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Abstract

The obstruction of blood flow to regions of an infant brain leads to a reduction of oxygen and
essential nutrients, causing what is known as hypoxic-ischemic (HI) damage to that region.
Presently the only treatment available for affected neonates is hypothermia: head or whole-body
cooling. Despite its limited effectiveness, hypothermia delays disease progression, thereby
providing an opportunity for a supplement therapy to be beneficial within that time frame. It has
long been the goal to combine hypothermia with pharmacology to improve the overall
neuroprotective potential. Many drugs have shown promise in treating the HI damaged neonate
brain, however, the systemic dosage used to achieve therapeutic concentrations in the brain lead

to significant side-effects that have prevented their use in clinic.

Self-assembling peptides can be engineered to respond to biological cues and deliver drugs in an
on-demand manner. Although some classical pH sensitive polymer systems have been studied in
the past, we focus on using relatively biocompatible elastin-like polypeptides (ELPs) as a self-
assembling peptide that can be engineered to respond to pH and temperature to allow for localized
release of drug. ELPs are biopolymers composed of repeating units of the pentapeptide sequence
Val-Pro-Gly-X-Gly (VPGXG), where the variable residue X can be manipulated to trigger the
phase transition at desired conditions. Once in nanoparticle form, appropriate drugs can be
incorporated into the ELPs such that hypothermia and/or the pH changes that arise due to disrupted
metabolism in the damaged tissue, would induce nanoparticle dissolution. Subsequently, the drug

would be released at the site of injury in a safe and controlled manner.
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ELPs were synthesized from genetically engineered plasmids in recombinant Escherichia coli and
purified from the bacterial lysate by inverse temperature cycling (ITC). Dexamethasone (DEX)
was selected as the candidate anti-inflammatory drug for neonatal brain injury. Dynamic light
scattering was used to characterize the temperature-dependent assembly of ELP nanoparticles
containing DEX followed by the pH-dependent disassembly. The drug loading or encapsulation
efficiency and the stability of the nanoparticles over time, was determined using high-performance
liquid chromatography. Next, the ELP-DEX nanoparticles were injected in a neonatal rat model
of brain injury and focal brain cooling was applied. To test the ability of the ELP nanoparticles to
deliver DEX to the injured brain, HPLC was used to detect and measure the amount of DEX in the

brain tissue.

On screening several valine, leucine, and histidine containing-ELPs in the guest position, we
identified the construct (AG)40-(VH4)24 as the one that could undergo nanoparticle formation
with DEX encapsulation under physiologically relevant pH 7.4 and temperature 37°C. This
construct demonstrated assembly between 35 — 40 °C to form particles of size ~300 nm, and
disassembly between 35— 33 °C to <10 nm, at 0.25 mg/mL and pH 7.4. When the pH of the solution
was lowered to 6.4 during cooling, the disassembly temperature decreased by 1°C and at pH 6
complete dissociation was observed, with presence of ~10 nm particles across all temperatures
below 45°C. This shows the pH-responsiveness and sensitivity of the ELP construct (AG)40-
(VH4)24 within a narrow pH range between 7.4 and 6, is an important trigger owing the local
acidosis (~pH < 6.75) that develops at the site of brain injury. The drug loading or encapsulation
efficiency of the particles was determined to be 1.3 = 0.6 % at the same concentration of 0.25

mg/mL.
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Selective brain hypothermia was induced using a focal cooling device. Our method of cooling was
successful in establishing and maintaining a temperature differential of 3.2°C between the head
and body of the animal throughout the experiment. It also offered the same extent of
neuroprotection as in whole-body hypothermia and significantly reduced the amount of tissue
damage when compared to normothermic animals (p = 0.0457). A single injection of DEX
containing-(AG)40-(VH4)24 particles resulted in ~0.4 pg of DEX/g of brain tissue thus validating

the ability of ELP nanoparticles to release DEX in the brain.

The findings suggest that this drug delivery system holds immense potential to enhance the
beneficial effect of hypothermia in a clinical setting, thus improving the quality of life in infants
with brain injury. The proposed nanoparticles could then be used to understand the effects of

multiple drugs under investigation for the treatment of other brain disorders.

iv



Preface

This thesis is an original work done by Rukhmani Narayanamurthy. All animal experiments were
performed in accordance with protocols approved by the University of Alberta Animal Care and
Use Committee (AUP00003792 REN1, AUP00000363). A portion of introduction section has
been published as a review article titled, “Drug delivery platforms for neonatal brain injury”
(Narayanamurthy R, Yang JL, Yager JY, Unsworth LD. Drug delivery platforms for neonatal brain
injury. Journal of Controlled Release. 2021 Feb 10;330:765-87). RN and JLJY conducted literature
review and wrote the manuscript; JLJY illustrated the figures. JYY and LDU provided feedback

and finalized the manuscript.

Other researchers assisted with or performed some of the procedures in this study. Mass
spectroscopy was done by Mr. Jack Moore, technician at the Alberta Proteomics and Mass
Spectrometry Facility. DNA sequencing was performed at the University of Alberta Molecular
Biology Service Unit. Carotid artery ligation surgeries and intraperitoneal injections were done by
Mr. Edward Armstrong. HPLC protocols were by developed by Rukhmani with guidance from
Mr. Audric Moses, technician at the University of Alberta, Lipidomics Core facility. Optical
imaging of the animal organs was done at the Molecular Biology Core Facility in the Alberta
Diabetes Institute, University of Alberta. The ELP genes used in this study were cloned by Dr.
Jonathan Yang. Rukhmani worked on Western analysis alongside Dr. Yang while quantification
and illustration of the protein blots were done by him. Dinuka Waduthanthri optimized the ELP

labeling protocol and worked with Rukhmani on obtaining DLS measurement replicates.

All other portions of this thesis are original works.



Acknowledgements

I would like to express my heartfelt gratitude to my supervisors Prof. Larry Unsworth and Prof.
Jerome Yager. Thank you very much for your patience and exceptional guidance and support,
especially during lab shutdowns due to the pandemic. Thank you for giving me the opportunity to
learn and grow as well as for the advice that has helped me determine the next steps in my research
career. Thank you Dr. Eytan Wine for being on my committee and for your time, advice, and

insightful feedback.

A very special thanks to Jonathan and Ed, for your expertise, advice and mentorship, all of which
have helped me navigate through some tough times in graduate school. Thank you, Jonathan, for
being so patient with me and for offering immense support whenever I needed it even outside of
my thesis project. Thank you, Markian, for all your mentorship, help in troubleshooting and
contagious energy; your enthusiasm for research is an inspiration to me. Thank you very much
Dinuka, for all your help, patience, advice, tips, and tricks and for being a great colleague. Lastly,
I would like to thank all the past and present members from both Yager and Unsworth labs: Zeenat,
Shammy, Mehdi, Shu Hui, Meng Y1, for your support.

Mikhaila and Trish, thank you for your prompt responses and for getting things done for me. You
were amazing! I would also like to thank Audric from the Lipidomics Core facility for his technical

assistance.

I am extremely grateful to all my friends, for being there for me whenever I needed them,
especially, Sam; Thank you so much for all your time helping me practice presentations, discuss
papers and what not! Thank you very much mom and dad for always being my biggest cheerleaders

and for encouraging me to carve my own path in life.

This project was funded through the generous support of (i) University of Alberta, Faculty of
Medicine and Dentistry, Department of Pediatrics, Maternal and Child Health Scholarship
Program, (ii) Alberta Innovates Graduate Student Scholarship Program and (iii)) Women and
Children’s Health Research Institute Graduate Studentship Program (iv) Canadian Institutes of
Health Research.

vi



Table of Contents

ADSETACT et et e st e e et e e e ettt e e e et ee s 1
PLOEACE ... ettt e e an v
ACKNOWICAZEMENLS .....eiiiiieiiiiiie ettt e ettt e e et e e e e tbeeeeesstbeeeeesnssaeeeennssaeaeas vi
LSt OF TADIES ..ottt et e et e et e e sttt e ettt e et e et eeeennee s X
LSt OF FIGUIES ...cniiiiieeeiiiee ettt e e et e e e et e e e eatbeeeeenssaeeeesnssaeeeennssaeeeas Xi
LSt Of ADDIEVIATIONS. ......iiieiiiiiie ettt et e e et e e e ee e e xiil
Chapter 1: INtroduction.......cccoivevvvveeeriiccssssssssssnnnsrsesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 1
1.1 Neonatal hypoxic-ischemic brain damage .............c.eeevieeeriiiiiiiiiiiieee e 2
1.1.1  Pathophysiology of neonatal HI brain injury ..........ccccceeeevviiiiiiiiiiieeeeeeiiiieeeee e 3
L1LT OXIAAEIVE SIESS ..veeeeuiiiiieeiiiiiieeeiitee ettt e e et e ettt e e ettt e e e ettt e e e et e e e enaeeeeeeas 5

| O RPN 5 o3 1101 70): (011 20U PUURPRR 6

L1133 Inflammation.......c.ooiuiiiiiiiiiie ettt 7

1.1.1.4 Mitochondrial dySfUNCLION...........ceiieiiiiiiiiiiiiiieee e 7

1.1.2  Blood brain barrier in neonatal HI brain injury..........cccccoeeeeciiiiiiiieeeeeeiiiieeeeeene 8
1.1.3  Therapeutic hypothermia as the standard of care ............ccceccvvvviiieeeieinncciiiiieeeen, 9
1.1.4  Therapeutic agents in neonatal brain INJUIY .........cccceeeeeeeiiiiiiiiieieeeeeeeeiiieeeee e 10
L1141 GrowWth faCtOTS. ...ceiiiiiiiiieiiiiee ettt e 11
1.1.4.2  SMall MOLECUIES ...coeeiiiiiiiiiiiiiee e e e e e e e e e eaaaeeeeas 11

1.1.4.3 Glutamate channel blOCKEeTS...........ccccuviiiiiiieeiieiieee e 12
1.1.4.4  Combination treatments. .........oecuueiiiiiiiieeeiiiiieeeeeiieeeeeeiiee e e et e e e et eeeeeebeeeeas 12

1.2 Dexamethasone as a NEUTrOPTOtECtIVE AZENE .....eeeuevvviiieieeeeeeeeiiiiiieeeeeeeeeeeiirrreeeeeeeeeeneens 13
1.3 Elastin-like polypeptides.......cccoiiuiiiiiiiiiiie ettt e e 14
1.3.1  Temperature-dependent phase transition behavior............cccccvveeieeeeeiicciiiiieeeeeeenn. 15
1.3.2  pH-1eSponsive BERAVIOT ........ccoeiiiiiiiiiiiee et e e 16
1.3.3  Biomedical appliCations ..........ccceeuuriiiiiieeeeeeicciiieeee e e e e eeeiirte e e e e e e e e eearraaeeeaee e 16

1.4 HYPOTRESIS ..ttt ettt e e e ettt e e e ettt e e e ettt e e e eentbeeeeenes 19
1.5 ODJCIIVES. ..eeeeenitiiee e ettt ettt e e ettt e e ettt e e e ettt e e et e e e e nsbeeeeensbeeeeeannbeeeeeannbaeaeenes 19
Chapter 2: MethodologY ......cceeiirueeeiiisnneennisinnneencissneescsssnneessssssneescssssseesssssssessssssssessssssssessssss 21
2.1 ANImal Care and USE..........eeiriiiiiiiiiiiiee et 22
2.2 Induction Of HI INJUIY ...eeiiiiiiiiiie e et e et e et 22

vii



2.3 ELP gene concatemerization and ClONING.............oeeeruiiiieeiiiiiiieeiiiiee e 23

2.4 ELP expression and purifiCation ............ccceeeeeriiieeeeniiieeeeeiiieeeeeiieeeeeinneeeeesnreeeeessneeeens 23
2.5 Dynamic light scattering eXpPerimeENts ............cccvreeeeriurieeeesirreeeeerreeeeasrreeessssseeeessssneeeens 25
2.6 Determination of encapsulation efficiency and nanoparticle stability .............cccceeeernnennnn. 25
2.7 Administration of Selective brain hypothermia using a cooling device...........ccceeeeunnenn. 26
2.7.1  Cooling device CONSIITUCTION .......uviieeieriireeeiiiieeeeriieeeeeireeeeesrreeeeesrreeeeessreeeeanns 26
2.7.2  Experiment 1: Temperature MONtOrINg .........eeeeerviieeeeriiieeeeriiiieeeerireeeeesiveeeesnnns 29
2.7.3  Experiment 2: Induction of Hypothermia ..............cccceevveeiieniiiiiiiiiiieeeeeeeee, 29
2.8 Fluorescent imaging using Cyanine5 tagged ELPS ..........ccooviiiiiiiiiiieiiiiiiieeeee e 30
2.9 Determination of biocompatibility of ELP constructs using Western blot analysis............ 31
2.10 ELP-mediated delivery of dexamethasone to the brain..............ccccceeeeeiiiiiiiiiiiee e, 32
2.10.1  HPLC MEthOQ ....ciiiiiiiiieiiieeeee ettt et e e 33
2,11 Statistical @NAlYSIS.......cccuuviiiiiiieeeeeiiiieeee e e eeee e e e e e e e e e e e e e et reaaeeeeeennnens 34
Chapter 3: ReSUILS.....cciiiiiiiiiiiiiiiiriiiiiirisssssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 35
T B 2 B o 311 4 1T P PURR S 36
3.2 Temperature and pH sensitive behavior of ELPs in the presence of DEX......................... 37
0 B 0 X € 5 L ] USRS 38
322 (AG)20-V40 and (AG)A0-VEO0 ......oeeieiieiieeeiee ettt e 38
323 (AG)O0-(VHA)24 ...ttt ettt e e e e e enaee s 40
R 0N € 3 o VA 5 1 USSR 42
3.2.5  (AG)A0-(VHA)20 ..ottt et e et e e e e ee e enseeennseees 43
326 (AG)A0-(VHA)24 ...ttt e e e e e snneeennnee s 45
3.3 Encapsulation efficiency and effect of DEX encapsulation on nanoparticle stability......... 47
3.4 Induction of focal brain hypothermia ..............cccccveiiiiiiiiiiiiiiie e, 48
3.5 Neuroprotection by the cooling deVICE .........ccuuiiiiiiiiiiiiiiiiiiieeeiee e 49
3.6 Biodistribution Of ELPS ........coiiiiiiiiiiiiii ettt 51
3.7 In vivo biocompatibility of ELPS........cccciiiiiiiiiiiiiiiieeee e 58
3.8 In vivo release of dexamethasone in the brain.............ccoooiiiiiiiiii s 61
Chapter 4: DISCUSSION ..ccevviueeeeiiiiinneecissseenccsssneessssssneescssssnsesssssssesssssssssssssssssesssssssssssssssssassssss 64
4.1 ELP SYNERESIS ....ueeiiieeiiiiiie ettt ettt e ettt e e ettt e e e et ee e e et eeeeentbeeeeennnaeeeeas 65
4.2 ELP assembly and disassembly in the presence of DEX.........cccccooiiiiiiiiniiiiniiiiicee 66
4.3 ELP encapsulation and Stability ...........coocviiiiiiiiiiiiiiiieeeeie e 68



