

 

1.4.3. Neuroregeneration as an alternative stroke treatment 

 

An emerging trend in treating neurological disorders is the use of neuroregenerative techniques 

86,90. Compared to anti-thrombolytic and neuroprotective strategies, tissue regeneration offers 

the possibility of regaining lost functions to greater extents. Given the promise that 

neuroregeneration holds for the future of stroke treatments, research efforts have been heavily 

invested into the development of potential therapies 91.  

 

There are two main approaches to regenerating brain tissue in the adult mammal. The first is 

mediated by transplanting exogenous stem cells into the injured brain. The most significant 

challenge in this approach is that transplantation success rate is low due to low post-

implantation survival and lack of integration with the host tissue (typically less than 1% of the 

transplanted cells survive) 92. The second method for achieving neuroregeneration takes 

advantage of the endogenous neural stem and progenitor cells (NSPCs) in the brain 52. Both of 

these techniques are discussed in detail in the next two sections. 

1.4.3.1. Transplantation of exogenous cells  
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In the penumbra, neurons 93 and oligodendrocytes 94 are the two types of cell most susceptible 

to ischemic injury. Even though there is some evidence of spontaneous neuroregeneration, the 

extent to which this occurs is inadequate for repairing stroke-induced tissue damage 95. One 

method for eliciting brain repair involves transplanting exogenous cells into the injured 

penumbra 96. Commonly used cell types in replacement therapies include neural 

stem/progenitor cells, embryonic stem cells drawn from allogeneic sources, and mesenchymal 

stem cells (MSCs). Most recently, induced pluripotent stem cells (iPSC) have also been 

proposed and tested as candidates for cell replacement therapies as they allow for autologous 

transplant 97.  

 

Exogenous cell transplantation mediates brain repair through two mechanisms. One route relies 

on the integration of transplanted cells with host tissue: it is hoped that the newly transplanted 

cells will integrate with host tissue as functional neurons and supporting cells 98. Either immature 

stem/progenitor cells or mature cells may be transplanted. The main drawback of transplanting 

progenitors is that these cells are potentially tumorigenic. The main limitation in using mature 

cells for transplantation is their lower survival rates post transplantation. The second mechanism 

of action relies not on direct cell-cell interaction between the host and the transplant, but rather 

on chemokines released by the transplanted cells. These chemokines may act either as 

neuroprotection or neuroregeneration agents. Both MSCs and NSPCs release cytokines such 

as leukemia inhibitory factor (LIF) and ciliary neurotrophic factor (CNTF) that are beneficial in 

promoting host tissue regeneration and repair 99,100.  

 

 

1.4.3.2. Stimulation of endogenous neural stem/progenitor cells (NSPCs)  
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The second approach used to promote tissue repair after stroke relies on endogenous neural 

stem/progenitor cells (NSPCs) in the brain101. In the adult mammalian brain, there are two stem 

cell centers that constitutively generate NSPCs: the subgranular zone (SGZ) of the dentate 

gyrus (DG) and the subventricular zone (SVZ) of the lateral ventricles 101,102. The progenitor cells 

in the SGZ give rise to granular neurons that migrate to the nearby granule cell layer, and 

integrate into the DG 103.  

 

The NSPCs in the SVZ are considered true stem cells that exhibit the cardinal properties of self-

renewal and multipotentiality. In culture, these cells respond to exogenous cues such as 

epidermal growth factor (EGF) and fibroblast growth factor (FGF), and can be expanded as 

free-floating neurospheres that originate from a single neural stem cell 104.  

  

In the adult brain, they proliferate at low levels constitutively, and the newly generated NSPCs 

migrate towards the olfactory bulb and differentiate into mature cell types 90,102. Following stroke, 

there is an increase in proliferation of neural stem cells in the SVZ 105 both ipsilateral and 

contralateral to the injury. The newly generated NSPCs follow endogenous chemotactic cues 

and migrate towards the sites of injury 102. Studies have shown that there is a ten-fold increase 

in progenitors cells at the site of injury 3 – 4 days following global ischemia in mice and rats 106, 

and similar effects are observed following focal cerebral ischemia 90,106.  

 

One challenge in stimulating endogenous NSPCs is that the extent of precursor cell proliferation 

and migration after injury is limited 22. It has also been shown previously that the premature 

neurons that leave the SVZ and migrate toward the site of stroke have limited ability to survive 

and differentiate into mature neurons once they are in the injured cortex 22. Therefore 

exogenous interventions are required to help promote this process in order to improve recovery 

in stroke patients. A variety of growth factors has been identified that enhance NSPC 
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proliferation in animal models of stroke. The following section discusses a number of these 

candidates in detail. 

 

1.4.4. Growth factor-mediated stimulation of endogenous NSPCs and brain tissue 

regeneration 

 

1.4.4.1. Growth factors with potential benefits in brain regeneration 

 

A number of growth factors have shown promise in stimulating tissue repair in the brain 107. 

These growth factors act to directly promote NSPC proliferation, preferentially guide NSPC 

differentiation into mature neurons, enhance cell survival, or increase re-establishment of axonal 

connections between new tissue and host tissue. Examples of growth factors commonly 

associated with neural regeneration are discussed below. 

 

Fibroblast growth factor-2 (FGF-2) is a member of the FGF superfamily. It is an 18 kDa 

glycoprotein that is upregulated in the brain both during development and following injury. FGF-

2 acts both as a neuroprotective and a neuroregenerative agent in the injured brain 108. As a 

neuroprotective agent, FGF-2 supports the survival of neurons, astrocytes, and 

oligodendrocytes by protecting them against toxins involved in the excitotoxic pathways and by 

upregulating the expression of free radical scavenging enzymes 109. FGF-2 affords 

neuroregeneration primarily by promoting axonal outgrowth from neurons, and the proliferation 

of glial and vascular cells in the brain. It has also been shown that both mouse and rat NSPCs 

increase proliferation in the presence of FGF-2. Benefits associated with FGF-2 treatment in 

animal models include reduction in infarct volume and increase in neurological outcome 110. 
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Another growth factor that promotes neuroregeneration after stroke is granulocyte-colony 

stimulating factor (G-CSF) 111. This is a 19.6 kDa glycoprotein is used to treat neutropenia, but 

also exerts neuroprotective and neuroregenerative effects. G-CSF receptors are found 

predominantly on neurons in the cortex and hippocampus, as well as progenitors in the SVZ 

and SG. G-CSF is thought to inhibit apoptosis through the PI3K/Akt pathway 112, and drives 

progenitor cells to preferentially differentiate into neurons through the JAK2/STAT3 pathway 113. 

The combined action of these two pathways lead to decreased infarct volume and improved 

neurological outcome in stroke. 

 

Epidermal growth factor (EGF) is a potent mitogen that has repeatedly been shown to stimulate 

the proliferation and migration of NSPCs both in vitro and in vivo 114. Infusion of EGF at various 

times after stroke into the stroke injured cortex led to improved proliferation of progenitors in the 

SVZ, and these cells migrated to the injured cortex 115. However, EGF alone neither exerts 

neuroprotection for the newly generated progenitors, nor encourages progenitors to 

preferentially differentiate down the neuronal lineage.  

 

Erythropoietin (EPO) is a hematopoietic factor that increases erythropoiesis, or the generation 

of new red blood cells. In the central nervous system it exerts both neuroprotective effects 116, 

through inhibition of neuronal apoptosis, and neuroregenerative effects 117, through stimulation 

of endogenous SVZ progenitors and neuronal differentiation. Intranasal and intravenous 

administration of EPO after stroke has been shown to significantly reduce stroke cavity volume 

and improve behavioural recovery 118,119.  

 

1.4.4.2. Sequential treatment of epidermal growth factor and erythropoietin  
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A study by Kolb et. al. demonstrated the efficacy of a combined neuroregenerative therapy 

where EGF and EPO are sequentially infused into the lateral ventricles for treating PVD stroke 

in rats 22. When EGF and then EPO were sequentially infused for 7 days each into the lateral 

ventricles of stroke-injured rats using a catheter/osmotic minipump system, regeneration of 

brain tissue at the peri-infarct site and functional recovery were observed. EGF induces 

increased proliferation of NSPCs in the SVZ, while EPO helps to enhance survival and 

integration, and promote differentiation into mature neurons 22. This new treatment paradigm 

offers a possibility for treating ischemic stroke based on endogenous tissue regeneration.  

 

However, this growth factor therapy, like many other regenerative medicine-based treatments 

for stroke, is currently administered using a catheter/osmotic minipump system, which is highly 

invasive. In this system, a catheter is inserted through the cortex into the SVZ, and an osmotic 

minipump is attached to the animal host throughout the entire treatment period. This strategy is 

invasive and induces inflammatory response and infection at the site of insertion. The 

alternative is to use systemic delivery, but this method requires high doses because only a small 

amount of drugs can penetrate the blood brain barrier. The high dosage may lead to systemic 

toxicity. Since currently available delivery strategies are either systemic or localized but highly 

invasive, there is a strong incentive to develop better delivery systems. 

 

 

 

1.5. Challenges in drug-delivery to the brain 

1.5.1. Blood-brain barrier  
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Drug delivery to the brain is a challenge because the brain is isolated from the rest of the body 

by the blood brain barrier (BBB) 120. The endothelial cells lining the cerebral vessels form tight 

junctions that permit small hydrophobic molecules (<400Da) and nutrients to enter the brain at 

low levels (approximately 2% of drugs systemically administered will enter the brain 121), but 

prevent the traffic of most foreign substances and macromolecules such as proteins 122. This 

presents a challenge to drug delivery, especially growth factor delivery, to the brain.  

 

Systemic delivery strategies are relatively non-invasive and easy to administer 123. However, 

these are not suitable for targeting the brain because many drugs are hydrophilic, have high 

molecular weights, and do not readily permeate the BBB. Drug diffusion across the BBB may be 

induced by administering large doses systemically, but high drug dosage will likely lead to toxic 

side effects 122. Additionally, even though a small fraction of foreign molecules does cross the 

BBB into the brain parenchyma, they are often exported rapidly by surface transporters on the 

BBB, such as the non-selective G-protein coupled-receptors 124-127. This is a significant 

challenge for moving drugs that are effective in preclinical studies into clinical studies. Hundreds 

of model drugs have been developed which had been predicted to cross the BBB based on 

complex pharmacokinetic models. Most of these drugs are effective in vitro or in animal models, 

but nevertheless fail their clinical trials because of their inability to cross the BBB 128,129.  

 

Intranasal delivery of insulin had been investigated clinically in Alzheimer’s patients and was 

shown to be effective in reducing cognitive loss. However, patients complained of discomfort, 

which can lead to low compliance level in practice 130. Additionally, the concentration of the drug 

delivered that reaches the olfactory bulbs significantly exceeds that reaching other areas of the 

brain, and does not allow for truly targeted delivery. 
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Significant efforts have been devoted to designing strategies that are capable of transporting 

drugs across the BBB. One strategy that allows systemically administered therapeutic agents to 

enter the intracranial space is to temporarily disrupt the BBB, either mechanically through the 

use of electrical stimuli, or chemically by the injection of hyperosmotic sugar solutions such as 

mannitol 131. However, even though these strategies have been used in the clinic to treat brain 

tumors 121, they elicit local inflammatory response and may have toxic side effects. Additionally, 

only a small number of neurosurgeons in the world have the ability to properly administer these 

treatments, and consequently this type of treatment is not widely available 121. Another type of 

strategy developed by Pardridge et. al., referred to as the “Trojan horse” strategy, bypasses the 

BBB by conjugating the protein or drug of interest to antibodies that are capable of crossing the 

BBB 132. The resulting fusion protein has shown high efficiency in crossing the BBB and efficacy 

in animal models of brain disorders 133. For example, a fusion protein of EPO was shown to 

cross the BBB and effectively reduce the severity of stroke in a mouse model 134. However, 

each system must be designed individually, and not all proteins can be easily expressed 

recombinantly. Therefore the currently available systemic delivery methods fall short of 

achieving safe yet efficacious drug delivery to the brain. 

 

1.5.2. Invasiveness of local delivery strategies 

 

Local delivery of drugs is another approach that has been used to bypass the BBB 131,135. 

Currently available drug administration strategies for achieving local delivery include 

intracerebroventricular (ICV) 136 and intracranial bolus injection and infusion 137. 

 

Each of these, however, is faced with severe limitations towards clinical translation. Bolus 

injection comprises of one-time injections of the drug solutions. For many therapeutically 
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effective drugs and proteins, however, prolonged delivery with constant delivery rates are 

required to achieve optimal clinical outcome 138.  Therefore, repeated injections must be carried 

out to maintain the level of drugs at the target site required to obtain therapeutic benefits. This 

drastically increases invasiveness and patient discomfort. The catheter/osmotic minipump 

system is an improved delivery strategy compared to bolus injection since there is a constant 

reservoir of therapeutic agent, and the drug solution is delivered locally through a catheter that 

is implanted into the recipient close to the site of interest. However, this system is highly 

invasive since it must be attached to the patient throughout the treatment interval, leads to local 

inflammation, and it still lacks the ability to localize the drugs at the site of delivery after injection 

139,140. Localized delivery is an important criterion in designing DDS for the CNS: if the drugs 

cannot be spatially confined to a target region after delivery, only a small portion of the delivered 

drug is actually acting on the target tissue. If this is the case then a large quantity of drugs must 

be administered to achieve the required therapeutic potential, which may lead to toxic side 

effects elsewhere in the brain. 

 

1.5.3. Epicortical controlled drug delivery systems  

 

Given the limitations in currently available DDS, we aimed to design an improved DDS that 

would encompass the following characteristics: 1) causes minimal tissue damage; 2) allows the 

drugs delivered to reach the target tissue efficiently; 3) does not lead to adverse effects in the 

tissue, including inflammation and toxicity. We hypothesized that a DDS with this set of 

characteristics would allow us to sequentially deliver EGF and EPO to stimulate endogenous 

NSPCS in the SVZ and enable brain repair in a minimally invasive manner. 
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These criteria may be met by placing a drug reservoir on top of the brain cortex, such that there 

is no damage to the parenchyma, and the system can spatially and temporally control the 

release profiles of the drugs to be delivered. We term such systems “epicortical” delivery 

systems. Epicortical systems obviate the tissue damage caused by intracerebral catheter 

insertions, and the physicochemical properties of the system may be engineered to yield the 

desired delivery profiles.  

 

To understand the pharmacokinetics of epicortically delivered protein drugs in stimulating 

NSPCs in the SVZ, we need to understand the transport process of proteins in the brain.  

 

1.5.3.1. Parameters governing protein transport in the brain 

 

The success of epicortical delivery strategies for targeting the brain relies on the ability of drugs 

to penetrate from the site of deposition to a remote target region. This is a challenge at present 

because the rapid elimination of most proteins from the brain limits diffusion distances to 1 – 2 

mm 141. The diffusion distance of molecules in tissue is primarily dependent on two factors. The 

first is the intrinsic diffusivity of the molecules, which is influenced by molecular size, 

hydrophilicity/hydrophobicity, and protein surface charge 141. Protein diffusion is also dependent 

on the rate of elimination by receptor-mediated endocytosis, proteolytic degradation, immune 

cell phagocytic uptake, and clearance through interstitial fluid flow 141. Previous studies have 

shown that growth factors such as nerve growth factor (NGF) and brain-derived growth factor 

(BDNF) cannot diffuse more than 2 mm in the brain 142. As both EGF and EPO receptors are 

abundant in the CNS, and elimination through all the different routes are possible, it can be 

conceived that diffusion distance would be limited for both of these proteins. 
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1.5.3.2. Potential strategies for improving penetration distance 

 

The retention time and consequently penetration distance of proteins in brain tissue can be 

modified using a number of techniques. The underlying principle is to reduce the rate of protein 

elimination and clearance from the diffusion path in the brain 143. Most of these strategies 

involve increasing protein stability, increasing protein size, reducing recognition of proteins by 

cell surface receptors and binding moieties on the ECM. 

 

One method for reducing protein elimination through reducing receptor recognition is site-

specific modification of the protein, either by mutagenesis 144,145 or by post-translational amino 

acid substitution 146. Here, amino acid residues in the receptor binding site of the protein can be 

changed in a manner such that the binding constant between the protein and their receptors are 

significantly decreased, but the stability and biological function of the proteins are not affected 

147. Protein binding can be significantly altered through replacing amino acid residues in the 

receptor molecule 148. The drawback of this approach, however, is the impracticality of 

genetically modifying the host animal or patient, such that their receptors will bind the protein 

drugs of interest differently. The alternative is to modify the protein drugs themselves. The 

rationale for this technique takes advantage of the fact that protein homologues from different 

species may have different receptor binding properties, but have similar levels of biological 

functions 149. For example, although recombinant human EGF is only 70% homologous to 

murine EGF in structure and binds weakly to mouse cells compared to human cells, it remains 

an effective mitogen in murine cell cultures 150. However, the success of this type of approach is 

low and highly protein-dependent 151. 

 

Another method for increasing protein stability and diffusion distance in tissues is by conjugating 

polymer chains to proteins 152. This acts through two mechanisms: increasing local viscosity to 
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reduce chain movement and protein misfolding 153, and increasing the hydrodynamic radius of 

the protein and coating the protein surface, thereby reducing elimination through enzymatic 

degradation and receptor recognition 127. Polymers that have been studied for this application 

include chitosan, polystyrene, dextran, and most commonly poly(ethylene glycol) (PEG). 

Chitosan has only been used in a small number of studies in systemically administered 

therapeutics, and the amount of information available is limited 127,154. Polystyrene is a 

hydrophobic polymer, and as such has been shown to elicit significant cell adhesion and 

increase immunogenicity. The two polymers most commonly used to improve protein stability 

and residence time in vivo are dextran and PEG.  

 

Dextran is one of the earliest polymers to be used in protein-polymer conjugation reactions. It is 

an α-D-1,6-glucose-linked glucan with side-chains linked to the polymer backbone. The 

branches are typically 1-2 glucose units long, and the degree of side-branching is approximately 

5%. A large number of proteins, including insulin 155, lysozyme 156, β-glucosidase 157, and 

superoxide dismutase (SOD) 158 have been modified through dextran conjugation, and changes 

in their pharmacokinetics and therapeutic properties have been characterized. Dextran-

conjugated proteins have shown improved stability against proteolysis and longer circulation 

time in the body compared to unmodified native proteins. However, dextran has been shown to 

elicit immune responses in some cases. For instance, both native dextran and dextran-

conjugated serum albumin was shown to stimulate higher IgG and IgM production in animal 

models 159. Additionally, the bioactivity of some therapeutic proteins have been observed to 

decrease after dextran conjugation 159. Therefore the use of dextran to prolong proteins’ tissue 

residence time is not optimal. 

 

PEG is another polymer often conjugated to proteins to increase their hydrodynamic radius, 

protect against proteolysis, and reduce immune recognition 160. Each ethylene oxide unit on 
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PEG binds 2 – 3 water molecules on average, which, in addition to a high degree of backbone 

flexibility, allows PEG to attain a hydrodynamic radius equivalent to a soluble protein 5 – 10 

times its molecular weight 160. The high degree of hydrophilicity and polymer chain flexibility 

contribute to PEG’s popularity as a protein stabilizer 161.  

PEG is available in multiple conformations, including linear, branched, mono-functionalized, and 

multi-functionalized. The most basic structure of PEG contains hydroxyl groups on its chain 

ends, and cannot form covalent linkages with proteins. However, these OH groups may be 

replaced (i.e. activated) by functional moieties to mediate conjugation reactions, and PEG with 

chain-end functionalities are referred to as activated PEG 162,163. Common activated PEG 

species used in protein conjugation include PEG-aldehydes (Fig. 1.1a) 164, PEG-maleimides 

(Fig. 1.1b) 165, N-hydroxysuccinimide (NHS) esters of PEG (Fig. 1.1c) 152. Activated PEG 

molecules can react with different amino acid residues on proteins, but the most common amino 

acids involved in PEGylation reactions include lysine, asparagines, and glutamine. These amino 

acids contain amine groups that can react with NHS-PEG and PEG-aldehydes (in the presence 

of reducing agents); thiol groups on cysteines and methionine, which react with PEG-maleimide 

derivatives; or carboxy groups on the C-terminus, which can participate in thiol reactions 152. 

Most PEG-conjugation reactions involve the nucleophilic attack by the protein (NH2, SH, etc) on 

PEG functional groups. The kinetics of PEGylation reactions depend on the nucleophilicity of 

the protein side chains and the affinity of the leaving group on PEG to be displaced 166.  

 

 

Figure 1.1 | Common activated poly(ethylene glycol) derivatives 
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The degree of branching and the molecular weight of PEG, the extent and degree of PEG-

modification, and the conjugation chemistry have significant impacts on the stability, bioactivity, 

and pharmacokinetics of the PEG-conjugates 167,168. For each protein, the appropriate PEG 

species must be selected to optimize the therapeutic efficacy of the conjugate. Generally, higher 

degrees of PEG modification or longer PEG chains will lead to longer circulation time, but 

receptor binding and bioactivity are often compromised. Additionally, since multiple modification 

sites are often available on most proteins, there may be multiple degrees of conjugation. The 

resulting heterogeneous product population may lead to unpredictable and irreproducible 

properties. Controlling the degree and position of PEG modification, as well as the separation of 

different forms of PEG-protein conjugates are both challenging aspects of PEG modification of 

proteins. 

 

PEG can react with proteins following a variety of reaction chemistries. Amine groups (NH2) are 

the most commonly used functionality on amino acid residue for PEG modification. Common 

amino acid residues involved in amine-mediated PEG-modification include lysine, asparagine, 

glutamine, and the N-terminus. The other common PEG modification sites include cysteines 

and the C-terminus carboxylic acid group. However, cysteines are often involved in forming 

disulfide bridges to stabilize protein structure; the C-terminus and amino acids on the interior of 

the protein’s tertiary structures are often crucial for bioactivity and thus reactions at these sites 

should be avoided. Therefore many protein modification reactions are engineered to be specific 

to the N-terminus 169.  

 

N-terminus specific monoPEG-modification of proteins may be achieved using a number of 

methods. The simplest strategy is to control the reaction pH. The pKa of the α-amine on the N-

terminus is 7.8 while that of the ε-amine on lysines is 10.1. The pH may be controlled such that 

only the N-terminus is deprotonated and reactive in nucleophilic attacks by the PEG molecule. 
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Previous studies by Kinstler et. al. 170 and Lee et. al. 171 showed that at pH 5.0, granulocyte-

colony stimulating factor (G-CSF) and epidermal growth factor (EGF), respectively, may be 

modified with PEG on the N-terminus without significant loss of bioactivity. However, the yields 

obtained are less than 30%.  

 N-terminus-specific monoPEG-modification may also be achieved through site-specific 

mutagenesis. Lysine residues on the protein interior may be removed and replaced with other 

amino acid residues, typically arginine, without significant loss of bioactivity 172. This allows for 

protein conjugation with PEG-NHS at high conversion rates. However, this method is time 

consuming, and stringent characterization must be carried out to ensure that the product does 

not contain endotoxins and is safe for human use 173. 

 

Another potential strategy for monoPEG-modification of EGF is to replace the N-terminal amine 

group with a reactive carboxyl group in a transamination reaction 174. The carboxyl group may 

react with amine-functionalized PEG to form an oxime bond 175. This reaction may be mediated 

by enzymes (e.g. transaminases) 176,177, metals (typically Cu2+), or organic compounds (e.g. 

pyridoxal L-phosphate) 178. Transaminase catalysed reactions are lengthy, and proteins may 

lose bioactivity during the process. Metal and oragnic catalysed reactions proceed more quickly, 

but present the potential problem of cytotoxicity 179. 

 

Finally, a relatively new method has been developed where proteins are PEG-modified at a 

single amino acid residue using the enzyme sortase 180. Sortase is a bacterial transpeptidase 

that catalyzes cell-wall sorting reactions by cleaving the peptide bond between a threonine (T) 

and a glycine (G) in a LPXTG peptide sequence, where X may be a number of aminio acids, 

including aspartic acid (D), glutamine (Q), glutamic acid (E), alanine (A), and asparagines (N) 181. 

The threonine carboxyl group reacts with a pentaglycine (GGGGG) sequence on bacterial cell-

wall peptoglycan. This method may be used to conjugate PEG to the protein on either the N- or 
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the C-terminus by modifying the PEG and the protein to contain the required LPXTG and the 

GGGGG sequences.  

 

One of the aims of this thesis is to study the effect of PEGylation on protein transport in the 

brain. To this end we used EGF as a model protein, and conjugated PEG molecules of similar 

molecular weight to EGF using amine-NHS reactions. The number of conjugated PEG 

molecular is varied to investigate the effect of the degree of PEGylation on protein transport. 

The amine-NHS reaction was selected for its simplicity and versatility. 

 

1.6. Polymeric drug delivery systems for achieving controlled drug delivery to the brain 

 

Over the last few decades, much research effort has been devoted to developing polymer-

based, controlled drug delivery systems (DDS) for targeting the brain 182-184. Polymeric systems, 

especially polymeric hydrogels, are ideal scaffolds for tissue engineering and drug delivery. 

Hydrogels are crosslinked networks of hydrophilic polymers chains with high water content. 

They are typically biocompatible, biodegradable, and have tunable mechanical properties to 

match that of the extracellular matrix (ECM).  

 

1.6.1. Hydrogel-based drug delivery systems 

 

Today there is still no precise definition for the term hydrogel, although it is commonly used to 

refer to crosslinked polymer networks 185 where the crosslinked structure allow for large 

quantities of water to be absorbed and the gel to swell without dissolving. Most hydrogels are 

viscoelastic and resemble the stiffness of soft tissues 186-189. The crosslinks can be either 

physical or chemical. Chemically crosslinked hydrogels are typically more stable than physically 
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crosslinked hydrogels and maintain their structure over longer time period. However, the 

synthesis of these hydrogels often require initiators, many of which are toxic. Physical crosslinks 

often involve hydrogen bonds or hydrophobic interactions and thus do not require initiators. The 

trade-off is lower degrees of structural stability 190.  

 

One of the most biologically relevant properties of hydrogels is their swelling properties 191. 

Hydrogel swelling is a complex three-step process. First, the hydrophilic groups on the polymer 

chains interact with water, which results in “primary bound water”. Second, as the network 

swells, the hydrophobic groups on the polymer chains are forced to interact with water and form 

“secondary bound water”. Together, primary and secondary bound water are referred to as 

“total bound water”. Lastly, the osmotic driving force of the network towards infinite dilution is 

resisted by the crosslinks, and an additional amount of water is absorbed up to the equilibrium 

water content. This last quantity of water is referred to as the bulk water or free water, and fills 

the space between the network chains and the centres of pore structures 185. The total amount 

of water absorbed by a hydrogel network depends on the temperature and specific interaction 

between water and polymer chains 192.  

 

In drug delivery and tissue engineering applications, the design criteria for hydrogel-based 

systems include: 1) biocompatibility; 2) minimal invasiveness; and 3) biodegradability. To be 

considered a biocompatible drug delivery device, the hydrogel used must not elicit a significant 

inflammatory response and toxic side effects in the host. Minimal invasiveness is important in 

drug delivery applications so that the damage to host tissue can be minimized. This is important 

especially in the brain and central nervous system, where devices that cause excessive tissue 

damage will exaggerate the disorder in question rather than repair it 193. Biodegradability is a 

desirable feature in drug delivery devices, as devices that are non-degradable must be removed 

from the body, and the additional surgical procedure may cause further tissue damage.  
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Hydrogels used in drug delivery applications have been derived from both synthetic and natural 

sources. The first hydrogels were derived from biological sources, but today an increasing 

number of hydrogel materials are chemically synthesized 194. Polyethylene glycol (PEG) and 

polyvinyl alcohol (PVA) are two of the most commonly used synthetic hydrogels. Naturally 

derived polymers, such as collagen, chitosan, alginate, hyaluronic acid (HA), and cellulose 

derivatives such as methylcellulose and hydroxypropyl methylcellulose have also been used 

extensively 123. The two classes of hydrogels, those derived from synthetic and naturally derived 

polymers, are discussed below with respect to their uses in drug delivery applications.  

 

1.6.2. Hydrogels based on synthetic polymers in drug delivery applications 

 

This section contains a discussion of five common synthetic polymers used to synthesize 

hydrogel scaffolds for drug delivery. These are: poly(ethylene glycol) (PEG); poly(vinyl alcohol) 

(PVA); poly(imide); poly(acrylate); and poly(urethanes) 185.  

 

PEG and derivatives of PEG are some of the most commonly used polymers in biomedicine 195. 

Most of these hydrogels have high degrees of biocompatibility and lack tissue toxicity, both of 

which make them good candidates for use in drug delivery and tissue engineering systems 196-

198. PEG can also be easily modified to contain a number of functional groups that are 

responsive to environmental cues, such as temperature and pH variations 199. The resulting 

hydrogels can be made to release drugs in a highly controlled manner, and are thus referred to 

as smart hydrogels 200. The main limitations in PEG-based hydrogels are that they are often not 

biodegradable unless modified, and as such native PEG hydrogels must be surgically removed 

after drug release is completed.  
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Another commonly used synthetic polymer used in preparing hydrogel DDS is PVA 201. The 

main advantages of using PVA in hydrogel DDS include their mechanical stability and their 

ability to retain water in the structure for prolonged periods of time 201. This ensures an 

environment that is necessary in applications such as contact lenses, artificial organs, drug 

delivery systems, as well as wound dressings. However, as PVA hydrogels are typically 

synthesized using photochemical crosslinking reactions, toxic side effects could negatively 

impact the recipients if byproducts of the reactions are not completely removed from the 

hydrogel system 202. Similar to PEG hydrogels, PVA hydrogels are also not biodegradable and 

as such require removal from the body.  

 

Poly(imides) 203 and poly(acrylamides) 204 are two other classes of synthetic hydrogels that are 

used in biomedical applications. These hydrogels have often been used to synthesize 

endoprosthetics and plastic reconstruction devices, and have shown high degrees of 

biocompatibility 205. Recently, the electroconductive properties of some poly(imides) and 

poly(acrylamides) have facilitated their use as microvalves in microfluidics devices or artificial 

heart applications 206. Some sustained release applications have also been investigated, 

although their use tends to be limited to wound dressing-related applications 206. Their 

application in the brain has so far been very limited to coatings on intracortical electrodes used 

for neural recordings 207. 

 

Poly(urethanes) are a lucrative class of materials that are commonly used as drug delivery 

devices, wound dressing membranes, artificial kidney applications, as well as catheter coating 

and contact lens materials 208,209. One advantage of using poly(urethane) hydrogels is that they 

can be modified extensively and in many ways, which allows for a broad spectrum of 

applications. Many novel hydrogels are prepared by synthesizing interpenetrating networks of 

poly(urethanes) and polymers such as poly(acrylamide) 208, PEG 210, and poly(vinyl pyrolidone) 
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211. Poly(urethane) based materials tend to have a high degree of mechanical stability and can 

last for years in vivo. However, for short-term (i.e. delivery over weeks or months) drug delivery 

purposes, this may not be appropriate. 

 

1.6.3. Hydrogels based on naturally derived polymers in drug delivery applications 

 

In addition to synthetic polymer-based hydrogels, those derived from natural polymers also play 

an important role in biomedicine and drug delivery. These naturally derived hydrogels are 

sometimes argued as being better than synthetic hydrogels because they offer better chemical 

and morphological cues to cells without any modification 193. A number of common examples, 

including collagen, alginate, chitosan, and hyaluronic acid are discussed in this section.  

 

Collagen is a commonly used material in tissue engineering, and it is the most abundant protein 

in the ECM of mammals 212,213. There are 19 types of collagen, but the basic structure of all 

collagen consist of three polypeptide chains in a three-stranded rope structure 213. Collagen is 

an attractive material in tissue engineering because it has mechanical properties resembling 

that of the natural ECM, and its properties are also tunable through crosslinking or by blending it 

with other polymers, such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and chitosan. 

Additionally, collagen is biodegradable by metalloproteases, thus allowing for remodeling. 

However, collagen contains amino acid moieties that bind to cell surface receptors with high 

affinity 213. This cell adhesiveness is detrimental in drug delivery applications because the 

adhered cells will secrete various biological agents that may form fibrous capsules around the 

polymer, thereby compromising the release profile of drugs and their bioactivities. 

 

Alginate is another type of polymer commonly used in regenerative medicine and tissue 

engineering. Its applications include both drug delivery and cell encapsulation. It is a naturally 
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derived linear copolymer of (1-4)-linked β-D-mannuronic acid (M-block) and α-L-guluronic acid 

(G-block), and is commonly extracted from brown seaweed 214. Alginate gels are formed when 

the G blocks interact with divalent cations and form ionic bridges between the polymer chains 214. 

The mechanical properties of alginate hydrogels may be manipulated by varying the number 

and distribution of M and G blocks. One disadvantage of alginate in DDS is that gelation of 

alginate requires divalent ions such as Ca2+, and the concentration of Ca2+ is important in 

controlling crosslinking density. Since the transport of Ca2+ in vivo is difficult to control, and the 

levels in different areas in the body fluctuate greatly, in situ gelation is difficult to control. 

Therefore alginates are usually used as implantable tissue engineering scaffolds rather than 

injectable DDS. 

 

Another polymer commonly used in tissue-engineering is chitosan, a biocompatible and 

biodegradable polymer. Chitosan’s popularity is due to its structural similarity to natural 

glycosaminoglycan (GAG) found in mammalian tissue and extracellular fluids. It is also 

biodegradable through enzymatic cleavage. Chitosan is a linear polysaccharide derived from 

chitin, consisting of (1-4)-linked D-glucosamine and N-acetyl-D-glucosamine 215. It can be 

dissolved by dilute acids, and the dissolved polymer gels via either increasing pH or addition of 

a nonsolvent. Chemical crosslinking is another method used to induce chitosan gelation 215.  

Chitosan degrades through lysozyme cleavage, and the ratio between the two constituent 

moieties determines the crystallinity of the chitosan fibres, and its degradation kinetics. Chitosan 

is sometimes used to synthesize “smart polymers”, which are composite systems of chitosan 

with other polymers such as PVA and PLGA, and which respond to environmental stimuli 216. 

 

Hyaluronic acid is a glycosaminoglycan present in all mammals. In the body, high 

concentrations are found in connective tissues and the brain; it can also be manufactured by 

bacterial fermentation or derived from rooster combs 217. Hyaluronic acid is degradable by 
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hyaluronidase in the body, and this property gives it an important advantage for drug delivery 

and other biomedical applications where biodegradability is important 218. It also has the added 

advantage of being shear-thinning, thus allowing hydrogels with HA components to be injectable 

through thin gauge needles. Additionally, amine moieties on the HA also allow for extensive 

modification, such as photo-patterning of cell-recognition moieties like RGD 219. HA by itself, 

however, does not form physical crosslinks, and therefore hydrogels of HA alone must be 

prepared using chemical and photocrosslinking techniques. There is therefore the possibility 

that toxic photoinitiators will remain in the system and may cause adverse side effects. 

 

 

1.6.4. Hyaluronan-methylcellulose blend (HAMC) as a local drug delivery scaffold 

 

The Shoichet research group has previously developed a hydrogel that consists of a physical 

blend of hyaluronan, HA, and methylcellulose, MC, HAMC 220. MC is an inverse thermal gelling 

polymer that forms physical crosslinks through hydrophobic interactions between the  

methyl groups (Fig 61.2) 220. This allows therapeutic agents delivered to be localized at the site 

of injection. 

 

 

 

 

Figure 1.2 | Structure of hyaluronan (HA, left) and methylcellulose (MC, right) 
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The gelation of MC is a slow process at body temperature, and MC hydrogels may significantly 

erode before gelation is complete 221. Blending HA with MC overcomes this limitation. HA is a 

high molecular weight glycosaminoglycan (GAG) composed of two repeating subunits: N-acetyl-

D-glucosamine and D-glucuronic acid. The high molecular weight allows HA to form extensive 

entanglements among the MC network, keeping the MC groups in close contact and increasing 

the solution viscosity immediately after injection, thus enhancing the rate of gelation. As a 

charged polymer, HA also has salting-out effect on MC, thereby lowering its gelation 

temperature 222. Furthermore, HA also has shear thinning properties that allow HAMC to be 

injectable at room temperature through high gauge needles when pressure is applied. Once 

injected into the intracranial space between the cortex of the brain and the skull, HA allows 

HAMC to rapidly gel at the site of injection, thereby allowing localization of the delivered 

therapeutic agents and minimizing loss. HA has also been shown to reduce inflammatory 

responses 223 and to minimize tissue adhesion and scar formation, all of which are 

advantageous in promoting wound healing 223.  

 

 

 

 

1.6.4.1 Advantages of using HAMC for brain drug delivery 

 

The physicochemical properties of HA and MC allow HAMC to have a number of characteristics 

ideal for DDS used in the CNS. Previous studies have shown HAMC to be injectable, fast-

gelling, biocompatible, biodegradable, minimally swelling, and non-cell adhesive 220. These 

properties are important in the DDS because injectable systems can be delivered in a minimally 

invasive manner; the fast-gelling hydrogel prevents the delivered therapeutic agents from being 
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washed away; biocompatibility, minimal degree of swelling, and non-cell adhesiveness ensure 

in vivo compatibility of the system; biodegradability avoids surgical removal of the device once 

drug release is complete; and minimal degree of swelling prevents unnecessary pressure from 

being imposed on the tissue. An additional characteristic of HAMC is that its properties are 

highly tunable by varying the percentage of HA and MC in the polymer and the molecular weight 

of the two constituents. 

