SURFACE MODIFIED SUPERPARAMAGNETIC
NANOPARTICLES FOR FUNCTIONAL BIOMEDICAL
APPLICATIONS

Ansar E B

Ph.D. THESIS
2016

SREE CHITRA TIRUNAL INSTITUTE FOR MEDICAL
SCIENCES AND TECHNOLOGY
THIRUVANANTHAPURAM
INDIA
2016



DECLARATION

I, Ansar E B, hereby certify that | had personalfrried out the work
depicted in the thesis entitletiSurface Modified Superparamagnetic
Nanoparticles for Functional Biomedical Applicatiosi, except where
due acknowledgment has been made in the text. N@pthe thesis has
been submitted for the award of any other degrekpboma prior to this

date.

Ansar E B

Reg.No: PhD/2011/03
Trivandrum

12-08-2016



SREE CHITRA TIRUNAL INSTITUTE FOR MEDICAL

SCIENCES & TECHNOLOGY
Thiruvananthapuram — 695011, INDIA

(An Institute of National Importance under Govt.lodia)
Phone: (91)0471-2520271 Fax: (91)0471-2341814

Email: varma@sctimst.ac.in  Web site — www.sctiatsin

CERTIFICATE

This is to certify that M Ansar E B, in the Bioceramics laboratory of this institute
has fulfilled the requirements prescribed for the B. degree of the Sree Chitra
Tirunal Institute for Medical Sciences and TechggloThiruvananthapuram. The
thesis entitled, “Surface Modified Superparamagnetic Nanoparticles orf
Functional Biomedical Applications”was carried out under my direct supervision.
No part of the thesis was submitted for the awdrdny degree or diploma prior to
this date.

Dr. P.R. Harikrishna Varma

(Research Supervisor)
Trivandrum

12-08-2016



Office Seal

The thesis entitled

Surface Modified Superparamagnetic Nanoparticles foFunctional

Biomedical Applications

Submitted by

Ansar E B

for the degree of
Doctor of Philosophy
Of

SREE CHITRA TIRUNAL INSTITUTE
FOR MEDICAL SCIENCES AND TECHNOLOGY,
THIRUVANANTHAPURAM - 695011

is evaluated and approved by

Dr. P.R. Harikrishna Varma Examiner

(Research Supervisor)



DEDICATED TO

MY FAMILY & TEACHERS



ACKNOWLEDGMENT

| take this opportunity to express immeasurabkgigrde to many people for
their support during the PhD work which made tisdis possible.

First of all, I would like to express my heartfghatitude and respect to my
supervisor Dr. P.R. Harikrishna Varma, scientist-BCL, SCTIMST is beyond
description. Dr. Harikrishna Varma has offered ct@am support, strong
encouragement and motivation throughout the coofsthis study. | thank him for
the systematic guidance, and for lighting the paftiny budding research career via
preparation of this thesis.

The Director, SCTIMST and The Head, BMT Wing isatlyeacknowledged
for the facilities provided throughout the doctoratogramme. | am very much
indebted toThe Dean, The Registrar and The DepagisRar for all the academic
assistance in this venture.

| thank the members of my doctoral advisory conemitDr. K. Sreenivasan,
scientist G, Polymer Analysis Lab, Dr. Mohanan PB. s¢ientist F, Toxicology
division and Dr. R. S. Jayasree, Scientist E, Badphics and Imaging Laboratogr
their timely suggestions, support and critical coemts.

I thank Department of science and technology, G@i#t.India for the
fellowship provided during the doctoral programmenda Department of
biotechnology Govt. of India for funding for theéamational conferences which |
attended in China.

This work was completed only because of the hetp sarpport given by
Dr.Manoj Komath, Mr. Vijayan S, Dr. Sureshbabu &davr. Nishad KV. | also
thank them for the training given in material syagls, analysis by XRD, FTIR, ICP,
SEM etc. during the work. | am grateful to Mr. aeth PJ, Dr. Padmaja P, Dr.
Rajesh P, Ms Nimmy Mohan, Ms. Sandhya, for alstigport during my work.

It is great pleasure for me to thank to Dr. Annahd, Dr. Francis BF, and
all members of TEM for their help and support il celture studies. My sincere
thank to Dr. Jayasree and Dr. Shaiju S Nazeer ot BBb for help, support and
conducting the MRI analysis. | thank Dr. Lissy Kisknan and Mr. Ranjith Katha of
TRU Lab for Hemolysis studies and FACS analysiahk to Dr. Sabareeswaran
and all members of Histopathology Lab and Dr. T\ntauy, Dr. Anil Kumar P. R
and all members of Tissue culture Lab for variogpexts of cell study. | thank to
Dr. C.Radhakumary of Polymer analysis Lab and MrilliWaul of Central
Analytical Facility for help thermal analysis and_B studies.

| am very much indebted to Dr. Anil Sukumaran aigkBaud University,
Prof. Yokogawa of Osaka City University and Dr. filid Wunderlich of Tokai
University for providing various aspects of expemtal study, instrumental
facilities and for fruitful discussions. | gratefulacknowledge the support and help
given by my friends, staff and students of BMT win§CTIMST.

I have no wards to express gratitude to my famiyntmers who provided the
most precious support. | am indebted to my parenife, brothers and sister for
their endless support, encouragement, love andgpsay

Ansar E B

vi



TABLE OF CONTENTS

DECLARATION OF AUTHORSHIP......coiiiiiiieeeeeeee ettt e i
CERTIFICATE BY THE RESEARCH GUIDE.......ccccoiiiiiiiieieetee et iii
APPROVAL OF THESIS.... ettt ettt sttt st s e iv
ACKNOWLEDGMENTS ...ttt ettt st st sttt esbe e saee st e sane e vi
TABLE OF CONTENTS.....ce ettt ettt et sttt sttt esae e saaesane e vii
LIST OF FIGURES ... .ottt st st st bbb xiv
LIST OF TABLES ... .ottt sttt sttt st et st xxi
ABBREVIATION ...ttt sttt ettt bttt sbe e be s XXii
SYNOPSIS. ..ttt et b et sbe et e b sat et e s bt et e nbesbeeaenees Xxiii
L4 T o] (=T R 1
INTRODUGCTION ...ttt ettt ettt s b e sttt e e be e sbeesaeesatesateeane 1

I V= T g T (=T o T (o] (o o YRR 1

2 N TaTo] o F= L 1 [ 1= 2

1.3 Importance of Nanoparticles in the Biomedidald-................ccocovveeveninceeveceenene. 4

1.4 Magnetism and Superparamagnetic Nanoparticles..........ccoccevvvveeveveeceesecvecnene, 6

1.5 Potential Application of Superparamagnetic Nmticles in the Biomedical Field 7

1.5.1 Targeted Cell TRRIARY.....cceci ettt e 7
1.5.2 Diagnostic Tool- Magnetic Resonance ImagMRI) Contrast Agent.............. 8
1.5.3 Therapeutic Agent — Magnetic Hyperthermiacea reatment......................... 9

1.6 Limitation of the Current APProaches..........ccceeviieevireeceseceese e 9

L 1 10 1o ST 12
ODbjectives Of the STUAY.........coeiiiiiee s 12
(O T 0] (=T 7T 14
LITERATURE REVIEW ...ttt 14

2. 1 Superparamagnetism and SuperparamagnetiObinle Nanoparticles [SPION] 14

2.2 Different Method of SPION Synthesis and Impaceof Co-precipitation............. 15
2.3 Versatile Applications of SPION and Importanc®otential Biomedical Field.... 16
2.3.1 Targeted Delivery and Therapy........ccccoovreereneneneseeeseeeeeseeee e 16
2.3.1.1 Three Dimensional Cell Culturing and Magnbticrospheres.................. 18

Vi



2.3.2 MRI CONrast AQENL......cueeciieiieiiereiiit ettt et e seesee e sressteesreessaesssessseeseesseens 20

2.3.2.1 Magnetic Resonance Imaging.........ccccceevveveeveerineeneseeeese e eeeseens 20
2.3.2.2 Magnetic Resonance Imaging- Importanceooft@st Agent.................... 21
2.3.2.3 Spinel Crystal Structure and its Modifioati...........c.ccceoereverenenenienenene 22
2.3.2.4 Synthesis of SpINel Ferrite........ccccoeiiirirereeeee e 23
2.3.3 Hyperthermia Cancer Therapy — Importance agihétic Field......................... 23
2.3.3.1 Temperature Sensitivity of Cancer CellS.......ccccoveveveeceviseececeeeeee, 24
2.3.3.2 Hyperthermia Heating Mechanism of Magnianopatrticles................... 25
2.3.4 Theranostic Application of Magnetic NanOa@s. .............c.cccevevveeerereeeenne. 27
2.4 Problems Associated with Bare SPION Particid8iomedical Applications......... 27
2.4.1 Importance of Surface MOdifiICatION..........cceverererereiieeereeeeeee 29

2.4.2 Inorganic Molecules Used as Surface CoatiggnfA— Hydroxyapatite Crystad®

2.4.3 Surface modification — Trisodium citrate (TMlecules..........cccccevvevvervennenee. 32
CRAPLET 3.ttt b ettt na bt 34
MATERIALS AND METHODS........cooieieieirteresee ettt eeneas 34

3.1 Developemtn of Superparamagnetic Iron Oxide &idbd Hydroxyapatite
N F= TaTo TeTo 1] o L0 1S | =TSRSS 34
G TNt Nt I 1V -1 =4 =YL 34

3.1.2 Synthesis of Nano Iron Oxide Embedded Hydapayite Composites (HAIQB4

3.1.3 Physicochemical Characterizations HAIOs aRMDSI...........cccccvvveievieceennnne. 35
3.1.3.1 High Resolution Ttransmission Electron Msmopy (HRTEM) and Energy
Dispersive X-ray Spectra (EDS)........ccccoeriririririneneceeeneee e 35
3.1.3.2 Environmental Scanning Electron Microsc$EM) and Energy
Dispersive X-ray Spectra (EDS)........ccccoerririnirineneeeeeeeee s 36
3.1.3.3 X-ray Diffraction Analysis (XRD)........ccccevererenereiiineninenereeeeeee 36
3.1.3.4 Dynamic Light Scattering (DLS) and Zetadhtinl Measurements......... 36
3.1.3.5 Fourier Transform Infrared Spectra (FTIR).......ccceeevveeeviveecierreee, 37
3.1.3.6 Vibrating Sample Magnetometry (VSM)......ccccoveveveveeceeneseeiece e, 37

3.1.4 Biological Evaluation of HAIQS..........cccooiiirienecece e 37
3.1.4.1 In vitro Biocompatibility- cell CUltUre...........ccceveveiiiireee 37
3.1.4.2 Cell viability MTT ASSAY.....ccceeoererieriesieeiereeeeee e ee e eee e 38
3.1.4.3 Cell viability Alamar blue ASSAY........ccceceeerirenerieeeeeenenereee e 38
3.1.4.4 In vitro HemocompatiDility..........ccccveeeieeveiieeeeseee e 39



3.1.4.5 Cellular Uptake: Prussian blue Staining lesv Cytometry Evaluations40
3.2 HAIO50 Assisted Cell Separation, Manipulatiowl &ulturing using External

Magnetic field for Introducing Targeted Cell Deliyeand Therapy........ccccceecevvevennne. 40
3.2.1 Cell SEPAIALiON......ccvieeeeie ettt ettt ettt st et e e sa e resraeneenrs 40
3.2.2 Morphological Study: Cell Separation............ccceeereeveverceeneseeese e 41
3.2.2 Cell Culture of Magnetically Separated Cells..........ocooevieeerenceecereneee, 41
3.2.2.1 Cytoskeleton, Morphology Evaluations by focal Laser Scanning
Yo g0 oTo] o) VK (o] IS 1Y TR 41
3.2.3 HAIO50 Aided Three Dimensional Cell Culture...........cccoovverevenencnceenene. 42
3.2.3.1 Morphological Evaluation-ESEM Technique..........ccccceevevereneneieennene. 42
3.2.3.2 DAPI Nuclear Staining and Phase ContraggIng...........c.ccocevevveveuenene 43
3.2.4 Magnetic Microsphere SYNthesiS........ccccvveveveeeve e 43
3.2.5 Physicochemical Characterizations............cccevveeerereecieneceereseeeese e 44
3.2.5.1 ESEM and EDS ANAIYSIS......cccoiieieiirieere et 44
3.2.5.2 XRD and FTIR ANAIYSIS.......ccceeirieieieiinieeneesteneiee et 44
3.2.6 Biological CharacCterizations...........ccceceririerereeere e 44
3.2.6.1Cell CURUIE. ... 44
3.2.6.2 Cytotoxicity - Alamar Blue Assay and LigWiicroscopic Technique....... 44
3.2.6.3 Hemolysis and RBC Morphology Analysis.........cccccvveeveveneecieneeeennn, 45
3.2.7 Three Dimensional Cell Culture using Magnifticrosphere..........cccccoevenn..e. 46
3.2.7. 1 ESEM ANAIYSIS ... .ooiiiieieieseesee ettt st s 46
3.2.7.2 Live- Dead Staining and DAPI Nuclear Stagnitvaluation....................... 46
3.3 Theranostic Efficiency Evaluation of HAIO50 (pbrthermia Therapy and MRI
(0] a1 (7= 1S3 AV =7 o1 ) RS TRRRRR 47
3.3.1 Magnetic Hyperthermia Evaluation of HAIOS5@I&BLP Calculation............... 47
3.3.2 HAIO50in vitro Hyperthermia Evaluation.............cccceceeveriineeneneeceneeeeeee 48
3.3.2.1 Quantitative Estimation of Dead Cell Popiata— FACS Analysis........... 48
3.3.2.2 Quantitative Estimation of Cell Death Matken - FACS Analysis......... 49

3.3.2.3 Hyperthermia Treated Cells Morphology Eatibn — ESEM Technique 49
3.3.3 Magnetic Resonance Imaging Contrast EffigigfdHAIOS0............cccccveuvnenee. 49
3.3.3.1 In Vitro MRIANAIYSIS......ooiriiiiieeeee e 50

3.4 Improve the Theranostic Efficiency of Superpagnmetic Nanoparticles Through
Crystal MOAIfICAtION. ......cc.eeeeeeee et e e e 51



3.4.1 Development of Manganese Substituted SPION@YINanocrystalia an

AQUEOUS CO-PreCiPItALION. .......cceveriereeeeeiese ettt e e saeseeeneenee s 51
B4 L IMAIEIIAIS: ...ttt 51
3.4.1.2 Synthesis of MNIQL.........c.coiiieieeee e 51
3.4.1.3 Development of Various Concentration ofVBubstituted SPION......... 52
3.4.1.4 Physicochemical Characterizations of MNIOS..........ccccocvvinivencnicnnnene. 52

3.4.1.4.1 TEM and HRTEM analySiS........cccccccaaaeeeriiiiiieeniiiiiiinniiieninnnnnnnns 52
3.4.1.4.2 Powder X-ray DiffraCtion ..........ccccccviimimimmiiiiiiisces e 53
3.4.1.4.3 Fourier Transform Infrared Spectra (FTIR).........cccoeeiiiiiiiiiiiiinnneen. 53
3.4.1.4.4 Thermogravimetric ANAlySiS......cccoeveeiieeiiiiiiieeieee e, 53
3.4.1.4.4 Inductively Coupled plasma-Optical Enaasbpectroscopy ................ 53
3.4.1.4.5 ESEM and EDS SPECIIUM ...........mmmmmmreeeeesaaniiinnneeeeaeeeaesenineeeeens 54
3.4.1.4.5 Magnetic Property Measurement of MNIOS..............ccvvvivivivvninnnn. 54
3.4.1.4 Biological Evaluations of MNIOS...........cccoceviiineneiiinnereeeeeee 54
3.4.1.4.1 Cell CUIUIE .....oeiiiiiiiie e et 54
3.4.1.4.2 Cytotoxicity - Alamar Blue Assay and Ltighicroscopy..........cccuvvvnne. 54
3.4.1. 4.3 HEMOIYSIS ASSAY ....cciieeiieeeees o et eeee s 55
3.4.1.4.4 CIOttING TIME c.ceiveeiiieeiieeeiiteree e e e e e e e e e e e e e e e e e e e e aeaaaea s 55
3.4.1.4.5 RBC AQQregation ... ..o a e e e aaaaeens 56
3.4.1.4.6 WBC AQQregation..........cuuuuiiiiiceceeeeeeeeaeeeeeeeeeaeieaeeeeeeieaeeeaaeeeaaeaaes 56
3.4.1.4.7 Platelet Aggregation..........ooo oo 56
N N N R = | I U o] = | 57
3.4.1.5 MnlOs Contrast Effect in Magnetic Resondn@&ging...........ccccceeveeeeneee. 57

3.4.2 Development of Surface Modified Manganesesfuibed SPION.................... 58
3.4.2.1 MALEIIAIS......couieeieeeeee e 58
3.4.2.2 Synthesis of Surface Modified MnlO Nanoigéas (MnIOTCs)................ 58
3.4.2.3 Physicochemical CharacterizatiQns...........ccccceveveeveveeceereseeiese e 59

3.4.2.3.1 Dynamic Light Scattering ..........ccccceviiviiiiiiiiiieeesee e 59
3.4.2.3.2 X-ray Diffraction TeChNIQUE........cccceeiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee 59
3.4.2.3.3 Thermogravimetric ANalySiS.......cccoeeeeieiiiiiiiiiei, h9
3.4.2.3.4 Transmission Electron Microscopic ANEYSI..........ccvvvevieeeeerniiinnnne. 59
3.4.2.3.5 Fourier Transform Infrared Spectra.................cccccccvviiiiiiienieenn, a0
3.4.2.3.6 Vibrating Sample Magnetometry analysiS..............ccccvvviieeeeennnnnnns 60



3.4.2.4 Biological EValuations..........c.cccevieieriiieeiese et 60

4.4.1.1 Hyperthermia Therapeutic Evaluation of HB0Qunder In vitro Conditio94
4.4.2 MRI Contrast Efficiency Evaluation of HAIOBTrtICleS..........cccceveevevieeeeennee. 97

4.5 Improve the Theranostic Efficiency of Superpagmetic Nanoparticles Through
Crystal MOAIfICAtION. .......ceeii ettt st ee e 100

Xi

3.4.2.4.1 Cell CUIUIE .....oeiiiiiiiii ettt 60
3.4.2.4.2 Cytoskeleton Evaluation ......... oo 60
3.4.2.4.3 Cytotoxicity- Alamar blue Assay and Liglicroscopic Technique..... 61
I N N = | I U o] = | 61
3.4.2.4.5 Blood Compatibility StUdI€S.......cmeeieeeiiiiiiiiiiiiiieiieiieeeeeeeeeeeee, 61
3.4.2.5 Contrast Efficiency in MRL.......cccooioiiiieee e 62
3.4.2.6 Hyperthermia StUAIES.........ccoevereieiieeeeeeee e 62
3.4.2.7 Hyperthermia — Cell Death Evaluatian.............cccceeevereennnceneneeeeene, 62
3.4.2.7.1 Hyperthermia Cell Death — FACS AnalySiS.........ccccceevveeiiiiiieiieenn, 63
3.4.2.7.2 Hyperthermia Cell Death — ESEM ANalySiS.........ccccooviiiiiiiiinnnneenn. 63
(O g F=T 0] =] TS RRTRURRR 64
RESULTS ...ttt sttt bt et b e s bt et s bt et e st e eat et e sbe et e nbeebeenteae 64
4.1 Development of SPION Embedded HA Nanocompo@H@dO) ............ccecvevenenee. 64
4.1.1 Synthesis of HAIO and Physicochemical Charaations.............c.ccccceveueeene. 64
4.1.2 Biological Evaluation of HAIQS..........ccccoiirieririeeeee e 72
4.2 HAIO50 Assisted Cell Separation, Manipulatiow &ulturing Using External
Magnetic Field for Introducing Targeted Cell Deliye...........ccocoovvieeerieeeieneeeeee 78
4.2.1 HAIO50 Aided Cell Separation EXperiment.........ccccoeeeeereeeeennseeseneseeeenn 78
4.2.2 Structure and Morphology Evaluation of Magradly Separated Cells........... 81
4.2.3 Magnetically Separated Cells were Culturedkum vitro Condition................ 83
4.3 HAIO50 Conjugated HelLa Cells were Magneticaltyitated and used for Three
Dimensional [3D] CURUIING.......coeeiriireeeeeee e 84
4.3.1 Synthesis of HAIO Embedded Polycaprolactorghétic Microspheres [HAIO
PCL] and Physicochemical Characterization.............ccoccoevvveeninieieneneese e 86
4.3.1.1 Biological Evaluation and 3D culture of HAPCL...........cccccoevveivveeiennene 89
4.4 Theranostic Efficiency Evaluation of HAIO50 (pbrthermia Therapy and MRI
(@70 a1 7= 1S3 AV =7 o1 ) SRR 92
4.4.1 Hyperthermia Therapeutic Evaluation of HAIQ50...........ccccocevininenciieennene. 92



4.5.1 Development of Manganese Substituted SPION@YINanocrystatia an

AQUEOUS CO-PreCiPItatiOn..........cccververeeieiireeie sttt 100
4.5.1.1 Physicochemical Characterization of MnlOSs.........ccccccevvvveveveeeenenne. 101
4.5.1.2 Biological Evaluations of MNIOS..........cccccveevevirieveniceeeceeeseeeeee e 109
4.5.1.3 Magnetic measurement and relaxivity catmneof MnlOs...................... 114

4.5.2 Surface Modified Manganese Ferrite (MnlIOTIBahoparticle for MRI Contrast

Efficiency and Hyperthermia Theranostic EVOIULIONS..........ccccceecveviieccieneceenene, 115
4.5.2.1 Physicochemical Characterizations of MNIGT.C..........ccccceevevvrvennne. 116
4.5.2.2 Biological Ealuations of MNIOTCS.......cccoeverenieieeeeneereeeeeeeee 120
4.5.2.3 Theranostic Evaluation of MNIOT.CS.........ccoceveieiiinineeeeeee 123

CAPLET St 130
DISCUSSION.....cuiuitieiieieieieieitee ettt ettt ettt ettt s enenens 130
5.1. Development of Stable Superparamgnetic Nanposite (HAIO) Particlesia an

Aqueous Co-precipitation Methad...........cccooieiiiieiee e 131
5.1.1 Physicochemical Characterizations of DeveldpalOs.............ccccoeevverienenene 132
5.1.2 Biocompatibility Evaluations of HAIOS..........ccceeeiireevireceeeee e 134

5.2 HAIO50 Assisted Cell Separation, Manipulatiowl &ulturing using External
Magnetic Field for Introducing Targeted Cell Deliye...........ccoccoevvievininieneneeee. 135

5.2.1 HAIO50 Nanocomposites Cells Separation uBixtgrnal Magnetic Field and
CharacteriZationsS...........coevieieieieie ettt 136

5.2.2 Magnetically Separated Cells MorphologicabKmis andn vitro Culturing.. 137

5.2.3 Three Dimensional Cell Culture using Magnkggitation Technique.......... 138
5.2.4 Magnetic Microsphere Development and 3D Calturing...........cccccceveeeenne. 139
5.3 Assessment of Contrast Enhancement in MR ingaayal Hyperthermia Therapeutic
Efficiency of HAIO50 Particles in alm vitro Condition.............cccocvvveevenieveneceenene, 140
5.3.1Hyperthermia Therapeutic EffiCIENCY........cccoovvvieviiieeeeeee e 140
5.3.2 Contrast Enhancement in Magnetic Resonanagifi...............cccceevveevennene 144

5.4 Development of Manganese ion Substituted MagRebperty Modified
Superparamagnetic Nanocrystal (MnMg an Aqueous Co-precipitation Methad.. 146

5.4.1 Synthesis and Characterization of MnlO..........ccccovvvveevirieceicee e, 146
5.4.2 Evaluation of Contrast Efficiency in Magnd@esonance Imaging............... 151

5.5 Evaluation of Contrast Enhancement in MRI imggand Hyperthermia Therapeutic
Efficacy [theranostic] of MnlO Particles in @&mvitro Condition............cccceeevvvevennnnee. 155

5.5.1 Synthesis of Stable MnIOs using Trisodiuma@# Surface Modificatian..... 155

xii



5.5.2 Theranostic Evaluation of MNIOT75T.C......cvvviiieieieeeeee ettt 158

(O T T 0] =1 g < RSP 162
SUMMARY .ttt et st st e bttt s be e be e s bt e sheesateeabeebeenbeenbeens 162
CONCIUSION. ...ttt b et se e b s e e e eneeaeas 168
FULUIE DIFECHIONS... ettt sttt et b st ne s e eae e 170
REFERENCES.......co ettt sttt et s b e st sb et be st et s e e nees 171
LiSt Of PUBIICALIONS........c.eoiiiiiiiciccc e 196
Selected Conference Presentations...........cccocceveireninenineneineeceeeeeeee e 1977
CUITICUIUM VITBIE....eiieetee ettt s 199

xiii



LIST OF FIGURES

Figure 1A: X-ray diffraction (XRD) pattern of (a) HA, (b) SBN and (c) HAIO;
[-HA PDF = 00-009-0432, - SPION PDF = 01-071-6336]........ccuuvtrrieieiiiiiiaanannn 65

Figure 1B: XRD pattern of a) HAIO10 b) HAIO30 c) HAIO70 djJAIO90;
[- HA PDF= 00-009- 0432, - SPION PDF= 01-071-6336].......c.ccccveeeiiiiiiiieenennne 65

Figure 2. Transmission Electron Micrographs of various weiglkercentage of
SPION embedded HA samples (a) HAIO10, (b) HAIO2(),HAIO30, (d) HAIO40,
(e) HAIO50 and (f) Higher magnification of HAIOS50...........cccoovviiiiiiiiiiiiiiiiiiiiiies 66

Figure 3: Scanning Electron Micrographs of HAIOs a) HAIO1D BAIO20 c)
HAIO30 d) HAIO40 and €) HAIOS50.......ccoiii ittt 67

Figure 4: Energy Dispersive Spectra (EDS) of (a) HAIO10, @AIO20, (c)
HAIO30 (d) HAIO40 and (e) HAIOS50 from TEM grid............ccoooiiiiiiiiiiiiiicieeenn. 68

Figure 5: Energy Dispersive Spectra (EDS) of a) HAIO10 B#I®G20 c) HAIO30
d) HAIO40 and e) HAIOS50 from SEM StUD........cecceiiieeiieieeieeeeceeeeee e 68

Figure 6A: Fourier Transform Infra refipectraof a) SPION b) HA & ¢) HAIO50.69

Figure 6B: Fourier Transform Infra red Spectra (FTIR) of igas weight
percentages of HAIOs a) HAIO10 b) HAIO30 c¢) HAIO&ad d) HAIO90............. 70

Figure 7: Field-dependent magnetization curves (M-H) at 30K magnetic
composite with compositions of a)HAIO10 b)HAIO38) HAIO50 d)HAIO70
€)HAIO90 )SPION and g) HA ... 71

Figure 8: (a) hydrodynamic size and (b) zeta potential valudAlO50 particles..72

Figure 9: MTT test of HeLa cells treated with 0.75mg/ml &ihg/ml of SPION and

Xiv



Figure 10: Cell Activity at 24hrs contact with HAIO50 variousoncentration
evaluation via Alamar BlUE ASSAY............cuwesrrnniareaeeeeeaeaeeeeeeeeiinennnnnnnnaanee 73

Figure 11: Phase contrast light micrographs of HelLa cellsiliated with 120g of
HAIO50 - a) Control and b) stained with PrussianeBl..............ccccooeeiiiiieeiiiiiiinnnnn, 74

Figure 12A: FSC vs SSC plots of Flow Cytometric measuremengrahularity
change in HeLa cells; A, B & C are representsut2@40ug & 480ug of HAIO50
in contact with 10 cells and (i), (i), (iii) & (iv) indicated analys at time points -

Figure 12B: FSC vs SSC plots of Flow Cytometric measuremengrahularity
change in HelLa cells; A control, B & C are reprease8Qug & 60ug of HAIOS50 in
contact with 18 cells and (i), (ii), (iii) & (iv) indicated analys at time points - 0,5,

Orange (AO) stained Hela cells incubated with HAOCHBr 15min and separated
with an external magnet (MT) placed in the vicirtigtween % and %' tubes [0.3T]:

Figure 14: The Acridine Orange (AO) pre-stained HelLa cellsevmcubated with
various concentrations of HAIO50 for 15min and netgrally separated.

Supernatant collected and the corresponding pelleiee re-dispersed in PBS

Figure 15: Giemsa Stained Hela cells: (a) cells alone inditéty clear blue spheres
(b) Magnetically separated HAIO50 pellet containoells identical to (a); and (c)
[ VN (O 11O =1 (o] o 1= ORI 82

Figure 16: Scanning Electron Micrographs: (a) Cells alone #émdMagnetically
Separated HAIO50 Cell pellet. The correspondinggnelispersive spectra are in

Figure 17: Confocal Laser Scanning Micrographs of magneticakparated
HAIO50 Cell pellet in culture for 24 hrs (i) in DI@ode (i) DAPI (nuclei) stained

XV



cells (iii) Rhodamine Phalloidin stained Actin dafiv) merged image of (i) &

Figure 18: (a) Low and [(b), (c)] high magnification of ESEMhages of three

dimensionally cultured HelLa cells sheet on 72h.........ccccooooiieiiiiiiiiiiiiiiiiiinns 85.

Figure 19: Cell sheet construct ruction after 72h 3D cultgrif@@) DAPI nuclear

staining (b) phases contrast light miCroscopic inag...........ccoevvvvvvvvieieniinnnnnn 36..