4.4 FOCAl COOIIME .....iiiiiiieeiiiiee ettt ettt e ettt e e e ettt e e e esetbeeeeentaeeeeensbaeeeennsseaeens 69

4.5 Biocompatibility of the diblock ELPS .........cccooiiiiiiiiiiiiiiiiiieeeeiee et 71
4.6 ELP mediated DEX release in the brain ............ccoeceeiiiiiiiiiiiniieeieeceeee e 73
4.7 CONCIUSION. ...ttt ettt ettt ettt e et e ettt e e bt e ettt e eat e e e enbbeeeateeeenbteesnbeeenbeeenseeennnes 73
Chapter 5: Future dire€Ctions .........eeeeeeeeceiiisvvsnnnneiiicciisssssssnnsessscssssssssssssssssssssssssssssassssssssssssssns 75
5.1 PrOSPECHIVE STUAICS ....vvviiieiiiiieeeiiiiie e ettt e eeit e e e et eeeeitteeeeeetbeeeeessnaeeeeensseeeeesssseaeeannes 76
5.1.1 Testing the combinatorial effect of ELP-DEX and hypothermia treatment........... 76
5.1.2  Behavioral testing and biomarker expression analysis ..........cccceeeeeeevvvveeeeeeeennnnnns 76
5.1.3  Incorporating other drugs ........ccuuvviiiieiiiiiiiiiiieeee e e 77
5.1.4  Increasing the specificity of ELP targeting .........ccccoeeeeeiviiiiieieeeeeiiiiiiieee e e 77
5.1.5  Determining ELP KINEtICS 171 VIVO.......cccoeveiiiiiiiiiieeieeiiiiiiieee e eeeiieee e e e e 78

R B9 1 0117 15 10§ PSPPSR PPPPOP 78
5.2.1  Animal model and age .........ccccuuiiiiiiiiiiiie e 78
5.2.2  COOlNG AEVICE ....cciiiiiiiiiiee e ettt e e e e e ettt e e e e e e e e tabteeeeeeeeessnnasrneeeaeeeeasnnnnns 79
BibDliograpRhy ..ccccciiiiiiiiiiiinniniinnniinnnnnnnnnnnnnnssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 81
APPEINUIX coeiiiiiininnnnnnnnnsnnsnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 91
Al: Hand E STAINING ...cooeeiiiiiiiiiiice ettt e e e e e e et e e e e e e e e esnnsaaeeaaeeeeeesnnnnns 91
A2: ELP tag@ing ProtOCOL..........uuiiiiiiiiiiiiiiiiiieee e ettt e e e e e ettt e e e e e e e enearaeeeaeeeeeennnnnns 91
A3: Western bIot @nalySiS........uuuiiiiiiiiiiiiiiiiiiiiiee e e e e e e e e e e e e et eaeeeeeennnees 93
A4: Extraction of DEX from tissue using methylene chloride ...........cccccoeeeiiiiiiiiiiiiiieiee, 93

ix



List of Tables

Table 1 List of ELP constructs that have been expressed and purified.

Table 2 Encapsulation efficiency and nanoparticle stability of (AG)40-(VH4)24.

Table 3 DEX quantification in the brain tissue from rats injected with ELP-DEX
solution.



List of Figures
Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

A flowchart depicting the different phases in the pathophysiology of HI injury.
The cooling device setup.

The thermal behavior of (AG)40-L80 observed by DLS analysis.

The thermal behavior of (AG)20-V40 observed by DLS analysis.

The thermal behavior of (AG)40-V80 observed by DLS analysis.

The thermal behavior of (AG)60-(VH4)24 observed by DLS analysis.

The thermal behavior of (AG)80-(VH4)20 observed by DLS analysis.

The thermal behavior of (AG)40-(VH4)20 observed by DLS analysis.

Results from DLS analysis. pH-induced disassembly of (AG)40-(VH4)20 at
0.75 mg/mL, represented in terms of volumetric distribution of the
nanoparticles.

The thermal behavior of (AG)40-(VH4)24 observed by DLS analysis.

Results from DLS analysis. pH-induced disassembly of (AG)40-(VH4)24 at (A)
0.75 mg/mL and (B) 0.5 mg/mL, represented in terms of volumetric distribution
of the nanoparticles.

Core body and brain temperature profiles during the operation of the cooling
device.

Treatment by the cooling device reduced the extent of brain atrophy.

The localization of Cy5 tagged ELPs.

Dot plots of end point fluorescent images of animal injected with Cy5 tagged

(AG)40-(VH4)20 and euthanized at 4h post injection.

xi



Figure 16

Figure 17

Figure 18

Figure 19

Figure 20

Figure 21

Figure 22

Figure 23

Dot plots of end point fluorescent images of animal injected with Cy5 tagged
(AG)80-(VH4)20 and euthanized at 4h post injection.

Dot plots of end point fluorescent images of animal injected with Cy5 tagged
(AG)40-(VH4)20 and euthanized at 24h post injection.

Dot plots of end point fluorescent images of animal injected with Cy5 tagged
(AG)80-(VH4)20 and euthanized at 24h post injection.

Dot plots of end point fluorescent images of animal injected with Cy5 tagged
(AG)40-(VH4)20 and euthanized at 48h post injection.

Dot plots of end point fluorescent images of animal injected with Cy5 tagged
(AG)80-(VH4)20 and euthanized at 48h post injection.

Western analysis of heart, liver, and kidney.

Western blot analysis of the brain.

Calibration curve of DEX standards prepared from brain homogenate.

xii



List of Abbreviations

Actb B-actin

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ATP Adenosine triphosphate

BBB Blood-brain barrier

BCA Bicinchoninic acid

Casp3 Cysteine-aspartic acid protease 3
cc Corpus callosum

COX Cyclooxygenase

CMT Critical micelle temperature

ctx Cortex

CXCR4 C-X-C chemokine receptor type 4
Cy5 Cyanine 5

DEX Dexamethasone

DG Dentate gyrus

DNA Deoxyribonucleic acid

DLS Dynamic light scattering

ELP Elastin-like polypeptide

EPO Erythropoietin

Gfap Glial fibrillary acidic protein
H&E Hematoxylin and eosin

HI Hypoxic-ischemic/hypoxic-ischemia

xiii



HPLC

Ibal

IL

iINOS

IPTG

ITC

iTEP

LOD

Iv

NADPH

NHS

NMDA

NO

PD

PBS

PEG

PLGA

PDC

ROS

RNOS

High performance liquid chromatography
Hypothalamus

Ionized calcium-binding adapter molecule 1
Interleukin

Inducible nitric oxide synthase

Isopropyl B-D-1-thiogalactopyranoside
Inverse temperature cycling

Immune tolerant elastin-like polypeptide
Limit of detection

Lateral ventricle

Reduced nicotinamide adenine dinucleotide phosphate
N-hydroxysuccinamide
N-methyl-D-aspartate

Nitric oxide

Postnatal day

Phosphate buffered saline

Polyethylene glycol
Poly(DL-lactic-co-glycolic acid)
Pyruvate dehydrogenase complex
Recursive directional ligation

Reactive oxygen species

Reactive nitrogen and oxygen species

xiv



SDF-1

SEM

T;

th

TNF-a

TPER

VEGF

3v

Stromal cell-derived factor 1
Standard error of mean

Transition temperature

Thalamus

Tumor necrosis factor-a

Tissue protein extraction reagent
Vascular endothelial growth factor

Third ventricle

XV



Chapter 1: Introduction

Portions of this chapter have been published in:

Narayanamurthy R, Yang JL, Yager JY, Unsworth LD. Drug delivery platforms for neonatal

brain injury. Journal of Controlled Release. 2021 Feb 10;330:765-87.



1.1 Neonatal hypoxic-ischemic brain damage

Hypoxic-ischemic (HI) brain damage, resulting from the interruption of oxygen and blood supply
to the neonate brain around the time of birth, is a risk factor for mortality and several lifelong
neurological impairments [1,2]. In babies that survive the damage, it may manifest as epilepsy,
cerebral palsy, motor and cognitive decline, attention-deficit hyperactivity disorder, and behavioral
disabilities [1-3]. Chronic maternal eclampsia, umbilical cord knotting or collapse, shoulder
dystocia and placental abruption are some of the possible factors that can cause HI injury [1]. Some
of the long-term outcomes develop in at least 25% of the infants, even if they have mild HI injury
[4-7]. As one of the prime causes of infant mortality and chronic morbidity worldwide, its
incidence has been reported to be up to 6-8 births per 1000 live births in developed countries with

roughly 26 per 1000 live births in developing countries [8-10].

HI injury is commonly characterized with two zones, namely, the core and the penumbra [11,13].
In the core, necrotic cell death occurs rapidly since this is where oxygen deprivation, ischemia,
and complete energy depletion is most severe [11]. It acts as the focal point for the evolution of
the ischemic cascade. The penumbra is region surrounding the core, where both ischemia and
anoxia are incomplete. Studies have detailed that the core is comprised of both necrotic and
apoptotic cells, whereas the penumbra predominantly contains apoptotic cells [12,13]. If the
penumbra could be targeted to promote cellular survival it is possible that the entire region could

be rescued, and functional recovery restored after an HI injury [14].



1.1.1 Pathophysiology of neonatal HI brain injury

HI insult triggers an ischemic cascade that is dynamic and can persist several days or weeks [15].
Low levels of oxygen in the brain depletes high energy phosphate reserves within minutes post
HI, causing inactivation of the Na-K ATPase pump [16,17]. This leads to an influx of sodium and
water with efflux of potassium, thereby resulting in cell edema. The excess intracellular sodium
leads to uncontrolled neuronal depolarization and release of excitatory neurotransmitters [18,19]
and further perpetuates the injury. However, some neurons can partially recover from HI incidence
in the latent phase due to transient mitochondrial function and restoration of cerebral circulation,
thus providing a window of opportunity for interventions to ameliorate the impact of subsequent
secondary energy failure [17,20] characterized by impaired oxidative metabolism, secondary
edema, seizures, and apoptotic neuronal death [20,21]. The tertiary phase can last for months or
years after the initial insult, with continued activation of inflammatory responses, reduced
plasticity due to impaired synaptogenesis, damage to oligodendrocytes and epigenetic changes
[22]. All the different phases of HI injury thus involve the complex interplay of free radicals, pro-

inflammatory cytokines, and excessive glutamate (Figure 1) [22].
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Figure 1. A flowchart depicting the different phases in the pathophysiology of HI injury.



1.1.1.1 Oxidative stress

The newborn brain is highly susceptible to oxidative stress due to decreased expression of
endogenous antioxidant enzymes such as superoxide dismutase and glutathione peroxidase [23].
In addition, it has high amounts of unsaturated fatty acids prone to peroxidation by the reactive
oxygen and nitrogen species (RNOS) which get accumulated in high concentrations due to
impaired metabolism [24,25]. The oxidative modification of lipids, proteins and DNA by the free
radicals eventually leads to mitochondrial dysfunction and cell death. The enzymes involved in
the mitochondrial electron transport chain, NADPH oxidases, xanthine oxidase, arachidonic acid,
and nitric oxide (NO) synthase are responsible for the generation of these free radicals [26]. NO
synthase facilitates progression of the ischemic cascade by production of NO free radicals which

can in turn increase expression of apoptotic proteins and proapoptotic genes [25,26].

Free radicals can also contribute to disruption of brain tissue homeostasis, causing local tissue
acidosis at the site of damage post HI injury [26, 27]. Excessive buildup of reactive oxygen species
(ROS) will impede the function of the pyruvate dehydrogenase complex (PDHC) in the inner
mitochondrial membrane. This combined with a reduction in the ability to transfer reducing power
from glycolysis generated NADH to the mitochondria would cause lactate dehydrogenase, which
is activated by increased calcium ion concentration, to utilize NADH to produce huge quantities
of lactate. Consequently, acidosis results from the excessive lactate buildup in the cytosol of
neurons [27]. Data from clinical studies also demonstrate an increase in cerebral lactate

concentrations and decrease in pH in infant brains within 0-6h of HI incidence [27].



Calcium ions play an important role in signal transduction as a secondary messenger and hence
their intracellular concentration is usually maintained at low levels by several mechanisms
involving ion pumps, transporters, and channels [28,29]. However, after the onset of hypoxia, the
intracellular calcium levels increase in response to stimulation of the NMDA receptor channels by
glutamate [27]. Increase in intracellular concentration of calcium is harmful since it can cause the
activation of various calcium-dependent ATPase enzymes, lipases, deoxyribonucleases and
proteases which can mediate irretrievable death of developing neurons [30]. It can also act via a
calcium/calmodulin dependent mechanism and trigger the synthesis of NO free radicals by the
activation of NO synthase [26]. Besides intracellular increase in calcium levels, elevated calcium
concentrations within the mitochondria can lead to loss of nicotinamide adenine dinucleotide,

which is crucial for ROS detoxification and maintenance of cellular metabolism [27].

1.1.1.2 Excitotoxicity

As mentioned previously, disruption of cellular homeostasis follows HI due to reduction in ATP
levels and inability of the cell to maintain ionic gradients [31]. This in turn causes excessive release
of glutamate into the synaptic cleft leading to prolonged stimulation of neurons and other cells that
express extracellular excitatory amino acid receptors such as AMPA, NMDA and kainite receptors
[32]. The consequent increase in calcium influx, in turn leads to increased free radical production,
caspase activation, mitochondrial dysfunction and other mechanisms that ultimately lead to
apoptosis [33, 34]. Additionally, prolonged HI leads to failure of re-uptake of the extra-synaptic
glutamate by glial cells, thus preventing normal synaptic transmission, further promoting

excitotoxicity [34, 35].



1.1.1.3 Inflammation

Innate immune response acts as the first line of defense in response to HI injury in the developing
brain. At the outset, the microglia are activated and attain macrophage-like functionalities such as
phagocytosis, antigen presentation, production and release of matrix metalloproteinases and
cytokines [36,37]. Microglial activation can lead to disruption of blood brain barrier which
facilitates the entry of other neurotoxic substances and peripheral leukocytes into the cerebral
parenchyma and worsen the damage [36]. Besides microglia, overactive astrocytes also contribute
to the evolution of damage by production and release of pro-inflammatory cytokines (IL-6, TNF-
o, IL-1a, and B and interferon y) and chemokines, which chemokines determine the level of
immune cell accumulation at the site of injury [38-40]. Cytokines such as IL-1 and IL-6 serve as
sources of reactive oxygen species (ROS) while IL-1f can lead to development of seizures [41,42].
Moreover, under conditions of pro-inflammatory stimuli, nuclear factor-kB (NF- kB) is activated
and targets downstream inducible genes that produce iNOS, COX-2 and cytokines, which are

involved in inflammatory response and apoptotic cell death following cerebral ischemia [13].

