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Abstract

The ultimate goal of this thesis research was to design, fabricate, and characterize an
integrated nanotheranostics platform for activatable doxorubicin delivery and simultaneous MRI-
radiosensitization for synergistic cancer therapy, targeting breast cancer treatment. As shown in
the diagram, once these nanocomplexes enter into tumour sites through the EPR (enhanced
permeability and retention) effect, an external radiation source can be applied with extreme
precision to activate the cleavage of the mPGA shells (the outer fluorescent blue layer in the
diagram). This exposes the positively charged Gd:Mn-Dox cores which are readily adsorbed by
the negatively charged cancer cell membrane and internalized through endocytosis. The acidic
environment within endosomes then triggers the dissociation of the Gd:Mn-Dox nanocomplexes
contained within them, and resulting release of doxorubicin and gadolinium for simultaneous
real time MRI-radiosensitization and synergistic therapy.

Gadolinium, as one of lanthanide metal elements, has been well investigated and its
chelates are commonly used as T contrast agents for clinical magnetic resonance imaging
(MRI). Anthracycline antibiotics, such as the cancer chemotherapeutic drug doxorubicin, can
form complexes with transition metals. Gadolinium and doxorubicin drug-metal complexes were
selected for study, and were fabricated as nanostructures through a simple one-step
homogeneous precipitation method. They were designed for acidic environment-triggered
doxorubicin and gadolinium release. A partially modified poly-glutamic acid polymer (which
was esterified to prevent the polymer material from undergoing auto-hydrolysis) was used to
coat the surface of the harvested spherical Gd:Mn-Dox nanocomplexes. This surface coating was

designed to be radiation activatable and biocompatible.
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The first nanostructures synthesized in this thesis were Gd(OH)3 and Gd(OH)3:Mn
crystalline nanorods, and rod-shaped crystalline Gd(OH)3:Mn-Dox nanocomplexes with a
7.85wt% drug loading capacity of doxorubicin. The longitudinal dimension of these nanorods
and nanocomplexes ranged from 200 nm to 400 nm. Next, the reaction process was modified to
successfully produce spherical amorphous Gd:Mn and Gd:Mn-Dox nanocomplexes with a higher
doxorubicin loading capacity (10.1wt%). The diameter of these nanospheres could be tuned
within the range of 100 nm to 500 nm by using different quantities of glycerol in the reaction
process. Both the rod-shaped and spherical nanocomplexes were demonstrated to undergo
dissociation and release of doxorubicin and gadolinium in acidic environments. The amorphous
spherical nanocomplexes had a shorter release time relative to the crystalline rod-shaped
nanocomplexes. Confocal and TEM micrographs demonstrated that the synthesized
nanocomplexes were actively taken up via endocytosis by human breast cancer cells. A
radiation-activated radiosensitization effect, as well as dose-dependent trends in the percentage
of apoptotic cells, were measured in the nanocomplex-treated cancer cells in vitro. MRI
traceability of this nanotheranostics platform was demonstrated both in vitro and in vivo, using
clinical MRI and PET-MRI. These nanocomplexes were well tolerated in rats at the highest
tested dose of 240 mg/kg administered intravenously, with negligible histological changes
observed. The in vivo biodistribution of these intravenously injected nanocomplexes was
observed to be mainly in the liver, lungs and spleen.

Overall, a novel and smart doxorubicin-loaded gadolinium-based amorphous cancer
nanotheranostic system was developed with a very simple and environmentally-friendly
fabrication process. This system demonstrated the capability to deliver gadolinium and

doxorubicin for theranostic MRI-radiosensitization and doxorubicin chemotherapy. This
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proposed nanotheranostics platform represents an increasing trend in cancer nanotheranostics
towards the research and development of novel and much more effective drug delivery platforms
which pave the way for individualized cancer medicine.

This thesis work has explored the feasibility of fabricating a new amorphous-phase
gadolinium-based drug/metal theranostic nanocomplex doped with manganese through an
environmentally friendly process. The research performed in this thesis takes advantage of the
fact that doxorubicin drug molecules can form drug-metal complexes with gadolinium and
manganese ions, allowing one to avoid incorporating other complex chelating materials. This
work also uses a “smart” radiation-activable strategy for theranostic cargo delivery. This new
design of a nanotheranostic solution paves the way for new clinical workflows where real-time
MRI-guided synergistic therapy can be carried out during treatment. This work also inspired the
consideration of other suitable drugs that may be studied using a similar work flow to extend
their potential applications into theranostics and brought about new insights regarding the

fabrication of theranostic nanoplatforms.

v



Preface

This thesis is an original work by Zhipeng Yuan. The research project, of which this
thesis is a part, received research ethics approval from the University of Alberta Research Ethics
Board, Project Name “Radiation Sensitive Nanoparticles For Breast Cancer Therapy”, No.
AC14213, December 11, 2014.

Chapter 2 of this thesis has been published as S.S. Yoo, L. Guo, X. Sun, A.R. Shaw, Z.
Yuan, R. Lobenberg, and W.H. Roa, “Fabrication and in vitro characterization of gadolinium-
based nanoclusters for simultaneous drug delivery and radiation enhancement,” Nanotechnology,
vol. 27, 385104. I (Z. Yuan) was responsible for the materials fabrication, manuscript
composition, in vitro cellular uptake, in vivo study and nanostructure formation mechanism
deduction. S.S. Yoo was also responsible for the manuscript composition, materials fabrication,
conducting experiments, as well as the data collection and analysis. L. Guo was responsible for
concept formation, as well as materials fabrication, data analysis and manuscript composition.
X. Sun was responsible for the TEM study. R. Lobenberg and W.H. Roa were the supervisory
authors and were involved with concept formation and manuscript review.

Portions of Chapter 3 and Chapter 4 have been published or represented as Z. Yuan, L.
Guo, S.S. Yoo, R. Lobenberg, and W.H. Roa, “A Gadolinium-Doxorubicin Nanocomplex as A
Novel Targeted Drug-Delivery System,” CSPS/CC-CRS Conference 2016, Vancouver, BC,
Canada, AAPS Conference 2016, Denver, CO, United States and Alberta Nano Research
Symposium 2016, Edmonton, AB, Canada. 1 (Z. Yuan) was responsible for the materials
fabrication and characterization, manuscript composition, iz vitro cellular uptake, in vivo study
and nanostructure formation mechanism deduction, conducting experiments, as well as the data

collection and analysis. L. Guo and S.S. Yoo were responsible for concept formation, materials



fabrication and data analysis. R. Lobenberg and W.H. Roa were the supervisory authors and

were involved with concept formation and manuscript review.

Vi



Dedication

I would like to dedicate this work to my maternal grandfather who just defeated his

cancer; my maternal grandmother who was holding her husband’s hands tightly in the days that

he was fighting cancer; my beloved parents; and my sister.

vii



Acknowledgements

I would like to thank my supervisors Dr. Robert Burrell, Dr. Jie Chen, Dr. Todd
McMullen, Dr. Raimar Lobenberg, Dr. Wilson Roa and Dr. Frank Wuest for their help and
advice. I would also like to thank my supervisory, candidacy (Dr. Afsaneh Lavasanifar, Dr.
Michael Doschak), and defense committees for their efforts. A special thank goes to Dr.
Linghong Guo for his generous help and advice from the very beginning and throughout the
whole journey; Dr. Patricia Nadworny for editing the thesis with me; and Ms. Shannon Yoo for
helping me become familiar with the lab’s resources and teaching me the techniques to use
during the rod-shaped gadolinium nanocomplexes project. I would also like to thank Dr. Zi-Hua
Justin Jiang from Lakehead University for providing the mPGA materials. I would like to thank
the Cell Imaging Facility, Division of Experimental Oncology, Department of Oncology,
University of Alberta for allowing me to use their space and research instruments and for the
help of their supportive staff. I would also like to acknowledge the Vivarium Manager, Mr. Dan
McGinn, at the Cross Cancer Institute for his valuable support towards completing the animal
studies in this thesis; as well as Dr. Ronald Moore from the Department of Surgery, University of
Alberta, for letting me use their lab space and cell culture facility. I would also like to recognize
Dr. Don Robinson from the Department of Medical Physics, University of Alberta, for his help
with the radiation tests; Dr. Keith Wachowicz, also from the Department of Medical Physics,
University of Alberta, and Mr. Kevin Kevamme and his colleagues at the Cross Cancer Institute
for their help with the MRI experiments. I would also like to thank the following previous Ph.D.
students and postdoctoral fellows at the University of Alberta: Hoda Soelyamni Abyaneh,
Leandro Santoro, Xia Xu, Deepak Dinakaran, Igor Paiva, and others, for always standing by me

as I pursued my goals.

viii



Finally, I would like to express my deep gratitude to Dr. Robert Burrell, Dr. Victoria
Ruetalo, Dr. John Lewis and Dr. Pengfei Wang, who lifted me out of troubled waters and offered
me the confidence and courage to achieve my goal of completing my thesis at the University of
Alberta; as well as Dr. Yanfang Li from Sichuan University who supervised my Master’s thesis
and ignited the fire in me to complete a doctoral thesis. The following sources of assistance

funded this work: the Canadian Breast Cancer Foundation and the China Scholarship Council.

X



Table of Contents

Chapter 1 — INtroduction........ccoeeereensnenseessnecseessacssnesssessansssncssns 1
Cancer NanOMEICINE. ......co.uiruiiiirieriiieeiertete ettt sttt sttt nae e 1
Cancer NanOtheranOStICS ......co.eeuiriiriiriirieriete ettt ettt ettt s nee e 4
MRI and MRI Contrast AZENTS ........cccueeiuieriieiiierie ettt ettt etee sttt st esaeeeaneeeeas 8
Radiation Therapy and Radiosensitization in Cancer Treatment ..........ccccceveeveeneeniennnene 12
Gd and Gd NanotheranoStiCs .......c..eevuiriirieriirieriieie ettt ettt 13
DIOXOTUDICII ...ttt ettt ettt et sae e bt et sbe e b e esae e 24
Previous Gadolinium-Based Nanocomplex Research by This Group..........ccceecvevveennennne. 25

Gadolinium-Layered Nanocomplexes for Anti-miRNA Oligonucleotide Delivery
in Human Breast Cancer Cells and Magnetic Resonance Imaging........................ 25

Gadolinium-Dox Nanorod Complexes for Doxorubicin Delivery and Simultaneous

MRI-RAAIOSENSITIZALION ..eveveveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeeeeeeeeeeeeseeeenneennnnnnnnns 26

PUIPOSE ettt e e et e e e et e e e et e e e e e nbaeeeeentaeeeeentaeeeennnaeaeeennees 28
TIRESIS OULIINE ..ot ettt e e e e e e e e e e e e e e e e e e e e eeaaaaaaeeeaeeeeneanaaas 29
Chapter 2 — Manufacture of Gadolinium-Based Nanocomplexes 32
TIEEOUCTION .ot e e e e e e e e ettt e e e e e e e e e e e e aaeeeeeeeaaaaaaaeeeeeeeeenanaaas 32
Materials AN METNOAS ......eeeeeeeeeeeee et e e e e et ee e e e e e e e e e e eaaaeeeeeeeeeeanaas 35
IMLALETIALS .ot e e e e e e e e et eee e e e e e e e ee e aaeeeeeeereearaaaaaeas 35

Fabrication of Gd(OH)3, Gd(OH)3:Mn Nanorods and Gd(OH)3:Mn-Dox
Nanocomplexes and Study of Their Morphology .........ccccoeveeviieniiniiiinieniieiee 36
Characterization of the Obtained Nanoparticles by SEM, TEM, and X-Ray Powder

DIETTACTION et e e e e e e e e ea e e e e e e e e e aeeeeaeeereeanaaaaaaeas 37



COIL CUITUTE e e e e e e e e e e e et ee e e e e e e e e eeraaaaeeas 37

Determination of Cellular Uptake of Gd(OH)3:Mn-Dox Nanocomplexes ............ 38
In Vitro Cytotoxicity and Radiation Sensitizing Effect Assessment ..................... 38
In Vivo Observation of Acute Toxicity and Organ Distribution (Pilot Study)....... 40
Synthesis of Gd:Mn NanosSpheres ...........cccevvierieriiienieeieeie e 40
RESUILS & DISCUSSION.....cuiiiiiiiiiiiiieieeit ettt sttt st e 42

Fabrication of Gd(OH)3, Gd(OH)3:Mn Nanorods and Gd(OH)3:Mn-Dox
Nanocomplexes and Study of Their Morphology ..........ccceeveeviienieniiienieniieiee 42

Characterization of the Obtained Nanoparticles by X-Ray Powder Diffraction.... 45

Determination of Cellular Uptake of Gd(OH)3:Mn-Dox Nanocomplexes  ....... 47

In Vitro Cytotoxicity and Radiation Sensitizing Effect Assessment ..................... 48

In Vivo Observation of Acute Toxicity and Organ Distribution (Pilot Study)....... 51
Synthesis of Gd:Mn NanoSpheres...........oceeviierieriiienieeieeree e 52
CONCIUSIONS ...ttt ettt et et e et e et e et e e bt e enbe e st e sateeseeenseeneas 57
Chapter 3 — Modifying Morphology and Loading Gd:Mn Nanospheres 58
INEPOAUCTION ...ttt ettt et st be e st e bee st e eneeeane 58
Materials and Methods .........c.ooiiiiiiiiii e 60
IMALETTALS ...ttt ettt ettt ettt ettt eaneens 60
Loading Gd:Mn Nanospheres with DOXOTubiCin .........cceeveiiiiieniiiiiieieeieieeee 60
Preparation of Partially Modified Poly-a, L-Glutamic Acid (mPGA)................... 62
Fabrication of mPGA@Gd:Mn and mPGA@Gd:Mn-DoX.........ccccceeviiniiieniennenne 63
RESUIS & DISCUSSION ....cieutiiiiiieiieiiie ettt ettt ettt sttt ettt e st e e bt e saaeesbeesnteeneeeane 63
Loading Gd:Mn Nanospheres with DoXorubicin..........coceeeevierienennienicnennicnnne 63

xi



Preparation of Partially Modified Poly-a, L-Glutamic Acid (mPGA)................... 67

Fabrication of mPGA@Gd:Mn and mPGA@Gd:Mn-DoX.......ccccceceeverciinienennns 69

CONCIUSIONS ..ttt ettt ettt sb ettt sb et e eat e s bt et e eatesbeebesseenneenees 70
Chapter 4 — In Vitro Characterization of Fabricated Nanospheres 72
INEEOAUCTION ..ottt sttt et 72
Materials and MEthOdS .........cooueiiiiiiiiiiiiiice e 74
IMEALETIALS ...ttt sttt et b et ettt 74

X-ray Powder Diffraction..........cccooieiiiiiniiniiiiiiceceneceee e 75

Elemental Analysis via Energy Dispersive X-ray Spectroscopy (EDS) and UV-Vis
Spectroscopy of the Obtained NanodiSpersions...........coccueereereieeniieeieeneesieenneenns 75
Radiolytic Activation of the Modified PGA Candidates ..........ccccceveeveriienvinennene 76
In Vitro Low pH-Responsive Doxorubicin Release from mPGA-Coated Gd:Mn-
Dox Nanospheres via Radiolytic Activation of the mPGA Coatings .................... 76
Doxorubicin Stability StUAY........cooiieiiiiieiieece e 77
In Vitro Cellular Uptake of Gd:Mn Nanospheres, Doxorubicin-Loaded Gd:Mn-
Dox Nanospheres and Radiation Activated/Non-Activated mPGA@Gd:Mn-Dox

Nanospheres using Confocal Laser Scanning Microscopy and Transmission

ElECtrON IMICTOSCOPY ..uvvvieeiiiieeiiieeetieeeteeeeteeesreeesereeessreeesaveeesseeesseessseesnsseesseaenns 78
In Vitro Cytotoxicity and Biocompatibility Studies...........cccceeeviieeriieiiieeeiieenne, 80
In Vitro Magnetic Resonance Imaging (MRI) .........ccccoeiiiiiiniiiniiieee 82
RESUIS & DISCUSSION ....eeutieiiieiieiiit ettt ettt ettt et ettt e st e bt e saaeesbee st e eneeeane 83
X-ray Powder DIffraction.........c.ccoovuiieiiieiiiieciieeee et 83

xii



Elemental Analysis via Energy Dispersive X-ray Spectroscopy (EDS) and UV/Vis
spectroscopy of the Obtained NanodiSPersions ...........coceeveevereeneriieneenieneeneennes 84
Radiolytic Activation of the Modified PGA Candidates ..........cccccoceeverieenvinennene 86
In Vitro Low pH-Responsive Doxorubicin Release from mPGA-Coated Gd:Mn-
Dox Nanospheres via Radiolytic Activation of the mPGA Coating...........ccc.c...... 88
Doxorubicin Stability Study.........ccccoeriiiiiiiiiiiee e 89
In Vitro Cellular Uptake of Gd:Mn Nanospheres, Doxorubicin-Loaded Gd:Mn-
Dox Nanospheres and Radiation Activated/Non-Activated mPGA@Gd:Mn-Dox

Nanospheres using Confocal Laser Scanning Microscopy and Transmission

E1ECtron MICTOSCOPY .uvveeutieiiieiieeiieeiee st ett et et e stte et e sieeebeesetesnbeesaeesnseesseesnseens 90

In Vitro Cytotoxicity and Biocompatibility .........ccccoceriiviniineeninienccenieeeee, 95

In Vitro Magnetic Resonance Imaging (MRI) ..........cccceviiiniiiiiininniieieeeee, 100

CONCIUSIONS ..ottt sttt s 102
Chapter 5 — In Vivo Animal Studies Using a Rat Model 104
INEPOAUCTION ...ttt ettt et e ee e st et e et e e beesaneens 104
Materials and Methods ...........ooouiiiiiiiii e 107
IMAEITALS ...ttt et sttt et 107

Xenograft Human Breast Cancer Tumour-Bearing Rat Model ........................... 107

In Vivo Biodistribution Study of mPGA@Gd:Mn-Dox Nanospheres Using mPGA

In Vivo Toxicity Testing of Gd:Mn, Gd:Mn-Dox and mPGA@Gd:Mn-Dox

INANOSPNETES ...eecnevieeiiieeiiie ettt et e e et e e st e e saaeeestaeeesaseeessseeessaeesssseesnseeenanes 108

In Vivo MR IMAZING.....ooiiiiiiiiiiieiieeieee ettt ettt 112

xiii



RESUIS & DISCUSSION.....ceutiiiiieiiieiteeiie ittt ettt ettt et ettt e et e sabeesaeeenbeenseesneeans 113
Xenograft Human Breast Cancer Tumour-Bearing Rat Model ..............c.......... 113
In Vivo Biodistribution of mPGA@Gd:Mn-Dox Nanospheres ...........cccceeueeenee. 114

In Vivo Toxicity Testing of Gd:Mn, Gd:Mn-Dox and mPGA@Gd:Mn-Dox

INANOSPRETES ...ttt ettt ettt et e et e eteeeabeenbeesnbeenseesaseens 116

I Vivo MR IMAZING.....couiiiiiiiieiieeieeee ettt et st 119

CONCIUSIONS ...ttt ettt ettt sttt ettt b et et sb e e bt e st e sbeebeeatesbeenaeeaeens 122
Chapter 6 — Conclusions........coeeeneeesseensensseecsaenssnscsaessnesssesssnees 123
CONCIUSIONS ...ttt ettt ettt ettt b et et sb e e bt e st e sbeenbeeatesbeenaeeaeens 123
Bibliography ....ccccovereeinsecnnecsuenssnensnecssnecsnenssnessnncsnnes 128

X1V



List of Tables

Table 2-1. Sizes of Gd(OH)3 nanorods, Gd(OH)3:Mn nanorods and Gd(OH)3:Mn-Dox
nanocomplexes in FIGUIE 1. ....ccooiiiiiiiiiiii e 45

Table 2-2. Components and refinement parameters of the synthesized crystal nanostructures... 47

Table 2-3. Clonogenicity assay results of irradiated and non-irradiated groups treated with
Gd(OH)3:Mn nanorods or Gd(OH)3:Mn-Dox nanocomplexes. .........ccceevueererevieenieennenn. 50

Table 3-1. a: The synthesized nanospheres showed a decreased diameter after doxorubicin was

added to the reaction system; b: different ratios of glycerol:urea affected the morphology

and diameter of the final Products............ccoooiiiiiiiiiiii e 66
Table 3-2. Particles size of nanospheres before and after the coating procedure. ....................... 70
Table 5-1. Experimental animal body sign scoring sheet. ..........cccoveeiiiiniiniienieiieieeieeee. 110
Table 5-2. The established tumour model growth rate...........cccceevieniiiiiiniiieeeee e, 113

XV



List of Figures
Figure 2-1. Transmission electron microscopy (left column) and scanning electron microscopy
(right column) images of Gd(OH)3 (a) and Gd(OH)3:Mn (b) nanorods, as well as
Gd(OH)3:Mn-DoX NanOCOMPIEXES (€)..eevvremrrerrreeiieniieeiieniteeiienteeteesieeeteesseesneesseesseens 44
Figure 2-2. Proposed mechanism for the interaction between doxorubicin molecules and
Gd(OH)3:Mn nanorods. Doxorubicin molecules work as binding agents to holding the
assembled nanorods together in bundles. Cyan=gadolinium, grey=carbon,
white=hydrogen, red=oxygen, blue=nitrogen (Mn not ShOwn). ........c.cccccervverirrerucnennne. 45
Figure 2-3. X-ray powder diffraction patterns of Gd(OH)3 nanorods, Gd(OH)3:Mn nanorods, and
Gd(OH)3:Mn-DOX NaNOCOMPIEXES. ..cuveeuireiieriieeiieiieeieesiteeteesteeieesieeeteesieesbeesseeeneeens 46
Figure 2-4. Confocal images of cellular uptake of Gd(OH)3:Mn-Dox nanocomplexes after 4
hours, 24 hours, and six days of incubation with MDA-MB-231 cells. Blue indicates cell
nuclei and red indicates doxorubicin loaded within, and released from, the
NANOCOMPIEXES. 1eeuvvieeiiieeiieeeiie e ettt e eteeeteeeeteeesteeessbeeesaseeessseeessseeessesesseesnsseessseessseenns 48
Figure 2-5. MDA-MB-231 cell apoptotic rates after various treatments. The x-axis shows an
increasing dose of Gd(OH)3:Mn-Dox nanocomplexes applied to experimental groups
with or without radiation. Solid colour filled columns represent irradiated groups, while
the white columns represent non-radiated groups. = p < 0.0001............ccoevrererererererennnes 49
Figure 2-6. Clonogenicity assay results comparing irradiated and non-irradiated groups treated
with Gd(OH)3:Mn nanorods or Gd(OH)3:Mn-Dox nanocomplexes. **p < 0.0001.......... 50
Figure 2-7. Gadolinium content in different organs of interest in a female RNU rat with human

breast cancer tumor xenograft 24 hours after injection of Gd(OH)3:Mn-Dox. The

XVvi



gadolinium uptake in different organs was assessed using ICP-MS. The data are
presented as the percentage of the total injected dose per gram of tissue..............cc........ 52
Figure 2-8. a: The reactor used for synthesizing Gd:Mn nanospheres consisted of an autoclave
tube (a-1) lined with a Teflon tube (a-2), a-3 shows the synthesized Gd:Mn nanospheres
suspended in ddH20. b: TEM images of Gd:Mn nanospheres produced at different
diameters (from b-1 to b-5, these were produced with 0.4, 0.8, 2.4, 3.2, and 5 mL of
glycerol solution, respectively); note that the last image (b-6) shows rod/rice-like particles
produced with excess quantities of urea solution (7.5 mL). c: The relationship between
the quantity of glycerol solution used and particle sizes of corresponding synthesized
Gd:Mn nanosSpheres 1S SHOWIL.  .oo.oiiiiiiiieiieeeee et 56
Figure 3-1. Reaction scheme for hydrophobic modification of the poly (L-glutamic acid). RCH2
= investigated lipophilic SUDSTILULES. .......cccuieiuiiiiiiiie e 62
Figure 3-2. a: Synthesized white Gd:Mn nanospheres and purple doxorubicin-loaded (Gd:Mn-
Dox) nanospheres suspended in ddH20; b, ¢, d: TEM images of Gd:Mn-Dox nanospheres
of various sizes, which were achieved by varying the ratio of glycerol:urea — in the figure,
the ratios used were 0.8:1.5, 0.4:2, and 0.4:1.5, respectively); e, f: SEM images of
Gd:MN-DOX NANOSPRETES. .....eeeeeiiiiiiiieciie ettt et e s e e sre e e sbeeeareeenaeeeaeees 65
Figure 3-3. Schematic diagram of the radiolytic process. RCH2 = selected lipophilic substituents;
x = carboxyl group on the side chains of a PGA molecule...........cccocceviiiiniiinieen. 68

Figure 3-4. A schematic diagram showing a nanosphere surface coated with mPGA molecules.

represents mPGA molecules, and Q represents Gd:Mn or Gd:Mn-Dox

NANOSPRETES. ...ttt ettt b et st be et eat e s bt et sate st e et e et e beenees 69

Xvil



Figure 3-5. TEM images of mPGA (NO. 132) coated nanospheres. a and b show mPGA-coated
Gd:Mn (a) and Gd:Mn-Dox (b) nanospheres; the arrows indicate layers of the polymer
coating and the dashed circle shows the nanosphere core. ¢ and d show mPGA coated
Gd:Mn-Dox (c¢) and Gd:Mn (d) nanospheres suspended in ddH20............cccceeeiieiennenn. 70

Figure 4-1. X-ray powder diffraction patterns of Gd:Mn nanospheres and Gd:Mn-Dox
NANOSPRETES. ....eeeeiiiiieiie ettt ettt et et e e bt e eat e e bt e e abeebeesnbeenbeeenbeenseesnseenseennne 83