 

1.6.4.2 Limitations in using HAMC alone for application in drug delivery 

 

Despite its usefulness as a drug delivery scaffold, HAMC alone cannot sustain delivery for EGF 

and EPO over a 14-day period. While HAMC is appropriate for controlling and sustaining the 

delivery of hydrophobic drugs such as nimodipine 224, it cannot sustain release of hydrophilic 

protein drugs because the majority of the hydrogel structure constitutes of water, and thus it 

does not impose significant diffusion barriers to the proteins Since both EGF and EPO are 

hydrophilic and relatively small in size, these growth factors will diffuse rapidly out from the 

HAMC network. HAMC will be effective for localizing the growth factors, but another type of 

delivery vehicle is required to allow for 7-day sustained release of EGF followed by 7-day 

release of EPO.  

 

1.6.5. Use of polymeric particles for controlling protein delivery to the brain 

 

Due to the inability of HAMC to sustain protein delivery for more than several days, we must 

have another strategy to achieve sustained release profiles for EGF and EPO. Strategies that 

may allow 7-14 day delivery from HAMC include chemical modification of the hydrogel and the 

incorporation of an additional component such as polymeric particles into the DDS to control 
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delivery. Chemical modifications, such as crosslinking the hydrogel or conjugating the fusion 

proteins to the hydrogel through affinity-based binding pairs, may allow the required release 

profiles to be obtained 225. Similarly the use of an additional component to control release may 

allow highly controlled delivery with tunable profiles. For the purpose of this thesis, focus will be 

placed on the addition of polymeric particles to control drug release from a hydrogel scaffold. 

We envision using a composite system of polymeric particles in the HAMC hydrogel to control 

the spatial and temporal delivery of EGF and EPO, where HAMC localizes the factors delivered 

at the site of injection, and the particles sustains the release to achieve the desired profiles (Fig. 

1.3). 

 

Figure 1.3 | Schematic describing the composite drug delivery system (DDS). We envision 
using a composite system of HAMC and polymeric particles to localize and sustain the deliver of 
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EGF and EPO. The HAMC hydrogel (HA – red, MC – blue) is fast geling at 37oC and injectable, 
it also localizes the factors delivered to the site of injection. However, the high water content 
leads to rapid Fickian diffusion of factors out of the hydrogel. We can encapsulate EGF and 
EPO in different polymeric particles to achieve the desired temporal delivery. EGF can be 
encapsulated in bulk-eroding nanoparticles to facilitate immediate but sustained release, 
whereas EPO can be first encapsulated in bulk-eroding nanoparticles and then embedded in 
surface eroding microparticles to achieve delayed and sustained release. An additional 
advantage of adding hydrophobic polymeric particles to HAMC is that the particles may interact 
with the methyl groups on methyl cellulose to form transient crosslinks, thereby further 
stabilizing the hydrogel. The quantities of particles added to the system will be dictated by the 
amount of factors required to achieve therapeutic efficacy. 

 

Polymeric particles with diameters ranging from several hundred nanometers to approximately 

100 µm have been used in controlled drug delivery devices. Particles with diameters between 1 

and 100 µm are generally referred to as microparticles, while those with submicron diameters 

are referred to as nanoparticles 226,227. Micro/nanoparticles were first developed in the 1970s 

after it was discovered that particles made from poly(lactic acid) can extend the release of small 

molecule drugs for up to three months 182. Since then a large number of polymers have been 

investigated as candidates for synthesizing these colloidal particles for different drug delivery 

applications. Three of the most intensely investigated classes of polymers used for the 

synthesis of colloidal particles for controlled release are poly(orthoesters) 228, poly(anhydrides) 

229, and poly(esters) 230.  

 

1.6.5.1 Poly(orthoester) (POE) nanoparticles  

 

There are four generations of poly(orthoesters) (POEs) available today with the general 

structure (Fig. 1.4) 231: 
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Figure 1.4 | General structures of the four generations of poly(orthoesters) (POES).  

 

The degradation of polymeric particles is dependent on the hydrophobicity of the polymer: 

hydrophilic polymer chains will imbibe water at a faster rate than chain scission through 

hydrolysis, and consequently the microparticles will degrade by bulk erosion. Alternatively, 

hydrophobic polymers chains hydrolyze faster than they take up water, and consequently the 

microparticles will be surface eroding. Since POE is highly hydrophobic, the microparticles 

synthesized from POEs are surface eroding 231. The rate of POE degradation through hydrolysis 

is very slow, so the time period for drug release is typically several months to over a year 231. In 

order to achieve short-term surface-erosion-mediated drug delivery, acidic recipients must either 

be added to the release medium or to the polymer matrix to increase the rate of polymer 

degradation. Additives such as short segments of lactic or glycolic acids are often used to 

catalyze the hydrolysis of POE degradation, but these acidic components severely compromise 

the stability of proteins encapsulated 232. The hydrophobicity of the POEs also results in an initial 

delay period before any degradation can occur. This induction period typically lasts for 5 – 20 

days even with the addition of acidic recipients 231. Due to the long release period typically 

obtainable in POEs, this class of polymers is not suitable for our specific application.  
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1.6.5.2 Poly(anhydrides) (PA) 

 

Poly(anhydrides) are a class of hydrophobic polymers that were first used in biomedical 

applications in the 1980s 229. They have the general structure of (Fig. 1.5): 

 

Figure 1.5 | General structure of poly(anhydrides).  

 

One of the advantages of using poly(anhydrides) for drug delivery is that, similar to POEs, they 

are surface eroding polymers and their degradation period corresponds to the period of drug 

release. This property allows a linear release profile over the period of several days to be 

achieved 229. 

 

Poly(anhydrides) have been used primarily in the synthesis of polymeric millicylinders and 

microspheres. Millicylinders are rods with typical dimensions of either 5 mm diameter/0.5 mm 

height, 9 mm diameter/0.8 mm height, or 12.5 mm diameter/1.4 mm height 229. The rate of water 

uptake is dependent on the size and geometry of the cylinders. Poly(anhydrides) have also 

been used in the synthesis of microspheres with diameters typically between 50 – 100 µm 229. 

Particles with smaller diameters are associated with low yields and poor release properties. The 

typical period of release for small molecule drugs or proteins range between 100 h and 400 h for 

these microspheres, with the larger microspheres having longer release times. While the sizes 

obtainable from DDS based on poly(anhydrides) are suitable for implants and orally 

administered therapeutic agents, they are not appropriate for the injectable DDS. This is 

because the needles used for in vivo injection have a typical inner diameter of 100 – 200 µm, 
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making microspheres difficult to inject. In the mid-1990s, a novel class of poly(anhydride)-

poly(lactide)/poly(glycolic) double-walled microspheres 233,234 emerged, and they have shown 

versatile use in controlled delivery. However, the synthesis of double-walled microspheres relies 

on interfacial energy difference, and is only applicable for a few polymer systems. Therefore 

even though poly(anhydrides) alone are able to yield the desirable release period, it does not 

meet our design criteria of versatility and injectability.  

 

 

 

 

1.6.5.3 Poly(esters) 

 

Poly(esters) are one of the largest classes of polymers used in controlled delivery systems. 

Many poly(esters) are biodegradable and can be used to encapsulate a variety of ingredients for 

biological applications. Examples include radioactive imaging and therapy 235, protein and small 

molecule drug delivery 236, gene and viral delivery 237, and cell delivery 238. 

 

Block copolymers of poly(lactic-co-glycolic acid), PLGA, are one of the most widely used 

poly(esters) in the field of controlled drug delivery because it is one of the few biodegradable 

polymers approved for biological use by the FDA 184,230,239. It is a block copolymer of lactic acid 

(LA) and glycolic acid (GA) with highly tunable properties such as intrinsic viscosity and rate of 

degradation 240.  

 

PLGA is a bulk-eroding polymer, in which the rate of water uptake exceeds the rate of hydrolytic 

chain cleavage, and the typical drug release profile of PLGA particles is triphasic. During the 



42 
 

synthesis of PLGA particles, a fraction of the drugs reside in interconnected pores close to the 

surface of the particles, and are able to diffuse out from the polymer matrix quickly. This results 

in the first burst release phase that typically occurs over 1 – 2 days. Following the burst release, 

a period of very slow release is maintained over several days, the exact length of which 

depends on the composition of the PLGA. This is because PLGA is a bulk-degrading polymer, 

the formation of interconnected pores in the polymer matrix through hydrolysis of their ester 

bonds require days to months. Since most drugs cannot diffuse easily through the hard 

hydrophobic PLGA shell, they are released only when particle erosion occurs. After this plateau 

region, another period of rapid drug release occurs in response to extensive PLGA degradation 

240.  

 

PLGA has highly tunable properties that may be used to achieve a variety of release profiles for 

drugs with large range of sizes and hydrophilicity. Studies have shown that by varying the 

relative ratios of LA and GA or the chain length of the copolymer, the overall molecular weight of 

the copolymer, and the terminal functional groups on PLGA, the period of release can range 

from one or two weeks to several months 241. Process parameters during particle synthesis are 

also tunable, such that different geometries of the particles may be obtained. Particle geometry 

is another determinant in the type of release profile obtainable in PLGA particles.  

 

1.6.5.4 Rationale for using PLGA-based particles and limitations of PLGA 

 

PLGA particles are currently one the most extensively studied drug delivery vehicles in literature, 

and they can be used to encapsulate drugs with a wide range of properties 125,242-244. PLGA also 

offers the possibility of synthesizing particles with a large range of sizes. By varying process 

parameters such as PLGA content in the organic phase and shear rate during emulsion, the 
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resulting particle sizes may range from several hundred nanometers to approximately 200 µm 

229. This large range of possible particle sizes in PLGA particles allow them to be used in 

injectable systems. This is not possible by other polymers such as polyanhydride, which is 

predominantly used in the fabrication of microparticles whose diameters range between 50 – 

100 µm 229. Thus PLGA offers a wide range of properties that may be tuned to satisfy the design 

criteria for our application. Since our goal is to develop a DDS that can be tuned to provide 

appropriate drug encapsulation and release for several different therapeutic agents, PLGA is the 

ideal candidate.  

 

However, the use of PLGA for drug delivery applications also has a number of limitations. First, 

the sonication and aqueous/organic interface formed during the emulsion process leads to 

extensive protein denaturing 245. Proteins are amphiphilic, and when they adsorb to the 

aqueous/organic interface, they assume the structural conformation with the lowest energy. This 

causes proteins to unfold and lose bioactivity. Denatured proteins are insoluble in aqueous 

solutions, and consequently there is incomplete protein release and reduced biological activity. 

Second, during the degradation process of PLGA through hydrolysis of ester bonds, acidic by-

products are generated. While these products have not shown toxicity in vitro and in vivo, they 

contribute to the denaturing of encapsulated proteins 246. Third, the drug release profile from 

PLGA particles follow a triphasic profile, as described before, and a linear, constant release 

profile is difficult to achieve. Additionally, the relative lengths of each of the three release phases 

are difficult to predict and control due to the large number of variables involved in PLGA particle 

synthesis. Thus, even when given a precise set of design criteria, there is no general formula 

that can be followed to optimally engineer a PLGA drug delivery system. Hence, for each 

application, the particles used to facilitate delivery must be individually designed.  
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1.6.5.5 Methods of PLGA particle synthesis for protein delivery 

 

The formulation process of PLGA particles may be varied to allow encapsulation and release of 

different proteins for specific applications. Two most common methods for preparing PLGA 

particles are salting-out 227 and emulsion/solvent evaporation 243.  

 

The salting-out method of preparing polymeric colloidal particles requires a water-soluble 

polymer to be dissolved in a high-salt concentration aqueous environment, such that a viscous 

gel is obtained. The therapeutic compounds to be encapsulated are dissolved in a water-

miscible organic solvent. When the viscous gel is added to this solvent, phase separation 

occurs in a manner similar to the water-in-oil emulsions. The salt dissolved in the gel phase is 

capable of producing the salting-out of the organic solvent, leading to the formation of polymer 

particles. The drawback in this method is that the protein needs to be dissolved in organic 

solvents, which may lead to denaturation and toxicity 227. 

 

Emulsion/solvent evaporation is one of the most versatile techniques available for particle 

synthesis. Two variations of the emulsion technique commonly used to synthesize PLGA 

particles for encapsulating proteins and growth factors are the solid-in-oil (s/o) single emulsion, 

the oil-in-water emulsion (o/w) single emulsion, and the water-in-oil-in-water double emulsion 

(w1/o/w2) 
247.  

 

The s/o emulsion is a relatively simple technique, where dry protein powders are first processed 

to obtain particulates of similar size, either by sonication or sieving (solid phase) 248. Excipients, 

such as PEG, may be added at this stage to help stabilize the proteins of interest. The polymer 

is then dissolved in an organic solvent and the protein is also added to this organic solution (oil 

phase). The solution is then emulsified to produce nano- or micron-sized droplets, the solvent is 
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extracted and particles allowed to harden. The limitation in this strategy is that sizes of particles 

formed tend to be large (>100 μm), and the size distribution is large 248. 

 

The oil-in-water (o/w) emulsion was one of the first emulsion techniques developed 247. It uses 

an inner organic phase that contains both the polymer and the therapeutic agent to be 

encapsulated. Typically, the therapeutic agents are soluble in organic solvents. The organic 

solvent used to synthesize PLGA particles is usually dichloromethane or ethyl acetate. This 

organic phase is introduced into a larger volume of aqueous solution containing excipients such 

as polyvinyl alcohol (PVA). During this stage the organic solvent is extracted from the polymer 

matrix, and the particles are allowed to harden. This technique is typically used to encapsulate 

drugs that are soluble in organic solutions. However, the o/w method has low encapsulation 

efficiency and loading capacity for water-soluble drugs. This is because during the hardening 

phase, the water-soluble drugs in the organic phase will preferentially partition into the outer 

aqueous phase, thereby reducing the amount of drugs encapsulated. It is therefore not suitable 

for the encapsulation of growth factors and cytokines, which are typically highly water soluble. 

 

A more appropriate formulation of PLGA particles to encapsulate water-soluble drugs or 

proteins is the w1-o-w2 double emulsion/solvent evaporation technique 230,247. Here the drug is 

dissolved in an inner aqueous phase of buffered solution (w1). W1 is introduced to an organic 

phase (o) containing PLGA dissolved in either dichloromethane or ethyl acetate. This mixture is 

sheared at high frequency to form the primary emulsion. The primary emulsion is then 

introduced into an outer aqueous phase (w2), and the mixture further emulsified to allow the 

microspheres to form. The secondary emulsion is then introduced into a hardening bath of 

aqueous buffer solution containing PVA, in which the organic solvent is extracted and the 

particles are allowed to harden. This technique has been shown to have better encapsulation 
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efficiency than other emulsion techniques for a number of proteins and growth factors, such as 

EGF 244, EPO 242, nerve growth factor (NGF), and lysozyme 125,242,249. 

 

1.7 Summary of research 

 

The following chapters will discuss the development and characterization of a polymeric 

composite DDS that allows for sequential release of EGF followed by EPO, and facilitates 

epicortical drug delivery to the stroke-injured brain.  

 

In chapter 2, the transport of proteins in the stroke-injured brain is investigated using EGF as a 

model protein 250. Protein elimination in the brain is rapid, which results in short penetration 

distance. This distance is further decreased after stroke due to EGF receptor upregulation along 

the diffusion path. We conjugate to EGF a single PEG molecule with comparable molecular 

weight and show, using integrative optical imaging and mathematical modeling, that PEG-

modification significantly enhances protein penetration in both uninjured and stroke-injured 

mouse brain by decreasing the rate of elimination. 

 

In chapter 3, we examine the transport of PEG-EGF 251 in the stroke-injured brain following 

epicortical delivery from HAMC. We show that PEG-EGF can penetrate from the cortical surface 

to the SVZ in an endothelin-1 mouse model of stroke. We also demonstrate that PEG-EGF 

demonstrates greater stability against enzymatic degradation in vitro, which contributes to 

reduced rates of elimination in vivo. Consequently, higher amount of PEG-EGF penetrates to 

the SVZ following delivery compared to unmodified EGF, and greater stimulation of NSPCs in 

the SVZ is achieved using PEG-EGF. 
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In chapter 4, we examine  the transport of EPO to the stroke-injured brain following HAMC-

mediated epicortical delivery 252. Unlike EGF, which diffused a significantly shorter distance in 

stroke-injured tissue compared to uninjured tissue, EPO transport is similar between the two 

types of tissues. We demonstrate that this is partially due to the lack of EPO receptor 

upregulation after injury. We also show that EPO penetrates to the SVZ following epicortical 

delivery and remain bioactive upon reaching the SVZ. In demonstrating the bioactivity of the 

EPO delivered, we show that EPO enhances neurogenesis. 

 

In chapter 5, we demonstrate the development of the composite DDS to enable sequential 

delivery of PEG-EGF and then EPO. We show that the growth factors can be released following 

the desired profile and maintain bioactivity over time. We also demonstrate that when delivered 

epicortically from the composite, the combined treatment of PEG-EGF and EPO leads to tissue 

regeneration in the endothelin-1 mouse model of stroke. Additionally, performance of the 

composite DDS is comparable to that of the osmotic minipump delivery system, which is one of 

the most commonly used pre-clinical systems today. We also conducted preliminary functional 

assays, and showed that animals receiving composite-mediated treatment achieve significant 

functional improvement. These results are presented in Appendix D.  
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2 Transport of epidermal growth factor in the stroke-injured brain* 

*This chapter was published in the Journal of Controlled Release. 

Wang, Y1.; Cooke, M.J.; Lapitsky, Y.; Wylie, R.G.; Sachewsky, N.; Corbett, N.; Morshead, C.M.; 

Shoichet, M.S. 2010. “Transport of Epidermal Growth Factor in the Stroke-injured Brain” J 

Control Release, 149: 225-35 

 

2.1 Abstract 

 

Stroke is a neurological disorder that currently has no cure. Intrathecal delivery of growth factors, 

specifically recombinant human epidermal growth factor (rhEGF), stimulates endogenous neural 

precursor cells in the subventricular zone (SVZ) and promotes tissue regeneration in animal 

models of stroke. In this model, rhEGF is delivered with an invasive minipump/catheter system, 

which causes trauma to the brain. A less invasive strategy is to deliver rhEGF from the brain 

cortex; however, this requires the protein to diffuse through the brain, from the site of injection to 

the SVZ.  Although this method of delivery has great potential, diffusion is limited by rapid 

removal from the extracellular space and hence for successful translation into the clinic 

strategies are needed to increase the diffusion distance.  Using integrative optical imaging we 

investigate diffusion of rhEGF vs. poly(ethylene glycol)-modified rhEGF (PEG-rhEGF)  in brain 

slices of both healthy and stroke-injured animals.   For the first time, we quantitatively show that 

PEG modification reduces the rate of growth factor elimination by over an order of magnitude. 

For rhEGF this corresponds to a two to threefold increase in predicted brain penetration 

distance, which we confirm with in vivo data. 

                                                           
1
 Contribution by Y. Wang: designed and performed all in vitro and ex vivo experimental work; derived 

mathematical models used to extract transport parameters; designed and tested MATLAB algorithm used 
in deriving theoretical transport parameters from experimental data; collected experimental and modeling 
data; conducted data analysis and interpretation; prepared the manuscript. 
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2.2 Introduction 

 

Each year more than 15 million stroke injuries occur worldwide, leading to 5 million deaths [1]. 

Stroke is a neurodegenerative condition caused by the occlusion or rupture of cerebral arteries 

[2, 3]. Currently there is no cure for stroke, and the only FDA approved treatment is tissue 

plasminogen activator (tPA), a thrombolytic agent with limited therapeutic benefit[1].  

An emerging trend in treating neurodegenerative disorders is the use of regenerative techniques 

[3-5]. One method for achieving regeneration is to stimulate endogenous stem cell proliferation 

and differentiation to promote repair.  A population of neural stem cells and their progeny 

(together termed neural precursor cells, NPCs) are located in the subventricular zone (SVZ) of 

the lateral ventricles [6] and the dentate gyrus of the hippocampus [7]. Following stroke, there is 

an increase in proliferation of NPCs in the SVZ. In response to injury, the NPCs will migrate 

towards the site of injury 3. However, the extent of regeneration after stroke is limited. It is 

proposed that administering exogenous factors could enhance this process and improve tissue 

regeneration. 

 

A number of growth factors have shown benefits in animal models of stroke [8-11]; however, the 

methods of delivery are not ideal, thereby limiting clinical translation.   Systemic delivery is 

inadequate because most drugs either cannot cross the blood-brain barrier (BBB) or lead to 

adverse systemic side effects at the high doses required [12]. Direct delivery to the tissue is not 

ideal because minipump/catheter systems are highly invasive when implanted in the brain and 

have the risk of infection.  Therefore a minimally-invasive delivery strategy, such as a drug 

delivery scaffold placed on the brain, is required (Fig. S2.1).  

We first sought to define protein diffusion in the brain to understand whether protein released at 

a distant tissue site would reach the target cells.   Protein transport in the brain is predominantly 

governed by: the intrinsic diffusivity (D) of the protein; tissue tortuosity (λ = (D/D*)1/2 where D* is 
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the protein’s apparent diffusivity in brain); and removal from the diffusing protein population as 

denoted by the first order elimination rate constant ke [13]. One challenge we face in developing 

a minimally invasive drug delivery system is that proteins are rapidly eliminated from the 

diffusion path via binding to the extracellular matrix (ECM) and cell surface receptors14. 

Following binding, proteins are taken up by cells, enzymatically degraded or removed to the 

systemic circulation [14]. This leads to only 1 – 2 mm penetration distances, which are often 

insufficient to reach the target site.  

 

One strategy to improve protein penetration is to conjugate poly(ethylene glycol) (PEG) to the 

protein of interest to decrease its rate of elimination [15, 16]. PEG is a hydrophilic polymer that 

acts as a stealth agent to mask proteins from cellular/macrophage uptake and enzymatic 

degradation [17-21]. While reports to date have provided some promising results, previous 

studies on the diffusion of proteins in tissues and the effect of PEG modification did not quantify 

the effect of PEG modification on elimination rate.  Moreover, these previous studies used 

mixed populations of proteins with different degrees of modification [22, 23], which complicates 

the analysis, making the effect of PEG modification difficult to assess.  

 

Here we investigate the transport and elimination of recombinant human epidermal growth 

factor (rhEGF) and PEG-rhEGF in brain cortical tissue using ex vivo integrative optical imaging 

(IOI) [13]. This technique uses epi-fluorescent microscopy to determine transport properties of a 

diffusing protein population [13]. To the best of our knowledge, IOI has never been used to 

quantify protein elimination rate. Thus, our use of IOI to study drug elimination presents an 

important extension of this tool. Furthermore, IOI studies have not been previously conducted in 

brains with stroke injuries. However, given that neural injury, including stroke, affects the 

structural organization, cells and molecules in the brain tissue [4, 24-27], it is important to study 

the transport of proteins in both injured and uninjured tissue.  To gain further insight into tissue 
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penetration, we compared the transport calculated in tissue slices to that in animals using a 

rhEGF ELISA. 

 

Human EGF is a 6.2 kDa protein with three lysine amino acid residues, thus providing three 

amine groups as potential sites for PEG modification [28]. It is known that EGF induces 

proliferation of NPCs and stimulates generation of radial glial cells in the brain that support 

neuronal migration [29, 30]. Kolb et. al. showed that in an animal stroke model, infusion of 

rhEGF followed by erythropoietin into the lateral ventricle increased proliferation of NPCs and 

enhanced functional recovery [10].  

 

We demonstrate that 5 kDa methoxy-PEG-propionaldehyde (mPEG-PPA) can be conjugated to 

rhEGF in a site-specific manner resulting in one of mono- (PEG1), di (PEG2), or tri- (PEG3) 

PEGx-rhEGF. Controlling the pH and reactant ratios results in higher yield than previously 

reported [31, 32]. Using IOI, we demonstrate that mono-PEG modification reduces the rate of 

rhEGF elimination. Moreover, we show that stroke injuries lead to lower tissue tortuosity and 

higher rates of irreversible protein binding/elimination. The effect of PEG modification on rhEGF 

penetration distance is confirmed in vivo using a mouse stroke model.  These data demonstrate 

the potential to increase penetration distance, thereby allowing for a minimally invasive delivery 

strategy where the protein does not need to be injected directly into the brain tissue but instead 

can be applied at the surface following stroke. 
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2.3 Materials and Methods 

 

2.3.1 Materials 

 

Recombinant human epidermal growth factor (rhEGF) and the rhEGF ELISA detection kit were 

purchased from PeproTech Inc. (Rocky Hill, NJ, USA). Methoxy-poly(ethylene glycol, 5 kDa) 

activated with propionaldehyde (mPEG-PPA) or N-hydroxysuccinimide (mPEG-NHS) were 

purchased from NOF Corp. (Tokyo, Japan). Alexa Fluor 488-NHS, Alexa Fluor 488-hydrazide 

fluorescent dyes and 10x PBS buffered solution were obtained from Invitrogen Inc. (Burlington, 

ON, Canada). 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM), 

sodium cyanoborohydride (NaCNBH3), NaCl, MgCl2, CaCl2, BaCl2, Na2HPO3, NaH2PO3 TES, 

MES, ethylenediammine tetraacetic acid (EDTA), ethylene glycol-bis(2-aminoethyl)-N,N,N’, N’-

tetraacetic acid (EGTA), phenylmethanesulfonyl fluoride (PMSF), dithioreitol, sodium acetate 

buffer salts, and low electroendosmosis (low EEO) agarose were supplied by Sigma Aldrich 

(Oakville, ON, Canada). Artificial cerebrospinal fluid (aCSF) and all buffers were prepared with 

distilled and deionized water prepared from a Millipore Milli-RO 10 Plus and Milli-Q UF Plus at 

18 MΩ ·m resistivity (Millipore, Bedford, USA). MicroBCA protein assay kit was obtained from 

Thermo Fisher Scientific (Rockford IL, USA.) and used as per the manufactures instructions.  

 

2.3.2 PEG modification of rhEGF and purification of PEGx-rhEGF 

 

The three primary amines on rhEGF allow PEG to be conjugated at up to three sites. The 

degree of PEG modification was controlled by pH since the N-terminus α-amine has a pKa of 

7.8 while the ε-amines on Lys 28 and 48 have pKa’s of 10.1253. Methoxy-PEG-propionaldehyde 

(mPEG-PPA) was used to synthesize PEG1-rhEGF and PEG2-rhEGF (Fig. S2.2). rhEGF was 

dissolved in 50 mM sodium acetate buffer (pH 5.0) to a final concentration of 1 mg/ml. 140 

molar excess NaCNBH3 and either 3 (for PEG1-rhEGF)  or 6 (for PEG2-rhEGF) molar excess of 
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mPEG-PPA were added to the solution. The reaction was agitated for 1 h and incubated at 

room temperature for 23 h. The product solution was dialysed against 20 mM pH 5.0 sodium 

acetate buffer in 3.5 kDa MWCO slide-a-lyzer dialysis cassettes (Thermo Scientific, Rockford, IL, 

USA.). Greater than 80% yield of a pure population of PEG1-rhEGF was obtained using 3 molar 

excess of mPEG-PPA and a mixed population of PEG1- and PEG2-rhEGF (referred to as PEG2-

rhEGF) was produced using 6 molar excess mPEG-PPA. 

 

Methoxy-PEG-N-hydroxysuccinimide (mPEG-NHS) was used to synthesize PEG3-rhEGF (Fig. 

S2.2). rhEGF was dissolved in 50 mM TES buffer (pH 8.6) to a final concentration of 0.33 mg/ml. 

Twenty-five molar excess of mPEG-NHS was added to the reaction mixture and the solution 

was agitated at room temperature for 2 h. Twenty-five molar excess of mPEG-NHS and 100 µl 

of TES buffer were added to the solution every 2 h until a total of 100 molar excess of mPEG-

NHS was reached. The NHS ester of PEG was selected for its higher reactivity compared to 

mPEG-PPA, and a pure population of pure PEG3-rhEGF was produced using these reaction 

conditions (Fig. S2.3). 

 

Upon completion, unreacted PEG was separated from the reaction mixture using fast protein 

liquid chromatography (UPC 900/P-920, Amersham Pharmacia Biotech, Piscataway, NJ, USA) 

with an anion exchange column (Pharmacia Biotech MonoQ, column volume ~ 7.7 ml). The 

ionic exchange gradient was set with a low-salt buffer (buffer A: 10 mM TES, pH 8.2) and a 

high-salt buffer (buffer B: 50 mM TES with 1 M NaCl, pH 8.2). Buffer A was first introduced into 

the column and a linear salt gradient up to 100% buffer B was established over 20 column 

volumes. The column was run with a flowrate of 2 ml/min. The purified product was analysed 

using gel electrophoresis (Bio-Rad Mini Format 1D electrophoresis system, Bio-Rad 

Laboratories, Mississauga, ON, Canada). The gel was stained for EGF using SimplyBlue 

SafeStain (Invitrogen, Burlington, ON, Canada) and then stained for PEG using a solution of 10% 
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BaCl2, 2.5% KI and 1.3% I(s) in distilled water. The gel images were taken on Bio-Rad Gel Doc 

XR 170-8170 and processed using Quantity One-4.6.1 software. 

 

2.3.3 Fluorescent labeling of EGF and PEG-EGF 

 

To allow real time imaging of protein transport, rhEGF and PEGx-rhEGF were fluorescently 

labeled with Alexa 488.  The Alexa dye was chosen for its relative pH stability and photostability 

254. For rhEGF, PEG1-rhEGF and PEG2-rhEGF, 1.6 x 10-4 M solutions of rhEGF or PEGx-rhEGF 

were mixed with 10 molar excess Alexa 488-NHS and the reaction was carried out for 2 h at 

room temperature. Unreacted dye was separated from fluorescent protein using a G25 

Sephadex size exclusion column with 20 mM pH 7.4 PBS as running buffer. PEG3-rhEGF was 

conjugated with Alexa 488-hydarzide using a 100 molar excess DMTMM as the coupling 

reagent. 25 molar excess of the fluorescent dye was added to a 1.6 x 10-4 M PEG3-rhEGF 

solution. The reaction mixture was agitated at room temperature for 24 h. Upon completion, 

excess Alexa 488 dye and DMTMM were separated from the product by dialysing the product 

solution against 50 mM TES buffer (pH 8.6) for 24 h.  

 

The final protein concentration after fluorescent conjugation was determined by measuring the 

absorbance at 280 nm using NanoDrop ND-1000 spectrophotometer (NanoDrop, Wilmington, 

DE, USA.) and correcting for the absorbance of the dye 255. The protein and dye concentrations 

were determined by Beer’s Law at an absorbance wavelength of 280 nm and an extinction 

coefficient of 17780 M-1cm-1 for rhEGF, and an absorbance at 495 nm and an extinction 

coefficient of 71,000 M-1cm-1 for Alexa 488. The relative concentration of protein and fluorescent 

probe were used to determine the degree of fluorescent tagging. On average there is 

approximately one fluorescent molecule conjugated on each protein molecule (Table S2.1). 
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2.3.4 Mouse surgeries 

 

All experiments were carried out in accordance with the Guide to the Care and Use of 

Experimental Animals developed by the Canadian Council on Animal Care and approved by the 

Animal Care Committee at the University of Toronto.  All animals used in this study were 8 – 10 

week old C57BL/6 mice (Charles River, QC, Canada).   

 

2.3.5 Mouse brain cortical slice preparations 

 

Mice were sacrificed by cervical dislocation, the brain removed and immersed in 4oC artificial 

cerebrospinal fluid (aCSF).  The composition of aCSF is as follows: 124 mM NaCl; 5 mM KCl; 

26 mM NaHCO3; 1.25 mM NaH2PO4; 1.3 mM MgCl2; 1.5 mM CaCl2; and 10 mM D-(+)-glucose 

bubbled with 95% O2/5% CO2 (pH 7.0).  Brains were mounted onto a specimen plate with the 

anterior of the brain pointed up with the dorsal surface of the brain perpendicular to the cutting 

blade and immersed in aCSF (4oC).  Coronal slices 400 µm thick were prepared from the 

interaural 4-5 mm plane using a microtome sectioning system (Series 1000, LR59590, 

Vibratome, Richmond, IL, USA) with a speed of 2.5 and amplitude of 9.0.  Slices were 

transferred to aCSF (4oC) and the temperature of the aCSF and brain slices were allowed to 

equilibrate to room temperature while bubbled with 95% O2/5% CO2.  Individual slices were 

transferred to a Lab-Tek® II chambered #1.5 coverglass system and aCSF (37oC) was added to 

the chamber immediately before imaging. 
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2.3.6 Cortical slice viability  

 

The viability of cortical slices over time was determined using the lactate dehydrogenase (LDH) 

cytotoxicity detection kit (Roche Canada). Briefly, 400 µm cortical tissue slices were obtained 

and kept in oxygenated aCSF at room temperature. The slices were removed and placed into 

48-well tissue culture plates at various times between 1 and 8 h post sacrifice. Slices were 

incubated for 1 h at room temperature in 500 µl aCSF without oxygenation to imitate the 

microinjection environment. One hundred µl of the supernatant was then removed and the 

cytotoxicity assay was carried out according to the manufacturer’s instructions. To determine 

the maximum concentration of LDH in cells, freshly prepared cortical slices were homogenized 

in 500 µl aCSF with 1.0 mm diameter Zirconia beads (BioSpec Products, 11079110zx, 

Bartlesville, OK, USA.) using a Mini BeadBeater tissue homogenizer (Biospec). The LDH assay 

was performed on the homogenate. All measurements were normalized to the homogenate 

LDH concentration. Measurements at all time points were performed on two slices from two 

individual animals. 

 

2.3.7 Stroke Surgeries 

 

Stroke surgeries were carried out as described by Tennant et. al. 256.  Mice were anesthetised 

with isofluorane, shaved and placed into a Kopf stereotaxic instrument.  A midline insertion in 

the scalp was made.  A small burr hole was made in the skull at the coordinates 2.25 lateral to 

the midline and 0.6 anterior to the Bregema.  Using a 26G needle, endothelin-1 (400 pmol, 

Calbiochem, Gibbstown, NJ, USA.) was injected 1.0 ventral to the surface of the brain at a rate 

of 0.1 µl/min with a total volume of 1 µl.  The needle was left in place for 10 min prior to removal 

to minimize back flow.  The incision was sutured, antibiotic ointment applied and the animal left 
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to recover under a heat lamp.  Animals were sacrificed 4 d post stroke and the cortical slices 

were prepared as described above for uninjured tissue.    

 

2.3.8 Integrative optical imaging (IOI) to calculate protein diffusivity 

 

Integrative optical imaging (IOI) was used to study the diffusion of proteins in ex vivo brain 

cortical slices as previously reported 142,154,257. All protein samples were diluted with aCSF to a 

final protein concentration of 1.8 x 10-4 M prior to IOI. Intrinsic diffusivity (D) of rhEGF and PEGx-

rhEGF was determined through IOI in 0.3% agarose gel. The apparent diffusivities in brain were 

determined using 400 µm thick uninjured or stroke-injured mouse brain slices saturated with 0.1 

mg/ml non-fluorescent rhEGF solution. This concentration was selected to ensure saturation of 

the cell-surface rhEGF receptors such that there is no elimination of fluorescently labeled 

proteins from the diffusion path. Finally to study the elimination of rhEGF and PEGx-rhEGF in 

tissue, IOI was conducted in cortical tissue slices without pre-saturation. 

 

A Nanoliter 2000 microinjection system (World Precision Instruments, Sarasota, FL, USA) was 

used to routinely inject 4.6 nl of fluorescently labeled protein solution into either agarose (Fig. 

2.1a) or brain cortical slices at a depth of ~200µm in the barrel field and trunk region of the 

primary somatosensory cortex, layers III-VI 258. A minimum of 25 injections were made for each 

protein species in every diffusing medium. For diffusion in tissue, a minimum of 6 tissue slices 

prepared from 3 animals were used for each group. A fine-tip glass capillary with 1.2 mm 

outside diameter and 4” length (World Precision Instruments, 1B120-4) was fire-polished to 

produce tips with 5 µm inside diameter (PUL 100 vertical pipette puller, World Precision 

Instrument) and used for injection. The evolution in the fluorescence over time was observed 

using a Zeiss Axio Observer Z1 epi-fluorescence microscope and captured with a Hamamatsu 

13940RCA-ERA camera at 2 s interval.  The intensity profiles of the diffusing source along a 
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fixed axis were generated using the ImageJ (Image Processing and Analysis in JAVA, 

http://rsbweb.nih.gov/ij) analysis software, and quantitative analyses were conducted using 

Origin8 (OriginLab Corp.) and MATLAB (MathWorks). 

 

2.3.9 Image analysis and mathematical modeling for estimating rate of elimination and 

protein penetration distance  

 

Integrative optical imaging uses a point source-protein delivery, where the relationship between 

the diffusing protein concentration and the distance travelled at given time points is described by 

(Eq. 2-1) 142: 

 
    

  tk
ttD

r

ttD

UC
trC e

oo

p

free 















 exp

4
exp

4
,

22

2/3

3






  

Equation 2-1 

 

where Cfree(r,t) is the free ECS protein concentration, U is the volume of protein solution injected, 

Cp is the concentration of injected protein solution, α is the volume fraction of ECM in the brain, 

typically assumed to be 0.2 142; r is the radial distance away from the injection site, t is the time 

elapsed since injection, and to is the time required for a point source with  a radius of zero to  

spread to  the area that the protein occupies at the point of injection (t = 0).  