1.1.1.4 Mitochondrial dysfunction

Mitochondria has a central role to play in the progressive nature of HI injury by regulating the
apoptotic pathways, thus determining the fate of cells. As an intracellular calcium buffer, its
dysfunction can lead to increased intracellular calcium concentrations, leading to a chain of events
associated with cell death [26,35]. In addition, the process of ATP generation by the electron
transport chain is interrupted due to excessive production and accumulation of ROS within the

mitochondria. Without enough energy to maintain the ionic gradient across the membrane, inflow



of calcium ions increases, thus forming a vicious cycle [27]. Furthermore, mitochondrial
membrane permeability is disrupted due to the oxidation of proteins and lipids in the inner
mitochondrial membrane, subsequently activating the mitochondrial permeability transition pore
via activation of pro-apoptotic proteins [43]. This in turn causes leakage of cytochrome ¢ into the
cytoplasm which would interact with the apoptotic protease activating factor, thus forming the
apoptosome which activates a series of caspases (pro-caspase-9, caspase-9 and 3) that cause DNA
fragmentation and programmed cell death [44]. Although cell death predominantly occurs by
apoptosis other forms of cell death such as autophagy and necrosis can occur during

neurodegeneration in neonatal HI [26].

1.1.2 Blood brain barrier in neonatal HI brain injury

HI injury alters the blood-brain barrier (BBB). The differential gene expression of BBB
components comprising of tight junction proteins, extra-cellular matrix constituents and adhesion
molecules, plays a key role in determining its integrity post HI insult in the neonatal brain [44, 45].
The fragility of the newly formed blood vessels, coupled with support from a smaller number of
astrocyte end feet compared to a fully developed brain, increases the vulnerability of the BBB in
the immature brain to HI damage [2]. Several studies have demonstrated the increase in the
endothelial permeability of the BBB due to the stress-induced signals (pro-inflammatory mediators
and free radicals) produced in the HI brain, both in animal and human neonates [46-48]. While
recovery of the BBB has been observed in adult animal models, the neonate condition remains ill-
defined [49]. The fact that the BBB is disrupted at the injury site could therefore be harnessed to

introduce therapeutic agents into the neonatal brain for treating HI induced brain damage.



1.1.3 Therapeutic hypothermia as the standard of care

Therapeutic hypothermia is regarded as the global standard of care for neonatal HI brain injury
[50-52] and is currently the only licensed treatment for moderate to severe HI injury [2,53,54].
Numerous randomized controlled trials have demonstrated the capability of hypothermia in terms
of improved survival rates and reduced risk of neurodevelopmental disorders such as cerebral palsy
[54]. Although the exact mechanisms are ambiguous, studies using rodent models of neonatal HI
brain damage have shown that the neuroprotective mechanism of hypothermia is primarily
attributed to immunosuppression via inhibition of microglial activation and the reduced cellular
metabolic rate at lower temperatures [15,55], thus decreasing the demand for oxygen and ATP to
sustain tissue viability. It has also been shown that it interferes with the excito-oxidative cascade
by reducing free radical formation, accumulation of excitatory amino acids. [56,57] and prevent

lipid peroxidation of cell membranes [52,59].

There are multiple methods used to induce cooling in both patients and animal models. It can be
administered as either head cooling or full body cooling [52,58] and is most effective when
initiated within 6h of birth in infants within the incidence of HI [52, 54]. The depth of hypothermia
is stratified clinically as 31°C (moderate) to 36°C (ultra-mild) [60], where current guidelines

prescribe cooling to 33.5°C for 72 hours in term neonates with hypoxic-ischemic brain injury.

Despite many drug therapies that have shown promising results in in vitro and animal models of
HI brain injury, hypothermia is the only treatment that has been successfully translated for

application in neonates [58]. However, it only offers partial protection, is not curative and high



mortality and neurological complications persist even in infants subjected to hypothermia
[50,53,54]. In addition, a paucity of information regarding long-term outcomes post HI injury and
minimal feasibility in low-income countries remain as some of its setbacks [56]. Nevertheless,
even in studies where it has shown limited effectiveness, hypothermia has shown to extend the
therapeutic window for treating HI damage, thus providing an opportunity to employ secondary

therapies (i.e., drugs) during this time to help rescue the tissue from further damage [61,62].

1.1.4 Therapeutic agents in neonatal brain injury

In response to injury, the brain may upregulate the expression of endogenous trophic factors to
attenuate the spread of damage and promote regeneration. However, relying on endogenous
mechanisms of neuroprotection and repair is insufficient for recovery. Therefore, the objective has
been to supplement the damaged brain with critical factors to further drive the recovery process.
The pathophysiology of stroke in adults and neonatal brain injury, both have overlapping
presentations of excitotoxicity, inflammation, neurodegeneration [49, 63]. Thus, the therapeutic
strategies, explored initially in adult rodent models of stroke, are now investigated for treating
neonatal hypoxic-ischemic brain damage. Similarly, targeting the biochemical cascades associated
different phases of injury progression with pharmacological agents, has been an active approach
adopted by several preclinical and clinical experiments. This is being explored either in a
standalone manner or in combination with hypothermia since it is the established treatment of care

for neonatal HI brain injury [63].
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1.1.4.1 Growth factors

Growth factors are among the most promising candidates for treating neonatal HI brain injury.
However, clinical application of growth factors has been impeded by poor BBB permeability, high
dosages required to achieve neuroprotection, limited therapeutic half-life, and side-effects of
systemic administration such as bone pain and increased hematocrit [63, 64]. A solution may come
from targeted delivery of therapeutics to the injured site of the brain for reducing the systemic dose

while locally maximizing the beneficial effects.

Among the growth factors, erythropoietin (EPO) has shown substantial potential as a
neuroprotective agent, especially in animal models through its anti-inflammatory, antioxidant,
anti-excitotoxic, anti-apoptotic, neuroregenerative, and angiogenic properties [63,65,66]. It has
also been studied as a combination treatment with hypothermia [67]. Although, it conferred
neuroprotection against HI brain injury [68] in neonatal studies, intravenous administration of EPO
to adult stroke patients produced unfavourable effects, including patient death, attributable to the
high dose of EPO over a brief time of 6-48 h [69]. Nevertheless, it is a promising candidate, closest
to clinical translation for the treatment of neonatal HI brain injury, with further research required

regarding its dosage and time of administration.

1.1.4.2 Small molecules

Melatonin, magnesium sulfate, topiramate, phenobarbital, cannabidiol and allopurinol alongside
noble gases such as xenon and argon, are other small molecules that have been studied extensively
for their neuroprotective properties. Out of these melatonin, Xenon gas and phenobarbital have
been widely tested as an adjunct to hypothermia [63].
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1.1.4.3 Glutamate channel blockers

Early treatments of HI brain injury centred on inhibiting the initial phases of injury, i.e.,
excitotoxicity and oxidative stress [70]. However, many of the agents failed because it is not
possible to block essential physiological processes, such as glutamatergic transmission, without
causing additional damage. As such, several NMDA receptor antagonists increased, rather than
decreased, cell death [71]. An exception is magnesium sulfate. Treatment with magnesium sulfate
has reduced the incidences of moderate to severe cerebral palsy [72]. Magnesium alleviates
excitotoxicity by decreasing calcium or glutamate signalling [73] and has anti-inflammatory and

antioxidant effects [74].

1.1.4.4 Combination treatments

Administering xenon in combination with hypothermia ameliorates structural and functional
outcomes in neonates, and the benefits are maintained through adulthood [75]. Similarly,
phenobarbital, an anti-convulsant, when administered with whole-body hypothermia, was found
to curb neurodevelopmental outcomes, and reduce mortality and the frequency of seizures [76].
Melatonin was shown to exert neuroprotective effects in rodent models, more prominently when
used with whole-body hypothermia, by reducing oxidative stress, inflammation, apoptosis, and
mitochondrial dysfunction [77]. This was also proven to be beneficial in term and preterm infants
[77]. Despite demonstrating favourable outcomes, more investigation is required to translate these
molecules into clinical practice through extensive research on their dose-response relationship,

optimal time, and route of administration.

12



1.2 Dexamethasone as a neuroprotective agent

As previously described in Section 1.1.1.3, one of the critical mechanisms that mediates hypoxic-
ischemic brain injury is neuroinflammation, characterized by microglial activation and infiltration
of glial cells, monocytes, and T-cells. The secretion of pro-mediators like cytokines, chemokines,
ROS, and excitatory neurotransmitters by the active immune cells mount an inflammatory
response that exacerbates damage to the brain by causing demyelination, scarring, further
disruption of the BBB, and apoptosis of neurons and oligodendrocyte precursors [2,63]. Despite
being one of the early responders to injury, immune system activation may require several hours
to fully develop after the incidence of HI [78]. Intervention with anti-inflammatory drugs during
this period might suppress or prevent the upregulation of inflammatory pathways involved in the

injury cascade.

Dexamethasone (DEX) is a synthetic glucocorticoid and glucocorticoid receptor agonist [78]. It
is being studied extensively in the treatment of neonatal HI brain injury owing to its anti-
inflammatory properties and neuroprotective effects [78-80]. Several in vivo experiments in
neonatal rodent models of HI brain injury demonstrate the therapeutic potential of DEX by
reducing the exacerbation of brain damage via various mechanisms. For instance, subcutaneous
injection of 0.5 mg/kg DEX given 5 hours prior to HI damage in PD7 rats, elicited neuroprotection
by reducing the number of CXCR4 receptors and binding efficiency of SDF-1 alpha [79].
Similarly, two-dose intraperitoneal administration of 0.25 mg/kg/dose of DEX, 24h and 4h prior
to HI insult, increased the gene and protein expression VEGF and Akt phosphorylation and
reduced capsase-3 activity, in PD7 rats [81]. In a long-term behavioral study, a singular dose of

intraperitoneal DEX injection at 0.5 mg/kg, offered protection against extensive damage to the
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striatum and the hippocampus, which was mirrored in improved memory functions and decreased

attention deficits in treated vs untreated groups [82].

Despite convincing evidence in pre-clinical studies as a potent molecule for the treatment of
inflammation in HI brain injury, clinical trials in adult stroke patients suggest otherwise [83]. DEX
can also have toxic side effects in infants when administered systemically [84]; thus, it is necessary
to administer the drug precisely to the injured brain tissue and minimize its concentration in

circulation.

1.3 Elastin-like polypeptides

Self-assembling peptides can be engineered to respond to biological cues and hence can be used
to deliver drugs in an on-demand manner [85,86]. Elastin-like polypeptides (ELPs) are peptides
that exhibit an interesting property: they can be programmed at the amino acid level to assemble
and disassemble in response to environmental stimuli, such as pH, temperature, ionic strength,
electrical current, redox agents, and light [87-89]. Of these factors, the temperature-dependent
response is the best characterized. ELPs consist of repeating units of the pentapeptide motif Val-
Pro-Gly-X-Gly (VPGXG), where the variable or guest residue X can be manipulated to trigger the
phase transition at desired conditions [88]. The guest residue can be any amino acid besides proline
since an additional proline with its imidazole ring can produce stearic hindrance and interfere with
the reversible phase transition of the ELP [90]. Once in nanoparticle form, appropriate drugs can

be incorporated into the ELPs such that hypothermia or the pH changes that arise due to disrupted
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metabolism in the damaged tissue [27], would induce nanoparticle dissolution [86-88].

Subsequently, the drug would be released at the site of injury in a safe and controlled manner.

1.3.1 Temperature-dependent phase transition behavior

ELP diblock co-polymers are amphiphilic in nature, containing hydrophilic and hydrophobic
domains that differ in the guest amino acid composition within the pentapeptide sequence [91]. A
particular temperature above which the ELPs undergo conformational change due to decreased
solubility is termed as Transition temperature or Tt [88]. Besides external factors, 7t is influenced
by the intrinsic properties of the ELP, such as the ELP guest amino acid, its molecular weight,
chain length, and concentration in solution [92]. ELPs that are composed of longer chains or
hydrophobic guest amino acids are expected to exhibit a lower 7; compared to their counterparts
with hydrophilic residues and shorter sequences [89,93]. Although the factors that determine the
Tt and their effects have been well-documented, the exact mechanisms by which the ELP
demonstrate reversible phase transition remain poorly understood [88]. The self-assembly process
of diblock ELPs is thought to be prompted by the ratio of hydrophobic to hydrophilic groups that
constitute the molecule [94]. At lower temperatures, ELPs are miscible in water. However, when
the temperature is increased beyond a threshold, the water molecules bound to the hydrophobic
groups are released, thus decreasing the Gibbs free energy of the system making the process
thermodynamically favourable [95-97]. The resultant entropic gain drives the self-association of
the hydrophobic groups to result in micro-to-nanoscale micellar structures with a hydrophobic core

and a hydrophilic exterior [98-100].
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1.3.2 pH-responsive behavior

The distinct pH responsive nature of ELPs is conferred by the presence of histidine residues in the
diblock [85-87]. If pKa of a compound is greater than the pH of its surrounding, then it gets
protonated due to the increased hydrogen ion concentration in the medium. Therefore, at pH 7.4,
predominant number of histidine residues will remain uncharged since histidine’s side chains have
a lower pKa of 6 [85-87]. The relative increase in the hydrophobicity of the histidine-rich segment
due to the uncharged residues, will consequently drive the assembly of micellar structures above
a certain temperature [85-87]. On the other hand, a decrease in pH will increase the hydrophilicity
of the histidine residues owing to their protonation, thus weakening the strength of the non-

covalent interactions that enable nanoparticle formation, resulting in disassembly [85-87].

1.3.3 Biomedical applications

ELPs are synthesized from DNA templates in genetically engineered Escherichia coli. The highly
repetitive sequences and GC-rich domains in the genes encoding for ELPs create challenges in
genetic manipulation [101]. Thus, conventional genetic techniques, such as polymerase chain
reaction, are impractical for ELP gene construction. Instead, nucleotides encoding a fragment of
the ELP repeating unit can be synthesized chemically and concatemerized by recursive directional
ligation (RDL) to obtain the desired ELP length [102]. RDL involves the application of Type II
restriction enzymes to generate DNA fragments with distinct 5°- and 3’-termini that can be spliced
together to elongate the ELP gene while preserving the biochemical orientation and finally inserted
into a plasmid vector for gene amplification or expression in E. coli [101,102]. ELPs can be

isolated from transgenic E. coli by inverse temperature cycling (ITC); through rounds of heating
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and cooling, the ELP is sequentially isolated from the impurities by phase separation [101,102].
Unlike traditional chemical methods of polymerization, the genetic approach to ELP synthesis
allows unique and precise control over ELP length and sequence and monodispersity [103]. This
in turn offers control over the tunable physicochemical properties of the ELPs such as their
characteristic self-assembling and stimulus-responsive nature, making them desirable for a variety
of biological applications such as protein purification, tissue engineering, and controlled drug
release. There are multiple reviews that discuss the different ways that ELPs are developed for

specific purposes [90,92,103,104].