Figure 20: SEM images of polycaprolactone microsphere (a) BClb) PCL 7.5 (c)

Figure 21: (a) & (b) are Low and high magnification SEM ineagof HAIO PCL
MAgNELIC MICTOSPNEIE.....cciiiiiiiiiiiiii e e e e e e e e ee e e e e eees 87

Figure 22: XRD measurement of magnetic microspheres (a) RGIHAPCL (c)
1A [ = PR 88

Figure 23: FTIR measurement of magnetic microspheres (a) @3HAIOPCL ...88

Figure 24: Cell Activity at 24hrs contact with HAIO PCL vatie size range having
2mg/ml concentration evaluation via Alamar Blueagss.............cccevvvviiiiiicinnnnn. 89

Figure 25: Scanning Electron Micrographs: (a) RBC cells aland (b) 1mg/ml of
250- 350um size HAIO PCL exposed RBC Cells............commmmeeniiiniineeeeeiieieeciiiins 90

Figure 26: Scanning Electron Micrographs: (a) HAIO PCL microspe (b) HelLa
cell seeded over HAIO PCL microsphere and cultunender 3D model

(o70] 810 [1 110 ] o FTUEE TR 91

Figure 27: Fluorescence microscopic images of cells over osjuheres (a) Live-

dead analysis using Acridine orange ethidium brengi) DAPI nuclear staining...91

Figure 28: Heat profile of 5mg of samples (a) HAIO50 and 8)ION for different
(o1 [T 0] £ PP UP PP TUPPTI 92

XVi



Figure 29: Time versus temperature graphs for various suspenfaving different
concentrations of samples (a) 5mg/ml, (b) 10mg/ihtHAalO50 and (c) 5mg/ml, (d)
10MQ/MI Of SPIONS.....cciieieeiitiiiie e s et e s s e e e e e e e e e e aeeeeeessssnnnnneesennnes 93

Figure 30: Normal dot-plots obtained from FACS data showingLhl cells
distribution (Propidium iodide staining) after hygieermia analysis. (A) Control
sample [Hela cell + HAIO particles without AMF apaltion] (B) test sample [Hela
Cells + HAIO PArtiCIE.......ovui i e e e e 95

Figure 31: Typical dot plot obtained from FACS data showingldd cells
distribution Annexin V/ Propedium lodide (PI) stamig (A) HAIO+ Hela cells
without exposure to AMF as a control and (B) 30exposure to MnlO75TC+ Hela

Figure 32: ESEM images of Hela cells loaded with HAIO (A) tvef and (B) after
the application of the alternating magnetic fiekdMF]. The corresponding images
higher magnification represents in the right siest of the cell membrane structure

(00| F= T 1S - U PPPR 97

Figure 33: (A) T2 weighted MR images of (A) HAIO50 with vang the
concentration at 1.5 T clinical MRI system (B) ReNaty rate graphs of 1/T2 against
the Fe concentration of the HAIOS50 .........ccommmmiiiiiiiiiie e 98

Figure 34: (A) T2 weighted MR images of different concenwas of HAIO50
incubated with HelLa cells during 24h (B) corresgagdpixel intensity variation
plotted againSt TE VAIUES............uuuueut ettt e e e e e e e e e e e eeeeeeseeeeeneeeeeeeee 99

Figure 35: A schematic representation of Mn2+ substitutedCBPlcrystals. (a)
SPION (b) MnlO25 (c) MnIO50 and (d) MNIO75.......cccvuviieiiiiieeeeeeeeeeeeee e, 100

Figure 36: HRTEM images of various molar concentrations of Mrglbstituted
iron oxide crystals. (a) SPION, (b) MnlO25, (c¢) MEO0 and (d)
Y 1] @ 4 TP SRRSO 101

Figure 37: TEM images and their corresponding size distrdyutturve shown in the
inset for (a) SPION, (b) MnIO25, (c) MnlO50 and dnIO75.............cooeviiiinnnnes 102

XVii



Figure 38: X-ray diffraction pattern of a) SPION b) MnlO25§ MnlO50 d)
MnIO75 nanoparticle assemblies..............oveiiiiiiii 103

Figure 39: XRD patterns for the samples recorded with @ Kadiation. a) SPION
BYMNIOBO C)MNIO0......cciiiiiieiiiie ettt e 104

Figure 40: FTIR spectra of (a) SPION, (b) MnlO25, (c) MnlO&Ad (d) MnlO75
nanoparticles in the 1900—400 CM-1 range....ccccccceeeeeeeeeeeeeeeeeeeiiee e 105

Figure 41: FTIR spectra of the freeze dried powder sampleg &PION b) MnlO25
C) MNIO50 d) MNIOTS5 €) TC.uuuiiiieiiiiiiiiiiieee e 106

Figure 42: TGA and DTA for (a) MnlO25, (b) MnIO50 and (c) MDY5 under an
N DA 11 g 10 1T o] 0= U 107

Figure 43: Surface composition of the Fe/Mn ratio of nanapbrtcalculated via
energy diSPersivVe SPECIIOSCOPY. .. ... .uuu: s s aasssseseeeeaeeaseeeeeesssnnnnnnnnnnnns 108

Figure 44: Phase contrast microscopic view 400X (Scale banbpof erythrocytes
after incubation with a) Negative control (Normadlise) b) positive control
(polyethylenimine) ¢) MnlO25 d) MnlO50 e) MnIO7HSPION...........ccccceeennnn. 110

Figure 45: Phase contrast micrographs of leukocytes aftertation with MnlOs a)
Negative control normal saline b) positive confmblyethylenimine) ¢) MnlO25 d)
MnIO50 e) MnlO75 f) SPION. Scale bariBf.............ccoooviiiiiiiiiiiici e 110

Figure 46: Phase contrast micrographs of platelets afterbaton with MnlOs a)
Negative control (normal saline) b) positive cohfjmolyethylenimine) c¢) MnlO25
d)MnIO50 e) MnlO75 f)SPION. Scale ban®f ...........ccoooviiiiiiiiiiiiiieeeeeeee 11

Figure 47: Cell Activity at 24hrs contact with SPION and Mrd@valuation via

AlAMAr BIUE @SSAY......ccvvuuiuiiiiiiiii e e e e cereseeieiis s s e e e e e e e e e e e e e e e eennnes e e eas 112

Figure 48: Phase Contrast Micrographs of HelLa cells after RBlubation with
nanopatrticles. (A) Control, (B) SPION, (C) MnlOZB) MnlIO50, (E) MnlO75 and
(), (i), (iii), (iv) are 0.5mg/mL, 1mg/mL, 2mg/mL3mg/mL concentrations of
corresponding MALEIIAL..........coiiiiiiiiiiiiieeeme e e e e e e 112



Figure 49: Hela cells incubated for 24 h with SPION and Mni@soparticles and
stained with Prussian Blue. Blue indicates ironeldasanoparticle uptake. Samples
are (a) Control (b) SPION (c) MnlO25 (d) MnIO50 {@hlO75 respectively. Uptake
OF the SPIONS ..o e e e e e e eeeas 113

Figure 50: Measurement of the magnetic properties of MnlOgiglas at room
temperature (a) SPION, (b) MnlO25, (c) MnlO50 amj MnlO75 with their
corresponding remanence and COEICIVILY.....couuuuumnsieeeeeeeeeiiiiieeiiiiiiiinias 113

Figure 51: (I) T2 weighted MR images of A) MnlO75 B) MnlO50C) MnlO25
varying concentrations at 1.5T MRI system (ll) Reldy rate Graphs of 1/T2

against the Fe+Mn concentrations of MNIOS.............coovvvvvviiiiiiiiiiiie e, 511

Figure 52: (I) The wide angle XRD patterns of the (a)lOTC MipJO25TC
(c)MnIO50TC and (d)MnIlO75TC (ll) Corresponding pelgs crystallite size
calculation via scherrer equation.[ IO PDF= 01-BBB6] ..........cccceevvvvvvvvnnninannnn. 116

Figure 53: FT-IR spectra of trisodium citrate modified mangse ferrite
nanopatrticles (a) Trisodium citrate (b) IOTC (c) KE5TC (d) MnIO50TC and (e)
AV 101 (© 274 PP TPPPPP 118

Figure 54: Thermogravimetric analysis of MnlIOTCs (a) chareste weight loss

pattern and (b) the percentage amount of weightamesd in temperature

Figure 55: TEM micrographs and corresponding particles distions in the insets
(@)IOTC (b)MnIO25TC (c)MnIO50TC and (d)MNIO75T Coevvveeeeeveiee e, 119

Figure 56: Field dependent magnetization curves of MnlOTCs3@0K and

corresponding coercivity and remanence shown at.ins...............c.cooevviiiieeeennnn, 120

Figure 57: Cytotoxicity effect of MnlIOTCs on Hela cells tredt with various
concentrations of nanopatrticles during 24 h incobatnd analyzed via Alamar blue

o TS 1Y/ (| S 121

XiX



Figure 58: Confocal microscopic images of Hela cells incubateith ferrite
nanoparticles concentration 2mg/mL during 24h antthomt particle as control. In
the images, cell nucleus stained with DAPI (bluegctin filament detected using
QLI I O oo ][ U T =[] o T 121

Figure 59: Prussian blue staining of HelLa cells after 24hulbation of 5Qgs of
MnIOTCs and counter stained with nuclear fast &yl Control (Hela cell alone)
(b)IOTC (c)MnIO25TC (d)MnIO50TC (e)MnlO75TC, scddar 50um................ 122

Figure 60: (A) T2 weighted MRI images of various concentratioof MnlOTCs
dispersed in water and (B) corresponding relaxatate graph plotted 1/T2 against

FEHMN CONCENITALIONS. .. ee et e e e 24

Figure 61: (A) T2 weighted MR images of different concentragoof MnlO75TC
incubated with HelLa cells during 24h (B) Corresgagdpixel intensity variation

plotted againSt TE VAIUES............uuuuent ettt s e e e e e e e e e e e e eeeeeeeeebbennnneeneeees 124

Figure 62: Time-temperature graphs of MnlIO75TC concentrati@js5mg/ml and
(B) 10mg/ml on exposure of 200A to 450A alternaticgrrent at 275kHz
L1C=T0 18 = o Y2 125

Figure 63: Typical dot plot obtained from FACS data showingeldd cells
distribution Annexin V/ Propedium lodide (PI) stamig (A) MnlO75TC+ Hela cells
without exposure to AMF as a control and (B) 30exposure to MnlO75TC+ Hela

Figure 64: Representative images of Annexin V and PI fluozesstaining showed
Hela cells apoptosis after 30 min MnlIO75TC hypertiia treatment. In the images
Annexin V visualized by a green signal, Differehtiaterference contrast mode

VR U 1[4 1101 o PR 128

Figure 65: ESEM images of Hela cells loaded with MnIO75TC @fore and (B)
after the application of the alternating magneteidf [AMF]. The corresponding
images higher magnification represents in the rgiti¢. Most of the cell membrane
STTUCTUI® .ottt et e et e e et e e e e e e e e e s e e e e mma s e e ean e e e ennnas 129

XX



LIST OF TABLES

Table No.

Title

Page No.

Table 1

Hemolysis analysis of HAIO50 nanocomposites various

CONCENTTALIONS. ...t

74

Table 2

Percentage Gated Population of P1 & P2: time & dased
variance clearly expressed. P1= cells gated as r@a
indicated by no change in values, P2= Cells inrauion
with HAIO50 indicated by linearly correlated intéysof
SSC channel............ccciiiiiiii e

nt

76

Table 3

Percentage Gated Population of P1 & P2: time & dased
variance clearly expressed. P1l= cells gated as rélg
indicated by no change in values, P2= Cells inrauion
with HAIO50 indicated by linearly correlated intétysof
SSC ChanNel............ooiiiiii e

nt

77

Table 4

The coulter counter cell count of supernatant ftaAIO50
magnetically separated cells done at room temper

suspension linearly decreased with concentrationaiérial.

atu
(25°C) and low temperature 18). Cells separated from

79

Table 5

Hemolysis analysis of HAIO PCL microspheres vari
SIZes oNn Img/Ml......cooiiiiii s

DUS

89

Table 6

Representation of hyperthermia studies based oapgpked
alternating  current, magnetic field
corresponding specific loss power of HAIO50 and Ca/¥d
calculated from time-temperature graphs.....ccceeeeen.......

strength and

94

Table 7

Partial weight loss determined by TGA analysis..............

107

Table 8

The initial Fe/ Mn metal composition ratio companedh

ratios as determined by ICP-OES analysis..................| :

108

Table 9

Percentage hemolysis values of blood cells afters
incubation with MnlOs at 3T and clotting timg

2h

measurement assessing the MnlOs contacted blogaessm 109

Table 10

Measurement of magnetic saturation and relaxivatiyes of

MnlIOs nanoparticles compared with SPION particles.... .

114

Table 11

Zeta potential and hydrodynalic measurement of (zere
trisodium citrate surface modified manganese
PANTICIES. ... e e e e e e e e e e e e aaes

rit
117

Table 12

Percentage hemolysis values of blood cells afters
incubation with MnlOTCs at 3C and clotting time
measurement assessing the MnIOTCs contacted |
SAMPIES... i

2h

nlood
123

Table 13

Representation of hyperthermia studies based oapgpked
alternating current, magnetic field strength &
corresponding specific loss power of MnlIO75TC chitad

and

from time-temperature graphs........................cooe .

126

XXi




MRI
SPION
HSPs
vdw
HA
HAIO
HRTEM
EDS
ESEM
XRD
DLS
FTIR
VSM
FBS
AB
PBS
FACS
cLSM
DAPI
PCL
SLP
AMF
MnlO

MnIOTC

ABBREVIATION

Magnetic resonance imaging
Superparamagnetic iron oxide nanoparticles
Heat shock proteins

van der Waals force

Hydroxyapatite

Iron Oxide embedded Hydroxyapatite Compessit
High resolution transmission electron mgoopy
Energy dispersive X-ray spectra
Environmental scanning electron microscopy

X-ray diffraction
Dynamic light scattering
Fourier transform infrared spectra

Vibrating sample magnetometry
Fetal bovine serum

Alamar blue
Phosphate buffered saline
Fluorescence-activated cell sorting

Confocal laser scanning microscopy

4’ 6- diamidino-2-phenylindole
Polycprolactone
Specific loss power

Alternating magnetic field

Manganese substituted SPION

Trisodium citrate modified MnlO

XXii



SYNOPSIS

In general nanotechnology deals with the engingeoinmanipulation of materials
with structural features in between those of at@nd bulk materials, which has
applications in the real world. The term “nano”ateks to the scale of size in
nanometers [Inm = 1®n] of small particles which serve as the fundamienta

building blocks for intended application.

Nanoparticles are defined as particles with sizénérange of 1 to 100nm at least in
one of the three dimensions. In this size range pthysical, chemical and biological
properties of particles change in fundamental wéydiffers from the properties of

molecular sub-units or its corresponding bulk mater

Nanoparticles play a major role in many fields cddicine especially in diagnosis,
therapeutic and regenerative medicinal applicatidife basic unit of biological
systems are cells that are approximately 10 microsge with intracellular proteins
in the 5nm range. This is comparable with the disiears of the smallest synthetic
nanoparticles. Understanding of biological procesae the nanoscale level is a
strong driving force behind development of nanotedbgy for clinical and

biological applications.

During the last one decade, several nanoparticeege hbeen synthesised and
evaluated successfully for different biomedical laggpions. Among them, magnetic
nanoparticles are considered as a potential cateddlze to their unique magnetic
properties. Less than100nm size, these particlet¢sexs a single magnetic domain

and responds to the direction of magnetic momeran temperature. This type of

XXiii



magnetism is termed as superparamgnetism. Sevesrdkrials that exhibit
superparamagnetic property exist. With magnetitdighes gaining considerable
attention due to their all round performance andewiermed as superparamagnetic
iron oxide [SPION]. In biomedical applications, 8N usage has been reported as
targeted drug delivery, cell therapy, gene therapgn-invasive biomolecule

controlling, MRI contrast agent, hyperthermia tipgrand theranostic applications.

SPIONs have been evaluated by numerous authors heir multi-faceted
applications. There is still a lack of distinctonfation on magnetic nanoparticles
development, surface modification and magnetic @rypalterations to fit actual

clinical needs and address biological safety issues

One of the major problems associated with SPIONstlair instability in colloidal
condition due to the large surface area along paitbr surface charge potential. As a
result the particles aggregate and form large eftastAggregates perform sub-
optimally when compared to uniform colloidal susgien of nanoparticles.
Aggregated particles resist cellular uptake, pr@motlearance via the
reticuloendothelial system and generate unconttoliemperature variations in
hyperthermia applications. Thus cell separatioerapeutic application of guided
delivery; contrasting applications in MRI are reretenon — feasible. To reduce the
aggregation potential, several molecules and dgysieere studied as surface
protection and stabilization agent for SPIONs. Aghdhem, use of an inorganic
matrix, hydroxyapatite (HA), was recognized as d@ffe for imparting surface
modification. HA surface modification was proposaa regulate the magnetic

property of SPIONia its nonmagnetic nature.
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The magnetic nanoparticle should have good magsesceptibility and magnetic

response for diagnostic and therapeutic applicattmwever, common spinel ferrites
SPIONSs have intrinsic magnetic properties with dgads far below than optimum.
In order to improve their magnetic property, thetbmethod is to substitute ¥dons

in the SPIONSs crystal with a biocompatible magnitichaving maximum magnetic
moment. The'd’ block elements such as Co, Ni, Mn,aadd Cu were evaluated and
Mn identified as a suitable candidate for substitut Thermal decomposition,

microemulsion, hydrothermal and sonochemical pmegsvere reported for ionic
substitution in SPIONSs. In these techniques, dadiobtained are hydrophobic due
to the non-polar hydrocarbon molecules at the sartnd therefore are insoluble in

agueous media.

Main requirements for a MRI contrast agent are agsedispersion ability and
colloidal stability. The relaxivity of nanoferritege based on the ease of its surface
contact with water molecules and proton relaxatidiso unstable ferrite particles
get aggregated and act as a ferromagnetic systaroh would adversely affect the
application in targeted delivery and therapy. Heacgable surface modification is
essential for nanoferrite particles which can impagh aqueous dispersion ability

and colloidal stability.

In a conventional route, the biocompatible polymemolecules were used for
nanoferrite stabilization. However due to the waakeractions like hydrogen
bonding and physical force surface interactiahg, polymeric molecules may
easily detach from the nanoparticles surfaces uhdeshin vivo condition. The

recent studies revealed that inorganic molecuke tiilsodium citrate can possibly be
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used as a dispersion agent which form stable ctanbiending to nanoparticle

surface and act as a suitable nanoferrite stahilize

Based on an exhaustive literature review and cumamk in the biomedical field,

our main objectiveswere defined as follows

1. To prepare surface modified superparamagnetin wxide particlesvia an

aqueous method.

2. To evaluate the magnetic field guided cell dalgvand culturingvia magnetic

nanocomposite.

3. To explore the feasibility of above nano paetcfor therapeutic hyperthermia &

MRI contrast enhancement.

4. To enhance theranostic [MRI contrast and hypentia] properties of SPIOMa

agqueous crystal modification and stabilization.

The thesis is divided into following chapters: &@duction, Literature Review,

Materials and methods, Results and Discussion, Sargpnand Conclusion.

Chapter 1- Introduction

This chapter provides an introduction to the fiefcdhanotechnology, nanoparticles,
importance of magnetic nanoparticles and up to digtils of its potential
applications. Major part deals with the current lidmges, modification of
nanoparticles and limitation associated with SPIONke demand for crystals
substitution, surface modification along with stiyai efficiency and compatibility
issues are addressed. An introduction to stablasicoating and its importance in
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application level is also discussed. Further thgmetic metal ion substitution into

SPION crystal and its relevance in therapeuticseas discussed.
Chapter 2- Literature review

The literature review addresses the field, tracng) the origin and importance of
SPION and to its potential biomedical applicatiofise use of Magnetic Resonance
Imaging as a diagnostic tool, role of nanoparticntrast agents, nanoparticle
application in cell manipulation, 3D culturing & EMN based hyperthermia
applications have been addressed. More over theelgmment of different

preparation methods of SPION, their surface madlfoi;n and limitations,

importance of inorganic moiety stabilizers are aldescribed. The crystal
substitutions for magnetic property improvement evaddressed along with the

emergence novel processing methods.
Chapter 3 — Materials and Methods

3.1 Synthesis of superparamagnetic iron oxide endxbthydroxyapatite composites

[HAIOs] and SPION

The synthesis of HAIO has been carried out by @ipitating iron salt and calcium
phosphate precursors in alkaline medium. The iatts svere taken in such way as to
get a molar ratio of ferric and ferrous 1:2. The (Gi&®s),-4H0 and (NH) H.PO,
solutions were taken in such a way as to get th® Catio of 1.67. The calcium
solution was mixed with iron salt precursors andoxygenated at elevated
temperature. Followed by increases the pH of smiwtia addition of 25% ammonia
solution along with (NH)H.PO,. The precipitate was washed, freeze dried and
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characterized. The HAIO samples having weight peege ratios of 10-90 were
synthesised using the same method. In an ascemddey of iron oxide weight
percentage in the composite, the samples are teasmetAI010, HAIO20, HAIO30,

HAIO40, HAIO50, HAIO60, HAIO70, HAIO80 and HAIO9®are SPION was also

prepared using a co-precipitation method.

Physicochemical characterization of HAIOs and SPION

High-resolution TEM (HRTEM) along with EDS and ESEMong with EDS
analysis was performed to evaluate the morpholpgyticle size, and composition
analysis. The phase purity of crystals was analymedg an X-ray diffraction and
functional group analysis using FT-IR technique.eThkize and zeta potential
measured by DLS measurement and magnetic propediyzed through VSM

technique.

Biological evaluations of HAIOs and SPION

The cellviability and haemocompatibility of HAIOs and SPION neeanalyzedria
MTT assay, alamar blue assay and hemolysis analggislies in various
concentrations. Cell uptake of HAIOs was assefils@digh Prussian blue staining.
Further; HAIO particles post exposed cellular res@ was evaluated by flow

cytometry, phase contrast light microscopy and ecaiflaser scanning microscopy.

3.2 Cell separation or manipulation and its cuttgri

HeLa cells were treated with HAIO particles and @veoncentrated and separated
from suspensiowvia an external magnetic field. The separation efficie cellular

morphology,viability were evaluated by various techniques sucleasgter counter
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cell counting, UV transilluminator, cLSM and ESEMurther the separated cells
were cultured underin vitro condition and assessed the cell proliferation,

morphology and cytoskeleton structures.

3.3 Three dimensional model cell culture using HAdGd HAIO based magnetic

microsphere

The HAIO incorporated cells were levitated with @id of external magnetic field

and cultured in a 3D model undarvitro condition. Cells proliferation, morphology,

cytoskeleton structure has been evaluated. Futlieemagnetic microspheres were
developed using HAIO and polycaprolactone througllient evaporation technique.
The developed microspheres were characterized ydiggicochemical techniques
such as SEM, XRD, and FTIR and followed by carreed biological evaluations

cytotoxicity and hemolysis. Moreover these micraspels were used for magnetic
levitated 3D cell culture system and evaluated therphology, viability and

cytoskeleton.

3.4 Theranostic evaluation of HAIO [Magnetic hybermia and MRI contrast

agent]

Evaluation of hyperthermia: Hyperthermia potentdl various concentrations of
HAIO was investigated using Ambell Easy Heatingtsysand measured the time-
temperature profile and specific loss power [SIHBJperthermia efficiency of HAIO

to cancer cells destruction was assessed undetro condition. The cell death was

estimated through flow cytomerty and ESEM technsque
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Evaluation of MRI contrast: Contrast efficiency BAIO in MRI imaging was
measured by aqueous phantom studies under 1.5€atlMRI system. Relaxivity

coefficient andn vitro pixel intensity variation of HAIO were also calatgd.
3.5 Synthesis of manganese [Mrsubstituted SPION crystals [MnIO]

The Mrf* substituted SPIONs were synthesized using aqueoysrecipitation
method. The experimental procedure was repeatedhfous molar compositions of
Mn?* to Fé€* ratios of 1:3, 1:1 and 3:1 keeping the concentmatid ferric salt
solution constant, (represented as MnlO25, MnlO&BA MnIO75, respectively).
Bare SPIONs were prepared according to a previoreghprted procedure using

ferrous and ferric chlorides in a 1:2 molar rati@ar the same reaction conditions.

Physicochemical characterizations: The crystalcstine, particle size, morphology
were analyzed by using XRD, HRTEM and ESEM techesjuFurther chemical
composition identified through ICP-OES and EDS wsial and the chemical
bonding evaluated by FT-IR spectroscopy. Followgdhe chemical decomposition,
magnetic properties, surface potential, hydrodyecasizes were measured through

TG-DTA, VSM, DLS techniques.

Biological evaluation: Cytotoxicity, haemocompalilyi and cellular uptake of
MnlOs were measured through Alamar Blue assay, hamsdest, and Prussian blue
staining respectively. The MnlOs post exposed calphology and celViability

were examined using cLSM, ESEM and light microscaechniques.
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3.6 MRI contrast efficiency of MnlOs

The relaxivity coefficients of MnlOs were measungd aqueous phantom studies.
Various concentrations of MnlOs dispersed in deiediwater and carried out the
MRI phantom studies. Followed by the pixel inteymsif images plotted against

concentration of material and calculated the reiaxi

3.7 Colloidal stabilization of MnlOs by surface nifoghtion and theranostic

evaluation [MRI contrast and hyperthermia therapy]

In order to stabilize the MnlOs in colloidal condit; particles were surface
modified via trisodium citrate molecules and termed as MnlOTG#&bilized
particles were characterized using TEM, SEM, TG-DTAT-IR, and VSM
techniques. MnIOTCs biocompatibility was studiedrotlgh assessing the

cytotoxicity, hemolysis, cell uptake, material egpd cytoskeleton evaluations.

MRI contrast analysis: The relaxivity of MnlIOTCs mgecalculated using MRI
aqueous phantom experiment. The MnlO75TC was selesmdd conductenh vitro

cellular MRI studies.

Hyperthermia study: to evaluate the heating efficieof MnIO75TC, sample was
subjected to an alternating magnetic field, tinregerature profile observed and
SLP values calculated. Ability of hyperthermia nagdd by MnlO75TC to induce
cell death in a cancer cell line was examined undewitro condition and

characterized using flow cytometry, cLSM, ESEM t@ges.
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Results and discussion (Chapter 4 & 5)

A homogeneous dispersion of Superparamagneticaxare nanoparticle embedded
in hydroxyapatite (HAIO) particles were synthesidsda co-precipitation method.
The in-situ generated dispersion of the composite powders astiavanosize HA
particles with ~5 nm sized superparamagnetic idideoembedded insid@he XRD
phase analysis results revealed the presence omtASPION with no tertiary
phase. The ascending molar compositions [SPIONestrettions] such as 10, 20,
30, 40, 50, 60, 70, 80 and 90 were developed usamge method and labelled as
HAIO10, HAIO20, HAIO30, HAIO50, HAIO60, HAIO70, HAD80 and HAIO90.
Depending on the molar concentration of SPION wid#spect to HA, the
enhancement of corresponding crystal relative petgksities in XRD demonstrated
the phase pure formation of crystals. HRTEM and SEddults of the HAIO
composite having lesser content of SPION shows leddde nanocrystal and on
increasing the SPION concentration the particlephology gradually changes from
needle form to spherical shape. In FTIR spectraragtieristic phosphate peaks
indicating the HA crystal and peaks at 572 coonfirm the presence of magnetite
phase of SPION. EDS spectra, ICP-OES analysis roosifmolar compositions and
VSM measurement demonstrated the superparamagpedigerty of HAIOs.
Biological evaluatiorvia MTT assay, Alamar Blue assay, Hemocompatibilitgod
cell aggregation tests, Prussian blue staining,en@texposed flow cytometric
analysis, and cytoskeleton evaluations demonstihigdthe HAIOs are non - toxic

in nature. However our interest was on lesser conté SPION embedded HA
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crystals having good magnetic property and compiggibwhich was observed in
HAIO50 and was selected for potential applicatitrdies such as cell therapy, MRI

contrast and hyperthermia.

In a cell therapy, efficient delivery of cells @rgeted sites at optimal concentrations
within rational limits of damage to normal tissue @& major challenge. Cell
conjugated magnetic nanopatrticles enable exterela based mobility & location
management in biological systems. Based on theskest the HAIO50 was selected
for separation of cells and the concentration ofl®20 for efficient cell separation
was optimized. The magnetically separated cellseweitured and evaluated the
proliferation, viability and cytoskeleton structuia order to explore the possibility
of cell manipulation and control, the HAIO50 tagdeela cells were levitated using
an external magnetic field and cultured in a 3D atodondition. The cells
morphology, proliferation and structures were assg¢ghrough ESEM, cLSM and
light microscopy. The results demonstrated that ®2Q can be considered as an
ideal vehicle for 3D model cell culturing. Moreoveragnetic microspheres were
made with the aid of polycaprolactone in a solveméporation technique. The
structure, shape and chemical bonding were confirtye XRD, FTIR and ESEM
analysis. Alamar Blue assay, hemolysis and cellesidins tests affirmed the cell
friendly nature of microspheres. Furthermore, celitached to magnetic
microspheres were used for 3D culturmg magnetic levitation. These cells were
characterized using ESEM & fluorescent microscdphe results suggested that the

magnetic microspheres are useful for tissue engimgeapplication.
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Hyperthermia efficiency of SPION & HAIO50 was messii using Ambell Easy
induction heating system at various concentratidriee SLP values of materials
were calculated using time temperature profiles.|®B0 showed controlled
temperature generation due to the nonmagnetic Hfas coating over SPION.
Effects of particle mediated hyperthermia on camedirlines was examined under
vitro condition and characterized using FACS and ESEdhrtigues. The results
revealed that more than 75% of cells were non -bleiavith reduced cellular
integrity. It was found that the HAIO50 based hypermia induced cell deatha
apoptosis and natia necrosis. The MRI contrast effect of HAIO50 waamined in
aqueous phantom study and the relaxivity consteag walculated. Alsan vitro
cellular imaging has been carried out with varicogacentrations of HAIO50. The
results demonstrated that HAIO50 can possibly le&l @s a contrast agent in MRI.
The combined effect of MRI contrast efficiency amyperthermia property
suggested that HAIO50 may be considered as a fii@ranostic agent for cancer

treatment.

In order to improve the contrast effect in MRI teue of spinel ferrite, am situ
substitution of MA" was performed in SPION and a series of ferritetigles,
MnyFe «FeO, with a varying molar ratio of M : F€* where ‘X’ varies from 0—
0.75 were developed. Manganese substituted fenateocrystals (MnlOs) were
synthesized using a novel, one-step aqueous cippedion method based on the
use of a combination of sodium hydroxide and trisodcitrate (TC). This approach
yielded the formation of highly crystalline, suparamagnetic MnlOs with good

control over their size and bivalent Mn ion crystalibstitution. Primary
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characterizations such as structural, chemicalraagnetic properties demonstrated
the successful formation of manganese substitudedktd. More significantly, the
MRI relaxivity of the MnlOs improved fourfold whecompared to SPION crystals
imparting high potential for use as an MRI contrasgent. Further, the
cytocompatibility and blood compatibility evaluat® demonstrated excellent cell
morphological integrity even at high concentrati@ishanoparticles supporting the

non-toxic nature of nanopatrticles.

However the poor surface potential of MnlOs showesdability in aqueous system.
Hence their surfaces were modified using trisodaitrate molecules and termed as
MnIOTCs. The MnIOTC was analyzed by physicochemieadd biological
characterization techniques. Size distribution wlakion from TEM and SEM
morphological analysis suggests that the partide s below 20nm. Further, the
FTIR, TGA, DLS and zeta potential measurements cuphe presence of citrate
molecule on the crystal surface. XRD and SEM-ED8&epas confirmed the phase
pure spinel structure. Superparamagnetic propdrtiyidOTCs was measured by
vibrating samples magnetometer. Materials on evalna exhibited good
cytocompatibility & hemocompatibility. Upto 75 % Nhsubstituted ferrites having
good magnetic property and stability was prepafdds was obtained in the molar
concentration of Mfi to Fé" as 3:1and it termed as MnlO75TC and selected for
theranostic evaluations. MnlO75TC exhibited highr&laxivity of 184.6 mM's™ in
MRI phantom experiment and showed excellent sigmahsity variation in then
vitro cell studies. Hyperthermigia application of an alternating magnetic field to

MnlO75TC in a HeLa population induced apoptosis.ClFAevaluation and post-
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hyperthermia imaging by confocal laser scanning rosicopy confirmed the
observation. ESEM imaging showed significant disaup in the morphological
structures in post-hyperthermic cells. The poténtia MNIO75TC for contrast
enhancement in MRI and hyperthermia therapy wasodstrated confirming its

utility in the burgeoning field of theranostics.
Chapter 6- Summary & Conclusion

Novel SPION embedded hydroxyapatite nanocompofita$Os] were developed
which showed excellent stability in aqueous mediwptimum responses to the
external magnetic field and non toxicity under vitro condition. The HAIO50
exhibit high concentration of cellular uptake arah de guided through a magnetic
field and can be used for high through put celturel system in a 3D modela
magnetic levitation. HAIO50 demonstrated stable dmyfpermia temperature
generation and good contrast effect in MRI techaidturther manganese substituted
iron oxide nanoparticles were synthesizeal an aqueous co-precipitation method.
The surface modified manganese ferrite particlesveld excellent contrast effect in
MRI imaging and hyperthermia therapy. Thus we hadeeeloped surface modified
and stabilized two superparamagnetic nanopartjel@$O and MnlQO] for functional

biomedical applications.
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Chapter 1

INTRODUCTION
1.1 Nanotechnology
Nanotechnology is technology at the nanoscale.nltolves the creation and
development of materials with structural featurebétween those of atoms and bulk
materials, which has applications in the real woiltle term “nano” refers to the
scale of the observed area in nanometer [Inm 2m]OThe importance of
nanotechnology was pointed out by Feynman as eal$959, in his often-cited
lecture titled ‘There is plenty of room at the bottgfeynman, 1960). Properties of
materials of nanometric dimensions are importaxéyied from those of atoms as
well as those of bulk materials (Varadan, 2010)dMation of structural properties
of materials at the nano scale can lead to neweseias well innovative devices and
advanced technologies. The underlying theme of teehaology is miniaturization.
It covers the production and application of physichemical and biological systems
as size scales, ranging from individual atoms olemdes to submicron dimensions
as well as the integration of the resulting nanmstire into larger systems. There has
been an explosive growth of nanoscience and teoggah the last few years, as
new strategies for the synthesis of nanomateriadsreew tools for characterization
and manipulation have been developBdere are many examples to determine the
current creation and paradigm shifts in this arféaolving surface qualities as
compared with volume of materials plays an evereasing role, and the cumulative

guantum physical effects must be given adequatsideration in nanotech.



In the last decade nanotechnology based interventiave been at the forefront of
engineering, medical and biological fields of resbaand application. Improvement
of existing technologies, development of new teghas and cost effective delivery

of the same is expected from nanotech based apphsa

In the biomedical field it is poised to make potalh¢ revolutionary innovations in
the theranostics & imaging (Labhasetwar and LeRékecky, 2007).
Nanotechnology based diagnostic tools can detawbratalities even at molecular
level that potentially lead to disease progressianoparticles serve as the key

building blocks in several applications, improvimg specification and accuracy.

1.2 Nanopatrticles

Nanoparticles are defined as particles in the rasfgk to 100nm at least in one of
three dimensions. Nanomaterial properties based on tlee “sffect” are most
intriguing to researchers. The effects determibgdize relate to the evolution of
structural, thermodynamic, electronic, spectrostopiectromagnetic and chemical
features of these finite systems. In nanosize ratingeparticle’s physical, chemical
and biological properties change in fundamental svdyom properties of
atoms/molecules and of the corresponding bulk n@dtédanoparticle structure and
properties play a key role in fundamental studies gractical applications in a range

of disciplines (Rotello, 2012a).

Nanoparticles can be made of materials of distictuemical nature, the most
common being metals, metal oxides, polymers, $#sanon-oxide ceramics,
organics, carbon and biomolecules. Nanoparticles exvarious morphologies such
as cylinders, spheres, platelets, tubes etc. Noyntaky are designed with surface
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modifications to meet the needs of specific apgibices. The extended diversity of
the nanoparticles arise from their disparate chalmiorigins, shapes and
morphologies, medium of dispersion, state of disjper and the possible surface

modifications, which make this an important fiefdsoience (Nogi et al., 2012).