 

In the absence of protein elimination from the diffusion pathway (i.e. ke = 0), the intensity profile 

of the protein in the diffusing medium can be correlated to the effective diffusivity using the 

following set of equations (Eq. 2-2) 142: 
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where Ii(r, γi) is the intensity at a radial distance away from the source measured by IOI and Ei is 

a de-focused point-spread function of the objective 142. Numerical values of Ii were generated 

using ImageJ along an axis through the fluorescent image as a function of time and radial 

distance from the centre (Fig. 2.1a), and the profile may be fitted in Origin 8 to generate the 

values of γi at specific time points (Fig. 2.1b). Graphing γi
2/4 (normalized such that the plot 

passes through the origin) vs. t yields a linear plot with gradient equal to the effective diffusivity 

D in the appropriate medium in the absence of elimination (Fig. 2.1c). A time frame of 30 s, over 

which the γi
2/4 vs. t plot remains linear, is typically used for determining the values of D. The 

tortuosity experienced by each protein species is determined from the diffusivities in the 

agarose and saturated cortical slices, as λ = (D/D*)1/2 142. 

 

When the protein is eliminated from the ECS during diffusion, the plot of γi
2/4 can be normalized 

to the diffusivity (D), and the γi
2/4D vs. t yields a curve that deviate from linearity (Fig. 2.2b), 

indicating the effect of protein elimination. In this case we need to account for the contributions 

to total fluorescent intensity by both proteins in the ECS and the irreversibly-bound, non-mobile 

proteins. This may be estimated as (Eq. 2-3): 

     trCItrCItrI boundofreeo ,,, 
   

Equation 2-3 

 

where Io is the proportionality constant between the local fluorescence intensity and protein 

concentration. Once the values of D and λ have been obtained using IOI in agarose and 
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saturated tissue, we can estimate Io by calculating the area under the fluorescent intensity peak 

at to. The approximate value of Io determined here is approximately 0.1 – 0.5 nl/nmol∙AU, where 

AU is the arbitrary fluorescent intensity units. The parameter ε accounts for the decrease in 

detected intensity upon internalization. Since the time required for rhEGF/EGF receptor complex 

internalization varied between 5 – 30 min depending on the tissue type 259, which exceeds the 

time scale of IOI (3 min), we assumed the value of ε to be 1. From simple mass balance, the 

irreversibly-bound protein concentration Cbound(r,t) may be described by (Eq. 2-4):   
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Equation 2-4

 

Combining Eqs. 1, 3 and 4, an expression for the evolution in spatial fluorescence profiles is 

obtained (Eq. 2-5): 

Equation 2-5 

 

We numerically solve this equation using MATLAB to obtain the values of ke since all other 

parameters may be either obtained from literature or determined experimentally. For each set of 

intensity profiles, the value of ke is iterated between 0 and 10-1 s-1 with an increment of 10-7 s-1. 

The fitted value of ke yielding the least squares residual (LSR) from the experimental data is 

taken to be the elimination constant.  
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Figure 2.1 | Progression of rhEGF and PEG-rhEGF fluorescence intensity in dilute 

agarose following injection. (a) Representative images showing diffusion of fluorescently 

labelled rhEGF in dilute agarose. (b) Fluorescence intensity profiles obtained from images are 

fitted to Eq. 2, where the vertical axis represents the fluorescent intensity in arbitrary units and 

the horizontal axis represents distance from the centre of the fluorescence. All images are 

shown at the same magnification (scale bar = 100µm). (c) Representative graph showing plot of 

γ2/4 (10-7cm2) vs. time (s) for () rhEGF, () PEG1-rhEGF, () PEG2-rhEGF, and () PEG3-

rhEGF in agarose where values of γ2/4 were obtained from fitting data to Eq. 2, and the gradient 

of the plot returns a value of D (10-7cm2/s). 
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We confirmed the method validity using agarose and saturated tissue. Since both agarose and 

saturated brain tissue should yield values of ke equal to zero for any diffusing species, they 

serve as appropriate controls for the system. For rhEGF and PEGx-rhEGF, the values of ke 

calculated by the model were indeed 0 s-1, confirming the validity of the model.  

 

To ensure accuracy in fitting, the model-generated values of ke were used, along with 

experimental values of D and λ, to reproduce the series of theoretical intensity profiles with 

respect to time. These theoretical profiles were again fitted to Eq. 2.2 in Origin® to produce 

theoretical plots for γ2/4D vs. time, which were compared with experimentally-derived plots of 

γ2/4D vs. time (Fig. S2.4). Good agreement was found between all model fits and experimental 

data.

  

 

A polymer scaffold represents a constant source of protein drugs on top of the brain cortex, and 

the steady state concentration profile of the protein in the tissue can be represented as (Eq. 2-6) 

141,260: 
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Equation 2-6 

 

where C/Co is the normalized concentration of protein at a certain distance, x, away from the 

source. Eq. 6 allows us to predict how far a protein can penetrate in the brain in the presence of 

a constant source before its concentration drops below the therapeutic threshold. Calculations 

are accurate to ± 15%, as estimated by error propagation theory 261. 
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2.3.10 Total cell count in pre- and post-stroke brains 

 

Four days following stroke, mice were transcardially perfused, the brains were removed and 

cryoprotected overnight in 20% sucrose. Brains were sectioned coronally at 15µm sections 

using a cryostat and placed on X slides.  Sections were viewed under a light microscope 

(Olympus CKX41). The lesion cavities were measured using ImageJ 1.38X to determine the 

epicenter of the lesion and pictures were taken of sections at the epicentre, 300µm rostral and 

300µm caudal to the epicentre, using SonyIIDC version 1.2.0.2.  Equivalent anatomical sections 

in control animals were stained with DAPI mounting media and coverslipped.  The medial, 

ventral, and lateral areas surrounding the lesion cavity, contralateral cortex, or uninjured cortex 

were photographed using a fluorescent microscope (Zeiss Stemi 2000, KL1500 LCD) under 10X 

magnification. The total numbers of nuclei were counted per 276.25mm² per region. 

Comparisons between the counts obtained from the lesioned, contralateral, and uninjured 

cortices were made by ANOVA using GraphPad Prism.  

 

2.3.11 Real time RT-PCR to detect EGFR upregulation post stroke 

 

The upregulation of EGFR following stroke injuries was investigated using real-time RT-PCR. 

Uninjured control animals and animals with 4 day stroke injuries were sacrificed, and the brains 

were harvested and divided along the midline to obtain the ipsilateral and contralateral 

hemispheres. Tissues were homogenized using Zirconia beads in a Mini BeadBeater tissue 

homogenizer.  Extraction of mRNA was carried out as per the manufacturer’s instructions 

(RNeasy Lipid Tissue Mini Kit, Qiagen) and OligodT primers were used to synthesize cDNA as 

per the manufacturers’ instructions (AffinityScript Multi Temperature cDNA synthesis kit, Agilent 

Technologies). The following primers were used for cDNA amplification: 5'-GAA CTG GGC TTA 

GGG AAC TGC-3' (EGFR forward); 5'-CAT TGG GAC AGC TTG GAT CAC-3' (EGFR 
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reverse)262. The house keeping gene used was hypoxantine phosphoribosyltransferase (HRPT): 

5’ – CTC ATG GAC TGA TTA TGG ACA GGA C – 3’ (forward) and 5’ – GCA GGT CAG CAA 

AGA ACT TAT AGC C – 3’ (reverse), Real-time RT-PCR was carried out using Lightcycler 480 

II (Roche) with the following cycle: 95oC; 60oC; 72oC.  A melt curve and gel electrophoresis were 

carried out to verify primer specificity.  

 

2.3.12 In vivo penetration distance of rhEGF and PEG1-rhEGF 

 

The in vivo penetration distance of rhEGF and PEG1-rhEGF in brain tissue was measured using 

uninjured animals. Mice were anesthetised with isofluorane and a small burr hole was made in 

the skull at the coordinates 2.25 lateral to the midline and 0.5 anterior to Bregema. A 30 gauge 

sterile Hamilton syringe was inserted 1.0 mm into the cortex and 0.5 µl of either protein or 

control solutions was injected. The injections were made at a rate of 0.1 µl/min, the needle was 

left in place for 10 min to reduce back flow, and the needle was retracted over 5 min. Treatment 

groups include sterile-filtered rhEGF or PEG1-rhEGF solutions (8 x 10-5 M), saline controls, and 

mPEG-propionaldehyde dissolved in saline controls (8 x 10-5 M). Mice injected with protein 

solutions or control solutions were sacrificed at immediately (15 min), 4, and 24 h post injection.   

 

Brains were extracted and snap frozen using CO2(s) cooled isopropane and stored at -80oC. 

Three 1 mm coronal slices were prepared, at the injection site and rostral and caudal to the 

injection site. Coronal slices were prepared using McIlwain tissue chopper (790744-11, Mickle 

laboratory engineering company, Surrey, UK). Dorsal-ventral sections (0.5 mm) were then 

obtained from each coronal slice using Leica CM3050S cryostat system operating at -18oC. 

Each 0.5 mm section was transferred into 2 ml polystyrene microtubes (Sarstedt 72.694.006, 

Montreal, Quebec, Canada) and 200 µl homogenizing buffer (20 mM HEPES, 10 mM KCl, 1.5 

mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM PMSF) was added to each 
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tube. Tissue sections were homogenized with 1.0 mm diameter zirconia beads. To remove 

tissue fragments, homogenized tissue was centrifuged at 15,000 RPM for 15 min at 4oC and the 

homogenate was transferred into 1.75 ml Eppendorf tubes. 200 µl ELISA diluent solution was 

used to dilute homogenate to a total volume of 400 µl.  

 

ELISAs were performed as per manufacturer’s instructions on the homogenate solutions to 

determine the concentration of rhEGF at different depths from the cortical surface. Recombinant 

human EGF ELISA detection kit was used to avoid cross-contamination with endogenous 

mouse EGF. Protein concentrations detected in each animal were normalized to the amount of 

protein detected at the initial time to construct the diffusion profiles. A mass balance on the 

tissue rhEGF content showed that immediately post injection, approximately 90% of the injected 

protein was accounted for. The detectable concentration of proteins decreased over time, likely 

due to enzymatic degradation. Control groups injected with either saline solution or PEG 

dissolved in saline did not show detectable rhEGF concentrations at any of the time points 

studied (data not shown). 

 

2.3.13 Bioactivity assay for neural stem cell response towards EGF and PEGx-EGF 

 

 The bioactivity of rhEGF released from the DDS was determined in vitro using mice neural 

stem cell cultures. Neural stem cells were isolated from the subventricular zone (SVZ) of 9 week 

old male C57/BL6 mice and grown in 25 cm2 tissue culture flasks (Corning CLS430639, Sigma 

Aldrich, Oakville, ON, Canada). Cells were passaged every 7 days for two weeks. 

Neurospheres were dissociated and plated in tissue culture treated 96-well plates (Corning 

CLS3696, Sigma Aldrich) at an initial cell density of 10 cells/µl in SFM and a total volume of 100 

µl. rhEGF or PEGx-rhEGF solutions were diluted in serum free culture media (SFM, 30% 

glucose, 7.5% NaHCO3, 0.5% HEPES, 1% L-glutamine, 10% hormone mix, 1% Pen/Strep, 10% 
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DMEM/F12, 74% dH2O) and added to each well to a final concentration of 3.2 nM. The cells 

were incubated for 7 days at 37oC without media change, following which MTT assays were 

performed to evaluate metabolic activities of cells in culture. 

 

2.3.14 Statistical analysis  

 

The distribution of data was determined by the Kolmogorov-Smirnov normality test. For normally 

distributed data, comparisons between multiple groups were conducted using ANOVA. For pair-

wise comparison of normally distributed data, t-test was carried out. For comparison of data that 

were not normally distributed, the Mann-Whitney-U test with Bonferonni correction was used 263. 

Significance levels were indicated by p  < 0.05 (*), 0.01 (**), and 0.001 (***). 

 

2.4 Results 

 
2.4.1 The effect of PEG on the intrinsic diffusivity of rhEGF in agarose 

 

Fluorescently-labeled rhEGF and PEGx-rhEGF (Fig. S2.1, S2.2 and Table S2.1) were 

separately injected into 0.3% agarose gels to study their intrinsic diffusivities. Dilute agarose gel 

was used to mimic a non-tortuous diffusing medium while avoiding convection. To calculate 

diffusivity, we injected fluorescently labeled proteins and monitored their intensity profiles over 

30 s (Fig. 2.1a, b).  By plotting the γ2/4 parameter vs. time (Eq. 2) protein diffusivity was 

calculated from the slope, as shown in Fig. 2.1c. The intrinsic diffusivity (D) of rhEGF in agarose 

was 16.8 x 10-7 cm2/s whereas that of PEGx-rhEGF, where x = 1, 2, or 3, was significantly less 

at 13.2 x 10-7 cm2/s (P < 0.001), 8.88 x 10-7 cm2/s (P < 0.001), and 7.68 x 10-7 cm2/s (P = 0.0328), 

respectively (Fig. 2.1c, Table S2.2). The decrease in intrinsic diffusivity of rhEGF with 

increasing PEG modification was likely due to its increase in hydrodynamic radius (RH). 
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2.4.2 Transport of rhEGF and PEGx-rhEGF in uninjured brain cortical slices 

 

To understand the effect of tissue tortuosity on rhEGF vs. PEGx-rhEGF diffusion independent of 

receptor binding, the EGF receptors (EGFR) of uninjured mouse brain cortical tissue slices were 

saturated with non-fluorescently-tagged rhEGF prior to the study.  We also ensured that all brain 

tissue slices were > 90% viable for over 8 h, which is longer than the duration of the diffusion 

study (Fig. S2.5).The apparent tissue diffusivity D* of rhEGF (5.01 x 10-7 cm2/s) decreased with 

PEG modification for PEG1-rhEGF (3.34 x 10-7 cm2/s), PEG2-rhEGF (2.09 x 10-7 cm2/s) and 

PEG3-rhEGF (1.66 x 10-7 cm2/s) (Fig. 2.2a, Table S2.2). There was a significant difference in D* 

between all groups except for PEG2-rhEGF and PEG3-rhEGF (P = 0.103), likely due to an 

insignificant difference in RH between PEG2-rhEGF and PEG3-rhEGF 264,265. 

 

The tortuosity (λ) experienced by proteins in brain tissue was also calculated. In uninjured tissue, 

rhEGF experiences a λ of 1.83 whereas PEGx-rhEGF had a λ of 1.99, 2.06, and 2.15 for x = 1, 2, 

3, respectively. Thus, the diffusion of smaller rhEGF is obstructed significantly less by the brain 

tissue than the larger, PEG-modified rhEGF (p<0.001).  

 

The apparent diffusivity was calculated in tissue with elimination, where the tissue slices were 

not pre-saturated with non-fluorescent rhEGF. As in the case of pre-saturated tissue, the plot of 

γ2/4 over 30 s revealed a significant decrease in D* from rhEGF to PEG3-rhEGF (P = 0.0054, 

Fig. 2.2a, Table S2.2). The diffusivity of each protein species, however, was lower than in the 

former case. This decrease in apparent diffusivity likely reflects the binding of rhEGF to the 

ECM. Importantly, this decrease was dramatic for rhEGF (from 5.01 ± 0.88 for saturated to 2.22 

± 0.32 cm2/s in non-saturated uninjured brain tissue) and insignificant for PEG-modified rhEGF 

(e.g., from 3.34 ± 0.52 to 2.64 ± 0.35 cm2/s), which suggests that PEG modification reduces the 

reversible binding of rhEGF to the ECM.  
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While the gradient of γ2/4D vs. time in saturated tissue remained linear, that in tissue with 

elimination deviated from linearity between 30 and 60 s, demonstrating the effect of protein 

elimination (Fig. 2.2a). In ex vivo tissue slices with elimination, although enzymatic degradation 

occurs over longer time scales266, it is likely that rhEGF is primarily removed through either 

irreversible binding to the tissue, or cellular uptake. In an IOI experiment, this leads to the 

immobilization of the fluorescently-tagged growth factors, and thus a reduction in the slope of 

the γ2/4D vs. time curve.  

 

Using the diffusivity and tortuosity determined above, we calculated the protein elimination rate 

constant ke for rhEGF and PEGx-rhEGF in uninjured tissue. This was achieved by fitting 

fluorescent intensity profiles in tissue with elimination over 3 min to Eq. 5 using MATLAB. 

Parameters used in the model are listed in Table S2.3. The ke of rhEGF in uninjured tissue was 

determined to be 52.0 x 10-4 s-1 (Table 2.1) and those of PEGx-rhEGF were 2.14 x 10-4 s-1, 1.95 

x 10-4 s-1, and 1.45 x 10-4 s-1 for x = 1, 2, 3 (P < 0.001 for all 3 groups compared against rhEGF).  

The greatest difference in terms of reducing the rate of protein binding was between rhEGF and 

PEG1-rhEGF, with a diminishing effect with di- and tri-PEG modification. This illustrates that 

PEG modification led to significantly slower protein elimination. 
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Figure 2.2 | PEG modification decreases diffusivity of rhEGF in saturated brain tissue. (a) 

Diffusivities for rhEGF and PEGx-rhEGF are determined in agarose, saturated and non-

saturated cortical tissue in uninjured animals. (b) Representative γ2/4D vs. time plots of (i) 

rhEGF, (ii) PEG1-rhEGF, (iii) PEG2-rhEGF, and (iv) PEG3-rhEGF diffusion in () saturated and 

() non-saturated tissue. Plot is linear in saturated tissue but deviates from linearity in non-

saturated tissue.  
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Table 2.1 | Elimination rate constants in uninjured and stroke brains. Values of ke were 
obtained by numerically solving Eq. 5 using the parameters listed in Table 4. Values are 
reported as mean ± s.d. (n = 25). 

Sample 
Elimination Rate (ke (10-4 s-1)) 

Ipsilateral to  
stroke injury 

Contralateral to 
stroke injury 

Uninjured Brain 
Cortical Slices 

rhEGF    659 ± 26.1† **    193 ± 21.2† **        52.0 ± 1.01† ** 

PEG1-rhEGF 29.0 ± 2.99 ** 19.7 ± 1.76 **      2.14 ± 0.24 ** 

 
†Values are significantly different from other values in the same column at p< 0.05. 
**Values are significantly different from other values in the same row at p< 0.05. 
 

 

2.4.3 Transport of rhEGF and PEGx-rhEGF in brain with stroke injury 

 

To better understand the diffusion in brain tissue following stroke injury, the endothelin-1 (Et-1)  

stroke-injury model was used 267,268 and tissue slices were taken after 4 days following the 

induction of stroke (Figure 2.3a), thereby mimicking the time period previously studied for the 

delivery of rhEGF 22. Given that proteins maintain bioactivity better after conjugation with one 

PEG compared to multiple PEG chains 269, and a significant reduction in the rate of protein 

elimination (ke) for PEG1-rhEGF was observed relative to rhEGF, the transport of rhEGF and 

PEG1-rhEGF were compared in stroke-injured brain tissues (Fig. 2.3a, Table S2.4). As 

predicted from diffusivity data in agarose and uninjured tissue, DrhEGF
* exceeded DPEG1-rhEGF

* in 

saturated tissue both ipsilateral (P < 0.001) and contralateral (P = 0.007) to the stroke injury.  In 

saturated tissue, DrhEGF
* ipsilateral to stroke was higher than both DrhEGF

* contralateral to stroke 

(P = 0.0043) and DrhEGF
* in uninjured brain (P = 0.002); yet no significant difference was 

observed for DrhEGF
* between the contralateral hemisphere and the uninjured brain (P = 0.554). 

These data indicate that stroke injury leads to change in tissue tortuosity.  

 

To further investigate the effect of PEG modification on rates of rhEGF elimination in injured 

tissue, we calculated ke both ipsilateral and contralateral to the stroke injury (Table 2.1). 
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Consistent with observations in uninjured tissue, the ke of PEG1-rhEGF is 23-fold lower than 

rhEGF in tissue ipsilateral to stroke (29.0 x 10-4 s-1 vs. 659 x 10-4 s-1, respectively) and 10-fold 

lower in tissue contralateral to stroke (19.7 x 10-4 s-1 vs. 193 x 10-4 s-1, respectively). This 

demonstrates that PEG modification reduces the rate of protein removal from diffusion.  

 

The difference observed for DPEG1-rhEGF* in stroke vs. uninjured brains is likely due to a change in 

tissue composition following injury, discussed below. The tortuosity experienced by both rhEGF 

and PEG1-rhEGF was lower in ipsilateral stroke injury tissue than both contralateral stroke injury 

tissue and uninjured brain tissue (Fig. 2.3c). Changes in tissue tortuosity could result from 

either changes in cell density or changes in the ECM. We determined that the total number of 

cells in stroke injured brains and non-stroke brains were not significantly different between 

stroke ipsilateral, stroke contralateral and uninjured brain tissues (Fig. 2.3d, e).  

 

We used real time RT-PCR to examine EGFR mRNA expression in the tissue.  The results 

demonstrate that EGFR mRNA is significantly upregulated ipsilateral to the stroke injury 

compared to uninjured brain tissue (P = 0.014; Fig. 2.3f), which could be accounted for by the 

increased expression in the ECM or cellular diversity within the injured tissue. EGFR expression 

contralateral to stroke does not differ significantly from uninjured controls (P = 0.166).  These 

data are consistent with the differences in tortuosity observed for rhEGF and PEG1-rhEGF; 

however, they do not account for the differences observed for ke ipsilateral and contralateral to 

stroke that are both significantly higher than that in uninjured brains (Table 2.1) for EGF and 

PEG1-EGF. These data suggest that EGF/EGFR binding likely accounts for some, but not all, of 

the mechanisms influencing ke. 
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† Values are significant different from other values in the same column at p< 0.05. 
** Within each row, values indicated are significantly different at p< 0.05. 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Sample 

Calculated Tortuosity 
(λ = (D/D*)1/2) 

Ipsilateral to Stroke Contralateral to Stroke Uninjured Tissue 

rhEGF 1.52 ± 0.12 † ** 1.76 ± 0.19 † ** 1.83 ± 0.18 † ** 

PEG1-rhEGF 1.84 ± 0.25 ** 2.05 ± 0.16 1.99 ± 0.16 ** 

c 
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 Figure 2.3 | PEG modification decreases diffusivity of rhEGF in saturated brain tissue. (a) 

Microscope image showing a mouse brain coronal section with the site of stroke injury indicated 

by black arrow, under 10X magnification. (b) PEG modification decreases diffusivity of rhEGF in 

brain with stroke. The effect of mono-PEG modification of rhEGF on tissue diffusivities is studied 

in ipsilateral and contralateral sides of stroke, as well as that in the absence and presence of 

elimination are also determined. (c) Calculated tortuosity of rhEGF and PEG1-rhEGF in tissue. 

Tortuosity values are reported as mean ± s.e.m. (n = 25). Differences between bars with the 

same letter are not statistically significant while bars with different letters differ significantly. (d) 

Total cell number as determined by DAPI stain (scale bar = 100 µm). Arrows represent DAPI 

stained cells. (e) Total cell number is not elevated either ipsilateral or contralateral to stroke 

compared to uninjured controls. Cell counts are shown as mean ± s.e.m. (n = 9). (F) EGFR 

gene expression is upregulated post stroke in the ipsilateral cortex. Real time RT-PCR results 

show that following stroke, the EGFR expression is upregulated ipsilateral to injury (P = 0.014). 

 
 

2.4.4 Calculated penetration distance for rhEGF and PEGx-rhEGF in brain cortical tissue 

 

Based on the experimental D, λ and ke values, we calculated the theoretical distance that rhEGF 

and PEG1-rhEGF would diffuse in the cortex. Because this distance will depend on the duration 

of delivery, we analyze two limiting cases: (1) a pulse injection, as done in the case IOI; and (2) 

a constant source, as in the case of an ideal drug delivery scaffold. Because all drug delivery 

vehicles perform between these two limits, these calculations provide the “best- and worst-case” 

estimates on the theoretical diffusion distance. In each case, the penetration distance was 

estimated based on concentration of the free protein in the extracellular space, Cfree(r, t), using 

Eq. 2.1 for the pulse injection and Eq. 2.6 for the constant source (Fig. 2.4a). A meaningful 

estimation of penetration distance requires that the amount of protein reaching the target site 

maintains therapeutic benefit. Since NSCs proliferate in vitro at an rhEGF concentration of 3.2 

nM (20 ng/ml) 270 and we found no difference in bioactivity between rhEGF and PEG1-rhEGF at 

this concentration (Fig. S2.6), this value was used as Cfree(r, t) in Eqs. 1 and 6 to estimate 

rhEGF penetration distance.  
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In each case the penetration distance achieved from a constant source was greater than that 

achieved from a pulse injection (Tables 2.2a and 2.2b). The penetration distance of PEG1-

rhEGF was also greater than that of rhEGF, regardless of the tissue type. In uninjured brain, we 

calculate that rhEGF penetrates 1.5 – 1.8 mm while PEG1-rhEGF penetrates to a distance to 4.4 

– 7.0 mm. In injured tissue, rhEGF penetrated the tissue to 0.00 – 0.59 mm ipsilateral to stroke, 

likely due to rapid elimination, whereas PEG1-rhEGF diffused 1.7 – 2.5 mm. Similarly, rhEGF 

penetrated 0.87 – 0.95 mm and PEG1-rhEGF penetrated 1.8 – 2.3 mm in contralateral stroke-

injured tissue. These results show that PEG modification increases the penetration distance of 

rhEGF, which falls within the range predicted by previous modeling studies 154. 

 

Table 2.2 | Predicted penetration distance from a point source (a) and a constant source 
(b) by rhEGF and PEG1-rhEGF in uninjured and stroke brains. Distances travelled are 
presented in units of millimetres. Diffusion is assumed to stop when concentration is less than 3 
nM, which is the minimum EGF concentration required to stimulate NPCs in vitro.  

 

Sample  
Penetration Distance from Point Source (mm)  

Ipsilateral to  
stroke injury 

Contralateral to 
stroke injury 

Uninjured Brain 
Cortical Slices 

rhEGF † 0.87 1.5 

PEG1-rhEGF  1.7 1.8 4.4 

† Value is negligible 

Sample  
Penetration Distance  from Constant Source (mm)  

Ipsilateral to  
stroke injury 

Contralateral to 
stroke injury 

Uninjured Brain 
Cortical Slices 

rhEGF 0.59 0.95 1.8 

PEG1-rhEGF 2.5 2.3 7.0 

 

 

 

 

 

 

a 

 

 

 

b 
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2.4.5 In vivo penetration distance of rhEGF and PEG1-rhEGF  

 

 

To confirm our model predictions, we investigated the in vivo penetration distance of rhEGF and 

PEG1-rhEGF in uninjured mouse brains. Bolus injections of protein solutions were made into the 

somatosensory cortex at the same coordinates used for Et-1 injections. The brains were then 

harvested and sectioned to analyse the rhEGF concentration at various depths by ELISA. We 

examined the diffusion profile of both native and PEG-modified rhEGF upon immediate sacrifice, 

and at 4 and 24 hours after injection of the protein solutions (Fig. 2.4b). Immediately after 

injection we find the highest concentrations of both rhEGF and PEG1-rhEGF at the site of 

injection (0.5 - 1 mm below the cortical surface). At 4 h after injection, rhEGF reaches a peak 

concentration at a depth of 1.0 – 1.5 mm from the cortical surface whereas PEG1-rhEGF is 

found at a depth of 1.5 – 2.0 mm, demonstrating greater tissue penetration than native rhEGF. 

At 24 h after injection, the diffusion profile of rhEGF is similar to that at 4 h (P = 0.594) 

suggesting that a large fraction of the rhEGF is not freely diffusing between 4 and 24 h. In 

contrast, PEG1-rhEGF penetrates significantly deeper by 24 h (P = 0.003 compared to 4 hours) 

with the peak concentration found at 2.0 – 2.5 mm and significant concentration of PEG1-rhEGF 

detected at 2.5 – 3.0 mm. The greater tissue penetration observed for PEG1-rhEGF vs. rhEGF 

is consistent with our model predictions. 
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Figure 2.4 | PEG modification increases the predicted penetration distance of rhEGF, 

assuming constant source of protein. (a) Predicted penetration distances for PEG1-rhEGF 

(dashed line) and rhEGF (solid line) in uninjured tissue, ipsilateral to stroke, and contralateral to 

stroke calculated using Eq. 6 (Methods). (b) PEG modification increases in vivo penetration 

distance of rhEGF following bolus injection. 0 h post injection, both rhEGF and PEG1-rhEGF 

show maximum concentration at the site of injection (depth of 0.5 – 1 mm below the cortical 

surface). 4 h post injection, rhEGF shows peak concentration at 1.5 mm ventral to cortical 

surface while PEG1-rhEGF concentration peaks at 2.0 mm. At 24 h post injection, rhEGF peak 

concentration occurs at similar depths as that at 4 h (P = 0.594), while PEG1-EGF shows 

significantly further penetration compared to EGF. Values are reported as mean ± s.d. (n = 4). 

 

 

2.5 Discussion 

 

Stroke-injured brains differ from uninjured brains in cell and molecular composition as well as 

tissue organization 95,271-273. For both rhEGF and PEG1-rhEGF, we found D* ipsilateral to stroke 

to be higher than that in uninjured brain. This suggests that the tissue surrounding the stroke 
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site loses integrity following injury and the diffusing proteins encounter less tortuous resistance. 

Since the total cell counts in brain tissue pre- and post-stroke injury are similar, the difference in 

tortuosity may be due to changes in the brain ECM. 

 

Both the intrinsic and apparent diffusivities of rhEGF in uninjured brain measured herein are 

consistent with values previously reported in the literature 142. PEG modification of rhEGF leads 

to an increase in protein hydrodynamic radius, which results in decreased diffusivity 166: the RH 

of rhEGF increases approximately by a factor of 1.5 with the addition of one 5 kDa PEG chain, 

by  an additional  factor of 1.2 with the second 5 kDa PEG chain, and by smaller increments 

with subsequent PEG additions 265,274.  

 

While some reports have suggested that PEG modification is detrimental towards 

protein/receptor interactions, the specific influence of PEG modification is protein specific and 

concentration dependent 269. Lee et. al. showed that at concentrations above 1 nM, there was 

no significant difference in  the binding affinity of EGFR to rhEGF and PEG1-rhEGF 171. We also 

found with an in vitro bioactivity assay that there is no difference in the metabolic response of 

NPCs to rhEGF orPEG1-rhEGF at concentration of approximately 3 nM. Since rhEGF signaling 

relies on the binding between rhEGF and the extracellular domain of EGFR, this suggests that 

although PEG modification may retard the binding rate, the rhEGF/EGFR binding affinity is not 

significantly decreased. Moreover, the reduced rate of protein binding may be compensated 

through longer tissue residence time afforded by modification with PEG 269.  

 

It is known that PEG masks protein surfaces against phagocytosis and enzymatic degradation, 

and may reduce protein interactions with cells and other ECM components in the diffusion path 

265,275. To the best of our knowledge, ke for rhEGF in the brain has not been reported. Using a 

pure population of PEG-modified proteins and IOI, we quantitatively show for the first time that 
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PEG modification leads to reduced rates of protein removal and increased protein penetration 

distances. In the context of IOI, protein elimination refers to the removal of protein from the 

diffusion pathway. Therefore ke represents the rate of rhEGF/EGFR complex formation, non-

specific rhEGF binding to the ECM, as well as endocytosis. Enzymatic degradation is not 

considered here because the time scale required exceeds that of IOI. The rhEGF/EGFR binding 

involves complex enzyme kinetics and the reported complex formation rates vary from 5 x 10-2 

s-1 to 3 x 10-4 s-1 276. The rate of internalization following complex formation has also been 

investigated in a number of tissue types 277-281 and shown to vary between 5 x 10-4 s-1 and 6 x 

10-3 s-1. Therefore our value of ke, rhEGF (5.2 x 10-3 s-1) in uninjured brain fall within these ranges 

and is a reasonable estimate.  

 

Using IOI we found that binding of both rhEGF and PEG1-rhEGF occurs most rapidly ipsilateral 

to stroke, with significantly slower elimination in uninjured tissue. This is likely because EGFR is 

upregulated after injury 259,282. Interestingly, while the rate of elimination contralateral to stroke is 

lower than that ipsilateral to stroke, it is higher than elimination in uninjured brain tissue. This 

was unexpected since the contralateral side is often used as a control in studying disorders of 

the brain. Buga et. al., however, found changes in gene expression profiles contralateral to 

stroke  relative to uninjured tissues in aged animals 271. This suggests that the contralateral 

hemisphere in stroke animals is also affected by stroke and not identical to uninjured brain 

tissue. Real time RT-PCR demonstrated that EGFR over-expression was observed ipsilateral, 

but not contralateral, to the injury. Thus while rhEGF/EGFR complex formation contributes to 

the change in ke, it is not the sole determinant. Global changes in growth factor expression 

following stroke, for example, may facilitate other mechanisms that contribute to the increase in 

contralateral ke, including changes in the ECM that lead to higher levels of non-specific protein 

adhesion to ECM components, as well as protein uptake by inflammatory cells. 
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The values of ke reported here show that PEG modification can overcome the rapid elimination 

of protein drugs in diseased brains. Our results demonstrate the need to study protein transport 

in injured or diseased brain tissue (relative to control uninjured brains) because the rate of 

elimination impacts penetration distance and changes with tissue type.   Rapid removal leads to 

shallow penetration distances and impacts the efficacy of drug delivery strategies. 

 

The penetration distances calculated from IOI were confirmed in vivo. Between 4 and 24 h after 

a bolus injection of protein solutions, the PEG1-rhEGF showed a 1.0 mm increase in penetration 

distance while the rhEGF itself demonstrated only a small change in tissue penetration distance. 

This suggests that more rhEGF was removed from the diffusing population compared to PEG1-

rhEGF. Our results are consistent with previous data showing increased penetration distance 

due to PEG modification. For example, Soderquist et al. illustrated that PEG-modification of 

brain derived neurotrophic factor (BDNF) enhanced its in vivo half-life and tissue penetration 283. 

Stroh et. al. showed qualitatively that native BDNF undergoes negligible diffusion in the brain 

while a mixed population of PEG-BDNF, with various degrees of PEG modification, 

demonstrated significantly increased penetration 257. Belcheva et al. demonstrated similar 

results where PEG-conjugated nerve growth factor improved its pharmacokinetic performance 

in the brain 284. Similarly, Kang et. al. found that conjugation of 5 kDa PEG to basic fibroblast 

growth factor (bFGF) increases its penetration distance in the spinal cord tissue 285. In a related 

study, using dextran instead of PEG, Krewson et al. demonstrated that conjugation of a polymer 

to nerve growth factor increased tissue penetration 286. Our finding demonstrates that PEG 

modification may enable the development of a less invasive strategy for delivering proteins to 

sites deep in the brain. PEG modification of growth factors provides a promising strategy for 

achieving minimally invasive and targeted protein therapy. 
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2.6 Conclusion 

 

Current drug delivery strategies suffer from either an inability to obtain delivery profiles for 

optimum therapeutic efficacy or do not afford the level of minimal-invasiveness required in 

clinical applications. Quantification of the elimination constant demonstrated that PEG 

modification of rhEGF results in greater penetration in brain cortex. The calculated penetration 

distance was confirmed in vivo as PEG-modified rhEGF diffused deeper than the native form. 

While the actual penetration distance following release from a scaffold will be lower than that 

predicted by the constant source model due to protein depletion at the source, our findings 

suggest that the use of a controlled release, minimally-invasive drug delivery system of PEG-

rhEGF holds promise for strategies to repair the injured brain, including the stimulation of 

endogenous neural precursor cells. 
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3 Controlled epi-cortical delivery of epidermal growth factor for the stimulation of 

endogenous neural stem cell proliferation in stroke-injured brain* 

*This chapter was published in Biomaterials. 

Wang, Y.2 ; Cooke, M.J. 3 ; Morshead, C.M.; Shoichet, M.S. 2011. "Controlled epi-cortical 

delivery of epidermal growth factor for the stimulation of endogenous neural stem cell 

proliferation in stroke-injured brain" Biomaterials, 32: 5688-97. 

 

3.1 Abstract 

 

One of the challenges in treating central nervous system (CNS) disorders is minimizing the 

invasiveness associated with drug delivery. Stroke is the third leading cause of death in the 

industrialized world and currently has no effective treatment. Stimulation of endogenous neural 

stem/progenitor cells (NSPCs) by growth-factor treatment is a promising strategy for tissue 

regeneration. Epidermal growth factor (EGF) enhances proliferation of endogenous NSPCs in 

the subventricular zone (SVZ) when delivered directly to the ventricles of the brain; however, 

this strategy is highly invasive.  To take advantage of endogenous stem cell stimulation for 

tissue repair, we designed a novel method to deliver molecules directly to the brain without 

tissue damage, thereby obviating the need to cross the blood-brain barrier. EGF or 

poly(ethylene glycol)-modified EGF (PEG-EGF) was dispersed in a hydrogel blend of 

hyaluronan and methylcellulose (HAMC) and placed epi-cortically on both uninjured and stroke-

injured mouse brains.  Moreover, PEG-modification decreased the rate of EGF degradation by 

proteases, leading to a significant increase in protein accumulation at greater tissue depths than 

previously shown, corresponding to that of the SVZ. EGF and PEG-EGF increased NSPC 

proliferation in uninjured and stroke-injured brains; and in stroke injured brains, PEG 

                                                           
2
 Contribution by Y. Wang: designed and conducted all in vitro and in vivo experimental work; collected, 

analyzed, and interpreted data from experiments; prepared the manuscript.  
3
 Cooke and Wang are joint first authors on this manuscript 
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modification significantly increased NSPC stimulation.  Our epi-cortical delivery system is a 

minimally-invasive method for local delivery to the brain, overcoming brain tissue damage that 

results from cannula insertion into the ventricle and providing a new paradigm for local delivery 

to the brain. 