Tissue engineering is one amongst the fields where ELP can be applied owing to its highly
customizable scaffold thereby making it befit for in vivo applications. The temperature sensitivity
of the ELPs can be utilized to formulate them into injectables to facilitate healing of the injured
tissue by providing a suitable biochemical and physical environment that stimulates cell growth
and differentiation [105]. Articular cartilage damage is one the areas where ELPs have been widely
used. This tissue has limited regenerative ability and one of the promising methods for treating
damage to this tissue is by transplanting chondrocytes into ELP-based scaffolds. ELP scaffolds
have shown to promote chondrocyte differentiation and support the synthesis of extracellular

matrix for articular cartilage repair [106].

The preservation of the reversible phase transition property of ELPs in ELP fusion proteins, allows
them to be utilised as a tag to purify other proteins by means of ITC. ITC can be used to purify

ELP fusions, and the ELP can be removed using a proteolytic cleavage site or a self-excision intein
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(a self-splicing protein domain) placed between the ELP and the target protein [103]. A study by
Carlson et al (2004) where they compared the efficiency of ITC with immobilised metal affinity
chromatography for protein purification, showed that ITC is more advantageous since it can be
scaled to produce high-yield proteins using readily accessible labware and instruments [107,108].
In reviews by Hassouneh et al (2010) and Yeboah et al (2016), the employment of ELPs as a

purification tag for efficient separation of proteins has been discussed more in depth [109,110].

In terms of drug delivery systems, ELPs are engineered to self-assemble or aggregate into different
forms of drug carriers such as nanoparticles or block copolymers with varying architectures [92].
Besides their attractive physicochemical properties, their non-toxic degradation products, low
immunogenicity, and biocompatibility make them suitable for in vivo use [111]. Packaging drugs
inside ELPs can improve their pharmacokinetics by increasing the plasma half-life and drug
bioavailability due to the high-molecular weight of the ELPs which place them above threshold

for renal clearance [112, 113]. This also increases their circulation time in blood by retention for

longer durations.

With cancer treatment ranking the most prevalent sector where ELPs are under tremendous
development, research on ELP as nanomedicine has also pioneered in the fields of ophthalmology,
gene delivery and maternal-fetal medicine. Massodi et al were one of the first groups to design a
120-mer ELP with a 1:7:8 ratio of valine, glycine, and alanine at the guest amino acid position
fused with a range of cell penetrating peptides that entered cervical and ovarian cancer cells [114].

These hybrid constructs reduced cell proliferation when combined with a kinase inhibitor.
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Similarly, ELP hydrogel scaffolds that can be loaded with appropriate antibiotics for their
sustained release to treat local infections have been developed [115,116]. As a vaccine carrier, Cho
et al generated an immune tolerant ELP (iTEP) nanoparticle composed of a diblock copolymer of
iTEP and cytotoxic T lymphocyte peptide vaccine. When injected into mice, these nanoparticles
enhanced the presentation of the vaccine by dendritic cells and increased strength of the vaccine-
induced cytotoxic T lymphocyte response [117]. A more elaborate discussion on drug delivery
systems based on ELPs and their applications have been presented in several review paper [92,

104, 118,119].

1.4 Hypothesis

The developed ELP nanoparticles will release encapsulated drug (dexamethasone) in response to

temperature and pH, at the site of injury.

1.5 Objectives

1) Express and purify diblock ELP constructs.

i1) Characterize the thermal and pH responsive behavior of the constructs in the presence
of dexamethasone.

1) Screen the ELPs to determine the construct that can assemble and disassemble within

the temperature and pH range of interest i.e., 31 to 40°C and 6.4 to 7.4.

v) Determine the in vivo biocompatibility of ELPs.
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V) Assess the drug release efficacy of the ELP nanoparticle system loaded with
dexamethasone in seven-day old Long Evans rats with HI brain injury under

hypothermic and normothermic conditions.
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Chapter 2:

Methodology
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2.1 Animal care and use

For animal studies, seven-day old Long-Evans rats were used since its developing brain is
equivalent to that of a human baby born either term or pre-term with approximately 36-40 weeks
of gestation [120]. The Rice-Vannucci model of HI brain injury in the neonatal rat is the model

under consideration.

Adult Long-Evans rats were obtained from Charles River Laboratories (Montreal, Canada) and
were kept on a 12-hour light-dark cycle with free access to food and water. Pups were bred in-
house and delivered vaginally, with the day of birth recorded as postnatal day 1 (PD1). PD7 male
and female rat pups weighing between 12-16 g were used for experiments. All experimental
procedures were carried out in agreement with the guidelines issued by the Canadian Council on
Animal Care and were approved by the Animal Care and Use Committee at the University of

Alberta (AUP00003792 REN1, AUP00000363).

2.2 Induction of HI injury

The PD7 rat pups were anesthetized using isoflurane (4% induction and 2% maintenance in 30%
O2 and 70% N2O) prior to surgery. A longitudinal incision was made in the neck to expose the
right common carotid artery, and the artery was permanently ligated using a 5-0 silk surgical
suture. The incision was sutured closed. The animals were then allowed to recover from anesthesia
for 2 hours with their dams. To induce hypoxia, the animals were exposed to a mixture of 8%

oxygen-92% nitrogen for 90 min. inside 500 mL glass jars submerged in a water bath at 37°C.
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2.3 ELP gene concatemerization and cloning

ELPs were obtained according to established protocols [101] with minor modifications. The ELP
expression vectors were obtained by a process known as recursive directional ligation where a
series of identical linearized vector DNA are sequentially ligated to produce ELP genes containing
the desired number of repeats. DNA sequences coding for ELPs (Table 1) were custom ordered
from Integrated DNA Technologies (Coralville, USA) as inserts in IDT plasmid constructs. The
coding DNA sequences were released from the IDT vector by conventional restriction digest with
EcoRI and HindlIlI (all restriction enzymes were purchased from New England Biolabs, Ipswich,
USA), ligated using T4 DNA ligase (New England Biolabs) into the pUC19 vector (Bio Basic,
Ontario, Canada), and propagated in XL10 Gold chemically competent Escherichia coli (Agilent
Technologies, Santa Clara, USA). To obtain the desired length and composition of ELPs, the
coding DNA sequences were concatemerized by digestion with a combination of EcoRI-Bgll and
EcoRI-PfIMI and ligation of the DNA fragments. The completed ELP DNA sequences were
released from pUCI19 using PfIMI-Bgll, ligated into the pET-25b(+) vector (EMD Millipore,
Ontario, Canada) linearized with Sfil, and transformed into OneTouch BL21 (DE3) E. coli
(Invitrogen, Carlsbad, USA). Plasmid DNA sequencing was performed at the University of Alberta

Molecular Biology Service Unit.

2.4 ELP expression and purification

The transformed OneTouch BL21 (DE3) E. coli cells were cultured in 1L Terrific broth (Fisher
Scientific, Waltham, USA) supplemented with 100pg/L ampicillin and 4ml/L of 100% glycerol in
a shaker maintained at 37°C until an optical density of 0.6-0.8 was reached. Expression was

induced by the addition of 2mM isopropyl B-D-1-thiogalactopyranoside (IPTG) (Fisher Scientific)
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for a period of 24h. The cells were harvested by centrifugation and the cell pellet resuspended in
40 mL phosphate buffered saline (PBS), was stored at -80°C until the purification process.
Purification was carried out by inverse temperature cycling (ITC), where ELP is extracted from
the crude sample by utilizing its reversible phase transition property [88,101]. Cells were lysed by
sonication using the Fisherbrand Model 505 Sonic Dismembrator (Fisher Scientific).
Polyethyleneimine (0.7%) was added to the lysate and centrifuged to precipitate bacterial DNA.
The supernatant was incubated at 60°C for 10 min, set on ice for 10 min, and centrifuged to
eliminate impurities from the lysate that irreversibly precipitated by heating. Then, aggregation of
the ELP in the supernatant was triggered by the addition of salt (sodium chloride) (Fisher
Scientific) and incubation at 37°C for 10 min and the sample was centrifuged at 40°C and 14000g
(hot spin) to recover the ELP pellet. The ELP pellet was resolubilized in 2 mL of cold PBS,
incubated on ice for 10 min, and centrifuged at 4°C and 14000g (cold spin) to eliminate residual
solids. The same cycle of heating and cooling was repeated up to 3 or 5 times to further remove

impurities from the bacterial lysate and isolate the ELP.

The final sample of ELP was analyzed by polyacrylamide gel electrophoresis on a 12% separating
gel and stained in 0.3 M copper (II) chloride solution (Fisher Scientific) to visually inspect for
impurities and to verify the molecular weight. The concentrations of ELPs were quantified using
UV absorbance at 280 nm [88,101]. The molecular weights of the ELP constructs were confirmed

by mass spectroscopy at the Alberta Proteomics and Mass Spectrometry Facility.
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2.5 Dynamic light scattering experiments

The phase transition behavior of the ELPs was studied in the presence of DEX (TSI America,
USA) using dynamic light scattering (DLS) (Malvern Zetasizer Nano ZS, Malvern Instruments
Ltd, Malvern UK), between the temperature range of 15°C and 4°5C at 5°C intervals and pH 7.4.
The ELP- DEX solution for each construct, was prepared on ice by diluting the ELP using PBS
saturated with DEX to attain the desired ELP concentrations of 0.25 mg/mL and 0.5 mg/mL. The
samples were then sonicated in an ice bath for 30 mins following which each sample was placed
in a DLS cuvette and kept on ice until measurement. Once placed inside the instrument, the
samples were heated and subsequently cooled at the abovesaid temperature range with size
measured at every 5°C interval. An equilibration of time of 2 mins between every measurement
temperature was programmed to enable thermal equilibration of the samples. For every
temperature during the heating and cooling cycle, two measurements, each with approximately 15

sub runs were recorded.

2.6 Determination of encapsulation efficiency and nanoparticle stability

The encapsulation efficiency of the ELP nanoparticle for (AG)40-(VH4)24 was quantified by
determining the amount of free drug present in the aqueous solution using high pressure liquid
chromatography (HPLC) (Agilent 1100 series), on separating the loaded nanoparticles from the
unbound drug via centrifugation. The ELP — DEX solution was prepared using DEX saturated in
PBS such that the concentration of ELP in the final solution was 0.25 mg/mL, the concentration at
which it formed stable nanoparticles in the presence of DEX at 37°C. The sample was prepared at
4°C and incubated for 10 mins on ice following which it was subjected to a temperature ramp from
15°C to 45°C in 5°C increments using a heat block. It was then centrifuged at 40°C and the
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supernatant was run on HPLC to determine the amount of free drug present in the solution. The

encapsulation efficiency was then calculated using the following equation:

Total drug (4g) — Freedrug (1g) 100%

Encapsulation efficiency = Total drug (ug)
otaldrug (ug

The basic method for determining the amount of free DEX in the sample was based on Grippa et
al [121], with reversed-phase HPLC using C-18 column (4.6 x 250 mm; 5um particle size; 80A
pore size) (Agilent, CA, USA). Flow rate of the mobile phase was set at 1 ml/min. Here, isocratic
elution using water and acetonitrile (Sigma-Aldrich Canada Co., ON, Canada) (50:50 v/v)
containing 0.1% trifluoroacetic acid (Sigma-Aldrich) was employed and the eluate containing

DEX was monitored at 241 nm.

To deduce stability of the nanoparticles at pH 7.4 and 37°C, the samples were prepared in the same
manner as mentioned previously, and incubated at 37°C, 180 rpm. Samples were withdrawn on
days 0-3 and the encapsulation efficiency was calculated to determine if the amount of drug
encased within the nanoparticles, changes over time. This would serve as an indirect measure of

nanoparticle stability.

2.7 Administration of Selective brain hypothermia using a cooling device
2.7.1 Cooling device construction

To localize the effect of hypothermia and selectively cool the head of the rat pup, we designed a

cooling device. The cooling device consisted of a temperature-controlled water bath, peristaltic
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pump, and cooling units that each accommodate a single rat. The number of cooling units could
be scaled to match the number of rats. The schematic of a single cooling unit is presented in Figure
2A. In each cooling unit, the rat head was surrounded by a coil of soft Tygon polyvinyl chloride
tubing (inner diameter 1.59 mm, outer diameter 4.76 mm; McMaster-Carr, Elmhurst, USA)
containing cooling water. The coil consisted of approximately 6 turns and was housed inside a 30
mL syringe. The ends of the coil were protruding from diagonally opposite holes on the syringe.
The top and bottom ends of the coil, which served as the water inlet and outlet for each unit,
respectively, were fitted with Y-shaped connectors in a branched configuration to bring water into
and out of the coils (Figure 1B). All the coils were connected in parallel, ensuring uniform
temperature and flow of cooling water in each unit. The tip of the 30 mL syringe was cut to create
an opening to supply a mixture of 30% oxygen-70% nitrogen to the pup during the operation of
the cooling unit. Of note, pups were kept in a conscious and non-anesthetized state and
spontaneously moved toward the source of oxygen. Thus, the location of the oxygen inlet took
advantage of the forward motion of the animal to ensure that the animal’s head remained in contact
with the coil of cooled water. A peristaltic pump was used to circulate cooled water from the water
bath throughout the length of the tubing in each cooling unit and back to the water bath. We
optimized the cooling water flow rate, 20 mL/min, and the temperature of the water bath, 19 +
1°C, to achieve the target brain temperature of 31 + 1°C. The entire cooling unit containing the rat

was kept inside a neonatal incubator maintained at 35.5 £+ 0.5°C.
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Figure 2. The cooling device setup. (A) A schematic of the setup. Cooled water (19 £+ 1°C, 20
mL/min) drawn from the water bath (i) by a peristaltic pump (ii) was circulated through the coil
of a cooling unit. Each unit consisted of a coil of tubing fitted around the rat’s head inside a 30 mL
syringe (iii). Oxygen was provided to the animal via a port at the tip of each syringe (iv). The

cooling unit was in an incubator maintained at 35.5 = 0.5°C (v). (B) The water inflow through the
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cooling coils were connected by a branched configuration of Y-shaped connectors to ensure
uniform water and temperature distribution across the units. The water outflow from the coils were
collected through a similar but converging network of Y-shaped connectors (not shown). (C) Two
rats were used in Experiment 1 for temperature monitoring and (D) up to eight rats could be cooled

simultaneously.

