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Abstract

Magnetic drug targeting, using coated magnetic carrier particles (MCP), is an efficient
method to localize drugs at the tumor site. In magnetically targeted drug delivery, MCP
loaded with anti-cancer drugs are injected into the patient and an external magnetic field
is used to concentrate MCP at the tumor site. Advantages include reduction in the drug
dose and minimization of systemic side effects. The objective of this work is the
synthesis, characterization and property evaluation of coated MCP, and experimental and
modelling studies of the efficacy with which such particles can be captured by an external

magnetic field.

Gold coated iron (Fe@Au) and polyvinylalcohol coated iron oxide (PVA-IO)
nanoparticles were synthesized and characterized by XRD, TEM, DLS, TGA, XPS, FTIR
and VSM techniques. The particles were superparamagnetic, with saturation
magnetization decreasing with increasing coating thickness. Fe@ Au nanoparticles was
found to bind with doxorubicin (DOX) drug by the interaction of the amine (-NH,) group
of DOX with the gold (Au) shell, whereas the binding of DOX with PVA-IO occurred
through hydrogen bonding by the interaction of the -NH, and —OH groups of DOX with
the —OH group of PVA. Up to 25% and 45% of adsorbed drug was released from Fe@ Au
and PVA-IO MCP, respectively. Up to 90% of PVA-IO and 86% of Fe@Au MCP were

retained at a field gradient of 25 T m™ and flow rate of 1 mm s™.

The transport and capture of MCP in the tumor vasculature by an external permanent
magnet was modelled. The trajectories of various MCP showed that it is easier to capture
larger MCP with superior magnetic properties. It was found that Fe;O4, Fe@ Au, PVA-IO

MCP (100 nm) can be targeted to breast tumors and other skin tumors located in the hand,




leg and neck by a typical permanent magnet. In order to target tumors situated deep inside
the body, MCP with higher saturation magnetization, such as Fe and FeCo, or an external

magnet with higher magnetic field gradient (100 T m’™") must be chosen.

Trapping of MCP using nonlinear computational fluid dynamics (CFD) simulations
showed that when a suspension of MCP (ferrofluid) is injected and subjected to an
external magnetic field, ferrofluid creeps along the wall of the blood vessel. Therefore,
drug injection should be as close as possible to the tumor to minimize the drug friction
with the wall. The time of exposure to the magnetic field can be optimized and deposition
of MCP can be maximized by suitable magnetic field, minimizing loss of MCP due to
convection and diffusion. Thus, Fe @Au and PVA-10 MCP exhibit high capture efficiency
in magnetic drug targeting, the capture efficiency depends on the magnetic properties and
size of MCP, blood flow rate, time of capture, convection and diffusion effects can

significantly influence the capture efficiency of MCP.




Table of Contents

ACKNOWLEDGEMENTS ...ttt ettt e tee e ee s srae e eseseeesennsaeeeenes i
ABSTRACT ...ttt et ee e ettt e e ettt e e e tbe e e e ssaaeeesnsseaeessssseesnnsseeeens ii
TABLE OF CONTENTS ..ottt ettt eaeee e iv
LIST OF FIGURES ....... .ottt ettt e et ee e e e naeeeeens ix
LIST OF TABLES ... .ot e et e e ettt e e ee e e eeaeee s XVi
LIST OF ABBREVIATIONS. ... ..ottt Xvii
LIST OF SYMBOLS ...ttt st Xviii
CHAPTER 1 ... ettt e e et e e ettt e e e aee e e e b e e e eneeeas 1
INTRODUCGTION ......oooiiiiiitieiete ettt ee st te e e ettt e e e streeeesaseaeessssaeesensseeesensseeesnnnns 1
1.1 BIOMEDICAL APPLICATIONS OF MAGNETIC NANOPARTICLES ..........ccconiiiienniieennn. 3
1.1.1  Therapeutic applications...................cccvriiiiiiiiiiiiiiie e 3
1.1.2  Diagnostic applications................cccoooiiiiiiiiiiiiiiiii e 4
1.2  THE NEED FOR DRUG TARGETING: MOTIVATION.........cccoviutiiimniiieenniieeenniieeenns 6
1.3 MAGNETIC DRUG TARGETING: THE SOLUTION.......cccuutttmniiiiiiniieeennireeenniieeens 7
1.4  OBJECTIVE AND SCOPE OF THE WORK ........cccoeiuiiiiiiaianiiaieieeieieeieseeenee e 8
1.5  NOVELTY OF WORK ....cccoruiitiiiiiiieiiniiieeeniiteessiietee sttt eesaiittessaaereeessabaeeesanneeees 12




1.6 METHODOLOGY .....ooouiiiiiiiiiiiiiiiieiie ittt s s 14
1.7  ORGANIZATION OF THE THESIS........ccccccoiiiiiiiiiiiiiiiiie e 15
CHAPTER 2 ..ottt ettt et et e s e 16
LITERATURE REVIEW ..ottt 16
2.1  CLASSES OF MAGNETIC MATERIALS........cccccccuiiiiiiiiiiiiiiiiie e 16
2001 MAH CUIVES. ..ottt s 17
2.1.2  Action of forces on magnetic nanoparticles....................c.cccoeveiiiieieeiennnne, 21
2.2. MAGNETICALLY TARGETED DRUG DELIVERY ........ccoctriiiniinienieanieeniienieenns 22
2.2.1. Prior efforts towards magnetically targeted drug delivery.......................... 23
2.2.2  Magnetic nanoparticles : property requirements..................cccooceeeeennieeenn. 25
2.2.3  Magnetic core materialS.................ccoiiiiiiiiii e 26
224  Coating materialS ...............cceooviiiiiiii e e 26
2.3 SYNTHESIS OF MAGNETIC NANOPARTICLES .........cccoooiiiiiiiniiinieiieniienieennenns 35
2.3.1  Precipitation from SOIUtiON .............coccoiiiiiiiiiii e 35
2.3.2  Chemical vapour condensation (CVC).............cccoeviriiiiiiiniiieieeiiee e 40
2.4  MAGNETIC COMPOSITES .......ccccuiiiiiiiiiiiiiiiiiieiieiee et 40
24.1 Magnetic nanoparticles encapsulated in polymer matrices......................... 41