Figure 4-2. Energy-dispersive x-ray spectroscopy (EDS) elements mapping of the synthesized
Gd:Mn-Dox nanospheres. a: gadolinium mapping; b: EDS element spectra. Note: The
Mn was not detected as it is present at trace levels in the nanospheres. .........cccccecueneenee. 85

Figure 4-3. UV/Vis absorption spectra of doxorubicin hydrochloride solution (red),
Gd(NO3)3+doxorubicin mixed solution (orange), the final reaction mixture (green), and
the resulting Gd:Mn-Dox nanodispersion (Purple). .......cccceeeeeriienieniiieniesieeree e 86

Figure 4-4. Impact of different doses of x-ray irradiation on irradiation-induced degradation of
selected mPGA candidates (a: NO. 132 & b: NO. 128A). The bar graphs on the left plot
normalized absorbance at 258 nm after different irradiation doses, and the full absorbance
scan after different irradiation doses is shown on the right for a (top) and b (bottom). ... 87

Figure 4-5. Release profiles of doxorubicin from two different types of mPGA coated Gd:Mn-
Dox nanospheres with or without 30 Gy of x-ray irradiation in pH 4.5 phosphate buffered
saline, over a nine day period. ** The mean values of the two groups indicated are
significantly different (p < 0.0001). .....ooiiiiiiiiiieie e 89

Figure 4-6. TEM images of cellular uptake of mPGA@Gd:Mn nanospheres (A, B) and x-ray
activated mPGA@Gd:Mn (x-mPGA@Gd:Mn) nanospheres (C, D). Dotted and black

arrows indicate cell nuclei and nanospheres (solid black spheres), respectively,

xviii



internalized in vesicular structures within the cytoplasm, i.e. at a subcellular level. E
shows the ICP-MS results measuring the quantity of internalized gadolinium in the non-
treated group, mPGA@Gd:Mn nanospheres treated group, and activated x-
mPGA@Gd:Mn nanospheres treated group. ** The mean values of these two groups are
significantly different (p < 0.0001). ...cc.ooiiiiiiiiiiiiiiee e 92
Figure 4-7. CLSM (A, B and D) and TEM (C) analysis of cellular uptake of Gd:Mn-Dox
nanospheres. A: Control cells treated with doxorubicin solution (two micrographs on the
left) and Gd:Mn nanospheres without doxorubicin (two micrographs on the right). B:
Cells incubated with Gd:Mn-Dox nanospheres for 6 hours (left) and 24 hours (right). C:
Black arrows indicate the internalized Gd:Mn-Dox nanospheres (small black spheres) in
the vesicular structures within cell cytoplasm. D: Fluorescence profile analysis from point
1 to point 2. Points 1 and 2 are two lysosomes containing Gd:Mn-Dox nanospheres (as
indicated by the overlapping doxorubicin red and LysoTracker Green signals).
Fluorescence signals: Blue = DAPI, Red = Doxorubicin (in A) or Gd:Mn-Dox
nanospheres (in B), Green = Oregon Green (in B) or LysoTracker Green (in D). ........... 95
Figure 4-8. Biocompatibility study results of mPGA (A), Gd:Mn nanospheres and
mPGA@Gd:Mn nanospheres (B) using an MTT assay against an MCF-7 human breast
CaNCET CEIL IINE. ..oueiiiiiiiiiie ettt et 96
Figure 4-9. In vitro radiation enhancement effect of unloaded Gd:Mn nanospheres using an
MTT test (A) and a clonogenic assay (B). Results are shown for the saline (Control), x-
ray (X-ray), x-ray plus mPGA@Gd:Mn nanospheres (X-ray + mPGA @Gd:Mn) and x-

ray plus x-ray activated mPGA@Gd:Mn nanospheres (X-ray + X-mPGA@Gd:Mn)

XiX



treated groups. ** The mean values of the indicated groups are significantly different (p <
0.0001). 1eeieeiteie ettt ettt ettt ettt e e raeste et e se e teenteeraeseenteeneeteenteesaeseennans 98
Figure 4-10. Percentage of MCF-7 cells undergoing apoptosis after three days exposure to
various concentrations of Gd:Mn-Dox and mPGA@Gd:Mn-Dox nanospheres. ** The
mean values of the indicated groups are significantly different (p < 0.0001). ................. 99
Figure 4-11. Ti-weighted MRI images of Gd:Mn nanospheres (A) and T2-weighted MRI images
of Gd:Mn-Dox nanospheres (B) at concentrations noted on the figures. The bar graph (C)
shows the MRI signal intensity produced by the Gd:Mn-Dox nanospheres in different
acidic environments (HCI solution control or pH 4.5 buffer test solution). The pH 4.5
buffer was used to mimic the lysosome environment. .............ccceeecueerieriieenieesieeneenneans 101
Figure 5-1. In vivo biodistribution of mPGA@Gd:Mn-Dox nanospheres in major organs of
female rats with xenografted human breast cancer tumours. ............ccoeeeeeeeeneeriieennenne. 115
Figure 5-2. In vivo biodistribution of Gd:Mn-Dox nanospheres, 2 and 8 hours after injection, in
major organs of female rats with xenografted human breast cancer tumours................. 116
Figure 5-3. Examples of micrographs used for histological examination of various H&E stained
tissues from female RNU rats treated with saline; Gd:Mn nanospheres at 24, 72, and 240
mg/kg; Gd:Mn-Dox nanospheres at 240 mg/kg; or mPGA@Gd:Mn-Dox nanospheres at
240 mg/kg; all 42 days after treatment. .........c.eeoeeeiieriiiiiee e 119
Figure 5-4. In vivo T1 weighted MR images of saline, Gadavist® and Gd:Mn-Dox nanosphere-
TTEALEA TALS. ...ttt ettt ettt et sttt e ettt e et e e bt e et e e nbeeeareens 121
Figure 5-5. In vivo T> weighted MR images of the rat before (left) and after (right) being injected

with MPGA@Gd:Mn-DoX NanOSPhETES. .........eeeeiiieiiieeiieeiie et 122

XX



List of Symbols, Abbreviations, and Nomenclature

Symbols
3D
ANOVA
APC
ATCC
B16F10
CLSM
CT

c¢Tnl
DACHPt
DAPI
ddH>0
DMSO
DAD
DMEM
DNA

DOTAGA

Dox
DTDTPA
DTPA

DTPADA

Definition

three-dimension

analysis of variance
allophycocyanin

American Type Culture Collection
murine melanoma cell line

confocal laser scanning microscope
computed tomography

cardiac troponin [
(1,2-diaminocyclohexane)platinum(II)
4’,6-diamidino-2-phenylindole
double distilled H20

dimethyl sulfoxide

diode array detection

Dulbecco’s Modified Eagle Medium
deoxyribonucleic acid
1,4,7,10-tetra-azacyclododecane-1-glutaric
anhydride-4,7,10-triacetic acid
doxorubicin

dithiolated DTPA
diethylenetriaminepentaacetic acid

diethylenetriaminepentaacetic dianhydride

XXi



DU145
EDTA
EL4-luc
EMA
EDXS
EPR effect
Eu

FBS

FDA
FITC
GLP

Gy
H358-Luc
HeLa
H&E
HIFU
HPLC

Lv.

ICP-MS

LGdH
LINAC

MCEF-7

human prostate cancer cell line
ethylenediaminetetraacetic acid
murine lymphoma cell line
European Medicines Agency

energy dispersive x-ray spectroscopy
enhanced permeability and retention effect
Europium element

fetal bovine serum

Food and Drug Administration
fluorescein isothiocyanate

good laboratory practice

Gray, unit of applied radiation dose
human lung cancer cell line

human cervical carcinoma cell line
hematoxylin and eosin

high intensity focused ultrasound
high performance liquid chromatography
intravenous

inductively coupled plasma mass
spectrometry

layered gadolinium hydroxychloride
linear accelerator

human breast cancer cell line

xxil



MDA-MB-231

miRNA

mPGA

MPIOs

MR-LINAC

MRI

MTD

MTT

N

NIH

NO. 128A, NO. 132

OECD

PBS
PC3

PDT
PEG

PEGylation

human breast cancer cell line

micro ribonucleic acid

modified poly (L-glutamic acid)
micro-sized particles of iron oxide, which
have a size larger than 1 um

magnetic resonance imaging guided linear
accelerator

magnetic resonance imaging

maximum tolerated dose
3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

normality

National Institutes of Health

code names of mPGA candidates
Organisation for Economic Co-operation
and Development

p-value in null hypothesis significance
testing

phosphate buffered saline

human prostate cancer cell line
photodynamic therapy

polyethylene glycol

grafting with PEG molecules

xxiii



PET positron emission tomography

PFA paraformaldehyde

PGA poly (L-glutamic acid)

PI propidium iodide

PTT photothermal therapy

R-CH2 investigated lipophilic substitutes, R stands

for functional groups

REE rare earth elements

RNase A bovine pancreatic ribonuclease A
RNU Rowett nude

SQ20B human head and neck squamous cell

carcinoma cell line

SEM scanning electron microscope

SPECT single-photon emission computed
tomography

SPIOs superparamagnetic iron oxide

nanoparticles, which have a size larger

than 50 nm
T Tesla
T98G human glioblastoma cell line
T1 relaxation longitudinal relaxation
T2 relaxation transverse relaxation
TE time to echo

XX1V



TEM

TLC

TR

U-87, U-87MG
U.S.

UI penicillin
uv

UV-Vis

USPIOs

XRD

transmission electron microscope

thin layer chromatography

repetition time

human glioblastoma cell line

United States

units of penicillin

Ultraviolet

Ultraviolet-visible

ultra-small superparamagnetic iron oxide
nanoparticles, which have a size smaller
than 50 nm

x-ray powder diffraction

atomic number of a chemical element

XXV



MERIRT
Meonitoring

Gd!+

Cancer Cell

@ Doxorubicin . Gd:Mn-Dox nanocomplex ‘ MPGA@Gd:Mn-Dox nanocomplex

XXVi



Chapter 1 — Introduction

Cancer Nanomedicine

Cancer, a large family of diseases that can occur in any part of the body, is a leading
cause of death worldwide and infamous for its complexity and difficulty to be cured.
Traditionally, cancer treatment includes surgery, chemo/drug-therapy, radiotherapy and different
combinations of those approaches. However, it is hard to use current regular approaches to treat
cancer without harming the healthy tissue, which always causes more problems to patients. Thus,
we need novel approaches to treat cancer. Cancer nanomedicine has already attracted intensive
research focuses and showed very high potential to conquer challenges in clinical oncology. It
may provide an opportunity for finding a novel cancer treatment approach.

Cancer nanomedicines are agents, tools or platforms developed via nanotechnological
approaches for use in cancer clinics to gain improved outcomes in the diagnosis and treatment of
human cancer diseases.

Nanotechnology commonly refers to techniques and engineering processes conducted at
the molecular level, or at the nanometer scale, i.e. at a scale that is smaller than 1 micrometer.
The earliest concept of nanomedicine came from Dr. Richard Feynman’s visionary idea that
nanosized machinery could be introduced into a patient’s body to achieve key insights into the
patient’s illness and then perform a surgery or assist an inadequately functioning organ. The
term ‘nanomedicine’ was established in 1998'. Since then, nanotechnologies have been
extensively exploited in the medical arena as more and more researchers have recognized the
potential of nanomedicine. The emerging field of nanomedicine research merged the field of
medicine and the fields of engineering, chemistry, and biology, with the aim of unlocking brand

new pathways to diagnosis and treatment of human diseases®".



Based on unique properties that appear when working at the nanoscale level, cancer
nanomedicine is providing new opportunities and showing great potential in the fight against the
complexity of cancer diseases*. To date, cancer nanomedicine research is the primary focus of
nanomedicine studies. There are many innovative nanoscale diagnostic and therapeutic
modalities at various stages of research and development, and some have been put to use in
clinical cancer care.

Doxil was the first success story regarding the use of nanomedicine in cancer treatment™®,
launching the entire field of cancer nanomedicine in 1995. Doxil, a liposomal form of
doxorubicin (see the section on Doxorubicin below for more details on this treatment) designed
to treat certain types of solid tumour including human breast cancer, was approved for use in
clinical treatments by the U.S. FDA (Food and Drug Administration). This early success was due
to a unique feature that appears at the nanoscale when working with doxorubicin. The nanosized
particles of liposomal doxorubicin are able to take advantage of leaky blood vessels that branch
out in solid tumours to promote intratumoural drug accumulation due to the EPR effect
(Enhanced Permeability and Retention effect, seen only in solid tumours), which results in an
improved drug therapeutic index and improved safety profiles by reducing off-target drug
delivery>’3.

Conventional small molecular drugs, such as doxorubicin, do not naturally distinguish
between cancerous and healthy tissues in most cases, leading to unsatisfactory drug
biodistribution, adverse side effects, and poor pharmacokinetics®!°. Cancer nanomedicines are
envisioned as nanosized platforms for delivering drug molecules in a selective way to various
types of cancer!!"!2, Cancer medicines are also being viewed as a new way to design medicines

targeted towards particular types of cancers, such as specific carcinomas'*!°, Nanoparticles and



nanosized structures developed via fabrication and encapsulation approaches based on
nanotechnology principles generally have demonstrated favorable physicochemical
characteristics for one or more specific clinical needs, including improved solubility and
stability, targeted and localized delivery, desirable pharmacokinetics, improved disease diagnosis

and/or improved disease treatment® !¢

. As an example, Abraxane, a nanoformulation of paclitaxel
which is specifically used for advanced stage breast cancer treatment, is a successfully developed
cancer nanomedicine that overcame some of the difficulties surrounding treatment with
traditional paclitaxel formulations. Paclitaxel itself is a highly lipophilic naturally occurring
anticancer treatment, but its insolubility in water makes it unfavorable for pharmaceutical
development. However, when paclitaxel was bonded with albumin and produced as protein-
bound paclitaxel nanoparticles with a diameter of 130 nm (nanometers), its water solubility,
stability, safety and intratumoural accumulation were favorably altered, improving its
functionality for use in this application!’.

The extensive research and development work in the area of cancer nanomedicine'®2° for
more than two decades has paved the way to improved drug biodistribution patterns and
pharmacokinetics by providing solutions to circumvent the following commonly occurring
obstacles to the use of cancer chemotherapeutic and diagnostic agents: Poor water solubility,
rapid systematic clearance, and drug resistance. Due to the versatility of engineered cancer
nanomedicines, researchers are now able to precisely guide the biodistribution, site of action, and
release of diagnostic and therapeutic agents®'. Nanomedicine is thus one approach with very high

potential to revolutionize both cancer diagnosis and treatment, and the current intensive research

in cancer nanomedicine demonstrates that its use is perceived as having the potential to conquer



the ultimate goal of delivering personalized cancer diagnosis and treatment regimens to

patients?! 23,

Cancer Nanotheranostics

In clinical oncology, diagnostics and therapeutics approaches are typically conducted
separately. Patients have to undergo the processes separately. Now, we see another research
concept has developed as the cancer nanomedicine research field continues to advance:
Nanoscale complexes produced for synergistically delivering single agents with both diagnostic
and therapeutic purposes. The portmanteau “cancer nanotheranostics” has developed within the
past decade®*. To provide both cancer diagnostic and cancer therapeutic functions, cancer
nanotheranostics combine at least one diagnostic and one therapeutic module. The ultimate goal
of cancer nanotheranostics is to achieve real-time imaging-guided decision making and optimal
focal therapy, followed by similarly-guided post-treatment response management, thereby
radically improving clinical outcomes of cancer patients. Any diagnostic tools, including MRI
(magnetic resonance imaging), PET (positron emission tomography), CT (computed
tomography), SPECT (single-photon emission computed tomography), optical imaging,
photoacoustic imaging or ultrasound imaging; and any therapeutic means, including
chemotherapy, radiation therapy, immunotherapy, gene therapy, photodynamic therapy, or
photothermal therapy, could possibly be combined in cancer nanotheranostics?.

Kaida et al proposed a single-platform polymeric nanotheranostics carrier for an MRI
contrast agent and a chemotherapeutic agent, allowing for MRI-visible delivery of DACHPt
((1,2-diaminocyclohexane)platinum(II)) directed towards a pancreatic tumour model®S. The

polymer micelles developed transported a clinical MRI contrast agent, Gd-DTPA (Gadolinium-



diethylenetriamine pentaacetate), and a drug, DACHP, in a single polymeric carrier, and
allowed for effective mapping of the drug accumulation at tumour sites using MRI.

Another study demonstrated approaches that allowed for delivery of nanoparticles with
the simultaneous capabilities of activatable MRI monitoring of intratumoural doxorubicin
release, drug-dose painting, and antitumor effects. In the study, Ponce ef a/ loaded MnSOs, an
MRI contrast agent, into temperature-sensitive doxorubicin liposome nanoparticles, and
observed the spatial correlation between MRI signal and drug release locations?’. Before the
liposomes were disintegrated, the MRI contrast agent MnSO4 was caged in the doxorubicin
liposomes, with limited access to bulk water, and therefore limited ability to generate MRI
signals. Once the release of the liposome payloads was triggered by heat being delivered to the
tumour centres, the MRI signal was activated and found to be spatially correlated with
doxorubicin release.

Physiologically acidic environments at tumour sites can also be utilized to trigger low-
pH-sensitive nanotheranostics. Kaittanis et al demonstrated a doxorubicin-loaded Ferumoxytol
(an FDA-approved iron oxide nanoparticle coated with dextran for iron deficient patients)
nanotheranostic agent for acidic tumour microenvironments. The acidic extracellular
environment around the tumour triggered the doxorubicin release and simultaneously unleashed
the superparamagnetic property of the iron oxides, which could then be visualized by MRI in
real-time. This nanotheranostic worked more efficiently than treatment with free doxorubicin,
both in vitro and in vivo, in terms of inhibition of oncogenic pathways?®,

In another in vitro study reported by Shannon et al/, anti-miRNA (micro ribonucleic acid)
oligonucleotides were loaded into an MRI-traceable gadolinium-based layered double hydroxide

nanocarrier for miRNA-10b inhibition in metastatic human breast cancer cells®.



Furthermore, external stimuli including various forms of irradiation, heat, or ultrasound
can be exploited to guide or activate the functionalities of nanotheranostics®°. For instance, HIFU
(high intensity focused ultrasound) can be employed in temperature-sensitive nanotheranostic
platforms as a means of non-invasive heat delivery, which promises to be highly practical in
clinical applications®'. Muhanna et al reported a multimodal porphyrin lipoprotein-mimicking
nanotheranostic for PET and fluorescence imaging guided surgery, and PDT (photodynamic
therapy), for head and neck cancer diagnosis, treatment, and management*?. PET and
intraoperative fluorescence imaging were used to effectively visualize the tumours using the
porphyrin lipoprotein-mimicking nanoparticles as imaging agents, as well as to precisely guide
PDT for tumour eradication. In a study by Jin ef a/, MRI-guided focal PTT (photothermal
therapy) for use against prostate cancer was investigated®. The proposed nanotheranostics
platform in their study was the use of copper-64 chelated porphyrin nanoparticles for PET and
PTT. In a rat prostate cancer model, a tumour-to-normal prostate tissue ratio of 6:1 was achieved
and an optical fibre was inserted into the tumour site to deliver PTT with the guidance of MRI.
Due to high intratumoural drug accumulation and precisely applied PTT, effective and selective
PTT damage to the tumour was achieved, with minimal effect on the surrounding tissues.

Radiation cancer therapy, which is a mainstay in clinical oncology, is highly effective,
precisely oriented, and deeply penetrating. Some clinical imaging tools have been integrated with
radiation therapy facilities for imaging-guided radiation therapy to improve precision**3>. This
concept could enable the creation of a number of radiation treatment paradigms. To date, there is
still a clinical need for well controlled irritation dose delivery in terms of location and accuracy
within a patient’s body. Nanotechnology has great potential for shifting the direction of radiation

therapy towards patient specific treatments, including the development of imaging-guided



approaches, that achieve precise and accurate treatment delivery, thus reducing toxicity and
enhancing irradiation efficacy*®>°. Within the field of cancer nanotheranostics, researchers still
have plenty of options to explore, as nanotheranostics-mediated radiation therapy enhancement
has received relatively little attention to date***°,

One study in this area was performed by Bonvalot ef a/, who reported their first in vivo
human study of intratumourally injected radiosensitizing hafnium oxide nanoparticles, which
substantially enhanced tumour radiotherapy outcomes*!**>. Phase II/I1I clinical trials using these
hafnium oxide nanoparticles as a way to enhance radiation treatment of adult soft tissue
sarcomas by achieving better local control of tumours are underway and are expected to be
completed this year (2020)*.

In 2004, Hainfeld et a/ first completed in vivo research using gold nanoparticles as
efficient radiosensitizers in a mouse model, while maintaining a relatively safe in vivo profile®’.
Miladi et al reported an in vivo study of MRI-traceable ultrasmall gold-gadolinium
nanocomplexes (Au@DTDTPA-Gd: gadolinium chelate-coated gold nanoparticles; DTDTPA =
dithiolated DTPA) with MRI-radiosensitizing properties**. They demonstrated a significant
radiation enhancement with the use of the Au@DTDTPA-Gd nanocomplexes, and also
demonstrated that the nanocomplexes were biocompatible when irradiation was not present.
Compared to untreated gliosarcoma-bearing rats, the mean survival time of the
irradiation+Au@DTDTPA-Gd nanocomplex-treated rats was increased by 4.7 times, while the
irradiation-only treated group’s mean survival time was increased by 2.2 times. The opportunity

to use MRI data to guide the application of the irradiation treatment was also demonstrated in

this study.



MRI and MRI Contrast Agents

Clinical magnetic resonance imaging (MRI) is a medical imaging technique that involves
reconstructing highly resolved three dimensional anatomical pictures of scanned areas of the
body. MRI is based on measuring the precession — wobbling motion that occurs when a
spinning object is the subject of an external force — of water protons (protons of hydrogen
atoms, which are naturally abundant in the human body) within an external magnetic field when
certain radiofrequency pulses are applied. In the presence of the external magnetic field, water
protons can absorb the energy of certain radiofrequencies, which allows them to be excited to a
higher spin energy level and then re-emit the radio wave in order to return to the original aligned
spin energy state®. The re-emitted radiofrequency signals are then detected, encoded, and
transformed into graphic information within an MRI facility. The process of water protons
returning from an excited state to their equilibrium state is called a relaxation process. The length
of time taken for the relaxation process to occur is called the relaxation time. The spin-lattice
relaxation, or longitudinal relaxation, time is called the T1 relaxation time, while the spin-spin
relaxation, or transverse relaxation, time is called the T2 relaxation time. The relaxation times
required to return to the equilibrium state are sensitive to the surrounding environment of the
water protons, meaning that water protons in different human tissues or organs have various
relaxation times. Images are thus produced based on water proton densities in different tissues
and the water proton relaxation rate differences in 1/T: (longitudinal) or 1/T2 (transverse). Water
proton relaxation times from the same tissue type are the same and thereby different tissue types
are distinguishable. MRI is one of the most widely performed medical imaging approaches, and
is especially useful for finding or pinpointing tumours, and for guiding tumour surgery or

radiation therapy™®.



MRI, however, has its weaknesses, including low sensitivity, which can make it difficult
obtain good contrast between pathological tissues and normal tissues. Paramagnetic compounds,
which are metal ions with unpaired electrons (including Mn?*, Fe**, Fe**, Gd*") and free radicals,
possess unpaired electrons which are able to influence excited water proton spins. A significant
reduction in water proton relaxation time can be observed when reorientation of unpaired
electrons enables a strong fluctuating magnetic field*. Paramagnetic compounds thereby can be
utilized to alter water relaxation rates and enhance MRI image contrast for more reliable
diagnostic results, and are therefore referred to as magnetic resonance imaging contrast agents®’.
Gadolinium ions (with seven unpaired electrons), manganese ions (with five unpaired electrons)
or dysprosium ions (with four unpaired electrons) are commonly used as clinical paramagnetic
contrast agents*®. These paramagnetic contrast agents are also called T or positive contrast
agents because they can enhance Ti relaxation in the target areas and thus produce brighter
images.

In most cases, MRI contrast agents are classified as paramagnetic or superparamagnetic
contrast agents based on their magnetic properties**>°. Superparamagnetic compounds, also
known as iron oxides in colloidal form, are iron oxide-composed nanoparticle dispersions with
particle sizes of 5 — 200 nm, including USPIOs (ultra-small superparamagnetic iron oxide
nanoparticles, which have a size smaller than 50 nm) and SPIOs (superparamagnetic iron oxide
nanoparticles, which have a size larger than 50 nm)>!. There is another type of
superparamagnetic iron oxides called MPIOs (micro-sized particles of iron oxide, which have a
size larger than 1 um), but these are not used for intravenous injection and tumour detection due
to their large size®?. USPIOs and SPIOs are ideal for intravenous administration and subsequent

detection of pathological changes in the reticuloendothelial system, as they are readily taken up



by the liver, spleen and lymph nodes™. Superparamagnetic iron oxide nanoparticles were
initially developed as negative contrast agents to enhance T2 relaxation®. In areas where iron
oxide nanoparticles accumulate, darkened images are produced as a result of their T2
enhancement effect. Thus, superparamagnetic iron oxide nanoparticles are also referred to as Tz
contrast agents. More recently developed USPIOs with a size of less than 10 nm have also been
reported as positive contrast agents with excellent T1 enhancement ability>*>~8,

Intravenously administered MRI contrast agents enable image contrast enhancement of
living tissues that either have a high affinity for the injected contrast agent or are highly
vascularized. Tumour tissues are physiologically different from normal tissues and are highly
vascularized. The permeable hyper-vascularization in solid tumours results in higher uptake of
injected contrast agents, and thereby higher contrast in MRI images. When MRI images are
acquired with T1 contrast agents, this produces positive image contrast, and the resulting image is
called a Ti-weighted image because the MRI signal intensity is increased at the target tissue. T2-
weighted images, on the other hand, produce negative image contrasts with T2 contrast agents.