At the nanoscale, particle surfaces indicate thesgmce of a high fraction of
constituent atoms/molecules. Thus the materiall@teha large surface area to unit
volume ratio Nanoparticles display interesting optical propargence the absorption
and/or emission wavelengths can be controlled bytige size and surface
functionalization. Whenever the nanoparticle sebelow the critical wavelength of
light, then transparency can be achieved. The dawmature and size of the
nanoparticle control the ionic potential or elent@ffinity and thereby the electron
transport properties. Further, in some metal anthihexides, decrease in particle
size results in improved magnetic property. Metalaoparticles are considered to be
the building blocks of the next generation of elewcic, optoelectronic and chemical

sensing devices (Rotello, 2012b).

Nanoparticles are broadly classified into two typgganic: and inorganic molecule-
based systems. Major issue associated with orgaoliecule-based nanoparticles in

contrast to inorganic systems during applicatiothenbiomedical field are:

(i) Oral route non - tolerance (ii) Poor encapsalatefficiency, (iii) Outflow of
water-soluble drugs in the presence of blood corepts (iv) Batch-to-batch
reproducibility issues (v) Aggregation and poorrate stability (vi) Difficult scale-

up processes & (vii) ToxicitgFuente and Grazu, 2012).



Mainly there are two techniques for the developn@nhorganic nanoparticles; the
first one is ‘top-down’ approach, which involvesebking down large pieces of
material, generally by attrition or milling, to gemate nanoparticles. Etching and
lithography are probably the most typical examplethis approach. But the biggest
problem of the ‘top-down’ approach is the heteraggnof the resulting product.
Particles produced in this way usually present dreae distribution and varied
particle shape. They might contain a significantoam of impurities from the
milling medium. Also, the material surface presents important defeand
crystallographic damage. The second approach iskras ‘bottom-up’ and implies
assembling single atoms and molecules into largeostructures. In this way, we
have a better chance to obtain particles with ldskects, more homogeneous
chemical composition and narrower size and shagilalition. There are several
inorganic nanoparticles such as gold, iron oxi@eban nanotubes and quantum dots
etc. reported in different ways of synthesis-basedtheir application potentials

(Rotello, 2012b), (Cao and Wang, 2011).

1.3 Importance of Nanopatrticles in the Biomedical feld

Nanoparticles are projected to play a major rolthenbiomedical field, especially in
diagnosis, therapeutic and regenerative medicin@icgpions. The basic unit of
biological system are cells and is approximately rii@rons in size. Even the
intracellular proteins size with a typical sizejo$t 5 nm, are comparable with the
dimensions of the smallest manmade nanoparticles 3imple size comparison

gives an idea of using nanoparticles as very spralbes that would allow us to spy



on cellular machinery without introducing too munterference (Wang et al., 2012),

(Treuel et al., 2013).

In-depth understanding of biological processeshatrtanoscale level is fuelled by
advances in nanotechnology. There are several teepor nano-engineered tissue
scaffolds and nanostructured biomaterials and mgsatfor implants and prostheses
for tissue design, reconstruction, and reparativedioine (Liao et al., 2008),
(Khademhosseini et al., 2010). In bone implantsimaoth surface is likely to cause
production of a fibrous tissue covering the surfat¢he implant. This reduces the
bone - implant contact, resulting in loosening loé implant and leads to implant
failure. Nano-sized features on the surface of angd could reduce the chances of
rejection as well as stimulate the attachment antiferation of osteoblasts (Bose et
al., 2012),(Lv et al., 2013). Nanopatrticles haveepbal applications in drug delivery
systems, as it's possible to deliver minimum qugrdaf drugs to a specific sitaa
targeted delivery. The fluorescent nanoparticleshsas quantum dots, gold
nanoparticle and magnetic nanoparticle have begortexl for diagnostic purposes.
These particles have showed excellent photo digbiiarrow range of emission,
broad excitation wavelength, and multiple posdibdgi of modifications.
Nanoparticles aid in specific site base&u vivo imaging. Surface engineered
nanoparticles have been studied for early deteatibancer cells (Nune et al.,
2009). Also, the gold and carbon nanotube crystaider NIR laser, magnetic
nanoparticles under alternating magnetic field ganerate heat energy and is useful

for noninvasive cancer therapeutic purposes (Sim k€t al., 2004).



Recently, the theranostics approaches to treatniaive evoked interest in
interventional medicine. Theranostics is based @mgu drugs or specifically
developed methods for simultaneous diagnosis aadntent. The integrated nano -
therapeutic system which can diagnose, deliveretarytherapy and monitor the
response to therapy is envisaged. It is assumedc tb@mbined technique will result
in the acceleration of drug development, improvestase management and reduce
risks at decreased cost. Prime causes of mortatity morbidity require targeted

approaches as described above at the earliest.dtyalg 2011), (Ho et al., 2011).

1.4 Magnetism and Superparamagnetic Nanoparticles

Magnetic materials are those materials that shegsponse to an external magnetic
field. Depending on the nature of response, they mmainly classified into
paramagnetic, diamagnetic, ferromagnetic, antrrofeagnetic and ferrimagnetic. In
paramagnetic materials, magnetic domains are absenthe magnetic moments are
generated by unpaired electrons. These materialsotlaetain magnetic property
after the removal of the external magnetic field.dAmagnetic material has no
unpaired electron and shows zero net magnetic moomaster external magnetic
field. In the case of ferromagnetic materials, atdrave net magnetic moment due to
unpaired electron. Also, the materials composeddaiains [a region having
uniform direction of magnetization] and each domedmtaining large number of
atoms, whose magnetic moments are parallel to pmgua net magnetic moment
and a residual magnetic moment exists even afterrémoval of the external
magnetic field. The antiferrromagnetic materiale aompounds of two different

atoms that occupy different lattice positions, whitave equal magnetic moment



with opposite directions and the net magnetic mambacomes zero. Ferrimagnetic
materials having different atoms reside on diffedattice sites with anti - parallel
magnetic moment and shows net magnetism in theepcesof external magnetic

field(Coey, 2010), (Jiles, 1998).

Ferromagnetic particles which are less than 100m@& exhibit a special type of
magnetism termed as “superparamagnetim”. In flais the coercivity drops down
which results in corresponding reduction in anigoyr energy with size. The
anisotropy energy, which holds the magnetizatiom@lan easy direction is given by
the product of the anisotropy constant, K, andvibleme, V of the particle. As the
volume gets reduced, KV becomes comparable tohbemal energy, (. As a
result, the thermal energy can overcome the awigpttforce” and spontaneously
reverse the magnetization of a particle from orsy efirection to the other, even in
the absence of an external magnetic field. Thisnphenon is termed as
superparamagnetismirhe magnetic moment of superparamagnetic pasticdeso
much larger than that of atoms. Iron oxide parsicleontain magnetite and
maghemite phases. At nanosize iron oxide partelesuperparamagnetic in nature.
Superparamagnetic nanoparticles have consideratdeest in the biomedical field

compared to other types of nanoparticles (Getz2&97), (Alez, 2012).

1.5 Potential Application of Superparamagnetic Nanparticles in the Biomedical

Field

1.5.1 Targeted Cell Therapy
Tissue Engineering depends on targeted delivepeld & cellular components and
facilitators as part of path breaking RegeneraMezlicine applications. However,
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the treatment modality faces several problems duéhe¢ lack of specificity and
targeting ability. The SPION shows excellent res@oto external magnetic field
guidance in a non-invasive manner. SPIONs utilmatias been reported for several
targeted drug delivery, gene delivery and therapeagents. Cells combined with
magnetic nanoparticles can be easily guided, cdrated and delivered to a selected
area. This could address the non-essential acctiorulaf administered therapeutic

cells and ensures better efficiency(Gupta and G0a5), (Parsa et al., 2015).

1.5.2 Diagnostic Tool- Magnetic Resonance ImaginiylRl) Contrast Agent

MRI is a premier non — invasive imaging technologlized in the clinical diagnosis

of disease. Imaging proficiency is adequate to inlstig tomographic images of

living subjects with high spatial resolution aseault of perturbation of tissue water

protons in the presence of an external magnetit fi%estbrook, 2014).

Among existing imaging tools, new and amended tegles are continuously
deployed. Implementation of new imaging technolsgie an accessible diagnostic
environment requires massive investment in termsnoé, cost & skill acquisition.
Development of accessories that maximize existisgiogs or image tools are
therefore preferred (Na et al., 2009). A highlye€ious add-on is an imaging probe
or contrast agent, which is innovative to amend visibility in the image.
Superparamagnetic iron oxide (SPION) shows exdelb®mtrast enhancement in
MRI images. As these particles have large valuenafinetic susceptibility, which
can generate large magnetization in local area Gard alter the spin-spin £l

relaxation of environmental protons. This properiyates good contrast enhacement



in MRI images and is possible to ease disease d&giLee et al., 2006),(Wang et

al., 2001).

1.5.3 Therapeutic Agent — Magnetic Hyperthermia Caoer Treatment

Hyperthermia therapy involves exposure to slighilyher temperatures, to damage,
kill or make cancer cells more sensitive to the@§ of radiation & chemotherapy.
Cancer cells with inherently poor heat shock protectivation are susceptible to
temperature fluctuations. Hyperthermida traditional methods may lead to

uncontrolled temperature generation and causeterladamage to normal tissues.

Localized cancer therapy mediated by magnetic remiofes is therefore possible.
Reducing collateral tissue damage results in ldcide effects and ensures delivery
of therapy to targeted cell population alone. Spaexmagnetic nanoparticles
targeted to tumor tissue are excited at the tasigevia application of an alternating
external magnetic field. This induces controllechperature generation at desired

site inducing apoptosis in malignant cells (Kobdwya2011), (Giustini et al., 2010).

1.6 Limitation of the Current Approaches

The use of magnetic nanoparticles has been exploreseveral studies in the
biomedical field. However there is a serious défiof information in the
development, stabilization and magnetic propertydifications of magnetic
nanoparticles aimed at the biomedical niche. Thgomiamitations are outlined

below.

1. Biomedical and Bioengineering applications regthigh magnetization values

and particle size smaller than 100nm. Size distidbushould be narrow to ensure



that the particles showed uniform physical and abhahproperties. Lack of stability
of particles in colloidal solutions is a grave issuAggregation is prominent in cases
where particles have a large surface area coupiddpeor surface potential leading
to increased hydrophobic interactions. In theseexdbe van der Waals forces
between particles are greater than electrostapalsee forces produced by the
nanostructure surface. This causes the partiolésrin large clusters and increase
measured particle sizes. In the case of iron oraleparticles these clusters exhibit
strong magnetic dipole -dipole interactions andwst ferromagnetic behaviour

(Mohamed, 2014), (Hu and Apblett, 2014).

2. The Reticular Endothelial System (RES) is an umen system component,
utilizing macrophages, monocytes, Kuffer cellsespl and the lymphatic system to
remove foreign bodies. Nanoparticles with poor acef potential and high
aggregation rates are more prone to clearanaethe RES. Anomalous surface
charge on particles may impede circulatioa occlusion of circulatory vessels

(Longmire et al., 2008), (Singh et al., 2010).

3. Cellular manipulatiovia nanopatrticles is based on the ability of the plasi to
remain in suspension with non-significant levelsagigregation. Cells conjugated
with nanoparticlesvia surface charge interaction can be guided by aimaasive
magnetic field. In case of nanopatrticle aggregatibe surface potential decreases to
zero and causes failure of cell surface interastidrhis lack of colloidal stability
may lead to failure of cell — manipulation proceziir(Kolosnjaj-Tabi et al., 2013),

(Yang et al., 2012).
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4. When nanoparticles in suspension are placedeénptesence of an alternating
magnetic field, hyperthermia generation is indudddat generatedia this process
depends on the magnetic identity of the partiaheslved. Aggregated particles with
strong interaction exhibit ferromagnetic naturéretains magnetic property even in
the absence of external magnetic field. Non—agdgeelgaparticles exhibit
superparamagnetic nature in an alternating extemagnetic field and does not
retain magnetic property in the absence of an egplield. Moreover, for
hyperthermia applications aggregated particles maddeare not preferred due to
possible overheating. This could damage non — mafy tissues. (Lao and

Ramanujan, 2004), (Yoo et al., 2011).

5. Surface modifications are widely utilized to rope stability of nanoparticles in
solution. Conventional approach uses coatings basetiiocompatible polymers.
However, due to the weak interactions like hydrobgeding and opposite charged
physical surface interactions, the polymeric molesunay detach under hargh

vivo condition. (Moghimi et al., 2001),(Gupta and Gu@@)5), (Zhang et al., 2002).

6. The most essential property of magnetic nanmpestfor biomedical applications
is good magnetic property and excellent field resgo However, common spinel
ferrite SPION has intrinsic magnetic property fatdw that of the optimal level. To
improve efficiency; modifications are incorporahating the synthesis process. One
among the best techniques for magnetic property iffrnation is crystal ion
substitution with appropriate candidate. Severdllatk elements are suitable for
ionic substitution. However, based on elementaicity, hydrophobic nature, &

leaching property a suitable candidate has to lecteel. Furthermore, various
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methods have been evolved for preparing iron oxagstal modification.
Conventional techniques are non-polar or organlges based high temperature
decomposition. The hydrophobic hydrocarbon molecubd the surfaces of
nanoparticles inhibit proper dispersion in poldwsots. Hence, the current challenge
in this area is to develop a novel synthetic metfuvdaqueous dispersed magnetic

particles with enhanced magnetic properties (Suh.€2004), (Pereira et al., 2012).

This thesis is a detailed investigation into thealle@pment of superpramagnetic iron
oxide particles in an aqueous condition, followed aaldition of a stable surface
protectionvia anin-situ technique. These surface modified magnetic nanposite
particles are used to assess potential applicasoich as cell manipulation, 3D
model cell culture & theranostics. Crystal subsitiu is executed and examineth
detailed characterizations. The substituted partdds also evaluated for application

in theranostics.

Hypothesis
Surface modified and stabilized superparamagnedicoparticles for biomedical

applications.

Objectives of the Study

SPION’s with surface modificationgia agueousin-situ technique have not been
widely reported. Reported abilities include druglivsley and gene delivery
applications. However cell concentration, site é#irgy, regenerative medicine
applications and 3D culture methods have not badelywexplored. Also reports of
magnetic hyperthermia and MRI contrast agent agfptios have not been
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investigated in detail. This study undertakes aaldook at controlled temperature
generation, mechanism of cancer cell destructiah @rresponding MRI contrast

efficiency.

The study aims to address the concerns ab@avhe following pathways:

1. To prepare surface modified superparamagnetan ioxide particles via an

agueous method.

2. To guide cell delivery and culturing via magonetanocomposite.

3. To explore theranostic properties such as theutic hyperthermia and MRI

contrast enhancement.

4. To enhance theranostic properties of superpam8c iron oxide particle via

aqueous crystal modification and stabilization.

The thesis has been divided into six chapters faligtic overview of the problem at
hand. Chapter 1 provides a brief glimpse at theiteslogy, technology and the
major issues in play. Chapter 2 undertakes a cdmepsave literature analysis,
covering technical approaches, current limitatiand possible avenues of approach
backed up with latest citations. Chapter 3 lays mdwe protocols used through out
the study, details of techniques developed andnpetexrs of experimental design.
Chapter 4 lays out the results and observatiorenglt from experimental analysis in
prescribed formats, with critical discussion ofules making up Chapter 5. Chapter 6
draws together important findings of this studyydes comparison with the current

state of the art and teases out new directionthfwork ahead.
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Chapter 2

LITERATURE REVIEW

2. 1 Superparamagnetism and Superparamagnetic Iro@xide Nanoparticles
[SPION]

The scale of reduction in materials shows changebkeir basic structure, which in
turn greatly modifies the electronic, optical andgnetic properties (Varadan, 2010).
Generally, considering magnetic materials, ferrone&ig substances exhibit
permanent magnetic properties. This is becausénefldarge number of magnetic
domain [magnetic domain: the small area of matemming same direction of
magnetization] are aligned in an easy direction.d®@areasing the particle size, the
numbers of domain formations decrease. At less 18@mm particle size it acts as a
single domain. Frenkel and Dorfman were the fiosptedict that a ferromagnetic
material below a critical size would consist ofiagkee magnetic domain. From the
Neel and Brown theories, these particles’ magnebdzavector can change its
orientation with the aid of thermal fluctuation (@aff, 2007). When the size of the
magnetic particles is small enough, then the arapgtenergy becomes comparable
to the thermal energy. The thermal instability obgnetization gives rise to
superparamagnetismSuperparamagnetisns defined as a form of magnetism,
which appears in small ferromagnetic or ferrimagnatnoparticles. Particles can
randomly flip direction under the influence of teengture and their susceptibility is
between that of ferromagnetic and paramagnetic mattgAlez, 2012). The term

superpramagnetism was first introduced by BeanLandgston in 1959. Iron oxide
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particles having less than 100nm size exhibit ugramagnetism and are termed as

superparamagnetic iron oxide nanoparticles [SPI@shan and Livingston, 1959).

SPION exist as inverse spinel structure contaif@rgous [Fé'] and ferric [F&']
ions. The basic crystal structure is formulatedtbsty two oxygen anions forming a
face-centred cubic unit cell. The iron atoms areiased on 8 tetrahedral sites
(surrounded by four oxygen ions) and 16 octahesitat (surrounded by 8 oxygen
ions). The tetrahedral sites are exclusively oceuiiy F&" ions although F& and
Fe’* ions alternately occupy octahedral sites. Thisoizption of ions in crystals is
generally represented asiFé[Fe’* F€"]onOs.  The magnetic property is generated
by superexchange oxygen mediated coupling. All raagnmoments of the
tetrahedral iron ions are aligned in the same toec While the octahedral ions
magnetic moment is aligned in the opposite directiSince there are an equal
number of octahedral and tetrahedral'Rens, they compensate for each other and
the resulting superparamagnetic property of cryatiges only from uncompensated

octahedral F& ions (Gossuin et al., 2009).

2.2 Different Method of SPION Synthesis and Importace of Co-precipitation
There are several chemical methods for synthes&d®N such as microemulsion,
sonochemical reaction, hydrothermal reaction, ®blgynthesis, hydrolysis and
thermolysis, electrospray synthesis and flow inggcsynthesis. The main challenge
consists of designing experimental conditions foonodisperse particles with
uniform size. The second major problem is to sedexproducible process that can
be easily industrialized without any complex pwafion procedure, such as size

exclusion chromatography, magnetic filtration, adentrifugation, flow field
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gradient etc. In non-polar solvents like organiagent-based methods hydrophobic
particles are produced even if it is homogeneousaruniform particle sizes. For
biomedical applications, these particles requirghfr surface modification and
stabilizations. Hence, the most common method ofh®sis of SPION is chemical
co-precipitation technique of iron salts (Lauremtag, 2008),(Gupta and Gupta,

2005).

The co-precipitation technique is likely the singtjemost efficient and versatile
synthesis route to prepare nanocrystals. In thchnigue, SPION are usually
prepared by aging stoichiometric mixtures of fearmd ferrous salts in an aqueous
medium. The main advantage of this method is tHatge quantity of nanoparticles
can be synthesized. It is cost effective, provithegh yields and is less time
consuming. It is an eco-friendly route becauseeh&mo use of hazardous solvents

or chemicals, high temperature and pressure (Veil,62008).

2.3 Versatile Applications of SPION and Importancen Potential Biomedical

Field

SPIONSs are of great interest in applications ragdnom catalysis to data storage
and biomedical applications. Due to their bioconiply, FDA approval and
absence of toxicity, these patrticles are intengigtlidied for potential applications
studies in biology and biomedicines such as magnatgeted delivery, theranostics

and cancer therapy by magnetic fluid hypertherrtagleaurent et al., 2010).

2.3.1 Targeted Delivery and Therapy
The magnetic nanoparticles assisted targeted thérap emerged as one among the
best ways of disease treatment. Targeted delivasguaes the unwanted
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accumulation of therapeutic agent from normal gssuvhich reduces the toxicity as
well as quantity of curing agent. The mainly repdrareas are gene delivery, bio-
separation, cells sorting and drug delivery (Siagll Lillard Jr., 2009). Literature
revealed that a great deal of effort has been n@adesign novel therapeutic agents
with targeted modality, specificity, minimize thale effects and good efficiency

(Kamaly et al., 2012).

Similarly, the cell-based therapy has emerged asva frontier in medicine. Cell

therapy provides more promising solution for selvdiseases and injuries compared
to most conventional medicines and therapies. @ealfsperform better physiologic
as well as metabolic duties than any of the medahrievices, recombination
proteins or chemical compounds (Wang et al., 20@@poney and Vandenburgh,
2008). However, there are a lot of hurdles to sy&teadministration of cells,

causing significant difficulties for effective reigon of the therapeutic cells at the
target site. In order to achieve greater efficieang optimum performance, a higher
cell dose or higher engraftment of cells is indMiga(Li et al., 2009). Nevertheless,
higher cell doses induce larger systemic circumtiowhich in turn raises safety
concerns. Since the fundamental requirement agedciaith the success of cell
therapy is the ability of cells to migrate and efig(Singh, 2009), (Huang et al.,
2010) the inability to achieve the desired levekceli homing and engraftment is a

basic challenge for cell-based therapy.

Cells tagged with SPION can migrate easily and rod@accumulation by magnetic
actuation (Chen et al., 2013). Recent literaturs farth several interesting research

attempts at magnetic nanoparticle-conjugated stdhdelivery towards tissue repair
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as well as hyperthermia applications (Edmundsoralet 2013),(Kubinova and
Sykova, 2010), (Bulte et al., 1999). Andreas etegported citrate-modified SPION-
labelled stem cell delivery and its MRI traffickifgndreas et al., 2012). Kyrtatos et
al. reported that ferridex-labelled endothelialgewitor cells efficiently targeted an
arterial injury with the help of an external madodield (Kyrtatos et al., 2009).
Basically, labelling techniques utilize either dietfollowing two approaches: (a)
immobilizing magnetic nanoparticles onto the califace (Gaipa et al., 2003) or (b)
internalization of biofunctional magnetic nanopaéds, for exampleia endocytosis
(Schoepf et al., 1998)n receptor mediated endocytosis, more particles will have
the opportunity to accumulate inside the cellscese cell stress (Kou et al., 2013).
Therefore, surface-charge enhanced nanopartidiéabelling may be considered as

a suitable option.

The prerequisites for magnetic nanoparticles taded for such applications are as
follows: (a) should be stable enough to retainpitysical integrity (b) retain its
chemical stability, and (c) remain in the colloigaispension. More significantly, it
should not induce any un-favoured reactions inbibégical milieu; nevertheless, it
should facilitate faster and efficient binding ke trequired biomolecular component.
In addition, feasibility of large-scale productiowithout compromising its
fundamental superparamagnetic nature is esseatialifiically significant magnetic

nanoparticles (Xu et al., 2011).

2.3.1.1 Three Dimensional Cell Culturing and Magnet Microspheres
Potential applications of non-invasive cell mangtidn is three dimensional cell

culturing (Lei et al., 2014). At present, 2D caliltares, in general are restricted in
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their capability to replicate the molecular gradéersubstrate stiffness, the spectrum
of cell-cell and cell-matrix interactions observad living tissue. But there is a
prominent break in complexity and originality totina tissue properties between
simple two dimensional cell culture experiments dndnan tissues of interest.
As a result, there exists a demand to create nemesentative environments using
three-dimensional cell culture, toward which biotad research has moved. The
three dimensional cell culture techniques exterdattility to control shape, structure
and biochemical environment than existing 2D,(Pdompaet al., 2007). Three
dimensional cell culture techniques generally delseasn encouraging direct cell-cell
interactions, using cell aggregation method likeespids and pellet cultures or cell
matrix interactions such as protein gels or symthgolymer scaffolds. In general,
these methods have been successful in producinguagin vivo like condition, yet
there is a lack to generate proper 3D cell culteahniques in the current scenario

(Tseng et al., 2013).

The application of magnetic nanoparticles-basednmatg levitation technique is a
hopeful approach for 3D cell culture developmeinis based on the use of magnetic
nanoparticles that self assemble into networks dbase electrostatic interactions.
Cellular uptake of the biocompatible nanoparticiesders the cell amenable for
magnetic manipulation of cells. Cells in cultuandoe levitated within the culture
medium (Haisler et al., 2013). These cells interaetf assemble and proliferate
without the demand or influence of an artificiatrexellular matrix. Jialongt alin
2013 reported the magnetic nanoparticles loadeld cehtrolledvia non-invasive

technique and delivered it in tirevivo model (Chen et al., 2013). Similarly, Dmitry
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et alin 2014 demonstrated the magnetic nanopartickdeld stem cells delivery for
spinal cord injury therapy (Tukmachev et al., 20I8)ese results revealed that the
magnetic nanoparticle tagged cells were easily pudaied with the aid of external
magnetic field which will help the development ohgmetically levitated 3D cell

culture system.

However, in the regenerative medicine, a syntheticacellular matrix is crucial for
supporting the differentiation process and forgnéion of the tissue formation. To
overcome the limitations of existing 2D techniqtiesre are several types of organic,
inorganic, polymeric-based systems reported. Onengrthe potential candidates for
scaffold application is polymeric-based microsphefeark et al., 2013) . Recently
several groups have reported the microsphere besgeherative and selective
separation in biological applications. Tsuneheb al in 2013 demonstrated the
magnetic nanoparticles embedded beads used forséhective separation of
phosphorylated biomolecules from suspension (Tsumeh al., 2013). Also, Gong
et al in 2013 studied the surface-engineered magneticrosphere for fast
separation of phosphorylated biomolecules (Chenalgt2013). These reports
revealed that the biocompatible magnetic microsghare useful candidates for

potential biomedical application.

2.3.2 MRI Contrast Agent

2.3.2.1 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is among the besh-invasive imaging

methodologies today. It has long been used as @&nhowvtechnique in the clinical

diagnosis of diseases. MRI is capable of obtaitimge dimensional tomographic
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images of living subjects with high spatial resmiotas a result of perturbation of
tissue water protons in the presence of an extenagnetic field (van Gelderen et
al., 1995). Although there are several imaging goslich as micro CT, X-ray,
Positron emission tomography etc new and signifi¢cenhniques are continually
employed for a wide range of biomedical applicatiddoth in economic and virtual
terms, it is more viable to develop accessories ¢ha maximize the ability of the
present devices or imaging tools. One of the mifisiaeious is an imaging probe or

contrast agent, which helps in finer image acqoisi{Na et al., 2009).

2.3.2.2 Magnetic Resonance Imaging- Importance ofdbtrast Agent

Disease diagnosivia MRI imaging is positively enabled by contrast agen
Superparamagnetic iron oxide and paramagnetic gewlol complexes are the
commonly used contrast agents. However, the gadolibased contrast agent has
pitiable target-specific biodistribution, fast etten and undesired side-effects in
patients (Kim et al., 2011). Form the recent stuegorts that the “nephrogenic
systemic fibrosis” has created increased concesr the use of gadolinium-based
contrast agents, which later induced chronic kidtiegase in the patients (Grobner,
2006). Spinel ferrite SPION crystals have long based as superparamagnetic T
contrast agents for magnetic resonance imaging (MiRiwever, the common spinel
ferrite iron oxides have intrinsic magnetic proptthat are below the required
standard. To improve their efficiency for variougphbcations, the spinal ferrite
nanoparticles with particular physical and magnptmperties were modified during

the synthetic process (Lee et al., 2007), (Cartd. e2009), (Lu et al., 2009).
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2.3.2.3 Spinel Crystal Structure and its Modificaton

One among the best techniques for magnetic motditas crystal ion substitution

with appropriate candidates, which can provide esatde strategy to tune the
SPION crystal structure (Jang et al., 2009). knewn that the SPION crystals exist
as a cubic spinel structure with the oxygen atoonsiing an fcc close packing and
Fe?*, FE* occupying tetrahedral or octahedral interstitinéss and is generally

represented as MF®, (O'Handley, 1999). By altering the chemical ideptf M*,

the magnetic properties of M, can be considerably increased (Sun et al., 2004).

There are several d-block elements such as Mn,NGoCu and Zn, which when
incorporated into the crystal structure of SPIO&F spinel crystal formation. This
results in enhanced magnetic properties and retgxivhen compared to bare
SPION (Stuber et al., 2007), (Barcena et al., 2088)nel structures developed by
doping SPION with Ni* and CG@" are sensitive to leaching and can cause
cytotoxicity. Hence, these systems require furtreatment for stability, while
doping Zrf* to SPION produces hydrophobic nanoparticles withesior magnetic
moment and a negative contrast effect (Chen ek@l1l). The major drawback of
this system is its high solubility in acidic andslapH conditions. It is noteworthy to
mention that C8 doping with SPION is not preferred due to the nen
superparamagnetic nature of the resultant crystattsire and high toxicity of Co
ions (Horev-Azaria et al., 2013). However, manganis (Mrf") doped SPION
crystals possess the highest magnetization vallenvdompared to other doping

agents reported till date. Moreover, these “Muloped SPION crystals also
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demonstrate higher transverse relaxivity valuesr{Bet al., 2004a), (Veranth et al.,

2007).

2.3.2.4 Synthesis of Spinel Ferrite

Various methods have been evolved for preparingO8SIPtrystal modification,
including thermal decomposition (Carta et al., 2010co-precipitation,
microemulsion, hydrothermal and sonochemical preees(Lu et al., 2007),
(Bhasarkar et al., 2013). The most common protofmigheir preparation are the
thermal decomposition and co-precipitation techeggyuThe former method can
easily produce size controlled ferrite nanoparsiclender high temperature in an
organic medium (Sun et al., 2004). However, themgiges are hydrophobic with
hydrocarbon molecules at the periphery of the stafds, and therefore are insoluble
in aqueous media. To transform the nanoparticleswater dispersible, one requires
different stepsin this context, the current challenge is to depe novel and
synthetic method for aqueous dispersed magnetiopaaticles with enhanced
magnetic properties and biocompatibility. An aquseebased co-precipitation method
represents a simple and versatile tool to prepam@erystals not readily achievable
using other methods. It is cost effective, provitggh yields, is less time-consuming
and easily scalable for large scale productioraddition to these advantages, it is an
eco-friendly route because there is no use of karsr solvents or chemicals and

high temperature or pressure (Li et al., 2012) efLal., 2008).

2.3.3 Hyperthermia Cancer Therapy — Importance of Mgnetic Field
Hyperthermia (controlled temperature) applicatias bbeen used as a crucial self

defence approach in biological system. For examplean effort to fight injury,
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including viral and bacterial infection, there s iacrease in body temperature, thus
creating the well-recognized symptoms of fever @yR008). Hyperthermia as
therapy has been realized with the aid of neagieft light, microwave ablation, hot
water bath, ultrasound waves and magnetic fielthbseasing localized temperature
in a targeted region (Baronzio and Hager, 2008arN&rared radiations have poor
tissue penetration ability and it is difficult toodulate temperature at target sites.
Magnetic nanoparticle assisted hyperthermia gacoediderable attention compared
to the other technical modalities due to the paaeraidvantages. This is due to their
capability to generate heat on exposure to annaltelg magnetic field without a
penetration depth limit (Nemala, 2015). Heat theserated ivia a non-invasive
magnetic field and prevents collateral tissue damdge to precise temperature

control.

2.3.3.1 Temperature Sensitivity of Cancer Cells

Cancer therapy by hyperthermia is based on thati@mi in response of normal and
cancerous cells to increase in environmental teatpes. In general, normal cells
show better resistance to elevated temperatureeasitly recover from injury than

the cancer cells. This is based on the productidreat shock proteins (Storm et al.,

1979).

Hyperthermia has long been used to activate thihegrs of heat shock proteins and
it has been recently demonstrated that mild hypemiia can also induce apoptosis
(O'Neill et al., 1998). In culture cells react tavronmental stressors in a graded
fashion. At the initial stages of stress the hbatk or stress response is started. This

response involves the rapid synthesis of an ewanatily stored family of proteins

24



called heat shock proteins (HSPs). The primarytianof these proteins is to enable
cell survival till the stress element is removedhéfv the stressor is eliminated, the
amount of intracellular HSPs quickly returns itsrmal level. If stress remains

constant over a prolonged period of time or ififiiensity is increased, the presence
of HSPs may not suffice to ensure survival. ThenPHSoduction ceases and

apoptosis is initiated (Chu and Dupuy, 2014), (x&=$ et al., 2005).

2.3.3.2 Hyperthermia Heating Mechanism of MagnetidNanoparticles

The magnetic induction heating of ferrite materiglsleveloped from their power
loss in an alternating magnetic field. The totalvpoloss is composed of hysteresis
loss, eddy current loss, residual loss and relamdtss. In the case of nanoparticle
the hysteresis loss, eddy current generations asmlual loss contributions are
negligible due to the absence of remanence andigdgr The major contributions
of heat generation in superparamagnetic partictesn frelaxation process are
associated with the Neel relaxation and Brownidaxegion. The Neel relaxation
process refers to the heat-assisted domain rosaimothe particles by the alternating
magnetic field. Brownian relaxation refers to tl¢ation of the magnetic particle as
a whole because of the torque exerted on the magmeiment by the external

alternating magnetic field (Pearce et al., 2013).