2.4.2  Magnetic nanoparticles encapsulated in inorganic matrices....................... 42

2.5 INNOVATIVE ASPECTS OF THE CURRENT WORK .........ccccoecuiiniiiiniiiiiiieniieane, 42
CHAPTER 3 ...t ettt ettt et et et ebeesnees 45
EXPERIMENTAL PROCEDURES AND MODEL DEVELOPMENT ................... 45

3.1 SYNTHESIS OF GOLD COATED IRON (FE@QAU)MCP ........cooovvvviieiiiiiie. 45

3.2 SYNTHESIS OF PVA COATED IRON OXIDE (PVA-IO) MCP.......cccooeevvvvvnnnn. 47

3.3 CHARACTERIZATION AND IN-VITRO TESTS .......ccccoviiiiiiiiiiiiiiiiiciiceiee e 49
3.3.1 Transmission electron MiCroSCOPY ..........ccccevreurriirieeeriiiiriieeeeeeeeirrreeeeeeeeeennnnes 49
3.3.2 Xeray diffraction ..............ocvvvviiiiiii e 49
3.3.3 Magnetic MeASUIEINEIIES .............ettiiiiiiiiieniiiieeeeiieeeenitteee sttt eeesiteeesebbeeessnbeeeen e 50
3.3.4 Dynamic light SCattering..............cccooiiiiiiiiiiiiiniiii e 50
3.3.5 X-ray photoelectron SPeCtroSCOPY ...........ccceevveviriiiieeeriiiiiriieeeeeeeiirrreeeeeeeeeennenes 50
3.3.6 Thermo gravimetric analysis...............cccoooiiiiiiiiiiini e 50
3.3.7 Fourier transform infrared spectra ................ccocccooiiiniiiiniiiniiin e 51
3.3.8 Doxorubicin (DOX) drug loading and release....................cccooviieiiniieeiinnenen. 51
3.3.9 In-vitro targeting of MCP..............ccccviiiiiii i e 52

3.4 MODEL DEVELOPMENT ........ooitiiiiiiiitaiteniie sttt et eetteeieeste et esieesateenbeenaeesseesnneenes 53

vi



3. 4.1 Magnetic field...............ooooiniiiiiiii e e 55

342 FIOW VEIOCIEY .....eeeiiiiiiiiiiiiiiie ettt ettt e e 56
3.4.3 Equation of MOtION ...........cccoiiiiiiiiiiiiiiic et 57

3.5 CFD SIMULATIONS ......oooiiiiiiiiiiiiiiiie ettt st s 60
3.5.1 Boundary conditions .................coeeiiiiiiiiiiiieii et 61
3.5.2 Magnetic force field ..................ccoooiiiiiii e 62
3.5.3 Grid generation and solution methodology....................cc.ccccoeeiiiiiiiiiniiinnnnn, 62
CHAPTER 4 ...ttt et 64
RESULTS AND DISCUSSION.......oooiiiiiiiiiit ittt e 64

4.1 GOLD COATED IRON (FE@AU) MCP SYSTEM..........cccvvviiiieeeeeiciineeeeee et 64
4.1.1 Physical Properties...............ccooiiiiiiiiiiiiiiiiee ettt ettt e e e 64

4.2 PVA COATED IRON OXIDE (PVA-IO) MCP SYSTEM........coovvvviieeeeeeeeeieiiiiennnns 78
4.2.1 Physical Properties...............cccooiiiiiiiiiiiiiiiiiee ettt ettt e e e 78
4.2.2 PVA adorption onto iron oxide nanoparticles ....................cccooiiiinnniiiinni. 83
4.2.3 Magnetic PrOPerties .............cccovuiiiiiiiiiiitiniiieeeiitee et e ettt eeeeirte e et e e e siaee e 88

4.3 DOXORUBICIN (DOX) DRUG LOADING AND RELEASE...........ccuvvvieieeeeiieiiiiiinnnnn. 90
4.3.1 Gold coated iron (Fe@Au) MCP SYStem.............cccooeviieriiiiieeniieeeeiieeeeeiieeenes 91