The most widely used intravenous MRI contrast agents are composed of gadolinium (III)
chelates, which are also called T1 or positive contrast agents*~?. Gadolinium ions are delivered
in a chelated form to ensure their safe use while maintaining their paramagnetism, as there is a
risk of patients with severe kidney failure developing a rare nephrogenic systematic fibrosis from
using free gadolinium ions. There are two structural classes of gadolinium chelates for clinical
MRI: Linear and macrocyclic, which are composed of gadolinium ions chelated with either
linear or cyclic polyamino ligands, respectively®®®!. These paramagnetic contrast agents for MRI
are commonly used at a clinical dosage of 0.1 mmol/kg injected intravenously at concentrations

of 0.5 or 1 mmol/mL. Currently, there are nine types of gadolinium chelate MRI contrast agents
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approved for human use, either by the FDA or EMA (European Medicines Agency): gadobutrol
(Gd-DOsA-butrol, Gadovist®), gadoxetate (Gd-EOB-DTPA, Eovist®), gadoversetamide (Gd-
DTPA-BMEA, OptiMARK®), gadoteridol (Gd-HP-DO3A, ProHance®), gadopentetate (Gd-
DTPA, Magnevist®), gadobenate (Gd-BOPTA, MultiHance®), gadodiamide (Gd-DTPA-BMA,
Omniscan®), gadoterate (Gd-DOTA, Dotarem®) and gadofosveset (Gd-Ms-325, Ablavar®)*6263,

Most of the current clinically available molecular contrast agents for MRI, however, have
low blood circulation half-lives which reduces the acquisition time interval and lowers the
likelihood of accumulation at pathological sites®*%. This rapid excretion from the body and lack
of specificity has limited the usefulness of commercially available MRI contrast agents in
making further advances in oncological detection and therapy processes®.

Medical MRI facilities allow for powerful and precise measurements for tracing of
tumours. When coupled with cancer nanotheranostics, it is possible to use MRI for quantification
of the accumulation of nanotheranostics (which could possibly be carrying various other imaging
and/or therapeutic modalities, such as chemotherapeutic agents and radiosensitizers) inside
tumour tissues and inside the surrounding healthy tissues, before activation of the injected
nanotheranostics. This allows doctors to determine the optimal timing for activation of the
nanotheranostics (for example, through external irradiation®’) once the drug administration is
complete. This approach to MRI can also be used as part of post-procedure follow-ups and
tumour case management, and thus can contribute to the concept of patient-specific therapeutic

strategies.

11



Radiation Therapy and Radiosensitization in Cancer Treatment

Radiation therapy uses high energy ionizing radiation beams to precisely destroy cells
(often cancerous), within a targeted pathological site. Accurately applied ionizing radiation can
shrink or completely eliminate a tumour by destroying cancerous cells and their DNA, which
thus controls or prevents the proliferation of the cancer cells*®. The damage produced by
radiation is caused by ionizing of cancerous cell biomolecules, which are ionized either directly
by the applied irradiation or by highly reactive species produced from the ionization of water
molecules that is also induced by the applied irradiation®®. This mechanism is most effective on
rapidly proliferating cells. Since cancerous cells are more radiosensitive and tend to divide faster
than most normal cells, radiation therapy was introduced for cancer treatment. Compared to
other clinical techniques in oncology, radiation therapy is very cost-effective®. Radiation
therapy, therefore, is extensively applied in cancer treatment. Over half of all cancer patients
receive radiation therapy, which can be used either independently or with another treatment such
as chemotherapy or surgery, depending on patient-specific situations’®, to improve therapeutic
efficacy and reduce toxicity. Due to its inherent characteristics and mode of action, radiation
therapy can be used as the primary tool to eliminate tumours, to shrink tumours in preparation
for surgery, to destroy any possible remaining cancerous tissues post-surgery, or to enhance the
curative efficacy of cancer chemotherapies.

In radiation oncology, radiosensitization is an intervention which amplifies the
antineoplastic effects of applied radiation therapy. Accordingly, radiosensitizers are defined as
agents that make cancerous cells more sensitive to radiation therapy. Because radiosensitizers
enhance the effectiveness of applied radiation therapy in the area where they are present, their

use further improves the selectivity of radiation therapy and thus can spare normal tissues when

12



radiosensitizers are only present in targeted area. The mechanisms behind how radiosensitizers
act are not fully understood yet, but elements with high Z value (atomic number), including gold
(Z=179), platinum (Z = 78) and gadolinium (Z = 64), have been determined to be efficient
radiosensitizers’! . High capture cross sections of high Z elements can enable the intrinsic
therapeutic properties of these heavy metals by elevating radiation deposition in targeted areas

and thereby enhancing the therapeutic efficacy of the radiation®®.

Gd and Gd Nanotheranostics

Gadolinium is a well-known metallic element (atomic number 64, symbol Gd) belonging
to the lanthanide series, which are also known as the rare earth elements (REE). Gadolinium-
based medical MRI contrast agents were first approved in the 1980s and are currently used at a
rate of more than 30 million injections annually, which accounts for about 40% of the MRI
investigations performed globally in a year’*"°. Because gadolinium has seven unpaired
electrons and a slow electron spin relaxation, it has the highest relaxation efficiency of all
metals”. Clinically, gadolinium chelate solutions (such as Gadovist®) are the most commonly
used paramagnetic medical imaging contrast agents for MRI**’¢, Using gadolinium chelate
formulas instead of pure gadolinium improves its biosafety when introduced into the body,
because, as described earlier, the possible toxicities of gadolinium and chelating agents are
effectively contained through complexation’’. Unfortunately, these chelating agents limit not
only the toxicity of free gadolinium ions but also the number of surrounding water molecules
that are able to interact with single gadolinium ions, which thereby limits gadolinium-induced
MRI signal amplification. These gadolinium chelates for MRI, due to their small size as

molecular solutions, also have the disadvantages of relatively short blood circulation half-lives
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for data acquisition and non-specific biodistribution in tissues®*®*. This rapid excretion from the
body and lack of specificity has limited the use of gadolinium chelated MRI contrast agents in

terms of their use in advances in detection and therapy management in oncology®®.

Rapidly advancing nanoscience and nanomedicine research has suggested that
multifunctional nanoparticles could be a better strategy for effectively utilizing the multiple
valuable physicochemical features of gadolinium for medical applications. Unlike gold and iron
oxide nanoparticles, which also hold great potential for medical applications but have already
received a great deal of research attention, gadolinium-based or, more generally, lanthanide-
based nanoparticles have received less attention in biomedical research publications in the past.
Lanthanide-based nanoplatforms warrant further study, because lanthanides possess a variety of
interesting features that can be utilized for medical monitoring and therapeutic nanoplatforms.
Among the lanthanides, gadolinium is believed to be a very attractive candidate for designing
multi-purpose nanocomplexes due to its high Z value (Z = 64) and paramagnetism, as described
above?***75 Gadolinium and other lanthanide elements have gained significant interest in
biomedical engineering research in the past decade, due to their versatile chemical and physical
properties, for the development of a variety of nanotechnology-engineered agents for disease
diagnosis, monitoring, and treatment’>’%”°. Nanocomplexes involving gadolinium have shown
great potential in biomedical applications and, in particular, offer unique opportunities in cancer
theranostics*’. Nanocomplexes based on gadolinium chelates, as well as nanocomplexes made of
crystalline cores based on gadolinium, have been fabricated and tested for their application to
MRI and/or radiosensitization®*®’. In these reported studies, the grafted gadolinium chelates or
gadolinium-based crystalline nanoparticles displayed the potential to significantly enhance MRI

image contrast, while at the same time gaining distinct properties due to the nanoformulation
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(such as prolonged half-life, distinct biodistributions, and specific excretion pathways). Many of
the reported studies were devoted either to image contrast enhancement or multimodal imaging,
but research works focused on theranostics applications have started to appear in the published
literature, and it is believed that such applications would be cost-effective and hold great clinical
potential®®.

As well as being paramagnetic and having a relatively high Z value (Z=64), gadolinium
has a very high neutron cross-section®’. These properties are the foundation of gadolinium’s
versatile clinical utility. Neutron-capture therapy with gadolinium, performed mainly in North
America and Japan, is another promising example of the use of gadolinium for clinical
purposes®. Because gadolinium has the ability to increase the sensitivity of surrounding tissues
to externally applied irradiation, due to its relatively high Z value, it can work as an x-ray
imaging agent’®’!, These features are very helpful in the development of multifunctional
nanotheranostics platforms for imaging-guided therapy to simultaneously diagnose and treat
cancers. Gadolinium nanocomplexes, as with all the nanosized particulates, could be used to
exploit the structural abnormalities of tumours, allowing for the accumulation of the
nanocomplexes at pathological sites based on the EPR effect described earlier®?. Since the
physicochemical properties of gadolinium nanocomplexes can be optimized for certain non-
invasive visualization or therapeutic purposes, as well as delivery requirements of the target

93-95

location™ ", research studies have started to focus on development of multipurpose cancer

nanotheranostics incorporating gadolinium.

Among the reported gadolinium-based theranostic nanoplatforms, crystalline gadolinium
oxide nanocomplexes proposed by Bazzi R. et al were demonstrated to have great potential

based on the following studies from their group. They first reported a reproducible and
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controllable way of synthesizing gadolinium oxide nanocomplexes’®®’. The synthesis of their
inorganic crystalline gadolinium oxide nanocomplexes was carried out at 180°C, and the
nanosized gadolinium oxide particles were directly precipitated from a mixture of gadolinium
chloride and diethylene glycol. The presence of the high viscosity organic solvent diethylene
glycol played an important role in size control and preventing aggregation of particles. Following
this work, to further increase the colloidal stability of their gadolinium oxide nanocomplexes,

1°%. Engstrom et al reported surface PEGylation

they encapsulated them into a polysiloxane shel
(grafting with polyethylene glycol — PEG — molecules) and confirmed the potential of
gadolinium oxide nanocomplexes for use in MRI*1°!, PEGylation is now a fairly common
technique for nanomedicine surface modification, as the PEGylated products can have favorable
physiological traits in terms of bioavailability, pharmacokinetics, and biodistribution'%. The
above studies describing gadolinium oxide nanocomplexes did not include in vivo results,
although the measured MRI enhancement effect of the gadolinium oxide nanocomplexes
appeared to be sufficient for the intended purposes.

Following the development of hydrophilic polysiloxane shell-encapsulated gadolinium
oxide nanocomplexes, they modified the polysiloxane-coated gadolinium oxide nanoproduct
surface with either PEG molecules or DTPADA (diethylenetriaminepentaacetic dianhydride) and
performed in vitro and in vivo evaluation of these gadolinium oxide-based multifunctional
nanotheranostics®>!93-1% Both the Gd-Si-PEG (surface PEGylated gadolinium oxide
nanocomplexes) and the Gd-Si-DTPADA (surface DTPADA modified gadolinium oxide
nanocomplexes in a polysiloxane shell) were non-toxic as tested in vitro, and were able to act as

x-ray imaging and MRI contrast agents because of the gadolinium®>!%, The Gd-Si-PEG

nanocomplexes were further demonstrated to provide excellent irradiation enhancement of
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neutron capture therapy (which involves using the irradiation of neutrons to treat tumours) in the
murine lymphoma cell line EL4-luc®. The in vivo biodistribution and pharmacokinetic profiles
of Gd-Si-PEG nanocomplexes were determined to be favorable, and could be altered by
adjusting the chain length and chain tip group of the PEG molecules grafted on the surface of the
nanocomplexes'?®. The Gd-Si-PEG nanocomplexes using a short chain PEG with carboxyl
groups on the chain tips did not accumulate in the liver, spleen, and lungs prior to being
eliminated from the animal body through the renal pathway, which indicated the in vivo safety of
the Gd-Si-PEG nanocomplexes when administered intravenously in a mouse model. These
results suggested that the Gd-Si-PEG nanocomplexes may have the potential for use in imaging-
guided neutron capture therapy. In the study of the Gd-Si-DTPADA nanocomplexes'®, a
maximum radiation enhancement effect was observed in radioresistant human glioblastoma U87
cells when they were incubated with Gd-Si-DTPADA nanocomplexes at a gadolinium
concentration of 0.5 mM and 10 Gy (Gray, unit of applied radiation dose) of x-ray irradiation
was applied. This suggested the feasibility of applying gadolinium oxide nanocomplexes for
imaging-guided radiation enhanced therapy in vivo. Cells treated with Gd-Si-DTPADA
nanocomplexes at a higher concentration, coupled with the same dose of x-ray irradiation,
resulted in a higher survival rate of the cancer cells, which was attributed to the aggregation of
Gd-Si-DTPADA nanocomplexes limiting the interaction efficacy between the applied irradiation
and the Gd-Si-DTPADA nanocomplexes. The in vivo behavior of Gd-Si-DTPADA
nanocomplexes was similar to the Gd-Si-PEG nanocomplexes - they did not accumulate in the
liver, spleen, and lungs prior to being eliminated from the animals’ bodies through the renal
pathway!'%>!%7. The Gd-Si-DTPADA nanocomplexes injected in gliosarcoma (murine brain

tumour) bearing rats exhibited an accumulation in the region of the gliosarcoma, which was
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attributed to the EPR effect within the tumour. Thanks to the improved image contrast by the
Gd-Si-DTPADA nanocomplexes present at the tumour region, the tumour was visualized by
MRI with sufficient image contrast to be detectable by the human eye. In their subsequent in vivo
study of Gd-Si-DTPADA nanocomplexes-induced radiosensitization in a 9 L gliosarcoma
murine brain tumour-bearing rat model, they compared the therapeutic results from three

different treatment groups and the untreated control group'®

. Compared with the control group,
the x-ray treatment applied five minutes after Gd-Si-DTPADA injection (i.v. - intravenous)
resulted in a 78% increase in life span; the x-ray-only treated group had a 147% increase in life
span; and the x-ray treatment applied 20 minutes after Gd-Si-DTPADA injection (i.v.) resulted
in a 373% increase of life span. This remarkable life span increase, achieved by combined
treatment with x-ray radiation and Gd-Si-DTPADA nanocomplexes, was attributed to the
radiosensitization effect of the injected Gd-Si-DTPADA nanocomplexes accumulated in the
gliosarcoma. It is important to note that, in the combined treatment, when the x-ray was applied
five minutes post-injection, the therapeutic effect was even worse than the x-ray only treated
group. The reason, as deduced by the authors, was that the injected Gd-Si-DTPADA
nanocomplexes distributed in the rat brain had not yet been eliminated from the brain at five
minutes post-injection, which led to a radiosensitization effect in the normal brain tissue as well
as the target tissue. In contrast, 20 minutes after injection, most of the Gd-Si-DTPADA
nanocomplexes had been eliminated from the healthy brain tissues, while the quantity of Gd-Si-
DTPADA nanocomplexes retained in the tumour was still high, thus sparing the healthy tissue
and enhancing the intratumoural radiation therapeutic efficacy. In this case, therefore, the

clearance of injected nanocomplexes from healthy tissue prior to irradiation was crucial, as the

presence of radiosensitizing nanocomplexes could exert unwanted damage on the healthy
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tissue!®. These studies also showed that the paramagnetism of gadolinium-based nanocomplexes
was an important asset, as, with their use, MRI could be used to guide the irradiation, allowing
the radiation to be applied at the most suitable moment and location.

This study confirmed the feasibility of applying these biocompatible gadolinium-based
nanocomplexes as theranostic agents (in this case, combining dose enhancement of x-ray
irradiation and image contrast enhancement of MRI) to in vivo cancer treatment studies. These
results indicated that it might be possible to use these nanocomplexes for real-time imaging-
guided radiation cancer therapy, and thus paved the way toward patient-specific therapy.

Since radiation therapy relies heavily on imaging, clinical strategies have already
included MRI as a part of personalized cancer radiation therapy, assessment of cancer responses
to the applied radiation dose, and post-treatment management**. Furthermore, the idea of
merging the radiotherapeutic capability of a linear accelerator (LINAC) with the visualizing
capability of an MRI instrument (MR-LINAC — Magnetic Resonance Imaging Guided Linear
Accelerator) has become a reality very recently. The first patient in Canada to be treated with
MR-LINAC was treated in August 2019 at Sunnybrook Health Sciences Centre for a
glioblastoma. Radiation oncologists now can monitor radiation beam movement in the body in
real time with MRI. This allows doctors to precisely orient and deliver irradiation to a targeted
area and spare the surrounding healthy tissues. Without MR-LINAC, determining the location
for delivery of irradiation is commonly based on estimation and marks drawn on the patient’s
body during the imaging process prior to the beginning of the radiation treatment. For strategic
therapies, such as the use of MR-LINAC in combination with radiation, to become part of

regular practice, there will be a need to develop novel agents that can perform both as imaging
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contrast agents and radiosensitizers. The successful development of such novel multi-role agents
could thereby significantly advance this field of therapy.

Another successful example of gadolinium-based cancer nanotheranostics is AGuIX®
108,109 " AGuIX® is a type of ultra-small (~3 nm diameter) theranostic nanocomplex that is made
of polysiloxane cores grafted with gadolinium chelates (Gd-DOTAGA (1,4,7,10-tetra-
azacyclododecane-1-glutaric anhydride-4,7,10-triacetic acid)), which actually could be viewed as
an upgraded version of the previously described theranostic Gd-Si-DTPADA
nanocomplexes'® 1%, The synthesis process described to make AGulX® was similar to the
synthesis of Gd-Si-DTPADA nanocomplexes, except that the gadolinium oxide cores were then
dissolved, and the dissociated gadolinium ions became conjugated with the grafted DOTAGA
molecules'!!. After the cores’ dissociation, the hollow polysiloxane spheres left behind further
broke down into smaller fragments which still possessed all the physicochemical properties of
the initial nanostructures. Based on the success of Gd-Si-DTPADA nanocomplexes, AGulX®
was developed to have a high gadolinium content and thus demonstrated a high T contrast
enhancement for MRI and an impressive radiosensitizing effect. The research group has recently
reported phase 1 clinical trials of AGuIX® targeting brain metastases'%® and is ready to start their
phase 2 clinical trial on AGuIX® (NANORAD2, NCT03818386)''? based on the positive
outcomes from phase 1. Before they filed to start the phase 1 trial, many in vitro and in vivo
validation and safety tests were carried out on AGuIX® nanocomplexes®’-10410% 11113118, 119123

High dose enhancement fractions and sensitivity enhancement ratios have been observed
in in vitro studies against glioblastoma cells (U-87MG and T98G), head and neck squamous cell

carcinoma cells (SQ20B), melanoma cells (B16F10), prostate cells (DU145 and PC3) and

cervical carcinoma cells (HeLa) with AGuIX® ®’. In vivo animal studies have achieved tumour
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volume reductions and increased life span and survival rate of the animals. In particular, in a
study using a glioblastoma model, AGuIX® efficiently accumulated in the tumours within the
first minute after the injection was performed, as verified by MRI, and the signal was still
detectable 24 hours post-injection, which was attributed to the EPR effect present in the
tumours!®-!!! Trradiation was applied post-injection at a time, selected based on the MRI results,
when the difference in AGuIX® distribution between health tissues and pathological tissues was
maximized, thereby resulting in optimal tumour selectivity.

The AGulX® was also administered via the airways into H358-Luc lung tumour-bearing
mice in a study on its impact on both MRI of lung tumours and radiosensitization'?*. This was
the first time that using a nanocomplexes-based positive MRI contrast agent for lung imaging
was reported. The radiotherapy was applied 24 hours post-injection. A life span increase of 45%
was observed in the irradiation+AGulX® treated mice.

MRI and radiosensitization studies were also carried out in a mouse pancreatic xenograft
model, which demonstrated the effectiveness of AGuIX® !¢, Studies were then performed in
cynomolgus monkeys, which showed that the AGuIX® was non-toxic in vivo and had imaging-

guidance potential. After the completion of this study, they filed for the phase 1 clinical

tria1108,109,117.

In their Phase I clinical trial in patients with multiple brain metastases'?*

, a single
intravenous infusion of AGulX at doses of < 100 mg/kg was well tolerated by all patients when
combined with whole brain radiation therapy (30 Gy in 10 fractions). Injection of AGulX
showed MRI contrast enhancement in brain metastases 2h post-injection, while healthy brain

tissues had no MRI enhancement observed under the same conditions. This enhancement effect

in brain metastases lasted for up to 8 days. A Phase Il trial is under way.
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Meanwhile, the same research group went on to demonstrate the MRI-guided
radiosensitization efficacy of AGulX in 9L glioma brain tumour-bearing rats using a clinical 1.0
Tesla MRI-LINAC'?® and established a workflow for using AGuIX with MRI-LINAC.

In the study by Wu et al '*°, gadolinium oxide nanoparticles using hyaluronic acid as a
surface modification material (HA-Gd203 NPs) for MRI-radiosensitization were fabricated.
These HA-Gd203 NPs were prepared via a hydrothermal approach and had an average size of
105 nm. An in vitro study showed that the HA-Gd20O3 NPs had no obvious cytotoxicity against
human hepatocarcinoma cells (HepG2) and vascular smooth muscle cells (VSMC) at the highest
tested dose (200 png/mL). As well, no histological change or inflammatory response was
observed 1 week after HA-Gd2O3 NPs were injected into mice intravenously. The HA-Gd203
NPs outperformed their commercial counterpart, Magnevist, in terms of in vitro MRI
enhancement effect, with an almost doubled r1 value. An in vivo study showed intravenously
injected HA-Gd203 NPs had an early accumulation in kidneys and bladder, occurring 10 minutes
post-injection and thereby enhancing MRI contrast in these areas. This enhancement occurred for
up to 60 minutes in mice post-injection, which outperformed Gd complex small molecules
(Magnevist). Intravenously injected HA-Gd203 NPs also enhanced MRI contrast in the area of a
subcutaneous liver tumor xenograft mouse model. In tumour-bearing mice, HA-Gd203 NPs
combined with radiation exhibited a radiosensitization effect by suppressed tumour growth by
~20% compared with the radiation-only treated group, in terms of tumour volume.

Another interesting nanotheranostic system incorporating both gadolinium and iron was
reported by Qin et al '?’. Using a metal-catechol coordination assembly process, they integrated
gadolinium and iron as MRI diagnostic and photothermal therapeutic components, respectively,

into polymer nanoparticles, creating a bimetal phenolic coordination polymer nanosystem. These
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Gd/Fe metal phenolic coordination polymer nanoparticles (Gd/Fe-MPCPs) exhibited a higher in
vitro MRI contrast enhancement effect compared with Magnevist. An in vivo MRI study of
EMT-6 tumour-bearing mice showed that Gd/Fe-MPCPs increased the image contrast at the
tumour site, with the highest image contrast being observed 4 hours post-injection. Significant
inhibition of tumour growth was observed in the presence of Gd/Fe-MPCPs in the photothermal
therapy group, compared with non-Gd/Fe-MPCPs treated groups.

More recently, Memona et al synthesized PEG-functionalized bimetal Gd-Au nanorods
with Dox loaded either inside (Dox-In-Gd-AuNRs) or outside (Dox-On-Gd-AuNRs) the

128 Gold salt was chelated with Dox, PEG and gadolinium salt to form this new

nanorods
nanosystem. Physicochemical properties of these nanorods were extensively characterized, and
the results demonstrated their potential for use as a combined MRI contrast agent and
photothermal therapeutic agent with added Dox chemotherapy.

Xia et al reported the development of gadolinium-based porphyrin metal-organic
framework nanosheets (PPF-Gd NSs, 2D nanomaterial) with an ultra-high Dox loading capacity
for tumour multimodal (MRI and fluorescence) imaging and pH-responsive Dox release'?’. This
porphyrin paddlewheel Gd metal-organic framework (PPF-Gd/Dox) adsorbed large quantities of
Dox molecules onto its porous structure and reached a loading capacity of over 1500%. A low
pH environment (pH 5.5) triggered the release of Dox and 72% of the loaded drug was released
over 96h. In contrast, a neutral environment (pH 7.4) only resulted in a release of 24% of the
loaded drug over 96h. After being subcutaneously injected next to the tumour site in an A375
tumour-bearing mouse, PPF-Gd NSs gradually diffused inside the tumour tissue over the course

of 24h and the highest fluorescence signal was subsequently observed at 72h. Intravenously

injected PPF-Gd NSs accumulated inside the tumour and showed obvious fluorescence signals
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72h post-injection. Strong MRI signals were observed 6h after an I.V. injection of PPF-Gd NSs.
Strong MRI contrast enhancement was still detected 6h after an intratumoural injection of PPF-
Gd NSs. Next, PPF-Gd/Dox was used to treat A375 tumour-bearing mice. As compared with the
Dox treated group, for which a body weight loss effect caused by free Dox was measured, PPF-
Gd/Dox treatment showed a higher tumour growth suppression efficacy without body weight
loss. This was attributed to the biocompatibility, combined with the high Dox loading capacity,

of the PPF-Gd/Dox NSs.

Doxorubicin

Doxorubicin (Dox) is a member of the anthracycline antibiotics. It is a chemotherapeutic
anti-cancer drug that was initially discovered to be made by a non-wild subspecies of
Streptomyces peucetius (Streptomyces peucetius varietas caesius)'**'*!. Clinically, doxorubicin
is commonly administered intravenously, either alone or with other approved antineoplastic
agents, to treat human cancers including breast carcinoma, acute lymphoblastic and myeloblastic
leukemias, soft tissue sarcomas, bronchogenic carcinoma, gynecologic carcinomas, testicular
carcinoma, squamous cell carcinoma of the head and neck, and gastric carcinoma'??. The
antineoplastic activity of doxorubicin is currently attributed to its interaction with the DNA of
target cells. There are two well-recognized mechanisms for this antineoplastic action:
Doxorubicin molecules intercalating in double stranded DNA minor grooves; and doxorubicin
causing the generation of reactive radicals, resulting in damage to ribose, DNA strands, and cell
membranes!3313%,

Doxorubicin, although currently the most effective anticancer chemotherapeutic agent

available, is still limited by its off-target cardiotoxicity, resulting in a fairly narrow therapeutic
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window, as well as the drug resistance developed to it in some sophisticated cases!>¢!%7

Researchers have made extensive attempts to create various nanoplatforms to overcome these
limitations and improve the therapeutic effect of Dox. The favorable performance of clinically
approved Dox nano-formulations demonstrates that nanoplatform-mediated drug delivery is a
great alternative to conventional methods of drug administration'*1%°,

Doxorubicin and adriamycin, another one of the anthracycline antibiotics, naturally form
drug-metal complexes with paramagnetic lanthanide elements in aqueous solutions'#%!4!,
Although the drug-metal interaction between gadolinium ions and doxorubicin molecules, to the
knowledge of the author, has not been previously studied, the binding sites and mechanism are
anticipated to be the same as those described in the literature for other paramagnetic lanthanide
ions interacting with doxorubicin molecules'*~1*2, It was hypothesized in this thesis that this
mechanism to form drug-metal complexes could be exploited to synthesize coprecipitated
amorphous Gd:Mn-Dox nanospheres. Manganese (Mn), a transition metal which enhances MRI
signals, seems to play an important role in the interaction between doxorubicin and DNA 427144,

and therefore is a desirable dopant in these nanospheres. This drug-metal interaction theory is

one of the fundamental theories behind the design of this thesis.