The energy barrier for changing the direction afipkes is determined by rotational
friction in the surrounding liquid. In general, tineating effects usually proceed
through one of the two mechanisms: Neel and Bromwnédaxation process, or both
together. The relaxation losses due to both meshancould be calculated by the

following equation:
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P=(inHwt,m [21,2TT 1ot 0] (1)

Here,mis the particle magnetic moment, H is the ac fehdplitude, » is the AC

field frequency is the nanoparticle volume, ang is the effective relaxation time.
When the AC magnetic field is applied to magnet@maparticles, their magnetic
moments attempt to rotate following the magnetdtdfiwith time lag. The effective

relaxation time€.¢) is given by

Tp Ty
Téf: — (: )
Tp Ty
in which the Brownian relaxation is
1= 3»‘/\'1_1;1'2- .............. (3)

WhereVy is the hydrodynamic volume of particle,is the viscosity of the carrier
fluid, T is the absolute temperature dos the Boltzmann constant. Neel relaxation

is
T2 =Tp E'Xp(_KT TETY (+)

Whereto= on the order of I8s, K= anisotropy constant of magnetic nanoparticle

(Deatsch and Evans, 2014),(Chris Binns, 2014).
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2.3.4 Theranostic Application of Magnetic Nanopartles

Theranostics is a newly emerging concept that coesbdiagnostics and therapeutics
property in single unity. Numerous classes of naatenmals have been explored and
studied for their potential applications in candberanostics. Among them the
SPION is considered a most applealing candiatetalubeir intrinsic physical and
chemical properties (Wadajkar et al., 2013), (Golebcal., 2015). Based on the
recent studies, the SPION has evaluated for usaltsineously as a diagnotic tool
for cancer detection and hyperthermia tool for eariberapy. Liet alin 2013 and
Yen et alin 2013 have reported the possiblity, advantagelsedficiency of SPION

nanoparticles for theranostic applications (Lilet2013).

2.4 Problems Associated with Bare SPION ParticlesiBiomedical Applications
One of the major problems associated with the parécles is aggregation. This is
due to the fact that nanoparticles in colloidalpgmsion will tend to irreversible
inter-particles adherence. This leads to the faonadf large and irregularly shaped
clusters and proceeds to aggregate. In biomedipglications, the stability of
particles is one among the major challenges. Asreagges may lead to
misrepresentative results and impedes experimaefaioducibility by changing

cellular response and toxicity profile of the pelgi(Mahmoudi et al., 2012).

There are several factors --physical and biologigafluencing the aggregation and
sedimentation velocities (Jiang et al., 2010). Mafsthe nanoparticles have surface
charge in aqueous environment due to the ionizatiesociation of surface groups,
and adsorption of charged molecules or ions topiduicle surface. The colloidal

stability is decided by inter-particle behaviousuking from intermolecular and
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surface attractive forces (van der Waals force (YgdWiteracting with repulsive
electrostatic double layer (EDL) and structuralcés such as depletion attraction.
The attractive vdW forces are repelled by EDL oftipke surface, which stabilizes
the dispersion (Min et al., 2008). The equilibrilmetween these forces determines
the colloidal stability of particles. In the casenmagnetic nanoparticle the magnetic
dipole-dipole attraction also influences the calidi stability. In the case of bare
magnetic nanopatrticle, at pH values near the istrédepoint or the point of zero
charge, the overall surface potential of the pkgitends to be neutral. As a result
the repulsion of the nanoparticles caused by EDiredeses and the attractive forces
such as vdW and dipole-dipole magnetic forces aminated, this promoting the

aggregation (Street et al., 2014).

In the case of targeted therapy, cell manipulato®ll, separatiorvia nanoparticles
that tend to aggregate fail. This is because ofdiffeculty in appropriate contact
between the cell surfaces and nanoparticles (Pemd,,e2008). Ugelstaet al in
1993 has reported the criteria required for magnedinoparticles in cell separation
experiments. One of the main conditions noted sean particle colloidal stability
(Ugelstad et al., 1993). Gupé al in 2005 reported that the surface functionalized
and stabilized magnetic particles can easily attactell surfaces and be taken up,
thus allowing efficient manipulation or concentoatiof floating cells (Gupta and

Gupta, 2005).

For use as a MRI contrast agent, stability anded@pn are important. Dispersed
particles effectively interact with protons andriease proton relaxivity. Yoet alin

2011 reported that magnetic particles with poofamér potential displayed artifacts
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or limited sensitivity in MRI images due to aggriéga (Yoo et al., 2012). Increase
in cluster size of particles causes exclusion dewmolecules from the inner surface
of the particles. Thus altering the relaxivity evénit has good magnetic
susceptibility. Balasubramaniaet al in 2011 investigated controlled aggregation
of magnetic nanoparticlega thermoresponsive polymer surface functionalization
(Balasubramaniam et al., 2011). The report dematesirthat controlled aggregation

and stable particles exhibited excellent contrigtaey in MR images.

Hyperthermia mediated by magnetic nanoparticles addies on their dispersed
status in solution. In 2003 Hamley et al has reggbthat the aggregated particles or
clumps may act as ferromagnetic systems underr@ttenagnetic field (Hamley,
2003). A ferromagnetic system always retains magagdn or hysteresis loss even
after removal of external field. In hyperthermia phgation, ferromagnetic
characteristics of particles may cause uncontrabetperature generation leading to
non-targeted tissue damage. There are few remortthe basis of controlled
aggregation and hyperthermia therapeutic approatnesfficient cancer treatment.
Lao et al in 2004 reported that aggregated particle ancelanggnetic susceptibility
crystals overshoot therapeutic temperature undemaiting magnetic field and cause

damage the normal tissues (Lao and Ramanujan, 2004)

2.4.1 Importance of Surface Modification

Storage stability and efficiermt vivo targeting are major challenges in nanopatrticle
development. In colloidal storage, physicochemattiactions dominate and induce
particle aggregation. Similarly, in tl vivo administration a major requirement is to

minimize the non-specific adsorption of plasma @roon the nanoparticle surfaces
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(Wilhelm et al., 2003). These non-specific everan drastically hamper molecular
identification processes at the surface of the pariicles and reduce the efficiency
in targeted application (Fang et al., 2009). Thetiglas should also resist non-
specific adsorption of opsonins. Opsonisation ofyn@tic nanoparticles by plasma
proteins results in rapid elimination from the kloby the mononuclear phagocyte
system with subsequent accumulation in the RES.nHbgre and amount of plasma
protein adsorbing on nanoparticles is directly tedlato the physicochemical
characteristics of the surfaces. Adsorbed opsopioentially conduct specific

interactions with receptors on the surface of npitages and hepatocytes with

subsequent excretion of the nanoparticles (Signetiradl, 2008).

To reduce opsonisation and improve the colloidabifity, a critical requirement is
to surface engineer the nanoparticles with molectiat provide repulsive forces
large enough to counter the attractive ones inctiision process. The repulsive
forces can be attained in the presence of an elalcttouble layer on the particles or
in the presence of polymeric chains providing stetabilization (Neoh and Kang,

2011).

2.4.2 Inorganic Molecules Used as Surface Coatinggdnt — Hydroxyapatite
Crystals

There are several types of polymers, ceramics dmer enaterials used for surface
modification of iron oxide particles. The polymearglude dextran (Berry et al.,
2004b), polyethylene glycoland polyvinylpyrrolidone, all of which are known lve
biocompatible and promote good dispersion of iroid® in aqueous medium

(Kohler et al., 2005), (D’'Souza et al., 2004). Hoee the possibility that the
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polymer coating can disappear under harskivo conditions has been a concern
(Zhang et al., 2002), (Moghimi et al., 200Ajnong diverse coating techniques, the
use of an inorganic matrix as a host for nanochystaparticles has been shown as
an effective means for tailoring a uniform partickize and controlling the
homogeneous dispersion of ultra-fine clusters (Moret al., 2002). These coatings
not only provide stability to the nanoparticlessalution but also help in binding
various biological ligands to the nanoparticlegface (Ashokan et al., 2010). These
nanoparticles have an inner iron oxide core wittoater ceramic shell of inorganic
materials. Several studies have reported potemns& of iron oxide ceramics,
especially the magnetite or maghemite phase. Fomdulical applications of
magnetic nanopatrticles, it is crucial to developcbimpatible protection strategies
against oxidation and agglomeration (Lu et al.,J0O®Recent research has focused
on the synthesis of silica stabilized iron oxideayarticles for various catalytic and
biomedical applications (Sunil et al., 2009). Begtaet al reported that iron oxide-
containing ferrimagnetic bioglass ceramics (FBClldabe used for hyperthermia
treatment of bone cancer (Leventouri et al., 20@&hough distinct inorganic
biocompatible materials are reported, hydroxyapdttA) (CaoPOy)s(OH),), which

is the main inorganic phase of human bones has wakely used as an inorganic
material for bone filling and augmentation appilicat It is bioactive and supports
bone ingrowth and osteointegrate when used in pethia, dental, and maxillofacial
applications (Liu et al., 2008). Better biocompdityp of HA prompts its use as an
inorganic host matrix for seeding iron oxide nantipkes. One of the advantages of
calcium phosphate as an embedding material relédives polymeric nanoparticles

or liposomes is its variable solubility in cells dgter et al., 2008).
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Few studies have evaluated HA-nano iron oxide &meéffect on biological system.

A recent report suggests increased osteoblasttgensihe presence of nano iron
oxide (maghemite) and hence favors its use as enpat candidate in bone tissue
engineering applications (Hou et al., 2009), (Raettal., 2008). But there is a dearth
of suitable synthetic strategy and proper micrastme evaluation in all the reported

methods (Silva et al., 2008).

2.4.3 Surface modification — Trisodium citrate (TC)Molecules

Nanoparticles can be stabilized through surface ificaton via small polar
molecules like citrate moieties. As the nanopatickurface coating thickness has
great importance in the efficiency in biomedicalldi (Andreas et al., 2012). The
high molecular weight polymer and other crystal @sales thicken particle surfaces,
which reduce the magnetic property. Moreover, tighdr density of particles
reduces the colloidal stability and increases thance for settling or clustering
under gravitational force for long term storage @&Kthar et al., 2015). The addition
of citrate molecules in the synthesis of magnetmaparticles can control the
nucleation, crystal growth, structure, stabilityzesand crystallinity. Depending
upon the concentration of citrate molecules, the size gets varied (Laurent et al.,
2008). Carboxylic group have importance on the d@ihoaf magnetic nanoparticle
and magnetic properties. Best al in 1995 have investigated the effect of
concentration of citrate ions on size variationg®¢ al., 1995). Liu and Huang have
studied the effect of the presence of citrate durnmagnetic nanoparticle synthesis
(Chen Liu, 2003). Increasing concentrations ofat#rcause significant decrease in

the crystallinity of the iron oxides formed. Kriskmurti and Huang have studied the
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influence of citrate on the kinetics of ¥eoxidation and the ensuing hydrolytic
products of F& (P.M. HUANG, 1991). Moreover the citrate molecutEre highly
water soluble and biocompatible. Khlebtsaval reported that the citrate molecules
stabilized gold nanoparticles showed good biocoibiif in in vitro condition and

excellent stability undan vivo system (Khlebtsov and Dykman, 2011).
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Chapter 3

MATERIALS AND METHODS

3.1 Development of Superparamagnetic Iron Oxide Enmddded Hydroxyapatite
Nanocomposite

3.1.1 Materials

Samples of FeGl4HO (Merck, Darmstadt, Germany), FgCl(Merck),
Ca(NGy)2: 4H,0 (Rankem, New Delhi, India), (N} H.PO, (Rankem), and 25%
aqueous NEOH (SD Fine Chemicals, Mumbai, India) and 35% HGD(Fine
Chemicals) were used as obtained. 3-(4,5-Dimethyiiazol-2-yl)-2,5-
diphenyltetrazolium bromide (Sigma-Aldrich, USA)treptomycin (Invitrogen,
USA) and fetal bovine serum (Invitrogen, USA) wersed for the MTT assay. All
chemicals used for the experiments other than timosetioned in the materials

section were obtained from Sigma-Aldrich, USA.

3.1.2 Synthesis of Nano Iron Oxide Embedded Hydroapatite Composites
(HAIO)

The synthesis of HAIO was carried out by co-prdeipig iron salt and calcium
phosphate precursors in alkaline medium. The iaedihselution was freshly prepared
in an acidic medium of HCI using FeAH,0 and FeGlin the ratio of 1:2. The Ca
(NO3)2- 4H,0 and (NH) H,PO, solutions were taken in such a way as to get &d@ C
ratio of 1.67. The Ca (N£r-4H,0 solution was mixed with iron salt solution with
constant stirring until the required temperaturéC7@vas reached. The pH of the

above solution was then slowly increased up toyladuling 25% ammonia solution
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together with (NH)H.PO, for a period of 1 h. The addition and mixing cagents
were done under Natmosphere. After the addition was completed, tratpre was
increased to 80°C for a period of 1 h to eliminaxeess ammonia. The suspension
was aged for 24 h at room temperature, after wthiehprecipitate was washed three
times with distilled water and centrifuged at 35@dn. The particles were further
collected after centrifuging at 6000 rpm followey tnagnetic separation. Bare iron
oxide particles were also prepared by 1:2 ratio$eafous, ferric chlorides in the

same reaction condition for size, phase purity, @rmical structure comparison.

The HAIO samples at molar percentage ratios of Q0a#8re synthesised using the
same method. In ascending order of molar percerdbgen oxide in the composite,
the samples are described as HAIO10, HAIG3BRJO50, HAIO70, and HAIO90.

Bare SPION was also prepared using a 1:2 ratiewbds: ferric chlorides at the

same reaction conditions for size, phase puritgl, dremical structure comparison.

3.1.3 Physicochemical Characterizations HAIOs andF3ON

3.1.3.1 High Resolution Ttransmission Electron Micoscopy (HRTEM) and
Energy Dispersive X-ray Spectra (EDS)

High-resolution TEM (HRTEM) analysis was perforntedevaluate the morphology
and crystal size, and for composition analysis. HRTEM images and energy
dispersive X-ray spectra (EDS) were collected afE®L JEM-2010F microscope
operated at 300 kV. HAIO magnetic nanocompositepéasnat low concentration

were dropped onto a formvar coated copper grieéddand analyzed.
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3.1.3.2 Environmental Scanning Electron Microscopy(ESEM) and Energy
Dispersive X-ray Spectra (EDS)

The micro-scale morphology and the composition ymml of the HAIO
nanocomposite were investigated with the aid of BSESEM; Quanta 200, The
Netherlands). Samples were prepared by dispersingdistiled water with
ultrasonication for 2 minutes. A single drop of @i@ove suspension was put on an
aluminium stub and dried at room temperature, ¥o#ld by coating with gold. The
composition of the magnetic nanocomposites wasuated using energy dispersive

X-ray spectroscopy.

3.1.3.3 X-ray Diffraction Analysis (XRD)

The phase purity of crystals of HA, SPION and HAl@anocomposites was
analyzed using an X-ray diffractometer (Bruker, Bdvance, Karlsruhe, Germany)
using Cuk;; radiation operating at 40 kV and 30 mA currenermsgith. The crystal
structure was determined by analyzing the posiiod intensities of the diffraction
peaks typically observed in the range of diffractangle 2 = 20—70and at a scan

rate of 4° mift with a step of 0.1°.

3.1.3.4 Dynamic Light Scattering (DLS) and Zeta Pantial Measurements

The hydrodynamic size and surface charge of theawmnposite particles were
analyzed using a Dynamic Light Scattering (DLS)tiekr Size Analyzer (Malvern
Instruments Ltd, Worcestershire, UK) by dispersthg sample in distilled water

using ultrasonic probe sonication.
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3.1.3.5 Fourier Transform Infrared Spectra (FTIR)

The Fourier transform infrared (FTIR) spectra af #amples were collected using a
Thermo-Nicolet 5700 spectrometer. As the ceramigder was found to be opaque
to IR, the diffuse reflectance (DRIFT) techniqueswssed for measurement. Samples
were dried and the powder thus obtained was thdigugixed with IR grade KBr
powder and the reflectance spectrum recorded imathge of 400 to 4000 chat a

resolution of 4 cil. KBr powder alone was used for background spectra.

3.1.3.6 Vibrating Sample Magnetometry (VSM)

Freeze-dried powder samples were used for the rtiagpeoperty analysis.
Vibrating sample magnetometry (VSM) was used tosueathe magnetic properties
of the SPION and HAIOs using a PAR EG&G Model 4508gnetometer with an
external field varying from -15 to 15 kOe at rooamiperature. The magnetization of

each sample was obtained as a function of theexppéld.
3.1.4 Biological Evaluation of HAIOs

3.1.4.1In vitro Biocompatibility - Cell Culture

HeLa (human cervical carcinoma) cells were cultureBulbecco's Modified Eagle
Medium-High Glucose (DMEM-HG) with 10% fetal boviserum (FBS), 50 units
per ml of penicillin and 50 mgrllof streptomycin. All reagents were sourced from
Invitrogen, India and cell culture lab ware from NO, Denmark. Cells were seeded
and maintained at 8C and 5% C@atmosphere and experiments were performed at

80% confluence.
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3.1.4.2 Cell viability MTT Assay

The viability of HelLa cells was ascertained using the déad methyl thiazol
tetrazolium bromide (MTT) assay as per Mosmatral. (Mosmann, 1983) using
HelLa fibroblasts. The nanocomposites HAIO10, HAIQ3®AIO50, HAIO70,
HAIO90, SPION and control were added to wells aalficoncentrations of 0.75 mg
mi* and 1.5 mg mt. After 24 hours incubation with the above concatins of
nanoparticles, MTT was added to each well, theltieguformazan was dissolved
and the optical density was evaluated at 570 nmguai Chameleon Microplate
Reader. The control in the MTT experiment was HekHds without exposure to
particles. Control MTT activity was taken as 100a¥d test values were plotted

against it.

3.1.4.3 Cell viability Alamar blue Assay

The cytotoxicity of HAIO50 particles various contextion were evaluatedia
alamar blue (AB) assay. The AB assay was used sesascellviability and
proliferation based on the reduction potential aétabolically active cells. The
mitochondrial reductase enzymes in living cells arve and it changes the alamar
blue to pink color on the basis of live cell adyviln this study, HelLa cells were
seeded in a transparent 96 well plates and expms#ue different concentrations
[0.5mg/ml, 1mg/ml, 2mg/ml and 3mg/ml] of HAIO50. t&f the exposure, 100 of
alamar blue reagent (invitrogen assay protocol) wdded in each well and
incubated for 4h at 3€. The fluorescence was measured at 560 nm excitatid

590 nm emission wavelengths using a plate readéDEM Chameleon) and
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expressed in percentage activity of live cells usrsontrol. The experiments were

carried out in six duplicates for each concentratio

3.1.4.4In vitro Hemocompatibility

Samples were diluted with PBS (pH 7.4) to 10 mg" imémoglobin concentration
and the test was then performed. Samples as (8&D10, HAIO30 and HAIO50)
were used for the test and each sample at difféesttconcentrations (0.1 mg, 0.3
mg and 0.5 mg) was incubated individually with 1@0of whole blood with a
hemoglobin concentration of 10 mg/ml for 3 h at@T9 a shaking water bath. The
samples were centrifuged at 700 — 800g for 15 g the supernatant was then
observed for any released hemoglobin at 540 nngukie methemoglobin test. The
test was validated against Triton X100 as the p@sicontrol and polyethylene
glycol as the negative control. The percentage eshdlysis was calculated by a
relative method based on optical density (OD). Thgeriments were run in

triplicate and repeated twice.

Percentage hemolysis = Supernatant Hb released 8(@0ution factor)

Total Hb conc. of dil. Blood
The calculated percentages of hemolysis for all sheples were compared with
ASTM standard, which defines samples as highly leermpatible (<5% hemolysis),
hemocompatible (within 10% hemolysis) and nonhemuaatible (>20%

hemolysis).
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3.1.4.5 Cellular Uptake: Prussian blue Staining andFlow Cytometry
Evaluations

Cells post-incubation with nanoparticles were vigeal using the Prussian blue
staining method to detect the presence of iron.aHmlls were grown on round glass
coverslips (Blue Star, India) and incubated with1BB0 nanoparticles (120g) for

4 hours. After incubation, the coverslips were veastvith sterile phosphate buffered
saline and fixed with 95% ethanol. Prussian blaesig was carried out with equal
volumes of 2% hydrochloric acid and potassium éganide trinydrate for 15 min
followed by washing with distilled water, and imageere captured using a Leica
DMIL microscope. Cell interactions with the nanosrél were analyzed using flow
cytometry. HAIO50 was used for analysis at varyaogcentrations (3@Qg, 60 ug,
120 pg, 240ug, 480ug and 960ug). 1x16 Hela cells in suspension were treated
with the nanoparticles for 15 min, and the forwadtter (FSC) and sidscatter
(SSC) were measured using a Becton Dickinson FAG& iAstrument using FACS

ARIA software.

3.2 HAIO50 Assisted Cell Separation, Manipulation ad Culturing using

External Magnetic field for Introducing Targeted Cell Delivery and Therapy

3.2.1 Cell Separation

HeLa cells (1.4x1dcells per ml) were added to seven tubes (A— G)inodbated
for 15 minutes with varying concentrations of HAIMHC1 to C6) in PBS. Cells
were pre-stained with Acridine orange and magrssmaration was carried out with
an external magnet (0.3 T) for 1 minute on all 8ibEhe supernatant and the pellet

were collected into separate tubes. Cell numberse vevaluated using Coulter
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counting (Sysmex K- 4500). The supernatant ancepelere resuspended in 500

of PBS and placed on a UV transilluminator (Bangal&Genei).

3.2.2 Morphological Study: Cell Separation

To understand the effect of the cell separationadyos on the cell morphology,

imaging studies were carried out. A pellet isolatedmagnetic separation was fixed
in 1% glutaraldehyde (Electron Microscopy Scienceggrnight. The pellet was

prepared as a thin film on a clean glass slidegB3tar, India) and dried at room
temperature. The film was fixed in 100% methanoljreed and then stained with

Giemsa Stain (1 : 20 volume dilution). Excess staas removed by washing with

diluted buffer solution, and the sample was theeddand imaged under an inverted
phase contrast microscope (Leitz DMIL, Leica, Gerg)aEnvironmental scanning

electron microscopy (FEI QUANTA 200) was carried on fixed pellets dehydrated

in an ascending alcohol series and placed on a gtagerslip.

3.2.2 Cell Culture of Magnetically Separated Cells
Cell pellets collected by magnetic separation wieamsferred into culture wells
under aseptic conditions and provided with growédmam (DMEM-HG) and then

cultured for 24 hours and characterized.

3.2.2.1 Cytoskeleton, Morphology Evaluations by Cdncal Laser Scanning
Microscopy (cLSM)

The F-actin structure and morphology of the magadyi separated cells, after 24 h
culture, were observed by confocal laser scannimgascopy and environmental
scanning electron microscopy. For cLSM evaluatithe monolayered cells were
fixed in 3.7% paraformaldehyde and permeabilizethvd.25% Triton X-100 for
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Factin staining in the cells. F-actin was stainett vlexa-fluor- 488-phalloidin and
the nucleus was counterstained with 4’,6- diamieaghenylindole (DAPI). The
control and HAIO50- labeled HelLa cells were invgsted using a confocal laser
scanning microscope (Carl Zeiss LSM 510 META eqeippwith differential
interference contrast optics). Images of the sasplere prepared in multi-track

mode with separate excitation of DAPI and Alexasfi488-phalloidin.

3.2.3 HAIO50 Aided Three Dimensional Cell Culture

The HeLa cells were grown in six well plate to @48 confluence, at which point,
they were treated with HAIO50 magnetic nanocompqggdérticles at a concentration
of 2 mg/ml and incubated overnight. The next degated cells were enzymatically
detached with trypsin and resuspended 3 ml of frasdium in a six well plate. A
neodymium magnet was placed on top of the platevitate the cell to the medium.
The HAIO50 particles attached or up taken cells ewkvitated and incubated
another 72 h. To understand the nature of stru@ademorphology of cultured cells
were analyzed by environmental scanning electrarascopy, fluorescent imaging

and phases contrast imaging.

3.2.3.1 Morphological Evaluation-ESEM Technique

The magnetically levitated 3D cultured cell she@isveeparated from the medium
with the help of external magnetic field and tramnsdd to clean glass coverslip. Then
the cells were fixed with 1% glutaraldehyde ovenhigThe cells sheet was

dehydrated with ascending alcohol series and planeal cover slip and gold coated.

The morphology was analyzed by ESEM analysis.
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3.2.3.2 DAPI Nuclear Staining and Phase Contrastiaging

Cell sheet were fixed with 3.7% paraformaldehyde\arnight followed by washed
with PBS solution. Diluted (1:100 dilution) DAPI Istion was added to cell sheet
and incubated for up to 5min. Rinse the cell sha#dt PBS solution for removing

the excess DAPI stain and mounted with the antifadgent to reduce fluorescence
quenching and imagedia fluorescence microscope. The same cell sheet phase

contrast images captured by using a Leica DMIL itegemicroscope.

3.2.4 Magnetic Microsphere Synthesis

The magnetic microspheres were developed by solesaporation technique.
Briefly, the polycprolactone polymer (PCL) was dis®d in dichloromethane
[DCM] to get 10% weight percentage and 2mg of méagrmmwder HAIO80 [80%
SPION and 20% HA] were dispersed into them. Theymsr was magnetically
stirred at room temperature for 24h in a closedelesit was drop wise adding into
continuously stirring aqueous solution containin@5% polyvinyl alcohol. After
complete addition of magnetic slurry, the suspansi@s stirred continuously to
another 24h and washed with distilled water andddtinder room temperature. The
same synthetic technique was followed with out @oldi of HAIO powder to
development of 7.5 wt% and 5wt% in PCL microsphewsich were termed as

PCL5 and PCL7.5 respectively.
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3.2.5 Physicochemical Characterizations

3.2.5.1 ESEM and EDS Analysis

The size, surface texture and elemental composittdrHAIOPCL were evaluated
by scanning electron microscope. For this analyses microspheres were dispersed
over the aluminum stub and images were capturedrainous magnification.
Followed by the corresponding areas elemental caitipps analyzed through

energy dispersive spectra.

3.2.5.2 XRD and FTIR Analysis

To understand the crystallinity and nature of booflslAIO and PCL in composite
form has been evaluateth XRD and FT-IR technique. The separate phasesabf ea
crystal were analyzed and compared with HAIOPCLe Tiethod of analysis and

parameters used as same as that mentioned inciens®1.3.3and3.1.3.5.

3.2.6 Biological Characterizations

3.2.6.1Cell Culture
HeLa (human cervical carcinoma) cells were cultiagger mentioned in the section

3.14.1

3.2.6.2 Cytotoxicity - Alamar Blue Assay and LighMicroscopic Technique

The cytotoxicity of HAIOPCL10 (short termed as HAQGL) containing various
size ranges were evaluateth Alamar blue (AB) assay as per the procedure
mentioned in sectioB.1.4.3 In this study, HelLa cells were seeded in a traresg

96 well plates and exposed to the different siZedAIOPCL microspheres [sizes

ranges 100-25Qum, 250-350 um, 350-500 um, 500-1000um] dispersions at
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concentration of 2mg/mL for 24h. After the exposur@Opul of alamar blue reagent
(invitrogen assay protocol) was added in each amdl incubated for 4h at 37°C. The
fluorescence was measured at 560 nm excitatiorb@Achm emission wavelengths
using a plate reader (HIDEX Chameleon) and expdesspercentage activity of live
cells versus control. The experiments were camigdn six duplicates for each size
of microsphere. Further the cell was exposed taospheres for 24 h and structure

was also evaluateda bright field Leica DMIL microscope (Leica, Germany

3.2.6.3 Hemolysis and RBC Morphology Analysis

Blood from human volunteer was collected into theécagulant, ACD (acid citrate
dextrose). ACD blood was prepared by adding 1mIAGD solution to 9 mL of
fresh human blood. The blood compatibility expemitsevere based on the standard
protocol 1ISO10993- 4:2002(E). 1mgs of various siaemicrospheres [sizes ranges
100-25Qum, 250-35@m, 350-50Qm, 500-100Qm] and saline control [2ml] were
added into each of the 10 ripolystyrene wells, followed by addition of 1ml blb
and incubated for a period of 2 h under agitatib@@&+ 5 rpm using an environ
shaker thermostat (Kuhner shaker, Switzerland) @t #3 2C. Three empty
polystyrene culture dishes were exposed to bloagfasence. The total hemoglobin
in the whole blood samples were measured usingmaito hematology analyzer
(sysmex-K 4500). The free hemoglobin liberated ithte plasma after exposure to
materials was measured using Diode array specttopteter (Hewlett Packard
8453) and the percentage hemolysis was calculaied the formula (Free Hb/ total
Hb)< 100. Hemolysis expressed as a percentage of hebinglrelease was

performed to assess the effect of microspheredamd lwell membranes.
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3.2.7 Three Dimensional Cell Culture using Magnetidlicrosphere

HelLa cells were seeded over magnetic microspharss iwell plates and incubated
for 24h to attach the cell on microsphere surfadé® cell culture medium was
changed after 24h and microspheres were levitati¢iul tve help of neodymium
magnet placed over the plate. The microspheres imetdated another 72 h in a
levitated condition and evaluated the cells morpges, live-dead analysigia

various microscopic methods.

3.2.7.1 ESEM Analysis

3D cell cultured microsphere were fixed with 1% tghaldehyde for 24h and
dehydrated using ascending order of alcohol. Fabtbly the cell over microsphere
was fixed in aluminum stubs. The morphologies discs well as microsphere were

imaged by Environmental scanning electron microgdéjzl QUANTA 200).

3.2.7.2 Live- Dead Staining and DAPI Nuclear Staimg Evaluation

In order to evaluate the efficacy of magnetic mspizere in maintaining cell
viability over time, the 3D cultured cells were mated through a live- dead assay
using acridine orange and ethidium bromide (signidde 3D cultured magnetic
microsphere was washed in PBS and incubated withul@ye mixer for 30min.
Excess stain was removed with PBS and the sphesevieaved under a fluorescent
microscope. Live cells were determined by the uptak acridine orange green
fluorescence (502/526) and the exclusion of ethidioromide red fluorescence
(518/605) satin. The cells over microsphere weraluated by DAPI nuclear
staining. For this analysis the 3D cultured magneticrosphere were fixed with

3.7% paraformaldehyde for 24h followed by washethwABS solution. 100 times
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diluted DAPI solution were added to magnetic sphered imaged by fluorescent

microscope.

3.3 Theranostic Efficiency Evaluation of HAIO50 (Hyperthermia Therapy and

MRI Contrast Agent)

3.3.1 Magnetic Hyperthermia Evaluation of HAIO50 ard SLP Calculation

In order to investigate the therapeutic hypertharmbtential of HAIO50, the
samples were subjected to induction heating studhes this analysis, the Ambell
EASY HEAT laboratory induction system was useds ltontaining induction coil
with 4 cm diameter, 2.6 cm length and a total dbihs was set at magnetic field
frequency 275 kHz for this experiment. The inductemil was thermalized to room
temperature with a closed circuit water chiller. I@A0 was subjected to an
alternating magnetic field through induction hegtisystem and temperature of
nanoparticles was measured as a function of tirhe.t&mperature change in sample

was monitored with a non contact mode IR thermon{&leke 572).

To examine the specific loss power [SLP] of matemiferent concentrations of
HAIO50 dispersed in aqueous solution in a 1.5mLsttacentrifuge tube and
insulated with ceramic wool. The entire assemblg wkaced within the centre of a
water cooled copper coil and measured the time-¢eatpre profilevia alternating

magnetic field (AMF) applications. The SLP was oédted by the equation,
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(A
SI.LP = m dt

Where C' is the volume specific heat capacity of the sa{filaer= 4185 J [* K™
C), Vs = is the sample volume, andis the mass of the magnetic nanocomposite
present in the sample volume. dT/dt initial slopéhe change in temperature versus

time curve (K3).

3.3.2 HAIO50in vitro Hyperthermia Evaluation

Hela cells (1x18) and HAIO50 material at a concentration of 2mghwire
suspended in a 1.5 ml eppendorff tube with a fumime of 20Ql. An alternating
magnetic field [AMF] of 33.8mT and 275 kHz was apglto the test tube containing
HelLa cell suspensions for 30min. The material-safipension placed to maximum
field strength of the induction coil and carriedt dbe AMF hyperthermia. The
temperature of the suspension was monitored bynfraréd thermometer. After
AMF application material-cell suspension was ind¢abafor 1h at 37C. Cell
suspension containing 2mg/ml HAIO50 without AMF Bpation was taken as

control.

3.3.2.1 Quantitative Estimation of Dead Cell Populkton — FACS Analysis

In this analysis, the control and test material-sespensions were washed twice in
1X PBS and re-suspended in PBS. Cells were staiuted?00 ul of (50 pg/ml stock
solution) Ethidium bromide solution for half an mo&urther the cells suspension

washed in 1X PBS solution to remove the excesn atal was evaluated through
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flow cytometric analysis [FACS ARIA, BD BioscienceSan Jose, CA,USA] and
percentage of stain expressed cells was calculstesging BD FACS Diva software

(BD Biosciences, San Jose, CA, USA).