vii



4.3.2 PVA-TO MCP SYSEEIMN.........oovviiiiieiieiiiiiiiieeeeeeciitieeeeeeesetireaeaeseesnsesnneaeeessesensnnes 95

4.4 IN-VITRO EXPERIMENTAL TARGETINGOF MCP ..., 101

4.5 MODELLING OF TARGETING MCP...........cccccocoiiiiiiiiiiiiiiiicicc e 106
4.5.1 Model Parameters................ccoceeeiiiiniiiiniieniieeitee ettt 107
4.5.2 Magnetic Field Components..................cccoeeeveiiiiiiiie e e e e e 108
4.5.3 MCP rajeCtOries. . .......ccccoiivviiiiiieeieiiiieieeeeee ettt reeeeeeesiitareaeeeesssssseseseeeeesesnnnns 110
4.5.4 Distance of Capture (d)............cccoeoeviiiiiiiieii e 112
4.5.5 Numerical SImulations..............ccoccooiiiiiiiiiii e 115
CHAPTER S ..ottt et 127
CONCLUSIONS AND FUTURE WORK .......ccccooiiiiiiiiiieie e 127
REFERENCES ...ttt ettt sttt eas 133
APPENDIX-A Lottt ettt sttt 175
PUBLICATIONS AND CONFERENCES .........ccoociiiiiiiiiiieieeeeeeeeee e 177

viii



List of Figures

Figure 1.1 Global incidence and mortality rates for cancer.............ccceeveeeeieecieeeennieeennne. 1
Figure 1.2 Schematic representation of magnetic drug targeting to a specific region ....... 8
Figure 1.3 Overview of the thesSis........uuiiiiiiiiiiiiiiiee e 9
Figure 1.4 chemical structure of DOX......cccccciiiiiiiiiiiiiii e 11

Figure 2.1. Magnetic responses associated with different classes of magnetic material.. 17

Figure 2.2 Particles stabilized by (a) the electrostatic layer, (b) steric repulsion ............ 27

Figure 2.3 Mechanism of formation of uniform particles in solution: curve I: single
nucleation and uniform growth by diffusion (classical model of LaMer and Dinegar);
curve II: nucleation, growth and aggregation of smaller subunits; curve III: multiple

nucleation events and Ostwald ripening Growth ............cccccoviiiiiiiiiiiiiniiieiinec e 36

Figure 3.1 Schematic diagram showing a typical procedure for formation of Fe@ Au
MCP by the reverse micelle technique. FeSO, and HAuCl, are reduced by NaBH4, CTAB

is surfactant, 1-butanol is co-surfactant and octane is oil phase. ..........cccccoeveiiiiiiinienenn. 46

Figure 3.2 Schematic of an in-vitro experiment simulating the human circulatory system;
A: intake beaker, B: vibrating plate, C: peristaltic pump, D: syringe, E: silicone tube, F:

permanent magnet, H: outlet beaker, G: region of targeting. ..........ccccceeevvieeenniieeennnneen. 52

Figure 3.3 The 2-D rectangular channel mimicking a cylindrical tube and frame of

TEfeTeNCE FOT ANALYSIS. .oeuetiieeiiiiie ettt et e e et e e et ee e eeeeeas 53




Figure 4.1 X-ray diffraction pattern of (a) S-1 (uncoated), (b) S-2 (0.102 mmol gold
coated iron nanoparticles) and (c) S-3 (0.204 mmol gold coated iron nanoparticles). The
uncoated particles are oxidized to iron oxide whereas in gold coated particles, iron peaks

overlap With Z01d PEAKS. ...coo.uviiiiiiiiiiiiii e 65

Figure 4.2 Selected area electron diffraction (SAED) pattern of S-3 (0.204 mmol gold
coated iron nanoparticles). Gold 200, 220, 222 diffraction peaks overlap with iron 110,

200, 211 PAKS. ..eeeeeeeteee ettt ettt e e et e e ettt e e e ae e e e taeeeenne 66

Figure 4.3 EDX spectrum of S-3 (0.204 mmol gold coated iron nanoparticles). The
absence of oxygen peak indicates that iron is not oxidized when coated with gold. The

peaks of carbon and copper arise from the sample holder...............cccccoeeiiieiiiniinennen. 67

Figure 4.4 XPS spectra and peak fit of the (a) Fe 2p and (b) Au 4f regions of (i) S-2
(0.102 mmol gold coated iron nanoparticles) and (ii) S-3 (0.204 mmol gold coated iron
nanoparticles). The detection of Fe with the Au coating in XPS spectra suggests that Au

COALNGZ 18 TIITL .o e e ettt e e et te e e ettt e e e e aeeeeeeseeeeeaaneeeaeens 68

Figure 4.5 TEM micrographs of (a) S-1 (uncoated) and (b) S-3 (0.204 mmol gold coated
iron nanoparticles). The corresponding size distribution of (c) S-1 (uncoated) and (d) S-3

(0.204 mmol gold coated iron nanoOPAarticles). .......cceovveerrrriieeiriiieee e 69

Figure 4.6 Average hydrodynamic diameter of S-1 (uncoated), S-2 (0.102 mmol gold
coated iron nanoparticles) and S-3 (0.204 mmol gold coated iron nanoparticles) in PBS.
Uncoated iron nanoparticles flocculate within 1 h, whereas Fe@ Au nanoparticles are

relatively Stable UP t0 4 N oo e 70




Figure 4.7 VSM plots of magnetization vs field of (a) S-1 (uncoated), (b) S-2 (0.102
mmol gold coated iron nanoparticles) and (c¢) S-3 (0.204 mmol gold coated iron
nanoparticles). Particles are superparamagnetic, M, decreases with an increase in gold

COMNCEIETALION. ..eevuneeinnt it e et e e e eae e et e et e e et e e s s e taeeeaee s e taes st sesasesaeeeeneeesnaeeranaee 71

Figure 4.8 X-ray diffraction pattern of (a) S-8 (5 wt% PVA coated iron oxide), (b) S-6 (1
wt% PVA coated iron oxide) and (c) S-4 (Uncoated iron oxide). The phase is magnetite