Previous Gadolinium-Based Nanocomplex Research by This Group

Gadolinium-Layered Nanocomplexes for Anti-miRNA Oligonucleotide Delivery in Human Breast
Cancer Cells and Magnetic Resonance Imaging

Previously in this lab, a novel and biocompatible layered gadolinium hydroxychloride
(LGdH) nanostructure was developed and reported as an MRI-traceable delivery platform for

microRNA therapeutics against miRNA-10b in metastatic human breast cancer cells?®. The
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structure of these LGdH nanocomplexes is similar to layered double hydroxides'** and consists
of positively charged gadolinium hydroxide layers with exchangeable chloride ions and water in
interlayer spaces. The payload (anti-miRNA oligonucleotides effective against miRNA-10b) was
loaded within the interlayer spaces via an ion exchange process. Good cellular uptake and
miRNA-10b inhibition effects were observed in vitro. The MRI traceability of these structures
was verified by T1-weighted MRI in aqueous solution.

Although the layered gadolinium hydroxide nanocomplexes demonstrated some great
characteristics, the loading mechanism limited the drug loading capacity of the nanocomplexes,
and weak interactions between the drug molecules and the matrix resulted in the premature

release of Dox.

Gadolinium-Dox Nanorod Complexes for Doxorubicin Delivery and Simultaneous MRI-
Radiosensitization

Recently, a new type of gadolinium hydroxide nanorods were developed and reported as
an MRI traceable delivery platform for doxorubicin used in radiation conjugate therapy against
human breast cancer cells®’. These multifunctional nanocomplexes were synthesized through
single-step, efficient, and environmentally friendly wet-chemical methods. The final
nanocomplexes (Gd(OH3):Mn-Dox) were composed of Gd(OH)3 (gadolinium hydroxide)
nanorods doped with Mn and loaded with 7.85wt% Dox. Compared with the LGdH
nanocomplexes, these gadolinium-Dox nanorod complexes were an improvement, due to the
formation of stable interactions between Dox molecules and the nanorod matrix. This resulted in
a higher Dox loading capacity, while increasing the sensitivity of surrounding cells towards
applied irradiation. Positive in vitro outcomes were measured in terms of the cellular uptake,

anticancer efficacy and radio-sensitizing functions, confirming that the design could be effective.
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The radiosensitizing effect of the synthesized gadolinium-based nanoparticles was observed in a
clonogenic experiment. In the Gd(OH)3:Mn+radiation treated groups, the cancer cells’
reproductive ability was appreciably inhibited, by 52.1% and 54.7%, at concentrations of 30 and
75 pg/mL Gd(OH)3:Mn, respectively, compared to the radiation-only and Gd(OH)3:Mn-only
groups’ outcomes. A pilot in vivo biodistribution study was carried out on a tumour-bearing rat
model, and approximately half of the injected dose was retained in the rat body after 24 hours,
with the most significant site of accumulation of the dose being in the spleen, followed by the
lungs and liver. Gadolinium content detected in the tumor suggested successful tumor
penetration and retention of the Gd(OH)3:Mn-Dox nanocomplexes, with no observable adverse
effects at the tested dose.

This newly developed nanostructure had its own limitations. Although it had a suppressed
burst payload release when compared with the LGdH platform, it was not perfectly suppressed.
The payload release period was fairly long, which is possibly because the payload release rate
was limited by a slow dissolution rate of the crystalline matrix.

Nanoparticles’ in vivo performance is also affected by other factors'*®. Once
nanoparticles are injected into the blood circulation, particles with sizes smaller than 6 nm will
be rapidly cleared from circulation through renal clearance. Those with sizes over 200 nm will be
cleared out by the reticuloendothelial system. To design nanoparticles to stay in blood
circulation, the nanoparticles’ sizes should be greater than the diameter (6-12 nm) of normal
blood vessels. Different shapes/morphologies of nanoparticles also affect particles’ tumour
internalization, but the results in the published literature on this topic are currently a source of
debate'®. Some researchers have reported that rod-shaped nanoparticles worked better than other

types, whereas others have found there was better internalization of spherical nanoparticles. The
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surface coatings of materials also play an important role in how nanoparticles travel in the blood
circulation. For example, polyethylene glycol (PEG) is one of the most popular surface coating
materials that has been used for improving solubility, reducing clearance by the
reticuloendothelial system and prolonging life time in circulation. The potential downside of
using PEG is its immunogenicity, as was reviewed recently'*’. Antibodies against PEG are likely
produced in response to the first injection of PEG-coated particles, which will then increase the
clearance of PEG-coated particles in subsequent injections.

Taking into consideration all of these factors, it is unlikely that it will be possible to have
one ideal design that contains all desired features. Thus “smart” designs of transformable
nanoplatforms could be a good strategy to obtain all the features of an ideal nanoparticle. An
example of this would be a nanoplatform that can transform its surface characteristics once it

comes into close contact with cancer cells at tumour sites, to further improve cellular uptake.

Purpose

This thesis continues exploration in regards to the fabrication and investigation of newly
synthesized gadolinium-based cancer theranostic nanoparticles with applications in simultaneous
delivery of doxorubicin and MRI-radiosensitization agents that can be activated by external
irradiation with extreme precision. The goal of this work is to seek out a novel and much more
effective nanoplatform for coordinating diagnosis and therapy to address the needs of individual
patients. The hypothesis of this thesis work is: An amorphous doxorubicin-loaded gadolinium-
based nanocomplex doped with manganese can be synthesized through a hydrothermal
homogeneous precipitation process. After surface modification with a modified poly-glutamic

acid, this nanosystem can be triggered by external x-ray irradiation in combination with a low pH
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environment to release its load, and thus to act as a combined doxorubicin delivery platform and

MRI-radiosensitization agent that could be used in the targeted treatment of human breast cancer.

Thesis Outline

Chapter 1 describes the overall background and scope of this work.

Chapter 2 describes the fabrication of Gd(OH)3, Gd(OH)3:Mn nanorods and
Gd(OH)3:Mn-Dox nanocomplexes, along with their characterization, as published in
“Fabrication and in vitro characterization of gadolinium-based nanoclusters for simultaneous
drug delivery and radiation enhancement”®, These multifunctional nanocomplexes were
synthesized through single-step, efficient, and environmentally friendly wet-chemical methods.
The final nanocomplexes (Gd(OH3):Mn-Dox) are composed of Gd(OH)3 (gadolinium hydroxide)
nanorods doped with Mn (manganese) and loaded with Dox. The fabrication started with the
synthesis of the basic and Mn-doped Gd(OH)3 nanorods, followed by Dox loading to form the
final Gd(OH)3:Mn-Dox nanocomplex. Mn was introduced into the design as a dopant because
the high magnetic moment and relaxation efficiency of manganese can be exploited to further
enhance MRI signals'*14*. As a proof of concept, the cellular uptake, anticancer efficacy, and
radio-sensitizing functions were assessed in vitro. A pilot in vivo biodistribution study was
carried out on a tumour-bearing rat model to gain a basic understanding of the in vivo behavior
of the injected nanocomplexes.

Chapter 3 describes the synthesis of amorphous Mn-doped Gd:Mn nanospheres, together
with the development of Dox-loaded (Gd:Mn-Dox) and surface modified (mPGA@Gd:Mn-Dox)
forms of these nanospheres. A hydrothermal homogeneous coprecipitation method was adapted

to produce amorphous and size-controlled spherical nanoparticles. Unlike the crystalline
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Gd(OH)3:Mn-Dox nanocomplexes described in Chapter 2, these spherical Gd:Mn and Gd:Mn-
Dox nanoparticles were amorphous solids, which may have a shorter payload release time
relative to their crystalline counterparts. The simple synthesis method described in this chapter
resulted in the production of doxorubicin-loaded manganese-doped gadolinium nanospheres
possessing a higher drug loading capacity than the nanorod complexes fabricated with the same
components in Chapter 2. The main advantages of the method described in this chapter are good
scale-up potential and ease of manufacture, without the introduction of harmful ingredients or
procedures' %149,

Chapter 4 describes the in vitro characterization of the multifunctional properties of
gadolinium-based nanocomplexes developed in Chapter 3. /n vitro measurements and
experiments were carried out to characterize Gd:Mn, mPGA@Gd:Mn, Gd:Mn-Dox, and
mPGA@Gd:Mn-Dox nanospheres. The fabricated Gd:Mn and Gd:Mn-Dox nanospheres were
subject to x-ray powder diffraction (XRD) and Energy Dispersive X-ray Spectroscopy (EDXS)
for crystalline structure and elemental analysis, respectively. Ultraviolet-visible (UV-Vis)
spectroscopy was used to monitor changes during the reaction process for the synthesis of
Gd:Mn-Dox nanospheres. Irradiation-activated mPGA disintegration was assessed by measuring
the absorbance changes in mPGA solutions before and after irradiation treatments using UV-Vis
spectroscopy. The feasibility of irradiation-activated low-pH-responsive doxorubicin release
from mPGA@Gd:Mn-Dox nanocomplexes was investigated by measuring the doxorubicin
cumulative release profile of radiation-treated mPGA@Gd:Mn-Dox nanocomplex samples in an
acidic release medium. TEM, confocal microscopy and ICP-MS were employed to assess the in

vitro cellular uptake of these nanocomplexes by human breast cancer cells. MTT and clonogenic

assays were used for evaluating the synergistic anticancer efficacy of gadolinium and
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doxorubicin incorporated in the nanocomplexes. Flow cytometry was used to assess the
apoptosis rate induced by the doxorubicin-loaded nanocomplexes in human breast cancer cells.
The in vitro MRI traceability of doxorubicin-loaded and unloaded nanocomplexes was also
explored via testing in clinical MRI and PET-MRI facilities.

Chapter 5 describes the in vivo characterization of the multifunctional properties of the
gadolinium-based nanocomplexes developed in Chapter 3. The in vivo biodistribution profile,
acute toxicity, and MRI contrast enhancement of the proposed theranostic nanocomplexes were
studied in an immunodeficient rat model. The rats tolerated the injected doses well and
accumulated the injected nanocomplexes mainly in the liver, lungs and spleen. This was different
from the biodistribution of the rod-shaped nanocomplexes described in Chapter 2, where the
spleen accumulated a much larger quantity of the test material relative to the other organs that
were analyzed.

Chapter 6 describes the conclusions resulting from this work, the limitations of these

studies, and recommended future research directions.
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Chapter 2 — Manufacture of Gadolinium-Based Nanocomplexes

Introduction’

Gadolinium, as one of the well-known lanthanide elements, has drawn significant
research interest in biomedical engineering. Due to their versatile chemical and physical
properties, gadolinium and other lanthanide elements have been widely studied for development
of a variety of nanotechnology-engineered agents for disease diagnosis, monitoring, and
treatment in the past decade’®!°*!3!, Nanocomplexes involving gadolinium have shown great
potential in biomedical applications and, in particular, offer unique opportunities in cancer
theranostics®’.

Gadolinium possesses paramagnetic properties, a relatively high Z value (Z=64) and a
very high neutron cross-section®’. These properties are the foundation of gadolinium’s versatile
clinical utility. Clinically, gadolinium has been used worldwide as a T1 contrast enhancing agent
for patient magnetic resonance imaging (MRI), particularly in cancer detection and
management'>%!33, Neutron-capture therapy with gadolinium, performed mainly in North
America and Japan, is another promising example of the use of gadolinium for clinical
purposes!>*. Due to its relatively high Z value, gadolinium has the ability to increase the
sensitivity of surrounding tissues to externally applied irradiation and work as an x-ray imaging
agent'>>156 All these important features are very helpful in the development of multifunctional
nanotechnology platforms to diagnose and treat cancers. Gadolinium nanocomplexes, as with all
the nanosized particulates, could be used by exploiting the structural abnormalities of tumours to
accumulate the nanocomplexes at pathological sites based on the enhanced permeability and

retention (EPR) effect. Since the physicochemical properties of gadolinium nanocomplexes can

! Portions of this chapter were published in: Yoo et al. 2016, Nanotechnology 27:385104 (14pp).
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be optimized to meet certain non-invasive visualization or therapeutic purposes and delivery

requirements of the target location!3%!57-158

, many research studies have been focused on
development of multipurpose cancer nanotheranostics incorporating gadolinium.

Previously, layered gadolinium-based nanoparticles were developed as a novel MRI
traceable delivery platform for microRNA therapeutics'*. In this chapter, the possibility of
fabricating gadolinium-based MRI-traceable nanocomplexes for Dox (doxorubicin) delivery and
radiation therapy efficacy enhancement was explored. Dox, although the most effectively used
anticancer chemotherapeutic agent, is still limited by its off-target cardiotoxicity resulting in a
fairly narrow therapeutic window, and the drug resistance developed in some sophisticated
cases'*®1%, Researchers have made extensive attempts to make various nanoplatforms to
overcome these limitations and improve the therapeutic effect of Dox. The favorable
performance of clinically approved Dox nano-formulations demonstrates that nanoplatform-
mediated drug delivery is a great alternative to conventional methods of drug
administration'®""'%2, Given its advantageous characteristics for use in diagnostic and therapeutic
purposes, gadolinium-containing nanocomplexes have been extensively studied as image-
enhancing agents, with only a few studies of gadolinium-based nanocomplexes proposing their

use as drug delivery systems. In one such study, a layered gadolinium hydroxide nanocomplex

was reported as a drug carrier in which drug molecules were intercalated through a simple ion
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exchange process'®. Mesoporous gadolinium oxide nanorods'®* and nanospheres!®> doped with
Eu®" were developed with drug loading capacities of 3.5wt% of Camptothecin and Dox, similar
to the loading capacity seen with the layered gadolinium hydroxide nanocomplex. Although the
layered gadolinium hydroxide nanocomplex has demonstrated some great characteristics, the

loading mechanism limited its drug loading capacity and the weak interaction between drug
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molecules and the matrix resulted in the premature release of Dox. Here in this chapter, an MRI
traceable gadolinium-based nanorods platform is described which could circumvent these
deficiencies by forming a stable interaction between Dox molecules and the matrix, with a high
Dox loading capacity, while increasing the sensitivity of surrounding cells towards applied
irradiations. This provides the opportunity to incorporate all of the above-described benefits into
a single nanocomplex that can be synthesized with great ease.

This chapter mainly describes the fabrication of Gd(OH)3, Gd(OH)3:Mn nanorods and
Gd(OH)3:Mn-Dox nanocomplexes, and their characterization. These multifunctional
nanocomplexes were synthesized through single-step, efficient and environmentally friendly
wet-chemical methods. The final nanocomplexes (Gd(OH3):Mn-Dox) are composed of Gd(OH)3
(gadolinium hydroxide) nanorods doped with Mn (manganese) and loaded with 7.85wt% Dox.
The fabrication started with the synthesis of the basic and Mn-doped Gd(OH)3 nanorods,
followed by Dox loading to form the final product - the Gd(OH)3:Mn-Dox nanocomplex.
Gd(OH)3 nanorods were previously reported to be biocompatible both in vifro and long term in
vivo as a novel MRI contrast agent which promoted a higher T relaxation rate over the
conventional gadolinium contrast agent Magnevist'6¢-16% All these features, together with the
added benefit of being able to exploit the EPR effect to achieve a passive target at the
pathological site, make Gd(OH)3 nanorods an ideal candidate for clinical applications. Mn was
introduced into the design as a dopant as the high magnetic moment and relaxation efficiency of
manganese can be exploited to further enhance MRI signals'®®!”°, Mn together with Gd are able
to chelate with Dox molecules and therefore form a thermodynamically stable complex'”'"!. In
this chapter, the feasibility of creating a single phase Gd(OH)3 was demonstrated using our

single-step synthesis procedure. The synthesized products were characterized by TEM
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(transmission electron microscope) and SEM (scanning electron microscope). The morphological
changes of the synthesized nanorods were observed step by step when Mn was introduced, as
well as upon the addition of both Mn and Dox to the reaction solution. The hexagonal crystal
structure of Gd(OH)3 in the final products was confirmed using XRD (x-ray powder
diffraction)!”. A loading mechanism of Dox was also deduced. As a proof of concept, the
cellular uptake, anticancer efficacy and radio-sensitizing functions were assessed in vitro. A pilot
in vivo biodistribution study was carried out on a tumour bearing rat model to give a rough idea
of the in vivo behavior of the injected nanocomplexes.

Lastly, the work in this chapter led to the fabrication of a novel spherical formulation of

amorphous Gd:Mn nanoparticles using a simple synthesis procedure.

Materials and Methods

Materials

Gadolinium oxide nanopowder (Gd203, 99.9+%) was purchased from Nanostructured and
Amorphous Materials, Inc. Colour: white. Average particle size: 20-80 nm (determined from
Specific Surface Area). Specific Surface Area: 10-40 m?/g. Purity: 99.9+% (Rare Earth Oxide).
Morphology: Nearly spherical.

MnCl2-4H20, PFA (paraformaldehyde), RNase A, and crystal violet were purchased from
Sigma-Aldrich. HNO3, HCI, NaOH, urea, glycerol, methanol, ethyl alcohol and triton X-100
were purchased from Thermo Fisher Scientific. PBS (phosphate buffered saline) was supplied by
the Experimental Oncology Laboratory at University of Alberta. Doxorubicin Hydrochloride
Injection (2 mg/mL, 200 mg) was purchased from Pfizer Pharmaceutical Inc. Cell culture

medium, FBS (fetal bovine serum) and PBS used for cell culture were purchased from Gibco.
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Antibiotic-Antimycotic and all molecular dyes were purchased from Life Technologies, unless
otherwise specified.
Centrifuge tubes, Petri dishes, cell culture flasks and all other consumable wares and

plastics used for cell culture were purchased from Corning Inc., unless otherwise specified.

Fabrication of Gd(OH)3, Gd(OH)3:Mn Nanorods and Gd(OH)s3:Mn-Dox Nanocomplexes and
Study of Their Morphology

Gd(OH)3; and Gd(OH)3:Mn nanorods were synthesized through hydrothermal processes.
First, gadolinium oxide nanopowder was dissolved in nitric acid (20 v/v% in ddH20) and diluted
to give a 0.125M Gd(NO:3)s3 solution. A 0.125M Mn?*-containing solution was made using
MnCl2-4H:0 and ddH2O.

For Gd(OH)3 nanorod synthesis, 10 mL of the Gd(NO3)3 solution was diluted in 35 mL
ddH:0, followed by the dropwise addition of 2 mL of 1.5M NaOH with continuous stirring.

To produce the Gd(OH3):Mn nanorods, 10 mL of the prepared Gd(NO3)3 solution and 2
mL of the prepared MnCl: solution were combined and diluted with 35 mL ddH20 followed by
the dropwise addition of 2.1 mL of 1.5M NaOH under continuous stirring. The resulting mixture
was heated for 2.5 hours in a 90°C water bath with continuous stirring to produce the
Gd(OH)3:Mn nanorods.

A post-loading mechanism enabled the assembly of Gd(OH)3:Mn-Dox nanocomplexes.
Synthesis of the Gd(OH)3:Mn-Dox nanocomplexes was carried out as follows: Injectable
doxorubicin hydrochloride (5 mL, 2 mg/mL) solution was added to the solution prior to the

addition of NaOH in the above-described process for the synthesis of Gd(OH)3:Mn nanorods.
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Characterization of the Obtained Nanoparticles by SEM, TEM, ICP-MS and X-Ray Powder
Diffraction

SEM characterization was carried out on a JEOL FXV SEM (JSM-6301) and TEM
characterization was performed on a JEOL-2100 TEM at 200 kV. Specimens were washed no
less than three times using ddH20 and placed on specimen holder for SEM study and specimen
grids for TEM study. The length and width of the examined samples were measured from prints
of the TEM images in Figure 1 and presented as the mean value and standard deviation in Table
1.

Obtained nanostructures were quantified by means of ICP-MS (inductively coupled
plasma-mass spectrometry ; Elan 6000, Perkin Elmer) for metal elements and the Dox content
was measured using an Evolution 60 S UV—-Vis Spectrophotometer (Thermo Scientific). X-ray
powder diffraction (XRD) was used to study the crystalline structures of the synthesized
Gd(OH)3 nanorods, Gd(OH)3:Mn nanorods and Gd(OH)3:Mn-Dox nanocomplexes. XRD was
carried out on an Ultima IV Rigaku x-ray powder diffraction platform at 38 kV and 38 mA with
a cobalt tube. Prior to XRD analysis, the samples were dried in a vacuum oven at 60+10°C for 24
hours and crushed into powder (they were crushed roughly using spatula prior to submission for

XRD and then further crushed and prepared by the XRD operator).

Cell Culture
Studies in this chapter used human breast cancer cell line MDA-MB-231 (ATCC). The
cell line was cultured in DMEM (Dulbecco’s Modified Eagle Medium) supplemented with 1%

antibiotic-antimycotic and 10% FBS. The humidified cell incubator was maintained at 37°C and
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5% COz. A Beckman Coulter cell counter was used for cell counting. All the cells in this chapter

were cultured under the same growth conditions, unless otherwise mentioned.

Determination of Cellular Uptake of Gd(OH)3:Mn-Dox Nanocomplexes

Since doxorubicin has a quinone-containing chromophore that causes it to emit red
fluorescence under a fluorescence microscope, confocal laser scanning microscopy was used to
study cellular uptake of Gd(OH)3:Mn-Dox nanocomplexes by MDA-MB-231, a human breast
cancer cell line. Cells were seeded on glass microscope coverslips and treated with
Gd(OH)3:Mn-Dox nanocomplexes for 4 hours, 24 hours, or six days before the cells were
washed with phosphate-buffered saline (PBS, pH 7.4) and fixed in paraformaldehyde (PFA, 4%,
v/v). A mounting medium fortified with DAPI (4°,6-diamidino-2-phenylindole) at a
concentration of 1:2000 was used to mount the samples on glass slides for confocal microscopy
studies. Confocal immunofluorescence microscopy images were collected on a Carl Zeiss laser
scanning confocal microscope (LSM-710) equipped with 1.4 OIL DIC M27 (40X) and Carl

Zeiss ZEN software (2011 black, 7.0.4.0).

In Vitro Cytotoxicity and Radiation Sensitizing Effect Assessment

To study Gd(OH)3:Mn-Dox nanocomplex-induced cytotoxicity and radiation
enhancement efficiency, 1x10® MDA-MB-231 cells were seeded in Corning T-25 flasks for one
night before treatment with various concentrations (30, 150, 300, 700 and 1000 pg/mL) of
Gd(OH)3:Mn-Dox nanocomplexes or sterile PBS (0 pg/mL of the nanocomplexes). The radiation
group received 3 Gy of x-ray irradiation after one day of nanocomplex treatment. All the cells

were then kept in the incubator for another six days to allow for the doxorubicin and irradiation
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to take effect. On the end day of the experiment, the cells were fixed with 70% alcohol, followed
by Triton X-100 (0.25% in ddH20) treatment and RNAse A-containing propidium iodide (PI)
staining for flow cytometry analysis of cell apoptotic rate. The examination was performed using
a BD Biosciences FACS Calibur flow cytometer. The statistical analyses were conducted with a
Graphpad Prism 5 (Graphpad Software Inc., Ver 5.04). The effects of radiation on the apoptosis
and clonogenic studies were evaluated with two-way ANOVA using Bonferroni multiple
comparisons with the significance set at P < 0.0001.

A clonogenic cell survival assay was used to test the radiosensitizing potential of the
synthesized Gd(OH)3:Mn-Dox nanocomplexes. 400 cells were seeded on each of thirty 100 mm
Petri dishes (n=3 for each group). The dishes were randomized into radiation and non-radiation
groups. Cells in each group were treated with Gd(OH)3:Mn nanorods or Gd(OH)3:Mn-Dox
nanocomplexes at a concentration of 30 or 75 ng/mL, and sterile PBS-treated dishes were used
as controls. A 3 Gy x-ray irradiation was performed one day after the treatment. All dishes were
then kept in the incubator for another 15 days before the cells were fixed in methanol and dyed
with crystal violet (0.5%) following standard methods!’¢. Cell counts were performed using
Image] (version 1.48d © National Institute of Health!”” image processing software. The plating
efficiency (PE %) was calculated as:

PE 4 = Clones Counted % 100%
®~ " Plated cells 0

The percent survival rate (Survival %) was calculated as:

) PE% of test group
Survival % = X 100%
PE% of control group

The results and statistical analyses were calculated as previously reported by Munshi A et al'’®.
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In Vivo Observation of Acute Toxicity and Organ Distribution (Pilot Study)

To develop a preliminary understanding of in vivo compatibility and possible
accumulation sites of the Gd(OH)3:Mn-Dox nanocomplexes, a dose of 8 mg/kg Gd(OH)3:Mn-
Dox nanocomplexes was administered intravenously to an RNU female rat bearing a xenografted
human breast cancer tumor, which had previously been developed by injecting 10 million MCF-
7 human breast cancer cells subcutaneously into the flank of the rat!’®. The rat was observed for
any abnormal behaviors or acute toxic effects for five hours after the rat was dosed. After 24
hours of treatment, the rat was euthanized, blood was collected, and organs of interest (heart,
lungs, liver, spleen, kidneys, tumour, muscle and brain) were collected and weighed. The blood
sample was dissolved in set volumes of nitric acid (68%) and the sampled organs were cut into
pieces and fully dissolved in set volumes of nitric acid (68%) for gadolinium analysis at room
temperature. This took approximately 1 week. Once all the samples in nitric acid were fully
dissolved, the gadolinium content analysis was carried out using inductively coupled plasma
mass spectroscopy (ICP-MS, Thermo Scientific I[CAP-Q quadrupole ICP-MS, in the University

of Alberta Department of Earth and Atmospheric Sciences).