3.3.2.2 Quantitative Estimation of Cell Death Mechaism - FACS Analysis

After hyperthermia experiment, the control and testerial-cells suspensions were
washed twice in 1X PBS and re-suspended in PB3s @elre further stained with
live-dead staining kit [Invitrogen FITC Annexin VHad Cell Apoptosis cat
no:V13242]. Post - staining, cell population wasaleatedvia flow cytometric
analysis [FACS ARIA, BD Biosciences, San Jose, C3land percentage of stain
expressed cells was calculated by using BD FACS Boftware (BD Biosciences,

San Jose, CA, USA).

3.3.2.3 Hyperthermia Treated Cells Morphology Evalation — ESEM Technique
To understand the hyperthermia treated HelLa cebisphological analysis, cells
were grown adherent on round glass coverslips (Blae, India) and exposed to 2
mg/ml of HAIO50 particles, followed by AMF exposui@ 30min and incubated for
1h at 37C. Cells alone grown over glass coverslip were usedcontrol of the
experiment. The cells were fixed in 1% glutaralgie for 2 h and dehydrated in an
ascending alcohol series and evaluated by Enviratahescanning electron

microscopy (FEI QUANTA 200).

3.3.3 Magnetic Resonance Imaging Contrast Efficieyoof HAIO50
Relaxivity measurements: To assess the magnetiaaieastics of the HAIO50

nanoparticles with respect to their potential ussé&| contrast agents, the HAIO50
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r, relaxivity (relaxation of transverse magnetizatio. spin—spin interaction) was

measured.

The magnetic relaxivity measurements phantom stuelse performed on a 1.5 T
entire body MRI scanner (MAGNETOM Avento Tim, Siemse Munich, Germany)
using a 12 channel head coil. Different concerdretiof the HAIO50 particles
dispersed uniformly in DI water and enclosed in-nmegnetic containers served as
the phantoms. The relaxation times)(Tusing different concentrations of
nanoparticles (0 to 0.25 mM of Fe) were measurdte Toncentrations of the
nanoparticles in containers were fixad serial dilution. From a stock concentration
of HAIOS50, different dilutions were made using Dater. The scanning parameters
used were: temperature = A2, field of view = 20 cm x 40 cm and slice thickaes

6 mm. For T} relaxometric measurements, a spin echo sequenicethree different
planes of the phantoms was used. The MR signalmeasured for various echo
times of 15-120 ms with a fixed repetition time2000 ms. 7 relaxation time was
calculated from the resulting MRI pixel intensityaps with respect to each
concentration. The relaxivity Arvalue calculatedia pixel intensity plotted against

the HAIO50 concentrations anglvalue was determined by the linear fit.

3.3.3.1In vitro MRI Analysis

HeLa cells (1 x 19 were incubated with HAIO50 in a DMEM medium fottRat Fe
concentrations of 0.05, 0.1, 0.15, 0.2 and 0.25mMlifer exposure time, the cells
were washed twice with 1X PBS and re-suspended BBI® in an Eppendorf tube.

MR imaging was performed with a 1.5T MRI; Weighted images were acquired
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using the following parameters: temperature 2C22FOV = 8 cm x 8cm, slice

thickness 3mm. The;Bignal intensities were measured within the regibimterest.

3.4 Improve the Theranostic Efficiency of Superpramgnetic Nanoparticles

Through Crystal Modification

3.4.1 Development of Manganese Substituted SPION (WMD) Nanocrystal via an

Aqueous Co-precipitation

3.4.1.1Materials:

FeCb.4H,O (>99%), FeCd anhydrous X98%), MnCh.4H,O (>99%), NaOH, 35%
HCI and Trisodium citrate (TC) were purchased frislarck (Germany/India). The
chemicals used for the cell culture studies aret,3-flimethylthiazol-2yl]-2,5-
diphenyltetrazolium bromide (MTT), F12K medium, 8od bicarbonate,
Gentamicin (Himedia, India), amphotericin B solati@nd fetal bovine serum
(Sigma-Aldrich, Germany). The chemicals used far tlanoparticle cell uptake and
blood compatibility evaluations are from Sigma-Adti;, Germany. Deionized water
was used for the synthesis and subsequent washitige MnIO. All the reagents

were used without further purification.

3.4.1.2 Synthesis of MnlO

MnlO with varying Mrf* molar concentrations were synthesized using aea
co-precipitation method. Briefly, the precipitatiovas carried out in the precursor
composed of a 0.1 M solution of ferric salt in dered water and 0.05 M solution of
ferrous and manganese salts in 1 M HCI. A soluwib@.03 M trisodium citrate was

added to this solution to restrict particle aggtegaand to control the crystal
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growth. This precursor was magnetically stirrecadaemperature of 80°C under an
inert atmosphere followed by the dropwise additadnl M NaOH, continuously
monitoring the pH. At a pH ~12, a black precipitatas observed indicating the
formation of MnlO. After completing the addition thfe NaOH solution, the reaction
was allowed to continue for another 2 h to complle¢éeprecipitation of stable MnlO.
The black precipitate obtained was magneticallyassied, washed initially with
deionized water followed by washing with 0.001 M IHt® achieve complete
dispersion of the nanocrystals in the aqueousisoluThis was further washed with

deionized water to attain a neutral pH.

3.4.1.3 Development of Various Concentration of Mif Substituted SPION

The experimental procedure in section 3.4.1.2 wegseated for various molar
compositions of Mfi" to Fé" ratios of 1 : 3, 1 : 1 and 3 : 1 keeping the cotregion
of ferric salt solution constant, (represented asi®25, MnlO50 and MnlO75,
respectively). Bare SPIONs were prepared accorttng previous sectio.1.2

using ferrous and ferric chlorides in a 1:2 ratimler the same reaction conditions.
3.4.1.4 Physicochemical Characterizations of MnlOs

3.4.1.4.1 TEM and HRTEM analysis

The size and morphology of the prepared nanopestisiere studied by transmission
electron microscopy (TEM, JEM-2010, JEOL, Tokyopa® at 100 kV and the
histogram of TEM patrticles evaluated using Imagdtivare by counting 50 number.
The corresponding average particle sizes were ledgaliwith the help of a Gaussian
fitt HRTEM images were obtained using a Hitachi BZ00 TU field emission
microscope operating at an accelerating voltaggOofkV.
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3.4.1.4.2 Powder X-ray Diffraction

Nanocrystal phase analysis was carried out usingdpo X-ray diffraction. The
powder X-ray diffraction measurements were takeinguan X-ray diffractometer
(Bruker, D8 advance, Karlsruhe, Germany) with Gukadiation operating at 40 kV

and 30 mA current strength performed at room teatpes.

3.4.1.4.3 Fourier Transform Infrared Spectra (FTIR)

FTIR spectra for all the samples were recorded offharmo- Nicolet 5700
spectrometer (Thermo Nicolet 5700, USA) using tiféuske reflectance (DRIFT)
mode and to obtain high signal to noise ratio, @hs were collected at a resolution

of 4 cmi.

3.4.1.4.4 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) was performed fifeeze dried MnlOs samples
with a SDT 2960 V2.2B instrument (Simultaneous TOAA, TA Instruments,

Delaware, USA) under the nitrogen atmosphere a@titig rate of 10°C mith

3.4.1.4.4 Inductively Coupled plasma-Optical Emisen Spectroscopy

The total atomic percentage of iron and manganese determined by inductively
coupled plasma-optical emission spectroscopy (I&S0OPerkin Elmer 5300DV,

USA). An aliquot (typically 2 mL) of the MnlO nanagicles dispersion with 1 mL

of 3 N analytical grade HCI were used for ICP measwents. The sample solutions
were pre-heated to boiling, and then cooled to rdemperature, followed by

adjusting the volume to 50 or 100 mL as per thaiireq analysis conditions and

measurements were conducted.
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3.4.1.4.5 ESEM and EDS spectrum
An environmental scanning electron microscope (Qua00, The Netherlands)
equipped with energy dispersive X-ray (EDS) spewntmias used to determine the

composition of the as-prepared MnlOs samples.

3.4.1.4.5 Magnetic Property Measurement of MnlOs

Magnetic measurements were carried out on a PAR E®&del 4500 Vibrating
sample magnetometer (VSM) varying the field betwegh kOe and +15 kOe.
Powder samples of MnlOs were placed in a uniforngmeéc field and its magnetic
properties, saturation magnetization and magnststehesis nature studied at room

temperature.

3.4.1.4 Biological Evaluations of MnlOs

3.4.1.4.1 Cell Culture
HelLa (human cervical carcinoma) cells were cultaeger mentioned in the section

3.14.1

3.4.1.4.2 Cytotoxicity - Alamar Blue Assay and LighMicroscopy

Alamar blue (AB) assay was carried out as per tloequure mentioned in section
3.1.4.In this study, HelLa cells were seeded in a trarspa®6 well plates and
exposed to the nanoparticle [SPION and MnlO25, Mii@nd MnlO75] dispersions
at concentrations ranging from 0.5mg to 3mg for.24fter the exposure, 1Q0 of
alamar blue reagent (invitrogen assay protocol) wdded in each well and
incubated for 4h at 37°C. The fluorescence was anedsat 560 nm excitation and

590 nm emission wavelengths using a plate readéDEM Chameleon) and
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expressed in percentage activity of live cells usrsontrol. The experiments were
carried out in triplicate for each nanoparticle @emirations. The 24h material
exposed cell structure was also evaluatiedbright field microscopy. Microscopic
observations and cell imagery acquired with a LdidIL microscope (Leica,

Germany) support the non — cytotoxic nature oftheticles.

3.4.1.4.3 Hemolysis Assay

The experiment was conduted as per the se8t26.3 In this study, the MnlOs and
controls (1mg) were added into each of the 10°muolystyrene wells, followed by
addition of 1ml blood and incubated for a perio®bfunder agitation at 70 £ 5 rpm
using an environ shaker thermostat (Kuhner sh&kaitzerland) at 35 £+ 2°C. Three
empty polystyrene culture dishes were exposed todblas reference. The total
hemoglobin in the whole blood samples were measusetdy automatic hematology
analyzer (sysmex-K 4500). The free hemoglobin abstt into the plasma after
exposure to materials was measured using Diodg apactrophotometer (Hewlett
Packard 8453) and the percentage hemolysis waslatd using the formula (Free
Hb/ total Hb)¥ 100. Hemolysis expressed as a percentage of hebingklease was

performed to assess the effect of nanocrystalb®blbod cell membranes.

3.4.1.4.4 Clotting Time

Whole human blood was collected from an un-meditdtealthy donor without
anticoagulant and was transferred immediately tsgyltubes for clotting time
analysis. Briefly, 1mg of each sample (SPION & Mg)Qvas mixed with 1ml of
whole blood and time required for clot formationsa@bserved manually by tilting

the tube at fixed time intervals measured usinppveatch. The time period between
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the addition of the samples to whole blood and firsible clot formation was taken
as the clotting time. Negative (saline) and posifjgolyethylenimine) controls were

also treated identically.

3.4.1.4.5 RBC Aggregation

Red blood cell concentration was collected from Mhdlood in ACD by
centrifugation at 3000 rpm for 15min. 1 mg of eaxfhthe samples (SPION &
MnlOs), positive (polyethylenimine) and negativali{se) control were added to 1ml
of 1:10 normal saline diluted red cell concentraaes were incubated in Environ
shaker thermostat for 30 min at 35 £ 2°C. Aggregativas observed using 40x
objective of Leica phase contrast DMIL microscopei¢a, Germany) after 1: 100

dilution of the mixture with normal saline.

3.4.1.4.6 WBC Aggregation

WBCs were isolated from citrate human whole blogddoadient centrifugation
using Histopaque (sigma-1077). Cells were carefaliflected and diluted with
normal saline to obtain a concentration of 50000D00ells per microlitre. 1mg of
each samples, positive and negative controls weea tadded to 1ml of count
adjusted WBC and were incubated in Environ shakemtostat for 30min at 35 +
2°C. Aggregation was observed using 40x objectifeLeica phase contrast

microscope after 1: 100 dilution of the mixturelwitormal saline.

3.4.1.4.7 Platelet Aggregation

Platelets were isolated from citrate human whotdlvia gradient centrifugation
using Histopaque. Cells were carefully collected! atluted with platelet poor
plasma to obtain a concentration of 2.0 - 2.5%cHls. 1mg each of the samples,
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positive and negative controls were then addednmid df count adjusted platelet
solution and were incubated in Environ shaker tlostat for 30min at 35 +°€.
Aggregation was observed using 40x objective otaghase contrast microscope

after 1: 100 dilution of the mixer with normal sadi

3.4.1.4.8 Cell Uptake

To evaluate the cell uptake of SPION and MnlOs,dbkés were incubated with 50
ug of SPION and MnlOs at 37°C for 24h. After incubaf the cells were washed
with sterile PBS buffer and fixed with 3.7% paraf@adehyde for 4h. The prussian
blue staining was carried out with 7:3 volume mtid 10% potassium ferrocyanide
and 10% hydrochloric acid. After 20 min the cellsrev washed thrice with distilled
water. Further, cells were counterstained by nudizst red (NFR) to visualize cell
nuclei. Coverlsip was mounted in DPX and imagesvwaptured on a Leica DMIL

microscope.

3.4.1.5 MnlOs Contrast Effect in Magnetic Resonancknaging

Relaxivity measurements was executed as per meutionthe sectio.3.3

In this study, different concentrations of the Msl@ispersed uniformly in DI water
and enclosed in non-magnetic containers servedhapliantoms. The relaxation
times () using different concentrations of nanoparticl@st¢ 0.25 mM) were
measured. The concentrations of the nanoparticeze walculated with the help of
ICP-OES analysis. ;Trelaxation time was calculated from the resultMBI pixel
intensity maps with respect to each concentraiitwe. relaxivity () value calculated
via pixel intensity plotted against the MnlO concetitias and # value was
determined by the linear fit.
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3.4.2 Development of Surface Modified Manganese Ssiituted SPION

3.4.2.1 Materials

FeCb.4H,O (>99%), Fed anhydrous X98%), MnC}.4H,O (>99%), NaOH, 35%

HCI and trisodium citrate were purchased from Meficidia). Chemicals used for
cell culture were exclusively sourced from Inviteog India. Alamar Blue, Annexin
V/dead cell apoptosis kit was commercially sourcatd company prescribed
protocol followed (Invitrogen, CAT # DAL1100 and GA#V13242). The chemicals
used for the nanoparticle cell uptake and bloodpatrility evaluations were from
Sigma-Aldrich, Germany. Nuclear fast red and patmssferrocyanide were from
Carl Roth (Karlsruhe, Germany). Actin cytoskeletord focal adhesion staining kit
(FAK100) and goat anti-mouse IgG FITC conjugateasfeom Chemicon (Millipore,

USA). All the reagents were used without furthenfozation.

3.4.2.2 Synthesis of Surface Modified MnlO Nanopairtles (MnIOTCs)
The manganese ferrite nanoparticles were syntte$igeco-precipitation according

to the previous sectid®i4.1.2.

In order to stabilize the nanoparticle, the colddiduspensions MnlO25, MnIO50,
MnlO75 and SPIONs were dispersed in 10 M trisoduitrate [TC] and stirred at
room temperature around 12h. The colloids wereridegeéd and washed several
times with deionized water to remove un-reacterhi@tmolecules and re-dispersed
in neutral pH. Finally the synthesized aqueous eusipns were freeze-dried and
used for physicochemical characterizations andeadras MnlO25TC, MnIO50TC,

MnIO75TC and IOTC.
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3.4.2.3 Physicochemical Characterizations

3.4.2.3.1 Dynamic Light Scattering
Dynamic light scattering (DLS) was executed an agaalispersion of ~0.01% wi/v
in MnlOTCs. Hydrodynamic size and zeta potentiduga of the particles were

estimated with Malvern Instruments Ltd, Malvern, UK

3.4.2.3.2 X-ray Diffraction Technique

X-ray diffraction (XRD) was performed on a Bruked8 advance, Karlsruhe,
Germany, diffractometer with Ni- filtered Cuokiadiation. Samples were dried on a
glass petridish, collected, ground and spread @nBluker sample holder. The
instrument was operated at 40kV and 30mA currerength. The crystal structure
was determined by analyzing the position and intieissof diffraction peak typically
observed in the range of diffraction angle=220°-75° and at a scan rate of 4°thin

with a step wise of 0.1°.

3.4.2.3.3 Thermogravimetric Analysis
The citrate content in the manganese ferrite sanplas determined with

thermogravimetric analysis [TGA] using SDT 2960 22.Delaware, USA.

3.4.2.3.4 Transmission Electron Microscopic Analys
Samples for TEM were prepared by casting a draylet dilute aqueous suspension
of MnlOTCs on formvar-coated copper TEM grids amserved in TEM (H-7650,

120kV, Hitachi, Japan).
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3.4.2.3.5 Fourier Transform Infrared Spectra
Fourier transform infrared (FTIR) spectra of sarmspieere recorded using Thermo
Nicolet 5700 FTIR spectrometer (USA) in the diffuslectance mode. To alter high

signal to noise ratio, 64 scans were acquiredresalution of crit.

3.4.2.3.6 Vibrating Sample Magnetometry analysis

The magnetic property of MnlIOTCs was analyzed ainrotemperature using
Vibrating sample magnetometry (VSM). The measurégmevere taken by PAR
EG&G Model 4500 magnetometer with an external figddying from -15 to 15 kOe.

The magnetization of each samples were obtainedasction of the applied field.
3.4.2.4 Biological Evaluations

3.4.2.4.1 Cell Culture
HelLa (human cervical carcinoma) cells were cultaeger mentioned in the section

3.1.4.1.

3.4.2.4.2 Cytoskeleton Evaluation

Samples for cytoskeletal staining were assesséddllaw/s; cell monolayer on glass

cover slip was incubated with MnIOTCs for 24h. Gellere then washed three times
with PBS before fixation in 3.7% paraformaldehyade P4h and stored at 4°C.

Further processing was as per kit protocol of hagén. Secondary antibody from
Millipore (Millipore Goat Anti-Mouse IgG Antibody(H+L) FITC Conjugated, CAT

# AP124F) conjugated with FITC was sued to illunténeell junctions. Actin was

visualized with TRITC conjugated phalloiding anctlai stained using DAPI. Cover
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slips were mounted using light diagnostics mounfingl [Millipore] and imaged

using confocal laser scanning microscope (CarlsZe®&M 510 META).

3.4.2.4.3 Cytotoxicity- Alamar blue Assay and LighMicroscopic Technique
Alamar blue (AB) assay was performed as per thequore mentioned in section
3.1.4. In this study, HelLa cells were seeded in a tramspa96 well plates and
exposed to the nanoparticle [IOTC and MnlO25TC, @B0TC and MnlO75TC] for
24h and alamar blue was added in each well asm#ogol. The fluorescence was
measured at 560nm excitation and 590 nm emissioelelgths using a plate reader
(HIDEX Chameleon). Experiments were carried out dix times for each

nanoparticle concentrations.

3.4.2.4.4 Cell Uptake

To verify the cell uptake of IOTC and MnIOTC, cefionolayers were incubated
with 50 ug of each particle at 8C for 24h. After incubation, cells were thoroughly
washed with sterile PBS buffer and fixed with 3. pPdraformaldehyde for 4h.
Prussian blue staining was carried out with 7:3unt percentages of 10%
potassium ferrocyanide and 10% hydrochloric acrd2famin. Stained samples were
washed thrice with distilled water, counterstaimeth nuclear fast red; mounted and

imaged on a Leica DM 6000 microscope.

3.4.2.4.5 Blood Compatibility Studies
Hemolysis and clotting time assay of MnIOTCs weraleated as per the procedure
in previous sections3.4.1.4.3 and 3.4.1.4.4 In our studies saline and

polyethylenimine were used as negative and positimetrols respectively. Using
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Diode array spectrophotometer (Hewlett Packard B4b3orbance at 541 nm was

considered for percentage hemolysis evaluation.

3.4.2.5 Contrast Efficiency in MRI

Magnetic relaxivity measurement of samples wasoperéd as per the previous
sections3.3.3 and3.3.3.1Various concentrations [0.05 to 0.25 mM] of MnlICF
were prepared in aqueous solution. The images tluee different planes were
acquired and I relaxation times were calculated from the resgltMRI pixel
intensity maps with respect to concentrations. Bntyi for in vitro assessment, the
cells were incubated for 24h with different concatbns of MnlO75TC
nanoparticle at 37°C and washed with centrifugat@nremoving excess material.
The cells were then re-dispersed in PBS solutiahMRI was carried under above

conditions.

3.4.2.6 Hyperthermia Studies
The hyperthermia investigation of MnlO75TC has bewmried out as per the
previous sectior8.3.1 In this study, various concentrations of aquedispersed

MnIO75TC were used for hyperthermia and calculéitedSLP values.

3.4.2.7 Hyperthermia — Cell Death Evaluation

Hela cells (1x18) and material at a concentration of 2mg/ml werspsended in a 1.5
ml eppendorff tube with a final volume of 200An alternating magnetic field of
33.8mT and 275 kHz was applied to the test tubdadwing cell suspensions for
30min. Cell suspension placed to maximum fieldrgjtke of the induction coil and

temperature of the suspension monitored by anrgdrahermometer. After AMF
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application cell suspension was incubated for 1B7%€. Cell suspension containing

2mg/ml MnlOTC without AMF application was takena@mtrol.

3.4.2.7.1 Hyperthermia Cell Death — FACS Analysis

Cells were then washed twice in 1X PBS and re-sudgx in PBS. Cells were
further stained with live dead staining kit [Inatren FITC Annexin V/Dead Cell
Apoptosis cat no:V13242]. Post - staining, cell plagon was evaluatedia flow
cytometric analysis [FACS ARIA, BD Biosciences, Sdnse, CA,USA] and
percentage of stain expressed cells was calculgtesing BD FACS Diva software

(BD Biosciences,San Jose, CA, USA).

3.4.2.7.2 Hyperthermia Cell Death — ESEM Analysis

For morphological analysis HelLa cells were growdhezent on round glass
coverslips (Blue Star, India) and exposed to 2mgdmMnIO75TC followed by
AMF exposure for 30min and incubated for 1h at@7The cells were fixed in 1%
glutaraldehyde for 2h and dehydrated in an ascgralgohol series and evaluated by

Environmental scanning electron microscopy (FEI QA 200).

63



Chapter 4

RESULTS

4.1 Development of SPION Embedded HA Nanocomposit@dAlO)

4.1.1 Synthesis of HAIO and Physicochemical Charagtizations

By anin situ co-precipitation we prepared the SPION embeddedBidocomposite
(HAIO) particles. The iron oxide precursors suctrdas and ferric salts in a molar
ratio 1:2 and hydroxyapatite precursor calciumssaiftd phosphate salts to get a Ca/P
ratio of 1.67 were employed for the preparatioH®iO. The detailed synthesized
conditions described in the materials and methosksctipn 3.1.2. Reaction
parameters such as pH, temperature and atmospt@mitition were optimized.
HAIO synthesis was followed by developing variousneentrations of SPION
embedded HA composites. To determine crystal stracXRD evaluation of
SPION, HA & HAIO was carried out. Results as inufig 1A for crystal structure
and cell parameter analysis were obtained. The mmgaks of HA (002), (211),
(112), (300), (310), (222), and (213) and SPIONg@D), (311), (400), (422), (511),
and (440) can be clearly seen in the HAIO compssi¥RD patterns of HAIO
containing HA was in good agreement with the refeeeHA pattern (PDF=09-0432)
and SPION pattern (PDF= 01-071-6336). Upon chanthiegmolar concentration of
SPION and HA, various compositions of HAIO were eleped and the

corresponding XRD patterns are depicted in figiBe 1
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Figure 1A: X-ray diffraction (XRD) pattern of (a) HA, (b) SBN and (c) HAIO;

[“HA PDF = 00-009-0432; SPION PDF = 01-071-6336]
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Figure 1B: XRD pattern of a) HAIO10 b) HAIO30 c) HAIO70 djJAIO90;

[~ HA PDF= 00-009- 0432;- SPION PDF= 01-071-6336]
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However the molar compositions of HAIOs have gneaportance in the crystal
structure, shape and morphologies. Transmissioatrefe and scanning electron
microscopic evaluation provides interesting infotim@a on the morphological
features of the various compositions of magnetimocamposite. Figure 2 and figure
3 are the respective TEM and SEM micrographs, diegiche acicular or needle

shaped crystals of hydroxyapatite containing SPiaNoparticles within it.

Figure 2: Transmission Electron Micrographs of various weiglercentage of
SPION embedded HA samples (a) HAIO10, (b) HAIO2),HAIO30, (d) HAIO40,

(e) HAIO50 and (f) Higher magnification of HAIO50
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It was observed that with increased concentratiddRION particles, the shapes and
crystal growth patterns were altered, transformirgn needle to spherical. The
lower concentrations of SPION of 10, 20 and 30 ve6w acicular nature crystals
(as seen from Figure. 2a—c and 3a—c), while higbecentrations of 40 and 50 wt%
changed from acicular to spherical shaped HAIO amsiips (Figure. 2d and e and

3d and e).

Figure 3: Scanning Electron Micrographs of HAIOs a) HAIO1D HAIO20 c)

HAIO30 d) HAIO40 and e) HAIOS50

Figure 4a—e and Figure 5a—e present the EDS spefctrarious compositions of
HAIOs taken from the respective TEM and SEM micepdrs. The corresponding
peak intensities of iron, calcium and phosphordaments in the EDS spectra were

in good agreement with the formation of all weightcentage compositions.
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Figure 4. Energy Dispersive Spectra (EDS) of (a) HAIO10, @AIO20, (c)

HAIO30 (d) HAIO40 and (e) HAIOS50 from TEM grid
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Figure 5: Energy Dispersive Spectra (EDS) of a) HAIO10 #I©&20 c) HAIO30

d) HAIO40 and e) HAIO50 from SEM stub

The vibrational spectroscopic evaluation of the [gas was carried out with FTIR

technique and the results are presented in Fighiran@ 6B. The FTIR spectrum of
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the HAIO50 composites has a characteristic peak7& cm' corresponding to
stretching frequency of the Fe—O bond of thg(zecrystals (Chen et al., 2013).
Moreover, the vibration of hydroxyapatite, such thg v; (P-O) vibration of
phosphate, is observed as a peak at ~962 énpeak at ~471 crhis identified as
thev, (O—P-0) vibration of the phosphate group. The pediserved at ~1090 and
~1040 cnt have been identified ass (P—O anti-symmetric) vibrations. The
vibrations have been observed at ~604 and 56% @imese characteristic peaks show
the formation of the pure magnetite phase embetigidtbxyapatite nanocomposite.
In addition, from analysis of the FTIR spectra wad weight percentage
compositions of HAIOs, there were no significarftetences between the HA peaks

and the SPION peaks observed.
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Figure 6A: Fourier Transform Infra red Spectra of a) SPIONHB)c) HAIO50
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Figure 6B: Fourier Transform Infra red Spectra (FTIR) of vaso weight

percentages of HAIOs a) HAIO10 b) HAIO30 c) HAIO&0d d) HAIO90

Magnetic measurements of HAIOs and SPION measureédom temperature are
given in Figure 7. The bare iron oxide expresseghdst magnetization value
(73emu/g), and its corresponding composites deeseadth lesser content of

magnetic crystals in the composites nanoparticles.
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Figure 7: Field-dependent magnetization curves (M-H) at 30f@K magnetic
composite with compositions of a)HAIO10 b)HAIO38) HAIO50 d)HAIO70

e)HAIO90 f)SPION and g) HA

From an application point, interest was on minimegoncentration of SPION
embedded HA having good magnetic property. In eudysthe HAIOs with lesser
content of SPION with good magnetic response wérgeived in HAIO50. The
HAIO50 shows magnetization value 23emu/g, whichsistable for potential
biomedical application and it shows optimal resgorsd accumulates in the
presence of external magnet. Moreover surface pateand hydrodynamic size of
HAIO50 was measured using DLS technique and vakezs observed as -20.2 mV

and 150-170 nm respectively and are depicted ifighee 8.
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Figure 8: (a) hydrodynamic size and (b) zeta potential valud AIO50 particles.

4.1.2 Biological Evaluation of HAIOs

Preliminary cytocompatibility of HAIOs was evaludteby MTT assay and
hemocompatibility test. The MTT assay was used tasure cell viability after
incubation with HAIO’s. Cells were incubated witbst samples for 24 hours and

viability index was measured in percentage scasedan formazan production.
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Figure 9: MTT test of HelLa cells treated with 0.75mg/ml &mg/ml of SPION and

HAIOs (p <0.05)
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Figure 9: demonstrate that HAIO30, HAIO50, HAIO7@daHAIO90 nanopatrticles
are associated with very low toxicity when concatidns 0.75mg/ml and 1.5mg/ml

were used over a period of 24 hours of exposure.

A detailed biological evaluation was performed owér weight percentage SPION
compositions of HAIOs. Hence the various conceimnat of HAIO50
cytocompatibility assessedia Alamar Blue assay and depicted in Figure 10.
Followed by hemolysis study was performed to asgesslood compatibility of the
candidate materials, since the intravenous routleeisnost commonly explored way
of administration in practical scenarios. The reésgldamage, if any, is expressed as

percentage of hemoglobin release in Table 1.
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Figure 10: Cell Activity at 24hrs contact with HAIO50 variousoncentration

evaluationvia Alamar Blue assay (p <0.05)
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Concentration of | 0.1 0.3 0.5 Positive Negative
HAIO50 (mg/ml) control control
% Hemolysis 0.79+0.13 096+0.20 1.05+0/13 085 0.86 | 0.70 =0.07

Table 1: Hemolysis analysis of HAIO50 nanocomposites variooncentrations

To evaluate the cell uptake of HAIO50 particlesyd3ran blue staining was done.
For this analysis, iron staining was carried ouevaluate the presence of magnetic
nanoparticles. 12Qg/mL of the HAIO50 nanocomposite was incubated wit_a
cells followed by Prussian blue staining. As pegufe 11, positive Prussian blue
staining does not affect the morphology of the scalhd they retain their native

cellular structuren vitro, thus proving to be non-cytotoxic.
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Figure 11: Phase contrast light micrographs of HelLa cellsiliated with 12Qg of

HAIO50 - a) Control and b) stained with PrussianeBl

Flow cytometric analysis was used to estimate owkerial interactions as a
function of time with exposure to different dosdstlte nanoparticles. Side scatter
(SSC) is generally thought to be related to bo¢hgtanularity of the cell and the cell

mass. The SSC signal is affected by the refradgtidex of the cytoplasm and the
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number of organelles present in the cell (Tzurlgt2®11), (Zucker et al., 2010).

Generally, FSC provides information on the ovesale of the cells.
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Figure 12A: FSC vs SSC plots of Flow Cytometric measuremengrahularity
change in HelLa cells; A, B & C are representsyt2@40ug & 480ug of HAIO50
in contact with 10 cells and (i), (i), (iii) & (iv) indicated analys at time points -
0,5, 10 & 15 minMpP1= cells gated as Control indicated by no changealues
Ep2= Cells in interaction with HAIO50 indicated bgdarly correlated intensity of
SSC channel. Plots indicate increase in uptakeAd©30 from zero to fifteen min &

a dose dependent response at longer time peribdwgher dosage.
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Time Control HAIO50 12@g | HAIO50 24Qug HAIO50 48Qug
(min) P1 P2 P1 P2 P1 P2 P1 P2

0 99.2| 08| 814 3.8 61.9 8.9 73.% 158
5 99.2| 0.8 94.2 5.7 70 15.5 64.8 24.7
10 995| 05| 784 6 63.4 34 61.3 38.6

15 99.6| 0.4| 90.6 9.4 59.2 40.7 43.2 528
Table 2: Percentage Gated Population of P1 & P2: time & dumsed variance

clearly expressed. P1= cells gated as Control atelitcby no change in values, P2=
Cells in interaction with HAIO50 indicated by limbacorrelated intensity of SSC

channel.

(A) |+® £+(ii) (i) )

(B) |y 1) 1) V)

(C) () S+{ii) REth) #(iv)

Figure 12B: FSC vs SSC plots of Flow Cytometric measuremengrahularity
change in Hela cells; A control, B & C are represe8Qug & 60ug of HAIO50 in
contact with 18 cells and (i), (ii), (iii) & (iv) indicated analys at time points - 0,5,
10 & 15 min.BP1= cells gated as Control indicated by no changeiuesElP2=

Cells in interaction with HAIO50
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Time Control HAIO50 3Qug HAIO50 6Qug

(min) P1 P2 P1 P2 P1 P2
0 99.2 | 0.8 99.6 0.4 99.2 0.8
5 99.2 | 0.8 99.6 0.4 99.5 0.5
10 995 | 05| 99.8 0.2 98.1 0.1
15 996 | 04| 994 0.6 98.2 1.2

Table 3: Percentage Gated Population of P1 & P2: time & domsed variance
clearly expressed. P1= cells gated as Control ateccby no change in values, P2=

Cells in interaction with HAIO50 indicated by limbacorrelated intensity of SSC

channel

Approximately 1x16 HeLa cells were treated with 30, 60, 120, 240 486 pg

doses of HAIO50 and held for time periods varyingnf TO to T15 (minutes). The
corresponding cellular interactions were assesgsadchanges in forward scatter
(FSC) and side scatter. As indicated in Figure 2B4 Figure 12B. However, in cells
treated with higher concentrations of HAIO50 of 24@ 480ugs, FSC was constant

but SSC intensity was higher depending on the iatab time, as presented in Table

2 and Table 3.
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4.2 HAIO50 Assisted Cell Separation, Manipulation ad Culturing Using

External Magnetic Field for Introducing Targeted Céell Delivery

4.2.1 HAIO50 Aided Cell Separation Experiment

The cell separation experiment has been carrieavitlatHAIO50 nanoparticles with
the aid of external magnetic field. 1¥1HeLa cells were incubated with Acridine
Orange and exposed to HAIO50 particles. Cells veegarated using an external
magnet, which has been demonstrated in the Figsir€élls with HAIO50 uptake
were responsive to magnetic field within 2 min amhcentrated to form a pellet

within 10 min.