(Fe30y4), peaks corresponding to reflection planes are indexed. ..........cccceeeveieieriiieeenne. 78

Figure 4.9 Rietveld refinement of X-ray diffraction pattern of (a) S-4 (uncoated iron
oxide) and (b) S-8 (5 wt% PVA coated iron oxide). Peak broadening occurs in PVA

coated iron oxide nanoparticles due to decrease in crystallinity............cccceeeeiieerenneenenn. 79

Figure 4.10 TEM micrographs of (a) S-4, corresponding to the uncoated iron oxide
nanoparticles and (b) S-8, coated with 5 wt% PVA. The corresponding size distribution

of (¢) S-4 (uncoated iron oxide) and (d) S-8 (5 wt% PVA coated iron oxide). ................ 80

Figure 4.11 Average hydrodynamic diameter of S-4 (uncoated iron oxide nanoparticles),
S-6 (iron oxide nanoparticles coated with 1 wt% PV A) and S-8 (iron oxide nanoparticles

coated with 5 wt% PVA) In PBS ... 81

Figure 4.12 Weight loss vs. temperature TGA curves of (a) S-4 (uncoated iron oxide), (b)
S-5 (iron oxide coated with 0.5 wt% PVA), (c) S-6 (iron oxide coated with 1 wt% PVA),
(d) S-7 (iron oxide coated with 2 wt% PV A) and (e) S-8 (iron oxide coated with 5 wt%
PVA) heated up to 600°C in air. The inset shows the TGA curve of pure PVA indicating

complete degradation of PVA when heated up to 600°C. ............ccceiiiiiiiiieiiiee e, 83

Xi



Figure 4.13 FTIR spectra of (a) uncoated iron oxide and (b) PVA-IO nanoparticles.
Bands at 2912, 1416, 1092 and 850 cm™ in PVA-IO confirm the attachment of PVA to

iron 0Xide NANOPATTICIES. ..ccouuviiiiiiiiee ittt ettt e e sieee e 85

Figure 4.14 Magnetization vs. field curves measured at room temperature of (a) S-4,
corresponding to uncoated iron oxide nanoparticles, (b) S-5, iron oxide coated with 0.5
wt% PV A, (c) S-6, iron oxide coated with 1 wt% PVA, (d) S-7, iron oxide coated with 2
wt% PVA and (e) S-8, iron oxide coated with 5 wt% PVA. Particles are

superparamagnetic, M decreases with increase in PVA concentration. .................c........ 88

Figure 4.15 The color of (a) pure DOX solution, (b) DOX solution after 26 h mixing with
uncoated iron nanoparticles and (c) DOX solution after 26 h mixing with gold coated iron
(Fe@ Au) nanoparticles. The change in color of DOX indicates that the DOX is attached

onto Fe@ Au nanoparticles OnlY........ooocuiiiiiiiiiiiiiiiiiiecieee et 91

Figure 4.16 DOX (a) loading and (b) release profile of gold coated iron (Fe@ Au) MCP.

Figure 4.17 FTIR spectra of (a) Fe@Au, (b) pure DOX and (¢) DOX-attached Fe@ Au
nanoparticles. Amine (—NH;) group of DOX is involved in attachment to the Fe@ Au

NANOPATTICIES. .eeeiiiiiiiiiitie ittt ettt ettt e ettt e e sttt e et eeeseabbeeessbaeeeneas 93

Figure 4.18 UV-vis spectra of (a) pure DOX, (b) DOX-attached Fe@ Au and (c) Fe@Au

colloid. Peak is broadened and red shifted at 535 nm upon addition of colloidal Fe@ Au to

Figure 4.19 DOX loading on to PVA-IO nanoparticles, DOX loading increases with

INCIEASE 1N PV A CONCENMITATION. ...eevunieiieeeiee ettt et et e e e e e eaee e et eeeaaeeeanaees 96

Xii



Figure 4.20 DOX release from PVA-IO, DOX release follows the Fickian diffusion

CONLIOIIEA PIOCESS. ..eeeeuutititiiiiiei ettt ettt et e et e e st eeesbaeeee et 97

Figure 4.21 FTIR spectra of (a) pure DOX and (b) DOX-conjugated PVA-IO.
Conjugation of DOX to the PVA-IO occurs via the interaction of -NH, and —OH groups

of DOX with —OH groups of PVA. ...ttt 98

Figure 4.22 Percent retention of (a) S-2 (0.102 mmol gold coated iron nanoparticles) and

(b) S-3 (0.204 mmol gold coated iron nanoparticles) at various flow rates of fluid.. ..... 101

Figure 4.23 Percent retention of (a) S-4 (uncoated Fe;0.), (b) S-6 (Fe;O4 coated with 1
wt% PVA), (¢) S-7 (FesO4 coated with 2 wt% PVA) and (d) S-8 (Fe;O4 coated with 5

wt% PV A) at various flow rates of fluid. ..........cccoeiiiiiiiiiiiiies 103

Figure 4.24 VH? components of (a) Nd-Fe-B rectangular permanent magnet and (b) Nd-

Fe-B cylindrical permanent magnet along the axis of vessel, when the vessel is at a

distance of 5, 10 and 15 mm from the surface of magnet..............ccccceeeiiiiriiceeenne.n. 108

Figure 4.25 Trajectories of Fe;04 MCP (particle size 100, 200 and 500 nm) in the vessel