Synthesis of Gd:Mn Nanospheres
To demonstrate the feasibility of fabricating spherical Gd:Mn nanoparticles, a
hydrothermal homogeneous precipitation method was adapted to produce monodisperse

amorphous Gd:Mn nanospheres'®

. Reactants used were the same as those used in the synthesis
of the Gd:Mn-Dox nanocomplexes, except that a urea solution was used in place of the NaOH

solution to give a milder reaction process, and glycerol was added. The urea solution was
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prepared by dissolving urea in ddH20 to give a 150 mg/mL urea solution. The glycerol (which
was a key factor for size and morphology control) solution (50%, v/v) was made by mixing equal
volumes of glycerol and ddH20. Synthesis of Gd:Mn nanospheres was carried out in a vacuum
oven reactor at 120°C for 3.5 hours at atmospheric pressure. The reactor used was a steel
autoclave tube lined with a 45 mL Teflon tube. Prior to feeding the reactor, 1.125 mL of the
Gd(NO3)3 solution described above, 125 puL of the MnCla solution described above, various
quantities (0.4 to 5 mL) of glycerol, and 1.5 mL urea were successively added into 20 mL
ddH20. The mixture was homogenized vigorously on a magnetic stirrer for 10 to 15 minutes and
maintained at 37°C in a water bath before being fed into the reactor. Appropriate quantities of
urea and glycerol are critical factors for the development of homogeneous spherical precipitates
and for control of their sizes. A number of experiments were attempted at various ratios of urea
and glycerol to the other reactants, which were found to produce particles of varying diameters,
as well as varying the sequence of adding the various reaction components. Before the near-
spherical nanoparticles were successfully produced, a large number of attempts were conducted.
Two types of hydrothermal synthesis methods were explored. The method not used in the
successful production of spherical particles, referred to below as “BnS”, used a different
synthesis apparatus. When using the BnS method, the solution containing the reactants was
placed in a conical flask partially submerged in a boiling water bath. The conical flask was
tightly sealed to prevent the evaporation of water and the reaction was carried out with
continuous stirring in the dark to produce Dox-loaded products (as Dox molecules are sensitive
to light). Since the chemical composition of the successfully synthesized gadolinium and
manganese containing nanoparticles is not well understood, they are referred to as Gd:Mn

nanospheres. Final products were washed with ddH20 and ethanol and then resuspended in
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ddH20. Samples of each batch were characterized via transmission electron microscope. TEM
characterization was performed on a JEOL-2100 TEM at 200 kV. Specimens were washed no

less than three times using ddH20 and placed on specimen grids for TEM study.

Results & Discussion

Fabrication of Gd(OH)3, Gd(OH)3:Mn Nanorods and Gd(OH)3:Mn-Dox Nanocomplexes and
Study of Their Morphology

The method for synthesis of Gd(OH)3:Mn-Dox described resulted in a monodisperse
Gd(OH)3:Mn-Dox nanocomplex suspension. Synthesized Gd(OH)3:Mn nanorods assemble into
monodispersed nanocomplexes in the presence of doxorubicin in a basic environment.
Doxorubicin molecules work as binders among the synthesized individual Gd(OH)3:Mn
nanorods. They also function as therapeutic payloads. Figure 2-1 shows the SEM images of the
prepared nanorods and nanocomplexes. Figure 2-1 panels (a) and (b) show rod/needle-like
Gd(OH)3; and Gd(OH)3:Mn nanoparticles, respectively, while (¢) shows the Gd(OH)3:Mn-Dox
nanocomplexes. As seen in Table 2-1, doping with manganese ions resulted in increased length
and smoother surfaces of the synthesized nanorods compared with the Gd(OH)3 nanorods, while
the addition of doxorubicin produced bundles of nanorods with decreased length compared to the
Gd(OH)3:Mn nanorods. Figure 2-2 illustrates the hypothesized principle behind the formation of
Gd(OH)3:Mn-Dox nanocomplexes. Doxorubicin, as an anthracycline, is known to have a high
affinity for gadolinium (a lanthanide metal) ions, which associate with its 11,12-(/)-
ketophenolate group on the anthraquinone skeleton!”*!”®, So, through this functional site, it is

believed that doxorubicin molecules chelate with gadolinium ions on the surface of the nanorods
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as they form. The (7)-electrons containing aromatic rings of doxorubicin molecules then

associate to hold the nanorods together as bundles.
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200 nm.

Figure 2-1. Transmission electron microscopy (left column) and scanning electron microscopy
(right column) images of Gd(OH)3 (a) and Gd(OH)3:Mn (b) nanorods, as well as Gd(OH)3:Mn-

Dox nanocomplexes (c).
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nanocomplexes in Figure 1.

Table 2-1. Sizes of Gd(OH)3 nanorods, Gd(OH)3:Mn nanorods and Gd(OH)3:Mn-Dox

Nanoparticles Lengthum) Widthum) Sample number
Gd(OH)3 nanorods 24715 1345 5
Gd(OH)3:Mn nanorods 422450 1940 6
Gd(OH)3:Mn-Dox nanocomplexes 348+17 15848 3
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Figure 2-2. Proposed mechanism for the interaction between doxorubicin molecules and
Gd(OH)3:Mn nanorods. Doxorubicin molecules work as binding agents to holding the assembled
nanorods together in bundles. Cyan=gadolinium, grey=carbon, white=hydrogen, red=oxygen,

blue=nitrogen (Mn not shown).

Characterization of the Obtained Nanoparticles by X-Ray Powder Diffraction
The results of the XRD analysis of the Gd(OH)3, Gd(OH)3:Mn and Gd(OH)3:Mn-Dox are

shown in Figure 2-3. The sharp diffraction peaks present indicate that the tested samples are
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crystalline materials. The Gd(OH)3 nanorods have the same diffraction pattern as the gadolinium

hydroxide powder’s standard reference diffraction file in JCPDS (No. 83-2037: Gd(OH)3).

There were no additional diffraction peaks in the Gd(OH)3:Mn or Gd(OH)3:Mn-Dox samples,

which indicated that the added manganese and doxorubicin were not incorporated into the crystal

structure of the gadolinium hydroxide, but rather occurred in an amorphous phase. The metal and

drug compositions of the synthesized nanostructures are presented in Table 2-2 along with the

lattice constants of them as determined via Rietveld analysis. The absence of the impurity peaks

and diffuse peaks indicates that no other phases resulted with the addition of Mn and Dox. This

further indicates that Mn and/or Dox can be isomorphously introduced into the crystal structure

of Gd(OH)s or associate in a manner that does not change the crystal structure of Gd(OH)3

nanorods.

)

AU

Intensity (

80000
70000 —
60000 —
50000 —

40000

30000 —\IJ
20000
\_J

10000

[100]

[110]

3

=)
S
o

[201]
[102]

Gd(OH)3:Mn-DOX

|

Y \ | Gd(OH)3:Mn
. N M
T T T T T T T 1
10 20 30 40 50 60 70
2 theta

Figure 2-3. X-ray powder diffraction patterns of Gd(OH)3 nanorods, Gd(OH)3:Mn nanorods, and

Gd(OH)3:Mn-Dox nanocomplexes.

46



Gd(OH); Gd(OH);:Mn Gd(OH);:Mn-Dox

Mass fractions (w;)

Gd 1 0.997 86 0.892 183
Mn 0 0.002 14 0.029 363
Dox 0 0 0.078 454
Space group P63/m P63/m P63/m
Lattice parameters (A) a = 6.344 65 a = 6.33737 a= 633568
b = 6.344 65 b = 6.337 37 b = 6.335 68
c = 3.63662 c =3.63341 c = 3.62727

Crystallite Size (nm) A = 540.849 35 A =125041246 A = 460.767 52
B = 540.849 35 B = 25041246 B = 460.767 52
C =1106.11570 C = 1055.07826 C = 622.704 69

Lattice strain A =0.29740 A =0.01377 A =0.01377
B =0.29740 B =0.01377 B =0.01377
C = 0.104 66 C = 0.62567 C =0.23181
Rwp (%) 1.73 2.68 4.31

Table 2-2. Components and refinement parameters of the synthesized crystal nanostructures.

Determination of Cellular Uptake of Gd(OH)3:Mn-Dox Nanocomplexes

Figure 2-4 represents the fluorescence images captured via confocal microscopy during
the study of cellular uptake of Gd(OH)3:Mn-Dox in a human breast cancer cell line. The red
fluorescence is emitted by doxorubicin molecules, and the blue is emitted by DAPI, the DNA
counterstain reagent that bonded with DNA inside cell nuclei. With 4 hours of incubation, it was
possible to observe that Gd(OH)3:Mn-Dox nanocomplexes (red fluorescence) accumulated in the
cell plasma. After 24 hours of incubation, more Gd(OH)3:Mn-Dox nanocomplexes, producing a
stronger red fluorescence, accumulated in cell plasma. After six days of incubation, the
doxorubicin, which was originally loaded in the Gd(OH)3:Mn-Dox nanocomplexes, bound with
DNA in the cell nuclei after evidently being released from the nanocomplexes. Since the

nanocomplexes were not able to penetrate the membrane of the cell nucleus due to their size, the
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doxorubicin signals in the cell nuclei must be from doxorubicin molecules released from the

nanocomplexes.

DAPI Dox Merge

4 hours

24 hours

Figure 2-4. Confocal images of cellular uptake of Gd(OH)3:Mn-Dox nanocomplexes after 4
hours, 24 hours, and six days of incubation with MDA-MB-231 cells. Blue indicates cell nuclei

and red indicates doxorubicin loaded within, and released from, the nanocomplexes.

In Vitro Cytotoxicity and Radiation Sensitizing Effect Assessment

The in vitro anti-human breast cancer cell efficacy of the Gd(OH)3:Mn-Dox
nanocomplexes with applied external x-ray irradiation can be seen in Figure 2-5. The percentage
of apoptotic cells induced by the nanocomplexes increased in a dose-dependent manner. In the

300 and 700 pg/mL treated groups, the combination treatment of Gd(OH)3:Mn-Dox
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nanocomplexes and x-ray irradiation significantly increased the number of apoptotic cells

compared with the non-radiation group by 26.6% and 32.7%, respectively.
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Figure 2-5. MDA-MB-231 cell apoptotic rates after various treatments. The x-axis shows an
increasing dose of Gd(OH)3:Mn-Dox nanocomplexes applied to experimental groups with or
without radiation. Solid colour filled columns represent irradiated groups, while the white

columns represent non-radiated groups. ~p < 0.0001.

In this clonogenic assay, the controls were the saline-treated groups, which, for the
purpose of calculations, were assumed to have a 100% survival rate (Figure 2-6). Based on that
assumption, the 75 pg/mL Gd(OH)3:Mn-Dox treated groups were non-proliferative, with or
without the application of the external radiation. This can be attributed to the doxorubicin’s
cytotoxic effect, as compared to the Gd(OH)3:Mn treated group. The lower dose (30 ng/mL)
Gd(OH)3:Mn-Dox treated group appeared to have a higher survival rate than the 75 pg/mL
Gd(OH)3:Mn-Dox treated group. The radiation-sensitizing effect of the synthesized gadolinium
based nanoparticles was observed in this experiment. In the Gd(OH)3:Mn treated groups, as

shown in Table 2-3, the inhibition of the cancer cells’ reproductive ability was appreciably
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enhanced, by 52.1% and 54.7%, at concentrations of 30 and 75 pg/mL, respectively, compared

to the radiation-only and Gd(OH)3:Mn-only groups’ outcomes.
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Figure 2-6. Clonogenicity assay results comparing irradiated and non-irradiated groups treated

with Gd(OH)3:Mn nanorods or Gd(OH)3:Mn-Dox nanocomplexes. **p < 0.0001.

Table 2-3. Clonogenicity assay results of irradiated and non-irradiated groups treated with

Gd(OH)3:Mn nanorods or Gd(OH)3:Mn-Dox nanocomplexes.

PBS Gd(OH)3:Mn Gd(OH)3:Mn-Dox

30 ug/mL 75 pg/mL 30 pg/mL 75 pg/mL

PE % 15.8 14.3 13.3 1.83 0
- Radiation  Survival
100 90.5 4.2 11.5 0
%
+ Radiation PE % 12.6 2.9 1.5 0.58 0
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Survival
&0 18.4 9.5 3.7 0
%

In Vivo Observation of Acute Toxicity and Organ Distribution (Pilot Study)

Prior to rat euthanization, no acute toxicity, apparent distress, or obvious signs of poor
health were observed. The harvested organ weights were 1.9, 3.7, 0.7, 2.6, 8.6, 1.3, 1.7, 2.6, and
0.5 g for kidneys, blood, heart, tumor, liver, lung, brain, muscle and spleen, respectively. Figure
2-7 represents the gadolinium content in these organs 24 hours after injection. Approximately
half of the injected dose was retained in the rat body after 24 hours, with the most significant
accumulation being in the spleen, as previously observed in the biodistribution profile of

Gd(OH)3 nanorods in mice'®®

. Gadolinium content detected in the tumor suggested successful
tumor penetration and retention of the Gd(OH)3:Mn-Dox nanocomplexes with no observable

adverse effects at the tested dose.
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Figure 2-7. Gadolinium content in different organs of interest in a female RNU rat with human
breast cancer tumor xenograft 24 hours after injection of Gd(OH)3:Mn-Dox. The gadolinium

uptake in different organs was assessed using ICP-MS. The data are presented as the percentage

of the total injected dose per gram of tissue.

Synthesis of Gd:Mn Nanospheres

The hydrothermal homogeneous precipitation method was finally adopted. Using the BnS
method, it was challenging to make sure every step of setting up the apparatus was done
optimally, while needing to add hot water to the boiling water bath frequently without lowering
the water bath temperature too much. Although the BnS method required more effort than the
method described as the successful method in this section, it was still possible to harvest
spherical particles from the BnS method. Besides the selection of an appropriate synthesis
method, the reactants’ composition ratio and the mixing sequence of each reactant were key to a
successful synthesis of spherical amorphous gadolinium nanocomplexes. Following the sequence
of adding reactants described here led to an evenly distributed and monodisperse final products.

When introducing Dox into the system, a different sequence of adding reactants had to be
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developed, as described in Chapter 3. The reactants’ composition ratio affects the morphology
and yield of the final products. The optimal formula is described in Chapter 3. When the quantity
of Gd is set, the quantity of glycerol mainly affects the product’s size and morphology (see
Figure 2-8), while the quantity of urea mainly affects the yield and morphology. A higher
relative quantity of glycerol produces smaller sized particles, and conversely, lowering the
glycerol ratio increases the product’s diameter. Urea also helps the precipitation process. When
quantity of urea is too low, a lower yield is obtained. However, 2-3 times or more than the
optimal quantity of urea results in the production of crystalline rod clusters or irregular
precipitations (see Figure 2-8b-6).

Figure 2-8 shows the equipment used, and the final product when using the above
described method to create Gd:Mn nanospheres, including the autoclave tube (2-8a-1) and
Teflon tube (2-8a-2) used to line the autoclave tube; the final Gd:Mn nanosphere product
suspended in ddH20 (2-8a-3); and transmission electron microscope images (2-8b) of
synthesized Gd:Mn nanospheres of different sizes. Monodisperse spherical particles of different
diameters were observed with TEM, which demonstrated that this fabrication method produced
nanoparticles with a smooth surface and perfect spherical shape. Particle shape and size are the
two most important parameters that affect the dynamic stability of nanoparticles when injected
into a bloodstream, and their interaction with cells at a subcellular level'8%!¥! A spherical shape
is better than other morphologies in terms of the flow dynamics of nanoparticles. This method
resulted in nanospheres with as desirable a morphology as those synthesized previously using
other methods but using a simpler and more environmentally friendly procedure. It was
determined that the size of the Gd:Mn nanospheres could be controlled by varying the glycerol

ratio in the reaction solution (as shown in Figure 2-8c). The introduced urea and glycerol
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contribute to control the formation of the spherical morphology, preventing the production of the
rod-like particles described earlier. Excess quantities of urea or NaOH make the final products

into rod/rice-like particles (as shown in the last image of Figure 2-8b).
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Figure 2-8. a: The reactor used for synthesizing Gd:Mn nanospheres consisted of an autoclave
tube (a-1) lined with a Teflon tube (a-2), a-3 shows the synthesized Gd:Mn nanospheres
suspended in ddH20. b: TEM images of Gd:Mn nanospheres produced at different diameters
(from b-1 to b-5, these were produced with 0.4, 0.8, 2.4, 3.2, and 5 mL of glycerol solution,
respectively); note that the last image (b-6) shows rod/rice-like particles produced with excess
quantities of urea solution (7.5 mL). c: The relationship between the quantity of glycerol solution

used and particle sizes of corresponding synthesized Gd:Mn nanospheres is shown.
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Conclusions

In conclusion, Gd(OH)3 nanorods, GA(OH)3:Mn nanorods and Gd(OH)3:Mn-Dox
nanocomplexes were successfully synthesized using a single-step wet chemical method.
Characterization of size and morphology of these three nanostructures, and proof of concept
testing, demonstrating promising synergistic anticancer effects of loaded Dox and enhanced
radiation efficiency of the nanostructures, were conducted. The potential of the use of
Gd(OH)3:Mn-Dox nanocomplexes as a multifunctional nanoplatform was explored. Confocal
microscopy was used to confirm and visualise the cellular uptake and payload release of
Gd(OH)3:Mn-Dox nanocomplexes against a human breast cancer cell line. The therapeutic
efficacy of Gd(OH)3:Mn-Dox nanocomplexes was assessed by flow cytometry and using a
clonogenic assay in the absence and presence of x-ray irradiation. The Dox-mediated formation
mechanism of Gd(OH)3:Mn-Dox nanocomplexes was discussed. Gd(OH)3:Mn-Dox
nanocomplexes could be an efficient multipurpose nanoplatform for synergistic therapy delivery
with the added advantage of great ease of fabrication.

Subsequently, amorphous Gd:Mn nanospheres were developed, using a simple
hydrothermal homogeneous precipitation method, and were characterized via TEM. Near-
spherical shaped and monodisperse particles were produced and observed with varying sizes as
the quantity of glycerol was changed. These spherical-shaped particles may have some distinct

advantages over the nanorods in terms of their flow dynamics and interactions with cells in vivo.
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Chapter 3 — Modifying Morphology and Loading Gd:Mn Nanospheres

Introduction

As was described in Chapter 2, the gadolinium element, as one of the lanthanide metallic
elements, has significant promising and favorable physicochemical features. These unique
features can be exploited to make gadolinium ideal for use as a bio-imaging agent and for
delivering therapy, thereby potentially benefitting clinical oncology health providers and cancer
patients’®1827185 Thus, this chapter further explores multifunctional gadolinium-based
nanoplatforms.

Doxorubicin is a chemotherapeutic anti-cancer drug that was initially found to be made
by a non-wild subspecies of Streptomyces peucetius (Streptomyces peucetius varietas
caesius)'®1%7_ Clinically, doxorubicin has been commonly administered intravenously, alone or
with other approved antineoplastic agents, to treat human cancers including breast carcinoma,
acute lymphoblastic and myeloblastic leukemias, soft tissue sarcomas, bronchogenic carcinoma,
gynecologic carcinomas, testicular carcinoma, squamous cell carcinoma of the head and neck,
and gastric carcinoma'®?. The outstanding antineoplastic activity of doxorubicin is currently
attributed to its interaction with DNA of target cells. There are two well-recognized mechanisms
of its antineoplastic action: doxorubicin molecules intercalating in double stranded DNA minor
grooves, and generation of reactive radicals causing damage to ribose, DNA strands, and cell
membranes!3>188:189,

Doxorubicin and adriamycin, one of the anthracycline antibiotics, naturally form drug-
metal complexes with paramagnetic lanthanide elements in aqueous solutions'’+!°?. Although the
drug-metal interaction between gadolinium ions and doxorubicin molecules, to the knowledge of

the author, has not been previously studied, the binding sites and mechanism are anticipated to
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be the same as those deduced in the literature for other paramagnetic lanthanide ions interacting
with doxorubicin molecules!”*19%!°! It was hypothesized that this mechanism could be exploited
to synthesize coprecipitated amorphous Gd:Mn-Dox nanospheres. Manganese, a transition metal
which enhances MRI signals, seems to play an important role in the interaction between
doxorubicin and DNA'"1"1%3 Thus, the introduction of manganese into the design was
hypothesized to provide additional benefits to the Gd:Mn-Dox nanoplatform design.

A modified Poly (L-glutamic acid) (mPGA) has also been introduced as a radiation
sensitive polymer coating on the surface of the Gd:Mn-Dox nanospheres, which may convey
several advantages, including: prolonged half-life and improved drug biodistribution; radiation
activable; and decreased premature release. Poly(L-glutamic acid) is a well investigated polymer
that possesses valuable properties including biocompatibility, biodegradability, and water
solubility'**1%¢, Poly(L-glutamic acid) has already been approved for use as a drug carrier to
form water-soluble poly(L-glutamic acid)-paclitaxel drug conjugates, known as Opaxio®. The
radiation-sensitive mPGA polymer was synthesized by partially modifying the carboxylic acid
side chain with lipophilic chemical groups (e.g. phenacyl ester) through an ester linkage'®”!%%,

Here in this chapter, the synthesis of amorphous spherical Mn-doped Gd:Mn nanospheres
is proposed, together with the development of Dox-loaded (Gd:Mn-Dox) and surface modified
(mPGA@Gd:Mn-Dox) forms of these nanospheres. A hydrothermal homogeneous
coprecipitation method was adapted to produce amorphous and size controlled spherical
nanoparticles.

Spherical nanoparticles, compared with their rod (needle) shaped counterparts, are
reported to have better flow dynamics and to be less likely to marginate and adhere to blood

vessel walls prior to reaching the target site!**2%,
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Amorphous solids are non-crystalline substances and are in a thermodynamically high
energy state. The conversion of a substance from its crystalline form to an amorphous state is
commonly used in the pharmaceutical industry to achieve improvements in dissolution and
bioavailability**'?°2, As reported®, the mechanism for the release of Gd and Dox from the
Gd(OH)3:Mn-Dox nanocomplexes developed in Chapter 2 is most effective when dissolution
occurs in a low pH environment. Unlike the crystalline Gd(OH)3:Mn-Dox nanocomplexes, the
herein proposed spherical Gd:Mn and Gd:Mn-Dox nanoparticles are amorphous solids, which
may have a shorter payload release time relative to their crystalline counterparts.

The simple and integrative method described in this chapter resulted in the production of
doxorubicin-loaded manganese-doped gadolinium nanospheres possessing a higher drug loading
capacity than the nanorod complexes fabricated with same components in Chapter 2. The main
advantages of the method described in this Chapter are good scale-up potential and ease of

manufacture without the introduction of harmful ingredients or procedures!'#-2%,

Materials and Methods

Materials
Dimethyl sulfoxide (DMSO) was purchased from Fisher Scientific. The other materials

used in this chapter were sourced as described in Chapter 2.

Loading Gd:Mn Nanospheres with Doxorubicin
The same hydrothermal homogeneous coprecipitation method used to synthesize Gd:Mn
nanospheres, as described in Chapter 2, was used for the one-pot, one-step synthesis of

doxorubicin-loaded Gd:Mn-Dox nanospheres. As the chemical composition of this nano-sized
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precipitation containing gadolinium, manganese and doxorubicin was not known, the synthesized
doxorubicin-loaded nanoparticles are referred to as Gd:Mn-Dox nanospheres. The synthesis
method is described as follows.

1.125 mL Gd(NO3)3 solution (0.125 M), 125 uL. MnClz solution (0.125 M), 1.5 mL urea
(150 mg/mL solution in water), 1.6 mL doxorubicin hydrochloride injectable solution (2 mg/mL)
and 0.4 mL glycerol (50% v/v solution in ddH20) were successively added into 20 mL ddH2O.
The mixture was homogenized vigorously on a magnetic stirrer for 10 to 15 minutes and
maintained at 37°C in a water bath before being fed into the reactor. The procedures that
involved doxorubicin were carried out in the dark. The Gd:Mn-Dox nanosphere synthesis was
carried out in a vacuum oven at 120°C for 3.5 hours at atmospheric pressure. The final product
was washed three times with ddH20 and ethanol, and then resuspended in 30 mL ddH20. The
supernatant of the final mixture solution was subject to High Performance Liquid
Chromatography (HPLC - Shimadzu) equipped with a Diode Array Detection (DAD)/Ultraviolet
(UV) detector (Shimadzu). This was used to check for doxorubicin in the post-reaction
solution’s supernatant. Samples were eluted with a mixture of methanol, phosphoric acid, water,
and acetonitrile (at ratios of 170:2:540:290). Flow rate was 1 mL/min. Samples of each batch
were characterized using scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). SEM characterization was carried out on a Zeiss Sigma 300 VP-FESEM and
TEM characterization was performed on a JEOL-2100 TEM at 200 kV. Specimens were washed
no less than three times using ddH20 and placed on a specimen holder for SEM study or
specimen grids for TEM study. Independent two sample t tests were performed for statistical

analysis conducted in Microsoft Excel (© 2019 Microsoft Co.)
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Preparation of Partially Modified Poly-o, L-Glutamic Acid (mPGA)

Carboxyl groups on the side chains of poly-L-glutamic acid (PGA) molecule were
partially modified with various lipophilic chemical groups (Figure 3-1), which resulted in the
production of a series of (more than one hundred) mPGA samples modified with different
chemical groups at different grafting degrees. PGA and mPGA samples may undergo auto-
hydrolysis. To select candidates with good aqueous solubility and chemical stability, the
hydrolytic rate of all the samples was investigated. The hydrolysis rate was studied using a 0.5 M
NaH2PO4/Na;HPO4 buffer solution (pH 7.0) at room temperature (22°C) using qualitative TLC
(thin layer chromatography) analysis. Those samples that underwent the least auto-hydrolysis
were selected for the subsequent studies. The modification, and initial screening of mPGA
candidates were completed by Dr. Justin Jiang at Lakehead University. Of these samples, a
subset of the final mPGA candidates (NO. 128 A and NO. 132) were selected and provided for
this work, where they were used for in vitro and in vivo tests, as well as subsequent fabrication of

mPGA coated nanoparticles.