 

3.2 Introduction 

 

Effective treatment of disorders in the central nervous system (CNS), including the brain and the 

spinal cord, remain highly challenging today. This is partly due to the difficulties associated with 

delivering drugs to the CNS in a controlled and minimally invasive manner. Localized delivery is 

currently achieved in clinical studies using an osmotic minipump system 287, but prolonged use 

of this system significantly increases the invasiveness of surgeries as well as the risks of 

infection 288-290.  Alternative strategies, such as systemic delivery, are limited by the blood-brain 

barrier (BBB), which prevents most systemically administered drugs from penetrating into the 

brain 131,291. Those molecules that can cross the BBB are required in such high doses to achieve 

therapeutic levels in the brain that undesired systemic side effects result. There is demand for a 

delivery strategy that enables localized, sustained release to the brain without tissue damage.  

 

Stroke is currently the third leading cause of death in the industrialized world, leading to 15 

million injuries and 5 million deaths each year 105. It is caused by the occlusion or rupture of 

cerebral arteries. While there is currently no effective treatment for stroke, tissue regeneration 

by endogenous stem cell stimulation holds promise 22,292. This neuroregenerative approach may 

be facilitated by delivering growth factors to stimulate proliferation of endogenous stem cells in 

the brain. The neural stem cell niche in the subventricular zone (SVZ) is located along the walls 

of the lateral ventricles of the brain 101,293,294. Following stroke, neural stem/progenitor cells 

(NSPCs) in the SVZ are stimulated to proliferate, but at insufficient levels to regenerate 
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damaged tissue 295,296.  Therapeutic factors infused into the ventricles of the brain promote 

endogenous stem cell activation, as has been shown with numerous factors, including: 

epidermal growth factor (EGF) 22,297, erythropoietin (EPO) 22, nerve growth factor (NGF) 298, 

cyclosporine A 292, colony stimulating factor (CSF) 299, and basic fibroblast growth factor (bFGF) 

298. 

 

Recombinant EGF administered intracerebroventricularly via an osmotic minipump system 

enhances the proliferation of endogenous NSPCs in the SVZ 22.  The resulting functional 

recovery in a rodent stroke model is highly promising 22, but prolonged use of the osmotic 

minipump system is damaging towards brain tissue.     

 

With the aim of designing a minimally-invasive system for sustained drug release to the brain, 

we developed a polymeric drug delivery vehicle comprised of a physical blend of hyaluronan 

(HA) and methylcellulose (MC), termed HAMC 220. It is an injectable shear thinning hydrogel that 

is inversely thermal gelling, with MC forming hydrophobic physical crosslinks at reduced 

temperature due to the presence of HA, while retaining its ability to flow due to the shear 

thinning property of HA.  HAMC gels upon injection into physiological environments, thus 

minimizing the need for invasive surgeries. HAMC has previously been shown to deliver 

proteins directly to the injured spinal cord 300. In this report we examined the use of HAMC as a 

minimally invasive drug delivery vehicle to the brain and evaluated whether remote delivery of 

EGF would stimulate the endogenous stem cells in the SVZ. 

To achieve local delivery to the brain, without injection directly into brain tissue, EGF in HAMC 

was deposited directly on the cortical surface within a drug delivery casing, which spatially 

confined HAMC and EGF to the target site (Fig. 3.1).  While this is less invasive than direct 

injection into the ventricles of the brain, it was not known whether this remote mode of delivery 
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would allow proteins to diffuse through the cortical tissue to reach the SVZ. Diffusion of proteins 

in the brain tissue is primarily dependent on intrinsic diffusivity of the protein, tissue tortuosity, 

and protein elimination from the diffusion path. A combination of these factors limits protein 

diffusion distance in the brain to 1 – 2 mm 260, while the SVZ resides approximately 2.5 – 3 mm 

below the cortical surface 301. This penetration distance is inadequate for reaching the SVZ, thus 

severely impeding the development of an epi-cortical delivery system. N-terminus modification 

of EGF with a 5 kDa poly(ethylene glycol) (PEG) molecule increases the in vivo diffusion 

distance following bolus injection 302.  

 

 

Figure 3.1 | Schematic for localized and sustained delivery of drugs to the brain. (a) 

Sagittal view of stroke-injured mouse brain with (b) drug delivery system. (c) Coronal view of 

stroke-injured mouse brain with (d) drug delivery system. (e) Drug delivery system in expanded 

view.  

Here we investigated the penetration distance of EGF and mono-PEG-modified EGF (PEG-EGF) 

in uninjured and stroke-injured mouse brains following epi-cortical delivery from HAMC. 

Compared to EGF, we observed significantly greater amounts of PEG-EGF after 2 days at a 

depth of 3000 µm (or 3 mm) from the cortex surface. To gain insight into the mechanism 

accounting for differences in tissue penetration, brain extracts were examined for proteolytic 

a      b 
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degradation; we found that PEG modification significantly reduced EGF degradation. In both 

uninjured and stroke-injured brains, epi-cortical delivery of EGF and PEG-EGF resulted in 

enhanced cell proliferation, while in stroke-injured brains PEG-EGF significantly increased 

proliferation. These results demonstrate that HAMC can serve as a drug delivery vehicle for epi-

cortical delivery to the brain, and that PEG-modification enhances the delivery of remotely 

delivered proteins, allowing deep penetration into the tissue. 

 

3.3 Materials and Methods 

3.3.1 Materials 

 

1.4-1.8 x 106 g/mol sodium hyaluronan (HA) was purchased from NovaMatrix (Sandvika, 

Norway). 3.4 x 105 g/mol methylcellulose (MC) was obtained from Shin Etsu (Chiyoda-ku, Tokyo, 

Japan). Recombinant human epidermal growth factor (EGF) and the EGF ELISA detection kit 

were purchased from PeproTech Inc. (Rocky Hill, NJ, USA). Methoxy-poly(ethylene glycol, 5 

kDa) activated with propionaldehyde (mPEG-PPA) was purchased from NOF Corp. (Tokyo, 

Japan). Mouse anti-human Ki-67 and mouse anti-rat nestin were purchased from BD 

biosciences (Mississauga, ON, Canada), mouse anti-rat GFAP was obtained from Millipore Inc. 

(Billerica, MA, USA), rabbit anti-mouse Ki-67 and rabbit anti-mouse double-cortin were obtained 

from Abcam (Cambridge, MA, USA), and Vectashield with DAPI stain was purchased from 

Vectorlabs (Burlington, ON, Canada). Alexa 488 and Alexa 564 goat-anti-rabbit IgG, and Alexa 

488 and Alexa 568 goat-anti-mouse IgG were obtained from Invitrogen Inc. (Burlington, ON, 

Canada). Sodium cyanoborohydride (NaCNBH3), NaCl, MgCl2, CaCl2, BaCl2, Na2HPO3, 

NaH2PO3 TES, MES, ethylenediammine tetraacetic acid (EDTA), ethylene glycol-bis(2-

aminoethyl)-N,N,N’, N’-tetraacetic acid (EGTA), phenylmethanesulfonyl fluoride (PMSF), 

dithioreitol, sodium acetate buffer salts, and protease inhibitor panel were supplied by Sigma 

Aldrich (Oakville, ON, Canada). Artificial cerebrospinal fluid (aCSF 303) and all buffers were 
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prepared with distilled and deionized water prepared from a Millipore Milli-RO 10 Plus and Milli-

Q UF Plus at 18 MΩ ·m resistivity (Millipore, Bedford, USA). MicroBCA protein assay kit was 

obtained from Thermo Fisher Scientific (Rockford IL, USA) and used as per the manufactures 

instructions.  

 

 

3.3.2 Preparation of sterile HAMC 

 

HA and MC were dissolved in dH2O, sterile-filtered and lyophilized under sterile conditions. The 

resulting sterile polymers were kept at 4 oC until use.  HAMC was produced with 1 w/v% HA and 

2 w/v% MC dissolved in sterile aCSF, mixed using a (SpeedMixer DAC 150 FVZ, Siemens) and 

centrifuged to remove air bubbles. Subsequently, 10 µl of 1.6 mM solutions of EGF or PEG-EGF 

was added to 900 µL HAMC, mixed and centrifuged to eliminate air bubbles. 

 

3.3.3 In vitro release of EGF and PEG-EGF from HAMC 

 

To estimate the time required for EGF and PEG-EGF to diffuse from the HAMC implant in vivo, 

we studied their release from HAMC in vitro. 100 µl of HAMC containing 0.16 mM of either EGF 

or PEG-EGF was injected into the bottom of a 2 ml Eppendorf tube and allowed to gel for 20 

min at 37 oC. 900 µl of aCSF was incubated to 37 oC and slowly added to the gel. The 

supernatant was removed at each time point and replaced with fresh aCSF. The amount of 

protein released was analysed at t = 0, 15, 30 min, 1, 2, 3, 4, 5, 6, 8, 12, 24 h. The cumulative 

amount released at each time point was plotted against time.  
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3.3.4 Mouse surgeries 

 

All experiments were carried out in accordance with the Guide to the Care and Use of 

Experimental Animals developed by the Canadian Council on Animal Care and approved by the 

Animal Care Committee at the University of Toronto.  All animals used in this study were 9 – 11 

week old C57BL/6 mice (Charles River, QC, Canada). A total of 75 animals were used in these 

studies.  

 

Stroke surgeries were carried out as described by Tennant et. al. 256.  Mice were anesthetised 

with isoflurane, shaved and placed into a Kopf stereotaxic instrument.  A midline insertion in the 

scalp was made.  A small burr hole was made in the skull at the coordinates 2.25 lateral to the 

midline and 0.6 anterior to the Bregema.  Using a 26G needle, the vasoconstrictor endothelin-1 

(400 pM, Calbiochem, Gibbstown, NJ, USA.) was injected 1.0 ventral to the surface of the brain 

at a rate of 0.1 µl/min with a total volume of 1.0 µl.  The needle was left in place for 10 min prior 

to removal.  The incision was sutured, antibiotic ointment applied and the animal left to recover 

under a heat lamp.      

 

3.3.5 Preparation of delivery device for HAMC implantation 

 

HAMC was contained on the cortex of the brain in a custom-made device. The device consists 

of two polycarbonate disks (0.5 mm height x 5.9 mm outside diameter). The central opening of 

one spacer was enlarged to 2 mm in diameter. The second spacer was unmodified. Both 

spacers were slightly heated and moulded into a concave shape to match the curvature of the 

skull (Fig. 3.1). The spacers were sterilized with ethylene oxide prior to use.  
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3.3.6 Drug delivery device implantation surgeries 

 

Uninjured mice were anesthetised with isoflurane, shaved and placed into a Kopf stereotaxic 

instrument. A midline insertion in the scalp was made.  A small burr hole was made in the skull 

at the coordinates 2.25 lateral to the midline and 0.6 anterior to Bregema. The exposed dura 

was pierced using a 26G needle.  A spacer with 2 mm opening was fixed over the burr hole with 

bone glue. 3 µl of either HAMC alone or HAMC with growth factor was placed into the central 

opening in direct contact with the brain cortical surface. A second spacer without an opening 

was placed above the first spacer and fixed with bone glue. The skin was sutured over the 

spacer system.  

For mice with stroke surgeries, the drug delivery implant was inserted at day 4 post stroke. The 

sutures were removed to expose the burr hole and any tissue debris was removed using a 26G 

needle. HAMC or HAMC with growth factor was implanted as above. The animal was re-sutured 

after implantation.  

 

3.3.7 Analysis of in vivo protein penetration 

 

Animals were sacrificed at 2 h, 6 h, 1 day, and 2 days post implantation. The spacers containing 

HAMC were removed from the skull and placed into a 2 ml Eppendorf tube and 0.5 ml of ELISA 

diluents solution (0.1% Tween 20 in dH2O) was added. The tube was kept on a rotary shaker at 

4oC overnight to extract any growth factors remaining in the gel.  

 

Brains were extracted and snap frozen using CO2(s) cooled isopropane and stored at -80 oC. 

Three 1 mm coronal slices were prepared, at the injection site and rostral and caudal to the 

injection site. Coronal slices were prepared using McIlwain tissue chopper (790744-11, Mickle 

laboratory engineering company, Surrey, UK). Dorsal-ventral sections (0.5 mm) were then 
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obtained from each coronal slice using Leica CM3050S cryostat system operating at -18 oC. 

Each 0.5 mm section was transferred into 2 ml polystyrene microtubes (Sarstedt 72.694.006, 

Montreal, Quebec, Canada) and 200 µl homogenizing buffer (20 mM HEPES, 10 mM KCl, 1.5 

mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM dithioreitol, 1 mM PMSF) was added to each tube. 

Tissue sections were homogenized with 1.0 mm diameter zirconia beads. To remove tissue 

fragments, homogenized tissue was centrifuged at 15,000 RPM for 15 min at 4 oC and the 

homogenate was transferred into 1.75 ml Eppendorf tubes. 200 µl ELISA diluent solution was 

used to dilute homogenate to a total volume of 400 µl.  

 

The amount of protein remaining in the gel and in the brain homogenate at each time point were 

analysed by EGF ELISA (PeproTech) as per the manufacturer’s instructions. The amount of 

protein remaining in the gel at each time point was used to calculate the amount of protein 

released by difference. We assume that no protein is lost from HAMC during the period of 

release. To confirm the effect of denaturation on protein detectability by ELISA, known 

concentrations of EGF and PEG-EGF were boiled for 60 min in the presence of 2 mM β-

mercaptoethanol. Detectability of thus treated proteins were compared to non-denatured 

proteins by ELISA. ELISA is a reliable method for detecting stable protein in tissue since 

proteins degraded or denatured are not detectable (Fig. S3.1). The concentrations in the 

homogenate were used to generate tissue penetration profiles for EGF and PEG-EGF as well 

as the protein mass balance at each time point.  

 

3.3.8 Stability of EGF and PEG-EGF in proteases of the brain extracellular space 

 

The stability of EGF and PEG-EGF were investigated in solutions of proteases extracted from 

the brain extracellular space (ECS). Extracellular enzymes were extracted as described 

previously by Shashoua et al. 304. An extraction buffer of 0.32 M sucrose and 1 mM calcium 
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acetate in dH2O was first prepared. Uninjured and stroke-injured C57/BL6 mice were perfused 

with the extraction buffer. The brains were harvested and incubated on a rotary shaker (Orbitron 

Rotator 1, Model # 260200, Boekel Scientific, Feasterville, PA, USA) in 25 ml of the extraction 

buffer for 2 h at 0 oC. The extract was concentrated using tubular protein concentrators (Ultracel 

3 kDa MWCO UFC 900324, Millipore, Billerica, MA, USA) until the final volume was 

approximately 3 ml. The concentrate was then centrifuged at 16249 g for 90 min and the 

supernatant was dialysed in 3500 kDa MWCO dialysis cassettes (Slide-A-Lyzer 66330, Thermo 

Scientific, Rockford, IL, USA) against 150 mM PBS for 24 h. The total protein concentrations in 

both samples were estimated using a UV spectrophotometer (UV-vis ND-100, Nanodrop, 

Wilminton, DE, USA), and the solutions were diluted in PBS such that the total protein 

concentrations in all samples were equal. 

 

The stability of EGF and PEG-EGF were determined in brain ECS samples over 48 h at 37 oC. 

100 µl of the incubating media was added to 1.5 ml Eppendorf tubes and stored at 4 oC. At each 

time point, 5 µl of 10 µg/ml EGF or PEG-EGF solution was added to each extract and incubated 

at 37 oC. The time points examined were 0, 0.5, 1, 2, 3, 6, 8, 24 and 48 h. Immediately after the 

0 h samples were taken, the stability of proteins in all samples were determined using EGF 

ELISA as per the manufacturer’s instructions (PeproTech). The protein stability was compared 

to a sample in PBS incubated at 37 °C for the same period of time.  

 

To verify that the mechanism of protein degradation is enzymatic proteolysis, a panel of 

protease inhibitor solutions was added to the ECS and homogenate solutions to inactivate the 

proteolytic enzymes present. The protease inhibitor panel was prepared with the following 

solution in dH2O: 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), 1 

mg/ml 6-aminohexanoic acid, 100 µM antipain, 800 mM aprotinin, 4 mM benzamidine HCl, 40 

µM bestatin, 100 µM chymostatin, 10 µM E-64, 1 mM N-ethylmaleimide, 100 µM leupeptin, 1 
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µg/ml pepstatin, 10 µM phosphoramidon, and 10 mM trypsin inhibitor (INHIB1, Sigma-Aldrich). 

The protein stability assay was carried out as above and the ELISA detectable protein 

concentration was determined. 

 

3.3.9 Effects of EGF and PEG-EGF released from HAMC on endogenous SVZ cell 

proliferation 

 

Both uninjured and stroke-injured mice subjected to implantation surgeries of EGF or PEG-EGF 

were sacrificed 2 d following implantation and perfused with 10 ml saline followed by 10 ml 4% 

PFA. The brains were harvested and post-fixed in 4% PFA for 24 h at 4 oC, and subsequently 

cryoprotected with 20% sucrose solution for 24 h. 

 

Brains were cryosectioned at 10 µm and all tissue sections from Bregema 1.94 to Bregema -

2.92 were collected. Sections were stained with the following antibodies:  rabbit anti-mouse Ki67 

(1:200); mouse anti-human Ki56 (1:200); mouse anti-rat GFAP (1:200); mouse anti-rat nestin 

(1:200); rabbit anti-mouse DCX (1:200).  With the following secondary antibodies: Alexa 568 

goat IgG (1:200); Alexa 488 goat-anti-rabbit IgG (1:200); Alexa 564 goat-anti-rabbit IgG (1:200); 

Alexa 488 goat-anti-mouse IgG (1:200); Alexa 568 goat-anti-mouse IgG (1:200).   

 

To determine the effect of EGF and PEG-EGF released from HAMC on endogenous SVZ cell 

proliferation, every 5th tissue section was stained and all Ki-67+/DAPI+ cells along the lateral 

walls of the ipsilateral and contralateral ventricles were counted. Additionally, ten random 

sections were selected from each uninjured and stroke-injured, PEG-EGF treated animals, and 

co-stained with Ki67 nestin or DCX. Double-positive cells along the SVZ were quantified as a 

percent of total Ki67+ cells. 
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3.3.10 Statistics 

 

Data are presented as mean ± standard deviation. Comparisons between multiple groups were 

conducted using one-way ANOVA with Bonferonni correction. Significance levels were indicated 

by p <  0.05 (*), 0.01 (**), and 0.001 (***). 

 

 

3.4 Results 

3.4.1 In vitro release of EGF from HAMC 

 

The release of EGF and PEG-EGF from HAMC was first studied in vitro. We followed the 

release profile over 24 h (Fig. S3.2a). Approximately 80% of protein in HAMC was released 

within the first 8 h, and approximately 100% was released by 24 h. The release was diffusion 

controlled between 30 min and 8 h, as the fractional protein release was proportional to t0.5 (Fig. 

S3.2b) 305. Between 0 and 30 min, the release did not follow diffusion-controlled profile due to 

swelling of HAMC, which reached equilibrium after 30 min of incubation in buffer. Diffusional 

release of PEG-EGF from HAMC is not slower than EGF, despite the hydrodynamic radius of 

PEG-EGF being larger than that of EGF 264,306. 

 

3.4.2 In vivo elimination of EGF and PEG-EGF in uninjured and stroke-injured animals 

 

HAMC containing either EGF or PEG-EGF was implanted on top of both uninjured brains and 

stroke-injured mouse brains 4 days post stroke. In vitro EGF release data suggest that the 

majority of epi-cortically delivered EGF and PEG-EGF from HAMC are released within 2 days. 

We therefore extracted the EGF or PEG-EGF remaining in HAMC at 2 h, 6 h, 1 d, and 2 d post 

implantation and assessed the amount present using ELISA. As predicted, the amount of 

protein remaining in HAMC decreased at each subsequent time point in all cases examined (Fig. 
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3.2a, b). No significant differences are found between EGF and PEG-EGF groups, as well as 

injured and uninjured groups. 

 

Similarly, to determine the elimination rate of delivered proteins, we measured detectable 

protein levels in brain tissues at 2 h, 6 h, 1 d, and 2 d. Proteins detected were normalized to the 

expected amount released at each time, as determined from the mass of protein detected in 

HAMC. PEG-EGF is eliminated at significantly slower rates than EGF from both uninjured (Fig. 

3.2c) and stroke-injured brains (Fig. 3.2d). In uninjured brains, at 2 h post implant, 90% of the 

EGF and PEG-EGF released from HAMC is detected via ELISA. At 6 h, 1 d, and 2 d post 

implant, significantly more PEG-EGF is detectable in tissue compared to EGF (p < 0.05). Indeed, 

at 2 d post implant, only 10% of EGF is detected whereas 60% of PEG-EGF is found. Similarly, 

in stroke-injured brains, significantly more PEG-EGF is detected in tissue compared to EGF at 

all times examined. Even at 2 d post implant, the quantity of PEG-EGF significantly exceeded 

that of EGF though only low levels of both EGF and PEG-EGF are detected (p < 0.05). 
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Figure 3.2 | PEG-modified EGF has slower rates of elimination compared to native EGF in 

vivo. The amount of () EGF and () PEG-EGF detected after 2 h, 6 h, 1 d and 2 d was 

quantified. (a) Quantification of the amount of protein remaining in HAMC normalized to starting 

mass in uninjured and (b) stroke-injured brains. (c) The amount of protein was first quantified in 

the brain tissue by ELISA, and this amount was then divided by the total amount of protein 

released from HAMC to determine mass percents in uninjured and (d) stroke-injured brains (p < 

0.05, n=3, mean ± SD reported). 
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3.4.3 In vivo penetration profiles of EGF and PEG-EGF in uninjured and stroke-injured 

animals 

 

Protein penetration in brain tissue is severely limited by rapid elimination 141. Based on previous 

studies 302, it was hypothesized that PEG-modification of EGF would reduce rates of elimination, 

thereby allowing the protein to diffuse further. To this end we investigated the tissue penetration 

profiles of EGF and PEG-EGF at 2 h, 6 h, 1 d, and 2 d following release from HAMC in both 

uninjured and stroke-injured mice. Six 500 µm sequential tissue sections were prepared ventral 

to the cortical surface and the delivered proteins were extracted for analysis by ELISA.  

 

In the uninjured brain, at 2 h post implantation, the majority of protein was found between 0 – 

500 µm below the cortical surface for both EGF and PEG-EGF (Fig. 3.3a). At 6 h post 

implantation (Fig. 3.3b), the majority of EGF is found at depths between 0 – 1500 µm with trace 

amounts observed at 1500 – 2500 µm. Significantly higher concentrations of PEG-EGF are 

found at 1500 – 2500 µm compared to EGF at 6 h post implant (p < 0.05), while at 1 d post 

implantation (Fig. 3.3c), the concentrations of PEG-EGF observed between 2500 – 3000 µm 

significantly exceed that of EGF (p < 0.05). At 2 d post implantation (Fig. 3.3d), the amounts of 

PEG-EGF found in all tissue sections exceed that of EGF (p < 0.05), and there is at least a two-

fold increase of protein accumulation due to PEG-modification. This suggests that EGF is 

cleared faster than PEG-EGF, and demonstrates that PEG-EGF is able to penetrate deeper into 

uninjured brain tissue than unmodified EGF. 
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Figure 3.3 | PEG-modification of EGF allows for deeper tissue penetration in uninjured 

brains after delivery from implanted HAMC. Following implantation in uninjured mouse brains, 

the diffusion profiles of () EGF and () PEG-EGF at different depths is assessed. (a) At 2 hr 

post implantation protein concentration is similar. (b) At 6 hr post implantation, while significantly 

more PEG-EGF is found between 1500 and 2000 µm, the profiles remain similar in all other 

tissue sections. (c) 1 day post implantation, significantly higher concentrations of PEG-EGF are 

found 2500 – 3000 µm below the cortical surface. (d) 2 days post implantation, more PEG-EGF 

is found at all depths examined (p < 0.05, n=3, mean ± SD reported).  

 

In stroke-injured brains, a similar trend is observed. At early times (Fig. 3.4a, b), the penetration 

profile of PEG-EGF resembles that of EGF. At 1 d post implant (Fig. 3.4c), PEG-EGF is 

observed throughout the 3000 µm of tissue analyzed while the amounts of EGF found deeper 

than 1000 - 1500 µm are negligible. PEG-modification leads to greater than seven-fold increase 

in protein accumulation. At 2 d post implantation (Fig. 3.4d), while there is minimal EGF and 
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PEG-EGF found in the deeper tissue slices, the protein accumulation achieved by PEG-

modification is ten-fold greater between 500 – 2000 µm, and more than twenty-fold greater 

between 2000 – 3000 µm. This finding is promising for delivery to the stem cell niche in the SVZ, 

which is approximately 2000 – 3000 µm ventral to the cortical surface.  While unmodified EGF 

may not be able to reach the SVZ in efficacious doses, PEG-EGF will likely reach the SVZ at 

sufficiently high doses, thereby stimulating NSPC proliferation in vivo. 

 

Figure 3.4 | PEG-modification of EGF allows for deeper tissue penetration in stroke-

injured brains after delivery from implanted HAMC. Following implantation in stroke-injured 

mouse brains, the diffusion profiles of () EGF and () PEG-EGF at different depths is 

assessed. (A) At 2 h and (B) 6 h post-implantation diffusion profiles appear similar. (C) 1 day 

post implantation, significantly more PEG-EGF is found between 1000 and 3000 µm. (D) 2 days 

post implantation, higher levels of PEG-EGF are found at all depths examined  (p < 0.05, n=3, 

mean ± SD reported). 
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3.4.4 In vitro proteolytic stability of EGF and PEG-EGF in brain extracellular space (ECS) 

and intracellular enzyme solutions 

 

According to the tissue mass balance of delivered EGF and PEG-EGF, it is clear that PEG-EGF 

is eliminated more slowly than EGF. One of the major mechanisms of protein elimination in the 

brain is enzymatic degradation 307. To gain insight into this possible mechanism of degradation, 

we studied the stability of EGF and PEG-EGF in proteases extracted from the extracellular 

space of the brain in vitro. In protein extracts from uninjured brains, PEG-EGF exhibits 

significantly higher stability than EGF (Fig. 3.5a). The half-life (t1/2) of PEG-EGF is 3.52 h while 

that of EGF is 0.74 h (Fig. 3.5b). In extracts from stroke-injured brains, a similar trend is 

observed in the extracellular protein extracts (Fig. 3.5c), and the t1/2 of PEG-EGF and EGF are 

3.85 and 1.69 h, respectively. The difference in half-life for EGF vs. PEG-EGF in stroke-injured 

brain is not as great as that in uninjured brain, likely due to high levels of protein over-

expression after the stroke injury 308,309. To confirm that the observed effect on protein stability is 

due to proteolytic degradation, we examined EGF and PEG-EGF stability in both PBS and 

protein extracts from stroke-injured brains treated with a panel of protease inhibitors (Fig. 3.5a, 

c). The stability of both EGF and PEG-EGF remained at initial levels over 8 h when incubated 

with protease inhibitors, suggesting that the degradation of EGF observed is predominately 

enzyme-mediated. 
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Figure 3.5 | PEG-EGF is more stable compared to native EGF in ECS proteins extracted 

from healthy and injured brains. (a) In the uninjured brain, () PEG-EGF is degraded more 

slowly than () EGF in proteins extracted from the extracellular space. The stability of () EGF 

and (Δ) PEG-EGF in PBS remained constant and similar to initial levels over time. The stability 

of () EGF and () PEG-EGF in protease inhibitor-treated ECS extract also remained constant. 

(b) The rates of degradation (ke) and the half-lives (t½) are quantified. (c) PEG-EGF degrades 

more slowly than EGF in proteins extracted from the extracellular space of stroke-injured brains 

(n= 3, mean + SD reported). 
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3.4.5 Effect of EGF and PEG-EGF delivered from HAMC on SVZ stem cell proliferation 

 

Immunohistochemical staining with Ki67 is used as measure of proliferation in the SVZ 310.  To 

ensure that the Ki67+ cells is an accurate measure of NSPC proliferation, sections from both 

stroke-injured mice and stroke-injured mice treated with PEG-EGF were co-stained with Ki67 

and the NSPC markers nestin and DCX 311.  There is no significant difference between stroke-

injured and the treatment group in the percentage of cells double staining for Ki67 and nestin 

(Fig. S3.3a) and DCX (Fig. S3.3b). Thus increased Ki67 immunostaining reflects increased 

proliferation of NSPCs. 

 

Following epi-cortical implantation of EGF and PEG-EGF, we examined the proliferation of SVZ 

NSPCs to determine whether the protein reaching the SVZ is bioactive. Both uninjured and 

stroke-injured mice were sacrificed 2 d post implantation.  Coronal brain sections from all 

treatment groups were stained with Ki67 and DAPI and co-stained cells along the lateral 

ventricles were quantified (representative images of SVZ from the stroke-injured group, Fig. 

3.6a – d, and the stroke-injured/PEG-EGF treated group, Fig. 3.6e – h, are shown).  The total 

number of Ki67+ proliferating cells in the SVZ was quantified ipsilateral and contralateral to the 

implant.  

 

In uninjured brains with and without blank HAMC implants, the total cell number is not 

significantly different between the ipsilateral and contralateral SVZ (Fig. 3.6i).  We did not 

observe an increase in NSPC proliferation resulting from HAMC alone. When treated with EGF 

and PEG-EGF delivered from HAMC, the number of proliferating NSPCs ipsilateral to the 

implant significantly exceeded that from the HAMC implant alone (p < 0.05). There was no 

difference observed contralateral to the implant between any of the test groups. The ipsilateral 

cell count exceeded the contralateral cell count following EGF/PEG-EGF treatment (p < 0.05). 
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This suggests that within 2 d post implant, EGF delivered from the hydrogel delivery system 

preferentially reached the ipsilateral SVZ and thus enhanced stem cell proliferation. We 

observed no significant difference in cell proliferation between EGF and PEG-EGF treatments 

ipsilateral to the implant. This indicates that in uninjured brains, the dose of EGF reaching the 

SVZ is able to enhance NSPC proliferation, and the effect of EGF and PEG-EGF arriving at the 

SVZ within 2 d post implant is equivalent in terms of their ability to promote NSPC proliferation. 

 

Stroke injuries increased the level of SVZ cell proliferation compared to uninjured controls, both 

ipsilateral and contralateral to the injury (Fig. 3.6j). Contralateral to the stroke injuries, sham 

implants of aCSF and HAMC did not lead to differences in the proliferating cell population of the 

SVZ. There were no statistical differences between the EGF and PEG-EGF treated animals 

compared to control animals in the contralateral tissue. Ipsilateral to the stroke injuries, sham 

implants of aCSF and HAMC did not affect the number of proliferating SVZ cells compared to 

stroke surgeries alone. The total number of proliferating cells in the ipsilateral SVZ was 

significantly enhanced by both EGF (p < 0.05) and PEG-EGF (p < 0.001).  PEG-EGF led to 

higher numbers of proliferating cells ipsilateral to the implant compared to EGF (p < 0.05). This 

demonstrates that PEG-EGF is bioactive in vivo. It also demonstrates that PEG-EGF is more 

effective than EGF in stimulating NSPC proliferation in stroke-injured brains, when delivered 

using the minimally-invasive HAMC epi-cortical delivery vehicle. The effect of PEG-EGF was 

only observed in the SVZ ipsilateral to the implant, suggesting that epi-cortical delivery is able to 

target the ipsilateral tissue, thereby confining the effect to the desired region.   
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Figure 3.6 | When delivered epi-cortically from HAMC, PEG-EGF stimulates higher levels of 

SVZ cell proliferation compared to EGF. Uninjured and stroke-injured mice are treated with EGF 

and PEG-EGF delivered epi-cortically from HAMC. (a – d) Representative images are shown for 

Ki67 staining of stroke-injured and (e – h) stroke-injured/PEG-EGF treated groups. Arrows 

indicate double-labeled cells in the SVZ. (i) Quantification of Ki67 positive cells in uninjured 

brains, both PEG-EGF and EGF increased SVZ cell proliferation, by 1.6 fold compared to 

control groups (p < 0.05), while no significant difference was observed contralateral to the 

implant. (j) In stroke-injured brains EGF enhanced cell proliferation in the SVZ, compared to 

control groups (p < 0.05). PEG-EGF showed greater effect in increasing proliferation relative to 

all control groups (p < 0.001), and EGF (p < 0.05). There were no significant differences among 

the groups contralateral to the implant. n=3, mean ± SD reported.  A, E Scale: 100 µm, B-D, F-H 

Scale: 50 µm.  
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We also confirmed that the factors delivered epi-cortically from HAMC are efficacious towards 

the various precursor cell populations in the SVZ. EGF is a known mitogen for precursor cells in 

the SVZ 102,311. We have determined that treatment with PEG-EGF leads to more pronounced 

SVZ cell proliferation compared to baseline conditions. Therefore sections from stroke-injured 

mice treated with and without PEG-EGF were double-stained with Ki67 and the NSPC marker 

nestin, the neuroblast marker DCX, or the astrocyte marker GFAP. We found the number of 

Ki67+ cells that were also positive for either nestin (Fig. 3.7a – c), DCX (Fig. 3.7d – f), or GFAP 

(Fig. 3.7g – i) to be significantly increased in stroke injured and PEG-EGF treated animals 

compared to the stroke-only animals. This confirms that the PEG-EGF reaching the SVZ elicits 

responses from the SVZ precursor cell populations. 

 

 

3.5 Discussion 

 

Treatment for stroke, along with other disorders of the brain, presents a challenge for the field of 

controlled drug delivery. Efficacious treatments not only require a sustained dose of 

therapeutically relevant drugs to reach the target site, but also mandate maintaining bioactivity 

and minimizing invasiveness. To achieve effective neuroregeneration after stroke injuries, a 

number of growth factors including EGF have been tested. Compared to systemic delivery, local 

drug delivery is preferred because the former may have side effects on other tissues. While the 

osmotic minipump/catheter system achieves local delivery to the brain, it is highly invasive. 

Therefore hydrogel reservoirs, such as HAMC, present a desirable alternative.  
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Figure 3.7 | Proliferating various precursor cell populations in the SVZ. Sections from 

stroke-injured and stroke-injured/PEG-EGF treated brains are stained with Ki67 and 

either nestin, double-cortin (DCX), or GFAP.  (a) stroke-injured and (b) stroke-injured/PEG-

EGF treated brains co-stained with GFAP and Ki67. (c) Quantification of cells double-stained 

with Ki67 and nestin. (d) stroke-injured and (e) stroke-injured/PEG-EGF treated brains co-

stained with nestin and Ki67. (f) Quantification of cells double-stained with Ki67 and nestin. (g) 

stroke-injured and (h) stroke-injured/PEG-EGF treated brains co-stained with DCX and Ki67. (i) 

Quantification of cells double-stained with Ki67 and DCX. Significant differences were found 

between stroke-injured and stroke-injured/PEG-EGF treated groups (p < 0.005, n=3, mean ± SD 

reported). Images were taken at 20x magnification. Insets show arrow-indicated regions at 60x 

magnification. Scale: 100 µm. 

 

Here we investigated the potential of using HAMC as a local drug delivery vehicle for treating 

stroke. By placing HAMC remotely from the target site, we avoid risks of trauma and infection 

involved with inserting cannula and needles into the brain tissue 312. In our system, HAMC is 

delivered epi-cortically, thus improving safety compared to systems where the reservoir is either 

* 
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directly inserted into the tissue 141,313 or a burr hole is drilled into the brain tissue to create a void 

for the reservoir 131.  

 

One important factor impeding the use of polymeric drug delivery systems in the brain is short 

protein penetration distance. Previous studies have shown protein diffusion to be restricted to 1 

– 2 mm in brain tissue 314, an inadequate distance for NSPC stimulation as the niche is deep 

within the brain. Our present study shows that by modifying EGF with PEG, we significantly 

increase the amount of protein accumulated 2 – 3 mm ventral to the cortical surface, 1 – 2 days 

after HAMC delivery. These distances exceed previously reported distances of protein diffusion 

in the uninjured brain and correspond to the expected depth of the SVZ 286,315. These features 

demonstrate that HAMC is a suitable candidate for localized sustained drug delivery to the brain. 

 

PEG-modification resulted in a 3-fold increase in EGF penetration distance in the uninjured 

brain and up to 27-fold increase in stroke-injured brain. The benefit of PEG-modification is 

amplified in the stroke-injured brain potentially due to EGFR upregulation post stroke 302. One 

drawback currently is that while 3 mm of penetration is allows therapeutics to reach the SVZ in 

animal models, it may not be adequate in human clinical studies. We propose that an increase 

in penetration distance can be further enhanced through the use of a constant protein source. 

We 316 and others 141,314 previously showed that proteins released from a constant source will 

increase diffusion in the brain by 2-fold compared to a single injection. We have also previously 

demonstrated that a number of proteins may be encapsulated in poly(lactide-co-glycolide) 

micro/nanospheres and may be incorporated into HAMC to achieve a range of delivery periods, 

between 7 and 30 days 316. This type of long-term sustained delivery device will provide the 

constant source required to further increase protein diffusion distance in the brain. Additionally, 

depositing the growth factors close to their sites of action reduces the volume of tissue exposed 
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to the treatment, which decreases the chance of tumor development associated with long-term 

growth factor delivery.  