When (7)) =5 MM S, d = 30 I wveveeeeeeeeeeeeeeeeeeee ettt 110

Figure 4.26 Trajectories of different MNCP of radius of 100 nm in the vessel when (V)

=5mms’1,d=30mm .................................................................................................. 111

Figure 4.27 Representative plots of distance of capture vs MCP size for different flow

TALES OF TTULA. <. eeeeeiieee ettt e e et e e e et tee e et s et s eaaeeenas 112

Figure 4.28 Distance of capture for various MCP with size of 100 nm and v =5 mm.s’

using a typical permanent MAZNEL. .......c.eeeeeruuiereriiieeeiieeeeeietee e ettt eeeesieeeeseeeeeeeaeeeeens 113

xiii



Figure 4.29 Distance of capture for various MCP with size of 100 nm and v =5 mm.s”

using a higher magnetic field gradient (100 T ™). ....cooviviivieeeeieeeeeeeeeee e 114

Figure 4.30 Temporal evolution of the concentration profile when a ferrofluid (R, = 100
nm and ¥ = 0.4) is continuously injected at the inlet of a 2-D channel. Initially the vessel
is assumed to be filled with a PBS buffer flowing at 10 mm.s™'. The centre of the magnet
is placed at the mid point of the lateral coordinate. The vertical distance, d from the

bottom wall of the vessel to surface of the magnet is 10 mm. ............cccooviiiiinnieiannnee. 116

Figure 4.31 Temporal evolution of the concentration profile when a ferrofluid (R,=100
nm and j = 0.4) is continuously injected at the inlet of a 2-D channel. In this simulation d

is kept constant at 10 mm. The contour plots represent: (a) v = 1 mm.s”, (b) ¥ =5 mm.s”

1and (€) 7 =40 MIMLS ™ oottt ettt r e 118

Figure 4.32 Temporal evolution of the concentration profile when a ferrofluid (v = 10
mm s™) is continuously injected at the inlet of a 2-D channel. In this contour plots: (a) d =
5 mm, R, =100 nm and = 0.4; (b) d = 15 mm, R, =100 nm and y=0.4; (c)d =10

mm, R,=200nmand g =0.4.......ccccoiiiiiiii 120

Figure 4.33 (a) Temporal evolution of the concentration profile when a ferrofluid
(Rp=100 nm and x = 0.4) is continuously injected at the inlet of a 2-D channel at flow
rate (v ) of 10 mm.s" under weak magnetic field (d = 50 mm). (b)The streamline contour
plot of frame (i) in magnified view shows the trade off between the magnetic force and

the convective force leading to the formation of vortices near the wall......................... 121

Figure 4.34 Temporal evolution of the concentration profile of a ferrofluid (R, = 100 nm

and y = 0.4) in a 2-D channel under the influence of a cylindrical magnet (d = 10 mm).

Xiv



The contour plots represent: (a) v =1 mm.s'l, (b) v=10 mm.s’l, and (¢) v =40 mm.s ™.

XV



List of Tables

Table 2.1 Some useful polymers to coat nanoparticles for biomedical applications....... 32
Table 3.1 Summary of sample sets synthesized by the reverse micelle technique. ......... 47
Table 3.2 Summary of sample sets synthesized by the co-precipitation technique. ........ 48
Table 4.1 Saturation magnetization (Ms) of FE@AU. ..........ccccoiiiiiiiiiiiiiieeiee e, 72

Table 4.2 Comparison of gold coated magnetic nanoparticles of current work with

SELECtEd THEETALUIE. ......eveeeiiiiiiee ittt ettt e e e e et e e 77
Table 4.3 Weight loss due to PVA in thermogravimetric analysis (TGA) in air. ............ 84
Table 4.4 Assignment of FTIR spectra of uncoated iron oxide, PVA-IO. ...................... 87
Table 4.5 Saturation magnetization (M) of uncoated and PVA-IO nanoparticles. ......... 89
Table 4.6 Parameters used in modelling and simulations. ..............ccceevvieeirniieeennnneen. 107

XVi



CFD

DLS

DOX

Fe@Au

FTIR

HCC

MCP

MDT

MNP

MRI

PVA

PVA-IO

TEM

TGA

VSM

XPS

XRD

List of Abbreviations

Computational fluid dynamics
Dynamic light scattering
Doxorubicin

Gold coated iron

Fourier transform infrared

Hepato cellular carcinoma

Magnetic carrier particles comprising of small aggregates of nanoparticles

Magnetic drug targeting

Magnetic nanoparticles

Magnetic resonance imaging
Polyvinylalcohol

Polyvinylalcohol coated iron oxide
Transmission electron microscopy
Thermo-gravimetric analysis
Vibrating sample magnetometry
X-ray photoelectron spectroscopy

X-ray diffraction

Xvii



Ho

List of Symbols

Magnetic permeability of free space
Magnetic susceptibility
Magnetic field strength
Magnetic field gradient

Hydrodynamic radius of particle

Volume of particle

Viscosity of fluid
Density of fluid

Particle velocity

Average velocity of fluid

Mass diffusivity

Half-height of rectangular magnet
Half-width of rectangular magnet

Radius of cylindrical magnet

Distance between magnet and blood vessel

Radius of blood vessel

Xviii



Chapter 1 — Introduction

Chapter 1

Introduction

Cancer treatment is a key challenge in biomedicine with more than 10 million new cases
every year [1]. Global cancer rates are expected to double by the year 2020, according to
a report from the International Agency for Research on Cancer (IARC), a branch of the
World Health Organization (WHO) [2]. The statistics for the global incidence and

mortality rates for major types of cancer are shown in Fig.1.1 [3].
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Figure 1.1 Global incidence and mortality rates for cancer [3].