HO._ O
HO (0] R._ O e}
R Br
OH
H-FHN Et,N, DMF, 40°C H-tHN HN on
(0] m 0 m o-n
PGA m-PGA

Figure 3-1. Reaction scheme for hydrophobic modification of the poly (L-glutamic acid). RCH2

= investigated lipophilic substitutes.
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Fabrication of mPGA@Gd:Mn and mPGA@Gd:Mn-Dox

The harvested Gd:Mn (see Chapter 2) or Gd:Mn-Dox nanospheres were resuspended in
pure DMSO and mixed with modified poly-L-glutamic acid (mPGA NO. 128A or NO. 132)
solutions (10:1). Then the mixture was stirred vigorously on a magnetic stirrer at room
temperature for 3 hours protected from light, to allow the coating process to occur. The mPGA
coated Gd:Mn or Gd:Mn-Dox nanospheres (referred to as mPGA@Gd:Mn or mPGA@Gd:Mn-
Dox nanospheres) were washed with ddH20 no less than three times and resuspended in 30 mL
ddH2O. Particles size of nanospheres before and after the coating procedure were measured from
the TEM images using F1JI-ImageJ] (MacOS version)!”’. TEM characterization was performed
on a JEOL-2100 TEM at 200 kV. Specimens were washed no less than three times using ddH20

and placed on specimen grids for TEM study.

Results & Discussion

Loading Gd:Mn Nanospheres with Doxorubicin

To the knowledge of the author, this is the first time that the doxorubicin organic drug
molecule was used to chelate with gadolinium ions instead of using polymer molecules. It is a
simple, cost-effective, and environmentally friendly way to produce gadolinium nanoparticles.
The final product, which consisted of purple-coloured doxorubicin-loaded Gd:Mn nanoparticles
(Figure 3-2a), was obtained with a relatively uniform size (around 150 nm). Figure 3-2 shows
TEM and SEM images of the Gd:Mn-Dox nanospheres, which demonstrated sizes ranging from
around 80 nm to 200 nm (Figure 3-2b-d). There was no doxorubicin detected in the post-reaction

solution’s supernatant as measured by a validated method using HPLC. This indicated that all the

63



doxorubicin was incorporated into the synthesized nanoparticles. Drug loading capacity was
calculated by weight percent (wt%) to be 10.1%.

The formulation described here was optimized and used to produce nanoparticles for all
the following in vitro assays and in vivo experiments, unless otherwise indicated. It was
determined that a GdCl3 solution could be used in place of the Gd(NO3)3 solution in the reaction
process. Theoretically, other safe solutions that can act as a source for Gd ions could be used in
the same manner. The morphology and size (the most crucial characteristics) of the
nanoparticles are very sensitive to all the initial reaction parameters. The ratio of urea and
glycerol are critical factors in the development of homogeneous spherical precipitates and in
controlling their size. The adding of doxorubicin into the reaction mixture also decreased the size
of the final product (see Table 3-1), similar to what was observed in the Gd(OH)3:Mn-Dox
nanorods synthesis described in Chapter 2. The appearance of the final product changed from

white to purple with the addition of the doxorubicin.
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Figure 3-2. a: Synthesized white Gd:Mn nanospheres and purple doxorubicin-loaded (Gd:Mn-
Dox) nanospheres suspended in ddH20; b, ¢, d: TEM images of Gd:Mn-Dox nanospheres of
various sizes, which were achieved by varying the ratio of glycerol:urea — in the figure, the ratios
used were 0.8:1.5, 0.4:2, and 0.4:1.5, respectively); e, f: SEM images of Gd:Mn-Dox

nanospheres.
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Table 3-1. a: The synthesized nanospheres showed a decreased diameter after doxorubicin was

added to the reaction system; b: different ratios of glycerol:urea affected the morphology and

diameter of the final products.

a:
Number
Mean size of
TEM image of synthesized of
nanospheres in the
nanospheres Samples
TEM image (nm) **
(n)
No
doxorubicin 517+26 11
added
Doxorubicin
176 £ 12 10
added

200 nm

** The mean sizes of these two batches of nanospheres are significantly different (P < 0.0001).
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Glycerol solution (mL) Urea solution (mL) TEM images of final products

2.5 7.5
2.5 5
5 5

Preparation of Partially Modified Poly-a, L-Glutamic Acid (mPGA)
Thirty-two samples were received from Dr. Justin Jiang. Based on the samples’ stability
and sensitivity to radiation (see Chapter 4), two candidates (NO. 128A, NO. 132) were further

selected and tested in Chapter 4 for use as coating materials.
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The purpose of grafting a lipophilic group onto the polymer side chain was to reduce the
hydrolysis rate of PGA molecules. Because natural PGA, which was planned to be used as a
protective coating material for the nanospheres, undergoes hydrolysis in aqueous solutions, the
PGA-coated nanospheres could lose their PGA coating before reaching the target tumor site,
unless the PGA was partially modified. Thus, a lipophilic substituent group was introduced to the
side chains to reduce the hydrolysis rate of PGA molecules, thus keeping the coating material
intact to protect the nanospheres while they travel through the blood. The intention was to make
them hydrolysable again once they reached their target, allowing them to resume biodegradation
when and where needed. The selected lipophilic substituents used for this modification,
therefore, were required to be chemical structures that could be removed by external x-ray
irradiation post-modification, creating coating materials that were radiolysis-activated. The
chemical bonds between the carboxyl groups on the side chains of PGA molecules and the
lipophilic substituents selected for hydrophobic modification are radiation-activated (see Figure
3-3). For example, structures having a 2-oxoalkyl group as their functional group for this
modification reaction readily undergo a one-electron reduction in a hypoxic environment (e.g. in
a tumor microenvironment) in aqueous solution to release the 2-oxoalkyl group when external x-
ray irradiation is applied'®’.

! Radiation

RN —— » Pt ——> R—CH, *+ X
- R™ X 2
_aq

Figure 3-3. Schematic diagram of the radiolytic process. RCH2 = selected lipophilic substituents;

x = carboxyl group on the side chains of a PGA molecule.
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Fabrication of mPGA@Gd:Mn and mPGA@Gd:Mn-Dox

As the mPGA molecules are negatively charged and the nanospheres are positively
charged, the mPGA molecules were grafted on the surface of the nanospheres through
electrostatic force during the coating process (as illustrated in Figure 3-4). Figure 3-5 shows
nanospheres (Figure 3-5a, b) with the mPGA (NO. 132) coating. They have a layer of mPGA
coating wrapped around the nanospheres’ surfaces. The Gd:Mn nanospheres (a) had a thicker
coating (size increase) compared with the Gd:Mn-Dox nanospheres, as indicated in Table 3-2
(n=20, represented as mean =+ standard deviation). This is likely due to the Gd:Mn nanospheres
having a stronger charge than the Gd:Mn-Dox nanospheres, as the doxorubicin molecules are
negatively charged and could reduce the positive charge on the Gd:Mn nanospheres when

incorporated into them.

Figure 3-4. A schematic diagram showing a nanosphere surface coated with mPGA molecules.

represents mPGA molecules, and Q represents Gd:Mn or Gd:Mn-Dox nanospheres.
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a

50 nm 50 nm

Figure 3-5. TEM images of mPGA (NO. 132) coated nanospheres. a and b show mPGA-coated

Gd:Mn (a) and Gd:Mn-Dox (b) nanospheres; the arrows indicate layers of the polymer coating

and the dashed circle shows the nanosphere core. ¢ and d show mPGA coated Gd:Mn-Dox (c)

and Gd:Mn (d) nanospheres suspended in ddH2O.

Table 3-2. Particles size of nanospheres before and after the coating procedure.

Particle size (nm)

Gd:Mn Gd:Mn-Dox
Initial nanospheres 114+ 6 107 £ 18
Coated nanospheres 142 £29 128 £ 13

Conclusions

In this chapter, doxorubicin loaded Gd:Mn-Dox nanospheres and surface coated

mPGA@Gd:Mn and mPGA@Gd:Mn-Dox nanocomplexes were successfully synthesized, using

a simple hydrothermal homogeneous coprecipitation method. Morphology and size were

characterized via TEM and SEM. Near-spherical shaped monodisperse nanoparticles were

produced. The effects of adding doxorubicin and varying the ratio of glycerol:urea on the final

70



products were explored. The synthesized nanospheres showed a decreased diameter after
doxorubicin was added to the reaction system; while different ratios of glycerol:urea resulted in

different morphologies and diameters of the final products.
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Chapter 4 — In Vitro Characterization of Fabricated Nanospheres

Introduction?

Research in other labs has showed that lanthanide complexes, such as those containing
gadolinium, are very promising in theranostics due to their versatility in biomedical application.
Among the lanthanides, gadolinium is the most well-known element used for medical purposes.
Gadolinium-based MRI contrast agents were first approved in the 1980s and are currently used at
a rate of more than 30 million injections annually, which accounts for about 40% of the MRI
investigations performed globally”. Gadolinium has seven unpaired electrons and a slow
electron spin relaxation, which gives gadolinium the highest relaxation efficiency of all metals’.
MR images are based on water proton densities in different tissues, and are obtained based upon
the water proton relaxation rate differences in 1/T1 (longitudinal) or 1/T> (transverse).
Gadolinium can shorten the nuclear relaxation time through dipolar interactions with water
protons both in T1 and T2 weighted MRI, and thereby significantly enhance the image contrast?*,

Since radiation therapy relies heavily on imaging contributions, clinical strategies have
already included MRI as a part of personalized cancer radiation therapy and assessment of cancer
responses to the applied radiation dose and post-treatment management®’°. Furthermore, the idea
of merging the radiotherapeutic capability of a linear accelerator (LINAC) with the visualizing
capability of an MRI instrument (MR-LINAC — Magnetic Resonance Imaging Guided Linear
Accelerator) has become a reality very recently. The first patient (with a glioblastoma) in Canada
to be treated with MR-LINAC was treated in August 2019 at Sunnybrook Health Sciences
Centre. For such strategic therapies to become part of regular practice, there will be an advancing

need for novel agents that can perform both as imaging contrast agents and radiosensitizers. The

2 Portions of this chapter were published in: Yuan et al., 110s | CSPS/CC-CRS Conference 2016, Vancouver, BC,
Canada.
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successful development of such novel multi-role agents thereby could significantly advance this
field of therapy.

Although the mechanisms behind how radiosensitizers act are not fully described yet,
elements with high Z value (atomic number) have been the focus for development of
radiosensitizers and have exhibited significant radiosensitization efficiency’'”’*. Among these
elements, gadolinium appears to be a very attractive candidate for designing such multi-role
nanocomplexes, due to its high Z value (Z = 64) and paramagnetic property*’. Nanocomplexes
based on gadolinium chelates and nanocomplexes made of crystalline cores based on gadolinium
have been fabricated and tested for MRI and/or radiosensitization®®’. In these previously
reported studies, the grafted gadolinium chelates and gadolinium-based crystalline nanoparticles
displayed the potential to significantly enhance MRI image contrast and inherited distinct
properties from their nanoformulations, including prolonged half-lives, distinct biodistribution
and specific excretion pathways. Many of the reported studies were devoted to either image
contrast enhancement or multimodal imaging, but research focused on theranostic applications
has started growing and it is believed that the use of gadolinium-based nanocomplexes in these
applications could be cost-effective and hold great clinical potential**-8,

The multifunctional properties of gadolinium-based nanocomplexes developed in Chapter
3 are addressed in this chapter. /n vitro measurements and experiments were carried out in this
chapter to characterize the Gd:Mn, mPGA@Gd:Mn, Gd:Mn-Dox, and mPGA@Gd:Mn-Dox
nanospheres fabricated in the previous chapter. The fabricated Gd:Mn and Gd:Mn-Dox
nanospheres were subject to x-ray powder diffraction and Energy Dispersive X-ray Spectroscopy
(EDXS) for crystalline structure and elemental analysis, respectively. Ultraviolet-visible (UV-

Vis) spectroscopy was used to monitor changes during the process for synthesis of Gd:Mn-Dox
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nanospheres. Irradiation-activated mPGA disintegration was assessed by measuring the
absorbance changes of mPGA solutions before and after irradiation treatments using UV-Vis
spectroscopy. The feasibility and potential of irradiation-activated low-pH-responsive
doxorubicin release from mPGA@Gd:Mn-Dox nanocomplexes was investigated by measuring
the doxorubicin cumulative release profile of radiation-treated mPGA@Gd:Mn-Dox
nanocomplex samples in an acidic release medium. TEM, confocal microscopy and ICP-MS
were employed to assess the in vitro cellular uptake of these nanocomplexes by human breast
cancer cells. MTT and clonogenic assays were used for evaluating the synergistic anticancer
efficacy of gadolinium and doxorubicin that are incorporated in the nanocomplexes. Flow
cytometry was used for assessing the apoptosis rate of human breast cancer cells induced by the
doxorubicin-loaded nanocomplexes. The in vitro MRI traceability of doxorubicin-loaded and
non-loaded nanocomplexes were also explored via testing in clinical MRI and PET-MRI

facilities.

Materials and Methods

Materials

Methanol, concentrated HCI (36.5 - 38.0%), agarose, MTT and cell culture dishes were
purchased from Fisher Scientific. DMEM (Dulbecco's Modified Eagle Medium), FBS (fetal
bovine serum), Trypsin-EDTA (ethylenediaminetetraacetic acid, 0.25%), Oregon Green 488,
LysoTracker Green, and Annexin V were purchased from Invitrogen. Cell culture flasks were
purchased from Corning. Ethanol (100%) was purchased from the University of Alberta
Biochemistry Stores. Ethyl acetate, isopropanol, paraformaldehyde, OsO4, penicillin G and

streptomycin were purchased from Sigma Aldrich. Gadavist was purchased from Bayer. USP
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(United States Pharmacopeia) standard PBS solutions (phosphate buffer, pHs 4.5, 6.8 and 7.4)
were supplied by the GLP (Good Laboratory Practice) lab at the University of Alberta. mPGA
candidates selected were NO. 128A and NO. 132. The other materials used in this chapter were

sourced as described in Chapters 2 and 3.

X-ray Powder Diffraction

X-ray powder diffraction (XRD) analysis of the fabricated Gd:Mn nanospheres and
Gd:Mn-Dox nanospheres was carried out on an Ultima IV Rigaku x-ray powder diffraction
platform at 38 kV and 38 mA with a cobalt tube. The scan range (20) was from 5 to 65 degrees
with a scan speed of 2°/min. Prior to XRD analysis, the nanosphere samples, made as described
in Chapters 2-3, were dried in a vacuum oven and ground to powder prior to XRD analysis, as

described in Chapter 2.

Elemental Analysis via Energy Dispersive X-ray Spectroscopy (EDS) and UV-Vis Spectroscopy
of the Obtained Nanodispersions

Energy Dispersive X-ray Spectroscopy (EDS). Gd:Mn-Dox nanosphere samples were
analyzed using a Bruker Energy-Dispersive X-ray Spectroscopy (EDS) system mounted onto the
Zeiss Sigma Field Emission Scanning Electron Microscope (Zeiss Sigma 300 VP-FESEM) that

was used for the SEM studies described in Chapter 3.

UV/Vis Spectroscopy Analysis. The UV/Vis absorbances of the doxorubicin

hydrochloride solution (used for fabricating Gd:Mn-Dox nanospheres), a mixed solution of

Gd(NO3)3 and doxorubicin hydrochloride solution — the reaction mixture used to create the
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Gd:Mn-Dox nanospheres, and the final Gd:Mn-Dox nanodispersion were measured on a
Beckman Coulter (DU730) UV/Vis spectrophotometer in the range of wavelengths from 400 nm
to 750 nm. Brand™ standard plastic disposable cuvettes were used in this study and ddH20 was

used for blank controls.

Radiolytic Activation of the Modified PGA Candidates

The received modified PGA (mPGA) candidates described in Chapter 3 were diluted to
0.2 mg/mL in ddH20. 5 mL of each of the diluted mPGA sample solutions was transferred into a
well of 6-well plates. Each sample was purged with argon gas for 15 minutes prior to applying
irradiation. The mPGA samples were exposed to x-ray irradiation at different dose levels (from 0
to 30 Gy) using a Pantak Therapax3 orthovoltage irradiator (DXT-300). Once the irradiation
treatment was done, 5 mL of ethyl acetate was added to each treated sample to extract the
degraded lipophilic fragments that had previously been grafted onto the side chains of the PGA
molecules. Quantitative analysis of the degraded lipophilic fragments was carried out on a
Beckman Coulter UV/Vis spectrophotometer (DU-730) using ethyl acetate as a blank control.
The original absorbance data (wavelengths measured from 250 to 400 nm) were integrated and

normalized against the 0 Gy treatment group.

In Vitro Low pH-Responsive Doxorubicin Release from mPGA-Coated Gd:Mn-Dox Nanospheres
via Radiolytic Activation of the mPGA Coatings

Gd:Mn-Dox nanospheres coated with two different mPGA coating materials (NO. 128A
and NO. 132) were studied for x-ray irradiation-activated doxorubicin release in a low pH

environment. mMPGA@Gd:Mn-Dox nanospheres were dispersed in phosphate buffered saline
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(PBS) at pH 4.5 (to mimic the acidic environment within a lysosome), in distilled water, and in
PBS at pH 7.4, and then separated into the x-ray treatment group and non-x-ray control. The x-
ray treatment group received a 30 Gy x-ray irradiation treatment, and the non-x-ray control
group was brought with the x-ray treatment group to the radiation facility but did not receive x-
ray irradiation. The samples were then kept at 37°C to allow for doxorubicin release. A Beckman
Coulter UV/Vis spectrophotometer (DU-730) was used for quantifying doxorubicin release at 3,
6 and 9 days, as described above. The absorbances of each experimental group at 500 nm were
converted to % Dox release by using the absorbance data at 500 nm for same quantity of Gd:Mn-

Dox nanospheres fully dissolved in HCI as a reference point for 100% Dox release.

Doxorubicin Stability Study

The same solution containing doxorubicin, gadolinium and manganese used for Gd:Mn-
Dox nanosphere fabrication was kept in the Teflon lined autoclave tube and placed into the oven
for a day at the reaction temperature (120°C) at atmospheric pressure to test the stability of
doxorubicin over the course of the reaction. The resulting solution was analyzed via HPLC
(SHIMADZU SPD-M10AVP DAD) using the same method as described in Chapter 3 and
compared with a freshly mixed solution for a similarity analysis. Another study was performed at
a higher reaction temperature (130-140°C) using ICP-MS (inductively coupled plasma mass
spectrometry) for the similarity study to analyze the stability of the doxorubicin under these

conditions and check for its possible derivatives.
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In Vitro Cellular Uptake of Gd:Mn Nanospheres, Doxorubicin-Loaded Gd:Mn-Dox Nanospheres
and Radiation Activated/Non-Activated mPGA@Gd:Mn-Dox Nanospheres using Confocal Laser

Scanning Microscopy and Transmission Electron Microscopy

In vitro cell lines and cell culture conditions. Human breast cancer cell lines (MCF-7 and
MDA-MB-231) purchased from ATCC (American Type Culture Collection) were used for the
investigation. DMEM (Dulbecco's Modified Eagle Medium, Invitrogen) fortified with fetal
bovine serum (10%, Invitrogen), 100 UI penicillin G and 100 pg/mL streptomycin (1%, Sigma)
were used for culturing the cells. The cells were maintained at 37°C and 5% CO2 in Corning
flasks in a humidified incubator. A Beckman Coulter cell counter was used for cell counting.
Human breast cancer cells used throughout the investigation were all cultured in the same

manner, unless otherwise specified.

In Vitro Cellular Uptake Analysis of mPGA@Gd:Mn Nanospheres. ICP-MS (inductively
coupled plasma mass spectrometry) and TEM (transmission electron microscopy) were
employed for studying the in vitro cellular uptake of the mPGA@Gd:Mn nanospheres coated
with mPGA NO. 132.

2x10% MCF-7 cells were plated per 100 mm cell culture dish and incubated to reach 70%
confluence. Then the cells were incubated with either mPGA@Gd:Mn nanospheres or x-ray
activated mPGA@Gd:Mn nanospheres for two hours. After treatment, the cells were washed
twice with PBS (pH 7.4) to remove any free nanospheres that had not been taken up by the cells.
Then the cells were detached using 0.5 mL of 0.25% Trypsin-EDTA and washed and

resuspended in PBS to a final volume of 5 mL prior to the addition of 5 mL hydrochloric acid
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(30%, Fisher Brand). The cells, and nanospheres internalized inside the cells, were allowed to
dissolve overnight. The gadolinium content in each sample was analyzed using ICP-MS
(Elan6000, PerkinElmer). For the cellular uptake study by means of TEM, the treated cells were
gathered by centrifugation (Thermo IEC CL3R, at 200xg for 5 min). and fixed in precooled
formaldehyde (4°C, 4% v/v, Sigma) for four hours at 4°C. The preparation and staining
procedures were carried out as previously described®’: Briefly, the cells were washed and
resuspended in OsO4 (1% in pH 7.4 PBS) and incubated for one hour at ambient temperature; the
cells were then washed twice with PBS (pH 7.4), resuspended in pre-warmed agarose (2% w/v)
and spread on the surface of glass slides to cool down. The small cooled pieces of gel containing
the cells were harvested and dehydrated with gradient ethanol prior to being embedded and
infiltrated with Spurr’s resin. A Leica ultramicrotome (EM UC6) was used to section the cell-
embedded resin. The sliced sections were then stained with uranyl acetate and lead citrate prior

to the final TEM characterization as described above.

In Vitro Cellular Uptake Analysis of Gd:Mn-Dox Nanospheres. TEM and CLSM
(confocal laser scanning microscope, Zeiss LSM 710) were employed for studying the in vitro
cellular uptake of the Gd:Mn-Dox nanospheres.

TEM characterization of the cellular uptake of Gd:Mn-Dox nanospheres was carried out
using the same method as described above.

For the CLSM study, MCF-7 cells were seeded on coverslips placed in 6-well plates, and
incubated overnight prior to treatments, as described above. The cells were treated with Gd:Mn-
Dox nanospheres for select periods of time (6, 24 and 72 hours) before the cells were washed

with phosphate-buffered saline (PBS, pH 7.4) and fixed in paraformaldehyde (PFA, 4% v/v).
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The fixed cells were stained with either Oregon Green 488 (cell membrane dye from Invitrogen)
or LysoTracker™ Green (lysosome dye from Invitrogen). The staining procedures were carried
out following manuals & protocols for Oregon Green 488 or LysoTracker™ Green. A mounting
medium fortified with DAPI (cell nucleus dye) was used to mount the samples on glass slides for
confocal microscopy studies as previously described®’. Control groups were incubated with
either doxorubicin solution or Gd:Mn nanospheres that did not have doxorubicin. In the Gd:Mn-
Dox nanospheres treated group, the LysoTracker™ Green, a molecular fluorescence dye that
actively binds with cell lysosomes, was used to track the cell lysosomes to help determine the

subcellular location of the internalized nanospheres.

In Vitro Cytotoxicity and Biocompatibility Studies

Biocompatibility of Gd:Mn Nanospheres and the Selected mPGA Using MTT Assay.
Cells were seeded at a density of 3000 per well with 200 uL culture medium in 96-well plates.
Once the cells reached 70% confluence, the culture medium was replaced with 150 pL of fresh
medium containing either mPGA (NO. 132), Gd:Mn nanospheres, or mPGA@Gd:Mn
nanospheres at select concentrations (mPGA: from 10 to 300 pug/mL, nanospheres: from 0 to 700
png/mL). The culture medium was removed again after 48 hours of incubation prior to adding 100
pL of MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)-containing (1.2 mM
MTT) culture medium. After three hours of further incubation with MTT, the MTT-containing
medium was replaced with 100 uL of 0.1 N HCl in isopropanol. A plate reader (Bio-Tek EL
808) was used to assess the absorbance of each well at a test wavelength of 550 nm. Absorbance

values were normalized to percent viability against the control (untreated) group.
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In Vitro Radiation Enhancement Effect of Activated mPGA@Gd:Mn Nanospheres
(mPGA NO. 132). A clonogenic cell survival assay and an MTT cell viability test were
employed to test the radiation enhancement effect of non-doxorubicin loaded Gd:Mn
nanospheres. For the clonogenic assay, cells were seeded as 400 cells per Petri dish (100 mm)
and left in an incubator overnight. A saline control group was treated with saline while the
radiation control group was treated with 5 Gy x-ray irradiation only. The other two groups were
treated with either mPGA@Gd:Mn nanospheres or activated mPGA@Gd:Mn nanospheres
followed by a 5 Gy irradiation one day after the nanosphere treatment. All cells were further
incubated for a week prior to being fixed with methanol (Fisher Scientific) and stained with
crystal violet (0.5%), as described previously®*. Cell colony numbers were counted using FIJI
ImageJ image processing software'’’. For the MTT test, a typical MTT assay procedure was
used, as described above. The experimental groups were the same as the groups used in the
clonogenic assay described in this section. Nanosphere-containing medium was removed and
replaced with fresh culture medium after two hours of incubation. The cells were incubated for

48 hours after the irradiation treatment prior to the final measurement.