2.7.2 Experiment 1: Temperature Monitoring

Two thermistor probes (YSI Incorporated, Yellow Springs, USA) were used to measure the
temperature of each animal. For core temperature recording, one thermistor probe was inserted
into the rectum to a depth of 0.5 mm and secured to the animal's tail using tape. The second
thermistor was implanted into the right hippocampus to a depth of 2 mm and at 1.5 mm posterior
and 2.2 mm lateral to the bregma and secured in place with dental acrylic. Once the temperature

recording was complete, all the animals were euthanized.

2.7.3 Experiment 2: Induction of Hypothermia

The PD7 rats subjected to hypoxic-ischemic brain damage as explained in section 2.2, were
segregated into normothermic and hypothermic groups, immediately after hypoxia. The
normothermic animals were kept in an incubator maintained at 35.5 + 0.5°C, and for focal
hypothermia, the animals were placed in individual cooling units within the incubator. To produce
whole-body cooling, the animals were placed in glass jars kept partially submerged in water baths,
maintained at 28°C, to reduce the core body temperature to 31 + 0.5°C. After 24h of normothermia

or hypothermia, all animals were returned to their dams. Following the induction of hypoxia-
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ischemia and normothermia/hypothermia, all animals were euthanized on PD21. Brains were
collected and fresh-frozen in isopentane chilled in an ethanol-dry ice bath. Sections, 14 um, were
cut on a Reichert-Jung Cryocut 1800 cryostat and collected every 0.5 mm. The brain sections were
then processed for H&E staining (Appendix Al). Sections were mounted in Cytoseal 60 (Thermo
Fisher Scientific, Toronto, Canada). Images were captured using LAS EZ (Leica, Ontario,
Canada). Imagel (version 1.53e; National Institute of Health, Bethesda, USA) was used to measure
the area of two and four sections anterior to bregma and the section at bregma for brain volume

calculation. The percent damage in each brain section was calculated using the following formula:

Left hemisphere volume — Right hemisphere volume

% Damage = x100%

Left hemisphere volume

2.8 Fluorescent imaging using Cyanine5 tagged ELPs

The biodistribution of ELPs in PD7 rats was analyzed using Olympus OV100/0OV110 small animal
imaging system. Cyanine5 (Cy5) fluorescent dye was used to label the ELPs (AG)40-(VH4)20
and (AG)80-(VH4)20, since it is most applied for deep tissue imaging and showed better
sensitivity at a low concentration (0.01 mg/mL) when injected as a free dye (data not shown). The
fluorophore, which is an NHS ester, was allowed to react with the two free amino groups in the

ELP under alkaline conditions to result in the cy5 tagged ELP (Appendix A2).

Healthy PD7 rats were intraperitoneally injected with 100pL of Cy5 tagged (AG)80-(VH4)20 and
(AG)40-(VH4)24 at 10 mg/kg concentration. Animals were categorized into 3 groups (n=2 per

group) based on the time point of euthanasia at 4, 24 and 48h post the injection. Following this,
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the brain, heart, liver, and kidney were excised immediately after sacrifice and imaged to analyse

the localization of ELPs in these organs.

The exposure time was set at 500 ms with 100% intensity. This exposure time gave good images
without much saturation. T test was performed to compare the mean counts/PI values between the
two animals assuming equal variance. All the extra bright and extra light regions from the organs
were measured separately. Approximately, 40 — 80 points were taken and averaged to the get the

mean intensity for every organ.

2.9 Determination of biocompatibility of ELP constructs using Western blot analysis

To elucidate the biocompatibility of ELPs in the rat model, constructs (AG)80-(VH4)20 and
(AG)40-(VH4)24, PD7 pups weighing 12-16 g were injected intraperitoneally with 100 uL of PBS
containing 10 mg of ELP per kilogram of body weight. The controls received PBS-only injections
at the same injection volume. Organs such as brain, liver, kidney, and heart were collected 48h
after the injection and weighed. The homogenized tissue samples were then analyzed by Western
blot (Appendix A3) for glial fibrillary acidic protein (GFAP), biomarker for -early
neuroinflammation (~50kDa), cysteine-aspartic acid protease 3 (caspase-3, Casp3), an apoptotic
marker (17/19 kDa) and ionized calcium-binding adapter molecule 1 (Ibal), the marker for

macrophage activation (17 kDa).
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Each organ was homogenized using tissue protein extraction reagent (TPER) (Thermo Fisher,
Carlsbad, USA) containing Pierce Protease Inhibitor (Life Technologies, Burlington, Canada),
using 20 mL of solution per gram of tissue, and centrifuged to collect the supernatant. The brain
was divided into four quadrants and the cerebellum since it an organ with spatially distinct
molecular identities [122]. Protein concentration was determined using the Pierce Bicinchoninic
Acid (BCA) protein assay kit (Thermo Fisher) according to manufacturer instructions. Antibodies
for GFAP (Anti-GFAP, 1:1000, Cell Signaling Technology, Cat# 80788; RRID: AB 2799963),
Ibal(Anti-IBA1, 1:1000, Thermo Fisher, Cat# PA5-27436; RRID: AB 2544912), Casp3(Anti-
cleaved caspase 3, 1:1000, Cell Signaling Technology, Cat# 9661; RRID: AB 2341188) and
loading control (anti-B-Actin, 1:1000, Cell Signaling Technology, Danvers, USA, Cat# 4970;
RRID: AB 2223172), were used. The anti-rabbit secondary antibody conjugated to horseradish
peroxidase (Sigma-Aldrich, Cat# 07 8K 48 43) was applied at 1:2000 dilution for 1 h at room
temperature. Blots were developed using TMB Stabilized Substrate for Horseradish Peroxidase

(Promega, Madison, USA) and captured on ImageQuant LAS 4000 (General Electric).

2.10 ELP-mediated delivery of dexamethasone to the brain

The ability of (AG)40-(VH4)24 nanoparticles to deliver DEX was investigated by intraperitoneal
administration of ELP-DEX solution to PD7 rats (both male and female) subjected to moderate HI
damage under hypothermic conditions. Immediately after hypoxia, the rat pups were segregated
into two groups: group 1 - HI + normothermia + ELP-DEX treatment (n=4) and group 2 - HI +
hypothermia + ELP-DEX treatment (n=4). The animals in group 2 were placed in the cooling
device to effectuate hypothermia while the animals in normothermic group were kept inside an

incubator maintained at 35+1°C. Sixty minutes following the initiation of hypothermia, the pups
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were intraperitoneally injected with 100uL of PBS (normothermic) or ELP-DEX solution
(hypothermic). All the animals were sacrificed 1h after the injection and the organs were collected

for further analysis by HPLC.

Due to the unilateral nature of the ischemic damage in the animal model employed, we
hypothesized that these high-molecular weight ELP nanoparticles will leverage the increased
permeability of the BBB and tend to accumulate more in the right than in the left hemisphere. This
has been previously observed by Joseph et al (2018), where the intraperitoneal administration of
PLGA-PEG nanoparticles resulted in a 3-fold greater accumulation in the damaged hemisphere
than the healthy brain [123]. On this account, the analysis of the brain was divided into left and
right hemisphere. Concentrations of DEX in all the organs was measured using HPLC following
methylene chloride extraction of the drug from the tissue (Appendix A4). The potential analytical
loss of DEX during the extraction process was measured in triplicates by correlating it with the
amount of internal standard (prednisolone) that was lost during the same procedure. Based on this,
the amount of DEX in each type of tissue was calculated from the standard curve and expressed

as pug of DEX per gram of tissue (wet weight).

2.10.1 HPLC method

The samples were analyzed under a gradient delivery system constituting 2 mM sodium acetate
buffer at pH 4.8 (adjusted with glacial acetic acid) and acetonitrile. The acetate buffer was filtered
through a 0.2 um membrane filter prior to use. Reverse-phase HPLC, using a C18 column (4.6 x

250 mm; 5um particle size; 80A pore size) was used to determine the concentration of DEX in the
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calibration standards. The flow rate of the mobile phase (20-60% acetonitrile in the acetate buffer
over 30 minutes) was set at ImL/min. The eluate containing DEX, and prednisolone (internal
standard) was monitored at 241 nm. The detection limit of the HPLC instrument using this method

is about 30 ng/mL of DEX in tissue homogenate.

2.11 Statistical analysis

The data from the focal hypothermia experiment (experiment 2, section 2.6) and fluorescent
imaging experiment were analyzed using Kruskal-Wallis test followed by Dunn’s Multiple
Comparison post hoc test and T-test assuming unequal variances on GraphPad Prism software

(version 9.2.0; San Diego, USA).

All the western blots were minimally processed for obtaining uniform contrast using Photoshop
(2017.0.0 release; Adobe, San Jose, USA) and quantified using ImageJ (version 1.53e; National
Institute of Health, Bethesda, USA). A fixed region of interest (ROI) was used for each band
pertaining to the same type of protein and the average staining intensity in each ROI was
normalized against that of Actb and then against that of the protein of interest in the control
treatment. The Kruskal-Wallis test for statistical analysis was conducted using Graphpad Prism

(version 9.2.0; San Diego, USA). A P-value below 0.05 was considered statistically significant.
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Chapter 3:

Results
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3.1 ELP synthesis

We designed diblock ELPs consisting of a hydrophilic AG domain, with predominantly alanine
and glycine alternating as guest amino acids, and a hydrophobic domain containing either lysine,
valine, or a combination of valine and histidine as the guest residues. The valine-histidine
combination, termed the VH4 domain, has a repeating pattern of one valine and four consecutive
histidine as guest amino acids. The amino acid sequences of the expressed and purified ELP are
listed in Table 1. ELPs were biosynthesized I n recombinant E. coli transformed using an inducible
plasmid expression vector. Inverse temperature cycling was conducted to purify the ELPs from
the bacterial lysate, and the ELPs were analyzed by gel electrophoresis to visually inspect the
molecular weight, as a means to verify chemical composition and biopolymer length, and the
purity of the ELPs. Compared to the lysate, there was a reduction in the amount of contaminant
peptides in the purified ELPs, and the expected ELP bands were close to the theoretical molecular
weight for all the constructs. The molecular weights were also analyzed by mass spectroscopy
(Table 1). The mass spectrum of (AG)40-(VH4)24 revealed two distinct peaks; the first peak
occurred at a mass to charge ratio approximately half of the second peak, and the mass to charge
ratio of the second peak was close to the electrophoretic and theoretical molecular weights of the
ELPs (Table 1). We interpret the first and second peaks as doubly and singly charge ELP
fragments, respectively. Thus, the electrophoretic and spectroscopic data corroborate to confirm

the identity and purity of the ELPs.
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3.2 Temperature and pH sensitive behavior of ELPs in the presence of DEX

The purified ELP constructs were screened to determine which ELP can form stable nanoparticles
at physiological temperature 37°C and pH 7.4 (pH sensitive ones) and disassemble for drug release
below 33°C and/or in response to a minimal drop in pH to a value between 6.8 and 6. The different
ELP concentrations used in this study were selected considering the sensitivity of the DLS
instrument and based on previously published work from our lab [88]. DEX was used in the formed

of DEX saturated PBS that contained ~0.25 mmol/L of DEX.

Table 1. List of ELP constructs that have been expressed and purified.

ELP system Yield Theoretical Mass spectrometry
(mg/L) Mol.wt (kDa) Mol. wt (kDa)

pH-Responsive: (Ala-Gly)x-(Val-(His)y)z

(AG)40-(VH4)20 20 75138.1641  70560.1

(AG)80-(VH4)20 27.818 105428.2109 102204

(AG)40-(VH4)24 36.0016  83935.9922 83822 and 42015

(AG)60-(VH4)24 120.94 99081.0078

Hydrophilic-hydrophobic: (Ala-Gly)x-(Leu)z

(AG)20-L40 10.548 34582.4102

(AG)40-L80 55.82 68305.8125

(AG)60-L120 45.9 102029.2109

Hydrophilic-hydrophobic: (Ala-Gly)x-(Val)z

(AG)20-V40 43.7 32383.4023 32251

(AG)40-V80 11.028 63907.7930 61633

(AG)60-V120 95432.1797
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3.2.1 (AG)40-L80

(AG)40-L80 at 0.25 mg/mL concentration, showed transition in particle size when heated to 15°C
forming ~250 nm sized particles and decreased to ~60 nm upon further heating; the ~60 nm size

was maintained up to 45°C. On cooling, the diameter of the particles dropped from ~60 nm to <10

nm between 15 and 20°C (Figure 3).
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Figure 3. The thermal behavior of (AG)40-L80 observed by DLS analysis. The volumetric

distribution of particle size was measured over the course of heating from 15 to 45°C and cooling

from 45 to 15°C for 0.25 mg/mL of (AG)40-L80.

3.2.2 (AG)20-V40 and (AG)40-V80

The results for the behavior of (AG)20-V40 and (AG)40-V80 at concentrations of 0.25 and 0.5
mg/mL, in the presence of DEX, are represented as volumetric distribution of size of the
nanoparticles as shown in Figures 2 and 3, respectively. At 0.25 mg/mL, (AG)20-V40 formed

nanoparticles of size ~200 nm at around 35°C on heating. On cooling, the diameter dropped from
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~200 nm to >10 nm around 40°C (Figure 4A). At 0.5 mg/mL, (AG)20-V40 showed an increase in
diameter to ~300 nm at 20°C with no clear decrease in size observed while cooling (Figure 4B).
(AG)40-V80 showed transition into particles of size ~140 nm at 25°C at both concentrations of
0.25 and 0.5 mg/mL (Figure 5). The particle size was maintained until 45°C. As the sample was
cooled to 15°C, there was no apparent change in diameter at 0.25 mg/mL (Figure 5A) but decreased

to ~20 nm at a concentration of 0.5 mg/mL (Figure 5B).
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Figure 4. The thermal behavior of (AG)20-V40 observed by DLS analysis. The volumetric
distribution of particle size was measured over the course of heating from 15 to 45°C and cooling

from 45 to 15°C for (A) 0.25 mg/mL and (B) 0.5 mg/mL of (AG)20-V40.
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Figure 5. Figure 3. The thermal behavior of (AG)40-V80 observed by DLS analysis. The
volumetric distribution of particle size was measured over the course of heating from 15 to 45°C

and cooling from 45 to 15°C for (A) 0.25 mg/mL and (B) 0.5 mg/mL of (AG)40-V80.