Chapter 1 — Introduction

In developed countries, cancer is the second biggest cause of death after cardiovascular
disease. The situation is also alarming in developing countries. Some cancers are more
common in developed countries, e.g., prostate, breast and colon cancer. Cancer is
characterized by a population of cells that grow and divide without respect to normal
limits, these cells invade and destroy adjacent tissues and may spread to distant anatomic
sites through a process called metastasis [4]. Cancer is caused by a number of factors such
as unhealthy lifestyle (tobacco and alcohol use, inadequate diet, physical inactivity),
exposure to environmental carcinogens (ultraviolet and ionizing radiation), chemical
carcinogens (asbestos, tobacco) and biological carcinogens (virus, bacteria, fungi). There
are different types of cancers according to localization, cell type, malignancy etc., but all
share a common trait — if undetected and untreated at an early stage, the risk of death is

high [3].

Nanotechnology is a multi-disciplinary field, integrating traditional disciplines such as
physics, materials science, biology and chemistry for the development of novel materials
and technologies. Nanotechnology is a growing area of research and has developed to
such an extent that it has become possible to synthesize, characterize and tailor the
functional properties of nanoparticles for improved therapeutics and diagnostics in
medicine [5-8]. A major thrust of research in nanomedicine has been the development of

nanocarriers for passively or actively targeted drug delivery for cancer therapy [9-13].

Magnetic nanoparticles (MNP) are a major class of nanoscale materials, which offer very
attractive possibilities in biomedicine. MNP have sizes smaller than or comparable to
those of a cell (10-100 um), a virus (20—450 nm), a protein (5-50 nm) or a gene (2 nm
wide and 10-100 nm long). MNP can be functionalized by either polymers or inorganic

materials to which drugs or biological agents can be attached and driven by an external
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magnetic field gradient. The penetrability of magnetic fields into human tissue enables
such functionalized MNP to deliver anticancer drugs, radionuclide atoms and genes to a
targeted region of the body, such as a tumor [14]. MNP can also be heated by an external
high frequency alternating magnetic field, resulting in a moderate degree of tissue
warming causing malignant cell destruction by thermal ablation/ hyperthermia of tumors
[15]. MNP are also used as contrast agents to improve the resolution of tumor imaging in

magnetic resonance imaging (MRI) [16].

Several types of MNP with various chemical compositions have been proposed and
evaluated for biomedical applications to exploit nanoscale magnetic phenomena, such as
enhanced magnetic moments and superparamagnetism [17]. Composition, size,
morphology and surface chemistry can now be tailored by various processes to tune the
in-vivo behaviour of nanoparticles [18]. Coated magnetic carrier particles (MCP) are
comprised of small aggregates of magnetic nanoparticles with a biocompatible coating,
which provides stabilization under physiological condition. Targeting MCP to the tumor
using an external magnetic field enables the functionalized particles to be used as
multimodal therapeutic agents combining drug delivery, hyperthermia and in-vivo

imaging, which is a major advantage over non-magnetic particles.

1.1 Biomedical applications of magnetic nanoparticles

The major biomedical applications of magnetic nanoparticles are as follows:

1.1.1 Therapeutic applications

Drug delivery: Since the pioneering concept proposed by Freeman et al [19] that fine
iron particles could be transported through the vascular system and concentrated in a

specific region of the body with the aid of a magnetic field, the use of magnetic particles
3
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for the delivery of drugs or antibodies to the organs or tissues has become an attractive
field of research [20]. MNP have been evaluated extensively for the targeted delivery of
pharmaceuticals through magnetic drug targeting (MDT) [21, 22] as well as for active
targeting through the attachment of high affinity ligands [23]. Drug localization is based
on the application of an external magnetic field, which retains the drug loaded MCP at a
specific target site. They can then be internalized by the endothelial cells of the tissue.
The small size of MNP enables their transport through the capillary systems of organs and
tissues. MNP offer an attractive means of targeting therapeutic agents specifically to a
diseased site, while simultaneously reducing dosage and deleterious side effects
associated with non-specific uptake of cytotoxic drugs by healthy tissue, hence they have
the potential to overcome the limitations associated with systemic distribution of

conventional chemotherapies.

Hyperthermia: Hyperthermia is a therapeutic procedure used to raise the temperature of
a region of the body affected by malignancy. Tumor cells are more sensitive to
temperature than normal cells, hence there is a direct cancer cell killing effect for
temperatures in the range of 42-47°C [24-27]. Hyperthermia involves dispersing MNP
throughout the target tissue and then applying an AC magnetic field of sufficient strength
and frequency to heat up the particles. This heat is conducted into the surrounding
diseased tissue and the temperature is maintained above the therapeutic threshold of 42°C

for 30 min or more to destroy the tumor.

1.1.2 Diagnostic applications

NMR imaging: The development of the NMR imaging technique for clinical diagnosis
has suggested the exciting possibility of a new class of pharmaceuticals, called

magnetopharmaceuticals. MNP are administered to a patient to enhance the image
4
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contrast between normal and diseased tissue, thus indicating the status of organ functions
or blood flow [28]. The contrast agents used in most NMR imaging studies to date have
been paramagnetic. Superparamagnetic particles represent an alternative class of NMR

contrast agents that are usually referred to as T (transversal relaxation time) or 7>"

contrast agents as opposed to T7; (longitudinal relaxation time) agents such as
paramagnetic gadolinium (III) chelates [29]. Commercial iron oxide nanoparticles of
maghemite (Endorem® and Resovit®) have been used as contrast agents in NMR
imaging for the location and diagnosis of brain and cardiac infarcts, liver lesions and

tumors [30].