 

Another benefit of our delivery system is the growth factor gradient that is established in the 

tissue. The penetration profiles of PEG-EGF in the brain tissue demonstrate that over the two 

days of diffusion-mediated release from HAMC, a concentration gradient forms between the 

brain/HAMC interface and the SVZ. This gradient may help NSPCs to migrate from the SVZ to 

the injury site 297,317, thus further aiding tissue regeneration. 

 

We studied the stability of EGF and PEG-EGF during diffusion by examining their rates of 

degradation in brain-extracted solutions. PEG modification of EGF improved EGF stability and 

corroborates previously reported results, where PEG improved the stability of various proteins in 

vitro 318. We found both EGF and PEG-EGF to be eliminated faster in stroke-injured brains 

compared to uninjured brains. This is likely due to inflammatory cell activation 307 and proteolytic 

enzyme over-expression 307. 

 

The observation that stroke injuries increase cell proliferation in the SVZ is consistent with 

previous findings 319. The effect of injury alone, however, does not adequately enhance 

proliferation and tissue regeneration 320.  While the total number of proliferating cells in uninjured 

brains is similar after EGF or PEG-EGF treatment, they are both significantly higher than 

untreated controls. The lack of differences observed between the treated groups may be due to 

a saturation effect 321, where the amounts of protein reaching the SVZ both exceed the 

saturation level of EGFR 142. 

 

 



107 
 

3.6 Conclusion 

 

Our results demonstrate the potential of HAMC as a drug delivery vehicle for local release to the 

brain and the use of PEG as a modifier to enhance protein stability, diffusion distance, and in 

vivo bioactivity. We demonstrate that injection of HAMC on the brain cortex achieves direct 

delivery to the brain tissue, obviating the need to cross the BBB or use minipump/catheter 

systems.   PEG-EGF enhances NSPC proliferation in both uninjured and stroke-injured brains 

with the greatest number of NSPCs stimulated ipsilateral to the stroke injury with PEG-EGF 

delivery. Significantly, the results reported herein have broad applicability to other areas of 

controlled molecule delivery to the brain.  For example, our system could be used to deliver a 

myriad of clinically relevant agents, including small molecule drugs 322, protein therapeutics 22, 

and imaging agents 323. This delivery system is beneficial because it achieves local delivery to 

the brain in a minimally-invasive way, and may enable the clinical translation of minimally-

invasive epi-cortical drug delivery strategies. 
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4 Local hydrogel delivery strategy to the brain of erythropoietin for endogenous stem 

cell stimulation after stroke injury* 

*This chapter was published in Biomaterials. 

Wang, Y. 4 ; Cooke, M.J.; Morshead, C.M.; Shoichet, M.S. 2012. "Hydrogel delivery of 

erythropoietin to the brain for endogenous stem cell stimulation after stroke injury" 

Biomaterials, 33 (2012): 2681-92 

  

4.1 Abstract 

 

Drug delivery to the brain is challenging because systemic delivery requires high doses to 

achieve diffusion across the blood-brain barrier and often results in systemic toxicity.  

Intracerebroventricular implantation of a minipump/catheter system provides local delivery, yet 

results in brain tissue damage and can be prone to infection. An alternate local delivery strategy, 

epi-cortical delivery, releases the biomolecule directly to the brain while causing minimal tissue 

disruption. We pursued this strategy with a hyaluronan/methyl cellulose (HAMC) hydrogel for 

the local release of erythropoietin to induce endogenous neural stem and progenitor cells of the 

subventricular zone to promote repair after stroke injury in the mouse brain.  Erythropoietin 

promotes neurogenesis when delivered intraventricularly, thereby making it an ideal 

biomolecule with which to test this new epi-cortical delivery strategy.  We investigated HAMC in 

terms of the host tissue response and the diffusion of erythropoietin in the stroke-injured brain 

for neural repair. Erythropoietin delivered from HAMC at 4 and 11 days post-stroke resulted in 

attenuated inflammatory response, reduced stroke cavity size, increased number of both 

neurons in the peri-infarct region and migratory neuroblasts in the subventricular zone, and 

decreased apoptosis in both the subventricular zone and the injured cortex. We demonstrate 

                                                           
4
 Contribution by Y. Wang: designed and conducted all in vitro and in vivo experimental work; collected, 

analyzed, and interpreted data from experiments; prepared the manuscript.  
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that HAMC-mediated epi-cortical administration is promising for minimally invasive delivery of 

erythropoietin to the brain. 

 

4.2 Introduction 

 

 

Stroke is the fourth leading cause of death in the world and causes 15 million debilitating injuries 

each year [1].  Stroke is caused by a disruption in blood supply to the brain, and is classified as 

either ischemic or hemorrhagic. In ischemic stroke, decreased blood flow results in an 

insufficient supply of nutrients to cells in the core, which leads to necrotic cell death. A 

secondary phase of injury subsequently occurs in the tissue surrounding the core (the 

penumbra), resulting in apoptosis [1]. 

 

There is currently no cure for stroke and the only clinically proven drug is tissue plasminogen 

activator, an anti-thrombolytic agent used to reduce the extent of injury [2]. However, this 

treatment does not afford tissue regeneration. A number of neuroregenerative strategies have 

shown improved functional recovery in animal models of stroke, including stem cell 

transplantation and endogenous stem cell stimulation.  For the latter, exogenous factors are 

delivered to the brain to stimulate endogenous neural stem/progenitor cells (NSPCs) in the 

subventricular zone (SVZ) to promote tissue repair after injury  [3]. Endogenous NSPC 

stimulation with erythropoietin (EPO) has resulted in NSPC proliferation, migration, and 

maturation, as well as promoting regeneration and replacement of cells and tissues lost 

following stroke injury [4, 5].  

 

EPO is a 30.4 kDa glycoprotein that has been shown to be both neuroprotective and 

neuroregenerative after injury to the CNS [6, 7], and it has been shown to reduce stroke cavity 
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size clinically [8]. In the brain, EPO binds with the erythropoietin receptor (EPOr), which is 

expressed on multiple cell types including neurons, astrocytes, and NSPCs in the SVZ [7]. 

When bound to EPOr on NSPCs, EPO promotes their survival and differentiation into mature 

neurons [9].    

 

One limitation in using EPO, as well as a number of other growth factors, for stimulating 

endogenous brain repair after stroke is the lack of appropriate delivery systems. Systemic 

delivery of proteins, by intravenous or intranasal delivery, results in less than 1% crossing the 

blood-brain barrier BBB [10]. Moreover, intravenous delivery can lead to systemic toxicity at 

high concentrations [11, 12] while chronic intranasal delivery is associated with systemic toxicity, 

patient discomfort, low patient compliance and thus sub-optimal therapeutic benefit [13, 14]. 

Local drug delivery strategies typically involve the insertion of a cannula or drug delivery 

scaffold into the brain tissue, both of which are highly invasive [15, 16]. The optimum paradigm 

involves delivering drugs from the cortical surface using a minimally invasive strategy, 

controlling the release and transport of the drugs such that they reach the SVZ, and maintaining 

the bioactivity of the drugs in order that they stimulate the NSPCs upon reaching the SVZ. 

With a view toward circumventing the blood-brain barrier and achieving delivery to the brain, we 

asked whether EPO could be delivered locally to the stroke-injured brain using an injectable 

hydrogel and what the brain host tissue response would be to this hydrogel. The physically 

crosslinked blend of hyaluronan (HA) and methyl cellulose (MC) (HAMC) is bioresorbable, 

injectable through a fine needle, and gels rapidly at physiological temperature [17]. HAMC 

spatially localizes the drug of interest at the site of delivery and facilitates short-term controlled 

release to the CNS [18, 19].  

 

One of the major limitations of delivering protein drugs to the brain is the fast rate of protein 

elimination and the consequent short penetration distance. Unmodified proteins often do not 
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penetrate more than 1 mm in the uninjured brain, and penetration distance decreases 

significantly after brain injury because stroke injury results in the upregulation of many protein 

receptors in the brain [18, 20].  Modification of proteins with poly(ethylene glycol), PEG, has 

been used to increase protein penetration distance [18, 21-23].  

 

Here we studied the diffusion of EPO from the HAMC hydrogel, delivered directly to the cortex, 

in the uninjured as well as stroke-injured mouse brain. In order to understand the kinetics of 

EPO penetration in the brain, EPOr expression was examined at the time points of EPO delivery:  

4 and 11 days post-stroke.  These two time points were selected because previous reports have 

delivered EPO at these time points, albeit using a highly invasive cannula/minipump system, 

and shown that in mice models of ischemia, cortical EPOr upregulation increases between 1 

and 7 days post ischemia [24], and persists up to 28 days [25]. The host tissue response of 

EPO delivered from HAMC was examined in terms of: NSPC stimulation/migration and 

neurogenesis; and the inflammatory response by immunohistochemical staining for 

macrophages/microglia and astrocytes. 

 

4.3 Materials and Methods 

 

4.3.1 Materials 

 

Recombinant human erythropoietin (EPREX) was supplied by Ortho Biotech Canada (Toronto, 

ON, Canada). Sodium hyaluronan (HA, 1.4-1.8 x 106 g/mol) was purchased from NovaMatrix 

(Sandvika, Norway). Methylcellulose (MC, 3.4 x 105 g/mol) was obtained from Shin Etsu 

(Chiyoda-ku, Tokyo, Japan). Mouse anti-human Ki-67 was purchased from BD biosciences 

(Mississauga, ON, Canada), mouse anti-rat NeuN and GFAP were obtained from Millipore Inc. 

(Billerica, MA, USA), rat anti-mouse CD68+ and rabbit anti-mouse double-cortin were obtained 
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from Abcam (Cambridge, MA, USA), and Vectashield with DAPI stain was purchased from 

Vectorlabs (Burlington, ON, Canada). Alexa 488 goat-anti-rat, Alexa 488 and 586 goat-anti-

rabbit IgG, and Alexa 568 goat-anti-mouse IgG were obtained from Invitrogen Inc. (Burlington, 

ON, Canada). Sodium cyanoborohydride (NaCNBH3), NaCl, MgCl2, CaCl2, BaCl2, Na2HPO3, 

NaH2PO3, trehalose, and cresyl violet acetate were supplied by Sigma Aldrich (Oakville, ON, 

Canada). Triton X-100 was supplied by ACROS (NJ, U.S.A.). Artificial cerebrospinal fluid (aCSF 

[23]) and all buffers were prepared with distilled and deionized water prepared from a Millipore 

Milli-RO 10 Plus and Milli-Q UF Plus at 18 MΩ ·m resistivity (Millipore, Bedford, USA). 

Recombinant EPO ELISA kit was purchased from BD biosciences (Mississauga, ON, Canada). 

 

4.3.2 Preparation of sterile HAMC hydrogel  

 

HA and MC were dissolved separately in dH2O at 4oC overnight, sterile-filtered and lyophilized. 

The resulting sterile powders were kept at 4 oC until use.  HAMC was prepared with 1.1% HA 

and 2.2% MC in sterile aCSF and mixed using a SpeedMixer (DAC 150 FVZ, Siemens). 

Immediately prior to injection, 100 µl of sterile EPO solution (10,000 U/ml) was added to 900 µL 

HAMC (yielding a final concentration of 1% HA and 2% MC), mixed and centrifuged to eliminate 

air bubbles. 

 

4.3.3 In vitro release of EPO from HAMC 

 

The time required for EPO to diffuse out of HAMC was determined in vitro. EPO was mixed into 

HAMC to yield a final concentration of 1000 U/ml, and 100 μl was injected into the bottom of a 2 

ml Eppendorf tube and gelled at 37 oC for 20 min. 900 µl of aCSF at 37 oC was added. The 
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supernatant was completely replaced at each of the following time points and EPO 

concentrations determined using ELISA: 0, 30 min, 1, 2, 4, 6, 8, 12, 24 h.  

 

4.3.4 Stroke surgeries and injection of drug delivery device 

 

All animal work was carried out in accordance with the Guide to the Care and Use of 

Experimental Animals (Canadian Council on Animal Care) and approved by the Animal Care 

Committee at the University of Toronto. A total of 54 C57BL/6 mice (aged 9 – 11 weeks) were 

used in this study (Charles River, QC, Canada).  

 

Stroke surgeries were carried out as described previously [26].  Mice were anesthetised with 

isoflurane, shaved and placed into a Kopf stereotaxic instrument.  Scalps were cleaned and a 

midline incision made next, a small burr hole was made in the skull at the coordinates 2.25 

lateral to the midline and 0.6 anterior to the Bregema.  Using a 26G needle, 1.0 µl of the 

vasoconstrictor endothelin-1 (400 pM, Calbiochem, Gibbstown, NJ, USA.) was injected 1.0 

ventral to the brain surface at 0.1 µl/min.  The needle was left in place for 10 min prior to 

removal.  The incision was sutured, antibiotic ointment applied and animal recovered under a 

heat lamp. 

 

The drug delivery system was injected at either day 4 or day 11 post-stroke (7 d post stroke, Fig. 

4.1). The sutures were removed to expose the stroke site and any tissue debris was removed. 

The drug delivery device was prepared as described previously [18] to spatially localize HAMC 

at the cortical surface. A disk with 2 mm opening was fixed over the burr hole with bone glue. 3 

µl of either HAMC containing EPO or HAMC alone was injected into the hole such that the gel is 

in direct contact with the brain cortical surface. A second disk with no opening was fixed over  
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Figure 4.1 | Surgical paradigm for epicortical delivery of EPO.  Animals received endothelin-1 

induced stroke injury on day 0. HAMC or EPO incorporated in HAMC was injected epicortically 

at either 4 or 11 days post stroke, as indicated by arrows. The drug delivery system was allowed 

to remain in-place for 7 days prior to sacrifice. Animals were sacrificed on either day 11 or day 

18 post stroke.  

 

the first spacer. The skin was sutured over the spacer system. For uninjured animals, the 

surgery was identical (without the stroke injury itself) to that of stroke-injured mice. 

 

4.3.5 Analysis of in vivo protein penetration 

 

Animals were sacrificed at 4 h, 1 day, and 2 days post injection and the drug delivery device 

containing HAMC was retrieved. The extracted device was placed into 0.5 ml 0.1% Tween 20 in 

PBS and agitated overnight at 4oC overnight to extract any remaining EPO.  

 

Brains were snap frozen with CO2(s) cooled isopentane and stored at -80 oC. A 3 mm coronal 

section around the injection site was prepared using the McIlwain tissue chopper (790744-11, 

Mickle laboratory engineering company, Surrey, UK). Dorsal-ventral sections (0.5 mm) were 

then cryosectioned from each coronal slice using a Leica CM3050S cryostat system. Each 

section was homogenized in 400 µl lysis buffer (40 mM trehalose, 1% Triton X-100 in dH2O), 
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and the homogenate supernatant was removed after centrifugation at 15,000 RPM for 15 min at 

4 oC.  

 

The amount of protein remaining in HAMC and in the brain homogenate at each time point was 

determined using a recombinant EPO ELISA kit (BD Biosciences) as per the manufacturer’s 

instructions. The difference between the amounts of protein that remain in HAMC at each time 

was used to calculate the amount of protein released. We assume that no protein is lost from 

the entire system during the period of release and that all protein released has diffused into the 

brain tissue. The amount of EPO in the homogenate was used to generate tissue penetration 

profiles as well as the protein mass balance at each time point. 

 

4.3.6 Brain tissue preparation for morphological analysis 

 

At the appropriate time points animals were transcardially perfused with saline followed by 4% 

paraformaldehyde (PFA). Brains were extracted and fixed in 4% PFA at 4oC overnight, followed 

by cryoprotection in 30% sucrose. Cryoprotected brains were snap frozen and cryosectioned to 

10 μm.  

 

4.3.7 Analysis of stroke cavity size 

 

Sections were defatted in 50:50 chloroform:ethanol solution overnight, and rehydrated in 100%, 

95%, and dH2O for 2 min each. Cresyl violet acetate was dissolved at 0.1 w/v % in dH2O and 

0.3 ml of glacial acetic acid was added to 100 ml of solution. Brain sections were incubated in 

cresyl violet solution for 1 h at 37oC, washed in H2O and serially dehydrated in 95%, 100% 

ethanol, and xylene. Sections were mounted and sealed.  
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Sections were examined for the start and end points of stroke cavity. Every 10th section was 

imaged from the start to the end of the cavity. The cavity size on each section was measured 

using ImageJ, summed and multiplied by 10 to obtain the cavity size.   

 

4.3.8 Immunohistochemistry 

 

From each brain 16 sections were analyzed using immunohistochemistry. Sections were 

permeabilized for 30 min with 1% Triton X-100 in PBS and blocked for 30 min with a solution of 

0.1% Triton X-100 and 5% BSA in PBS. Sections were incubated with primary antibodies at 4oC 

overnight. Mouse anti-human Ki-67, mouse anti-rat GFAP, rat anti-mouse CD68+ and rabbit 

anti-mouse double-cortin (DCX), and mouse anti-rat NeuN were used at 1:200 dilution. Sections 

were then washed 3 times in PBS and incubated in secondary antibodies for 1 h at room 

temperature. Alexa 488 goat-anti-rat IgG, Alexa 488 and 586 goat-anti-rabbit IgG, and Alexa 

568 goat-anti-mouse IgG were used at 1:200 dilutions. Sections were washed 3 times in PBS, 

mounted with Vectashield and sealed. 

 

4.3.9 Analysis of apoptosis using TUNEL 

 

Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) was used to determine 

apoptosis after stroke. The ApopTag Fluoresceine In Situ Apoptosis kit was purchased from 

Millipore (Danvers, MA, U.S.A.) and the TUNEL assay performed as per the manufacturer’s 

instructions. A total of 8 sections were analysed from each brain. 

 

 

 



117 
 

4.3.10 Statistics 

 

All experiments were conducted with three replicates (n = 3), and data are shown as mean ± 

standard deviation.  One-way ANOVA with Bonferonni correction was used to compare between 

multiple groups. Significance levels were indicated as p < 0.05 (*), 0.01 (**), and 0.001 (***). 

 

 

4.4 Results 

 

4.4.1 Cortical EPO Receptor (EPOr) expression in uninjured and stroke-injured brains 

 

The rate of protein elimination in the brain is an important determinant of penetration distance, 

which can be significantly increased by reducing elimination kinetics. Receptor mediated 

endocytosis is a key route of EPO elimination from the brain [27] and since many cell types in 

the brain express EPO receptors (EPOr) [27, 28], it was important to quantify the number of 

EPOr+ cells in both uninjured and stroke-injured brain tissues.  By quantifying the number of 

EPOr+ cells in two regions along the diffusion pathway and both ipsilateral and contralateral to 

the injury (Fig. 4.2a), we found that the total number of EPOr+ cells in our two selected volumes 

of cortical tissue was similar between uninjured and stroke-injured animals (Fig. 4.2b). The 

similarity in brain EPOr expression before and after stroke injury suggests that EPO penetration 

in brain tissue will be unaffected by the stroke injury, and EPO may penetrate significantly in the 

tissue without requiring further modification with, for example, PEG, as has been required for 

other proteins [21, 22].  
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Figure 4.2 | EPOr expression is similar between uninjured and stroke-injured brain 

tissues. (a) Diagrammatic representation of the stroke-injured brain and the regions of interest 

for EPOr quantification. Rectangles indicate regions examined for EPOr expression. (b) Total 

numbers of EPOr+ cells are similar in all three conditions and both ipsilateral and contralateral to 

injury (mean ±standard deviation, n = 3 animals, 16 tissue slices were analyzed per animal).  

 

4.4.2 Release and penetration of EPO in uninjured and stroke-injured brains 

 

Prior to studying EPO release from HAMC in vivo, we tested the in vitro release profile of EPO 

from HAMC and found that approximately 80% of EPO was released in the first 24 h, and all of 

the encapsulated protein was released within 48 h (Fig. S4.1a). Plotting the cumulative 

fractional release against the square root of time (t1/2) yields a linear relationship, indicating 

Fickian diffusion kinetics (Fig. S4.1b). 

 

The in vivo release and penetration of EPO from HAMC in both uninjured and stroke-injured 

brains was quantified at 4 h, 1 d, and 2 d after injection at two different injection times after 

stroke injury: 4 and 11 days (Fig. 4.3a, b). For each set of time points and in all uninjured, 4 d 

injured and 11 d injured brain tissues, the amount of EPO remaining in HAMC was similar as 

quantified by ELISA.  This demonstrates that the tissue type did not affect the rate of release of 

EPO from HAMC (Fig. 4.3c).  In order to calculate the percent of EPO released from HAMC and  

a b 
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Figure 4.3 | Penetration of EPO in stroke-injured brains. (a – b) Paradigm for surgical 

induction of stroke and injection of drug delivery device. (c) Mass of EPO released from HAMC 

at 4 h, 1 d, and 2 d after injection indicate similar rates of release when injected onto () 

uninjured tissue, () stroke-injured tissue 4 days post stroke, and () stroke-injured tissue 11 

days post stroke. (d) EPO detected in brain tissue as percentage released from HAMC at 4 h, 1 

d, and 2 d after injection indicate similar rates of EPO elimination due to stroke alone, stroke 

with HAMC, and stroke with EPO in HAMC. Penetration profiles of EPO in uninjured and stroke-

injured brain tissues were examined by ELISA. EPO penetration in brain tissue examined at (e) 

4 h, (f) 1 d, and (g) 2 d after injection. Penetration was similar between the three types of brain 

tissue: () uninjured, () 4 days after stroke injury, and () 11 days after stroke injury (mean 

±standard deviation, n = 3 animals, 16 tissue slices were analyzed per animal).  

a 

 

 

b 

c d 

e f g 
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in the brain tissue, we compared the amount of EPO detected to a theoretical amount. The 

theoretical amount of EPO was estimated by assuming that the entire quantity of EPO released 

from HAMC diffused into the brain. The difference between theoretical and measured EPO was 

used to estimate the rate at which protein is eliminated from the tissue (Fig 4.3d). 

 

The penetration depth of EPO in the uninjured brain and 4 and 11 day-stroke-injured brains 

were determined at 4 h, 1 d, and 2 d post injection (Fig. 4.3e – g). Similar penetration profiles 

were found between all groups at the three time points examined. Importantly, a significant 

amount of EPO was found between 2 and 3 mm ventral to the cortical surface, which 

corresponds to the location of the SVZ in the mouse brain. The lack of EPOr upregulation after 

stroke supports these data and enables significant EPO penetration in the brain. These 

promising results led us to investigate the effects of HAMC and EPO on cortical tissue and 

endogenous brain NSPCs.  

 

 

4.4.3 Effects of EPO delivered from HAMC on stroke cavity size 

 

To investigate the biological effect of EPO delivered epi-cortically from HAMC, stroke was 

induced on day 0 by injection of endothelin-1 into the mouse brain, and either HAMC alone or 

HAMC with EPO was injected on either day 4 or day 11 post injury (Fig. 4.1). The drug delivery 

system was injected ipsilateral to the stroke. The contralateral hemisphere served as an internal 

control in all groups examined. 

 

Injection of endothelin-1 into the mouse brain led to the formation of a cavity at the injection site 

(Fig. 4.4a). We measured the cavity volume in stroke-injured animals, and compared this to that 

of stroke-injured animals treated with HAMC alone or HAMC with EPO (Fig. 4.4b). To establish 
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a time course on the effects of EPO, we examined two time points: 4 d and 11 d after stroke. 

When injected 4 d post stroke, the vehicle alone (HAMC) appeared to reduce cavity  

volume relative to stroke alone; however, when EPO was delivered in HAMC this reduction in 

cavity size was significant (p = 0.031).  

 

When injected 11 d post stroke, HAMC alone significantly decreased the cavity volume 

compared to injury alone (p = 0.033). HAMC with EPO further reduced cavity size compared to 

both HAMC treated (p = 0.045) and untreated (p = 0.006) animals. The reduction in cavity size 

observed with HAMC alone was unexpected and led us to investigate the possible mechanism 

further.  

 

 

Figure 4.4 | EPO delivered epicortically from HAMC decreases the stroke cavity size at 4 

and 11 days after stroke. (a) Image of a brain section with stroke cavity (indicated by arrow) 

shown at 1.25x (scale: 2 mm). (b) Quantification of the cavity sizes. Stroke-injured animals 

received treatments at either 4 or 11 d post-stroke. Treatment with EPO in HAMC significantly 

reduced cavity size at 4 d, while both HAMC and EPO in HAMC significantly reduced cavity size 

at 11d (mean ±standard deviation, n = 3 animals, 16 tissue slices were analyzed per animal).  

 

a       b 
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4.4.4 Effect of HAMC on the inflammatory response after stroke 

 

When stroke-injured animals received injections of HAMC at both 4 d and 11 d post injury, the 

number of reactive astrocytes, as indicated by GFAP+ immunostained cells with ramified 

morphology (Fig. 4.5a – e), decreased in the ipsilateral cortex ventral to the lesion site (p =  

0.003 at 4 d and p = 0.001 at 11 d; Fig. 4.5f). Interestingly, there was no difference observed 

between injections of HAMC vs. HAMC with EPO, suggesting that the reduced glial response 

was due to the biomaterial and not EPO. 

 

Figure 4.5 | Epi-cortical delivery of EPO from HAMC attenuates the reactive astrocyte 

response at 4 and 11 days after stroke injury. (a) Diagram of the stroke-injured brain with 

drug delivery device. Rectangle indicates the region of interest. Representative images of 

GFAP+ reactive astrocytes in the ipsilateral cortex ventral-lateral to the lesion site are shown for 

animals that received (b) stroke alone and (c) stroke followed by HAMC injection at 4 d, as well 

as (d) stroke alone and (e) stroke with HAMC injection at 11 d. Scale: 100 μm. (f) Quantitative 

comparison of average number of GFAP+ cells are shown for the ipsilateral cortex per field of 

view. Treatment with both HAMC and EPO in HAMC significantly reduced the total number of 

GFAP+ cells at both 4 and 11 days while the total number of DAPI+ cells remain the same (mean 

±standard deviation, n = 3 animals, 16 tissue slices were analyzed per animal).  
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The number of CD68+ activated microglia and macrophages (Fig. 4.6a - e) also decreased 

around the lesion site in response to injection of HAMC at 4 d and 11 d post stroke (p = 0.01 at 

4 d and p = 0.004 at 11 d, Fig. 4.6f).  Similar to the astroglial response, there was no difference 

observed between injections of HAMC vs. HAMC with EPO in terms of the number of CD68+ 

cells, suggesting that the attenuated inflammatory response was due to the biomaterial and not 

EPO.  Taken together, the reduced stroke cavity can be predominantly attributed to the 

biomaterial, HAMC.  

 

Figure 4.6 | Epi-cortical delivery of EPO from HAMC attenuates the activated microglia 

response at 4 days after stroke injury. (a) Diagram of the stroke-injured brain with drug 

delivery device. Rectangle indicates the region of interest. Representative images of CD68+ 

cells in the ipsilateral cortex are shown for animals that received (b) stroke alone and (c) stroke 

followed by HAMC injection at 4d, as well as (d) stroke alone and (e) stroke with HAMC at 11d. 

Scale: 100 μm. (f) Quantitative comparison of average number of CD68+ cells are shown for the 

ipsilateral cortex per field of view. Treatment with both HAMC and HAMC with EPO significantly 

reduced the level of CD68+ signal at both 4 and 11 days while the total number of DAPI+ cells 

remain the same (mean ±standard deviation, n = 3 animals, 16 tissue slices were analyzed per 

animal). 



124 
 

4.4.5 Effect of EPO on Ki-67+ and double cortin+ (DCX+) Ki-67+ cells in the SVZ 

 

Compared to controls of either stroke alone (Fig. 4. 7a – e) or stroke with HAMC, injection of 

HAMC with EPO onto stroke-injured mouse brains significantly increased the number of Ki-67+ 

and DCX+ Ki-67+ double positive cells in the ipsilateral SVZ (Fig. 4.67f – j). Ki-67 is a marker for 

proliferating cells while DCX is a marker associated with migratory neuroblasts [29]. Similarly, 

when injected 4 d (Fig. 4.7k) and 11 d (Fig. 4.7l) post-stroke, HAMC with EPO treatment led to 

an approximate 2-fold increase in Ki-67+ cells compared to HAMC treatment alone and stroke 

alone. Only the EPO-treated groups had significantly more Ki-67+ cells in the ipsilateral SVZ 

than the contralateral SVZ at both time points (p = 0.031 at 4 d and p = 0.005 at 11 d). This 

shows that the hydrogel alone does not induce cell proliferation, and that exogenous EPO is 

required to stimulate cell proliferation in the SVZ. Furthermore, there was no difference between 

any groups in the contralateral SVZ, suggesting that EPO diffusion was specific to the ipsilateral 

cortex, where it was injected.  

 

 

Figure 4.7 | Epi-cortical delivery EPO in HAMC increases the number of Ki-67+ 

proliferating cells and DCX+ migratory neuroblasts in the SVZ at 4 and 11 days post 

injury. Representative images are shown for Ki-67+
 cells and DCX+ Ki-67+ double-labeled cells 

in the SVZ ipsilateral to the stroke injury following (a – e) stroke injury and (f – j) EPO injected 

with HAMC 11 days after stroke. The lateral ventricle (LV) and the striatum are labelled. Scale: 

(a, f) 500 μm at 10x, (b – e, g – j) 100 μm at 20x. The number of Ki-67+ cells in the ipsilateral 

SVZ at (K) 4 d and (L) 11 d is significantly increased by HAMC-mediated EPO treatment while 

the number of Ki-67+ cells in the contralateral SVZ remain similar between treatments. DCX+ Ki-

67+ double positive cells in the ipsilateral SVZ at (M) 4 d and (N) 11 d post stroke also increased 

following HAMC-mediated EPO treatment (mean ±standard deviation, n = 3 animals, 16 tissue 

slices were analyzed per animal). 
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Figure 4-7 
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Interestingly, the absolute numbers of Ki-67+ cells in both the ipsilateral and contralateral SVZ 

were lower when EPO was delivered 11 d post stroke compared to 4 d post stroke (p = 0.031). 

This suggests that proliferation of cells in the SVZ decreased with time after stroke injury, but 

may be partially restored with EPO treatment. The number of double positive DCX+ Ki-67+ cells 

in the SVZ was close to 2-fold greater with EPO delivery in the ipsilateral SVZ at both 4 d (Fig. 

4.7m) and 11 d (Fig. 4.7n) post-stroke. This increase was not observed following treatment with 

HAMC alone. No difference was found between any groups in the contralateral SVZ.  

 

When delivered 11 d post stroke, the number of double positive DCX+ Ki-67+ cells was also 

enhanced compared to 4 d post stroke (p = 0.033). Moreover, only EPO delivery at 11 d post 

stroke resulted in significantly higher DCX+ Ki-67+ cells in the ipsilateral SVZ compared to the 

contralateral SVZ (p = 0.03). These results indicate that when given 11 d (vs. 4 d) after stroke, 

EPO enhanced the migratory potential of proliferating cells in the ipsilateral SVZ. Since DCX is 

an immature marker for precursor cells but not found in mature neurons [30],  these findings 

suggest that EPO promotes neuroregeneration.  

 

4.4.6 Effect of EPO on NeuN+ mature neurons in the injured cortex 

 

We examined neuronal responses in stroke animals that received EPO. Stroke injuries cause 

neuronal death in the ipsilateral cortex (Fig. 4.8a – d). EPO delivery both 4 d and 11 d post 

stroke significantly increased the number of NeuN+ mature neurons in the injured cortex relative 

to stroke alone (p = 0.001 at 4 d, p = 0.032 at 11 d, Fig. 4.8e – g), although the total number of 

mature neurons in the injured cortex was still more than ten-fold lower than that in the uninjured 

contralateral cortex.  
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Figure 4.8 | EPO delivered from HAMC enhances the number of NeuN+ mature neurons in 

the injured cortex at 4 and 11 days post injury. Representative images are shown for NeuN+ 

cells in the cortex of stroke-injured, sham treated  animals (a) ipsilateral and (b) contralateral to 

the injury, as well as stroke-injured, EPO treated animals (c) ipsilateral and (d) contralateral to 

the injury at 4 days post stroke. Scale: 100 μm. (e) Diagram of the brain with rectangles showing 

the regions analysed. Quantification of NeuN+ cells are shown for (f) 4 d and (g) 11 d after 

stroke (mean ±standard deviation, n = 3 animals, 16 tissue slices were analyzed per animal). 

 

When stroke injured animals received no treatment or HAMC alone, the number of NeuN+ cells 

found in the ipsilateral cortex was higher at 4 days post-stroke compared to 11 days post-stroke, 

although the difference was not statistically significant. Cell death likely continues to occur 
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around the lesion site between 4 and 11 days after stroke injury. Unexpectedly, the number of 

NeuN+ cells in the ipsilateral cortex was higher when EPO was delivered 11 d post-stroke than 4 

d post-stroke (p = 0.017). This result mirrors the increase of DCX+ Ki-67+ double positive cells in 

the SVZ at 11 d compared to 4 d, and indicates that epi-cortically delivered EPO has a direct 

benefit on increasing the number of neurons around the infarct site.  

 

4.4.7 Effect of EPO on TUNEL+ apoptotic cells in the injured cortex and SVZ 

 

We studied the extent of apoptotic cell death by TUNEL-immunostaining in both the cortex and 

the SVZ after stroke and injection of either HAMC alone or HAMC with EPO. In the SVZ (Fig. 

4.9a, b), injection of HAMC alone, at either 4 d or 11 d, did not change the TUNEL+ response 

compared to stroke-injured groups. However, when EPO was delivered from HAMC, a 

significant decrease in the TUNEL+ signal was found at both 4 d (p = 0.007) and 11 d (p = 0.049) 

compared to HAMC alone. This reduction in the number of apoptotic cells in the SVZ may be 

correlated to the increase in Ki67+ proliferating cells in the SVZ and suggests a neuroprotective 

role for EPO. This effect is further supported by the data that show the number of TUNEL+ cells 

in the ipsilateral SVZ being similar to that found in the contralateral SVZ only after EPO delivery 

at 4 d. Thus EPO delivery appeared to decrease cell death to the basal level in the SVZ.  The 

data at 11 d follows similar trends to those at 4 d; however, the differences in ipsilateral and 

contralateral SVZ are not significant at 11 d, suggesting that neuroprotective effects associated 

with EPO delivery are more significant when it is present at earlier time points after stroke. 

 

In the ipsilateral cortex, we also observed a decrease in the number of TUNEL+ cells after EPO 

delivery relative to injection of HAMC alone or stroke alone (Fig. 4.9c, d). HAMC treatment did 

not lead to changes in cortical TUNEL stain relative to stroke alone. The decrease at 4 d was 

significantly different whereas that at 11 d post stroke was not statistically significant. The lack 
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of statistically significant improvement when EPO was delivered 11 d post-stroke further 

suggests the necessity of early EPO administration for neuroprotection. 
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Figure 4.9 | Treatment with EPO delivery at both 4 d and 11 d post stroke led to 

decreased number of TUNEL+ cells in the ipsilateral SVZ and cortex. When stroke-injured 

animals were treated with EPO, the number of TUNEL+ apoptotic cells decreased both in the (a, 

b) ipsilateral SVZ and the (c, d)  ipsilateral cortex at 4 d or 11 d post stroke. HAMC alone had no 

effect relative to stroke alone.  

 

a b 

c d 
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4.5 Discussion 

 

The HAMC-mediated epi-cortical delivery of EPO allowed us to observe tissue benefit resulting 

from both EPO and HAMC. Injection of HAMC itself led to an attenuated inflammatory response 

after stroke, as indicated by fewer reactive astrocytes and activated microglia around the lesion 

site. HAMC has been shown to attenuate the inflammatory response after spinal cord injury [17]. 

HA itself has been reported to be anti-inflammatory [31] through reducing white cell migration to 

the site of injury [32], and through inhibiting pro-inflammatory molecules of the prostaglandin 

pathway [33]. It also enhances wound healing and angiogenesis after traumatic brain injury [34]. 

The attenuated inflammatory response may account for the reduced cavity size observed [35] 

with injection of HAMC following stroke injury and likely reflects the wound healing properties of 

HA [36].  

 

We found that the penetration profiles and in vivo elimination rate of EPO are similar between 

the uninjured and stroke injured brains at two times after stroke. This was interesting given that 

epidermal growth factor (EGF) has been previously reported to be eliminated significantly faster 

in the infarct brain compared to the uninjured brain due to EGF receptor overexpression [18, 23]. 

The transport of epidermal growth factor (EGF) in the brain decreased more than three-fold after 

stroke injury [18, 23], and PEG-modification of EGF was required to enhance the amount of 

EGF reaching the SVZ. Conversely, EPO penetration was independent of injury and EPO was 

able to penetrate the brain tissue sufficiently to reach the SVZ after stroke.   

 

Receptor-mediated endocytosis is one of the major routes for EPO clearance from the brain [28]. 