3.2.3 (AG)60-(VH4)24

The assembly and disassembly behavior of (AG)60-(VH4)24 as a function of temperature was

analyzed at 0.25, 0.5, and 0.75 mg/mL. At the lowest concentration of 0.25 mg/mL, the particle
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size did not change from <10 nm when exposed to increase in temperature from 15 to 45°C in 5-
degree increments. While at 0.5 mg/mL, there was no significant change in particle size (Figure

6A), a marked increase in size occurred from <15 nm to ~80 nm at 30°C and a second transition
to particles of size ~500 nm was observed above 40°C (Figure 6B). On lowering the temperature

of the sample from 45°C, a similar trend was observed, with transition to ~50 nm occurring

between 40 and 35°C and complete disassembly to ~10 nm observed below 30°C.

A
Heating phase Cooling phase
‘7_ [
g 30
= v 4 —_ i
£ 5 g | 15
2 =20
£ “E’ |
2 310 -
S 2
] i 30
= 25 Temperature > \
20 e Temperature
o oy
<+ o 0 @ 2
+* O o = o
g4 “fEg g
Size (nm) 8 . S
< Size (nm) 2 W
A
B
Heating phase T Cooling phase
40
40 .
§ 30 45 §
w 20t 25
E 10 E
2 o
° —
£

Temperature

Temperature
w 15 (°C)

(°C)

6.44E. /f

©
=]
F

w
0
]
<

Size (hm)

41



Figure 6. The thermal behavior of (AG)60-(VH4)24 was observed by DLS analysis. The
volumetric distribution of particle size was measured over the course of heating from 15 to 45°C

and cooling from 45 to 15°C for (A) 0.5 mg/mL and (B) 0.75 mg/mL of (AG)60-(VH4)24.

3.2.4 (AG)S0-(VH4)20

The temperature-dependent transition of (AG)80-(VH4)20 was observed at 0.25 and 0.5 mg/mL.
Direct heating was applied to investigate if particles > 100 nm in size are present at 45°C. At 0.25
mg/mL, (AG)80-(VH4)20 did not show a clear assembly or disassembly trend, with a very
marginal to no change in particle diameters across the temperature gradient (Figure 7A). Cooling
the samples of concentrations 0.5 and 0.75 mg/mL, from 45 to 15°C, showed a slight increase in
particle size (Figure 7B and C). The 1 mg/mL samples showed particle size transition from ~125

nm to ~10 nm when the temperature was decreased below 40°C (Figure 7D).
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Figure 7. The thermal behavior of (AG)80-(VH4)20 observed by DLS analysis. The volumetric
distribution of particle size was measured over the course of cooling from 45 to 15°C for (A) 0.25

mg/mL, (B) 0.5 mg/mL, (C) 0.75 mg/mL, and (D) 1 mg/mL of (AG)80-(VH4)20.

3.2.5 (AG)40-(VH4)20

(AG)40-(VH4)20 transition from ~10 nm into particles ~350 nm above 40°C at concentration of
0.25 mg/mL. A similar temperature-dependent transition was observed at 0.5 and 0.75 mg/mL
(Figure 8A). On cooling below 40°C, the diameter of the particles returned to the initial size of

~10 nm. At the highest concentration of 1 mg/mL, two different particle size transitions from 10
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to ~45 nm above 30°C and from ~45 to ~250 nm above 40°C, were observed, with reverse trend
during cooling (Figure 8B). The disassembly of these particles as a function of pH is shown in
(Figure 9). At 0.75 mg/mL, pH-triggered disassembly of (AG)40-(VH4)20 was observed when the
pH was lowered from 7.4 to 6.4, causing a decrease in particle size to less than 50 nm (Figure 9).
On further lowering the pH to 6.2, nanoparticle formation did not occur over the range of 15-45°C
(Figure 9).
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Figure 8. The thermal behavior of (AG)40-(VH4)20 was observed by DLS analysis. The
volumetric distribution of particle size was measured over the course of heating from 15 to 45°C

and cooling from 45 to 15°C for (A) 0.75 mg/mL and (B) 1 mg/mL of (AG)40-(VH4)20.
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Figure 9. Results from DLS analysis. pH-induced disassembly of (AG)40-(VH4)20 at 0.75 mg/mL

at pH 6.4 and 6.2, represented in terms of volumetric distribution of the nanoparticles.

3.2.6 (AG)40-(VH4)24

At pH 7.4, construct (AG)40-(VH4)24 demonstrated an increase in particle size from ~1 nm to
~250 nm above 37°C, when temperature of the solution was gradually increased from 15 to 45°C,
at a concentration of 0.25 mg/mL. On cooling, the diameter of the particles dropped to <20 nm
below 34°C (Figure 10). Similar trend was observed at a higher concentration of 0.5 mg/mL where
nanoparticles ~400 nm formed on directly raising the solution temperature to 45°C. On lowering
the pH to 6.4 and 6, at 0.25 mg/mL, it can be observed in Figure 11A, that the nanoparticles became
unstable and underwent disassembly below 34°C, with complete dissociation to <10 nm at pH 6
across all temperatures. Similarly, at 0.5 mg/mL, the disassembly temperature was lowered to

nearly 32°C, on decreasing the solution pH to 6.2 (Figure 11B).
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Figure 10. The thermal behavior of (AG)40-(VH4)24 observed by DLS analysis. The volumetric
distribution of particle size was measured over the course of heating from 15 to 45°C and cooling

from 45 to 15°C for 0.25 mg/mL of (AG)40-(VH4)24.
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Figure 11. Results from DLS analysis. pH-induced disassembly of (AG)40-(VH4)24 at (A) 0.75

mg/mL and (B) 0.5 mg/mL, represented in terms of volumetric distribution of the nanoparticles.

3.3 Encapsulation efficiency and effect of DEX encapsulation on nanoparticle stability

The encapsulation efficiency of (AG)40-(VH4)24 was determined to be 1.3 + 0.6 % of

concentration of DEX saturated PBS (Table 2). The data obtained were from three replicates for
each time point. The amount of DEX that can be loaded into (AG)40-(VH4)24 at 0.25 mg/mL of
the ELP is 1.27 png. The encapsulation efficiency was calculated over 3 days to determine if the

nanoparticles retain the same amount of DEX during this period, a measure reflective of the

47



stability of the particles. It was observed (Table 2) that encapsulated DEX decreased to the point
of being below the level of detection (<LOD) after two days in solution, suggesting particles need

to be freshly made prior to application.

Table 2. Encapsulation efficiency and nanoparticle stability of (AG)40-(VH4)24

Days post-encapsulation % of encapsulated DEX

0 1.3+0.6

1 0.7 £0.242
2 Below LOD
3 Below LOD

3.4 Induction of focal brain hypothermia

Existing designs for focal cooling use chilled water as the heat transfer fluid that is circulated in
proximity to the head. Thus, we designed an apparatus to induce moderate hypothermia in the
neonatal rat brain, where the rat head was fitted within a coil of tubing carrying 20 mL/min of cold
water. The cooling units operated inside an incubator maintained at 35.5 = 0.5°C to minimize the
loss of core body heat. To evaluate the performance of the cooling units, we monitored the brain
and core body temperature of PD7 rats over the course of 16.5 hours of cooling (Figure 12). The
temperature of the water entering the coil was set originally at 28°C, corresponding to the water
temperature used for immersive, whole-body cooling of rats, and was optimized to 19 + 1°C to
obtain the target brain temperature, 31°C. It took less than 15 min. for the brain temperature to
drop below 33°C and, after 4h, was maintained at an average of 31 + 1°C through the remainder
of the experiment. The core temperature decreased from approximately 36.7°C initially to 33.0°C

at the end of the cooling period. A temperature differential of about 3.2°C was steadily maintained
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between the brain and core. Therefore, the cooling device is able to selectively induce moderate

cooling of the brain.
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Figure 12. Core body and brain temperature profiles during the operation of the cooling device.
Temperature probes were inserted into the rectum and right hippocampus of PD7 rats (n = 2 pups)
to monitor the core body and brain temperature, respectively. Each dot represents a reading from
one pup. The brain temperature started to decrease within 15 min. from the beginning of cooling.
A temperature difference of about 3.2°C was maintained between the brain of the animal and the

rectal (core) temperature.

3.5 Neuroprotection by the cooling device

To validate the therapeutic potential of the cooling device, PD7 rats were subjected to hypoxic-
ischemic damage and subsequently divided into three groups of temperature treatment:

normothermic control, focal hypothermia, and whole-body hypothermia. No anesthesia was
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administered. The baseline core body temperature among all groups was 36 + 1°C. Normothermic
animals were incubated at 35.5 = 0.5°C, and for focal hypothermia, the animals were placed in
individual cooling units within the incubator. For whole-body cooling, the core body temperature

was decreased to 31 £ 0.5°C. The duration of the hypothermic treatment was 24h.
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Figure 13. Treatment by the cooling device reduced the extent of brain atrophy. Hypoxic-ischemic
injury was induced in PD7 pups, followed by 24h of hypothermic treatment, and assessed on PD21
by hematoxylin and eosin staining of coronal brain sections. Hypothermic treatment was carried
out as focal hypothermia within a cooling unit or by whole-body cooling. (A) Representative
sections from two brains are shown from each treatment group. The dashed lines indicate the
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regions of lost brain tissue. (B) The percent brain damage after focal hypothermia (n = 7 pups) and
whole-body hypothermia (n = 5 pups) was compared to that of the normothermic control (n = 6
pups).The horizontal line and error bars represent the mean + standard error of the mean.
*Significantly different versus normothermic treatment, p = 0.007 by Kruskal-Wallis test followed
by Dunn’s multiple comparison post hoc test. Abbreviations: 3v, third ventricle; cc, corpus
callosum; ctx, cerebral cortex; DG, dentate gyrus; hy, hypothalamus; L, left; lv, lateral ventricle;

R, right; th, thalamus.

The extent of brain damage on PD21 was assessed by histological examination of the brain tissue
using hematoxylin and eosin staining. The location of the hypoxia-ischemia-induced lesion was in
the right cerebral hemisphere, ipsilateral to the ligated right carotid artery. The brains of
normothermic animals, which experienced the most damage, had characteristic porencephalic cyst
(Figure 13A). In most animals across the hypothermic groups, the hippocampus remained intact
and ventricle enlargement was relatively mild compared to the normothermic group. Furthermore,
the percent brain damage was quantified and compared among the normothermic and hypothermic
groups. The normothermic group had significantly greater brain tissue loss in comparison to the
hypothermic group where cooling was applied to the head (Figure 13B). Notably, both focal and
whole-body cooling were similarly neuroprotective. Altogether, the data confirm the effectiveness

of the cooling device to decrease the temperature of the neonatal brain for a therapeutic outcome.

3.6 Biodistribution of ELPs

The end-point fluorescent images of the organs such as the brain, heart, liver and kidneys, from

the animals that were injected with Cy5 tagged ELPs (10mg/kg) (AG)40-(VH4)20, (AG)80-
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(VHA4)20, showed the presence and distribution of the ELPs (Figure 14 A and B). There was a
significant difference observed in the mean pixel intensity between the PBS injected and ELP
injected animals across almost all the organs at 4h (Figures 15 and 16), 24h (Figures 17 and 18),
and 48h (Figures 19 and 20). Liver and kidney showed the highest fluorescence intensities,
followed by the heart and the brain. The significantly higher signal intensity in the brains of
animals that administered with tagged ELP over the controls confirmed the localization of ELPs

in the brain.

Brain heart liver kidney Brain heart liver kidney

Control
Control

(AG)40-(VH4)20
(AG)80-(VH4)20

Figure 14. The localization of Cy5-labelled ELPs. Representative images of organs from rats that
were intraperitoneally injected with 10 mg/kg of Cy5 tagged (A) (AG)40-(VH4)20 and (B)

(AG)80-(VH4)20 and euthanized 4h after the injection.
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Figure 15. Dot plots of end point fluorescent images of animal injected with Cy5 tagged (AG)40-
(VH4)20 and euthanized at 4h post injection. Each point on the dot plots represents the fluorescent
intensity of a sample point corresponding to a single pixel on the image. The horizontal line and

error bars denote the mean = SEM. *Statistical significance between the control and ELP-treated

groups were analyzed by t-test, and the p-values are indicated.
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Figure 16. Dot plots of end point fluorescent images of animal injected with Cy5 tagged (AG)80-

(VH4)20 and euthanized at 4h post injection. Each point on the dot plots represents the fluorescent

intensity of a sample point corresponding to a single pixel on the image. The horizontal line and

error bars denote the mean = SEM. *Statistical significance between the control and ELP-treated

groups were analyzed by t-test, and the p-values are indicated.
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Figure 17. Dot plots of end point fluorescent images of animal injected with Cy5 tagged (AG)40-

(VH4)20 and euthanized at 24h post injection. Each point on the dot plots represents the

fluorescent intensity of a sample point corresponding to a single pixel on the image. The horizontal

line and error bars denote the mean + SEM. *Statistical significance between the control and ELP-

treated groups were analyzed by t-test, and the p-values are indicated.
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Figure 18. Dot plots of end point fluorescent images of animal injected with Cy5 tagged (AG)80-
(VH4)20 and euthanized at 24h post injection. Each point on the dot plots represents the
fluorescent intensity of a sample point corresponding to a single pixel on the image. The horizontal
line and error bars denote the mean + SEM. *Statistical significance between the control and ELP-

treated groups were analyzed by t-test, and the p-values are indicated.
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Figure 19. Dot plots of end point fluorescent images of animal injected with Cy5 tagged (AG)40-
(VH4)20 and euthanized at 48h post injection. Each point on the dot plots represents the
fluorescent intensity of a sample point corresponding to a single pixel on the image. The horizontal

line and error bars denote the mean + SEM. *Statistical significance between the control and ELP-

treated groups were analyzed by t-test, and the p-values are indicated.
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Figure 20. Dot plots of end point fluorescent images of animal injected with Cy5 tagged (AG)80-

(VH4)20 and euthanized at 48h post injection. Each point on the dot plots represents the

fluorescent intensity of a sample point corresponding to a single pixel on the image. The horizontal

line and error bars denote the mean + SEM. *Statistical significance between the control and ELP-

treated groups were analyzed by t-test, and the p-values are indicated.

3.7 In vivo biocompatibility of ELPs

To screen for the biocompatibility of ELPs in a neonatal model, ELPs were injected

intraperitoneally into PD7 rats at a dose of 10 mg/kg body weight. Tissue samples were weighed
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two days after ELP administration and also assayed by Western analysis for cysteine-aspartic acid
protease 3 (caspase-3, Casp3) and ionized calcium-binding adapter molecule 1 (Ibal) as markers
for apoptosis and macrophage activation, respectively. A chief apoptotic effector, Casp3, is
proteolytically activated to yield 17/19 kDa subunits. Ibal is a 17 kDa EF hand protein whose
expression is upregulated in response to tissue damage. There was constitutive Casp3 cleavage
and Ibal expression in the liver (Figure 21A), and ELP treatment did not significantly upregulate
these markers above basal levels (Figure 21A). In contrast, Casp3 fragments were not observed in
the kidney (Figure 21B) or heart (Figure 21C), and Ibal expression in the heart was similar among

the control and ELP-injected pups (Figure 21C).
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Figure 21. Western analysis of heart, liver, and kidney. Protein blots of markers of cell death and
inflammation in the (A) liver, (B) kidney, and (C) heart of rats after ELP injection. The band
intensity of activated Casp3 fragments (17/19 kDa) and Ibal, where detectable, was normalized

against that of the loading control, Actb.