To better explore HAIO50 as an efficient probe fimating cell separation from
suspension and evaluate its potential as a cdoarecell therapy, low doses of
HAIO50 nanoparticles (30, 60, 120, 240, 480, an@ Q) were incubated with
Acridine orange stained 1x36leLa cells. The supernatant after magnetic separat
as well as the pellet were subjected to populatioalysis using a Coulter Cell
Counter. A concentration of 48 of HAIO50 efficiently separated from all cells
from suspension with 15 min incubation. To eluckdtite mechanism of interaction
with the nanopatrticles, separation experiments warged out at a temperature of 4
°C. The separation efficiency of the 480dose was preserved dC4on comparison

to that at room temperature (Table 4).
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Orange (AO) stained HelLa cells incubated with HAMCBr 15min and separated
with an external magnet (MT) placed in the vicirtigtween % and %' tubes [0.3T]:
M=HAIO50 alone, C+S= cells stained with AO, PBS#fby M+C+S= stained cells

and HAIOS50. (i) & (ii) zero min (iii) & (iv) 2min,(v) & (vi) 10min, post magnetic

exposure
Concentrations Supernatant cell count (HeLa %Ils)
of HAIO50 (ug) | Temperature (Z&) | Temperature (€)
30 14 2
60 0.8 1.6
120 0.6 14
240 0.3 0.6
480 0.2 0
960 0 0

Table 4: The coulter counter cell count of supernatant fild&lO50 magnetically
separated cells done at room temperaturéQRand low temperature 1@). Cells

separated from suspension linearly decreased witbentration of material.
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As cells are tagged with Acridine orange, to asterthe fluorescent intensity of
supernatant and pellet, the magnetically separst@ded HelLa cells were placed
under a UV transilluminator. Images in Figurel4ghbat there was strong green
fluorescence in the control tube while fluorescem@s absent in the supernatant
from tubes B and C, corresponding to 48 and 960ug, respectively. The
supernatant from tubes D through G, 240, 120, @D3fug, respectively, showed
increasing levels of fluorescence, which furtherraoorate the Coulter counter
observations of a residual cell population at lovparticle concentrations. To
confirm cell separation into the pellet compartmelets were re-suspended and
observed under UV illumination. A dose-dependerdreiese in fluorescence with

lowering the dose could be visualized in Figure 14.
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Supernatant Pellet

No green color
(cells absent)

Increasing the intensity ( ( " Dyed cells + 240ug
of green fluorescence

(presence of cells)

& Dyed cells + 60ug

(¢ Dyed cells + 30ug

PBS solution [} 1 PBS solution

Figure 14: The Acridine Orange (AO) pre-stained Hela cells eviercubated with
various concentrations of HAIO50 for 15min and netgrally separated.
Supernatant collected and the corresponding pellets re-dispersed in PBS buffer.

Images of dispersion were taken on UV transilluana

4.2.2 Structure and Morphology Evaluation of Magneically Separated Cells
Separated cell morphology was evaluatedGiemsa staining and ESEM techniques.
Giemsa-stained cells were viewed as a dark pugdteic under light microscopy, as
represented in Figurel5, while the unattached oellthe glass slide were observed
as spherical units with a dark violet colour intbtie control and the pellet. HAIO50

clumps appeared as a dark yellow colour in botip#iet and the bare sample.
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‘(a)i "s (b) 5'

Figure 15: Giemsa Stained HelLa cells: (a) cells alone inditéty clear blue spheres
(b) Magnetically separated HAIO50 pellet containoglls identical to (a); and (c)

HAIO50 alone

Environmental scanning electron microscopy (ESEM) aenergy dispersive
spectrum (EDS) were further used to evaluate theassof the control and the pellet

recovered cells, as depicted in Figure 16.
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Figure 16: Scanning Electron Micrographs: (a) Cells alone émdMagnetically
Separated HAIO50 Cell pellet. The correspondinggnelispersive spectra are in

inset

4.2.3 Magnetically Separated Cells were Cultured wter In vitro Condition

Cells were separated using a8PHAIO50 dose and maintained under standard cell
culture conditions for 24 hours post separatiortirAstaining and visualization using
confocal laser scanning microscopy studies confirntee normal cytoplasmic

skeletal organization (Figure 17).
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Figure 17: Confocal Laser Scanning Micrographs of magneticakparated
HAIO50 Cell pellet in culture for 24 hrs (i) in DI@ode (i) DAPI (nuclei) stained
cells (iii) Rhodamine Phalloidin stained Actin dafiv) merged image of (ii) & (iii).

A — Control of cells alone and (B) Magnetically agggted HAIO50 Cell pellet

4.3 HAIO50 Conjugated HelLa Cells were Magneticallyevitated and used for
Three Dimensional [3D] Culturing
In order to investigate the HAIO50 and levitatidhAlO50 conjugated Hela cells

were levitated in a cell culture medium using atemal magnetic field.

We observed that the magnetic field concentratedtets of levitated cells in
solution, triggering cell—cell interactions in a deoconsistent with tissue engineering
scaffolds designed to enhance cell growth advantafyjer 72h the 3D cell cultured
viability, proliferation and cytoskeletal structsrevere evaluated using ESEM,

fluorescent microscope and phase contrast micrgscop
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Morphological analysis using ESEM is depicted ia ffigure 18. Cells proliferated
to form a sheet like structure and the higher nfagtion clearly showed the cellular
integrity and cells attached magnetic HAIO50 p#tc Nuclear staining has been
carried out with DAPI staining and phase contragttl microscopic images were
taken and depicted in the Figure 19. The morpholagy cell-cell interaction

revealed efficiency and the nontoxic nature of H®IO50 aided 3D model cell

culture.

Figure 18: (a) 200X (b) 800X, (c) 3000X images of three disienally cultured

Hela cells sheet on 72h

85



Figure 19: cell sheet construct ruction after 72h 3D cultgria) DAPI nuclear

staining (b) phases contrast light microscopic ienag

4.3.1 Synthesis of HAIO Embedded Polycaprolactone &fjnetic Microspheres
[HAIO PCL] and Physicochemical Characterization

The HAIO embedded polycaprolactone magnetic midresgs were developeda
solvent evaporation techniques. HAIO particles warenorganic magnetic material
with the property of hydrophilic surface while P@as an organic hydrophobic
material. Here we used dichloromethane as a sqltkat magnetic microsphere

could be formed as HAIO embedded PCL magnetic rafreres.

The size of the microspheres were optimized by iagryhe concentration of PCL
polymer (5, 7.5 and 10 wt %). The morphology androsphere size was evaluated
through SEM technique and depicted in the FigureT2@ results showed that at a
lower polymeric concentration, microsphere size asiller and on increasing the
polymeric concentration, microsphere size graduallycreases. Magnetic
microsphere synthesis using 10wt% of polymer wagiezh out and spheres

evaluated by SEM Figure 21.
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Figure 20: SEM images of polycaprolactone microsphere (a) BClb) PCL 7.5 (c)

PCL10

Figure 21: (a) & (b) are Low and high magnification SEM ineagof HAIO PCL

magnetic microsphere

The crystallinity and bonding in HAIOPCL was evdk via XRD & FTIR.
Coerresponding spectra are as in Figure 22 & 23wveéver, HA and iron oxide

spectral intensity were suppressed by the pres#fife€L polymer in compoite.
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Figure 22: XRD measurement of magnetic microspheres (a) BGIHAPCL (c)
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Figure 23: FTIR measurement of magnetic microspheres (a) ®CHAIOPCL
In XRD spectra, the green arrow reprented (31100)4nd (440) patterns showed

the presence of iron oxide and red arrow maked)(Rattern suggested the presence
of HA crystals. Further, the presence of broackpea580cr from FTIR spetra

confirmed the iron oxide crystals in HAIOPCL compes
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4.3.1.1 Biological Evaluation and 3D culture of HAD PCL

The preliminary cytocompatiblity and hemocompatipievaluation of HAIO PCL

was carried out using Alamar Blue assay and hensolgst. Almar blue assay

results in the Figure 24 revealed that more that S&ability of cells with on

exposure to HAIO-PCL structures with varying sizeag/mL concentration. Also

the percentage hemolysis value and ESEM image @<R&fter microspheres post

exposure have been represented in table 5 andeRgurespectively.

100 -

111

350- 500 pm  500- 1000 pm

& & 8 8

% activity of control
B 8 &

10

100-250 pm

250- 350 pm

Figure 24: Cell Activity at 24hrs contact with HAIO PCL vatie size range having

2mg/ml concentration evaluatiema Alamar Blue assay (p <0.05)

Microsphere Negative Positive

] 100-250um | 250- 35um | 350- 50Qum | 500-100Qum
size (Img/ml) control control
Hemolysis (%) | 0.08+0.002]  0.05+0.001 0.07100([8 00o&7 | 0.00+0.000 0.65+0.0
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Table 5: Hemolysis analysis of HAIO PCL microspheres vasisizes on 1mg/mi

Figure 25: Scanning Electron Micrographs: (a) RBC cells aland (b) 1mg/ml of

250- 350um size HAIO PCL exposed RBC cells

The HAIO PCL 250-35Qum sizes were selected for cell adhesion and 3Dumult
evaluations. Hela cells were incubated with HAIOLPGr 24h and was levitated
with the aid of external magnetic field and cultitenderin vitro condition for 72h.
The cells over microsphere were examined using E&R#/fluorescent microscopic
technique. ESEM images from the Figure 26 showaedl ¢klls were well attached
and proliferated over microsphere. The live-deapeexent has been carried out
using Acridine orange- Ethidium bromide stainingl aepresented in the Figure 27
(a). An intense green fluorescence observed froensgihere surface demonstrated
the viability and proliferation of cells. Moreovédre DAPI nuclear staining support

the cell over microsphere and clearly visible fritva Figure 27 (b).

90



Figure 26: Scanning Electron Micrographs: (a) HAIO PCL migisre (b) HelLa

cell seeded over HAIO PCL microsphere and cultumedker 3D model condition

Figure 27: Fluorescence microscopic images of cells over asjuneres (a) Live-

dead analysis using Acridine orange ethidium brenfi) DAPI nuclear staining
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4.4 Theranostic Efficiency Evaluation of HAIO50 (Hyerthermia Therapy and

MRI Contrast Agent)

4.4.1 Hyperthermia Therapeutic Evaluation of HAIO50

In order to investigate the hyperthermia perforneamé HAIO50 particles, the
powder forms as well as aqueous dispersed matdriarious concentrations were
tested. The AMF heating study was carried out Viighd ranging from 14.4 to
38.6mT for a period of 15min. SPIONs particles pewdnd aqueous dispersed
forms were also investigated in the AMF studies aadhpared with the HAIO50
time-temperature profiles. The temperature vamatith respect to exposure time,
strength of the magnetic field and concentratiorH&1O50 and SPIONs powder

form is illustrated in Figure 28.
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Figure 28: Heat profile of 5mg of samples (a) HAIO50 and 8)ION for different

currents.

However the hyperthermia therapeutic capabilitiesamples are decided on the basis
of specific loss power [SLP]. Hence to examine tinerapeutic heating efficiency of

particles, we have conducted the AMF analysis ofl®B0 and SPIONs at various
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concentration in agueous medium. The corresponshngples time-temperature graphs

has been illustrated in the Figure 29.
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Figure 29: Time versus temperature graphs for various sugpensaving different
concentrations of samples (a) 5mg/ml, (b) 10mg/iMiAlIO050 and (c) 5mg/ml, (d)

10mg/ml of SPION

The SLP value has been calculated using below equatimber (1) and the values

are presented in the table 6.
. . _ CdT
Calculation of Specific loss of power [SLP] ........ = m gt (1)

C = specific heat capacity of water per unit volui@e= 4.184 J ¥ mL™)
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m = concentration of the magnetic particles

(dT/dt) = slope of the temperature Vs time graph

Current

Magnetic | g p

passing field

coil (A) (mT) 5mg/ml | 10mg/ml | 5Smg/ml 10mg/ml
1 200A 14.4 10.48299 | 9.885275 | 18.46549 | 19.0167
2 250A 19.33 13.79341 | 11.12668 | 25.63121 | 33.5778
3 300A 24.166 15.44862 | 23.03499 | 48.78198 | 51.72176
4 350A 28.99 16.00035 | 24.50629 | 50.89495 | 62.19473
5 400A 33.83 41.93196 | 39.21925 | 66.88 88.0556
6 450A 38.66 53.70233 | 46.34585 | 73.86198 | 101.744

Table 6: Representation of hyperthermia studies based eragiplied alternating
current, magnetic field strength and correspondipecific loss power of HAIO50
and SPIONs calculated from time-temperature graphs.

4.4.1.1 Hyperthermia Therapeutic Evaluation of HAIOB0 under In vitro
Condition

The literature suggested that cancer cells are semsitive to elevated temperature
or hyperthermia than normal cells (Storm et al799 Magnetic nanoparticles have
gained extensive attention for hyperthermia appboa owing to their capacity to
produce heat effectively when exposed to an altexmpamagnetic field (AMF)
without an incursion depth limit. Hyperthermia, tleetificially inducted heat
medication of disease, usually uses temperaturgimgroetween 42°C and 47°C.
Normally, the cancer cells are induced to apoptasia temperature range of 43-
45°C. Based on reported protocols HAIO50 was etlito carry out hyperthermic
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intervention on a controlled populationvitro. Post — exposure cells were evaluated

through flow cytometric analysis and ESEM technique

In flow cytometric analysis, hyperthermia appliegll€ were stained with ethidium
bromide (EB), a fluorescent dye used as an indiaatcell membrane permeability.
The hyperthermia applied cells were stained withh @ 0.5mg/ml of EB for 15min,
then washed and tested by FACS analysis. Mateeatdd HelLa cells were used for
control of the experiment. Dead cell population vestimatedvia usual dot-plot

gating technique and expressed in Figure 30.
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Figure 30: Dot-plots obtained from FACS data showing HelLdsceistribution post

ethidium bromide after hyperthermia exposure (A)ntta sample [Hela cell +
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HAIO particles without AMF application] (B) Test ple [Hela cells + HAIO

particle + 30min hyperthermia treatment]

In order to investigate the cell death mechanismoutdh hyperthermia treatment, the
cells were stained with Annexin V and propidiumided(P1). The HAIO50 exposed
hyperthermia treated HelLa cells were stained wiimeéxin V and PI and evaluated
using flow cytometric analysis. The results haverbelepicted in the figure 31.
Further morphological analysis of treated cells tesied outvia ESEM techniques
and compared to control cell structure. The obsems were depicted in the figure
32, which demonstrated that most of the cells tbsir cellular intergrity after

hyperthermia treatment.

HELA-BOTH HELA-TEST 2

0
d
105

78.3%

PE-A

Figure 31: Typical dot plot obtained from FACS data showingld cells

distribution Annexin V/ Propedium lodide (PI) stmig (A) HAIO+ Hela cells

without exposure to AMF as a control and (B) 30emposure to MnlO75TC+ HelLa
cells. The image quadrants designated as Ql=Pleal@2=Annexin V+PI,

Q3=unstained cells and Q4= Annexin V alone posi&sirespectively
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Figure 32: ESEM images of HeLa cells loaded with HAIO (A) twef and (B) after
the application of the alternating magnetic fiekMF]. The corresponding images
higher magnification represents in the right siest of the cell membrane structure

collapse after exposure to the AMF

4.4.2 MRI Contrast Efficiency Evaluation of HAIO50 Particles

In order to demonstrate MRI contrast efficiencyH#&I050, the material was imaged
via aqueous phantom study performed on a 1.5T entidy MRI scanner. Different
concentrations of the samples were dispersed umiyoin deionized water and
corresponding relaxation times were measured. Weéairgddl the spin-spin
relaxations time of Fweighted MR images for each sample. Figure 33 shihe

contrast efficiency and relaxivity of the HAIO50uwag different concentrations.
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Figure 33: (A) T, weighted MR images of (A) HAIO50 with varying the
concentration at 1.5 T clinical MRI system (B) Reaty rate graphs of 1/against

the Fe concentration of the HAIO50

As a part of demonstrating the use of HAIO50 asaagible contrast agent, contrast
efficiency of HeLa cells labelled HAIO50 (variousncentrations) was evaluateic

in vitro MRI evaluation. Change in contrast with respecth® concentrations has
been observed and pixel intensity versus echo twas plotted and recorded in

Figure 34.
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Figure 34: (A) T, weighted MR images of different concentrationsHAIO50

incubated with HelLa cells during 24h (B) corresgagdpixel intensity variation

plotted against TE values
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4.5 Improve the Theranostic Efficiency of Superpramagnetic Nanoparticles

Through Crystal Modification

4.5.1 Development of Manganese Substituted SPION (MD) Nanocrystal via an
Aqueous Co-precipitation

The co-precipitation synthesis route has enabledhtkitu formation of bivalent Mn
substituted superparamagnetic nanoparticles as llaidad suspension and is

schematically represented in figure 35.

1 Fe?*: 2Fe®

@ -TetrabedralFe” @ octahedralFe”

@ TetranearalFe* @ TetrahedralMa

Figure 35: A schematic representation of RMnsubstituted SPION crystals. (a)

SPION (b) MnIO25 (c) MnlO50 and (d) MnlO75
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In an earlier study, cation-substituted superpagmac nanocrystals were
synthesized using co-precipitation in a high terapge organic media (Lee et al.,
2007). However, the present study has focused a@n dhsiest aqueous co-
precipitation route for making nanoparticles witmaximum concentration of Mh

substitution in the SPION crystals.

The precipitation of nanocrystals was carried autie presence of trisodium citrate
solution. This favoured homogeneous nanoparticien&ion of the manganese
ferrite crystals. The detailed physicochemical abiblogical evaluations of

developed manganese ferrite nanocrystals were exami

4.5.1.1 Physicochemical Characterization of MnlOs

Figure 36: HRTEM images of various molar concentrations of Msubstituted iron

oxide crystals. (a) SPION, (b) MnlO25, (c) MnlO5tdad) MnlO75
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The HRTEM images show the size and shape of theOslrdnd are depicted in
Figure. 36. The HRTEM and its FFT investigationdigate that nearly all of the

nanoparticles form single crystals of ferrite camtag a highly crystalline structure.

N

Figure 37: TEM images and their corresponding size distrdyuturve shown in the

inset for (a) SPION, (b) MnlO25, (c) MnlO50 and dhlO75

The TEM images as described in Figure 37 demoesthatt the samples consist of
polygonal faceted spherical nanoparticles and h@areow size distribution with
average values of ~11.9+1.09 nm for SPION, ~7.8xftmtfor MnlO25, ~7.4+£1.9

nm for MnlO50, and ~9.62+2.6nm for MnlO75.
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Figure 38: X-ray diffraction pattern of a) SPION b) MnlO2§ MnIO50 d)

MnIO75 nanoparticle assemblies

XRD analysis was performed to identify the crystgthphic structure and to
estimate the crystallite size (Figure 38 and figu®). The various molar
concentrations of Ml of 25%, 50%, 75%, 80% and 90% of ferrous ionshia t
SPION crystal substituted and termed as MnlO25,0&®, MnIO75, MnlO80 and

MnIO90 respectively.
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Figure 39: XRD patterns for the samples recorded with G Kadiation. a) SPION

b)MnIO80 c)MnIO90

The XRD patterns of MnlOs presented in the Figu8e@pport that no phases other
than nanocrystalline manganese ferrite are pragemnd a critical concentration. On
the other hand, beyond the critical molar concéiomg75% of ferrous ion) of M,
the final system did not support crystal formatiorwhich the major peaks of spinel
disappears (figure 39). The average crystal sizéhefnanoparticles range from
~11.5+£0.8nm for SPION, ~8.6% 0.9 nm for MnlO25, 280.6nm for MnlO50 and
~9.7£0.9 nm for MnlO75, and the crystal size of tlamoparticles calculated by the

Scherrer formula using the (311) peak matches siith calculated using TEM.
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Figure 40: FTIR spectra of (a) SPION, (b) MnIO25, (c) MnlO&Ad (d) MnlO75

nanoparticles in the 1900-400 ¢mrange

The FTIR spectra of (a) SPION, (b) MnlO25, (c) MBland (d) MnlO75 in the
range of 1900-400 chmare depicted in Figure 40. Generally, iron oxidel a
manganese ferrite shows a4®-Mo stretching band at ~600-500 ¢nin which My

and My correspond to the tetrahedral and octahedralipositrespectively.

In Figure 41, the peaks at ~3395 and ~1595 ame characteristic bands for metal
ferrites with O—H stretching and bending vibratiorespectively. In addition to the
vibrational peaks of metal oxides, the MnlOs shaadsitional peaks at 1618 and
1397 cm' corresponding to the asymmetric and symmetri¢cstieg of the carboxyl
group in citrate. Tri-sodiumcitrate also shows esponding infrared bands at 1668

and 1390 cnil.
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Figure 41: FTIR spectra of the freeze dried powder sampleg &PION b) MnlO25

c) MnlO50 d) MnlO75 €) TC

The amount of trisodium citrate adsorbed on theorraaterial surface was quantified
using TGA-DTA and the results presented in Figu2e Bhe TGA plot represents
four distinct stages of thermal decomposition ahgeratures of 14€, 350C,

605°C and 908C. The total and partial weight losses are sumredria Table 7.
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Figure 42: TGA and DTA for (a) MnlO25, (b) MnlO50 and (c) MDY5 under an

N, atmosphere

Temp Weight % remaining
(°C)

MnIO25 MnIO50 MnIO75
143 96.37 95.47 94.6

350 94.62 93.72 91.56

605 93.63 92.73 90.29

900 93.12 92.22 87.83

Table 7: Partial weight loss determined by TGA analysis

The different molar compositions of manganese tiermanocrystal Fe/Mn ratios

were evaluated by EDX and ICP analysis. It is walbwn that EDX analysis gives
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the effective atomic concentration of different stituents on the surface layer of the
solid investigated. Energy dispersive X-ray analysi the prepared specimens was
carried out at same voltage and at various areakhesurface of the solid, and is
represented as the Fe/Mn ratio in Figure 43. Sriigjléhe relative atomic percentage
of Mn, Fe and oxygen species present in the sotich fthe theoretical calculation

and ICP analysis are presented in Table 8.

n

Fell

MnlO25 MnlOs0 MnlO75

Figure 43: Surface composition of the Fe/Mn ratio of nandpkatcalculatedvia

energy dispersive spectroscopy

Theoretical Fe/Mn (ICP)
MnlO25 11.18 11.60
MnlO50 5.08 5.43
MnIO75 3.05 3.28

Table 8: The initial Fe/ Mn metal composition ratio comphirevith ratios as

determined by ICP-OES analysis
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4.5.1.2 Biological Evaluations of MnlOs

Hemocompatibility is of prime importance for nandjes used in imaging, as the
vasculature provides primary access and distribuitioa living system. To ensure
their compatibility, hemolysis and clotting timeadwations were carried out (Table
9). It is apparent that the nanopatrticles at colmagans up to 1 mg/mL of blood did

not induce hemolysis. MnlOs nanoparticles in alfamancentration of 1 mg/mL were

used in the aggregation test. Particle inducedeaggion was not observed in the

case of RBC, WBC and platelets (Figure 44, 45 &)d 4

Sample Hemolysis (%) Clotting time ($)
MnlO25 0.01+0.002 22028
MnlO50 0.01+0.001 245134
MnIO75 0.04+0.005 24527
SPION 0.03+0.003 235+26
Negative contro 0.00+0.000 25530
Positive control 0.52+0.008 165+28

Table 9: Percentage hemolysis values of blood cells aftes 2ncubation with
MnIOs at 37C and clotting time measurement assessing the Mod@tacted blood
samples
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Figure 44: Phase contrast microscopic view 400X (Scale banmbpof erythrocytes
after incubation with a) Negative control (Normadlise) b) positive control

(polyethylenimine) c) MnlO25 d) MnlO50 e) MnlO75SPION

Figure 45: Phase contrast micrographs of leukocytes aftetiaton with MnlOs a)
Negative control normal saline b) positive con{mlyethylenimine) c) MnlO25 d)

MnlO50 e) MnlO75 f) SPION. Scale bar 68
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Figure 46: Phase contrast micrographs of platelets afterbaton with MnlOs a)
Negative control (normal saline) b) positive cohffeolyethylenimine) c¢) MnlO25

d)MnIO50 e) MnlO75 f)SPION. Scale bar &0

Alamar Blue assay was carried out to evaluate leelactivity in the presence of the
nanoparticles at varying concentration levels. Heklls were evaluated at 24 hours
post exposure to the nanoparticles, the data tetlemmdicates more than 95%
cellular activity across the concentration leveted (Figure 47). Phase contrast
images (figure 48) of cells in contact with the ommaterials also provide evidence
on the preservation of the morphological charasties of cells under the influence
of the nanopatrticles. Furthermore, microscopic wtod cellular uptake of SPION

and MnlOs in Hela cells visualized by Prussian [dtaning shows the internalised

particles of SPION and MnlOs (Figure 49).

111



100 -

m 0.5mg/ml
® lmg/ml
m 2mg/ml
B Img/ml

% activity of control
th ~
=) th

o
th
1

SPION MnlIO25 MnIOS0 MnlIO75

Figure 47: Cell Activity at 24hrs contact with SPION and Mrd@valuatiorvia
Alamar Blue assay (p<0.05)

©

(D)

Figure 48: Phase Contrast Micrographs of HelLa cells after Rlubation with
nanoparticles. (A) Control, (B) SPION, (C) MnlOZB) MnlO50, (E) MnlO75 and
@0, (i), (i), (iv) are 0.5mg/mL, 1mg/mL, 2mg/mL3mg/mL concentrations of

corresponding material
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Figure 49: HelLa cells incubated for 24 h with SPION and Mni@soparticles and
stained with Prussian Blue. Blue indicates ironeblasanoparticle uptake. Samples
are (a) Control (b) SPION (c) MnlO25 (d) MnlO50 @nlO75 respectively. Uptake
of the SPION and MnIOs are clearly seen and it extky arrows
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Figure 50: Measurement of the magnetic properties of MnlOgigas at room
temperature (a) SPION, (b) MnlO25, (c) MnlO50 am)j MnlO75 with their
corresponding remanence and coercivity, shownerirtbet
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4.5.1.3 Magnetic measurement and relaxivity calcuteon of MnlOs

The magnetic property of MnlOs was evaluated usu®M analysis at room
temperature. The (M—-H) loop of various compositiafisferrite nanoparticles are
shown in Figure 50. It could be observed from tlystéresis loop that all the
composition of nanoparticles shows negligible reemme and coercivity, which
confirms the superparamagnetic behavior of the panicles. However, the
hysteresis curve of SPION shows minor remanencecaectivity when compared

with the MnlOs, where they are nil.

Sample Magnetic saturation Relaxa_tlio_? ®)
M(emu/q) mM™s
MnlO25 62.4 236.6
MnlO50 60.55 203.9
MnlO75 71.13 202.1
SPION 67.63 57

Table 10: Measurement of magnetic saturation and relaxivijues of MnlOs

nanoparticles compared with SPION particles

The values of saturation magnetization of pure $P#2d MnlOs are represented in
Table 10. Herein, the saturation magnetizationasfacrystals slightly varies for the

Mn?* substituted SPION crystals.

Various molar composition of Mf modified magnetic MnlO nanoparticles were
tested as a MRI contrast agent. Due to the larggnetec moment, nanoparticles can

modulate the MR signal enhancement effects. The—spin relaxation time was
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measured using ;Tweighted MR images for each sample at 1.5 T dinMRI

system (Figure 51).

Mn+Fe(mM) 025 0.20 0.15 0.10 0.05 -

B MnlO25, 236.6 mM''s"!
@ MnlO50, 203.9 mM-'s”
MnlO75, 202.1 mM's*

T T T T
0.00 0.05 0.10 0.15 020 025

Concentration (mM)

(D (1)

Figure 51: (I) T, weighted MR images of A) MnlO75 B) MnlO50 C)nMD25
varying concentrations at 1.5T MRI system (ll) Reldy rate Graphs of 1/

against the Fe+Mn concentrations of MnlOs

The magnetic relaxivities were calculated from thigel intensity maps with
different concentrations of SPION, MnlO25, MnlO5@avinlO75 corresponding to
57mM’s?, 236.6 mM's, 203.9 mM's* and 202.1mNs?, respectively (Saraswathy

et al., 2014).

4.5.2 Surface Modified Manganese Ferrite (MnlIOTCs)Nanoparticle for MRI
Contrast Efficiency and Hyperthermia Theranostic Ewlutions

In order to investigate the theranostic applicatafnMnlOs, the particles were
developedvia previously reported aqueous co-precipitation megthén a previous
section4.5.1, we reported the development of manganese ion*)Muibstituted
ferrite crystals with various molar concentratidissibstituted concentration 25%,

50% and 75% of Fé ions) via an aqueous co-precipitation method. The
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nanoparticles were obtained by precipitation ofifemanocrystals in the presence of

a Mrf* ion precursor at a higher pH of ~12. Further, ¢boidal suspensions were

surface modified to obtain magnetic nanopartickeg had a stable crystal structure

with enhanced magnetic property, improved MRI casitr enhancement and

hyperthermia effect. Based on the previous reptines MnlO crystals were surface

modified using trisodium citrate molecules. MnlOystals were dispersed and

magnetically stirred in 10 M trisodium citrate stil at room temperature for 12 h to

ensure coating anstabilization. The excess citrate molecules wershed from the

colloidal suspension by repeated centrifugation.

4.5.2.1 Physicochemical Characterizations of MnIOTE

The surface-modified magnetic nanoparticles weegattierized by X-ray diffraction

[Figure 52] and compared with the spinel struckibd- [01-071-6336] data.
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Figure 52: (I) The wide angle XRD patterns of the (a)lOTC Mp)O25TC
(c)MnIO50TC and (d)MnlO75TC (ll) Corresponding pelgs crystallite size
calculationvia scherrer equation.[ IO PDF= 01-071-6336]
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Furthermore, the nanoparticles were characterizeDUS5, FTIR, TGA, TEM, and
VSM. The DLS data and zeta potential values diguay Table 11 showed large
hydrodynamic size and higher zeta potential valles to the presence of citrate

molecules on the surface-modified samples compaitbdthose of bare particles.

Sample Zeta potential (m\/) Hydrodynamic size (nm
1O -15.3+0.8
IOTC -25.5+1.2 107.8+8.4
MnlO25 -12+0.7
MnlO25TC -16.3+1.8 72.44+4.9
MnlO50 1.45+0.3
MnlO50TC -21.5+2.2 85.56+9.2
MnlO75 5.06+0.8
MnlO75TC -27.1+1.8 105.2+7.3

Table 11: Zeta potential and hydrodynalic measurement o bad trisodium citrate
surface modified manganese ferrite particles

The vibrations observed at 1394 trand 1589 cm in the FT-IR spectra of Figure
53. The amount of citrate coated on the particles wstimatedvia the TGA

measurements represented in Figure 54(a) and thresponding percentage of

weight remaining in Figure 54 (b).
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Figure 53: FT-IR spectra of trisodium citrate modified mangsa ferrite
nanoparticles (a) Trisodium citrate (b) IOTC (c) KE5TC (d) MnIO50TC and (e)
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Figure 54: Thermogravimetric analysis of MnIOTCs (a) chardste weight loss

pattern and (b) the percentage amount of weighaiead in temperature range
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Figure 55 shows a typical TEM image of MnIOTCs defeal on a grid from a water
suspension and subsequently dried in air. The gegparticle (n=50) diameters are
~13+1.7 nm for IOTC, ~6+0.23 nm for MnlO25TC, ~768.nm for MnIO50TC and
~11+0.18 nm for MnlO75TC.