In Vitro Cytotoxicity and Biocompatibility of Doxorubicin-Loaded Gd:Mn Nanospheres.
For the cytotoxicity testing of Gd:Mn-Dox and mPGA@Gd:Mn-Dox nanospheres, a cell
apoptosis assay using Annexin V staining was performed. 500,000 cells were seeded in each
Corning T-25 flask and incubated overnight before being treated with saline or 500 pg/mL of
Gd:Mn-Dox or mPGA@Gd:Mn-Dox nanosphere dispersions. After three days of incubation
under the same conditions, dead cells floating in the culture medium were collected and counted

by a Beckman Coulter cell counter. The rest of the cells remaining attached to the flasks were
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treated with 0.25% trypsin-EDTA in order to detach them. The detached cells were collected and
stained with allophycocyanin Annexin V conjugate (Invitrogen) for cell apoptosis analysis
carried out on a Becton Dickinson flow cytometer (FACS Canto II) using the FITC and APC

channels.

In Vitro Magnetic Resonance Imaging (MRI)

In vitro T1-weighted magnetic resonance imaging (MRI) of Gd:Mn nanospheres was
carried out in a 1.5 T Siemens Medical System using a spin-echo sequence (TE: 9.6 ms; TR: 401
ms) at the University of Alberta Cross Cancer Institute MRI facility. In vitro T2-weighted
magnetic resonance imaging of Gd:Mn-Dox nanospheres was performed in a 3 T Siemens
Medical System Positron Emission Tomography (PET)-MRI facility using a spin-echo sequence
(TE: 13 ms; TR: 750 ms). Prior to performing the MRI scans, nanosphere dispersion samples
were diluted with PBS containing 1% agarose to concentrations as indicated in Figure 4-11.

A proof-of-concept study examining the pH-sensitivity of gadolinium release was
performed on a 1.5 T Siemens Medical System at the University of Alberta Cross Cancer
Institute MRI facility using the same settings. Gd:Mn-Dox nanospheres were suspended in either
HCI (3.6 — 3.8%) or PBS (pH 4.5) for MRI scans alongside water and Gadavist (Bayer). The pH
4.5 buffer was used to mimic the acidic environment in lysosomes, where nanospheres that have

been internalized by cells would be located.
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Results & Discussion
X-ray Powder Diffraction

Broad diffraction peaks were obtained during the XRD analysis of both the Gd:Mn
nanospheres and the Gd:Mn-Dox nanospheres. No crystalline diffraction peaks were detected in
the study. The diffraction patterns of both types of nanospheres are shown in Figure 4-1. Both
types of nanospheres had weak scattering spread throughout the reciprocal space. All this

indicated that the synthesized Gd:Mn nanospheres and Gd:Mn-Dox nanospheres are amorphous

substances.
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Figure 4-1. X-ray powder diffraction patterns of Gd:Mn nanospheres and Gd:Mn-Dox

nanospheres.

Since the Gd:Mn-Dox nanospheres were designed to be responsive to acidic pH and to
thus trigger the release of the payload (the Gd**-Dox drug-metal complexes) as the nanospheres
dissolve, the solubility or the dissolution rate is a crucial factor which governs the final effect of

the payload. Unlike the Gd(OH)3:Mn series of nanorods and nanocomplexes developed in
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Chapter 2, which were crystalline substances (see their XRD patterns in Chapter 2), these newly
developed amorphous nanospheres have favourable characteristics for the intended application:
Amorphous substances do not possess the long-range order of crystalline structures, and
therefore require less energy to be dissolved, resulting in an innate better solubility than

crystalline forms?!292,

Elemental Analysis via Energy Dispersive X-ray Spectroscopy (EDS) and UV/Vis spectroscopy

of the Obtained Nanodispersions

Energy Dispersive X-ray Spectroscopy (EDS). The EDS elements mapping data, shown
gy Disp Y Op Py pping

in Figure 4-2, indicated that gadolinium was present and evenly dispersed in the Gd:Mn-Dox

nanospheres.
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Figure 4-2. Energy-dispersive x-ray spectroscopy (EDS) elements mapping of the synthesized
Gd:Mn-Dox nanospheres. a: gadolinium mapping; b: EDS element spectra. Note: The Mn was

not detected as it is present at trace levels in the nanospheres.

UV/Vis Spectroscopy Analysis of the Obtained Gd:Mn-Dox Nanodispersion. In Figure 4-
3, in comparison with the pure doxorubicin solution UV/Vis spectrum (red curve), the adding of
the gadolinium solution did not make any change to the spectrum (orange curve).The further
addition of urea and glycerol solutions to the mixture of gadolinium and doxorubicin, to create

the final reaction mixture, resulted in the appearance of a small absorbance peak to the spectrum
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(green curve) at around 575 nm. Once the reaction was complete, the absorbance peaks flattened

(purple curve) as the doxorubicin was integrated into the synthesized solid nanospheres.
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Figure 4-3. UV/Vis absorption spectra of doxorubicin hydrochloride solution (red),
Gd(NO3)3+doxorubicin mixed solution (orange), the final reaction mixture (green), and the

resulting Gd:Mn-Dox nanodispersion (purple).

Radiolytic Activation of the Modified PGA Candidates

Two mPGA candidates (NO. 128A, NO. 132) were selected from the test samples to
demonstrate the x-ray irradiation-induced reduction of the modified PGA. Figure 4-4 shows the
UV/Vis spectrum of each irradiated/degraded sample after different irradiation doses; the bar
graphs show the degree of radiolysis of each sample after receiving different irradiation doses. A
higher dose of irradiation means more energy was applied to the test samples, thereby inducing a
higher degree of activation/degradation. This experiment demonstrated the feasibility of

removing the coating material using external irradiation.
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Figure 4-4. Impact of different doses of x-ray irradiation on irradiation-induced degradation of
selected mPGA candidates (a: NO. 132 & b: NO. 128A). The bar graphs on the left plot
normalized absorbance at 258 nm after different irradiation doses, and the full absorbance scan

after different irradiation doses is shown on the right for a (top) and b (bottom).
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In Vitro Low pH-Responsive Doxorubicin Release from mPGA-Coated Gd:Mn-Dox Nanospheres
via Radiolytic Activation of the mPGA Coating

For the release studies carried out at pH 7.4 and in ddH20, no detectable quantity of
doxorubicin was released, which suggests high stability in a physiological pH environment,
which may improve the biocompatibility of the mPGA-Coated Gd:Mn-Dox nanospheres by
preventing premature release of the active agent. Figure 4-5 shows the release profile of
doxorubicin from the mPGA (NO. 128A, NO. 132)-coated Gd:Mn-Dox nanospheres in the pH
4.5 phosphate buffered saline. The nanospheres provided a sustained release of doxorubicin, as
desired, with limited premature release. In comparing the x-ray treated group to the untreated
group, the x-ray treatment activated a significant increase in the release of doxorubicin due to the
radiolytic activation of the surface coating. Together, these results suggest that the
mPGA@Gd:Mn-Dox nanospheres can be activated at a desired location by precisely applied
external irradiation, allowing the nanospheres to release the active agent into the acidic
environments present in lysosomes and tumour microenvironments2°>2°’. This should reduce
toxic effects on healthy tissues that would occur if the doxorubicin was released prior to

irradiation at the tumour site and was able to act throughout the body.
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Figure 4-5. Release profiles of doxorubicin from two different types of mPGA coated Gd:Mn-
Dox nanospheres with or without 30 Gy of x-ray irradiation in pH 4.5 phosphate buffered saline,

over a nine day period. ** The mean values of the two groups indicated are significantly

different (p < 0.0001).

Doxorubicin Stability Study
The similarity between the freshly made solution and the solution kept under reaction
conditions was 1.0000 according to the analytical result from the HPLC detector, which meant

the doxorubicin was stable for one day of exposure to the reaction conditions. The same result

was observed from the test analyzed via mass spectrometry.
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In Vitro Cellular Uptake of Gd:Mn Nanospheres, Doxorubicin-Loaded Gd:Mn-Dox Nanospheres
and Radiation Activated/Non-Activated mPGA@Gd:Mn-Dox Nanospheres using Confocal Laser
Scanning Microscopy and Transmission Electron Microscopy

In Vitro Cellular Uptake Analysis of mPGA@Gd:Mn Nanospheres using mPGA NO. 132.
The subcellular locations of the internalized nanospheres were visualized using TEM. The
micrographs in Figure 4-6 are TEM images of cells showing that the nanospheres were
internalized and retained inside the cells. Most of the internalized nanospheres were observed in
vesicular subcellular structures inside the cell plasma. Figure 4-6E shows the ICP-MS
quantitative results for gadolinium in the cell lysate samples, and reflects the quantity of
internalized nanospheres in each experimental group. The control group had no gadolinium, as it
was only treated with PBS. After two hours of exposure to the treatments, the average
gadolinium content was 1.78 pg in the mPGA@Gd:Mn treated group and 4.96 g in the x-ray
activated mPGA@Gd:Mn treated group. Thus, an increased uptake was measured in the x-ray
activated mPGA@Gd:Mn nanospheres. Note that the only change in this group was the
activation of the nanospheres. It is hypothesized that by promoting the breakdown of the mPGA
coating, x-ray activation helped expose the positively charged Gd:Mn nanosphere cores,

promoting interaction with the negatively charged cell membranes?%2%

, and thereby resulting in
the increased uptake. Other possible reasons for the increased uptake also can be deduced: The
mPGA residues on the surface of the activated nanoparticles could also help promote the
interactions between the nanosphere and the cell membrane, as electrostatic interactions

appeared to promote adherence of most of the activated nanospheres to the cell membrane during

the washing process, whereas the non-activated nanospheres retained the negative surface charge
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and the hydrophilic mPGA surface coating, which could promote the washing away of the non-

activated mPGA @Gd:Mn nanospheres.
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Figure 4-6. TEM images of cellular uptake of mPGA@Gd:Mn nanospheres (A, B) and x-ray
activated mPGA@Gd:Mn (x-mPGA@Gd:Mn) nanospheres (C, D). Dotted and black arrows
indicate cell nuclei and nanospheres (solid black spheres), respectively, internalized in vesicular
structures within the cytoplasm, i.e. at a subcellular level. E shows the ICP-MS results measuring
the quantity of internalized gadolinium in the control (non-treated) group, mPGA@Gd:Mn
nanospheres treated group, and activated x-mPGA@Gd:Mn nanospheres treated group. ** The

mean values of these two groups are significantly different (p < 0.0001).
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In Vitro Cellular Uptake Analysis of Gd:Mn-Dox Nanospheres. The Gd:Mn nanospheres
control group, which did not include doxorubicin, did not have any fluorescence signal detected
by CLSM (Figure 4-7A, right) other than DAPI, which stains cell nuclei, as the Gd:Mn
nanospheres do not have the ability to emit fluorescence. In the doxorubicin solution (2 mg/mL,
5 uL) treated control group, doxorubicin signals (red) and DAPI (blue) were detected (Figure 4-
7A, left). Figure 4-7B shows confocal fluorescence micrographs from the experimental groups
incubated with Gd:Mn-Dox nanospheres for a various time periods. After the longer incubation
time of 24 hours (Figure 4-7B, right), a considerable number of Gd:Mn-Dox nanospheres had
been internalized by the cells, relative to the 6 hour incubation group (Figure 4-7B, left), as
indicated by the red fluorescence located within the cells. Both the micrographs were taken as
representatives from a 3D Z-stack scan of the samples, which also indicated that all the
fluorescence signals were coming from inside the cells. TEM results (Figure 4-7C) also
confirmed the cellular uptake of the Gd:Mn-Dox nanospheres, with the nanospheres being
distributed within vesicular structures in the cytoplasm. In the Gd:Mn-Dox nanospheres treated
group, LysoTracker Green, a molecular fluorescence dye that actively binds with cell lysosomes,
was also used to locate the cell lysosomes, in order to confirm the subcellular location of the
internalized nanospheres. As demonstrated in Figure 4-7D, the doxorubicin signal (red)
overlapped with the LysoTracker signal (green), which indicated that the Gd:Mn-Dox
nanospheres were internalized by the cells through the endocytic pathway, resulting in their
presence in cell lysosomes. All these data, taken together, demonstrate that the Gd:Mn-Dox

nanospheres are readily internalized by MCF-7 human breast cancer cells through endocytosis.
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Figure 4-7. CLSM (A, B and D) and TEM (C) analysis of cellular uptake of Gd:Mn-Dox
nanospheres. A: Control cells treated with doxorubicin solution (two micrographs on the left)
and Gd:Mn nanospheres without doxorubicin (two micrographs on the right). B: Cells incubated
with Gd:Mn-Dox nanospheres for 6 hours (left) and 24 hours (right). C: Black arrows indicate
the internalized Gd:Mn-Dox nanospheres (small black spheres) in the vesicular structures within
cell cytoplasm. D: Fluorescence profile analysis from point 1 to point 2. Points 1 and 2 are two
lysosomes containing Gd:Mn-Dox nanospheres (as indicated by the overlapping doxorubicin red
and LysoTracker Green signals). Fluorescence signals: Blue = DAPI, Red = Doxorubicin (in A)

or Gd:Mn-Dox nanospheres (in B), Green = Oregon Green (in B) or LysoTracker Green (in D).

In Vitro Cytotoxicity and Biocompatibility

In Vitro Biocompatibility of Gd:Mn Nanospheres and the Selected mPGA (NO. 132)
Using an MTT Assay. Figure 4-8 demonstrates that the mPGA coating material, Gd:Mn
nanospheres and mPGA-coated Gd:Mn (mPGA@Gd:Mn) nanospheres were non-toxic at test
concentrations. The highest concentration that was tested for both the Gd:Mn and the
mPGA@Gd:Mn nanosphere dispersion was 700 pg/mL. The cell viability in that group was no
less than 90%. This agrees with observations by other researchers in biocompatibility studies of

modified polyglutamic acid and gadolinium-based nanoparticles!6®196:210-214,
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Figure 4-8. Biocompatibility study results of mPGA (A), Gd:Mn nanospheres and
mPGA@Gd:Mn nanospheres (B) using an MTT assay against an MCF-7 human breast cancer

cell line.

In Vitro Radiation Enhancement Effect of Activated mPGA@Gd:Mn Nanospheres. The
results of both the MTT test and the clonogenic assay were compared to the control groups (see

Figure 4-9). The control groups received either saline or x-ray irradiation treatment, while the
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experimental groups were treated with either mPGA@Gd:Mn nanospheres or activated
mPGA@Gd:Mn (x-mPGA@Gd:Mn) nanospheres followed by 5 Gy irradiation. The MTT test
was used for cell viability testing (Figure 4-9A), and the clonogenic assay was used to test for
cell proliferation (Figure 4-9B). Compared with the saline control group and the x-ray control
group, the irradiated experimental treatments inhibited cell viability and proliferation, with the
activated nanospheres showing a stronger inhibition than the ones which had not been activated.
The biocompatibility study (see Figure 4-8) indicated that both the mPGA and Gd:Mn
nanospheres were relatively biologically inert. In addition, gadolinium has been extensively
studied for use as a radiation sensitizer®”’*!!, The increased inhibitory effect, seen in the
nanospheres which had not been activated, could be the result of gadolinium-based nanospheres
locally enhancing the radiation that was applied to the cells, thus amplifying the inhibitory effect
from the irradiation. The fact that the x-mPGA@Gd:Mn (activated) group exhibited stronger
inhibitory effects comparing with the mPGA@Gd:Mn (non-activated) group may be because the
cells in the activated group had a larger quantity of internalized nanospheres, as was observed in
the cellular uptake study (see Figure 4-6). Also, since the gadolinium-based core was caged by
the mPGA coating, the polymer may have prevented interaction between the gadolinium and

surrounding water molecules prior to radiation.
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Figure 4-9. In vitro radiation enhancement effect of unloaded Gd:Mn nanospheres using an
MTT test (A) and a clonogenic assay (B). Results are shown for the saline (Control), x-ray (X-
ray), x-ray plus mPGA@Gd:Mn nanospheres (X-ray + mPGA @Gd:Mn) and x-ray plus x-ray
activated mPGA@Gd:Mn nanospheres (X-ray + X-mPGA@Gd:Mn) treated groups. ** The

mean values of the indicated groups are significantly different (p < 0.0001).

In Vitro Cytotoxicity and Biocompatibility of Doxorubicin-Loaded Gd:Mn Nanospheres.
Figure 4-10 compares the percentage of cells undergoing apoptosis between the experimental
groups and a PBS control. The apoptosis rate in the Gd:Mn-Dox nanospheres treated group

increased proportionally with increasing concentration of the nanospheres. Since the Gd:Mn
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nanospheres are relatively non-toxic, the induction of apoptosis was likely due to the release of
doxorubicin. In the mPGA@Gd:Mn-Dox treated group, no trend was observed with increased
concentration of the nanospheres, and the cells tolerated the nanospheres at all test
concentrations much better than the nanospheres that were not coated with mPGA. The coating
material itself is non-toxic. Based on the release profile (see Figure 4-5), doxorubicin release
from the coated nanospheres was minimal over a three-day time period. Thus, the lower toxicity
in the mMPGA@Gd:Mn-Dox relative to the Gd:Mn-Dox was likely because the surface coating
slowed down the dissolution of the caged Gd:Mn-Dox nanosphere core, preventing release of the

doxorubicin payload.
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Figure 4-10. Percentage of MCF-7 cells undergoing apoptosis after three days exposure to
various concentrations of Gd:Mn-Dox and mPGA@Gd:Mn-Dox nanospheres. ** The mean

values of the indicated groups are significantly different (» < 0.0001).
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In Vitro Magnetic Resonance Imaging (MRI)

Since gadolinium can shorten both T1 and T2 relaxation times in MRI, the T: shortening
effect of the Gd:Mn nanospheres and the T2 of the doxorubicin-loaded nanospheres were
measured (Figure 4-11). In both T1 and T2 weighted MRI experiments, the gadolinium-based
nanospheres demonstrated concentration-dependent shortening effects on relaxation times when
comparing the experimental groups with the water control group. In T1 weighted images (Figure
4-11A), the image brightness level (which refers to image contrast in T1) increased as the
concentration of the Gd:Mn nanospheres increased, while the image darkness level (which refers
to image contrast in T2) increased as the concentration increased in the T2 weighted images
(Figure 4-11B).

Figure 4-11C shows the MRI signal intensity of the tested Gd:Mn-Dox nanospheres. pH
4.5 buffer was used to mimic a situation in which the nanospheres were internalized and trapped
in cell lysosomes. Gd:Mn-Dox nanospheres were wholly dissolved in HCl as a control group.
Similar signal intensities were observed in both the experimental group (pH 4.5), and the control
group (HCI) at the concentration range tested, which suggests the acidic environment in cell
lysosomes with a pH of 4.5 could fully unleash the MRI contrast enhancement effect of the

Gd:Mn-Dox nanospheres.
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Figure 4-11. Ti-weighted MRI images of Gd:Mn nanospheres (A) and T2-weighted MRI images
of Gd:Mn-Dox nanospheres (B) at concentrations noted on the figures. The bar graph (C) shows
the MRI signal intensity produced by the Gd:Mn-Dox nanospheres in different acidic
environments (HCI solution control or pH 4.5 buffer test solution). The pH 4.5 buffer was used

to mimic the lysosome environment.
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Conclusions

In conclusion, this chapter described the in vitro characterization of multiple bio-
activities and features of the synthesized gadolinium-based nanocomplexes. Physicochemical
features of the synthesized gadolinium-based nanocomplexes were characterized, including
demonstrating that the gadolinium-based nanocomplexes did not have a crystalline structure —
they were amorphous; that the gadolinium was evenly dispersed in the nanocomplexes, as
determined by elemental analysis; and that they have good MRI traceability, as determined using
in vitro MRI tests. Understanding of the synthesis process of Gd:Mn-Dox nanocomplexes was
improved by using UV-Vis spectroscopy to examine the UV-Vis absorbance of various
components of the reaction individually or mixed, as well as the final product.

External irradiation-activated mPGA disintegration was observed and mPGA
candidate NO. 132 was selected for subsequent studies. The external irradiation-activated low-
pH-responsive in vitro doxorubicin release from mPGA (NO. 128A, NO. 132) coated Gd:Mn-
Dox nanocomplexes was observed in a lysosomal pH environment (pH 4.5). The doxorubicin
encapsulation was determined to be stable, since a significant doxorubicin release was only
observed with clinically relevant doses of irradiation. It is anticipated that the use of other
hydrophobic chemical groups as modifiers of PGA may also be successful in preventing
premature drug release and in responding in an irradiation-sensitive manner.

The in vitro cellular uptake of the nanocomplexes by human breast cancer cells was
confirmed by means of TEM, confocal microscopy and ICP-MS.

MTT assay results showed that the mPGA and non-Dox loaded nanocomplexes were
biocompatible. A synergistic anticancer effect of the gadolinium plus doxorubicin incorporated

in the nanocomplexes was also demonstrated in MTT and clonogenic assays.
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The in vitro MRI traceability of doxorubicin loaded and non-loaded nanocomplexes
was confirmed using clinical MRI and PET-MRI. The in vitro low-pH-responsive gadolinium
release from Gd:Mn-Dox nanospheres was also confirmed using this method. Overall,
irradiation-sensitive polymer coatings combined with inorganic multifunctional low-pH-
responsive nanospheres have exciting clinical implications, as they represent a possible approach
to delivering chemotherapeutic agents, imaging contrast agents, and radiosensitizing agents

together in a safer and more controlled manner.

103



Chapter 5 — In Vivo Animal Studies Using a Rat Model

Introduction

Most human breast cancer xenograft models in animals were developed in mice, and have
been frequently used to study the efficacy of newly invented treatments®'>!6, However, in this
chapter, a rat model was more ideal due to enhanced spatial resolution of MRI as compared with
a mouse model.

Published works about gadolinium-based nanocomplexes have generally reported that
gadolinium-based nanocomplexes are biocompatible and well tolerated in animal models or
human patients, with no obvious acute or long term toxicities demonstrated in animal
modelst7-168217.218
The three main components of the nanocomplexes being tested in this chapter were:
Doxorubicin, gadolinium, and poly-L-glutamic acid. Poly(L-glutamic acid) is a well-studied
polymer that possesses valuable properties for this application, including biocompatibility,
biodegradability, and water solubility!**!%, Poly(L-glutamic acid) has already been approved for
use as a drug carrier to form the water-soluble poly(L-glutamic acid)-paclitaxel drug conjugates
known as Opaxio®.

Doxorubicin (Dox) is a type of anthracycline drug that is commonly used in cancer
chemotherapy, and remains an important first line chemotherapeutic agent against certain types
of tumours clinically?'*?**. When doxorubicin is administered alone, it causes cumulative dose-
dependent cardiotoxicity, and can induce cardiomyocyte death, therefore resulting in left
ventricular dysfunction and irreversible heart failure??’. Since doxorubicin has poor organ
selectivity, doxorubicin nano-formulations or delivery systems were developed, and approved,

for the purpose reducing its cardiotoxicity by reducing the accumulation of doxorubicin in the
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heart, while maintaining its intended bioactivity??!. Thus, in terms of doxorubicin’s
cardiotoxicity, the nano-formulations were developed to have better biocompatibility than free
doxorubicin when used at same dosage. Also, because of the side effects typically seen with free
doxorubicin, assessment for cardiac tissue damage should always be included in the toxicity
assessment of doxorubicin-carrying nanocomplexes.

Gadolinium-based medical MRI contrast agents were first approved in the 1980s and are
currently used at a rate of more than 30 million injections annually, which means that they are
currently used in about 40% of the MRI investigations performed globally’*?'®. Clinically,
gadolinium chelate solutions (such as Gadavist®) are the most commonly used paramagnetic
medical imaging contrast agents for MRI**". The most widely used intravenous MRI contrast
agents are composed of gadolinium (III) chelates, which are also called T or positive contrast
agents*>*, Tonic gadolinium is also used in a chelated form to ensure its safe use while
maintaining its paramagnetic properties, as there is a risk of a rare nephrogenic systematic
fibrosis developing when using free gadolinium ions in patients with severe kidney failure. The
possible toxicities associated with gadolinium and chelating agents are effectively contained
through the complexation’’. These gadolinium chelates for MRI, due to their small size and the
fact that they are molecular solutions, have relatively short blood circulation half-lives for data
acquisition and for non-specific biodistribution in tissues®*®. Rapid excretion from the body and
lack of specificity have limited the use of gadolinium chelated MRI contrast agents to make
further advances in detection and therapy management in oncology®.

In vivo reports on gadolinium-based nanocomplexes that have similar matrices to the
nanocomplexes described in this work showed that gadolinium-based nanocomplexes effectively

enhanced MRI of liver tumours, gliosarcoma, and brain metastases in animals or human patients
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with good biocompatibility, which confirmed their potential application for imaging-guided-
therapy and MR-LINAC%7217-222_ The gadolinium oxide nanoparticles with the brand name of
AGuIX® were shown not to accumulate in the liver, spleen, or lungs, and mostly accumulated in
the kidneys and urine, and thus were eliminated from the animal model through a renal
pathway®*. Rod-shaped gadolinium hydroxide nanocomplexes were reported to predominantly
accumulate in the spleen, followed by the liver, of tested animals'®®,

Looking at the broader scope of cancer nanomedicine, the majority of reports on
biocompatibility of nanomedicines have indicated that the nanomedicines were captured by the
liver and spleen after injection, which would be anticipated since the liver and spleen are major
organs to eliminate foreign materials from the blood. Based on 117 published papers, the median
intratumoural accumulation of the reported nanomedicines is only 0.7% of the total injected
dose, independent of whether the nanomedicines were designed for passive or active targeting
strategies®?. It is proposed here that making less complex but more sophisticated nanomedicines
with smart strategies to improve nanomedicine delivery efficiency based on mechanisms that are
applicable to a variety of agents would be an important direction for work in this field.