We found that the extent of EPOr expression was similar between uninjured and stroke injured 

brains in regions of the cortex and striatum through which it would have to diffuse to reach the 

SVZ, and which helps to explain the similar diffusion profiles of EPO in the brain before and 
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after stroke injury.  While EPOr has been previously reported to be upregulated in the penumbra 

of stroke-injured brains, the specific regions where EPOr overexpression was observed were 

not reported [7, 37, 38], which may explain our different results. Interestingly, since neurons and 

astrocytes in the brain both express EPOr [39], and the number of reactive astrocytes, are 

reduced in the presence of HAMC, EPOr expression may have been further attenuated. It is 

clear that the in vivo environment has a profound impact on protein transport in the brain, as the 

rate of protein elimination is directly influenced by the number of cell surface receptors and 

binding moieties on the extracellular matrix (ECM) [40]. Since protein penetration is dictated by 

both the rates of diffusion and elimination, a good understanding of the in vivo environment 

allows protein penetration distance to be predicted and whether minimally invasive drug delivery 

from the cortical surface is feasible. 

 

EPO delivered from HAMC shows significant benefits in the post-stroke brain. The effect of EPO 

on reducing the stroke cavity size agrees with results reported previously [8]. The numbers of 

SVZ neuroblasts as well as mature neurons following EPO delivery at 11 d are enhanced 

compared to those following EPO delivery at 4 d. This may be due to the fact that the 

environment in the brain 4 d post-stroke is more inflammatory than at 11 d post-stroke. We 

showed that at 11 d, the CD68+ activated microglia/macrophages in the brain decreased 

compared to 4 d, which is consistent with others’ findings that in the acute period after stroke, 

there is a higher degree of proteases, inflammatory cytokines, and scavenging inflammatory 

and immune cells in the brain [41, 42]. Thus  the beneficial effect of EPO may be masked by 

these deleterious factors at 4 d [43]. 

 

EPO has been shown to have both neuroprotective and neuroregenerative properties in the 

CNS [44]. EPO delivered 4 d post-stroke decreased apoptosis in the SVZ and the injured cortex, 

and maintained higher numbers of mature neurons in the injured cortex. Since 4 d after stroke is 
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unlikely sufficient time for newly generated neuronal precursors to migrate to the stroke site and 

mature [45], the observed benefit is likely attributable to the neuroprotective role of EPO. EPO 

delivery 11 d post-stroke also led to qualitatively fewer apoptotic cells in the injured cortex, 

although the lack of statistically significant difference at 11 d suggests that acute EPO treatment 

post-injury is required to achieve neuroprotection. We also observed a neuroregenerative effect 

associated with epi-cortical EPO delivery. EPO delivered at 4 d and 11 d post stroke increased 

the number of both proliferating cells and migratory neuroblasts in the SVZ. The decrease in 

TUNEL+ cells in combination with the increase in proliferative cells in the SVZ following EPO 

delivery at both 4 d and 11 d also suggests that EPO mediates neuroregeneration by promoting 

the survival of NSPCs in the brain as has been also reported by others [46, 47]. EPO delivery 

also increased the number of mature neurons 11 d post-stroke at the lesion site. This further 

suggests enhanced neuroregeneration following EPO treatment, and that delayed treatment 

provides a tissue benefit.  

 

The benefits of epi-cortical EPO delivery observed here demonstrate that HAMC is a promising 

vehicle for enabling local delivery of therapeutics to the brain. The potential advantages of the 

system may be enhanced by increasing the length of delivery or by delivering a panel of factors. 

Many groups have shown that prolonged delivery of drugs to the brain, including EPO [48], 

significantly increases the benefits observed [15, 49]. HAMC is a hydrogel that itself will not 

facilitate prolonged delivery; however, tunable and controlled delivery of factors from HAMC 

may be achieved by incorporating polymeric particles that encapsulate drugs into the hydrogel 

[49]. Importantly, local epi-cortical delivery of drugs, such as EPO with HAMC, should result in a 

lower overall dose delivered and thus fewer side effects. For example, with 

intracerebroventricular delivery, cerebrospinal fluid is continually replenished resulting in the 

drug being distributed throughout the central nervous system.  In fact, only 1 – 2% of drugs 

delivered to the ventricles can be found in the tissue 1 mm away from the ependyma [16] 
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whereas in our epicortical HAMC delivery strategy, EPO was found 3 mm from the injection site. 

This illustrates that HAMC-mediated epi-cortical delivery is a true local delivery strategy, and 

promising for eliciting tissue benefit with reduced side effects relative to both systemic and 

intraventricular delivery. Co-delivering a panel of factors often facilitates synergistic benefits. 

EPO has been delivered with EGF [50], brain derived neurotrophic factor [10], ciliary 

neurotrophic factor [10], and insulin-like growth factor [51], among others, to elicit 

neuroregeneration or neuroprotection after CNS injuries. HAMC has previously been used to 

deliver a multitude of proteins and small molecule drugs to the CNS to achieve tissue and 

functional benefits [17, 19, 49, 52-54]. The findings here illustrate that HAMC is a versatile drug 

delivery platform to improve the treatment of CNS disorders of the brain. 

 

4.6 Conclusion 

 

HAMC is an injectable hydrogel that attenuates the inflammatory response in the brain and can 

be used to achieve controlled short-term delivery of EPO, which is a versatile glycoprotein that 

induces both neuroprotection and neuroregeneration in the CNS.  EPO penetrated deep into the 

brain, reaching the cells in the subventricular zone and had neuroprotective and 

neuroregenerative effects after stroke. The benefits observed from epi-cortical EPO delivery 

from HAMC suggest that this hydrogel can be used as a platform technology to enable 

minimally invasive CNS drug delivery. 
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5. Bioengineered sequential growth factor delivery stimulates brain tissue regeneration 

after stroke* 

 

*This chapter was accepted for publication in the Journal of Controlled Release. 

Wang Y.5, Cooke, M.J., Sachewsky, N., Morshead, C.M., Shoichet, M.S. 2013. “Bioengineered 

sequential growth factor delivery stimulates brain tissue regeneration after stroke”. 

Journal of Controlled Release, Accepted. 

 

5.1 ABSTRACT 

 

Stroke is a leading cause of disability with no effective regenerative treatment. One promising 

strategy for achieving tissue repair involves the stimulation of endogenous neural 

stem/progenitor cells through sequential delivery of epidermal growth factor (EGF) followed by 

erythropoietin (EPO). Yet currently available delivery strategies such as intracerebroventricular 

(ICV) infusion cause significant tissue damage. We designed a novel delivery system that 

circumvents the blood brain barrier and directly releases growth factors to the brain. Sequential 

release of the two growth factors is key in eliciting tissue repair. To control release, we 

encapsulate pegylated EGF (EGF-PEG) in poly(lactic-co-glycolic acid) (PLGA) nanoparticles 

and EPO in biphasic microparticles comprised of a PLGA core and a poly(sebacic acid) coating. 

EGF-PEG and EPO polymeric particles are dispersed in a hyaluronan methylcellulose (HAMC) 

hydrogel which spatially confines the particles and attenuates the inflammatory response of 

brain tissue. Our composite-mediated, sequential delivery of EGF-PEG and EPO leads to tissue 

repair in a mouse stroke model and minimizes damage compared to ICV infusion.

                                                           
5
 Contribution by Y. Wang: designed and conducted all in vitro and in vivo experimental work; collected, 

analyzed, and interpreted data from experiments; prepared the manuscript. 
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5.2 INTRODUCTION 

Stroke is a devastating neurological disorder and a leading cause of disability in the world2. 

Pathologically there are two stages in stroke, the primary and secondary injuries324. The primary 

injury refers to the initial insult and the affected area, the core region, is characterized by 

necrosis. The secondary injury follows the primary injury, and is caused by the depletion of 

oxygen and ATP in the tissue surrounding the core. This leads to apoptosis and forms an area 

of partial cell death, which is termed the penumbra324. The inflammatory response associated 

with stroke further devastates the injury 325 and  impedes tissue repair 326. 

 

Given limited treatment options327, regenerative strategies such as stimulation of the 

endogenous neural stem/progenitor cells (NSPCs) in the subventricular zone (SVZ)328 of the 

adult brain have been pursued.  NSPCs proliferate at constitutive levels in the healthy adult 

brain and migrate to the olfactory bulbs. After injury, the level of NSPC proliferation in the SVZ 

increases, and some precursor cells migrate towards the injured cortex329,330. However, the level 

of proliferation and migration induced by stroke is insufficient to promote repair, as a large 

number of these newborn cells die before they can mature and integrate into the neuronal 

network331. The goal of regenerative strategies is to stimulate NSPC proliferation and migration 

to the injury site, thereby replenishing the tissue lost during stroke319.  A number of growth 

factors, including erythropoietin (EPO)332, vascular endothetial growth factor (VEGF)333  and 

fibroblast growth factor-2 (FGF-2)334 have been shown to stimulate neurogenesis. Moreover, 

treatments where two or more factors are delivered in a controlled manner have demonstrated 

enhanced efficacy compared to single-factor treatments335.  

 

Delivering growth factors to the brain is not trivial, as the blood brain barrier (BBB) isolates the 

brain from systemic circulation both physically and chemically336.  Conventional systemic 

delivery strategies, such as intravenous infusion, are relatively simple and non-invasive, but 



136 
 

many growth factors cannot efficiently penetrate the BBB337, and thus high doses are required, 

which can result in systemic toxicity. Systemic delivery combined with localized disruption of the 

BBB, such as with ultrasound, provides an alternative strategy, but opens the BBB non-

selectively and may permit harmful substances to enter the brain338.  Local delivery strategies 

such as intracerebroventricular (ICV) infusion through the catheter/osmotic minipump system 

bypass the BBB, but require invasive surgeries339. Notwithstanding the invasiveness of this 

procedure, sequential infusion using a catheter/minipump system of EGF and EPO (but neither 

individually) led to tissue repair in a pial vessel disruption (PVD) rat model of stroke22. EGF 

stimulates the proliferation of NSPCs to expand the pool, while EPO is neuroprotective and 

reduces apoptosis of the newly generated cells. The temporally controlled infusion of EGF for 

the first 7 days followed by EPO for the subsequent 7 days is key to tissue repair, which was 

achieved with neither simultaneous EGF and EPO delivery nor each factor alone. Here we are 

interested in: (1) engineering a new, less invasive strategy for local delivery of each of EGF and 

EPO while maintaining temporal controlled release; and (2) testing this strategy relative to the 

conventional catheter/minipump system in a different animal model of stroke – the endothelin-1 

mouse model of focal ischemic stroke. 

 

Using an epicortical delivery strategy, our challenge was to achieve both controlled temporal 

growth factor release and sufficient penetration in brain tissue of the released factors for 

endogenous stem cell stimulation. EGF modified with poly(ethylene glycol) (EGF-PEG)250,340 

and EPO341 were previously shown to penetrate through the ischemic cortex and reach the SVZ 

when delivered epicortically from a physical blend of hyaluronan and methylcellulose, HAMC220. 

However, protein delivery from a hydrogel scaffold is governed by Fickian diffusion and tends to 

occur rapidly. The sustained release over a minimum of 2 weeks, which is required for tissue 

repair, cannot be easily achieved from a hydrogel alone342. Here we developed a novel 

composite system that allows for sustained release of EGF-PEG followed by EPO. This was 
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achieved by encapsulating each of EGF-PEG and EPO in polymeric particles and incorporating 

the particles into the HAMC hydrogel.  

 

We confirm the validity of the endothelin-1 model of stroke in the mouse by showing that 

sequential infusion of EGF-PEG and EPO using the catheter/minipump system promotes tissue 

repair in this model, similar to that observed previously with the PVD model.  Importantly, we 

demonstrate a new method for local and sustained drug release to the brain with temporal 

control, comprised of a composite of HAMC hydrogel and polymeric particles encapsulating 

EGF-PEG and EPO. We show that this delivery vehicle achieves sequential release of each of 

EGF-PEG and EPO in vivo and stimulates endogenous NSPCs in the adult mouse brain, 

resulting in tissue repair in the endothelin-1 model of stroke. This new delivery strategy 

promotes greater tissue repair than the traditional catheter/minipump system and avoids the 

consequent tissue damage observed with the latter.   

   

5.3 MATERIALS AND METHODS 

5.3.1 Materials 

Recombinant human epidermal growth factor (EGF) and the EGF ELISA detection kit were 

purchased from PeproTech Inc. (Rocky Hill, NJ, USA). Recombinant human erythropoietin 

(EPREX) was supplied by Ortho Biotech Canada (Toronto, ON, Canada). Recombinant EPO 

ELISA kit was purchased from BD biosciences (Mississauga, ON, Canada). Methoxy-

poly(ethylene glycol, 5 kDa) activated with propionaldehyde (mPEG-PPA) was purchased from 

NOF Corp. (Tokyo, Japan). Sodium hyaluronan (HA, 1.4-1.8 x 106 g/mol) was purchased from 

NovaMatrix (Sandvika, Norway). Methyl cellulose (MC, 3.4 x 105 g/mol) was obtained from Shin 

Etsu (Chiyoda-ku, Tokyo, Japan). Mouse anti-human Ki-67 was purchased from BD biosciences 

(Mississauga, ON, Canada), mouse anti-rat NeuN and GFAP were obtained from Millipore Inc. 

(Billerica, MA, USA), rat anti-mouse CD68+ and rabbit anti-mouse double-cortin were obtained 



138 
 

from Abcam (Cambridge, MA, USA), and Vectashield with DAPI stain was purchased from 

Vectorlabs (Burlington, ON, Canada). Alexa 488 goat-anti-rat, Alexa 488 and 586 goat-anti-

rabbit IgG, and Alexa 568 goat-anti-mouse IgG were obtained from Invitrogen Inc. (Burlington, 

ON, Canada). Sodium cyanoborohydride (NaCNBH3), NaCl, MgCl2, CaCl2, BaCl2, Na2HPO3, 

NaH2PO3, trehalose, and cresyl violet acetate were supplied by Sigma Aldrich (Oakville, ON, 

Canada). Triton X-100 was supplied by ACROS (NJ, U.S.A.). Artificial cerebrospinal fluid (aCSF 

250) and all buffers were prepared with distilled and deionized water prepared from a Millipore 

Milli-RO 10 Plus and Milli-Q UF Plus at 18 MΩ ·m resistivity (Millipore, Bedford, USA).  

 

5.3.2 Encapsulation of EGF-PEG in PLGA nanoparticles 

 

EGF is modified with 5 kDa poly(ethylene glycol) (PEG) using a N-terminus specific mono-

PEGylation chemistry as previously described250. A 16 mM EGF solution was prepared in 

sodium acetate (pH 5.5), and 3 molar excess of methoxy-PEG-aldehyde and 140 molar excess 

of NaCNBH3 was added to the reaction mixture. The reaction was allowed to proceed at room 

temperature overnight. The product is dialyzed against TES buffer (pH 8.2) and purified using 

size-exclusion FPLC and lyophilized for storage.  

 

EGF-PEG was encapsulated in poly(lactic-co-glycolic acid) (PLGA) nanoparticles using a 

double-emulsion process. 6.3 mg EGF-PEG was reconstituted in 100 μl PBS (pH 7.4) to form 

the inner aqueous phase. Either 60 mg or 120 mg of PLGA was dissolved in 900 μl 

dichloromethane (DCM) to form the organic phase. The two phases were sonicated for 10 min 

over ice. The primary emulsion was transferred to an outer aqueous phase of 2.5% PVA and 10% 

NaCl in ddH2O, and sonicated for 10 min over ice. The final emulsion was stirred overnight in a 

2.5% PVA, and either 0% or 10% NaCl hardening bath. The particles were centrifuge-washed 
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five times and lyophilized for storage. Blank nanoparticles were similarly prepared by using 100 

μl of 10x PBS (pH 7.4) without protein as the inner aqueous phase. 

 

Particle size was measured on a Malvern zeta-sizer (Mastersizer 2000, Worcestershire, UK). To 

determine protein encapsulation, EGF-PEG loaded particles were dissolved in 1 ml DCM. The 

protein was extracted into 9 ml of aCSF and an EGF ELISA was used to determine protein 

encapsulation as per manufacturer’s instructions. The encapsulation efficiency was calculated 

as (Eq. 5.1):  

                         (   )   
                              

                                              
      

 

PLGA nanoparticles loaded with EGF-PEG have an average diameter of  800 nm 

(polydispersity index = 0.622) and are formed by the  double emulsion solvent evaporation 

method343.   The particles have an EGF-PEG encapsulation efficiency of 54 ± 3.3% 

(Supplementary Fig. S5.1a).   

 

5.3.3 Encapsulation of EPO in biphasic microparticles 

EPO was encapsulated first in PLGA nanoparticles similar to EGF-PEG. To optimize 

encapsulation, various formulations were tested (Supplementary Fig. S5.1b). 500 U of EPO 

was encapsulated in test formulations. The optimal formulation with 3.5 wt % BSA (compared to 

weight of PLGA used) and 400 mM trehalose coencapsulated with 500 U EPO (A) was defined 

as that which yielded the highest encapsulation with least amount of additives required. This 

formulation was used to encapsulate 40,000 U of EPO for all subsequent batches. 

 

PLGA nanoparticles containing EPO were subsequently embedded in poly(sebacic acid) (PSA) 

microparticles in a single emulsion process. 120 mg of EPO-loaded nanoparticles were 
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dispersed in an organic phase containing 120 mg PSA in 900 μl THF. The primary emulsion 

was sonicated for 15 s and transferred to an outer aqueous phase of 1% PVA and 10% NaCl. 

The secondary emulsion was homogenized for 1 min and stirred for 4 h at room temperature in 

a 0.1% PVA, 10% NaCl hardening bath. The particles were centrifuge washed and lyophilized 

for storage. Blank biphasic particles were similarly prepared by using 100 μl of PBS (pH 7.4) 

with no proteins as the inner aqueous phase of the PLGA nanoparticles. 

 

Particle size was determined using a Malvern mastersizer 2000, and the particles diameter 

average 137 ± 48 μm. Surface morphology was examined using SEM and surface chemical 

composition was determined using XPS (Supplementary Fig. S5.2). Particles were dissolved 

as described above and encapsulation efficiency was measured using an EPO ELISA kit as per 

manufacturer’s instructions. EPO encapsulation efficiency was determined to be 23 ± 4.8%, and 

the particles have an average diameter of 18 ± 4.7 μm (Supplementary Fig. S5.2).  

 

5.3.4 Preparation of HAMC/particle composite drug delivery system (DDS) 

EGF-PEG was encapsulated in PLGA nanoparticles, and EPO was encapsulated in PLGA 

nanoparticles which were embedded into poly(sebacic acid) (PSA) microparticles. HAMC was 

prepared as described previously220. HA and MC as received were dissolved in ddH2O and 

sterile filtered and lyophilized under sterile conditions. A solution of 1% sterile HA and 2% sterile 

MC was prepared in sterile aCSF250. 120 mg EGF-PEG-loaded PLGA nanoparticles and 50 mg 

EPO-loaded PSA/PLGA biphasic microparticles were added to 1 ml of HAMC, mixed using 

SpeedMixer (DAC150FVZ, Landrum, SC, USA.), and kept at 4oC overnight to remove air 

bubbles.  
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5.3.5 In vitro degradation of the composite DDS 

100 μl of the blank composite DDS was injected into the bottom of a 2 ml microcentrifuge tube 

and allowed to gel at 37 oC. Terminal samples were prepared for the same time points as the in 

vitro release study. Tubes were weighed before and after composite injection. Each tube was 

then filled with 900 μl of warm aCSF and incubated at 37 oC. The aCSF was removed at each 

time point and the tube was weighed to obtain the wet composite mass. The composite 

degradation was calculated as (Eq. 5.2):  

                           
                  

                
       

 

 

5.3.6 In vitro release profiles of EGF-PEG and EPO from composite DDS 

100 μl of composite was injected through a 26G needle into the bottom of 2 ml microcentrifuge 

tubes and allowed to gel at 37 oC for 10 min. 900 μl of aCSF equilibrated to 37 oC was added to 

each tube as the release medium. The buffer was completely removed at t = 0, 1, 2, 3, 4, 7, 10, 

14, 21, 28, 35 d and replaced with fresh buffer. Samples were analyzed for protein 

concentration using EGF and EPO ELISA kits as per manufacturer’s instructions. All samples 

were digested after the final time point to determine the amount of protein remaining in the 

composite. 

 

5.3.7 Preparation of drug delivery device 

The drug delivery casing was prepared as described previously340. The device consisted of two 

disks (0.5 mm height x 5.9 mm diameter) and was used to confine the composite at the site of 

injection. The bottom disk contained a 2 mm central opening, and both disks were molded to the 

shape of the mouse skull. Sterilization with ethylene oxide gas was carried out prior to use.  
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5.3.8 Surgeries 

All animal work was carried out in accordance with the Guide to the Care and Use of 

Experimental Animals (Canadian Council on Animal Care) and approved by the Animal Care 

Committee at the University of Toronto. 9 – 11 week old male C57BL/6 mice were used in this 

study (Charles River, QC, Canada). A total of 60 animals were used in these studies.  

 

5.3.9 Stroke surgeries and implantation of drug delivery device 

Stroke surgeries were carried out as described previously256.  Mice were anaesthetized with 

isoflurane, shaved and placed into a Kopf stereotaxic instrument.  A midline incision in the scalp 

was made and a small burr hole was made in the skull at the coordinates 2.25 lateral to the 

midline and 0.6 anterior to the Bregma.  1 µl of endothelin-1 (400 pmol, Calbiochem, Gibbstown, 

NJ, USA.) was injected 1.0 mm ventral to the brain surface at 0.1 µl/min.  The needle was left in 

place for 10 min prior to removal and the incision was sutured. Uninjured mice were similarly 

treated, but no injection was carried out (Fig. S5.3).  

 

The drug delivery system was injected 4 days post stroke to ensure that the majority of neuronal 

death has occurred, and any neurons found in the peri-infarct site at the completion of treatment 

are due to neurogenesis. The burr hole was exposed and any tissue debris was removed. The 

disk with 2 mm central opening was fixed over the burr hole with bone glue. 3 µl of the 

composite was injected into the hole such that it is in direct contact with the brain’s cortical 

surface. A second disk with no opening was fixed over the first disk and the skin was sutured 

over the system.  
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5.3.10 Implantation of catheter/osmotic minipump system 

Stroke surgeries were carried out as described above. A cannula (Alzet Brain Infusion Kit 3, 

Durect Inc., Cupertino, CA, USA.) was stereotactically implanted at the coordinates -0.8 mm 

lateral to the midline and 0.2 mm anterior to the Bregma on the day of stroke, as adapted from 

Kolb et al22. On day 4 after stroke, an osmotic minipump (Alzet model 1007D, 0.5 μl/hr flow rate) 

containing 45 μg/ml EGF-PEG in sterile aCSF was inserted subcutaneously and attached to the 

cannula. On day 11 after stroke (i.e. 7 days later), the first pump was replaced with a pump 

containing 100 μl of 3,000 U/ml EPO. The pump was removed on day 18. 

 

5.3.11 Analysis of in vivo protein penetration 

Protein penetration analysis was carried out as described previously340. Animals that received 

EGF-PEG and EPO treatment from the composite were sacrificed at 1, 4, 8, 11, 14, and 21 d 

post implantation and the drug delivery device containing the composite was removed and 

protein extracted into aCSF overnight at 4oC. Animals that received EGF-PEG and EPO through 

catheter/osmotic minipumps were sacrificed at 7 and 14 d post implant and treated similarly. 

 

Brains were snap frozen in CO2(s)-cooled isopentane and three 1 mm coronal sections around 

the implant site was prepared using the McIlwain tissue chopper. Dorsal-ventral sections (0.5 

mm each, 6 section totally 3 mm depth, with the deepest 3 sections corresponding to the depth 

of the SVZ in mice) were then prepared from each coronal slice using Leica CM3050S 

cryomicrotone. Each subsection was homogenized in 400 µl lysis buffer (40 mM trehalose, 1% 

Triton X-100), and the supernatant was removed after centrifuging at 15,000 RPM for 15 min at 

4 oC.  

 

The amount of protein remaining in the composite, as well as that in each brain section at each 

time point was determined using both an EGF-PEG and an EPO ELISA kit as per the 
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manufacturers’ instructions. The level of EGF-PEG and EPO in the brain of sham-treated 

animals were subtracted as background. 

  

5.3.12 Immunohistochemistry  

Brain tissue from sacrificed animals was prepared for immunohistochemical analysis as 

previously described341. Animals were sacrificed and transcardially perfused with saline followed 

by 4% paraformaldehyde (PFA). The brains were fixed in 4% PFA at 4oC overnight, followed by 

cryoprotection in 30% sucrose. Brains were snap frozen and cryosectioned at 10 μm. Primary 

antibodies for Ki-67, GFAP, CD68, Mash-1, and NeuN were used at 1:400 dilutions. Secondary 

antibodies (Alexa 488 or Alexa 568) were used at 1:200 dilutions. Sections were mounted using 

Vectashield with DAPI and sealed. Immunohistochemical analysis for each marker was 

performed on 10 tissue sections, 100 μm apart. The peri-infarct tissue surrounding the cavity 

was examined for NeuN, GFAP, and CD68, while the subependymal layer of the ipsilateral SVZ 

was examined for Ki-67 and Mash-1 (Supplementary Fig. S5.4). 

 

5.3.13 Analysis of stroke cavity size 

Stroke cavity size analysis was carried out as previously described340. Sections were stained 

with cresyl violet, covered and sealed. The area of the cavity on each section was obtained 

using ImageJ analysis software and the cavity volume obtained by summing the cavity size of 

each section, multiplying by the total thickness of the 10 sections examined.  

 

5.3.14 Analysis of apoptosis using TUNEL 

Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) was used to determine 

apoptosis after stroke. The ApopTag Fluoresceine In Situ Apoptosis kit was purchased from 

Millipore (Danvers, MA, U.S.A.) and TUNEL assay performed as per manufacturer’s instructions. 

A total of 8 sections were analysed from each brain. 
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5.3.15 Statistics 

All data are shown as mean ± standard deviation. One-way ANOVA with Bonferonni correction 

was used to compare between multiple groups. Significance levels are indicated as p <  0.05 (*), 

p <  0.01 (**), and p <  0.001 (***). 

 

 

5.4 RESULTS 

5.4.1 Controlled Release of EGF-PEG and EPO  

We first examined the in vitro degradation and release profiles of the composite system. 

Degradation of the drug delivery system was examined in vitro. The composite retains at least 

50% of its initial wet mass over 35 days (Supplementary Fig. S5.5a). EGF-PEG is completely 

released within the first week and EPO is released linearly between days 4 and 21 in vitro 

thereby demonstrating temporally-controlled, sequential release of bioactive factors (Fig. 5.1, 

Supplementary Fig. S5.5b), similar to that used with catheter/osmotic minipump system.   

  

To achieve sequential release of EGF-PEG followed by EPO, EGF-PEG is encapsulated in 

poly(lactic-co-glycolic acid) (PLGA) nanoparticles and EPO is encapsulated in PLGA 

nanoparticles that are coated with poly(sebacic acid) (Fig. 5.1a).  The EGF-PEG and EPO 

particles are incorporated into a HAMC hydrogel comprised of 1% HA and 2% MC and the 

release profile is characterized both in vitro and in vivo.  EGF-PEG is completely released within 

the first week and EPO is released linearly between 4 d and 21 d in vitro (Fig. 5.1b). This linear 

profile demonstrates temporally-controlled sequential release of bioactive factors.   Notably, the 

in vivo release profiles of EGF-PEG and EPO from the composite system (Fig. 5.1c, 

Supplementary Fig. S5.6) mirror those observed in vitro. EGF-PEG is observed in brain tissue 

only in the first two weeks, reaching a maximum at 7 d whereas EPO is not detected until after 

the first week and peaks at 21 d (Fig. 5.1d). This demonstrates that sequential release and 
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accumulation of EGF-PEG followed by EPO is achieved.  Importantly, by examining the 

accumulation of EGF-PEG and EPO at various depths in the brain tissue, we confirm that both 

proteins are able to penetrate through the injured cortex to the SVZ (Fig. 5.1e). 

One key difference between epicortical delivery and ICV infusion is the amount of protein that 

accumulates in the tissue following delivery (Supplementary Fig. S5.6, S5.7). The maximum 

tissue accumulation of EGF-PEG (detected at day 7-8) and EPO (detected at day 14) are 134 ± 

12-fold and 552 ± 48.6-fold higher, respectively, following epicortical delivery compared to 

catheter/minipump ICV infusion. Proteins delivered ICV are likely dispersed by the cerebrospinal 

fluid throughout the central nervous system (CNS), thereby accounting for the small amount of 

EGF-PEG and EPO detected in the brain.    

 

Notwithstanding the differences in amount and region of protein accumulation achieved with 

epicortical composite vs. catheter/mini pump delivery systems, the latter is the best comparative 

group due to its widespread use and previous success in a rat PVD stroke model. The 

epicortical composite delivery represents a less invasive strategy than catheter/minipump for 

controlled temporal relase of EGF-PEG and EPO enabling us to compare the tissue benefits in 

the endothelin-1 mouse model of stroke. We hypothesize that transiently higher concentrations 

of EGF-PEG and EPO in the brain will lead to enhanced NSPC stimulation and increased tissue 

benefit. 
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Figure 5.1| Sequential delivery of EGF-PEG followed by EPO can be achieved using 
composite drug delivery system (DDS). (a) Schematic of the drug delivery system and in vivo 
EGF-PEG and EPO release from the composite on a microscopic level. Time course of the 
desired release profile is a sequential release of EGF-PEG for one week, followed by EPO. (b) 
In vitro release profiles of ()EGF-PEG and () EPO engineered to yield the desired release 
profiles, with the majority of EGF-PEG released within the first week, followed by EPO released 
linearly for two weeks. (c) In vivo the release profiles of EGF-PEG and EPO from composite 
shows that EGF-PEG is released first followed by EPO release. (d) EGF-PEG can be observed 
in the stroke-injured brain tissue within days of injection, with the peak concentration detected at 
1 week. EPO is not detected in the tissue in the first week, but accumulation is observed after 
the initial delay. (e) Endogenous stem cells reside in the SVZ. Accumulation of protein in the 
tissue corresponding to this region of the brain was examined and found to occur over the 
desired time course. All data are based on ELISA analysis (Mean ± standard deviation, n = 3). 
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5.4.2 SVZ cellular response to growth factors delivered from epicortical composite vs. 

ICV pump at 18 days after stroke 

The rationale for sequential delivery of EGF-PEG followed by EPO is based on previous studies 

demonstrating that EGF promotes NSPC proliferation344 and expands the cell population, while 

EPO promotes neurogenesis from SVZ NSPCs332. We therefore analyze NSPC proliferation and 

neural progenitors in the SVZ ipsilateral to injury at 18 d after stroke to capture the cellular 

response following growth factor delivery.   

 

Compared to vehicle controls, growth factor treatment using either pump or composite 

significantly increases the number of Ki67+ proliferating cells (Fig. 5.2a – e) and Mash-1+ neural 

precursors (Fig. 5.2f – j) in the SVZ. When aCSF is infused using catheter/minipumps following 

stroke, a reduction is observed for both Ki67+ and Mash-1+ compared to stroke alone, 

suggesting a negative tissue benefit with CSF flow alone in the ventricles (the rate = 0.5 μl/hr). 

Stroke + growth factor (G/F) composite delivery also significantly reduces the number of 

TUNEL+ apoptotic cells in the SVZ (Fig. 5.2k – o) relative to both Stroke + vehicle composite 

delivery (p = 0.043) and Stroke + G/F pump infusion (p = 0.027).  These data suggest that the 

composite delivery system promotes tissue repair beyond that resulting from temporally 

controlled release of EGF-PEG and EPO.  Thus the epicortical HAMC composite delivery of 

EGF-PEG and EPO shows greater tissue repair than that of ICV infusion, suggesting an 

additional tissue benefit of the composite delivery vehicle itself. 

    

 

5.4.3 Tissue Repair in the peri-infarct brain  

To gain greater insight into the tissue response following growth factor treatment, we assess the 

number of TUNEL+ apoptotic cells and NeuN+ mature neurons in the peri-infarct region, as well 
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as the size of cavity that forms after endothelin-1 stroke. These outcomes are assessed at 18 d 

and 32 d post stroke, two time points that were selected to both correspond to the completion of 

ICV growth factor delivery (18 d), and allow examination of tissue at longer time points (32 d).  

 

At 18 d, treatment with growth factors decreases the extent of apoptosis (Fig. 5.3a – d) and 

increases the number of NeuN+ mature neurons (Fig. 5.3e – h) in the peri-infarct region 

compared to stroke alone or Stroke + vehicle controls. Importantly, even though composite-

mediated delivery of growth factors does not return the number of NeuN+ cells to the pre-injury 

level, the number of cells is significantly higher compared to that achieved using 

catheter/minipump infusion. Additionally, all animals except the Stroke + aCSF pump group 

show a significant reduction in the cavity size relative to stroke alone (Fig. 5.3i). 

 

Figure 5.2 | EGF-PEG and EPO delivered from composite increase proliferation of NSPCs 
and decrease cell death in the SVZ 18 days after stroke. (a – d) Representative images and 
(e) quantification of Ki67+ proliferating cells in the ipsilateral SVZ at 18 d. Compared to vehicle 
controls, growth factor treatment using either pump or composite significantly increase the 
number of Ki67+ proliferating cells in the ipsilateral SVZ.  Stroke + G/F composite delivery 
animals showed significantly more Ki67+ cells than Stroke + G/F pump delivery animals (p = 
0.001), and only G/F composite delivery showed significantly more Ki67+ cells than stroke alone 
(p = 0.008).  When aCSF is infused through osmotic minipumps to the ventricles, the level of 
proliferation decreases significantly compared to stroke alone controls (p = 0.004). (f – i) 
Representative image and (j) quantification of Mash-1+ neuroprecursors in the ipsilateral SVZ 
on day 18. Stroke + G/F pump infusion increases the number of Mash-1+ neural precursor cells 
in the SVZ compared to Stroke + aCSF pump infusion controls (p = 0.045); and Stroke + G/F 
composite increases the number of Mash-1+ cells compared to Stroke + vehicle composite (p = 
0.033). Stroke + aCSF pump intraventricular infusion resulted in a significant reduction in Mash-
1+ cells compared to Stroke + vehicle composite (p = 0.001) and stroke alone (p = 0.002).  No 
significant differences in Mash-1+ cells were found between stroke alone and Stroke + vehicle 
composite or between stroke alone and Stroke + G/F composite. (k – n) Representative image 
and (o) quantification of TUNEL+ apoptotic cells in the ipsilateral SVZ on day 18. At 18 d after 
stroke, the number of apoptotic cells in the SVZ was characterized by TUNEL+ cell staining 
following stroke vs. the other interventions.  Stroke + G/F composite delivery significantly 
reduced the number of apoptotic TUNEL+ cells relative to both Stroke + vehicle composite 
delivery (p = 0.043) and Stroke + GF pump infusion (p = 0.027).  (Mean ± standard deviation, n 
= 3. Results are normalized to Stroke animals. Scale: a, f, k: 100 μm; b – d, g – i, l – n: 50 μm.) 
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Figure 5.3| Sequential composite-mediated delivery EGF-PEG and EPO attenuates the 
injury response and cell death, and increases NeuN+ mature neurons in the penumbra 18 
d after stroke.  At 18 d post stroke, (a – d) the level of TUNEL+ cells decreases significantly in 
the injured cortex following growth factor treatment compared to stroke + vehicle controls.  
Importantly, stroke + G/F composite leads to a significant decrease in TUNEL+ cells compared 
to stroke alone (p = 0.015) and stroke + G/F pump (p = 0.038).  (e - h) Both stroke + G/F 
composite and stroke + G/F pump animals have significantly more NeuN+ cells in the peri-infarct 
region compared to vehicle controls (p = 0.001). The level of NeuN+ neurons is significantly 
higher after stroke + G/F composite vs. stroke + G/F pump (p = 0.044), yet still significantly less 
than uninjured tissue controls. (i) All animals showed a significant reduction in cavity size 
relative to stroke alone except for the stroke + aCSF pump group. (All results normalized to 
Stroke animals, mean + standard deviation, n = 5). Scale: 100 μm. 
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The HAMC delivery vehicle is anti-inflammatory in the CNS220. As stroke causes inflammation in 

the peri-infarct area345, which is detrimental to recovery325, we examine the peri-infarct tissue at 

18 d to assess whether the composite attenuates inflammation in the stroke injured brain. We 

observe that only those animals treated with HAMC – either HAMC alone or vehicle composite – 

have significantly lower inflammatory response in terms of the number of GFAP+ reactive 

astrocytes (Fig. 5.4a – d)  and CD68+ activated microglia and macrophages (Fig. 5.4e – h). 

This confirms the anti-inflammatory effect of HAMC previously observed in other CNS injuries220. 

 

At the 32 d terminal time point, stroke injured animals that received composite-mediated 

treatments (both vehicle alone and G/F) show a reduced number of GFAP+ reactive astrocytes 

(Fig. 5.5a) and CD68+ macrophages and microglia (Fig. 5.5b) compared to osmotic 

catheter/minipump-treated animals, again demonstrating the anti-inflammatory effect of HAMC 

in the CNS. Relative to controls, G/Fs delivered by either epicortical composite or ICV infusion 

also show reduced cavity volumes that are not significantly different from each other at 32 d 

(Fig. 5.5c).  Apoptosis in the peri-infarct area continues to be evident at 32 d, with the greatest 

reduction in TUNEL+ cells observed in the G/F composite delivery group (Fig. 5.5d). 