The VSM data (Figure 56) indicate saturation magagbn values of 55.4, 58, 58.8
emu/g for MnlO25TC, MnIO50TC and MnIO75TC, respeely, showing
substantial superparamagnetic behavior for all Mrde.
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Figure 55: TEM micrographs and corresponding particles distions in the insets
(@)IOTC (b)MnIO25TC (c)MnIO50TC and (d)MnlO75T C
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Figure 56: Field dependent magnetization curves of MnlOTC308K and

corresponding coercivity and remanence shown at ins

4.5.2.2 Biological Ealuations of MNnIOTCs

Preliminary biocompatibility evaluation studies BIOTCs were performedia
alamar blue assay (Figure 57) and hemocompatiliisging. The cytotoxicity of
MnIOTCs with varying compositions was further comfed by observation of the
variation in cell morphology after treatment of tbels with these particles. Figure
58 shows confocal microscopic images of Hela célsated with a higher

concentration (2 mg/mL) of MnIOTCs.
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Figure 57: Cytotoxicity effect of MnIOTCs on Hela cells tredt with various

concentrations of nanopatrticles during 24 h indobatnd analyzedia Alamar blue

assay Kkit, (p<0.05)

Nucleus F-Actin Focal adhesion =~ Merged

Figure 58: Confocal microscopic images of Hela cells incubateith ferrite

nanoparticles concentration 2mg/mL during 24h antthomt particle as control. In

the images, cell nucleus stained with DAPI (bluegctin filament detected using
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TRITC-conjugated Phalloidin (red), focal adhesiamalsized using anti-Vinculin

monoclonal antibody and a FITC-conjugated secondatipody (green) and merged
all images

MnIOTCs are uptaken by cells, as affirmed by thedalization in cells visualized

using Prussian Blue (PB) staining, as indicatedrigure 59. Positive PB staining

was due to the presence of ferric ions, which dgoall uptake of nanoparticles.
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Figure 59: Prussian blue staining of HelLa cells after 24hulbation of 50Qgs of
MnIOTCs and counter stained with nuclear fast &yl Control (Hela cell alone)
(b)IOTC (c)MnIO25TC (d)MnIO50TC and (e)MnlO75TC ade bar 5qQum

In a detailed analysis of MnIOTC interaction witlodd, studies were performed
with respect to hemolysis and clotting time. Taldl2 indicates preliminary

hemocompatibility characteristics.
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Sample Hemolysis Clotting time
MnIOTC 0.01+0.003 235+28
MnIO50TC 0.01+0.002 250+22
MnlO75TC 0.04+0.006 255+20
IOTC 0.09+0.005 245126
Negative control 0.00%0.000 255+30
Positive control 0.52+0.008 165+28

Table 12: Percentage hemolysis values of blood cells aftes 2ncubation with
MnIOTCs at 37C and clotting time measurement assessing the M@gdontacted

blood samples

4.5.2.3 Theranostic Evaluation of MnIOTCs

The potential applications of MnIOTC lie in the aref MRI contrast enhancement
and hyperthermia. Recently, few superparamagnetic axide contrast agents have
been reported as clinically approved (Wang, 20@(Matuszewski et al., 2005). The
quality of the current products is constrained tluéheir poor contrast efficacy and
the toxicity associated with excess iron (Jangl.et2@09). In the current work, the
MRI behavior of MnIOTCs was evaluated in an aquemesiium and is represented
in Figure 60. The prime importance was on maximuomcentration of Mf'

substituted iron oxide particles.
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Figure 60: (A) T, weighted MRI images of various concentrations afl®ITCs
dispersed in water and (B) corresponding relaxateda graph plotted 14Tagainst

Fe+Mn concentrations

To demonstrate the use of maximum FMsubstituted iron oxide as a plausible
contrast agent, the contrast efficiencies of MnlDZ5and HelLa cells labeledith
MnlO75TC (various concentrations) were evaluatedin vitro MRI evaluation. A

change in contrast with respect to concentrati@s observed and iBustrated in

Figure 61.
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Figure 61: (A) T, weighted MR images of different concentrationsvbflO75TC
incubated with HelLa cells during 24h (B) Corresgagdpixel intensity variation

plotted against TE values
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To assess the hyperthermia efficiency, differemtcentrations of MnlIO75TC were
exposed to an alternating magnetic field with &fsrength ranging from 14.4 mT
to 38.6 mT for a period of 15 minutes. Temperatuagiation with respect to

exposure time, strength of the magnetic field, emacentration is depicted in Figure
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Figure 62: Time-temperature graphs of MnlIO75TC concentrati@js5mg/ml and
(B) 10mg/ml on exposure of 200A to 450A alternatogrent at 275kHz frequency

The time—temperature profile indicates a lack gbdryhermia activity at low field
intensity. As a continuous magnetic field is apglithe temperature increases from
28 to 57 °C and from 28 to 65 °C for an MnlO75T@pé&e with concentrations of 5
mg/mL and 10 mg/mL, respectively. The heating &ficy of the magnetic material
was measured using the specific loss power [SLRJo(¥t al., 2012), which is
defined as the amount of energy converted into peatime and mass. The SLP is

calculated using equation [1], and the values egsgmted in the Table 13.
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Current passing Magnetic field Specific loss power (SLP) ¢
through the strength material concentrations
No. coil (mT) 5 mg/ml 10 mg/ml
1 200 A 14.4 6.97+1.32 10.46+1.71
2 250 A 19.33 19.52+2.1 16.03+1.68
3 300 A 24.166 29.28+1.86 28.59+2.3
4 350 A 28.99 51.60+1.54 42.53+2.45
5 400 A 33.83 69.73x2.4 55.08+2.81
6 450 A 38.66 103.20+3.83| 80.89+3.21

Table 13: Representation of hyperthermia studies based erapiplied alternating

current, magnetic field strength and correspondpegific loss power of MnIO75TC

calculated from time-temperature graphs [SLP val#s standard deation; n=3]

In order to investigate the hyperthermia potendfaMnIO75TC, the particles were
applied to cancer cells and further exposed to AMFB0 minutes. Cells treated with
particles and not exposed to AMF were used as @orRost-AMF exposure cells

were analyzed by flow cytometry, confocal lasems@ag microscopy and scanning

electron microscopy.
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Figure 63: Typical dot plot obtained from FACS data showingld cells
distribution Annexin V/ Propedium lodide (PI) stiaig (A) MnlO75TC+ Hela cells
without exposure to AMF as a control and (B) 30emposure to MnlIO75TC+ HelLa
cells. The image quadrants designated as Ql=Pleal@2=Annexin V+PI,
Q3=unstained cells and Q4= Annexin V alone posi&sirespectively

Figure 63 displays FACS evaluation of hypertherinéated HelLa cells. A steep
decline in cell viability was observed with 90% c#ll death, and 55% of the dead

cell population stained positive for Annexin V-PlI.
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Annexin V

Propedium iodide

Figure 64: Representative images of Annexin V and PI fluoeesstaining showed
HeLa cells apoptosis after 30 min MnlO75TC hypartiia treatment. In the images
Annexin V visualized by a green signal, Differehtiaterference contrast mode

visualization (DIC), PI visualized by red signaldamerged all images.
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Figure 65: ESEM images of HeLa cells loaded with MnlO75TC @&fore and (B)
after the application of the alternating magneteddf [AMF]. The corresponding
images higher magnification represents in the rggthe. Most of the cell membrane
structure collapse after exposure to the AMF

Further analysis of the treated cell populatien cLSM confirmed (Figure 64) that
nearly all cells stained positively for both Annex¥ and Pl. Again, morphology
changes in the cells after AMF exposure were evatbasing the ESEM technique.

Figure 65 indicates visible cellular damage afterl®75TC hyperthermia.
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Chapter 5

DISCUSSION

Stable nanoparticles provide versatile approachesredy short falls in advanced
biomedical applications. Combining knowledge andhteques from biotech &
nanotech provides innovative designs for cell d@glvsystems, enhanced MRI
contrast agents and adds teeth to therapeutic ttngoeria. Based on the observations
made and experimental results recorded in thigghbke following possibilities are

outlined:

1. Development of stable superparamagnetic nanoasitep(HAIO) particleszia an

agueous co-precipitation method.

2. Evaluating targeted cell delivery and therappliaptions mediated by magnetic

nanocomposites (HAIO50) undervitro condition.

3. Assessment of contrast enhancement in MRI ingagamd hyperthermia

therapeutic efficiency of HAIO50 particles in smvitro condition.

4. Development of manganese ion substituted magnptoperty modified

superparamagnetic nanocrystal (Mnk2g an aqueous coprecipitation method.

5. Evaluation of contrast enhancement in MRI img@gnd hyperthermia therapeutic

efficacy of MnlO patrticles in am vitro condition.

130



5.1. Development of Stable Superparamgnetic Nanocguosite (HAIO) Particles
via an Aqueous Co-precipitation Method

Among a broad diversity of nanoparticles based ghethora of materials, SPION
have been intensively developed for several biooadiand technological
applications. However, it is essential to minimidee aggregatiorvia surface
modification using suitable molecules for effectiapplication. There are several
types of polymers, ceramics materials utilized $arface modification of SPION
particles. Among the diverse coating agent, theganic hydroxyapatite ceramic
moiety consider as a desirable molecule because thmlecules not only provide
stability to the nanoparticles in solution but atedp to improve the biocompatibility
of particles. This is due to the innate biocompkitybof hydroxyapatite crystals. But
there is a lack in appropriate synthetic strategy microstructure evaluation in all
the reported methods. Based on the literature gumwe have developed a novel
technique: ann situ simultaneous synthesis strategy for the developrmieSPION

hydroxyapatite nanocomposite (HAI@gn an aqueous method.
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Scheme 1: Representation of the mechanism of fawmat HAIO crystallization
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In anin situ simultaneous co-precipitation technique, the SPI@Nwell as HA
nanocrystals were simultaneously formed. In prilegipiron oxide (SPION)
nanoparticles are primarily formed and their chdrgarfaces subsequently initiate
the nucleation of amorphous calcium phosphate. r8etheshows the representation
for the nucleation and growth mechanism of calcipinosphate on the surface of
nano-sized SPION (magnetite phase) particles. ififial Ca* growth has attributed
to the size restriction of the SPION nanopartittes5 nm as depicted in the scheme
1. Also the initial calcium phosphate precursoelaig the key step that facilitates the
embedding of SPION particles, which later on transf to the apatite matrix. In
addition, the initial adsorption of calcium phosgharevents self-agglomeration of
SPION particles and hence uniformly distributed @RInanoparticles embedded in
the calcium phosphate matrix could be achievedoweld by the same experimental
conditions were applied to the development of wagimolar compositions of SPION

and HA composite (HAIOS) particles.

5.1.1 Physicochemical Characterizations of DevelogdiAlOs

The phase purity analysis revealed that the nanposites particles exhibit no
secondary phases than magnetite and hydroxyapAgtause the comparison with
ICDD card number 01-071-6336 for on SPION and 09-0832 for HA further
confirms the presence of the cubic spinal phagPdON (FeO,) and hexagonal HA
crystal structures. Further the percentage of SPI@dYeased, the peaks in the
spectra broadened and decreased in intensity.phieisomenon was probably due to
the poor crystallinity and small crystallite sizesynthesized HAIOs. The size and

morphology evaluation revealed that the lower patange of SPION nanocomposites
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exhibit acicular structure, while at higher concatibns the acicular structure
gradually changes to polygonal faceted sphericatsires, which is confirmed from
HRTEM and SEM images. The presence of iron, calcamd phosphorous peaks
clearly observed from EDS patterns derived from ERITand SEM techniques. The
EDS spectrum having Fe/Ca ratios closely matchdéls MWdP-OES values of Fe/Ca
ratios and the peak intensities from EDS spectruso suggested phase pure
formation of nanocomposites. Moreover the vibradiospectroscopic analysis
revealed the nature of bonding in the HAIO nanocaositps. The peak at 572 tm
lobserved from the spectrum was corresponding tstileéching frequency of Fe-O
bond of the SPION crystals. Also the characterigtiosphate group vibrations are
clearly visible in the FTIR pattern which demonstth the presence of HA and

SPION crystal existence in the nanocomposites.

The magnetic property of HAIOs was analyzed vibrating sample magnetometer
(VSM) and the values were compared with SPION algsiThe results affirmed that
the material shows superparamgantic property bectes VSM spectrum exhibits
zero value of remanence and coercivity and lardgeevaf saturation magnetizations
for all compositions of HAIOs. The superparamagnetature signifies that the
magnetic particles embedded in the system are stowgi of single domain

characteristic features.

Based on the literature survey (Singh et al., 2G&@) considering the application
efficacy of magnetic materials, our prime importmeas to select a lesser content of
SPION embedded HA having good magnetic propertyveaslobserved in HAIO50.

Further the stability, hydrodynamic size and exdern field
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response to magnetic has been examined. The rgmuited that the HAIO50
particles exhibit excellent stability in neutral phie to the surface potential and
showed hydrodynamic size of 150-170nm and thestclesr were immediately

responsive to the presence of an external maginetic

5.1.2 Biocompatibility Evaluations of HAIOs

The preliminary toxicity evaluations of HAIOs wesssessed using cytotoxicity and
hemolysis analysis. The cytotoxicity effect of HA@ompared with control values
indicated not much variation with percentage of positions and concentrations. It
is noteworthy to mention that all the HAIOs conecahbn and compositions showed
greater than 70% viability. In order to investigaeplications potential efficiency
nanocomposites, the HAIO50 has been selected ardie&d the detailed biological
characterizations. The higher concentrations of ®2Q particle’s cytotoxicity was
assessed using Alamar Blue assay. It is notewadhynention that, at higher
concentration (3mg/mL) of HAIO50 used in the stuldgs illustrated excellent
viability and this concentration was very high ddisan which further highlight the
superior cell tolerance with these nanocompositemditations. The blood
compatibility of the HAIO50 estimated using hematysanalysis via various
concentrations, since the intravenous route isntbhset commonly explored way of
administration in practical scenarios. Literatusveaaled that (Fornaguera et al.,
2015) inherent negative charged nanoparticles raagec damage to blood cells. In
our study, the HAIO50 hemocompatibility analysisukés demonstrated the nontoxic

nature of particle.
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The cell uptake of HAIO50 particle was analyagd Prussian blue iron staining.
The presence of iron is evidenced by a blue colaitimin cells. Also the cellular
uptake of HAIO50 particles did not affect the masjagy of cells and they retain
their native cellular structuri@ vitro, thus proving to be non-cytotoxic. The material
cell-material interaction was examined through flaytometric analysis. Cell
interactions, indicated by an increase in flow oyg&tric side scattering, are related to
HAIO50 concentration and incubation time. A conegperiment was performed on
a non-exposed population of cells, and cells maked1l (control) and P2. This
helps differentiation of the cells with no interzakion of nanoparticles (P1) from
those where there was a strong cell- materialaotem. At lower concentrations of
30, 60 and 12Qg the granularity changes [P2 = 0.3, 0.6 and 1&tpveomparable to
the control population, even after 15 minutes afulmation. However the higher
concentrations of 240 and 48f) the forward scattering was constant but the SSC
changes with respect to time. That is cells tookhigher doses of nanoparticles
showed higher intensities of SSC. FSC is routinslgd as a measure of cellular size
comparison, irregular cell shape or damage to tklé mmembrane. It could be
presumed from the results that the surface chanjp@aneed uptake of HAIO50
without adversely affecting the cell cytoskeletas confirmed from the FSC

intensities.

5.2 HAIO50 Assisted Cell Separation, Manipulation ad Culturing using
External Magnetic Field for Introducing Targeted Céell Delivery
Cell therapy based solutions for various disease injuries are high performing

compared to most conventional medicines and thesapEspecially because cells
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can perform better physiologic as well as metabdlioction than any of the
mechanical devices, recombination proteins or chahtiompounds. However, there
are a lot of difficulties to systemic administratiof bare cells, causing significant
obstacles for sufficient retention of the therapeaoells at the target site. In order to
achieve greater efficiency and optimum performarcéjgher cell dose or higher
engraftment of cells is inevitable. Magnetic namrtipe based cell therapy is one
encouraging area where cells are effectively labelseparated and concentrated
from a biological suspension and delivered to thecsic site with the aid of an

external magnetic field.

5.2.1 HAIO50 Nanocomposites Cells Separation usirtgxternal Magnetic Field
and Characterizations

Based on the literature reports, targeted cellvdgji for therapy was studied using
magnetic nanoparticles. In our previous method, ibarly developed magnetic
nanocomposite having good magnetic property arskfesontent of SPION termed
as HAIO50 was selected for the cells controllingl aeparation application. The
experiment was executed through floating HeLa deflated with HAIO50 particles
and separated over external magnetic field. Inrai@@vestigate the cell separation
ability, the Acridine orange fluorescent dye wasdiand it provide evidence for cell
separatiorvia supernatants and pellets fluorescent intensifgmdifce in a UV Trans
illuminator. The minimum concentration of HAIO50rpeles required for efficient
cell separation optimized, which demonstrates ahaincentration of 1xf@ells can
effectively separated from suspension using 480of HAIO50 particle and was

confirmed from coulter counter analysis. To underdtthe mechanism of HAIO50-

136



cell interaction, the experiments were carried aut temperature of 4°C, which
would suppress the energy consuming process sutineags endocytosis of HAIO50
to the cells (Sokolova et al., 2013). The resuésdnstrated that the cell surface-

HAIO50 interactions are independent of temperature.

5.2.2 Magnetically Separated Cells Morphological Aalysis and in vitro
Culturing

The structure and morphology of magnetically separacells were evaluated
through Giemsa staining and ESEM technique. Giestaiaed cells imageda light
microscopy revealed that the characteristic spaenwrphology of the cells was
preserved in the control cells and cells from peliadicating a cell-friendly
separation method. The ESEM and EDS examinationsesh that the separated
cells were similar to the corresponding controll etlucture. Cells with adhered
HAIO50 nanoparticles were visible confirmed by tleerresponding calcium,

phosphorous peaks intensities from the EDS spectrum

Through magnetic accumulation-induced cell therapyjncrease in the number of
cells accumulating at the injury site is reportBalyak et al., 2008), (Riegler et al.,
2010) but it is important to note that a continusaduction in cell survival and
localization at the target site occurs over timgavious studies (Li et al., 2009),
(Terrovitis et al., 2010)n order to establish the efficacy of magnetic sefeal cells
for cell therapy, and to demonstrate a non-delatisreffect to cellular structure and
functions, cells post-separation were maintainedulture. Hence the magnetically
separated cells were cultured in Bnvitro condition for 24h and assessed the

cytoskeleton structure using confocal laser scanmiicroscopy studies. From the
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images, the individual actin fibres appeared asmempd well-defined and clearly
visible and HAIO50 patrticles are viewed as bladkacellular spots. The depth and
diameter of the cells were calculated from the 8Bonstructed image of the cells
obtained from z-axis scans. From the actin cytatkal distribution evaluation, no
structural changes were observed in the magnstisaparated cells compared to the
control cells, and the fibrous structure with cedlf contact is observed only in
biocompatible conditions. Therefore, magnetic cosigebased cell separation and
subsequent culture could be employed as an efficieechnique for cell

transplantation therapy.

5.2.3 Three Dimensional Cell Culture using Magnetit.evitation Technique

In a biomedical research field the native tissueleh@re developed through tissue
engineering techniques. However there is a largeiigaomplexity and originality
between native tissue properties and simple twadsional cell culture experiments
compared to human tissues of interest. Recent estutkvealed that the three
dimensional cell culture techniques extend theitgliib control shape, structure and
biochemical environment than existing 2D. To théeak of magnetic nanopatrticle
application potential, the newly developed HAIO%0tjzle was studied for the three

dimensional cell culturegia magnetic levitation technique.

An in vitro experiment has been performed for the investigatth magnetic
levitation 3D cell culture. The HelLa cells were payated with HAIO50 particles
and levitated in the cell culture medium-air intadvia external magnetic field and
cultured for 72h. The Hela cells rose to the aidmm interface, but were unable to

leave the medium, presumably due to surface tenSioe detected cell levitation in
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the liquid medium affirmed that the field from arp@nent magnet is sufficient to
overcome the gravitational force to reach a stestdie. The detailed morphology
and cytoskeletal structure of 3D cultured cells evanalysed through ESEM and
phase contrast light microscopic techniques. THis eeere well proliferated and
form a sheet like structure. Moreover the cellaucture, integrity and cell —cell
interaction has not changed with the presence ofi(d%A particles in three
dimensional levitation methods. This is confirmedni the ESEM images, DAPI
nuclear stained fluorescent images and phase sotitghat microscopic images. We
expect that this simple design of magnetic lewtaould be further expanded to for

the development ah vitro level tissues and organs.

5.2.4 Magnetic Microsphere Development and 3D Celulturing

Further exploring the possibility of magnetic lewibn 3D culturing techniques, the
magnetic microspheres were developed. The microgpivas synthesized using
polycaprolactone and magnetic HAIO nanocomposiiesa solvent evaporation
technique. In this technique, the size of the nsphere depends on the reaction
conditions such as concentration of reactantsjrgiispeed, addition rate etc. Hence
the polymeric microspheres sizes were optimidagreliminary reaction parameters
variations and loaded with HAIO nanocomposite phes. The developed magnetic
microspheres were characterized through ESEM, XR® RTIR techniques. The
incorporation of HAIO particles in the microsphemresained the shape and sizes.
The XRD and FTIR techniques confirmed the phaséypand chemical bonding in

the microsphere structure. The main peaks of HA &RU#ON crystals are clearly
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visible in the corresponding spectra and it condidrthe phase pure existence of

crystals in the magnetic microspheres.

The biocompatibility of developed magnetic microsi@s was examined using
Alamar blue assay and hemolysis test. Alamar bdsayashows more than 95% cell
viability and the percentage hemolysis was comparab the negative control
values. The results indicate that the magneticospneres are nontoxic irrespective
of the sizes. Further magnetic microspheres weagnemed the 3D cell culturea
the magnetically levitation technique. The siaege of 250-35@m microspheres
was selected and performed the cell adhesion agtetiaally levitated cell culture.
The cell proliferation and morphology after 72h Igpad using ESEM, which
revealed that the cells were grown over the midresp and form a spheroid shape
with good cellular integrity. Viability was examidehrough DAPI nuclear staining
and live-dead analysis. The DAPI stained cell sitbméense blue colour dots from
the sphere surface and an intense green colourvallséom the Acridine orange-
ethidium bromide staining. The results demonstraiedconfirmation of live cells

strongly attached over the sphere surfaces.

5.3 Assessment of Contrast Enhancement in MR imaginand Hyperthermia

Therapeutic Efficiency of HAIO50 Particles in anln vitro Condition

5.3.1Hyperthermia Therapeutic Efficiency

Over the last decade magnetic nanoparticles hage lmtensively studied for the
hyperthermia cancer therapy and MRI contrast agg@plications. The magnetic
nanoparticles can produce elevated temperatur@enptesence of the alternating
magnetic field. Also the presence of magnetic fieldates more contrast effect in
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MRI images, which is useful for the ease of diagmoshe cancer cells are more
sensitive to hyperthermia compared to normal adlis to the poor production of
heat shock proteins. Hence recently several researchave reported magnetic
nanoparticles based theranostic approach to catissues such as targeted
hyperthermia and simultaneous diagnosis. In orderinvestigate the newly
developed HAIO50 particles theranostic efficientyperthermia effect and MRI

contrast), the detailad vitro analysis has been executed.

The temperature profile graph has been observégetassessment of hyperthermia
effect of HAIO50 particles and the values were cared to the SPION crystal.
Time-temperature profile indicated the absence ygehthermia activity at low
magnetic field intensity. But on increasing theldistrength the particles showed
high temperature generation with respect to tintee SPION particles exhibit high
temperature formation than HAIO50 under AMF appglma However the
therapeutic performance based on the specificdbgswer (SLP), which is defined

as the amount of energy converted into heat per &ind mass.

Further to determine the SLP values of magnetidigles HAIO50 and SPION,

various concentrations of particles were dispemsetjueous medium and performed
the hyperthermia experiment. The particle dispessidime-temperature profiles
illustrate the temperature generation depends en dlternating magnetic field

strength. At low field strength the hyperthermideef was poor and on increasing
the field strength, the particles produce elevdtedperature and saturations. Two
major mechanisms explain the temperature generafionagnetic nanoparticles on

the basis of relaxations. The mechanisms which dée¢he relaxation of the
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magnetization are (1) Neel relaxation, correspapdia the magnetic moment
reversal over the energy barrier, characterized py To exp(KV/ksT), whereT is
the constant, K is the anisotropic constang ikthe Boltzmann constant and (2)
Brownian relaxation, corresponding to the mechdnmiation of the whole particle,
described by & = 3nVu/ksT wheren is the viscosity of media andy is the

hydrodynamic volume.

From the time-temperature profile observations$he values has been calculated.
The SLP values of HAIO50 particles depreciate wrdspect to increasing
concentration while that of SPIONs particles rigthwespect to concentration. This
may depend on the stability and surface modificatad SPIONs. In HAIO50
nanocomposite, the SPIONs surfaces were coverddnemmagnetic HA crystals.
Moreover the particle surface potential and magnelipolar interactions are
compensated and reduced the aggregation. Theftigher particle concentration
HAIO50 exhibit good dispersion and reduces the otroled temperature
generation under AMF application. But in SPIONstighes at higher concentrations,
the dipolar interaction and surface charge atwastidominated and form clusters,
which was showing uncontrolled temperature producét AFM. Hence the SPIONs

were exhibit higher SLP values at higher conceiatnat

The therapeutic application to cancer, controllesngerature generation has
considerable attention. The controlled temperapwogluction could induces cancer
cells eliminationvia activation of the apoptosis path way. Uncontroliechperature

treatment induces cancer tissues to eliminate gtrawecrotic pathway, which may

induce for cancer in another part of the body. Muez the uncontrolled temperature
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production may chance to damage normal tissuesuripreliminary evaluations, the
HAIO50 particles exhibit controlled temperature gwotion under AMF application
than SPIONs. Based on previous magnetic hypertlaestadies (Jordan et al., 1999),
the HAIO50 patrticles treated with HeLa cancer calid examined the hyperthermia
therapeutic efficiencywia AMF application for 30min. The temperature generat
on the sample was measured using noncontact motieeiRiometer. Hyperthermia
efficiency of HAIO50 sample to cancer cells was leated via flow cytometric

analysis and ESEM technique.

Preliminary examination of cell death analysis gsethidium bromide (EB), the
hyperthermia treated cells exhibit more than 75%itpaty to EB staining compared
with control cell, which is due to the membranewion through hyperthermia and
permeability to EB stains. Further the cell deatthanism has been assessed using
Annexin V and propidium iodide (PI) staining. Thentbination of both dies
normally used approach for studying apoptotic cétisthe apoptotic cells, the cell
membrane phospholipid phosphatidylserine (PShisstocated from the inner to the
outer leaflet of the plasma membrane there by opeRiS to the peripheral cellular
environment. Annexin V is a &a dependent phospholipid- binding protein with
high affinity for PS, and reacts to exposed apaopill surface PS. The Annexin V
can be conjugated to fluorochromes while preseritg\gigh affinity for PS and thus
serves as a sensitive probe for flow cytometridistiof cells go through apoptosis.
Pl is utilized more frequently than other nuclgairss because it is stable and a good
indicator of cell viability, based on its capalyilto not penetrate viable cells and also

economical. The ability of Pl to enter a cell isxtngent to the permeability of the
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membrane. Moreover the Pl does not stain live oy egpoptotic cells due to the
existence of an intact plasma membrane. Howevehenlate apoptotic cells, the
integrity of plasma membrane and nuclear membrawedses and permit Pl to

move through the membrane bind into nucleic acndsdisplay fluorescence.

In our study, the HAIO50 exposed hyperthermia teaitells were showed more than
75% both positivity to Annexin V and Pl as compareth control populations in
flow cytometric analysis. This could be due to ldie apoptosis of HelLa cells by the
HAIO50 exposed hyperthermia treatment. Followed the morphological
observation has been examined with ESEM technitae layperthermia, the images
affirmed that the detected cell death after HAIQ88ded Hela cells is lead by
concurrent loss of the intact structure of the oeimbrane as compared with control
cells. It can also be detect that the appearanceenfibrane channels as an effect of
AMF application, which is probably the mechanism render the membrane
permeable. The results obtained from flow cytometnyd ESEM techniques
demonstrated that the HAIO50 exposed hyperthermeatrhent eliminated the

cancer cellyia late apoptosis path way.

5.3.2 Contrast Enhancement in Magnetic Resonance hAging

The contrast enhancement of HAIO50 in MRI imagings hbeen evaluated in
aqueous phantom studies. The results revealeathagative contrast enhancement
in MR images is distinctly observed in the presenteHAIO50 particles. The
contrast enhancement in MRI is based on protorxa&tan with respect to the local
magnetic field (Chavhan et al., 2009). The protaxation usually occurs on spin-

lattice relaxation () and spin-spin relaxations AT In a spin-spin relaxation occurs
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on the basis of loss of transverse coherence, wipicdduces the true and
characteristic relaxation, which is highly sengtito environmental magnetic
property. Hence the superparamgnetic contrast agenimake large fluctuation in
relaxation time. In our study, the HAIO50 crystabntaining F&" ions are
magnetically ordered within the crystal to creatgyé susceptibility character in MRI
field and create local inhomogeneous magnetic figlich reduces the,Trelaxation
time and produces contrast enhancement in MR imdgedhermore the image
contrast increases with an increase in the mateoatentration. The sTrelaxivity
(r2) can be incurred as the slope of the plot of Spim-relaxation rate (1) versus
the molar concentration of iron in the correspogdamples, was determined to be
50.92mM's? from the B measurement. In order to investigate the existafce
contrast effect in biological condition, the costr&nhancement of HAIO50 were
examined undein vitro condition using HelLa cell line. Results demonsulathat
significant reduction in the signal intensity of Weighted MRI images as compared
to untreated cells. Further, pixel intensity ofithie weighted images decreased with
increase of HAIO50 concentration. These resultsicatdd that HAIOS50
nanoparticles could be exploited as novel negatorgrast enhancement agent for

MRI.

Ultimately, the therapeutic hyperthermia efficierenyd MRI contrast enhancement
evaluation of HAIO50 particles exhibit excellentfigkency under in vitro
investigation. The results demonstrated that thd@®®@ could be useful for the

theranostic application of cancer treatment.
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5.4 Development of Manganese ion Substituted MagnetProperty Modified
Superparamagnetic Nanocrystal (MnlO) via an Aqueous Co-precipitation

Method

5.4.1 Synthesis and Characterization of MnlO

The superparamagnetic nanoparticle for functionpplieation required good
magnetic property and high efficiency. If not, thiagnetic nanoparticles required
higher concentration for application potential. Wheells are treated to nanoparticles
at high concentration, it causes the productio®ROIS with high chemical activity
(Fu et al., 2014). High ROS production can damagjes dy peroxidizing lipids,
modulating gene trascription, disrupting DNA, aher proteins and resulting in
failure of physiological function and preceded &l death. Hence the application of
suitable magnetic particles containing minimum deshaving maximum efficiency
is challenging part. However, the common spinelites such as SPION have
intrinsic magnetic properties with standards fdowethat of optimal requirement for
diverse biomedical applications. In order to immgatheir efficiency, the spinel
ferrite nanoparticles with particular physical andgnetic properties were modified
during synthetic process. One among the best pupeetbr magnetic property
modification is crystal ion substitution with apprate candidate, which can provide

a versatile strategy to tune the SPION crystaltsiine.

Based on the literature reports revealing advastagel economical strategy, we
have developed a novel method for the?Msubstituted SPION crystal using the
ideal aqueous co-precipitation route (Gupta andt&up005). SPION nanocrystal

formation is highly sensitive to the percentagessitition of foreign ions because an
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excess amount of bivalent oxidation does not supppmel crystal formation.
Therefore, with this in regard, we have furthereexted the study to optimize the
maximum feasible quantity of Mhincorporation into the SPION crystals using an
aqueous synthetic route. The maximum substitutfolie®* in the SPION (MnlIO)
was optimized to a 75% molar concentration of fesrions (3 : 1 Mfi : F&™);

beyond which the manganese ions could not formrpap@magnetic nanocrystals.

The SPION have an inverse spinel crystal and itdorcadistributions are
FeA[Fe™Fe? g0, in which A and B are tetrahedral and octahediéss
respectively. This was attributed to the smallee sand favorable orbital splitting
energy of F& ions occupied in the tetrahedral and the octahedrerstitial sites
proportional to the B& and F&" ions. The incorporation of bivalent manganese ions
changed the occupancy of the inverse spinel arraegeof cations in the @,
crystals and favoured the formation of a mixed slgtructure in the ferrite crystals.
In the MnlOs, the spinel with a cubic oxygen ladtiof cation distribution was

formed with an expected chemical formula of @¥ndFe*)a[Mn?* Fe*5.Jg0u.

The Mrf* substitution in SPION crystals was carried outhi@ presence of trisodium
citrate (TC) molecules. The absence of citrate iomssed the formation of large
clumps of manganese ferrites, which caused sigmifidifficulty in dispersing these
particles in water, hindering their use as conteggnts (Sperling and Parak, 2010),
(Dubois et al., 1999). Moreover, in magnetic nagsia formation, after the
nucleation step, van der Waals and electrostatimefogovern the formation of the
clusters. In the presence of TC, nanoparticles gaiagative surface potential, which

could overcome these attractive forces. Herein, Mmé" ions have a maximum
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number of unpaired electrons and similar size &b ¢ the iron ions, and favour the
isomorphous substitution of ferrous cations by namege ions in the co-
precipitation process. By this argument, we can endédrite with very high

substitution efficiency (75% molar concentrationtbé ferrous ion) for achieving

high quality superparamagnetic nanostructure faonatndeed the typical syntheses
of MnlOs were carried out to produce a large qupmti nanoparticles using a one-
pot reaction without sacrificing the characterstiof the superparamagnetic

nanoparticles.