Cell labelling and magnetic separation: Magnetic separation is based on the following
processes: (i) tagging or labelling of the desired biological entity with biocompatible
magnetic nanoparticles and (ii) separation of these tagged entities via a fluid-based
magnetic separation device. Magnetic separation has been successfully applied to many
aspects of biomedical and biological research. It has proven to be a highly sensitive
technique for the selection of rare tumor cells from blood [31]. This has led to the
enhanced detection of malarial parasites in blood samples, either by utilizing the magnetic
properties of the parasite [32] or through labelling the red blood cells with an

immunospecific magnetic fluid [33].

Researchers are seeking to exploit the properties of MNP to obtain medical breakthroughs
in diagnosis [34-36] and improved drug delivery for cancer treatment [14, 21, 37-39]. The
synthesis, characterization, property evaluation and modelling of MCP for magnetically

targeted drug delivery are described in this thesis.
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1.2  The need for drug targeting: motivation

The common methods of cancer treatment are surgery, radiotherapy, thermotherapy and
chemotherapy [24]. However, conventional cancer therapies suffer from numerous
drawbacks. Surgery is an invasive method by which the tumor is physically removed
from the body. There is a risk of complications during the surgical process and also the
possibility of post operative problems such as pain, infection, bleeding, blood clots and
slow recovery of organ functions [40]. Radiotherapy involves exposing cancer cells to
high-energy radiation such as gamma rays or X-rays to kill cancer cells. However,
radiotherapy is non-specific in nature, i.e., it destroys healthy cells as well as cancerous
cells. Side effects from radiotherapy include fatigue, damage to the skin, lungs, digestive
tract, mouth and throat, changes in brain function, decrease in fertility and in some cases

triggering of secondary cancers [40].

Common hyperthermia techniques are radiofrequency capacitance hyperthermia (RFCH),
whole body hyperthermia (WBH) and isolated hepatic perfusion hyperthermia (IHPH)
[24, 41, 42]. Due to the non-specificity of these methods, attainable tumor temperatures
are limited to minimize the risk of collateral organ damage. There is high risk of death by
organ failure due to the uniformly elevated body and hepatic temperatures, particularly in

the case of WBH and IHPH [41].

In chemotherapy, highly cytotoxic drugs are injected intravenously and transported to the
tumor site through blood flow. This treatment involves a schedule of regular
administrations of drugs distributed over several days. The major disadvantage associated
with chemotherapy is the general systemic distribution of drug throughout the body,
which results in insufficient drug concentration at the tumor, decreasing the effectiveness

of treatment. More importantly, these cytotoxic drugs are highly non-specific in nature,
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i.e., they kill both healthy as well as tumor cells, resulting in serious side effects. These
side effects include hair loss, nausea, diarrhea, infertility, cognitive impairment, heart
damage, nerve damage, liver damage, lung damage, etc [40]. It is therefore very
important to selectively target chemotherapeutic agents to the tumor as precisely as
possible in order to reduce systemic distribution of cytotoxic drugs and to reduce the
associated side effects. Targeted drug delivery can improve the outcome of chemotherapy
by allowing the maximum fraction of drugs to interact exclusively with cancer cells,
without adverse side effects to non-targeted sites [43]. This need has prompted a search
for drug delivery method, which can address the limitations of conventional cancer

treatment and provide more effective cancer therapy.

1.3 Magnetic drug targeting: the solution

There has been keen interest in the development of a novel drug delivery system, which
can deliver drug exclusively to specific parts of the body. A magnetically targeted drug
delivery system using MCP targeted by an external magnetic field is a promising
alternative to solve critical issues associated with conventional cancer therapies [18, 37,
38, 44-46]. In magnetically targeted drug delivery, MCP loaded with anti-cancer drug are
injected into the patient body via the human circulatory system. These MCP are localized
at the tumor by applying an external magnetic field near the tumor (Fig. 1.2). Drug
release occurs following the localization of MCP in the tumor, either via enzymatic
activity or changes in physiological conditions, e.g., pH, osmolality, or temperature [47].
Thus magnetically targeted drug delivery increases drug concentration at the tumor and
minimizes the distribution of drug in healthy tissue. If the magnetic particles are coated
with a gold shell, this shell can provide advantages such as improved computed

tomography (CT) contrast, it can be heated by near infrared (NIR) light irradiation due to
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photothermal effect; this multi modal treatment (synergistic effects of thermo therapy and
chemotherapy) improves the efficacy of cancer therapy [48-51]. Despite the fact that
systemic chemotherapy offers no survival benefit for cases of advanced Hepato Cellular
Carcinoma (HCC), magnetically targeted chemotherapy offers improved survival and

quality of life for these patients [52-54].

Figure 1.2 Schematic representation of magnetic drug targeting to a specific region [55].

14 Objective and scope of the work

The delivery of anti-cancer drugs to specific target sites with minimum side effects is a

challenge in conventional cancer treatments. The objective of this work is to study the
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conditions for targeting of MCP to site specific drug delivery. The focus is on the
synthesis, characterization and property evaluation of coated MCP with in-vitro
experiments and modelling studies of the efficacy with which such particles can be

captured by an external magnetic field. Figure 1.3 provides an overview of the thesis.