59



The detection of ELPs in the brain prompted us to look for evidence of neuroinflammation. The
brain is a particularly complex organ because of the spatially distinct molecular identities [122].
Hence, the analysis of the brain was divided into cerebral quadrants and the cerebellum. Of note,
in addition to Casp3 and Ibal, Western analysis on brain samples also involved glial fibrillary
acidic protein (Gfap, 50 kDa) as an early marker of neuroinflammation [124]. ELP treatment did
not significantly affect the weight of the brain or subsections of the brain (Figure 22). Casp3
fragments and Ibal were not detected in the cerebrum (Figure 22A). The level of Gfap expression
was comparable among control and ELP-injected pups for all cerebral quadrants (Figure 22A).
Similarly, the cerebellum did not have observable levels of Casp3 cleavage or Ibal expression
(Figure 22B) and had no significant difference in Gfap expression among the control and ELP
treatments (Figure 22B). Altogether, the data indicate no evidence of apoptosis, macrophage

activation, or neuroinflammation in these organs following ELP administration.
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Figure 22. Western blot analysis of the brain. Protein blots of markers of cell death and
inflammation in the (A) quadrants of cerebrum and (B) cerebellum after ELP injection. The band
intensity of activated Casp3 fragments (17/19 kDa), Ibal and Gfap, where detectable, was

normalized against that of the loading control, Actb.

3.8 In vivo release of dexamethasone in the brain
The amounts of DEX in different organs such as the brain, heart, liver, and kidney were measured

for both groups, 60 mins after the intraperitoneal administration of DEX-containing (AG)40-

(VH4)24 nanoparticles into pups with HI damage. The unknown quantities were calculated from
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a calibration curve obtained individually for every organ. The peak areas were linearly related with
the known concentrations (between 0.5 and 10 ug/mL (Figure 23)) of DEX that were prepared
using the homogenate from the corresponding organ. The high R squared value of ~0.999
represents the linearity of the calibration curve. The percent of DEX lost during methylene chloride

extraction was 60+ 1.2%.
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Figure 23. Calibration curve of DEX standards prepared from brain homogenate.

Table 3. shows the quantification of DEX detected and measured in the brain from 4 animals,

expressed as pug of DEX per gram of wet tissue. DEX was not detected in any of the organs from

the rats besides the brain.
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Table 3. DEX quantification in the brain tissue from rats injected with ELP-DEX solution.

Sample Amount (ng/mL) Amount of DEX

per mass of
tissue ((ng/g)

Rat 1 left hemisphere — normothermic Below LOD -

Rat 1 right hemisphere — normothermic Below LOD -

Rat 2 left hemisphere — hypothermic 0.283147 0.397

Rat 2 right hemisphere — hypothermic 0.432560 0.485

Rat 3 left hemisphere — normothermic Below LOD -

Rat 3 right hemisphere — normothermic 0.272819 0.3883

Rat 4 left hemisphere — hypothermic Below LOD -

Rat 4 right hemisphere - hypothermic Below LOD -
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Chapter 4:

Discussion
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4.1 ELP synthesis

ELP expression in recombinant E. coli was induced by IPTG. Inverse temperature cycling, a
process that extracts ELPs by exploiting their reversible phase transition property was employed
to purify ELPs from bacterial lysate. The ELPs described in this study are composed of a
hydrophilic domain containing alanine and glycine in the ratio of 1:1, in the guest amino acid
position and a hydrophobic domain that contains either leucine, valine or valine and histidine in
the ration of 1:4 as the guest residues. Both the hydrophilic and hydrophobic blocks together
constitute an ELP diblock copolymer. During the purification of leucine and valine containing ELP
diblock constructs, sodium chloride was added up to a final concentration of 5 M while performing

the hot spin at 40°C to extract the ELP from the sample via aggregation. This is because both

leucine and valine are highly hydrophobic amino acids, compared to the valine and uncharged
histidine combination in the hydrophobic domain of the other pH-sensitive constructs (in
accordance with Urry’s hydrophobicity scale). ELPs containing guest amino acids with high
hydrophobicity have the tendency to transition at or below room temperature (ref) and therefore
are likely removed from the solution when centrifuging to eliminate insoluble cell debris. This
could have resulted in their lower concentration, which in turn entails more salt to bring about

molecular crowding to drive aggregation via hydrophobic interactions.
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4.2 ELP assembly and disassembly in the presence of DEX

Diblock ELPs are designed such that the hydrophobic domain drives nanoparticle assembly
because of increase in its surface tension during the heating process [91]. The hydrophilic domain
forms a hydrated corona around the hydrophobic core to suspend the nanoparticle in solution.
Moreover, the physicochemical properties of the guest amino acid in the ELP sequence allows the
ELP to undergo phase transition in response to specific environmental cues. Among the
proteinogenic amino acids, histidine in particular has a pK, nearest to pH 7.4 and is thus expected
to ionize within a narrow, physiologically relevant pH range. Therefore, the incorporation of
histidine residues in the hydrophobic domain confers pH responsiveness to the ELP [86]. The
injected ELPs remain as nanoparticles at the normal physiological pH 7.4, but the local acidic
environment of injured brain tissue, around pH 6.4, triggers the ionization of histidine residues and

leads to the overall disassembly of the ELP nanoparticle.

The concentration of (AG)40-(VH4)24 affected the size of the nanoparticles when the temperature
was increased from 15 to 45 degrees. While at 0.25 mg/mL, particle size remained between 200-
300 nm, increase in the concentration to 0.5 mg/mL resulted in the formation of ~450 nm sized
particles. Concentration also had an impact on pH-induced disassembly of this construct. A
reduction in pH from 7.4 to 6.4, lowered the transition temperature from 34°C to less than 30°C at
0.25 mg/mL, respectively. Nanoparticle assembly did not occur at this concentration when the pH
was dropped from 7.4 to 6. At 0.5 mg/mL, the particles disassembled below 34°C at pH 6.4 and
below 38°C at pH 6. The difference in dissociation temperatures between 0.25 and 0.5 mg/mL at

pH 6.4, might be attributed the lower mass concentration of (VH4) at 0.25 mg/mL; a greater
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fraction of uncharged histidine residues would have been protonated compared to 0.5 mg/mL at

this pH value.

The decrease in length of the ELP by four units of VH4 in (AG)40-(VH4)20 increased the
transition temperature of this construct at which nanoparticle assembly occurs. A steady increase
in particle size from ~350 nm to ~450 nm was observed when the concentration was increased
from 0.25 to 1 mg/mL. An interesting transition emerged at the highest concentration of 1 mg/mL:
two different particle size transitions from 10 to ~45 nm above 30°C and from ~45 to ~250 nm
above 40°C, was observed. A similar behavior in reverse was demonstrated during cooling, where
the transition to ~50 nm occurred when the sample was cooled below 40°C and a subsequent drop
to 10 nm range below 30°C. On reducing the pH to 6.4, particle size decreased to ~50 nm in 0.75

mg/mL samples, and nanoparticle assembly was not observed at pH 6.2.

The formation of particles of two different sizes with increasing in temperature was also observed
in (AG)60-(VH4)24 at concentrations above 0.5 mg/mL. This two-stage transition leading to the

emergence of small and large particles in solution at 45°C, could be due to the formation of both
weak micelles and larger aggregates during heating within the 30-45°C range. This can be

attributed to the composition of ELPs: they are prone to forming secondary structures as they are
polypeptides via the complete phase separation of the hydrophilic block from the solution over
prolonged heating above their critical micelle temperature (CMT) [91]. CMT is the temperature

above the ELP unimers self-assemble into micelles at a certain concentration.

67



4.3 ELP encapsulation and stability
The amount of DEX encapsulated by (AG)40-(VH4)24 is about 1.27 pg at 0.25 mg/mL ELP

concentration. Although this could be perceived as a low dose, DEX amounts, as low as 0.1 pg
administered via a single intracerebroventricular injection showed protection against HI injury in
a neonatal rat model [130]. The main advantage of using a high molecular weight drug carrier is
to increase the circulation half-life of a drug while lowering the therapeutic dosage [103]. The drug
carrier also increases the solubility of a hydrophobic drug such as DEX. As a result, it allows
repeated administration of the drug with less concerns about toxicity or side-effects in comparison

to free drug administration.

Another way of increasing drug encapsulation in ELPs is by increasing the hydrophobicity of the
guest amino acid and/or the length of the hydrophobic domain. The production of ELPs from
genetic templates allows for convenient modification of the ELP molecular structure. Since
encapsulation of DEX is primarily driven by hydrophobic interactions, increasing the hydrophobic
nature of the ELP may in turn facilitate a greater quantity and more stable drug loading within the

hydrophobic core of ELP nanoparticles.

The feasibility of readily packaging drugs into these ELP nanoparticles within a short span of time
of <30 mins, facilitates drug delivery in an on-demand fashion and eliminates any concerns

associated with short-term stability of the (AG)40-(VH4)24 particles.
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4.4 Focal cooling

A promising treatment following brain injury in the newborn is to decrease brain temperature.
However, there is a limited range of techniques for implementing focal head hypothermia in
neonatal rodent models. Despite that rodents are more experimentally amenable and have easier
husbandry than large animals and are used extensively to model developmental brain pathology,
there have been only a few reports of focal head cooling in newborn rats. In one instance, ice water
was conducted through a catheter inserted under the scalp ipsilateral to the ligated carotid artery
for 2 hours, while simultaneously inducing hypoxia [125]. The core (rectal) and brain (dorsal
hippocampus ipsilateral to the ligated artery) temperatures decreased rapidly within 15 min. of
hypothermia and were approximately 32.2°C and 27.5°C, respectively, over the entire course of
cooling [125]. Another approach was to secure to the rat head a metallic plate thermoregulator set
at 30-32°C during 1.5 hours of hypoxia treatment and for an additional 1.5 hours of reperfusion
[126]. The brain temperature was decreased to the desired range in 1 hour, while the core
temperature was maintained at 35-36°C by a heating blanket and heat lamp [126]. Here, we
propose a simple focal cooling device that involves a coil of cooling water fitted around the head
of PD7 rats that can reduce brain temperature to 30-32°C. Unlike the previous rat studies, our
method of focal brain cooling does not require surgical installation and was applied for a longer
period of time, 24h. Moreover, cooling was induced after hypoxia treatment, rather than coinciding
with hypoxia, to better simulate the clinical application of hypothermia after the hypoxic-ischemic
incident. Among the multiple methods of focal cooling, the agreement is that decreasing the brain

temperature attenuates the extent of brain damage.
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We used whole-body cooling as a means to compare and validate our cooling device for use in
experimental paradigms regarding neonatal brain injury. Indeed, the cooling device is capable of
conferring neuroprotection similar to that of whole-body cooling. The parallel outcomes from the
two cooling methods are consistent with clinical data [127] and are expected because either method
is able to decrease the brain temperature. However, one clinical study reported better outcomes
with whole-body than selective brain cooling when assessed by electroencephalography and
magnetic resonance imaging [128]. In contrast, local hypothermia outperformed whole-body
hypothermia in infants with severe cortical lesions [129], and an explanation could be the local
rate of temperature decrease at the wound. A cooling helmet can rapidly decrease the local
temperature [127], and the cerebral cortex is the closest brain structure in proximity to the heat
exchange surface, whereas whole-body hypothermia may take a relatively longer time to decrease
brain temperature because the body periphery and core are cooled prior to the brain. Although our
model of hypoxic-ischemic encephalopathy produced cortical lesions, we observed no significant
difference between focal or whole-body cooling for preventing cortical volume loss. A reason for
the discrepancy between observations in infants and rats may be that the smaller size of the rat

brain loses thermal energy relatively fast using either method.

Our approach to focal cooling has several advantages. A large number, up to an entire litter of
eight pups, can be treated simultaneously for time-matched experiments, and the animals do not
require invasive surgical manipulation or anaesthesia to receive cooling. It is not necessary to
adjust the flowrate and temperature of the circulating water once these parameters are set at the
start of hypothermia, thus eliminating the need for continuous temperature monitoring of the

animals for feedback control. An additional advantage occurs as a result of the accessibility to the
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animal model during cooling. Given that much research is now focussed on the use of medications

[63] that may be supplemental to the benefits of hypothermia, our device allows for this provision

4.5 Biocompatibility of the diblock ELPs

Biocompatibility is an important criterion when selecting materials for biomedical applications.
Presence of ELP signal in an organ does not always correspond with presence of drug, since drug
release happens owing to pH and temperature changes, and ELP may still circulate. Understanding
the dynamics of ELP as a function of organ/location within the system, on the other hand, is critical
for determining the toxicity effects on that specific local area. Therefore, we analyzed the
expression of protein biomarkers in situ to directly examine the tissue condition of the brain and

major organs following ELP administration.

We screened for Casp3 cleavage to identify apoptotic cell death. Pro-apoptotic signals induce the
irreversible proteolytic cleavage of pro-Casp3 to yield 17/19 kDa subunits of active Casp3 [131].
Activated Casp3 then cleaves a wide range of vital cellular components to degrade the cell into
apoptotic bodies [132]. In my assessment, there was a basal level of Casp3 cleavage in liver tissue,
but Casp3 fragments were not found in the brain, kidney, and heart. Nonetheless, the assessment
of Casp3 cleavage at two days after ELP administration is expected to be within the timeframe of

Casp3 activity should there be apoptosis occurring in the tissue.
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The application of ELPs to the brain led me to consider neuroinflammation as a potential side-
effect. Nanomaterial-induced injury to the brain is believed to stimulate astrocyte proliferation and
activation, and astrocytes secrete pro-inflammatory factors that induce secondary damage after the
initial injury [134]. Gfap is an intermediate filament of the astrocyte cytoskeleton important to
maintaining the astrocyte morphology and is upregulated during reactive gliosis due to tissue
damage [134]. For example, in vivo and in vitro studies demonstrated that carbon nanotubes and
carbon black nanoparticles increased Gfap expression in mouse cortical astrocytes [134]. In
contrast, our data indicate that Gfap expression in the brains of ELP-treated rats did not deviate

from basal levels; thus, these specific ELPs are unlikely to provoke neuroinflammation.