In physicochemical characterization, phase arnalyaiXRD revealed that the molar
concentrations of Mii 25%, 50% and 75% of ferrous ions in the compasitiof
MnlOs matches with (PDF = 01-071-6336) SPION ddfian pattern, the positions
and relative intensities of the strong peaks canfihe Bragg reflections indexed
inverse cubic spinel structure=q3m). Each sample contains identical peaks
regardless of the bivalent Mn content, and theeenarpeaks corresponding to MnO
or MnzO,4, confirming that the bivalent Mn is incorporateda the ferrite structure
rather than precipitating as a manganese oxide/dmokide along with the SPION.
This could be attributed to the similarity in iordbarge and radii for Eéand Mrf".
However, the scenario changes when thé"Moncentration is more than 75% molar
concentration of ferrous ions. Beyond the criticahcentration (75% of ferrous ion)
of Mn?*, the final system did not support crystal formatin which the major peaks
of spinel disappears (figure 37). The shape, stracend size distribution was
evaluated using HRTEM and TEM analysis. A carefdpiection of the HRTEM

image further revealed the presence of some crysfdcts in a few particles.
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However, the d-spacing measurements obtained froRTEM and the
corresponding FFT generations are in good agreemiémtthe interplanar distances
derived from the XRD studies. The selected arefaadiion patterns are very similar
for all the samples, comparable to spinel ferritd eeveals that these nanoparticles
are highly crystalline. Further the uniform sizestdbution of particles observed
from the TEM images and the values are in goodesgest with the calculated
values of crystallite sizes from the X-ray diffriact technique. Moreover, the peak
broadening in XRD is in good agreement with thaatemn in particle size detected
by TEM. These results revealed that the reactarstsdium salt & NaOH plays a
dual role in controlling the particle size in adllit to acting as a co-precipitation
agent. However, these molecules did not inducecamyplex formation other than

the magnetic phase of the nanocrystals.

In chemical bonding analysis, the FT-IR spectrahef different ferrites exhibit an
intense peak at 575-550 ¢mcorresponding to the characteristic peak of Fe—O
stretching in iron oxide and Fe—O or Mn-O stretghof manganese ferrite. In
addition to this intense peak, an additional wehéufder peak at ~628 chthat
appears in nanoparticles also shows the presenca wiagnetite phase in the
nanocrystals (Ming Ma, 2003). The Fe-O vibratiomdaidens and weakens with
an increase in manganese concentration and istlglighifted towards the lower
wavenumber region. There is no oxyhydroxide pealk®for Mn observed in the
characteristic regions, which further corroboratesthe pure phase formation of
manganese ferrite (Yathindranath et al., 2011),0(Dat al., 2008)Moreover the

presence of tri-sodiumcitrate molecules was alsdficoed by the presence main
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peaks. The band at 1668 ¢nfor tri-sodium citrate, which corresponds to the
asymmetric stretching of the carboxyl group, isfteli to 1618 cnf in the FTIR
spectra of MnlOs. The shift in the peak positionatdower wavenumber region
indicates the presence of strong hydrogen bondavhg;h gives an indication of the

strong binding of citrate onto the MnlOs surfacev&tava et al., 2011).

The amount of citrate molecules in MnlOs were exsdi through TG-DTA
analysis. In the TGA curves for all the bare samplisplay an initial weight loss of
~4-5Wt% in the temperature range 30-X33assigned to the removal of physically
adsorbed water and hydroxyl groups from trisodiuitraie, which show an
endothermic peak. The following weight losses are tb the decomposition of the
citrate group adsorbed on the nanoparticle surfddee second major broad
exothermic peak was observed between 1433Showing a weight loss of ~1.5-
3%. Weight loss in the second step indicates tssodiation of the citrate—metal
bond accompanied by the oxidative exothermic degiaal of citrate from the
nanoparticle surface at higher temperature. Thestage of TG-DTA resulted in the
exothermic magnetic particle phase conversion regiound 60%C and due to loss

of residual carbon (Pati et al., 2012), (Srivastatval., 1987).

The molar compositions of MnlIOs investigated udiyX and ICP-OES analysis. In
EDS estimation, the values indicate that the serfancentration of Mn increases
with an increase in the percentage of substituiiothe SPION crystal. It gives
strong evidence for the effective incorporationnainganese ions into the spinel
structure. Moreover, the surface concentration af Me and O atoms at 20 keV on

different areas over the surface of the specimattiest are very close to one another.
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This finding supports the homogeneous compositibrthe synthesized MnlOs.
Table 8 shows the quantitative manganese conteesept in each of the
compositions of these magnetic nanocrystals coefirtmy ICP analysis. The results
indicate that the samples possess a slightly vanadganese content compared to
stoichiometric manganese ferrite. However, the Mrv&tio is approximately equal
to the EDX composition, which confirms the pure ghaubstitution of manganese

ions into the ferrite crystals (Muruganandham gt24110).

The preliminary biocompatibility evaluations of Mdd were estimateslia blood
compatibility and cytocompatibility. Maintenance bfood rheology is of prime
importance in most intravenous interventions. Sigfaharged ferrites may induce
aggregation during interaction with leukocytes ghatelet cells (Demiroglu, 1997).
The MnlO nanoparticles in a final concentration Iohg/mL were used in the
hemolysis, clotting time, blood cell aggregatiomlgeis and no toxicity was reported
from these studies. The cytotoxicity was examinsth@g Alamar blue assay and
compared with control cells with the results denti@isg that more than 95 % of
cellular activity across the concentration levalsused for various MnlOs. Cellular
uptake was verified by Prussian Blue staining. Makeexposed cells retained

cellular integrity and demonstrated robust nonxictoature of the materiah vitro.

5.4.2 Evaluation of Contrast Efficiency in MagneticResonance Imaging

The magnetic property and MRI contrast efficienéyMnlOs were evaluated and
compared with the SPION crystals. One of the masportant factors for a
nanoparticle based MRI contrast agent is its magmpebperties, which depend on

the crystal constitution by metallic cationic distition among A and B sites in the
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crystal constitution. The magnetic behavior of MeIOs is expected to vary with
different Mrf* and F&" positions in the crystal structure because théNn is
isotropic compared to other crystal atoms. In audy, the MnlOs exhibit negligible
remanence and coercivity, but the SPION showed mwatue of remanence and
coercivity. Recent studies report (Kolhatkar et &013) that manganese ferrite
shows a lower blocking temperature and higher magsaturation. This is because
the Mrf* cation in the spinel structure has five unpairkettteons and they are all in
the high spin state. Moreover, the weak interactbspin—orbital coupling gives a
smaller magnetic anisotropy energy barrier tharOBPand results in the particles to
thermally activate through superparamagnetisia random flipping of its
magnetization. Furthermore, previous reports havealed that small MnlOs exhibit
non-interacting properties, which helps to speedhgrelaxation of the particles.
Hence, the particles do not show any remanencecaertivity even at a low field
(Sun et al., 2004), (Rondinone et al., 2001). Insiudy, the MnlO25 and MnlO50,
manganese substitution decreases the saturationetizggion when compared with
bare SPION particles. However, the further incréagdn?* substitution in MnlO75
(Where the concentration of #¢o Mn?* is 1 : 3) lead to a slight improvement in the
saturation magnetization. The shape of the hystemesve was also found to vary

with changes in the M substitution concentration.

The bivalent manganese ion has five unpaired elestm the outer shell and has a
higher magnetic moment when compared to the bivaien ion. Moreover,
MnlO25 andMnlO50 were found to be slightly smalescompared to bare SPION

crystals, and therefore have a greater spin camifegt than SPION (Kim et al.,
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2011). Furthermore, the observed results in thenetsation studies for MnlO25
and MnlO50 were slightly distorted when comparedhe slightly larger SPION
particles resulting in a lower saturation magnébsa This may be due to the
smaller size and structural anisotropic naturéneffarticles. However, in the case of
MnIO75, the crystallite size is almost similar teat of SPION and demonstrated
zero remanence and coercivity when compared wittOSPThis can be clearly
viewed from the intersection of loop with verticahgnetization axis in the inset of
Figure 46. In the case of magnetic materials, teraivity field (Hc) for crystal
refers to the intensity of magnetic field requitedreduce the magnetization of the
magnetic sample to zero. It has been observed thhenmagnetic measurements that
both the Ms and Hc values decrease with an incri@atbe concentration of bivalent
Mn ions in the crystal. This indicates that theoiporation of MA" ions into the
SPION matrix greatly enhance the magnetic isotraipthe crystals. Therefore, in a
simple model, the spinel ferrite of oxygen packiate centered cubic lattice, the
tetrahedral (J) and octahedral () sites were occupied by magnetic ions. In the case
of manganese ferrite, with a mixed spinel strugtiine majority of [ sites are
expected to be occupied by M, Fe**x (0 < x < 1) and @sites by MA, Fe*,_..
When an external magnetic field was applied to #tiscture, the magnetic spins
(Mn?*/F€*") in O, are aligned parallel to the direction of the exéémagnetic field
but those in T are aligned anti parallel (McCurrie, 1994). Moregvthe maximum
magnetic susceptibility was shown by manganesédetue to the higher magnetic
spin of manganese (contribution approximatelyu®), such that the higher

concentration of manganese substitution in irondexreplaces more and more
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magnetization deciding Eeions from the crystal position and the crystaluices a

higher magnetic saturation.

The contrast efficiency of MnlOs in MR imaging hhsen examined and the
corresponding crystals relaxivity,(rvalues calculated. The values show thaisr

based on the composition of the nanocrystals. AsQdrshow a higher;rvalue

compared to iron oxide alone, even with a lowewursdion magnetization. This
suggests that the relaxivity coefficient is not yomlependent on the magnetic
saturation of the nanostructure but also its gegm@Rebolledo et al., 2010).
Another possible explanation for the faster relexabf protons may be due to the
higher magnetic moment of the manganese ions incttals. Furthermore, the
presence of citrate molecules on the MnlOs surfatards the o relaxivity. The

increase in coating thickness decreases the opibere contribution of the core
towards § due to the distance of the closest approach fffusiing bulk water

molecules to the superparamagnetic core of theicfgmt(Pinho et al., 2010).
Moreover, the relatively smaller size of MnlO25 avdlO50 nanoparticles have a
greater surface-to-volume ratio and a greater nurmbRydrogen nuclei of water in
proximity when compared with MnlO75. Therefore, acikase in the coating
thickness results in an increase in the diffusindk bwater molecules to the
superparamagnetic core of the particles. It playsrher role on 1 relaxivity and

rapidly decreases the Telaxation time or the dephasing of the waterqnrst
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5.5 Evaluation of Contrast Enhancement in MRI imagng and Hyperthermia

Therapeutic Efficacy [theranostic] of MnIO Particles in anlIn vitro Condition

5.5.1 Synthesis of Stable MnlOs using Trisodium Qiate Surface Modification

The nanoparticles consider for therapeutic appboanust exhibit good stability and
efficiency in colloidal condition. In our previousudy we developed manganese
substituted ferrite (MnlOs) nanoparticles and eadd the MRI contrast efficiency
underin vitro condition. However, the MnlOs synthesized using thethod formed
aggregates during long-term storage in colloidabsuasion. This aggregation could
be due to the poor surface potential of the sybds particles. Hence, for
theranostic applications, a comprehensive approsckssential for study of the
structural, biophysical and dispersion propertiehese manganese ferrites. Surface
modification of manganese ferrite using trisodiuntrate resulted in superior

properties compared with those of previous synshesthods.

Liu et al. and Campelgt al reported aggregation due to poor surface potemtial
cases of bare iron oxide nanoparticles (Liu et 2009), (Campelj et al., 2008).
Addition of citrate moieties at specific desired concentration increases the sairfac
potential of the particles and stabilizes the snsjpm via electrostatic repulsion
between the particles. Hence, citrate addition ikighly suitable and efficient
pathway to stabilizing novel ferrofluids and ensgrenhanced functionality. Citrate
molecules have been accepted as coating agent fagnetic iron oxide
nanoparticles, and Fleige and co-workers repottatl nacrophages readily uptake
citrate-modified magnetic particles, thus demoristgathe cytocompatible nature of

these particles (Fleige et al., 2002). Effectiveatow with citrate moieties on
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nanocrystals renders them unique in their struttumad physicochemical
characteristics with excellent contrast efficiemtyhe colloidal condition. Hence the
MnIO particles were surface modified with 10 M adsum citrate molecules and

characterized.

In a phase analysida XRD, the peak pattern matched well with the respedkl
indexes of spinel ferrite nanoscrystals structuBH01-071-6336]. Further, the
surface modified MnlOs exhibit large hydrodynamizesand higher zeta potential
values due to the presence of citrate moleculeshensurface-modified samples
compared with those of bare particles. In FTIR speche vibrations observed at
1394 cni and 1589 criare due to the stretching vibrations of the carlioxgroup

in citrate. This evidence confirms the incorpomatior attachment of citrate
molecules on the magnetic particle surface. Theumtof citrate in the MnlOs
surface was evaluated through TG-DTA analysis. ffee citrate molecules show
distinct degradation stages at 143°C, 350°C, 60afd 900°C. In the TGA
measurement, a similar pattern of % weight remginimas observed with
MnlO25TC, MnlO50TC and MnIO75TC, confirming the edfive surface
modification. The size analysis was executed with TEM measurement. However,
the average particle sizebtained from DLS are higher than th@lues ascertained
via TEM. The anomalous reading could be due to noiility of the surface-
modified citrate coating under bright field TEM.8REM analysis obtained average
particle sizes at the nano level for the MnIOTCéjolh were compared with the
crystallite size calculated from XRD (Figure 52)ngsthe Scherrer equation, which

showed nearly the same size. Further the superparatic property of MnlIOTCs
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was confirmed through VSM measurement and all thenpositions showing

substantial superparamagnetic behavior.

The preliminary biocompatibilities of MnIOTC’s wegerformedvia Alamar blue
assay and hemocompatibility testing. The restitsved no significant differences
in the viability of cells treated by MnIOTCs at @amtrations ranging from 0.5
mg/ml to 3 mg/ml compared with the control for aripd of 24 h. This result
suggested that higher concentrations of nanopastiate non-inhibitory if cellular
activity is considered. The MnIOTCs exposed ceflutmrphologies were examined
through confocal laser scanning microscopic imagifite treated cells maintained
cellular integrity with a regular morphology similéo that of the control cells.
Moreover, actin staining showed individual actimefis similar to normal cell
cytoplasmic skeletal organization. Furthermore, itp@s staining for vinculin
indicated the presence of key focal adhesion caxeglehat are integral to cell —
extracellular matrix contact. Further, the cellefrdly nature MnlOTCs were
confirmed by positive Prussian blue staining froefiudar uptake evaluation. This is
because, the cells containing ferric ions combwél ferrocyanide resulted in the
formation of blue-colored ferric ferrocyanide. EHnag hemocompatibility is of
utmost importance for medical applications of nomahomaterials. For hemolytic
assessment, concentrations of up to 1 mg/ml wezd, @d the results demonstrated
no discernible hemolytic effects due to the differ®inlOTCs. The hemolytic effect
was quantitatively estimated by measuring the dasare of the supernatant at 541
nm. A notably low percentage of hemolysis was iat#id, certifying their excellent

hemocompatibility at higher concentrations.
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5.5.2 Theranostic Evaluation of MnlIO75TC

In order to investigate the theranostic potentiaMmIOTCs, preliminary the MR
contrast efficacy evaluatedvia aqueous phantom studies using various
concentrations. The signal intensities of imagesy vaignificantly as the
concentration of Fe+Mn varies from 0.05 mM to Om@®l1. This effect is clearly due
to the dipolar interaction of MnIOTCs with waterofrns. From the pixel intensity,
the T, relaxation rates ££1/T,) of MnlO25TC, MnlO50TC and MnlO75TC are
calculated as 239, 203 and 185 thM?', respectively. The relaxivity values
demonstrate that all MnIOTC variants exhibit exsellcontrast effects in phantom
studies. However the prime importance was on mawxineoencentration of Mfi-
substituted iron oxide as a plausible contrast agdence the contrast efficacy of
MnIO75TCs various concentrations were assesséu \atro condition. The results
revealed a significant reduction in signal intepdit T,-weighted MRI images
compared with untreated cells. Furthermore, thelpixtensity of the Fweighted
images decreased with increasing Mn+Fe concentrafibese results indicated that
MnIO75TC nanoparticles could be exploited as a homegative contrast

enhancement agent for MRI.

The hyperthermia temperature generation of MnlO75W@s investigated by
alternating magnetic field experiment. The reswdimdnstrated that the particles
exhibit excellent temperature variation from 28&# °C and from 28 to 65 °C with
concentrations of 5 mg/ml and 10 mg/ml, respectivéwo different mechanisms
that decide the relaxation of the magnetization ke the Neel relaxation,

corresponding to the magnetic moment reversal dher energy barrier and
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characterized by =T exp(KV/ksT), where Bis the constant, K is the anisotropic
constant, and & is the Boltzmann constant, and (2) Brownian reiaxa
corresponding to the mechanical rotation of therergarticle, described bygT=
3V/ksT, wheren is the viscosity of the media, akg is the hydrodynamic volume
(Rosensweig, 2002), (Vamvakidis et al., 2014).

From the results, the figure 62: represents theatran in heat generated with a field
strength ranging from 14.4 mT to 38.6 mT at a m#grield frequency of 275 kHz.
After 13-15 min of exposure to the magnetic figlde temperature of the particle
suspension achieved saturation. At the saturagowpérature point, the energy for
maintenance of the saturation temperature is negpyl to the energy generated by
the application of an alternating magnetic fieldthe particles (Pham Hoai Linh,
2009). The saturation temperature and rate of asereof temperature necessary to
reach saturation depend on the magnetic field gtineand concentration of the
suspension (Rosensweig, 200dgnce, highly concentrated samples have elevated
temperature generation capabilities and saturasites, which is evident from Figure
62.

However, the SLP values appear to decrease witteastg concentration, even
with application of constant field strength. A piéale explanation is the apparent
reduction of the inter-particle distance with thecreasing concentration of
nanoparticles (Urtizberea et al., 2010), (CarlogtMez-Boubeta, 2013). When the
system is exposed to an alternating magnetic figldhecomes magnetized, and
magnetic dipolar interaction becomes a significeutor that contributes to the
magnetization value. Furthermore, the energy dassip mechanism is strongly

dependent on dipole-dipole interactions [Neel rat@mn time]. At higher
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concentrations, the dipolar interaction dependemtythe Neel relaxation becomes
greater. Therefore, the long-range collective magreehavior at increasing particle
concentration causes a decrease in the SLP valoiglegr concentrations (Pifieiro-
Redondo et al.,, 2011). This result confirms that garticles are stable and non-
aggregating. Particle aggregates that are presentodunforeseen interactions might
cause runaway temperature levels, and controliecagbn of temperature under an
applied field indicates uniform particle dispersiGWu et al., 2008). The results
revealed that MnlO75TC produces effective and atlett heat generation under an
alternating magnetic field and could be usefulhfgperthermia applications.

Previous investigations suggested that cancerolls eee more sensitive to
hyperthermia (Laurent and Mahmoudi, 2011). Thuss ipossible to destroy these
cells via initiation of the apoptotic pathwayia controlled temperature application.
Apoptosis or programmed cell death is a specifichmaism by which cells initiate a
programmed sequence leading to cell death withmahside effects (Wang, 2011),
(Marcos-Campos et al., 2011). In our study, the BA&valuation of hyperthermia
treated HelLa cells exhibit more than 90% cell deatd majority of them showed
both positivity to AnnexinV-PI, indicating translation of phosphatidylserine and
initiation of the apoptotic cell death process. Colled hyperthermia promotes
apoptotic cell death in cancer cell populationsr(htan et al., 1990), (O’Neill et al.,
1998). Thus, a stable rise in temperature due tth dispersed and stabilized
MnIO75TC particles is key to ensuring induction aboptosis. The controlled
temperature formation might occua thermal conduction to the central surface area
of cells, leading to apoptosis or irreversible aejury, which further proceeds to

apoptotic cell death. Further the structural intggof hyperthermia exposed cells
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was evaluated using the ESEM technique. The cletis/doss of structural integrity
with simultaneous shrinkage in size and decreasdidlar organization compared
with the control cells. Therefore, hyperthermia mest by MnlO75TC patrticles is
an efficient pathway for the induction of apoptotell death in malignant cells,
which provides a ray of hope for cancer therapyesehresults revealed that the
MnIO75TC could be considering as a potential caatgid for theranostic

applications.
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Chapter 6

SUMMARY

The present strategies for targeted cell deliveny therapy, cancer diagnosis and
therapeutic approaches have several limitationstated earlier. Parallel with the
present approaches, focus was on the interdisaigliarea of nanobiotechnology to

develop improved and uncomplicated nanoparticleghieranostic applications.

Primarily a homogeneous dispersion of nano irod@XiSPION) crystallites inside
the hydroxyapatite (HA) particles was achieved bgogorecipitation method. This
highly stable colloidal dispersion of magnetic naswmposite (HAIO) was made
without the use of any surfactants. Tihesitu generated dispersion of the composite
powders showed submicron HA particles with ~5 nnCHP inside. The same
experimental condition was applied for the synthedi different compositions of
magnetic nanocomposites. The phase analysis reshttsred the presence of
hydroxyapatite (HA) and SPION with no tertiary phashe enhancement of relative
peak intensities with increased percentage of SPpDlse in X-ray diffraction
analysis suggests the formation of SPION togeth#r WA without affecting the
phase purity of the latter, which is important whikee biological behaviour of HA is
considered. The FTIR data further confirm that ititeoduction of SPION does not
produce any considerable change in the chemicattate of HA. However, the
weight percentage plays a critical role in determgnthe fundamental magnetic
behaviour and also significantly influences thestaly shape and growth pattern of

the particles. Further, the preliminary cytocomipiity and hemocompatibility of
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HAIOs revealed non-toxic nature @t vitro condition. From the physcicochemical
and biological evaluations of HAIOs, the molar marage ratios of 50:50 (HAIO50)
with lower content of SPION showed better magneticperty, non-toxicity and

blood compatibility and hence it was selected totifer therapeutic applications.

The next attempt was to utilize HAIO50 nanoparcés a cell-binding agent for
controlled targeted delivery in cell-therapy apation.To this end, the cell uptake of
nanoparticles was analyzed and the granularityatrans quantitatively examined.
The Prussian blue staining confirming the cell kptaf HAIO50 particles and
FACS analysis revealed the minimum concentratioHAIO50 required for cellular
uptake preceding to granularity changes of @¢élls in the suspension. Also, the
surface charge enhanced cell uptake of HAIO50 withexdversely affecting the
cytoskeleton, as confirmed from the flow cytomef§C intensities. Further, various
concentrations of HAIO50 was used to execute magiseparation of HelLa cells
from the suspension. The magnetically separatetetpeand supernatants were
guantitatively as well as qualitatively based omleations by Coulter counter and
UV transilluminator. The capability to reliably septe the cell assembly from
suspension was quantified and illustrated. Moreotleg HAIO50 uptake in cells
could be controlled by a non-invasive magneticdfiéfhe cells were concentrated,
separated and cultured undarvitro condition with no detectable impact on cell
growth, proliferation or intracellular structurdhe results highlight the potential for
using HAIO50-labelled cells as a new type of nanbprfor remotely controlled cell

therapies with better specificity and enhancecadiy.
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To examine the possibility of magnetic nanopartlwdsed cell control, magnetically
levitated three dimensional cell culture was depetb using HAIO50 conjugated
HeLa cells. Magnetically levitated cells were cudit for 72h, and the cytoskeletal
structure, morphology and viability were evaluatétie ESEM images and light
microscopic analysis confirmed that the cells regdi structural integrity and
proliferated to form sheet like structure. Furtttes HAIO50 material did not induce
any alteration in nuclear component which was coréd from the DAPI nuclear
staining and imaging. In order to explore the opydty of magnetic levitated cell
culture, magnetic microsphere (HAIO-PCL) was depetb using polycaprolactone
and HAIO nanocomposite through solvent evaporatitechnique. The
physicochemical evaluations of magnetic microsphenevealed the size
confirmation, phase pure existence and retentionatiire of bonding in molecules
of HAIO and polycaprolactone. Preliminary biocombgity of experiments such as
Alamar blue assay and hemocompatibility suggesthdt tthe HAIO-PCL
microspheres are non-toxic. Further, the cell aidimesnd magnetically levitated 3D
cell culture were executed using 250-368 size microspheres. The ESEM images
confirmed that the cells were attached and prealiéat over microspheres. Moreover,
the live-dead assay and DAPI nuclear staining destnated that the viability and
structural integrity of cells over microsphereseTdurrent study demonstrated that
the HAIO based magnetically levitated 3D cell crdticould be considered as a

novel technique for tissue engineering.

The next attempt was to demonstrate the use of BAI@articles as a hyperthermia

therapeutic application and MRI contrast agent.démonstrate the hyperthermia
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temperature production of HAIO50 particles, vari@moscentrations of powder and
colloidal suspensions were used in the AMF expeariraad time-temperature profile
observed. The results confirmed that the HAIO50tiglas exhibit excellent
temperature generation under vitro condition. Further the efficacy of HAIO50
hyperthermia potential was observed through speltfis power calculation and the
values compared with SPION demonstrated that théO88 exhibit controlled
temperature generation. Hence the HAIO50 partickes suitable for cancer
theranostic applications. To establish the therapguoperty, the HAIO50 exposed
cancer cells were exposed to hyperthermia and delith levels examined
qualitatively and quantitatively. Preliminary cheterizationvia ethidium bromide
exhibit more than 75% positivity FACS analysis raugg that the majority of the
cells were dead. The Annexin V-Pl assay showed rtltag 75% both positivity,
which confirmed that most of the cells underwet @ipoptotic pathway. Further the
morphological observation examinedia ESEM technique affirmed that
hyperthermia treated cells had lost structural gritg and indicated increased
morphological disruption as compared with contrellc The contrast enhancement
property of HAIO50 in MR images was assessed inirdcal MRI systemvia
aqueous phantom studies andvitro cell culture medium. The results proved that
the HAIOS50 can be useful particles for Weighted contrast agent in MRI technique.
Hence, both properties such as hyperthermia thetiapsapability and MRI contrast
efficacy of HAIO50 undein vitro investigation revealed that the HAIO50 particles

could be considered as an ideal candidate for leste application.
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Next, the manganese substituted superparamagnaticoxide nanoparticles called
the manganese ferrite termed as MnlO was preparechpgrove the efficiency of
theranostic applications. In this context, am situ substitution of MA" was
performed in SPION and a series of ferrite parsicnFe, Fe,0O,4 with a varying
molar ratio of MA* : F&* where ‘X’ varies from 0-0.75. The ferrite partile
obtained were further studied in MRI contrast aggilons and showed appreciable
enhancement in their MRI contrast properties. Maega substituted ferrite
nanocrystals (MnlOs) were synthesized using a nowelke-step aqueous co-
precipitation method based on the use of a combmaif sodium hydroxide and
trisodium citrate (TC). This approach yielded hightystalline, superparamagnetic
MnIOs with good control over their size and bival&mn ion crystal substitution.
The presence of a TC hydrophilic layer on the srfiacilitated easy dispersion of
the materials in an aqueous media. Primary chaiaatens such as structural,
chemical and magnetic properties demonstrated tnecessful formation of
manganese substituted ferrite. The newly developadganese ferrite particles such
as MnlO25, MnlO50 andMnIO75 exhibiteg relaxivities of 236.6, 203.9 and 202.1
mM™ s at 1.5 T, respectively. More significantly, the MRlaxivity of the MnlOs
improved fourfold when compared to SPION crystaldigating a high potential for
use as an MRI contrast agent. Further, the cytoadibifity test using alamar blue
assay and blood compatibility evaluationa hemolysis and blood cell aggregation
demonstrated excellent cell morphological integatyen at high concentrations of
nanoparticles supporting the non-toxic nature ofoparticles. This validates a cost-

effective route for the high yield formation of watdispersible MnlOs, with
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remarkable MRI contrast properties and biocompéibiwhich can serve as a

potential candidate in biomedical applications.

The stability of nanoparticle in biological conditis has been considered as of prime
importance. However, the manganese ferrite syrgbdsiusing co-precipitation
method formed aggregates during long-term storagmlloidal suspension. Hence
the ferrofluid-based manganese @)nsubstituted superparamagnetic iron oxide
nanoparticles stabilized by surface coating witkottium citrate (MnIOTCs) were
synthesized for enhanced hyperthermic activity ars@ as negative magnetic
resonance imaging (MRI) contrast media intendedafgplications in theranostics.
The synthesized MnIOTC materials were characterizedsed on their
physicochemical and biological features. The ctysitge and the particle size at the
nano level were confirmed using XRD and TEMhe presence of citrate molecules
on the crystal surface of the MnlIOTCs westablished by FTIR, TGA, DLS and
zeta potential measurements. The magnptmperty of MnlIOTCs measurement
revealed that the nanocrystals exhibit superparageteyn. However the important
aim was of obtaining a composition with fewer i@oms for maximum theranostic
efficiency. Hence MnlO75TC was selected for furtbgplication. The MnlO75TC
exhibited ahigh T, relaxivity of 184.6 mNI's* and showed excellent signal intensity
variationin vitro. Hyperthermiavia application of an alternating magnetic field to
MnlO75TC in a HelLa cell population induced apoppswhich was further
confirmed by FACS and cLSM observations. The molgdioal features of the cells
were highly disrupted after the hyperthermia expent, as proved from ESEM

images. Biocompatibility evaluation was performesshg an Alamar blue assay and
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hemolysis studies, and the results indicated goodocompatibility and
hemocompatibility for the synthesized particlestHa current study, the potential of
MnIO75TC as a negative MRI contrast agent and aetigprmia agent was

demonstrated to confirm its utility in the burgemgfield of theranostics.

Conclusion

The work focuses on the development of Iron oxideeld nanoparticles with a high
degree of stability and biocompatibility. Compditlyi of particles were positively

enhanced with addition of HA moieties. NP’s thusvaleped were assessed
successfully for cytocompatibility, hemocompatityili cell — concentration and

Theranostic capabilities. Significant enhancementritical properties like magnetic
susceptibility & Theranostic ability was achieveg Mn substitution and trisodium

citrate coating. The study was based on developowgl nanoparticles for specific
biomedical applications and assessing their abibtyacilitate therapy, diagnostics

and cell delivery within specified limits.

An in situ techniqgue has been developed for the syntheslsyadfoxyapatite-iron
oxide nanocomposite. The results revealed that ~&uperparamagnetic iron oxide
particles were uniformly embedded in the HA crystdlhe developed HAIOs were

exhibit excellent magnetic field response and biogatibility.

The targeted cell delivery method has been achieiednagnetic nanocomposite
HAIO50 and its derivatives. Based on evaluatiohs, non-invasive magnetic field,
concentrated separated and cultured undevitro condition with no detectable

impact on cell growth, proliferation or intraceblstructures. The results highlight
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the potential for using HAIO50 and its derivatiiebelled cells as a new type of
nanoprobe for remotely controlled cell therapiethvietter specificity and enhanced

efficacy.

Further the HAIO50 theranostic capability was assdsindem vitro condition. The
results revealed that HAIO50 aided hyperthermiattnent could destruct the cancer
cells via apoptosis. Also the HAIO50 uptake cells exhibigndicant contrast
enhancement in MRI images. Thus the HAIO50 couldigeful for the theranostic

application of cancer treatment.

The bivalent manganese ion substituted SPION wittamconcentrations of 25%,
50% and 75% of P& ion were successfully synthesized using an aqueous
coprecipitation method. The incorporation of maregm ions changed them
magnetic properties and significantly modifieMRI contrast when compared with

conventional SPION.

Further the SPION substituted with Kiwith a 3:1 molar concentration of Mito
Fe?* crystals was surface modified and evaluated thetiostic property. The results
revealed that the excellent contrast enhancememtiRh images. Also exhibited
hyperthermia effect under alternating magneticdfiahd destruct cancer celsa
apoptosis path way. Thus the potential of MnIO758%a negative MRI contrast
agent and a hyperthermia agent was demonstratezbribrm its utility in the

burgeoning field of cancer theranostics.

Nanoparticles thus developed have the innate patdntbe developed further into

multi-faceted therapeutic interventions that wosldpass the current standards of
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care. The current study has undertaken a compreleasalysis of the existing
solutions from the synthesis level and developedehooutes of compliance with
current and future demands on nanotech based bicahexpplications. The thesis
has been able to address several issues relatedceptance of the developed
technology but to exploit it fully concerns mentehin the Future Directions are

also be reviewed.

Future Directions

Future application would require more data of naabps stability and efficiency in
humanin vitro systems. Also would demand in-depth evaluatiortaifcentration
dependent nanotoxicity of developed magnetic dadicnder n vivo rat models.
Develop a practical delivery method for useinvivo models to assess the cell
delivery for targeted therapy. Further the capgbitand efficiency of cancer
theranostic potential of MnIOTC as well as HAIO5@der in vivo rat model.
Moreover to investigate the molecular level underding of hyperthermia induced

cell death, differences and advantages comparsihnalard processes.
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