In this chapter, a human breast cancer xenograft tumor model was established in
immunodeficient rats. The drug accumulation in organs, acute toxicity, maximum tolerated dose
and MRI enhancement effectiveness of the nanocomplexes were studied in the same species of

rat.
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Materials and Methods

Materials

Immunodeficient outbred female RNU rats (Crl:NIH-Foxn1™") were purchased from
Charles River Laboratories. Saline (0.9% NaCl, sterile sodium chloride) injections were
purchased from Baxter. MCF-7 cells, HCI, formaldehyde and Gadavist® were sourced as
described in previous chapters. mPGA NO. 132 was used as the coating material in this chapter

and is referred to as mPGA throughout.

Xenograft Human Breast Cancer Tumour-Bearing Rat Model

Immunodeficient outbred female RNU rats (Crl:NIH-Foxn1™", 4 weeks of age) purchased
from Charles River Laboratories (USA) were used to establish xenograft human breast cancer
tumour models to be used in the studies in this chapter. The in vivo human breast cancer model
described by*** Direcks et al was adapted in this study. Six rats were used. Each rat was injected
in the flank subcutaneously with 107 MCF-7 human breast cancer cells (cultured as described in
Chapter 4). The animals were maintained in a sterile living environment with a standardized
light/dark cycle. Sufficient water and food were supplied at all time (ad libitum). Tumour sizes,
clinical signs, and body weights were monitored 2-3 times a week as the xenografted tumour
growth progressed. The measurements were performed by the same person throughout the study
for consistency. Tumour size calculation followed the formula: Tumour volume = (length *
width * height) /2. This is the equivalent of treating the tumors as spheroids. Subsequent

treatment was carried out once a tumour volume of 750 mm?> was achieved.
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In Vivo Biodistribution Study of mPGA@Gd:Mn-Dox Nanospheres Using mPGA NO. 132
Five female rats (including the rats from the study on developing the xenograft human
breast cancer tumour-bearing rat model above) were dosed with an mPGA@Gd:Mn-Dox
nanosphere dispersion via tail vein (8 mg/kg), and euthanized at 2 hours, 4 hours, 8 hours, 48
hours, or 72 hours post-injection. Major organs (blood, heart, lungs, liver, spleen, kidneys,
tumour and brain) were then harvested and prepared by dissolution in 37% HCI (Fisher
Chemical, in ddH20) for gadolinium content analysis using inductively coupled plasma mass
spectroscopy (ICP-MS, Thermo Scientific ICAP-Q quadrupole ICPMS, in the University of
Alberta Department of Earth and Atmospheric Sciences). Two of the rats from the study on
developing the tumour model were used for a pilot study examining the biodistribution profile of
non-coated Gd:Mn-Dox nanospheres at 2 hours and 8 hours post-injection, following the same

procedure.

In Vivo Toxicity Testing of Gd:Mn, Gd:Mn-Dox and mPGA@Gd:Mn-Dox Nanospheres

The in vivo acute toxicity study?

using the “up-and-down” method was based on the
Organisation for Economic Co-operation and Development (OECD) Guideline (#425, Oct. 2008)
and four other reported works!¢%226-228 Female RNU rats purchased from Charles River
Laboratories were used for this acute toxicity/maximum tolerated dose study. The healthy
experimental animals were maintained in a sterile living environment with a standardized
light/dark cycle. Sufficient water and food were supplied at all time (ad libitum). The animals
were anesthetized using isoflurane (3%) mixed in oxygen and then nanodispersions were

administered intravenously (i.v.) via the tail vein while the experimental animals remained

anesthetized. One rat was used per dose, and each successive animal was dosed at a higher dose
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based on the outcome of the previously treated animal. The first animal was treated with
Gd:Mn-Dox at a starting dose of 24 mg/kg. Then the dose was escalated for each successive
animal once the first or previous treated animal had survived for 24 hours and appeared to be in
normal physical condition: The first rat was dosed at 24 mg/kg, and then the second and third
rats were dosed at 72 mg/kg and 240 mg/kg, respectively. The highest dose used was 240 mg/kg.
The highest dose tested for Gd:Mn-Dox was then used for rats tested with Gd:Mn and
mPGA@Gd:Mn-Dox nanospheres - one rat was used per material, and was tested at the same
weight of gadolinium as that used in the highest dose of the initial testing. Following treatment,
experimental animals were closely monitored for 42 days with the aim of observing any delayed-
onset symptoms of toxicity, as well as of allowing sufficient time for assessment of the severity
of any physical signs of toxicity. Both acute and chronic signs of toxicity were assessed based on
the rats’ physical condition scores and body weight. A gross score exceeding 7, as per the
scoring system (Table 5-1), was considered toxic. After the 42-day monitoring period, the
animals were euthanized using carbon dioxide. Major organs of interest (the lungs, heart, spleen,
liver, and kidneys) were harvested and fixed in 4% neutral buffered formaldehyde. These tissues
were then trimmed, placed into cassettes embedded in paraffin, processed into paraffin blocks,
and stained with hematoxylin and eosin (H&E) following standard methods for histological
preparation. The tissue slides were observed under an optical microscope and a histopathological
examination was performed by a board-certified veterinary pathologist who was blinded as to the

treatment received by each experimental animal.
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Table 5-1. Experimental animal body sign scoring sheet.

Indicators Scoring of Independent Variables

General Health An assessment with a score of 3 in any one category below
will be immediately euthanized.
Eating 0. Drinking and eating well.
1. Change in eating or drinking habits.
2. Inappetence.
3. Not eating/drinking, severely dehydrated,

malocclusion.

Behavior 0. Normal.
1. Minor: Limping.
2. Abnormal: Aggressive or huddled in a corner,
reduced mobility, restlessness.
3. Unsolicited vocalization, severe destress, immobile,

self-trauma.

Tumour Size and Other 0. Normal.
Tumour-Related 1. Palpable (< 750 cm?).
Indications 2. Visible (> 750 to < 2000 cm?).

3. Large (>2000 cm?®), or visible signs of ulceration,

necrosis, or infections of tumours.

Respiration 0. Normal.
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Appearance

Weight Loss Compared to

Initial Body Weight

Other Immediate

Indications for Euthanasia

1. Laboured breathing (clicking noises).
2. Respiratory distress.

3. Severe respiratory distress.

0. Normal.

1. Ruffled fur, evident of lack of grooming.

2. Rough hair coat, animal appears depressed, reluctant
to move, discharge from eyes and nose.

3. Very rough hair coat, animal appears severely

depressed, prolonged abnormal posture.

0. Normal.
1. 5-10%.
2. 15-20%.
3. >20%.

Discoloration/blood in urine or feces; paralysis;
unconsciousness; inability reach food or water for more than
24 hours; inability to urinate or defecate.

The detection limits of cTnl (Cardiac Troponin I) varies
with different companies. Hence, fold increases in ¢Tnl
values compared to the baselines were used for evaluation,
rather than specific concentrations in blood. Rats with a 2-
fold increased cTnl value compared to baseline (Day 0) will

be monitored closely. Rats demonstrating a 4-fold level
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increase of cTnl compared to baseline will be immediately
euthanized.

Total Score”

“For an assessment based on total score:
0 = normal, no action necessary; 1 — 6 = moderate changes; 7 — 12 = significant changes,

monitor closely; > 12 = immediately euthanize.

In Vivo MR Imaging

In vivo T1 & T> weighted MR imaging of experimental animals (described below) was
carried out in a SIEMENS Medical System 3.0 T (Tesla) PET-MR imaging facility. Rats were
anesthetized with 3% isoflurane in oxygen and kept under general anesthesia using isoflurane
(3%) mixed in oxygen during the imaging process. One rat was used for testing each material.
Gd:Mn-Dox and mPGA@Gd:Mn-Dox nanospheres, as well as Gadavist®, were dispersed in
0.9% saline onsite. The injection dose for each rat was 0.1 mmol Gd/kg. Saline and Gadavist®
control groups were injected with saline (1 mL) and Gadavist® (0.1 mmol Gd/kg), respectively.
T1 & T>weighted MRI measurements were made before and up to 0.5 hours after intravenous
injections were made. Saline, Gadavist® and Gd:Mn-Dox nanosphere-treated rats were subject
to 77 enhancement assessment. The mPGA @ Gd:Mn-Dox nanosphere-treated rat was subject to

T2 enhancement assessment.
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Results & Discussion

Xenograft Human Breast Cancer Tumour-Bearing Rat Model
Although initial in vivo studies of anti-cancer nanomedicines have been mostly carried

215216 the selected rat model was chosen in the present study with the aim of

out in mice
enhancing spatial resolution when using an MRI scanner relative to the smaller mouse model. In
the present study, four rats out of the six successfully developed a tumour in the flank. The
tumour engraftment rate was thus determined to be 66%, which was consistent with the 68%
tumour engraftment rate previously determined in the reference®**. In this study, the tumour
doubling time was 6 days (Table 5-2), which was aligned to the 6-day doubling time in the

reference?®*. In order not to waste experimental animals, the six rats were used for the

biodistribution study below.

Table 5-2. The established tumour model growth rate.

Tumour Volume (mm?)

Measurement
#1 #2 #3
I 264 152 81
7 Days Later 896 435 180
14 Days Later 1465 938 296"
Doubling Time (days) 6 5 6

*This measurement was performed 12 days later.
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In Vivo Biodistribution of mPGA@Gd:Mn-Dox Nanospheres

As demonstrated in Figure 5-1, the gadolinium content in the selected organs was
calculated against the organ weight as a percentage of the injected dose per gram. The detected
gadolinium content in the blood was fairly low at all the tested time points, indicating that the
injected nanospheres were cleared from the blood circulation within 2 hours after being
administered through the tail vein. The early high levels of gadolinium in the lungs, liver, and
spleen indicated that the injected nanospheres predominantly accumulated in these organs at the
2-hour timepoint. At 4 hours, a much larger uptake by the liver relative to the rest of the analyzed
organs was observed, which is possibly partially due to the fact that the liver, being the largest
organ and having the largest blood volume inside the organ, might have a resultant higher uptake
of the nanospheres per unit weight. It should also be noted that the lungs, liver, and spleen are
major organs in the reticuloendothelial system, which is related to the clearance of nanoparticles
from the blood by mononuclear phagocytes. The uptake by the lungs slowed down between 2
and 4 hours, while the uptake by the spleen increased between 2 and 4 hours after treatment.
Overall, nanosphere uptake happened mainly in the liver, followed by the spleen and lungs,
whereas the gadolinium content detected in the blood, heart, kidneys, tumour and brain was very
low. Interestingly, as described in Chapter 2, a similar pattern was reported in the in vivo
biodistribution study of gadolinium nanorods, except that the spleen accumulated a much larger
quantity of the test material relative to the other organs that were analyzed®*!%®. The nanospheres
tested in this chapter are mainly different from the reported nanorods in terms of the morphology
and the layer of mPGA coating. It could be deduced that the spherical shape and mPGA coating

resulted in the observed change in the in vivo biodistribution profile of these nanoparticles.
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Figure 5-1. In vivo biodistribution of mPGA@Gd:Mn-Dox nanospheres in major organs of

female rats with xenografted human breast cancer tumours.

The results of the in vivo biodistribution pilot study for the uncoated spherical Gd:Mn-
Dox nanospheres are shown in Figure 5-2. The uncoated nanospheres’ uptake by the spleen
surpassed the uptake in other tested organs, which is more aligned with the in vivo
biodistribution pattern of the nanorods in Chapter 2 than with what was observed in this chapter
when testing the coated nanospheres. This suggests that the mPGA coating altered the in vivo
biodistribution profile of Gd:Mn-Dox nanospheres in the female RNU rats.

The goal of this assay was to assess how the selected mPGA coating helps alter the
biodistribution pattern of Gd:Mn-Dox nanospheres in experimental animals. Since the

mPGA@Gd:Mn-Dox nanospheres were mainly captured by the liver, spleen, and lungs before
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they were gradually excreted out of the body, it is important to use histological examination of
all the organ tissues to determine whether the mPGA@Gd:Mn-Dox nanospheres could cause any
tissue damage, lesions, or inflammation due to toxic exposure, especially in the liver, spleen and

lungs, where the highest accumulation was observed.
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Figure 5-2. In vivo biodistribution of Gd:Mn-Dox nanospheres, 2 and 8 hours after injection, in

major organs of female rats with xenografted human breast cancer tumours.

In Vivo Toxicity Testing of Gd:Mn, Gd:Mn-Dox and mPGA@Gd:Mn-Dox Nanospheres

It was anticipated that if there were any abnormal effects observed at a particular dosage,
the Gd:Mn and the mPGA@Gd:Mn-Dox formulas should be less toxic than the Gd:Mn-Dox
nanospheres, because the Gd:Mn nanoparticles do not contain Dox, and the mPGA coating on
the surface of the mPGA@Gd:Mn-Dox should help prevent premature release of doxorubicin.
Thus the highest dose tested for the Gd:Mn-Dox nanospheres was the only dose used for the

testing of the Gd:Mn and mPGA @Gd:Mn-Dox nanospheres. By eliminating the low dose studies
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using Gd:Mn and mPGA@Gd:Mn-Dox, the number of experimental animals required was
reduced. Throughout the study, no abnormal behaviors or physical signs were observed. No
animals died or appeared moribund at any studied dose level.

In terms of histological study of the tissues, with one exception (as described below), all
tissue samples from the treated rats were found to be microscopically normal. As shown in
Figure 5-3, no differences were observed relative to the healthy (saline) control at all doses
tested. The saline treated control animal had microscopic evidence of mild chronic inflammation
of the bronchi. Given that only the one healthy animal was affected, this inflammation was not
related to the test articles. The mPGA@Gd:Mn-Dox nanospheres-treated group had mild
chronic bronchitis characterized by mild bronchial epithelial hyperplasia and peribronchial
lymphocyte infiltration. It is not possible to say with certainty whether this was test article
related or not. The histological images are more suggestive of exposure to inhaled antigens and
therefore the bronchitis might not be related to the test article. The healthy control rat had
slightly more BALT (bronchus-associated lymphoid tissue) development than is common for
cage-housed laboratory rats, but this was still within the normal range. This was only found in
one airway in the section examined and a recut of the lung tissue within a few microns of the
affected airway revealed completely normal lung. Therefore, this was concluded to be an
incidental finding of no pathologic importance. No degeneration, necrosis, congestion, or
pulmonary fibrosis was found in any of the experimental groups. If there were any side effects
that occurred in the middle of the study without showing any abnormal physical signs, the
histology demonstrates that the rats could recover within the test period. As well, any side
effects that may have been present, but gone undetected, caused no abnormal impacts on

animals’ daily lives. All the results indicated a relatively low toxicity of Gd:Mn, Gd:Mn-Dox and
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mPGA@Gd:Mn-Dox nanospheres in female RNU rats at a post-exposure time of 42 days. These

results suggest that the synthesized gadolinium based nanospheres were tolerated in vivo at a

dosage of up to 240 mg/kg. The MTD (maximum tolerated dose) of all the treatment arms for

female RNU rats was likely no less than 240 mg/kg.
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Figure 5-3. Examples of micrographs used for histological examination of various H&E stained
tissues from female RNU rats treated with saline; Gd:Mn-Dox nanospheres at 24, 72, and 240
mg/kg; Gd:Mn nanospheres at 240 mg/kg; or mPGA@Gd:Mn-Dox nanospheres at 240 mg/kg;

all 42 days after treatment.

In Vivo MR Imaging

Gadolinium has the ability to alter both 77 and 7> relaxation rates in the MRI process.
Both the 77and 7> MRI signal enhancement effects of the gadolinium-based nanospheres were
assessed. The 77and 7> weighted MR images are shown in Figures 5-4 and 5-5, respectively.
This in vivo test was only carried out in healthy rats. This was because the in vivo biodistribution
data did not show preferred accumulation in the established tumour model, and therefore the
tumour would not generate a strong enough signal for analysis at the imaging facility used.
Instead, the MRI enhancing effect was evaluated in the liver, which had demonstrated the highest

uptake of nanospheres relative to the other organs examined. In Figure 5-4, the Gadavist®-
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treated rat (positive control) and saline-treated rat (negative control) showed the highest and the
lowest image contrast of rat body and organs, respectively, whereas the Gd:Mn-Dox nanosphere-
treated group fell in between. Gd:Mn-Dox nanospheres demonstrated a 77 enhancement of the rat
body that was stronger than saline but weaker than Gadavist®. This indicates that the Gadavist®
group had the highest level of effective gadolinium molecules, the Gd:Mn-Dox group had fewer,
and the saline group had none. This is possibly because the gadolinium element in Gadavist® is
in solution and thus every gadolinium molecule had the opportunity to interact with and further
alter the 77 relaxation rate of surrounding water molecules, while a lower quantity of gadolinium
molecules were able to take effect in the Gd:Mn-Dox nanosphere-treated rat. The gadolinium
molecules inside the solid core of the Gd:Mn-Dox nanospheres likely did not have a chance to
interact with water molecules. Figure 5-5 shows the 7> weighted images of the rat before (left)
and after (right) being injected with mPGA@Gd:Mn-Dox nanospheres. The image on the right,
taken after the injection, has stronger image contrast than the one on the left, taken before the
injection was performed, which can be observed by comparing the liver in the two images. Both
the 77 and 7> weighted MRI results indicated that the proposed gadolinium-based nanospheres

exhibited the ability to provide contrast enhancement in MRI processes.
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Figure 5-4. In vivo T1 weighted MR images of saline, Gadavist® and Gd:Mn-Dox nanosphere-

treated rats.
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Figure 5-5. In vivo T> weighted MR images of the rat before (left) and after (right) being injected

with mPGA@Gd:Mn-Dox nanospheres.

Conclusions

This chapter describes the in vivo characterization of the multifunctional properties of
gadolinium-based nanocomplexes developed in Chapter 3. The in vivo biodistribution profile,
acute toxicity, and MRI contrast enhancement effects of the proposed theranostic nanocomplexes
were explored in an immunodeficient rat model. The rats tolerated the injected doses well. The
biodistribution of the injected nanocomplexes was mainly in the liver, lungs, and spleen. This is
different from the biodistribution of the rod shape nanocomplexes described in Chapter 2, where
the spleen accumulated a much larger quantity of the test material relative to the other organs
that were analyzed. Based on the current in vivo results, the nanocomplexes were tolerated in rats

within tested dose range (< 240 mg/kg), with no histological changes observed in tested organs.
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Chapter 6 — Conclusions
Conclusions

In this thesis, firstly, Gd(OH)3 nanorods, Gd(OH)3:Mn nanorods, and Gd(OH)3:Mn-Dox
nanocomplexes were successfully synthesized using a single-step wet chemical method. The
potential to use Gd(OH)3:Mn-Dox nanocomplexes as a multifunctional nanoplatform was
explored. Confocal microscopy was used to confirm the occurrence of, and visualise, the cellular
uptake and payload release of Gd(OH)3:Mn-Dox nanocomplexes in a human breast cancer cell
line. The therapeutic efficacy of Gd(OH)3:Mn-Dox nanocomplexes was assessed by flow
cytometry and using a clonogenic assay in the absence and presence of x-ray irradiation. The
Dox-mediated formation mechanism of Gd(OH)3:Mn-Dox nanocomplexes was examined. The
results of this first set of studies suggested that Gd(OH)3:Mn-Dox nanocomplexes could be an
efficient multipurpose nanoplatform for synergistic therapy delivery, with the added advantage
of ease of fabrication.

Subsequently, amorphous Gd:Mn nanospheres were developed, using a simple
hydrothermal homogeneous precipitation method. TEM analyses demonstrated that near-
spherical shaped monodisperse particles were produced at varying sizes that could be tuned by
changing the quantity of glycerol used in the reaction process. These spherical-shaped particles
may have some distinct advantages over the nanorods developed above in terms of their flow
dynamics and interactions with cells in vivo.

Furthermore, novel doxorubicin-loaded nanospheres (Gd:Mn-Dox nanospheres), as well
as surface coated mPGA@Gd:Mn and mPGA@Gd:Mn-Dox nanocomplexes, were successfully
synthesized, using simple hydrothermal homogeneous coprecipitation methods. The

morphologies and sizes of these novel nanocomplexes were characterized via TEM and SEM.
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Near-spherical shaped monodisperse nanoparticles were produced. The effects of adding
doxorubicin and varying the ratio of glycerol:urea on the final products were explored. The
synthesized nanospheres showed a decreased diameter after doxorubicin was added to the
reaction system, while different ratios of glycerol:urea resulted in different morphologies and
diameters of the final products.

The in vitro characterization of multiple features of the synthesized spherical gadolinium-
based nanocomplexes was performed. Physicochemical features of the synthesized gadolinium-
based nanocomplexes were characterized. This included demonstrating that the gadolinium-
based nanocomplexes did not have a crystalline structure — they were amorphous; that the
gadolinium was evenly dispersed in the nanocomplexes, as determined by elemental analysis;
and that the nanocomplexes had good MRI traceability, as determined using in vitro MRI tests.
Understanding of the synthesis process used to make the Gd:Mn-Dox nanocomplexes was
improved by using UV-Vis spectroscopy to examine the UV-Vis absorbance of various
components of the reaction both individually and mixed, as well as of the final product.

External irradiation-activated disintegration of mPGA candidates NO. 128A and NO. 132
was examined. The external irradiation-activated low-pH-responsive in vitro doxorubicin release
from mPGA-coated Gd:Mn-Dox nanocomplexes was observed in a lysosomal pH environment
(pH 4.5). The doxorubicin encapsulation was determined to be stable, since a significant
doxorubicin release was only observed with clinically relevant doses of irradiation. It is
anticipated that the use of other hydrophobic chemical groups as modifiers of PGA may also be
successful in preventing premature drug release and in responding in an irradiation-sensitive
manner. Based on the above testing, mPGA candidate NO. 132 was selected for subsequent

studies.
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The in vitro cellular uptake of these nanocomplexes by human breast cancer cells was
confirmed by means of TEM, confocal microscopy, and ICP-MS.

MTT assay results showed that the mPGA and non-Dox loaded nanocomplexes were
biocompatible. A synergistic anticancer effect of the gadolinium plus doxorubicin incorporated
in the nanocomplexes was also demonstrated in MTT and clonogenic assays.

The in vitro MRI traceability of doxorubicin-loaded and unloaded nanocomplexes was
confirmed using clinical MRI and PET-MRI. A low-pH-responsive gadolinium release from
Gd:Mn-Dox nanospheres was also confirmed in vitro using this method. Overall, irradiation-
sensitive polymer coatings combined with inorganic multifunctional low-pH-responsive
nanospheres have exciting clinical implications, as they represent a possible approach to
delivering chemotherapeutic agents, imaging contrast agents, and radiosensitizing agents
together in a more controlled manner than what is currently available.

Lastly, in vivo characterization of the multifunctional properties of novel gadolinium-
based nanocomplexes was performed. The in vivo biodistribution profile, acute toxicity, and
MRI contrast enhancement effect of the proposed theranostic nanocomplexes were explored in
an immunodeficient rat model. The rats tolerated the injected doses well, with the
nanocomplexes mainly distributed in the liver, lungs, and spleen. This was different from the
biodistribution of the rod shape nanocomplexes described above, where the spleen accumulated a
much larger quantity of the test material relative to the other organs that were analyzed. Based on
the current in vivo results, the spherical gadolinium-based nanocomplexes were tolerated in rats
within tested dose range (< 240 mg/kg), with no histological changes observed in tested organs.

There are limitations to the work reported here. First, because of the lack of a gadolinium

dielectric constant, the size distributions of final products were only measured through the use of
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electronic microscopes (SEM and TEM). The second limitation concerns the understanding of
the underlying basic reaction mechanisms of the fabrication process. On a related note, the
actual ratio of the components in the final products has not been confirmed yet. Once the
reaction mechanisms are thoroughly explored and well understood, it should be possible to
significantly improve the loading capacity for doxorubicin and other suitable drugs. Lastly, the
mPGA polymer that was selected for the final tests performed did not produce a desirable
biodistribution profile, as most of the injected nanocomplexes ended up in the liver, spleen, and
lungs. Thus, the dynamic relationship between the distribution profile in specific tissues and the
various potential modifications to the PGA should be explored in future studies in order to select
an mPGA that combines the strengths of the current mPGA with an improved biodistribution
profile. To that end, the use of an animal MRI facility with a much higher magnetic field
strength would be a significant asset.

Looking to the future, studies on scale-up of the fabrication process of this gadolinium-
based nanoplatform, optimisation of the reactor design, and developing an understanding of the
underlying basic reaction mechanisms and reaction kinetics of the fabrication process would be
worthwhile. Studies on the basic properties of the gadolinium element, such as its dielectric
constant, could help fill the knowledge gap in that area. Improving the understanding of
gadolinium and doxorubicin release kinetics is also important and it would be worthwhile to
explore the correlation between MRI signal changes as gadolinium dissociates and both
doxorubicin release and topical radiosensitization profiles. To that end, a high magnetic field
MRI facility would be needed for quantification of MRI signal changes.

In this thesis, the rod-like gadolinium-based crystalline nanocomplexes described in

Chapter 2 were upgraded to a new spherical amorphous version with increased doxorubicin
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loading capacity, and a radiation-activable surface coating, while maintaining their MRI-
radiosensitization property. This new nanoplatform can be generated via a very simple and
environmentally-friendly fabrication process. The smart strategy of using a “smart” radiation-
activable nanoplatform for delivering gadolinium and doxorubicin for theranostic MRI-
radiosensitization and doxorubicin chemotherapy was demonstrated. This proposed
nanoplatform represents an increasing trend in cancer nanotheranostics towards the research and
development of novel and much more effective drug delivery platforms which pave the way for
individualised cancer medicine, particularly for cancer patients deemed ineligible for
chemotherapy due to significant medical co-morbidities. Furthermore, successful incorporation
of this proposed platform into current clinical practice can be facilitated by the MR-LINAC and
external radiation departments, with the hope of improving the survival outcomes of those

suffering with cancer.
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