Our data also indicates that ELP administration did not affect the basal expression of Ibal, a marker
of macrophage activation, in the heart or liver. Notably, the Ibal Western signal was absent in
brain samples. An explanation is that, in the rat brain, Ibal expression is specific to microglia and
is absent in neurons, astrocytes, and meningeal fibroblasts [135], and the PD7 microglia population
is small [136]. The basal Ibal level may be too low to be detected, but Ibal upregulation is likely
assessable because our lab identified microglia activation in a previous study conducted at a similar
time point [136]. Thus, the fact that the ELPs did not increase Ibal expression in the brain, heart,
or liver, and in combination with the Gfap expression data, altogether suggest that the ELPs do not

induce macrophage or microglia activation in the neonatal model.

72



4.6 ELP mediated DEX release in the brain

A single injection of ELP (AG)40-(VH4)24 loaded with ~1.25 ng DEX resulted in ~0.4 pg of
DEX/g of brain tissue and thus validates the ability of ELP-DEX nanoparticles to reach the brain.
The absence of a temperature trigger via hypothermia could be the reason behind the undetected
DEX in the other systemic organs such as heart, liver, and kidney. A possible explanation for the
small amount of DEX found in the brain of a normothermic rat, could be that the ELPs release
DEX in response to the low pH in the ischemic microenvironment. Further probing into the pH

changes at the site of damage, will verify this explanation.

4.7 Conclusion

ELPs are a unique class of tunable stimulus-responsive biopolymers, where the physicochemical
properties have been characterized before, but only recently have ELPs gained increasing attention
for in vivo applications. Therapeutic hypothermia is the only approved treatment against HI injury,
despite its limited effectiveness in offering neuroprotection. Given that it is a well-established
treatment for ameliorating the unfavorable neurodevelopmental outcomes, combining
hypothermia with targeted drug delivery may help address this unmet clinical need by boosting its
therapeutic potential by a large degree. It would also help circumvent challenges associated with
systemic drug administration. This study that aims at utilizing the stimuli-responsiveness of the
ELPs to trigger drug release by external cooling, is therefore significant in advancing the research

involving the exploration of adjuvant therapies to hypothermia.
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We have proposed a method of brain cooling for neonatal rats and demonstrated the effectiveness
in reducing brain atrophy in an injury model. With only a limited number of methods readily
available to test the effect of head cooling in animal models of newborn brain injury, our cooling
device could serve as a convenient platform to study combinatorial treatments with hypothermia
in neonatal rat models. Therefore, our cooling device can be a research tool in numerous preclinical

analyses.

The ELPs we studied showed localization in the brain and did not cause observable adverse
reactions in major organs of the neonatal rat within a short time period of administration. The study
also illustrated the ability of the ELPs to form nanoparticles encapsulating DEX and release the
drug in response to temperature and pH changes, under both in vitro and in vivo conditions. Next
steps would be to inject the DEX-containing nanoparticles into the rat model and test the
effectiveness of this treatment combined with hypothermia in reducing the extent of brain damage
in comparison with hypothermia as a standalone treatment. Another important factor to establish
would be the dose-response relationship of the ELP-mediated drug delivery in the rat model which
would allude to the protective and potential toxic dosing levels in a clinical setting. In conclusion,
our work has opened a new avenue for expanding the biomedical applications of the ELPs into the
realm of neonatal brain injury and has also provided a promising complimentary therapy to
augment the effect of hypothermia. The ELP-based delivery vehicle can then be used as a tool, in
future pharmacological pre-clinical studies for drug screening. Bench to bedside translation of this
treatment also holds promise to improve the survival and quality of life in babies that experience

HI insult.
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Future directions
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5.1 Prospective Studies

5.1.1 Testing the combinatorial effect of ELP-DEX and hypothermia treatment

Our study showed that ELPs respond to focal cooling applied to the brain area and/pH changes
caused due to local acidosis to release DEX, that was detected in the brain tissue. Since our goal
is to augment the benefits of hypothermia, future studies will investigate if the combination
treatment elicits better neuroprotection than hypothermia-only and DEX-only treatments in the rat
model. The next step would also involve determining the appropriate dosing regimen of DEX via

ELP-mediated delivery and compare it with free DEX administration.

5.1.2 Behavioral testing and biomarker expression analysis

The efficacy of ELP-DEX treatment will primarily be investigated at the anatomical and molecular
level by measuring brain infarct volumes in healthy vs damaged hemisphere and quantifying the

expressions of neuroinflammatory (e.g., Gfap, Ibal) and apoptotic markers (e.g., Casp3, Bcl, Bax).

Behavioral analysis is a determinant of long-term neurodevelopmental outcomes and is crucial for
clinical translatability from in vivo studies. Therefore, future work in the project would also
involve the assessment of behavioral and cognitive phenotypes such as spatial learning, memory,
motor functions, sensory processing, sensory-motor reflexes, attention, and emotional states

(anxiety) [2,137].
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5.1.3 Incorporating other drugs

DEX was chosen for this study owing to the ability to confer protection against moderate to severe
HI injury in neonatal animal models [130]. Since ELPs possess a wide variety of drug delivery
applications, other pharmacological agents that are under investigation for treating neonatal HI
injury can be studied by using ELPs as the drug carrier. For instance, MK-801, an NMDA receptor
antagonist that was extensively studied for use in treating HI injury to inhibit excitotoxicity [138].
However, since NMDA receptors are ubiquitous in the brain and glutamate is an important
excitatory neurotransmitter for normal brain development, non-specific distribution of the drug
could cause undesirable side effects [138]. Localizing the drug by targeted release via ELPs could

be a potential solution.

5.1.4 Increasing the specificity of ELP targeting

Given that ELPs have tunable properties that can be modified by genetic engineering, distinct
targeting ligands can be appended to ELPs for targeted drug delivery systems. Several studies have
worked on improving the tumor targeting capabilities of ELPs by tagging ELPs with tumor specific
cell surface receptors and cell penetrating peptides [103,112]. Similarly, release of drug from the
ELP can be made to specifically target the tissue microenvironment at the site of damage by fusing
ELPs with appropriate ligand or receptor peptide motifs, where the peptide tags can be identified

via in vivo phage display screening.
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5.1.5 Determining ELP kinetics in vivo

It is necessary to consider the long-term aspects of ELP biocompatibility, for example the effects
of repeated ELP administration on cellular uptake, distribution, accumulation and elimination
within the system. ELP length, guest amino acid composition, and phase transition are key
parameters for ELP functionality, but their effects on biocompatibility, and mechanisms of
clearance are not well understood. Future studies could work on understanding how ELPs interact
in biological milieus since it is paramount for developing safe biomedical applications, especially

when translating to humans.

5.2 Limitations

5.2.1 Animal model and age

PD7 Long-Evans rats have been chosen for this study since the PD7 rodent brain is a conventional
model of the human brain at 36-40 weeks of gestation [120]. However, a limitation with using
animals at this age would be the choice of administration route. With intravenous and subcutaneous
routes, the drug becomes readily available and by-passes first pass metabolism. However, since
these animals are quite young, their arteries and veins are small and difficult to utilize, thereby
making intravenous administration a challenging one. Similarly, intra-arterial injection directly via
the carotid artery, may increase the risk of mortality. Subcutaneous route would take a longer time
to reach the brain due to slower absorption [139]. While intracerebroventricular gives direct access
to the brain, it is a highly invasive and time-consuming procedure [139]. Intraperitoneal injections
is relatively the best suited option, but it may result in increased biodistribution of the ELP

nanoparticles. This can, however, be circumvented by multiple dosing. Keeping this in mind,
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method of administration and dosing are two important factors that need to be optimized clinical

translation.

Rice-Vannucci model of HI injury is used in this project because a) the model has been well
characterized and is reflective of the anatomical and metabolic changes that occurs in humans post
HI damage [2] b) It is one of the most commonly employed models to study HI and neonatal
neuroprotection [2] ¢) Neurobehavioral outcomes following HI and hypothermia treatment have
been thoroughly studied [2] d) Since it involves unilateral ligation, the contralateral hemisphere
within the experimental brain could serve as a control [2]. Despite these advantages, the major
setback with using this model is the high degree of variability between animals in terms of size
and severity of the brain damage achieved, thus making it challenging to compare results between

experiments/experimenters and achieve statistical significance with a small number of animals.

5.2.2 Cooling device

There is a limitation to the proposed cooling device, as cooling the entire head also produces mild
systemic hypothermia. In an earlier study, head cooling reduced the core temperature to 32.2°C
[125]. Systemic cooling occurs presumably as a by-product because blood circulation equilibrates
thermal energy throughout the body, but our cooling device maintains a core temperature around

3.2°C higher than that of the brain.

Although selective head cooling is effective in ameliorating the damage, it could lead to a

temperature gradient from brain surface to deepest areas as basal ganglia and brain stem; that
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gradient reaches 7 °C at depths of 2 cm in piglets [140]. The temperature gradient could reduce the
efficacy of the targeted release mechanism of the ELPs, especially the ones that are solely
temperature dependent. This is because if the injury is in deeper areas of the brain, and insufficient
cooling in this area due to the gradient in bigger animals and humans, may not trigger the
disassembly of a temperature sensitive ELP for drug release. Using ELPs that can respond to more
than one external cue specific to the HI brain microenvironment like the pH sensitive ELPs used

in our study, may help overcome this limitation.
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Appendix

Al: H and E staining

Brain sections obtained from the cryostat were fixed in formalin for 5 min. and rinsed with tap and
distilled water for 5 min. each. The sections were dehydrated sequentially in 80%-95%-100%
ethanol, soaked in xylene, and rehydrated sequentially in 100%-95%-80% ethanol and finally in
distilled water. Then, sections were stained with Harris” hematoxylin (9.3% alum dodecahydrate,
0.46% hematoxylin, 0.046% sodium iodate, 2.8% acetic acid, 4.6% ethanol) for 2 min. and rinsed
in distilled water until the water remained colorless. After dipping the sections in acid alcohol
(69.7% ethanol, 0.06 M hydrochloric acid), they were immediately washed with distilled water.
For bluing, samples were transferred to tap water, rinsed with distilled water, and stained with
eosin (0.2% erythrosin B, 0.025% eosin Y, 0.025% eosin B, 0.05% acetic acid, 60% ethanol)
before immersion for 2 min. each in 95% and 100% ethanol and xylene. Sections were mounted

in Cytoseal 60.

A2: ELP tagging protocol

The labeling of the ELPs was carried out using Cyanine N-hydroxy succinimide (NHS) ester. The
protocol was adapted from the recommended procedure from the manufacturing company,
Lumiprobe. The free amino group at the N-terminal of the ELP is allowed to react with the active
ester of NHS under an optimal pH range between 8.3 — 8.5 to produce Cy-tagged ELPs. At first,

the amount of NHS ester required to label the desired mass of ELP is determined as below:

__ 8 x amino_compound_weight [mg] X NHS_ester_molar_weight [Da]
esteryeight(mg] — amino_compound_molar_weight [Da]

NHS
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8 refers to the experimental value of the molar excess, commonly used for mono-labeling.
introOnce the reaction volume was determined, the dye in DMSO constituting about 1/10% reaction
volume was mixed with ELP solubilized in 9/10" reaction volume of 0.1 M phosphate buffer at
pH ~8.4. The reaction mixture, that was prepared on ice to keep the ELPs below the transition

temperature, was then subjected to overnight incubation at 4°C.

The samples were then centrifuged at 14,000g for 10 mins in a temperature-controlled centrifuge
at 4C using centrifugal filtration columns with 30 KDa MW cut-off. The retained ELP-containing
sample was retrieved by reverse spinning and dialysed overnight against PBS at 4C, to separate
the free dye from the tagged ELP. The concentration of the ELP in the final sample was measured

to estimate the protein recovery post the tagging process.

Measuring labeling efficiency:

The dye concentration in the tagged ELP sample was determined from the standard curve obtained
from plotting the fluorescence values of the standards against their known concentrations. The
fluorescence was measured using a fluorescent plate reader set with excitation and emission
wavelengths of 646 and 662 nm. The fluorescence of the unknown tagged-ELP samples was then
used to calculate the concentration of the dye in the final sample from the equation y=mx+c, where
y is the fluorescence of the unknown, x is the concentration and m and c are the slope and intercept

values obtained from the standard curve. The labeling efficiency is then calculated from,

Tm—Em
Tm

x 100%

Labeling efficiency (%) =
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Where, Tm is the theoretical moles of dye in the sample assuming 100% labeling efficiency and
Em is experimental moles of dye leftover or removed from the sample during the purification

process.

A3: Western blot analysis

To obtain a strong Western signal, the mass of protein for electrophoresis in each sample
represented the maximum amount of total protein that could be obtained uniformly from all lysates
of a tissue type. Protein samples were prepared by combining up to 30 puL of lysate supernatant
with 10 pL of 4x sample buffer (40% glycerol, 8% sodium dodecyl sulfate, 3.04% Tris, 0.002%
bromophenol blue, 8% 2-mercaptoethanol). The samples were loaded onto a polyacrylamide gel
(4% stacking gel, 12% separating gel), separated at 100 V for 3 h, and transferred to a
polyvinylidene difluoride membrane (Bio-rad, Mississauga, Canada) at 100 V for 1 h. Blots were
blocked in 5% milk at room temperature for 1 h and incubated at 4°C overnight in blocking
solution containing rabbit primary antibodies (1:1000 dilution) anti-B-Actin, anti-IBA1, anti-
cleaved caspase-3, and anti-GFAP. The blot was then incubated for 1h at room temperature with
the anti-rabbit secondary antibody conjugated to horseradish peroxidase. TMB Stabilized
Substrate for Horseradish Peroxidase (Promega, Madison, USA) was used to develop the blots via

a color producing reaction.

A4: Extraction of DEX from tissue using methylene chloride

The brain divided into left and right hemispheres, was weighed, and homogenized in normal saline

(up to ImL) using a tissue homogenizer. The samples were then subjected to a wash with 5 mL n
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heptane in the presence of 1M NaOH (50 pL), in glass centrifuge tubes with Teflon-lined caps.
The mixture was kept on a reciprocal shaker for up to 15 minutes. After aspirating the organic
layer, 1 pg of internal standard i.e., 10 pL of 0.1 mg/mL prednisolone in methanol, was added to
the aqueous phase followed by methylene chloride (5 mL) extraction of the samples. The aqueous
layer was then carefully removed, and the remaining organic phase was transferred to another
clean glass centrifuge tube. To remove the solvent, samples were dried at 45°C, under a steady
stream of nitrogen gas. Tetrahydrofuran (80 puL) was used to reconstitute the sample residue at the
time of HPLC analysis. The brain homogenate post methylene chloride extraction and
reconstitution in tetrahydrofuran was used as the basis for the preparation of DEX standards at

concentrations ranging between 0.1 to 5 pg/mL.
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