Additionally, the level of apoptosis in animals that received G/F from the epicortical composite is 

not significantly different from that of uninjured controls.  This enhanced brain tissue repair 

observed after epicortical composite delivery may be attributed to either the greater 

concentration and longevity of EPO in the brain tissue of animals receiving G/Fs by epicortical 

composite and/or a combination of HAMC’s anti-inflammatory effect and the reduced 

invasiveness of epicortical delivery compared to intraventricular infusion. 
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Figure 5.4 | Epicortical delivery of the composite vehicle attenuates inflammatory 
response in the peri-infarct region 18 d after stroke.  Given that HAMC demonstrates anti-
inflammatory effects in the CNS, we examined the peri-infarct cortical tissue for inflammation. 
Only those animals that were treated with HAMC – either HAMC alone or vehicle composite 
comprised of HAMC and polymeric particles – showed significantly reduced (a – d) GFAP+ 
reactive astrocytes and (e – h) CD68+ macrophages/microglia around the lesion. For stroke + 
aCSF bolus, stroke-injured animals had aCSF injected in an identical manner to HAMC, thereby 
providing a control for epicortical delivery of HAMC. (All results normalized to Stroke animals, 
mean + standard deviation, n = 3, *p<0.05; **p<0.01; ***p<0.001). Scale: 100 μm. 

  

There are also significantly more NeuN+ mature neurons in the peri-infarct area of G/F 

composite treated animals compared to the stroke alone and vehicle composite controls at 32 d 

(Fig. 5.e). While no significant difference in NeuN+ cells is observed between G/F delivery by 

either composite or catheter/minipumps, no significant difference is observed in G/F treated and 

uninjured groups, suggesting tissue repair to pre-injury levels and a neuroregenerative effect of 

G/F treatment. Since we wait 4 d after stroke injury prior to G/F delivery, and most effective 

neuro-protective treatments need to be delivered within 1 – 4 days post injury346, the tissue 

repair observed is likely a neuroregenerative (vs. neuro-protective) effect. The increased 
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number of NeuN+ cells and reduced cavity size is correlated with increased NSPC proliferation 

in the SVZ at 18 d.  

 

Figure 5.5 | Epicortical delivery of composite vehicle attenuates peri-infarct inflammatory 
response at 32 d post stroke, and sequential composite-mediated delivery of EGF-PEG 
and EPO attenuates the injury response and cell death, and increases NeuN+ mature 
neurons at the same time point.  Injection of vehicle composite post stroke reduces the 
number of (a) GFAP+ reactive astrocytes and (b) CD68+ activated microglia at 32 d compared to 
stroke alone and stroke with osmotic minipump treatments. This is similar to the effects seen at 
18 d post stroke. (c) Growth factor treatment significantly reduces the stroke cavity size 
compared to vehicle controls. Quantification of (d) TUNEL+ and (e) NeuN+ stains at 32 d 
indicates G/F composite attenuates apoptosis and increases the number of mature neurons in 
the peri-infarct region compared to vehicle control. No significant difference was observed for 
NeuN+ cells at 32 d between stroke + G/F composite and uninjured tissue, suggesting tissue 
repair to pre-injury levels (All results normalized to Stroke animals, mean + standard deviation, 
n = 5, *p<0.05; **p<0.01; ***p<0.001). 
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In addition to the tissue regeneration observed, the composite is capable of delivering growth 

factors without causing the tissue damage associated with cannula insertion through the brain 

parenchyma into the contralateral ventricles.  TUNEL+ apoptotic cells in the contralateral SVZ 

and cortex significantly exceed that in the uninjured, stroke alone, or Stroke + composite groups 

(Supplementary Fig. S5.8a, b), demonstrating the significant tissue damage associated with 

cannula insertion. At both 18 and 32 d after stroke, the injury response as measured by GFAP 

and CD68 upregulation are also magnified by cannula insertion (Supplementary Fig. S5.8c – f) 

relative to epicortical composite delivery or stroke alone.  

   

5.4.4 Cellular response in the SVZ at 32 days after stroke 

The regeneration in the peri-infarct region at 32 days after stroke is likely correlated to the 

increased NSPC proliferation observed in the SVZ at 18 days after stroke. We further examined 

the SVZ at 32 days after stroke to assess if epicortical delivered EGF-PEG and EPO is likely to 

elicit tissue benefits in the peri-infarct area beyond the treatment period.  

 

Stroke-injured animals treated with the epicortical G/F composite show significantly greater 

numbers of Ki67+ cells in the SVZ relative to all other groups studied, including animals that 

received G/F treatment through ICV infusion (Supplementary Fig. S5.9a). The number of 

Mash-1+ neural precursors is significantly greater in G/F delivery animals relative to their 

appropriate controls yet not different from each other and not from stroke alone 

(Supplementary Fig. S5.9b). The extent of apoptosis in the SVZ is lowest in stroke-injured 

animals that receive EGF-PEG and EPO from the composite (Supplementary Fig. S5.9c). Use 

of catheter/minipumps leads to increased apoptosis in the SVZ, although growth factor delivery 

attenuates the number of TUNEL+ cells relative to aCSF delivery alone. The reduction in 

apoptotic cells observed in the composite vs. pump delivery strategies may reflect the greater 

concentration and duration of the neuroprotective EPO in those animals having composite vs. 
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pump delivery.  Alternatively, the reduced apoptosis in the stroke + G/F composite and stroke + 

vehicle composite vs. the relevant pump infusion animals may reflect the greater invasiveness 

of the pump strategy relative to the epicortical HAMC strategy. 

 

5.4.5 Preliminary functional assessments 

 

In addition to the cellular level studies, we carried out preliminary investigation on the functional 

outcome of animals that receive sequential treatment of EGF-PEG followed by EPO from the 

composite system. Due to the preliminary nature of these studies, the results are presented in 

Appendix D. Our findings suggest that in agreement with the tissue-level findings, animals that 

receive EGF-PEG followed by EPO from the composite also obtain functional recovery 

compared to injured animals that received no treatment. Additionally, composite-treated animals 

reach pre-stroke levels of forelimb motor functions following treatment.  

 

5.5 DISCUSSION  

 

Sequential delivery of EGF and EPO was originally shown to promote tissue repair after stroke 

injury in the rat PVD model22.  From those studies, it was evident that repair resulted from tissue 

regeneration rather than neuroprotection, as EGF and EPO were not delivered until 4 and 11 

days after stroke, respectively. It was also clear that the sequential delivery paradigm of EGF for 

7 days followed by EPO for 7 days was key to the regeneration because simultaneous delivery 

did not show the same success.  We mimic this ICV catheter/minipump delivery strategy in the 

endothelin-1 mouse model of stroke, and compare it to our new epicortical injectable hydrogel 

composite system. Neural tissue repair is observed in both delivery strategies; however, overall 

tissue repair is enhanced by cortical deilivery and the tissue damage observed with cannula 

insertion is obviated by using the epicortical strategy.   
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Compared to either single protein delivery or simultaneous delivery of multiple proteins, the 

benefits of sequential delivery of multiple proteins have been observed in other systems347.  For 

example, sequential delivery of basic fibroblast growth factor (bFGF) and neurotrophin-3 (NT-3) 

improved neuronal survival after CNS injury compared to either factor alone348. When EPO 

alone is delivered epicortically252, the number of mature neurons in the injured cortex is less 

than half of that achieved here by the sequential delivery of EGF-PEG and EPO from the 

composite.  

 

In this study, we engineer the sequential release of EGF-PEG followed by EPO by 

encapsulating EGF-PEG in PLGA particles and EPO in PLGA-PSA biphasic microparticles, both 

of which are dispersed in HAMC. While the hydrogel alone is insufficient to achieve prolonged 

sustained release349, the inclusion of polymeric particles, which encapsulate growth factors and 

are dispersed in the hydrogel, results in sustained release that is localized to the site of injection 

by the hydrogel350. The temporal profile of drug released from the composite mimics that 

achieved using conventional osmotic minipump systems. To the best of our knowledge, this is 

the first time that a polymer composite has been used to achieve sequential delivery of growth 

factors to the brain without multiple surgeries.  Other strategies have been used to deliver two 

proteins at varying rates, but the release profiles are not truly sequential. Typically, one protein 

is released significantly slower than the other, but with no initial delay period343.  

 

Furthermore, the epicortical delivery strategy overcomes some of the challenges associated 

with drug delivery to the brain. By delivering growth factors directly to the brain tissue, this 

strategy circumvents the blood-brain barrier while localizing release.  Unlike the ICV 

catheter/minipump,which causes significant tissue damage351, the epicortical composite 

provides a minimal invasiveness and no tissue damage. Thus the epicortical composite 
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comprised of polymeric particles dispersed in HAMC provides a versatile strategy for local, 

sustained release to the brain while obviating the need for invasive or systemic delivery 

strategies.   

  

The epicortical composite outperforms the ICV catheter/minipump in terms of tissue benefit. 

Relative to ICV catheter/minipump infusion, epicortical composite-treated animals show similar 

tissue repair, but resulted in reduced apoptosis and increased proliferation in the ipsilateral SVZ.  

Given that growth factors were delivered to the SVZ in both systems, this result is unexpected 

but may be explained by greater tissue concentrations of EGF-PEG and EPO when delivered 

from the cortical surface vs. into the ventricle. When delivered through ICV infusion, the majority 

of the proteins are dispersed by the cerebrospinal fluid throughout the central nervous 

system352,353, resulting in low tissue accumulation. It has been shown that a population of 

quiescent cortical neural precursor cells is activated by brain injury354. The composite allows 

higher quantities of EGF-PEG to accumulate in the cortex compared to the osmotic minipumps, 

and since EGF stimulates NSPC proliferation, it is possible that these cortical precursors, in 

addition to the NSPCs from the SVZ, may be involved in tissue repair. EPO is neuroprotective, 

and higher concentrations of neuroprotective factors in the brain following delivery from the 

composite may decrease cortical apoptosis and enhance the effect of regeneration.  

 

We observe additional evidence of tissue repair in terms of an attenuated inflammatory 

response, with epicortical delivered HAMC at both 18 and 32 days after stroke, thereby 

minimizing detrimental effects of inflammation to adult brain neurogenesis326. Hyaluronan 

promotes wound healing, and is anti-inflammatory in the CNS355, suggesting that the HA of 

HAMC is responsible for the reduced inflammatory response. Given that in the presence of 

HAMC alone, there is reduced inflammatory response, increased number of mature neurons, 

but no reduction in apoptosis in the peri-infarct area, it is possible that iti s the microglia and not 
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the neurons in the penumbra is undergoing apoptosis 356. The difference in inflammatory 

response between epicortical composite and intraventricular catheter/pump is heightened by the 

significant damage and inflammation in the tissue surrounding the ventricle resulting from 

cannula insertion. This is a common problem associated with metallic implants in the brain 

parenchyma357,358, and can be avoided by using an alternate delivery strategy, such as the 

epicortical composite.  

 

One challenge in epicortical delivery is the short penetration distance of proteins in the brain, 

which limits the volume of tissue that can be targeted. Typical protein penetration distance in the 

uninjured brain tissue is 1 mm141. Since the SVZ is approximately 3 mm ventral to the cortical 

surface in a mouse brain359, the protein must be engineered to achieve adequate penetration. 

PEG-modification increases the penetration of EGF in the ischemic brain340 while EPO requires 

no modification to penetrate to the SVZ252. This difference in EGF and EPO tissue penetration 

can be largely ascribed to differences in their relevant receptors in the stroke injured brain 

where EGFr is upregulated250 and EPOr is not252.  Here we demonstrate that by using the 

composite system, sequential accumulation of EGF-PEG and EPO at the approximate depth of 

the SVZ can be achieved over a 2-3 week period.  Translation from the mouse to larger animal 

models and ultimately to humans will require additional innovations in order to achieve the 

penetration distances required.  For example, the mouse SVZ resides 2 – 3 mm ventral to the 

cortical surface359 whereas the human SVZ is situated at a depth between 5 – 10 cm ventral to 

the cortical surface360. The differences in brain size, cell composition, and cell density will impact 

protein transport in the brain, which is governed by both diffusivity and the rate of protein 

removal141. These parameters can be used to our advantage: modifying proteins with a polymer 

such as PEG can significantly increase tissue penetration265,361. For example, conjugating a 

single PEG molecule to EGF can increase penetration in a stroke-injured brain by up to 27 fold 

250. In addition, a constant growth factor source, such as that provided by the composite system, 
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results in a further 2-3 fold increase in penetration distance250. This distance can be further 

enhanced by varying the molecular weight and structure of PEG, by using different conjugation 

polymers362, or reducing protein elimination through protein caging363 and point mutations364.   

5.6 CONCLUSION 

 

The epicortical delivery system, comprised of HAMC hydrogel and polymeric particles, provides 

temporally-controlled release of therapeutically relevant factors to achieve neural tissue repair 

without the concomitant tissue damage of catheter/minipump system. While clinical translation 

of this system will be non-trivial, the polymer composite is less invasive than other local delivery 

strategies to the brain.  The application of this composite DDS is not limited to the stimulation of 

endogenous NSPCs for the treatment of stroke. A number of CNS disorders, including 

Alzheimer’s disease365 and spinal cord lesions366 result from loss of healthy neurons and glia. 

The epicortical local, minimally-invasive delivery strategy may have therapeutic use in these 

disorders as well. 
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6. Thesis Discussion 

 

Controlled local delivery of therapeutically relevant proteins to the CNS remains a major 

challenge today, primarily due to the inability of most proteins to penetrate the BBB. The goal of 

this thesis was to develop a delivery system that allows two growth factors, EGF and EPO, to be 

delivered to the stroke-injured brain in a controlled and sequential manner. The delivery system 

should allow these two proteins to achieve the same levels of therapeutic efficacy as when they 

are infused into the lateral ventricles using conventional devices such as the catheter/osmotic 

minipump system, and the delivery method should be minimally invasive. These studies were 

designed to demonstrate that the efficacy of protein-based treatments for CNS disorders can be 

enhanced through the use of polymer-based epicortical delivery systems. 

 

6.1. Growth factor-mediated tissue regeneration following stroke 

 

Stroke is a neurodegenerative condition where loss of blood supply to the brain leads to tissue 

damage and related functional deficit 35. Currently there is no effective clinical treatment for this 

condition, although treatments based on tissue regeneration have yielded promising results in 

treating stroke in animal models. One class of these neuroregenerative approaches rely on the 

proliferation of endogenous NSPCs in the brain, and the subsequent migration of these 

progenitor cells to the stroke site to replace the neurons, astrocytes, and oligodendrocytes in the 

injured tissue 367. However, even though the adult mammalian brain contains a population of 

NSPCs that are capable of regeneration after stroke 66, the rate at which endogenous repair 

occurs is insufficient to restore motor and functional abilities in the majority of patients 32. 

Therefore external stimuli are required to fully realize the promise of this neuroregenerative 

approach. It has been shown that a number of growth factors, including EGF and EPO, are 
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capable of stimulating endogenous regeneration 107. Additionally, given that functional cortical 

tissue consist of multiple neural cell types, delivering multiple growth factors to target the 

various lineages may have more therapeutic efficacy than using a single factor. For instance, in 

the mouse brain, while factors including EPO, retinoic acid, GDNF, and BDNF are most 

effective in enhancing maturation of NSPCs into neurons rather than other cell types 335, factors 

such as ERK 368 and neuregulin 369 promote the maturation and migration of oligodendrocytes, 

and bFGF 370 enhance astrocyte proliferation. It is conceivable that using a combination of these 

factors may lead to better recovery after neurological injury.  

 

While single-factor delivery has shown promise in neuroregeneration, delivery of multiple factors 

either simultaneously or sequentially has shown greater efficacy 371,372. The time course of 

administration has direct influence on the pharmacokinetics of protein therapy, and therefore 

contributes significantly to the overall outcome of treatment 373. Sequential delivery of growth 

factors has been shown to elicit superior results compared to simultaneous delivery of multiple 

factors. For instance, delivery of bFGF and platelet-derived growth factor (PDGF) led to greater 

angiogenesis compared to PDGF alone 374. Similarly, co-delivery of bone morphogenic protein-2 

(BMP-2) and BMP-7 led to enhanced chondrocyte stimulation compared to BMP-7 alone 375. 

The primary reason for this is thought to be that sequential delivery paradigms allow the benefits 

of various proteins to be staggered and optimized 375,376. Use of multiple factors has also often 

shown more efficacy than delivering single factors. The importance of combined sequential 

delivery of EGF and EPO was first demonstrated by Kolb et. al. 22: recovery  in stroke-injured 

animals were achieved only when both EGF and EPO were sequentially infused into the lateral 

ventricles. When either factor was infused alone, recovery was not observed. We confirmed 

here that when either PEG-EGF or EPO was delivered alone to the stroke-injured brain, they led 

to increased NSPC proliferation and neuroregeneration in the cortex. However, when both were 

delivered sequentially using the composite, the benefit was significantly higher. Although single 
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factor delivery was achieved using hydrogels and sequential delivery was achieved using the 

composite, which leads to differences in delivery profiles, this nevertheless demonstrates the 

importance of multiple factor treatment.  

 

The rationale behind sequentially delivering EGF and then EPO to stimulate neuroregeneration 

after stroke is that EGF is a potent mitogen that stimulates the proliferation of NSPCs, while 

EPO is a neuroprotective factor that encourages the survival and maturation of newly generated 

progenitor cells. Kolb et. al. had demonstrated in a rat PVD stroke model that sequential 

infusion of EGF followed by EPO into the lateral ventricles led to the formation of a tissue plug 

at the stroke site, which was correlated with recovery 22. However, the PVD model is a better 

representation of traumatic brain injury rather than stroke 377. As such, there may be a lack of 

compatibility between the treatment developed for PVD strokes and that required to treat clinical 

stroke.378 

 

In our work, we showed that PEG-EGF and EPO can be delivered in a sequential and minimally 

invasive manner to the brain in an endothelin-1 (ET-1) mouse model of stroke to elicit tissue 

benefits. Following ET-1 stroke, animals treated with PEG-EGF and EPO delivered from our 

composite DDS showed reduced stroke cavity volume and increased number of mature neurons 

in the penumbra. The results are similar to those shown previously by Kolb et. al., where the 

same two growth factors were infused using a catheter/osmotic minipump system into PVD-

injured rats 22. Significantly, when the HAMC-particle composite was used to deliver growth 

factors, the extent of tissue damage caused by the delivery system is significantly less than that 

caused by the osmotic minipump/catheter system. This is due to a number of reasons, the non-

penetrating nature of composite injection, as well as the ability of HAMC to help wound healing 

and reduce inflammation in the CNS. These findings help to demonstrate that protein drugs that 
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do not readily cross the BBB can be administered epicortically in a manner that does not cause 

significant tissue damage while achieving therapeutic efficacy. 

 

6.2. Engineering protein transport in the injured brain 

 

Transport of proteins in the brain has been a heavily investigated topic in the field of controlled 

delivery in the last few decades. The mechanisms that contribute to this transport process are 

now well understood, which allows investigators to optimize drug delivery to the brain. The 

distribution of proteins in the brain is primarily governed by three mechanisms: convective 

transport 379, diffusive transport, and elimination from the brain 380. 

 

Convection dominates drug transport in the brain during the first seconds to minutes after 

administration 381. The convective transport of all drugs in the brain depends on the flow of the 

cerebral spinal fluid (CSF), which randomly distributes drugs to all areas of the brain. 

Convective transport is limited to transport from the CSF to the surfaces of the brain, and so its 

main role is that of distributing the drug rather than delivering the drug in question to specific 

target regions. In the context of local delivery in the CNS, convective transport is sometimes 

detrimental because CSF flow disperses the drugs and proteins of interest away from the site of 

delivery, which is often the target site in local delivery systems. Compared to other available 

local delivery systems such as the catheter/osmotic minipump system, hydrogel scaffolds such 

as the one used here have the advantage of localizing the drugs of interest to the site of interest 

by limiting convective transport. 

 

After the initial convective stage, drug transport in the brain is dominated by both diffusion and 

elimination 141. The distance of penetration into the brain tissue is directly correlated with a 

substance’s diffusivity and inversely correlated with its rate of elimination. The diffusivity of a 
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drug in a tissue reflects its intrinsic diffusivity (i.e. diffusivity in a free medium such as water) and 

the tortuosity of the tissue. Intrinsic diffusivity is dictated by a molecule’s hydrodynamic radius 

and hydrophobicity: small hydrophilic molecules tend to diffuse faster than large hydrophilic 

molecules. For example, EGF conjugated to one PEG molecule demonstrated significantly 

faster apparent diffusion than EGF conjugated to two or three PEG molecules (Chapter 2) 250. 

The tortuosity is an intrinsic property of the tissue in question, and cannot be easily modified 141. 

However, after injuries such as stroke, changes in the ECM may affect tortuosity. Studies have 

shown that initially after stroke, cellular edema causes slight shrinkage in ECM space, thereby 

increasing tortuosity. Over the intermediate and long term, however, free volume in brain tissue 

increases and tortuosity decreases 382. These findings suggest that there is an optimal window 

during which proteins can be delivered epicortically to achieve maximum penetration distance. 

 

Elimination of proteins in the brain is a complex concept that is typically comprised of the 

following four mechanisms: elimination due to clearance, cellular uptake (both receptor 

mediated endocytosis and phagocytosis), immobilization onto the ECM, and elimination through 

proteolytic degradation (predominantly by trypsin and serine proteases 383). Each of these 

mechanisms contribute to the overall removal rate, and the faster the rate of elimination of a 

drug, the smaller its penetration distance in the brain. It is important to note that the mechanism 

which dominates the removal of a specific protein or drug differs for every protein and drug. We 

have demonstrated that both upregulation of receptors and increased protease concentration in 

the brain tissue contribute to faster rates of EGF elimination in the stroke-injured tissue 

compared to uninjured tissue. In contrast, the removal of EPO was similar in the both uninjured 

and stroke-injured tissues due to similar levels of receptor expression in the regions of interest. 

This demonstrates that the dominant mechanism of elimination differs for the two proteins 

investigated, and the implication is that the dominating mechanism of elimination must be 

determined for each individual protein. Understanding of the protein elimination process will 
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allow the transport to be more accurately modeled, such that the protein or DDS can be 

engineered to minimize removal and maximize penetration.  

 

In non-infusion-based controlled delivery systems, it is difficult to modify either the drugs or the 

delivery system to significantly alter convective transport. Therefore the majority of research 

efforts focus on modifying properties of the protein to alter transport parameters associated with 

diffusion and elimination 384. This is typically done through changing the size and receptor 

recognition of the molecule in question. One of the most common ways of modifying proteins to 

improve its retention time and hence its penetration distance is to conjugate PEG molecules to 

the protein 385. PEG increases the hydrodynamic radius of the protein that it is conjugated to and 

masks the protein against its receptors, both of which reduce removal of the protein from its 

diffusion path. Additionally, PEG is mostly inert in the body and elicits a minimal foreign body 

response 386.  

 

PEG with different molecular weights and structures have been conjugated to a large number of 

proteins to enhance their tissue retention 385. It has also been shown that PEG with larger 

molecular weights and higher degrees of branching are more effective than small linear PEG 

molecules at improving protein retention 387. This approach has shown promise for improving 

protein penetration in a number of tissues 388 including the brain 168. In this work we showed that 

conjugating a PEG of similar molecular weight to EGF significantly reduces elimination and 

enhances penetration in both the uninjured and the stroke-injured brains of mice (Chapters 2 

and 3) 250,251. Previous works have shown that 5 kDa PEG molecules can be conjugated to EGF 

to yield monoPEGylated EGF (PEG-EGF), but the conversion efficiency is typically low 389. We 

showed in this work that by optimizing the reaction pH and the reducing agent, and by using a 

molar excess of PEG to EGF, we can increase the yield of PEG-EGF to approximately 50%, 

approximately 2 fold higher than that obtained previously. Importantly, the in vitro bioactivity of 
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PEG-EGF is maintained, which was not found previously 389. Increasing the degree of 

PEGylation decreased the in vitro bioactivity, but even when three PEG molecules were 

conjugated to EGF, 60% in vitro bioactivity was retained. 

 

In this work, integrative optical imaging was used to derive the parameters required in building a 

mathematical model to predict protein diffusion distances in the brain. This technique had 

previously been used to derive apparent diffusivity of proteins such as EGF, BDNF, and NGF in 

the brain. However, the rate of elimination has rarely been calculated in other works 142,154,257,390-

392. Without accurate estimations of this parameter, it is difficult to predict penetration distance 

with certainty. Here we modeled the elimination of EGF and PEG-modified EGF in both the 

uninjured and the stroke-injured brain. This allowed us to both better understand protein 

transport in the brain, and realize that PEG-modification is necessary for EGF to achieve 

maximum penetration distance and efficacy. This procedure can be applied to other proteins, 

such as EPO, to model and predict maximum penetration in the brain.  

 

Using a modeling approach, we demonstrated that PEG-modification can enhance EGF 

penetration in the uninjured brain by three-fold. We confirmed this in vivo, and further 

demonstrated that in both uninjured and stroke-injured mouse brains, the amount of bioactive 

PEG-EGF found at the SVZ exceeded that of unmodified EGF. The penetration distance may 

be further enhanced by using larger PEG molecules with branched structure, as well as 

conjugating more than one PEG molecule onto each protein molecule. These findings imply that 

PEG modification of proteins may be used to facilitate epicortical delivery in larger animal 

models, where the distance between the cortical surface and the SVZ is larger than that in a 

mouse.  
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6.3. Optimizing protein delivery from polymeric drug delivery systems 

 

Encapsulating proteins in polymeric particles allows for sustained delivery to be achieved over 

tunable periods of time, and the goal is typically to maximize efficacy through optimizing 

pharmacokinetics. Here, both PEG-EGF and EPO are encapsulated in PLGA nanoparticles, 

either alone or embedded in a second polymer shell. PLGA is one of the most commonly used 

polymer vehicles in protein delivery because it allows a large variety of proteins to be 

encapsulated, the formulation can be varied to yield a large range of release characteristics, 

and PLGA is FDA approved for clinical use 393,394. One of the major limitations in using PLGA as 

a drug delivery agent is that the kinetics of drug release from PLGA matrices are difficult to 

model and predict. Consequently, a small change in process parameters may lead to drastic 

variations in encapsulation and release profiles 395. We demonstrated that PLGA nanoparticles 

of similar size can be synthesized to encapsulate both PEG-EGF and EPO at therapeutically 

relevant encapsulation efficiencies, and the synthesis process can be modified to empirically 

achieve different encapsulation efficiency and release rates.  

 

Controlling the encapsulation efficiency and the rate of protein release from PLGA nanoparticles, 

however, is a pragmatic rather than theoretical process: it is difficult to model the release of a 

specific protein from PLGA matrices 396. While much effort has been devoted to deriving 

mathematical models that can be used for a generic protein, most of the models available today 

are highly specific and only applicable to proteins with a small range of molecular weights, 

surface charge, and hydrophobicity 397-400. This is primarily due to the large number of variables 

involved in the particle synthesis process, such as molecular weight of PLGA, size of the 

particle, and the size and hydrophobicity of the protein 395. Furthermore, depending on the 

nature of the protein, various additives must be added to or coencapsulated in the particles to 

preserve protein bioactivity and ensure complete release from the particles 401. For instance, we 
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found that we can encapsulate PEG-EGF in PLGA nanoparticles to achieve high encapsulation 

and linear release using a specific set of process parameters. Using the same set of parameters, 

however, we cannot encapsulate EPO to maintain any detectable bioactivity. Rather, additives 

such as bovine serum albumin (BSA) were required to ensure the encapsulation and release of 

bioactive EPO in PLGA nanoparticles. Process parameters such as the concentration of salt in 

the aqueous phases and the emulsion times also played significant roles in the encapsulation of 

both PEG-EGF and EPO, but the effect of varying each parameter is again difficult to model and 

predict 402. Therefore the process of optimizing protein encapsulation in PLGA particles remains 

very much a trial-and-error process. This is a severe limitation since enormous efforts must be 

put into designing the encapsulation process for each individual protein of interest. 

  

One of the contributions of this work is the use of biphasic microparticles to encapsulate EPO to 

achieve a delayed release profile. Previously, double-walled microspheres have been made 

using a single-step process 233,234. In these works, two different organic phases containing either 

the same polymer in two organic solvents, or two different polymers are mixed. In these 

processes, the formation of a distinct core-shell structure relies on the difference in the 

interfacial energies of the two organic solutions, and the release characteristics are highly 

dependent on the volume and concentration ratios of the two phases. While this process is 

theoretically sound and simple, it is difficult practically and has a number of limitations. For 

instance, a spray drying solvent evaporation process must be employed. Also, only two types of 

double-walled particles have been reported to date. They consist of either a poly(anhydride) 

core and PLGA coating, or a PLGA core and PLA/PGA coating 233,234. This is likely due to the 

limited number of systems that have large enough interfacial energy differentials between the 

two organic phases to properly form a core-shell structure. Therefore the range of applications 

is limited. Alternatively, pan-coating can be used to add a shell layer to polymeric particles. 

While simple, this technique lacks reproducibility, typically is only applicable for large particle 
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size (600 – 5000 μm diameter particles are typically prepared in this manner), and yields large 

size polydispersity 403. Using the two-step process reported here, we were able to reproducibly 

synthesize biphasic microparticles to encapsulate EPO to yield release profiles with an initial 

delay followed by linear release. The particles are also injectable through thin gauge needles, 

therefore meeting the criteria that the injection of our composite must be minimally invasive. The 

two-step technique does not rely on interfacial energy differentials, and therefore it is 

conceivable that there is no limit on the types of polymers that can be used to form either the 

core or the shell of the particle. Each of the two phases can also be engineered to yield a broad 

range of release profiles. It is therefore likely to be more versatile than other existing techniques. 

 

Using the hydrogel-particle composite system, rather than a single component system of 

hydrogel or microparticles only, we also had more degrees of freedom in optimizing protein 

release. Previous work from our group has demonstrated that the release of a variety of drugs 

from HAMC-PLGA particle composites differ significantly from release from PLGA particles 

alone 316. This was attributed to protein sieving effect at the interface of gel and particles 404. We 

also found this to be true for EGF encapsulated in PLGA microparticles 316. In general, the 

presence of HAMC attenuated the burst release of various proteins from PLGA particles, and 

helped to yield pseudo-zero order release profiles 316. 

 

Additionally, one of the concerns of using the epicortical composite DDS is the structural 

stability of the composite. We require a delivery window of at least two weeks, and so the 

composite must retain most of its mass in vivo over this time frame. The physical crosslinks in 

HAMC form by dynamic hydrophobic interactions and may be disturbed by the flow of CSF. 

Therefore it is expected that in vivo degradation of the gel occur faster than that in vitro. 

Previous work from our lab has found that the addition of hydrophobic nanoparticles, such as 

poly(styrene), helped to stabilize HAMC 405. This is attributed to the formation of hydrophobic 
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junctions between particles and methylcellulose, in addition to the natural hydrophobic 

crosslinks between the methylcellulose chains. Here we reported that degradation of the 

composite in vitro is significantly slower than that of HAMC, possibly due to the presence of 

PLGA and PSA particles, both of which are hydrophobic.  

 

Encapsulating proteins in polymeric particles allows researchers to develop a variety of drug 

delivery systems that do not require prolonged infusion, which is an advantage as infusion 

systems can be invasive and may cause infection at the site of insertion. However it is difficult to 

engineer the DDS such that the delivery profile obtained matches what can be obtained with an 

infusion system. The work presented in this thesis demonstrated the preparation of one such 

system, where the desirable features of multiple protein delivery and programmable delayed 

release are combined. 

 

A key learning from this work is that a versatile system is crucial in engineering controlled 

delivery systems. One of the advantages that our composite system has over other strategies is 

that the rate of protein release can be individually engineered using polymeric particles, and 

particles can then be incorporated into HAMC to allow for differential rates of delivery. 

Conceptually, separating the functionalities (i.e., that of the particles from that of the hydrogel) 

will allow for fine-tuning the release rates of an unlimited number of drugs.  

 

6.4. Comparison between composite delivery system and existing delivery strategies 

 

The last few decades saw a myriad of protein drugs developed for use in treating CNS disorders. 

However, despite relatively high success rates in preclinical studies, few protein drugs have 

passed clinical trials and been approved for human use. Specifically, EPO has been tested in a 
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clinical trial for stroke treatment 406 where EPO was infused intravenously upon patient 

admission, and 24 and 48 h later. The outcome of the trial was negative as none of the patients 

showed significant improvement compared to placebo controls. One reason for this may be 

attributed to the lack of appropriate delivery strategies. Most proteins lack the ability to cross the 

BBB if administered systemically, and the available local delivery strategies are invasive. The 

main advantage of both systemic and local infusion systems, which are the most commonly 

used systems in administering drugs to the CNS in preclinical studies, is that they can sustain a 

steady level of drug at the insertion site, and the rate of release is easily tunable. The main 

limitations include invasiveness and that the drugs are not localized to the target site. The 

appropriate DDS for the CNS should deliver therapeutically relevant levels of proteins to the 

target site without causing systemic toxicity or local tissue damage.  

 

In this work we wanted to develop a polymer based controlled delivery system that allows the 

proteins delivered to achieve the same level of efficacy as the catheter/osmotic minipump 

infusion system. To this end we developed a composite DDS that shows promise in meeting the 

criteria mentioned above: spatially and temporally controlled release, minimal invasiveness, and 

in vivo efficacy. The HAMC-particle composite developed here can be injected epicortically to 

sustain the release of two different proteins over a desired time period. The hydrogel, HAMC, 

localizes the proteins of interest to the site of injection, such that there is low probability of 

systemic side effects. Since the epicortical delivery strategy does not require insertion of the 

composite into the brain tissue, it avoids the damage caused by cannula insertion associated 

with the catheter/osmotic minipump system. The anti-inflammatory and wound healing 

properties of HAMC also add to the benefits of this composite delivery system. Importantly, the 

benefit achieved by delivering PEG-EGF and EPO using the composite is equivalent to that 

achieved using the osmotic minipump/catheter system at the tissue level. Preliminary functional 

studies also suggest that treatment administered using the composite system leads to functional 
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improvement in stroke-injured animals. One other benefit that epicortical delivery has over ICV 

infusion is that the location of delivery can be adjusted as needed. This allows our epicortical 

composite delivery system to be easily adapted for treating other neurological disorders, where 

regions other than the SVZ are targeted.   

 

Although this is not the first instance where polymer scaffolds or particles have been used to 

deliver drugs to the brain, the system developed here presents a number of improvements over 

existing systems. PLGA particles and wafers, as well as various hydrogel patches and implants 

have been used to deliver therapeutic agents to the brain in animal studies of CNS disorders 

24,407. These devices are also versatile in their use, and can be formulated to deliver drugs at 

controlled rates. The main difference between these systems and our epicortical composite is 

that they require direct insertion into the brain tissue. As such, they are invasive and have thus 

far been predominantly used to treat brain tumours, where it is typical for portions of the brain to 

be excised during surgery 408,409. The wafers or implants are then placed into the void where the 

tissue has been removed. This is not applicable for most neurodegenerative disorders and brain 

injuries, such as Parkinson’s disease, Alzheimer’s disease, traumatic brain injury, and stroke 410. 

In these conditions, the target site can be deep within the brain, but tissue cannot be surgically 

removed without causing detrimental effects. The epicortical delivery strategy overcomes this 

problem, since the delivery system is injected onto the cortical surface. At the same time, the 

proteins delivered can be engineered to penetrate through the brain to reach the target site. 

 

Despite its numerous advantages over some existing local delivery systems, the epicortical 

composite delivery system developed here still faces a number of limitations. One of the most 

medically relevant drawbacks is that a surgery is required for the injection of this system. As 

such, the invasiveness associated with the composite is higher than that of systemic delivery. 
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Another limitation is the need to engineer proteins to penetrate to stem cell niches deep in the 

brain, which is often non-trivial.   

 

The significance in this work lies in engineering a device where the benefits of the overall 

system exceeds that of the sum of the components. Each component of this thesis, including 

PEG-modification of EGF, investigating the effect of PEGylation on protein penetration in the 

brain, and the preparation of the composite DDS all contribute to the final outcome, but it is the 

combination of all the different parts of the system that ultimately elicited tissue repair in stroke-

injured mice. 

6.5 Potential issues in translation 

 

One question remains regarding the mechanism of tissue repair after NSPC stimulation. Once 

NSPCs from the SVZ migrate to the injury site, tissue regeneration may occur if the precursor 

cells differentiate into mature cells and integrate with host tissue, or the cells may release 

cytokines and mediate repair indirectly. While this investigation is beyond the scope of this 

thesis, one can identify the mechanism by conducting an experiment where the newly 

generated tissue is removed after stroke-injured animals begin to show functional recovery. This 

can be done either physically using targeted local ablation, or chemically by delivering a toxin to 

which only the new tissue is sensitive. One way to do this is to use transgenic mice where only 

NSPCs express receptors to certain toxins.  Conceptually, we can insert toxin receptor genes 

(e.g. diphtheria toxin receptor411) into NSPCs but not other cells in the body. This can be done 

by inserting toxin receptors downstream of NSPC-specific transcription factors. One such factor 

is PQBP1 412: studies have shown that PQBP1 mRNA is dominantly expressed by SOX2+ stem 

cells in the subventricular zone region. We can then induce stroke in mice that have diphtheria 

toxin receptor gene inserted downstream of the PQBP1, and locally administer diphtheria toxin 

to these animals post recovery, This experiment will allow us to effectively ablate the newly-
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regenerated tissue without damaging other tissue. If incorporation of the newly generated cells 

into the host tissue is required for recovery after stroke, removal of the tissue will reverse 

recovery. On the other hand, if the cells lead to repair by secreting cytokines, removal of the 

new tissue should have minimal impact on recovery. Additionally, if the newly formed neurons 

are required for recovery, they should have neurite extensions and communicate with 

surrounding neurons413 . Neuroelectric activities in functional neurons are positively correlated 

with cognitive processes and functional improvement, and lack of signaling between neurons 

often indicates dead or dying tissue, or tissue that has not made connections with neighbouring 

cells413. The mechanism of repair can therefore be determined using a combination of 

electrophysiology, immunohistochemistry, and large functional assays to compare animals with 

the new tissue plug intact vs. removed. 

 

Another potential issue with translating a treatment that is effective in a mouse model into 

humans is that the cytoarchitecture of the SVZ is different between the two species. In the 

human SVZ, there is a hypocellular gap between the ependymal wall of the lateral ventricle and 

the inner layer of astrocytes that is filled with astrocytic cell processes294. Transport of proteins 

through this type of tissue will likely differ significantly from transport in the mouse brain tissue, 

both in terms of tortuosity and elimination rate.The exact transport will need to be investigated in 

more detail to predict diffusion distance for a given protein drug. Additionally some mature 

astrocytes in the human SVZ niche express proliferative markers, but not in mice 414. Studies 

showed that these mature astrocytes interact with NSPCs to promote proliferation. These 

findings suggest that compared to the amount of protein that we need to deliver to the mouse 

brain to stimulate neuroregeneration, the amount of proteins that we have to deliver in humans 

may not need to scale linearly with size.  Another point of difference is the growth conditions 

that murine vs. human NSPCs are responsive toward. Human NSPCs have been shown to 

have greater sensitivity to their environments (e.g., oxygen and insulin levels  415) compared to 
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murine NSPCs, and the sensitivity to various proteins and growth factors are also different 

between species416). Therefore the amount and types of factors required for stimulating 

endogenous neurogenesis may be different for mice vs. humans.  

 

In a few recent studies, the ongoing potential of neurogenesis in the human olfactory bulbs and 

the presence of an active rostral migratory stream are questioned 417. These findings raise the 

question of whether the adult human brain has enough neurogenesis potential to facilitate 

endogenous stimulation strategies. Interestingly, the same study showed that the extent of 

neurogenesis in the adult human olfactory bulb follows a temporal profile that is different from 

that in the mouse. Others found that the maximal neuronal proliferation and maturation are 

reached in the first month post-injection in mice and rat whereas in primates and other 

mammals the first new mature neurons are only observed at 3 months 417. These suggest that in 

higher order mammals, neuronal proliferation, differentiation, and maturation occur at a longer 

time scale compared to rodents, and that to optimize endogenous regeneration, we need to not 

only identify the appropriate factors to deliver and the appropriate site for delivery, but also the 

optimal time point after injury to initiate treatment.  

 

The other obvious challenge lies in the size difference between the mouse brain and the brain 

human. In the mouse brain, the SVZ is approximately 2 mm ventral to the cortical surface, 

whereas the SVZ in the average adult human is more than 10 cm from the cortical surface 378. 

Given this significantly greater distance, proteins that are engineered to reach the mouse SVZ 

after epicortical delivery may not be able to reach the SVZ in humans. In order to increase 

penetration distance, modifications such as conjugating the proteins to branched or longer PEG 

chains, conjugating proteins to liposomes and nanoparticles, or designing fusion proteins that 

have altered binding kinetics to cell surface receptors may be necessary.  
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Despite the promise that endogenous stimulation strategies have shown in animal models of 

stroke, there has been a lack of clinical success to date. Indeed, using endogenous stimulation 

to treat neurological injuries such as stroke is a challenging prospect. Given these potential 

translational issues, it may be worthwhile to study endogenous stimulation along with other 

treatment strategies in a combination approach. For instance, transplating exogenous stem cells 

into the injured brain has shown efficacy in animal models both through cytokines released by 

transplanted cells and through integration of these cells into the host tissue. Using a two-

pronged approach of endogenous stimulation and exogenous transplantation may increase the 

likelihood of clinical success.  
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7. Thesis Conclusions 

7.1. Achievement of objectives 

 

The original hypothesis of this work was: 

 

A drug delivery system consisting of a hyaluronan-methylcellulose (HAMC) hydrogel and 

polymeric particles will enable epicortical delivery of EGF followed by EPO to the brain to elicit 

tissue regeneration in a mouse model of stroke. 

 

Four objectives were defined to answer this question. 

 

1. Investigate the effect of PEG modification on protein diffusion in the stroke-injured brain. 

 

To address this question, the diffusion and elimination of EGF and PEG-EGF with various 

degrees of PEG-modification were investigated in both uninjured and stroke-injured brain tissue 

of a mouse. Integrative optical imaging in combination with mathematical modeling was used as 

a method for studying protein transport. We found that stroke injury significantly increases the 

rate of protein elimination from the tissue, which consequently leads to decreased penetration 

distance. By conjugating one PEG molecule to EGF, where the PEG has similar molecular 

weight as EGF, we show that we can improve tissue penetration, and modeling results show 

that the distance of penetration would allow epi-cortically delivered proteins to reach SVZ in a 

mouse model of stroke. These data were presented in Chapter 2 and published in the Journal of 

Controlled Release 250. 
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2. Assess the feasibility of epicortical HAMC-mediated EGF delivery for stroke treatment 

 

To examine the ability of PEG-EGF to penetrate through the stroke-injured cortex following 

epicortical delivery, we incorporated this growth factor into the HAMC hydrogel and monitored 

its transport in vivo. Compared to unmodified EGF, we found that PEG-EGF showed greater 

stability and slower elimination in vivo, which led to greater penetration depth. PEG-EGF 

delivered from HAMC reached the depth of tissue that corresponds to the SVZ in a mouse, 

stimulated proliferation of cells in the SVZ. Greater NSPC stimulation was observed following 

the delivery of PEG-EGF compared to unmodified EGF. These data were presented in chapter 

3 and published in Biomaterials 340. 

 

3. Assess the feasibility of epicortical HAMC-mediated EPO delivery for stroke treatment 

 

The transport of EPO in the stroke-injured mouse brain following epicortical delivery was 

examined. The transport of this protein was similar in the stroke-injured tissue compared to 

uninjured tissue due to a lack of receptor upregulation following injury. We demonstrated that 

EPO penetrated to the SVZ and enhanced neurogenesis. Additionally, EPO demonstrated both 

neuroprotective and neuroregenerative functions in the stroke-injured mouse and increased 

tissue regeneration in the injured cortex. These results were presented in chapter 4 and 

published in Biomaterials 252. 

 

4. Design and optimize a composite DDS for epicortical delivery of PEG-EGF followed by EPO 

 

A composite DDS was developed with the following components: HAMC hydrogel for spatially 

localizing the system; PLGA nanoparticles for encapsulating PEG-EGF, and biphasic 

microparticles with a PLGA core and PSA coating for encapsulating EPO. The system was 
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engineered such that PEG-EGF can be delivered first, followed by delivery of EPO. This allowed 

the temporal profile of delivery to match that achieved using osmotic minipumps. We 

demonstrated that growth factors delivered using this composite stimulated NSPCs in the SVZ 

and enhanced tissue regeneration in the ET-1 mouse model of stroke. This new method of 

delivery also achieved similar efficacy and was less invasive than conventional osmotic 

minipump/catheter infusion system. These data were presented in Chapter 5 and accepted for 

publication in the Journal of Controlled Delivery. 

 

 

7.2. Major contributions 

 

In this work it was demonstrated that two growth factors can be delivered sequentially to 

enhance brain repair after stroke using a minimally invasive delivery approach. To this end, a 

composite DDS of HAMC hydrogel and polymeric particles was prepared, and the formulation of 

the particles was engineered such that two different growth factors, PEG-EGF and EPO, can be 

encapsulated to yield sequential linear release profiles. To delay the release of EPO by 

approximately one week, we developed a two-step encapsulation strategy that is versatile and 

may be used for various polymeric systems.  

 

It was also found that a single PEG molecule of similar molecular weight as EGF can be 

conjugated to this protein to significantly increase the penetration distance in both uninjured and 

stroke-injured brain. This was investigated using both a mathematical modeling approach and 

confirmed using an in vivo model. We attributed the change in protein penetration to increased 

number of EGFR in the injured brain, as well as the global upregulation of proteases 250. The 

transport of proteins and the impact of PEG modification on protein penetration in the stroke 
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injured brain helped us to understand the morphological and proteomic changes in the brain 

after injury. 

 

This work also showed that the time of protein delivery has a significant impact on the outcome 

of growth factor treatment. When we delivered EPO at two different time points after stroke, we 

found that EPO showed neuroprotective effects 4 days after stroke, whereas it showed 

neuroregenerative effect when injected one week later. These results help to demonstrate that 

for growth factors, the timing of administering contributes significantly to the therapeutic 

outcome of the treatment, and that the therapeutic windows must be tightly controlled to achieve 

optimal results.  

 

Finally, the method for preparing biphasic microparticles for encapsulating EPO is novel and will 

likely allow a variety of proteins to be encapsulated. Unlike conventional one-step process for 

synthesizing double-walled particles, this two-step process does not rely on the interfacial 

energy differences between the two polymer phases to form the double-walled structure 234. 

Therefore a larger number of polymers can be used to synthesize these particles, and a broader 

range of release profiles may be achieved. 
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8. Recommendations for future work 

8.1 Encapsulating more clinically relevant proteins in composite DDS 

 

In the present composite DDS, two proteins were encapsulated to stimulate endogenous brain 

repair after stroke. PEG-EGF stimulates proliferation of endogenous NSPCs while EPO is 

thought to encourage their maturation into neurons 22. The sequential delivery of these two 

growth factors led to tissue repair in a mouse model of stroke. The limitation in the current work, 

however, is with respect to clinical translation of our system. EGF is a potent mitogen and is 

associated with tumor formation 418,419. For safety reasons, it is necessary to investigate other 

factors that can stimulate NSPC proliferation without causing tumor formation. 

 

The drug or growth factor that can replace EGF in our delivery system must have the following 

properties: 1) able to enhance the proliferation of NSPCs; 2) penetrate through the cortex to 

reach the SVZ; and 3) safe for use in humans. A number of growth factors that have been 

studied by other groups may satisfy these criteria. For instance, Cyclosporin A (CsA) is an 

immunosuppressant commonly used in organ transplant operations 420. It interferes with the 

activity of T cells and reduces the ability of the immune system to recognize foreign substances. 

In the central nervous system, recent findings have shown that CsA has both neuroprotective 

effects and the ability to stimulate neural precursor proliferation 421. Since CsA is safe for 

prolonged use in humans, it is a promising candidate for replacing EGF. Another potential 

candidate is human chorionic gonadotrophin (hCG) 422. This hormone is associated with 

reproduction in humans, but has shown considerable promise in human stroke treatment. 

Combining hCG with EPO is of particular interest because in a recent Phase II clinical study 422. 

The possibility of delivering multiple factors using our system can therefore be used to improve 

the clinical translation of this system.  
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8.2 Additional functional assessment of composite delivery system 

 

In this study we focused on examining the tissue level benefits of protein drugs delivered 

through the composite system. As a next step, once the more clinically relevant molecules to be 

delivered has been decided upon and successfully encapsulated, it would be interesting to 

assess both the tissue level and the functional level benefit of the strategy. The ET-1 mouse 

model of stroke is appropriate for this purpose, as demonstrated by Sachewsky et. al. 423. In this 

thesis, we examined the preliminary effect of our composite system on the functional outcome 

of ET-1 stroke-injured mice, but as the studies were unblinded, further assessment with larger 

cohors of animals would be required for definitive conclusions. 

 

8.3 Translating composite DDS into larger animal models 

 

The current version of the HAMC-particle composite DDS is able to deliver two growth factors 

sequentially to the stroke-injured mouse brain such that tissue repair can be observed. One 

potential limitation in this system is the penetration distance that proteins are able to achieve in 

the brain of larger animals, where the SVZ is significantly deeper in the brain compared to that 

in the mice 296. It may be necessary, therefore, to develop strategies to further enhance protein 

penetration in the stroke-injured brain. 

 

The following approaches may be effective for increasing protein penetration distance. First, the 

length of PEG chain conjugated to the protein can be increased. It has been shown that 

increase in PEG molecular weight has significant impact in decreasing the rate of protein 

degradation and elimination, and therefore may serve to increase penetration 387. Second, the 

degree of branching of the PEG molecule also has significant impact on the rate of elimination 

387. PEG molecules with higher degree of branching lead to slower elimination rates compared 
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to linear PEG chains with the same molecular weight 385. Third, the number of PEG chains 

conjugated to each protein molecule also has significant impact on the rate of protein removal 

269. All these PEG-based methods for reducing protein elimination, however, should be 

considered in combination with any reduction in bioactivity due to PEG-conjugation. Typically, 

the higher degree of shielding due to PEG will lower recognition of the protein by its receptors, 

and therefore may decrease bioactivity 424. 

 

Another method for increasing protein penetration is to modify the protein, either by 

mutagenesis or post-translational modification, by replacing certain amino acid residues in the 

receptor recognition site of the protein 425. This will reduce receptor recognition and therefore 

decrease protein elimination. The concern for this method is again the possible reduction in 

protein bioactivity.   

 

An alternative approach to increase protein penetration may be to scale up the composite 

system. The penetration distance will be directly correlated with the concentration of drugs in 

the reservoir device: the higher the concentration, the greater the driving force for diffusion in 

the extracellular space of the brain 382. Therefore if we are able to increase the length of time 

during which there is a constant driving force, we may increase protein penetration accordingly. 

Mathematical modeling may be used to first predict the length of time required for proteins to 

reach specific distances in the brain, and the concentration required can be calculated through 

reverse engineering. We can then take advantage of this knowledge and design a delivery 

system that is capable of delivering this quantity of proteins. 
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8.4 Develop more clinically translatable drug delivery casing 

 

The drug delivery composite is currently fixed in place on the mouse skull using a set of two 

custom-made polycarbonate disks. The disks are molded to the shape of the skull to ensure a 

tight seal. A burr hole is opened on the skull so that the composite can be injected onto the 

cortical surface, and these disks help to prevent the composite from flowing away during 

treatment. The limitation with the current version of this system is that the polycarbonate disks 

are bio-inert and nondegradable. As such, it must be removed at the completion of the 

treatment, and does not have any therapeutic advantages. 

 

One way to improve the current system is to manufacture the disks with materials that are 

biodegradable, and helps to expedite skull and dura healing. For instance, the disks may be 

synthesized from PLGA matrices containing therapeutic molecules such as bone morphogenic 

protein (BMPs) 426 and fibroblast growth factors (FGFs) 427,428. BMPs may be incorporated into 

the scaffold so that when released, they will help with the process of skull healing. The rate of 

dura healing may be increased by incorporating growth factors such as FGF-2 into the drug 

delivery composite, as FGF-2 has been incorporated into poly(lactide) scaffolds to enhance 

skull healing 428.  

 

Another method for improving the biocompatibility and usefulness of the drug delivery casing is 

to construct it from osteoinductive and osteoconductive materials, such as hydroxyapatite 429. 

Hydroxyapatite has been shown to expedite bone healing in various animal models, and is also 

biodegradable in vivo. Incorporating hydroxyapatite particles into polymer matrices 430 have 

been used as bone grafts in various applications to help heal fractured bones 431. 
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Appendix A: Abbreviations 

 

α: Free space ratio in extracellular space 

λ: Tissue tortuosity 

aCSF: Artificial cerebrospinal fluid 

AMPA: α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate 

BBB: Blood-brain-barrier 

BSA: Bovine serum albumin 

CT: Computed tomography 

D: Intrinsic diffusivity (cm2/s) 

D*: Apparent diffusivity (cm2/s) 

DCX: Double cortin 

DDS: Drug delivery system 

DG: Dentate gyrus 

DMTMM 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4- methylmorpholinium  

ECM: Extracellular matrix 

ECS Extracellular space 

EGF: Epidermal growth factor 

EGFR: EGF receptor 

ELISA: Enzyme linked immunosorbant assay 

EPO: Erythropoietin 

EPOR: EPO receptor 

ET-1: Endothelin-1 

GAG: glycosaminoglycans 

GFAP: Glial fibrilary acidic protein 
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HAMC: Hyaluronan methylcellulose 

IC: Intraberebral 

ICV: Intracerebroventricular 

IOI: Integrated optical imaging 

ke: Elimination coefficient (s-1) 

MCAo: Middle cerebral artery occlusion 

MRI: Magnetic resonance imaging 

MSC: Mesenchymal stem cell 

LDH: Lactate dehydrogenase 

NHS: n-hydroxysuccinimide 

NMDA: N-methyl-D-aspartic acid 

NSPC: Neural stem/progenitor cell 

PEG: Poly(ethylene glycol) 

PLGA: Poly(lactic-co-glycolic acid) 

POE: Poly(ortho ester) 

PPA: Propionic acid 

PSA: Poly(sebacic acid) 

PVA: Poly(vinyl alcohol) 

PVD: Pial vessel disruption 

ROS: Reactive oxygen species 

SGZ: Subgranular zone 

SVZ: Subventricular zone 

tPA: Tissue plasminogen activator 

TUNEL: Terminal deoxynucleotidyl transferase dUTP nick end labeling 
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Appendix B: Supplementary Figures 

 

 

 
 
 
 
 
Supplementary Figure S2.1 | Schematic comparing traditional invasive and novel drug 

delivery strategies. (a) Osmotic minipump/catheter system for infusing drug solutions into the 

lateral ventricles of the brain. A catheter is directly inserted through the brain tissue into the 

ventricles, leading to a highly invasive strategy with the potential for infection. (b) A drug delivery 

scaffold positioned on top of the brain cortex is minimally-invasive and eliminates the need for 

highly invasive surgeries. 
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Supplementary Figure S2.2 | Reaction schemes for conjugating rhEGF with methoxy-

poly(ethylene glycol). (a) Reaction scheme for synthesizing PEG1- and PEG2-rhEGF. 

Reactions carried out at pH 5.0 in MES buffer, with 3 or 6 molar excess mPEG-PPA to produce 

PEG1- and PEG2-rhEGF, respectively. The reducing agent NaCNBH3 was added at 140 molar 

excess to rhEGF. (b) Reaction scheme for synthesizing PEG3-rhEGF. Reaction was carried out 

at pH 8.6 in TES buffer, with 100 molar excess mPEG-NHS added batch-wise over four 

additions. 
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Supplementary Figure S2.3 | Gel electrophoresis images of rhEGF and PEGx-rhEGF 

showing degrees of PEG modification. Gels are sequentially stained with (a) Invitrogen 

Simply-Blue Safe Protein Stain and (b) a solution of BaCl2/KI/I(s) PEG stain. Both images (A) 

and (B) show a molecular weight ladder (lane 1), rhEGF (lane 2), 5 kDa PEG-propionaldehyde 

(lane 3), PEG1-rhEGF (lane 4), PEG2-rhEGF (lane 5), and PEG3-rhEGF (lane 6). 
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Supplementary Figure S2.4 | Representative plot demonstrating accuracy in estimated 

values of ke. Data points represent the γ2/4D vs. time plot obtained experimentally for () 

rhEGF, () PEG1-rhEGF,() PEG2-rhEGF  and () PEG3-rhEGF.  Dashed lines represent 

model fittings generated from experimentally obtained values of D and λ, as well as values of ke 

numerically obtained using MatLab. The model fittings correspond well to experimental data, 

indicating the goodness of fit and model accuracy. 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S2.5 | Cortical brain slices are viable 8 hours after animals are 

sacrificed. The percent cell death over time () is determined using the LDH cytotoxicity assay 

and normalized to the maximum cell death possible obtained from homogenized tissue (dashed). 

Measurements at each time point are reported as mean ± s.d. (n = 4 brain slices). 
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Supplementary Figure S2.6 | PEG modification does not affect the in vitro bioactivity of 

rhEGF. Neural stem cells (NSCs) are cultured for 1 week in serum free media (SFM), SFM with 

PEG, or SFM with rhEGF or PEGx-rhEGF. The number of NSCs in culture after 1 week is not 

significantly different between rhEGF, PEG1-rhEGF, and PEG3-rhEGF, while SFM lead to 

significantly smaller number of NSCs.    
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Supplementary Figure S3.1 | Denatured EGF and PEG-EGF are not detectable by ELISA. 

Various concentrations of EGF and PEG-EGF are denatured by boiling in the presence of 2 mM 

β-mercaptoethanol. Denatured () EGF and () PEG-EGF were undetectable by ELISA 

whereas non-denatured () EGF and () PEG-EGF were accurately detected.  
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Supplementary Figure S3.2 | Diffusion-controlled release of EGF and PEG-EGF from 

HAMC in vitro. (a) HAMC serves as a vehicle to sustain the release of EGF and PEG-EGF 

over 24 hours in vitro. (b) The first 80% of release follows a linear relationship with respect to 

the square root of time for both EGF and PEG-EGF, indicating that release is diffusion-

controlled. Between 0 and 30 min, the release is dependent both on diffusion and gel swelling. 
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Supplementary Figure 3.3S | Ki67 is a representative marker for neural precursor cells in 

the SVZ. Brain tissue sections were stained with both Ki67 and either (a) nestin for 

neuroprecursors or (b) DCX for neuroblasts. Between stroke-injured and stroke/PEG-EGF 

treated groups, the number of cells positive for both markers as a percent of Ki67+ only cells 

remain constant.  
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Supplementary Figure S4.1 | In vitro release profile of EPO from HAMC. (a) EPO is 

completely released from HAMC within 48 h. (b) Release of EPO from HAMC is diffusion 

controlled for the first 12 h, as the fractional protein released follows a linear relationship with t0.5. 

Plotted are mean ± standard deviation, n = 3. 
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Supplementary Figure S5.1 | Encapsulation efficiency of proteins in composite can be 

controlled by varying double emulsion process parameters. (a) Encapsulation efficiency of 

EGF-PEG in PLGA nanoparticles were tuned using the concentration of PLGA in the organic 

phase and salt in the outer aqueous phase. Increasing the salt concentration and PLGA 

concentration increase the encapsulation efficiency. (*p<0.05, **p<0.01, ***p<0.001) (b) 

Encapsulation efficiency of EPO in biphasic particles can be tuned by varying the formulation of 

the inner aqueous phase. BSA is a protein carrier required to achieve high encapsulation 

efficiency. Other factors have minimal impact on encapsulation efficiency. (Mean ± standard 

deviation, n = 3). 
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Supplementary Figure S5.2 | Poly(sebacic acid) (PSA) is used to coat PLGA particles, 

resulting in biphasic particles. PLGA particles show smooth surface morphology while PSA 

particles and PSA-coated PLGA particles show rough surface morphology. XPS surface analysis 

indicates that the surface chemical composition of biphasic particles reflect that of the PSA 

particle and not that of the PLGA particle. Areas under the peak for all peaks are normalized to 

Peak C1sD, which is associated with the C-OH bond typically used as the reference peak in 

analyzing polymers in XPS. 
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Supplementary Figure S5.3 | Stroke surgery and the implantation of the drug delivery 

composite. (a) Mice were anaesthetized with isoflurane, shaved and placed into a Kopf 

stereotaxic instrument.  A midline incision in the scalp was made and a small burr hole was made 

in the skull at the coordinates 2.25 lateral to the midline and 0.6 anterior to the Bregma.  1 µl of 

endothelin-1 was injected 1.0 mm ventral to the brain surface at 0.1 µl/min.  The needle was left 

in place for 10 min prior to removal and the incision was sutured. Uninjured mice were similarly 

treated, but no injection was carried out. The drug delivery system was injected 4 days post 

stroke to ensure that the majority of neuronal death has occurred, and any neurons found in the 

peri-infarct site at the completion of treatment are due to neurogenesis. The burr hole was 

exposed and any tissue debris was removed. (b) The disk with 2 mm central opening was fixed 

over the burr hole with bone glue. 3 µl of the composite was injected into the hole such that it is 

in direct contact with the brain’s cortical surface. (c) A second disk with no opening was fixed 

over the first disk and (d) the skin was sutured over the system.  
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Supplementary Figure S5.4 | The ipsilateral SVZ is analyzed for NSPC proliferation, while 

the peri-infarct region is analyzed for tissue repair. Immunohistochemistry was used to 

analyze two regions in the brain. The number of Ki67+ and Mash-1+ cells were analyzed in the 

subependymal layers of the ipsilateral SVZ (a) to assess the level of NSPC proliferation. The 

number of NeuN+ mature neurons, GFAP+ reactive astrocytes, and CD68+ macrophages and 

microglia were analyzed in the peri-infarct region (b) to assess tissue repair and inflammatory 

response.  
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Supplementary Figure S5.5 | Composite DDS is biodegradable and released protein 

remains bioactive in vitro. (a) The HAMC/particle composite degrades/dissolves to 50% of 

initial wet mass is over 5 weeks, providing sufficient stability to allow controlled protein release 

over the 1-3 weeks observed herein (*p<0.05, **p<0.01, each time point compared to t = 0 d). (b) 

Both () EGF-PEG and () EPO remain at least 60% bioactive during release in vitro over 5 

weeks. Bioactivity of proteins was determined by cellular assays using the MTT metabolic assay 

as a measure of cell viability over time: EGF-PEG was tested using mouse NSPCs and EPO was 

tested using TF-1 cells, where each factor is required for cell viability. (Mean ± standard 

deviation, n = 3, *p<0.05, **p<0.01, ***p<0.001 for EGF-PEG; 
#
p<0.05, 

##
p<0.01,

 ###
p<0.001 

for EPO; each time point compared to t = 0 d).  
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Supplementary Figure S5.6 | Time course of EGF-PEG and EPO penetration in the stroke-

injured brain tissue after epi-cortical delivery from composite. The concentration profiles of 

()EGF-PEG and () EPO are shown at (a) 1, (b) 4, (c) 8, (d) 11, (e) 14, and (f) 21 d post 

implant using ELISA analysis of tissue samples at defined depths. EGF-PEG is found in the 

tissue between 1 d and 14 d post implant, with peak concentration of 833 ± 75 ng observed at 8 d. 

EPO is not found in the tissue in the first 8 d, but detectable levels are found at 11, 14, and 21 

days post implant. A peak EPO concentration of 46.7 ± 2.2 U was detected at 14 d. (Mean ± 

standard deviation, n = 3).   
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Supplementary Figure S5.7 | Delivery and tissue penetration of EGF-PEG and EPO from 

osmotic minipumps. (a) Representation of osmotic minipump delivery system. (b) In vitro 

release of EGF-PEG and EPO follow linear release profiles for 7 days, with approximately 30% 

protein loss. Even though the same amounts of EGF-PEG and EPO were delivered here using the 

osmotic minipump system as was released from the epicortical composite system, significantly 

less growth factors were observed in the brain tissue. (c) Specifically, 0.25 ± 0.01% (6.2 ng) of 

infused EGF-PEG is detected in tissue at day 7 and (d) 0.028 ± 0.002% (0.0846 ± 0.0063 U) of 

infused EPO was detected at day 14. (e) Only EGF-PEG was detected in brain tissue at 7 d 

whereas (f) only EPO was detected in brain tissue at 14 d, reflecting the time that each factor was 

delivered from the pump. (Mean ± standard deviation, n = 3).   
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Supplementary Figure S5.8 | Osmotic minipump causes significantly more damage 

compared to composite DDS. Osmotic minipump cannulas are inserted through the cortex into 

the ventricles contralateral to the stroke site. This procedure causes significant cell death both in 

the (a) contralateral SVZ and the (b) contralateral cortex, compared to the composite DDS. 

Dashed line indicates the level of TUNEL signal in the uninjured brain. Additionally, both 18 

and 32 days after stroke, the cannula significantly increases the number of (c, d) GFAP
+
 reactive 

astrocytes and (e, f) CD68
+
 active microglia in the contralateral cortex compared to both stroke 

alone and vehicle composite treatments. (Results are normalized to Stroke animals. Mean + 

standard deviation, n = 5, ***p<0.001.) 

 

 

 

 

Supplementary Figure S5.9 | EGF-PEG and EPO delivered sequentially from composite 

DDS increase proliferation of NSPCs and decrease cell death in the SVZ 32 d post stroke. 

Quantification of (a) Ki67
+
 proliferating cells, (b) Mash-1

+
 neuroprecursors, and (c) TUNEL

+
 

apoptotic cells in the ipsilateral SVZ 32 d after stroke. Composite-mediated growth factor 

delivery significantly increases the number of proliferating cells in the SVZ compared to stroke 

alone, blank composite controls, and growth factors delivered with osmotic minipumps. Mash-1
+
 

neuroprecursors are increased following growth factor treatment compared to vehicle controls, 

regardless of the method of delivery. Composite also significantly decreases the number of cell 

death events in the SVZ compared to osmotic minipumps. The dashed line indicates the level of 

response in the uninjured brain. Results are normalized to stroke animals. Mean + standard 

deviation, n = 5, *p<0.05; **p<0.01; ***p<0.001. 
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Appendix C: Supplementary Tables 

 

Supplementary Table S2.1 Number of fluorescent molecules conjugated to rhEGF and PEGx-

rhEGF samples. Degree of Alexa Fluor 488 conjugation to each sample is expressed as number 

of fluorescent dye molecules per molecule of EGF or PEGx-EGF. 

Sample Number of Alexa Fluor 488 
Molecules Conjugated 

rhEGF 0.88 

PEG1-rhEGF 1.04 

PEG2-rhEGF 0.80 

PEG3-rhEGF 0.87 

 

 

Supplementary Table S2.2 Diffusion parameters for rhEGF and PEGx-rhEGF in dilute agarose 

and uninjured brain tissue. Values are reported as mean ± s.e.m.  (n = 25).  

Sample Diffusivity (10-7 cm2/s) 

D in Agarose D* in Tissue with 
Saturation 

D* in Tissue with 
Elimination 

rhEGF 16.8 ± 0.47  5.01 ± 0.88  2.22 ± 0.32  

PEG1-rhEGF 13.2 ± 0.28  3.34 ± 0.52  2.64 ± 0.35  

PEG2-rhEGF 8.88 ± 0.35  2.09 ± 0.31  1.78 ± 0.28  

PEG3-rhEGF 7.68 ± 0.40  1.66 ± 0.40  1.17 ± 0.25  
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Supplementary Table S2.3 Model parameters for fitting ke. The values of parameters used for 

each diffusing species in every medium are shown. Constants obtained from literature include α 
141 and ε 259; constants obtained experimentally include tortuosity (λ), intrinsic diffusivity (D), 

concentration of injected protein solution (Cp), initial fluorescent peak intensity (Io) and volume of 

injected solution (U); ke is the fitted parameter, which was varied between 0 s-1 to 10-1 s-1 with 

increments of 10-7 s-1. 

 

Sample Constants 
from 

literature 

Experimentally derived parameters Fitted 
Parameter 

 α ε λ D  
(10-7cm2/s) 

Io  
(nl/nmol ∙AU†) 

Cp  
(10-3 nmol/nl) 

U (nl) ke (s
-1) 

rhEGF 0.2 1 2.75 16.7 0.5 0.18 4.6 0 – 10-1 

PEG1-rhEGF 0.2 1 2.24 13.2 0.1 0.18 4.6 0 – 10-1 

PEG2-rhEGF 0.2 1 2.23 8.88 0.1 0.18 4.6 0 – 10-1 

PEG3-rhEGF 0.2 1 2.56 7.68 0.1 0.18 4.6 0 – 10-1 

 

†AU – arbitrary fluorescence units 

 

 

Supplementary Table S2.4 Diffusion parameters for rhEGF and PEG1-rhEGF in stroke-injured 

brain tissue. Apparent diffusivities in tissue without elimination (i.e. saturation) and tissue with 

elimination are reported as mean ± s.e.m. (n = 25). 

 

Sample Diffusivity (10-7 cm2/s) 

Ipsilateral Hemisphere Contralateral Hemisphere 

With Saturation (D*) With Elimination 
(D*) 

With Saturation (D*) With Elimination 
(D*) 

rhEGF 7.29 ± 0.82 4.54 ± 0.90 5.40 ± 0.97 3.67 ± 0.67 

PEG1-rhEGF 3.89 ± 0.96  3.78 ± 0.59 3.14 ± 0.46  3.24 ± 0.68 
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Appendix D: Supplementary Results 

 

In addition to the studies carried out in Chapter 5 of this thesis to examine the benefits of our 

composite delivery system, we conducted preliminary investigations on the functional outcome 

of animals that received EGF-PEG and and EPO sequential treatment. Our preliminary findings 

show that animals receiving treatment from the composite delivery system achieve functional 

recovery in the endothelin-1 model of stroke. However, one caveat in the study is that functional 

assays were not blinded, so futher confirmations are necessary before definitive conclusions 

can be made. 

 

Materials and Methods 

 

Behavioral assessments were carried out weekly from 3 days pre-stroke to 32 days post stroke. 

Two sets of behavioral tests were carried out: foot fault and cylinder tasks. 

 

Foot fault task432: Mice were placed on a metal square grid (1.2 cm x 1.2 cm mesh size, 24 cm 

x 36 cm grid size) elevated above ground and allowed to explore freely. A mirror was placed 

underneath the grid and used for filming the animals’ movements. Each slip of the impaired, 

contralateral forepaw was recorded as a foot fault. Eight paired weight-bearing steps were 

required before a set was recorded. The total number of steps was recorded for 5 min per 

animal.  

 

Cylinder task433: Mice were placed in a pyrex cylinder (11 cm i.d. x 15 cm h) for 5 min. Animals 

reared and used the forepaws to explore the environment. A movement where only the 

ipsilateral or contralateral paw was used was recorded as either an “ipsilateral” (I) or a 
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“contralateral”(C) movement. If both paws were used simultaneously, the action was recorded 

as a “both” (B). If a single paw movement was followed by lateral or vertical exploration using 

both paws, the movement was recorded as an “I” and a “B” or a “C” and a “B”. The extent of 

contralateral injury was calculated as C / (I + C + B). 

 

Results 

 

Functional Repair in mouse model of stroke: release via epicortical composite vs. 

intraventricular catheter/minipump  

 

Functional repair after endothelin-1 stroke was monitored using two well-established behavioral 

tasks for mice that received EGF-PEG and EPO by epicortical composite vs. intraventricular 

catheter/minipump infusion: the foot fault and the cylinder assays. Injured animals that receive 

growth factors (G/F) from the composite (Stroke + G/F composite) or the catheter/minipumps 

(Stroke + G/F pump) are compared against controls of: no injury, vehicle composite (Stroke + 

vehicle composite), and vehicle pump (Stroke + aCSF pump).  We ensured normal mouse 

behavior 3 days prior to stroke (-3 d) and deficits in the contralateral paw 4 days after stroke, 

prior to initiation of the controlled release strategy of EGF-PEG and EPO at 4 days.  

 

In the foot fault assay, animals were allowed to ambulate freely on a grid and slippage of the 

injured forepaw was recorded relative to the number of total steps taken in a 5 minute period.  

The control animals behaved as expected:  no injury controls show no deficits whereas stroke-

injured animals that received vehicle treatments maintain the deficit from 4 – 32 days after 

stroke. Remarkably, stroke-injured mice that had epicortical delivery of EGF-PEG and EPO 

show significant improvements from 11 to 32 days after stroke compared to those that receive 

the vehicle composite (Supplementary Fig. D.1a). More importantly, these stroke + G/F 

composite animals show no significant difference from the no-injury controls at 25 and 32 days 
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after stroke, demonstrating functional recovery to pre-injury levels. EGF-PEG followed by EPO 

infusion from catheter/minipumps also results in improvement from 11 to 32 days after stroke 

compared to aCSF infusion (Supplementary Fig. D.1b). There remained, however, a 

significant difference between the stroke + G/F pump animals and the no injury animals even at 

the terminal time points, demonstrating that the catheter/minipump system is not as efficacious 

as the epicortical composite delivery of G/Fs.   

 

In the cylinder assay, animals were placed in a glass cylinder and allowed to explore their 

surroundings, and the extent of injured contralateral paw use was compared to total paw use in 

a 5 minute period. Notably, the behavior observed between all of the groups in the cylinder task 

was similar to that observed in the foot fault study (Supplementary Fig. D.1c, d). Controls of 

injury alone or aCSF vehicle delivery showed no improvement over time whereas stroke + G/F 

animals performed significantly better. Importantly, only the stroke + G/F composite animals 

showed comparable performance to the no injury controls at the last two time points. 

 

These results correspond to tissue-level findings, and show that the composite drug delivery 

system is a promising tool for administering proteins to the brain by a minimally invasive method. 
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Supplementary Figure D.1 | Epi-cortical delivery of EGF- PEG followed by EPO using 

composite drug delivery system (DDS) improves functional outcome in ET-1 mouse 

model of stroke. Foot fault test indicates that: (a) growth factors delivered from composite DDS 

(G/F composite) (n = 11) and (b) osmotic minipumps (G/F pumps) (n = 6) lead to significant 

functional recovery compared to vehicle control (blank composite, n = 11, and aCSF pump, n = 

6) and stroke-only control (n = 6). Composite-treated animals showed no functional deficit 

compared to no-injury control (n = 6) at 25 and 32 d after stroke. Cylinder test confirms that (c) 

G/F composite and (d) G/F pump treated animals showed significant functional improvement at 

25 and 32 d after stroke, but only G/F composite led to full recovery, indicating that G/F 

composite resulted in faster rate of recovery compared to G/F pump. Arrows indicate the dates 

of stroke and implant surgeries (Mean + standard deviation). *Statistically significant difference 

between treatment group and vehicle control:  *p<0.05; **p<0.01; ***p<0.001. #Statistically 

significant difference between treatment group and no-injury group: #p<0.05; ##p<0.01; 

###p<0.001.
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