Problem identification and definition

Determination of parameters and properties of MCP for magnetic drug targeting

Chemical synthesis of coated MCP:
® PVA coated iron oxide (co-precipitation technique)
¢ Gold coated iron (reverse micelle technique)

Characterization, property evaluation

Doxorubicin drug (DOX) loading and release study of MCP

In- vitro targeting of MCP

Modelling of MCP targeting

Conclusions

Figure 1.3 Overview of the thesis.
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Iron oxide nanoparticles are biocompatible in the doses required for therapeutic use and
are sold commercially (i.e., Endorem, Feridex IV), they are currently in routine use as
MRI contrast enhancement agents [36, 56, 57]. Superparamagnetic iron oxides
nanoparticles, e.g., the commercially available Combidex, have undergone clinical trials
for the use in detection of lymph node metastases [S8]. The favourable biocompatibility
and biodegradability of iron oxide nanoparticles have contributed greatly to their
widespread use in biomedical applications, iron ions are incorporated as hemoglobin by
erythrocytes during metabolism [59]. In-vivo experiments on animal models have shown
that iron oxides are suitable for drug delivery [37, 60]. Human clinical trials for drug
delivery have been conducted with iron oxide based ferrofluids, the injected dosage being

well tolerated by patients [44].

Generally, particles with hydrophobic surfaces are more readily removed by the body’s
reticulo-endothelial system (RES) [61, 62]. However, hydrophilic coatings increase
circulation time of MCP by reducing immediate clearance by the RES [63]. Hydrophilic
polymer polyvinyl alcohol (PVA) is useful as a coating of magnetic particles because of
its biocompatibility, biodegradability and it can also be readily functionalized [18, 64-66].
Another carrier system comprising of gold coated iron (Fe@Au) nanoparticles is of
special interest. Bare iron nanoparticles can not be directly used for drug delivery since
(a) free iron induces the formation of dangerous free radicals, (b) iron nanoparticles can
aggregate resulting in the formation of thromboses and (c) free iron nanoparticles are
easily oxidized. By coating the iron nanoparticles with gold, the oxidation of iron can be
minimized. The interaction of gold nanoparticles with phagocytes showed the
biocompatible properties of gold nanoparticles such as nontoxicity, nonimmunogenicity

and high tissue permeability without hampering cell functionality [67]. Gold can also be
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readily functionalized by the use of amine [68] and thiol groups [69], which facilitates the

attachment of biologically relevant molecules.
In this work, Doxorubicin (DOX) was chosen as a model drug for drug loading and
release studies of MCP. DOX is an anti-cancer drug used in chemotherapy. It is classified

as an anthracycline antiobiotic which interacts with DNA by intercalation [70]. DOX is

orange-red crystalline solid, its chemical structure is given below:

LA R N o

Figure 1.4 Chemical structure of DOX [70].

Doxorubicin is commonly used to treat cancers of the bladder, breast, stomach, lung,
ovaries, thyroid, multiple myeloma, pancreas, prostate, sarcomas, testis (germ cell),
hyroid and uterus [71].
In this work, gold coated iron (Fe@ Au) and PVA coated iron oxide (PVA-IO) MCP were
investigated. The anti-cancer drug doxorubicin (DOX) was attached to these MCP and the
binding mechanism of DOX with the coating was examined. DOX loading and release
profiles as well as in-vitro targeting of these MCP were studied in order to determine the
suitability of these MCP for magnetically targeted drug delivery. From the in-vitro
experimental targeting of MCP results, it was found that 90% of PVA-IO and 86% of

Fe@Au MCP can be retained at a field gradient of 25 T m™ and a flow rate of 1 mm s™.

11
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The modelling of targeting of MCP showed that Fe;04, Fe@ Au, PVA-IO MCP (100 nm)
can be targeted to the breast tumor and other skin tumors by a typical permanent magnet
(maximum field gradient of 25 T m™). The modelling results also showed that MCP with
higher saturation magnetization e.g., Fe and FeCo can be targeted to lung, liver, kidney,
pancreas tumors or a higher magnetic field gradient (100 T m™) can be used to localize
these MCP to tumors situated deep inside the body. Computational Fluid Dynamics
(CFD) simulations showed that when a suspension of MCP (ferrofluid) enters into the
blood vessel, ferrofluid creeps along the wall of the blood vessel under an external
magnetic field. Simulations also showed that for a given magnetic field strength, the time
of exposure of magnetic field can be optimized for a given diameter of blood vessel and

blood flow rate.

1.5 Novelty of work

The delivery of anticancer agents to specific target sites with minimum side effects is a
challenge in conventional cancer treatments. Using a magnetic field to capture MCP
loaded with anticancer drugs at the tumor site offers an alternative methodology for the
targeted delivery of drugs. So far, studies of the conditions under which magnetic
targeting is feasible have been mostly empirical. The novelty of the work lies in the
synthesis, characterization and property evaluation of MCP for drug targeting combined
with in-vitro experiments and modelling studies of the efficacy with which these particles
can be retained at a given site by an external magnetic field. Concurrent drug loading and

release studies of these MCP were also conducted. Contributions of this work are:

e Fe@Au nanoparticles were synthesized by the reverse micelle method and
particles were characterized. DOX was attached to Fe@Au MCP and the

interaction of DOX with the gold coating was examined. For the first time, DOX
12
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loading and release profiles of Fe@Au MCP as well as in-vitro targeting of these
MCP at flow rates of the fluid comparable to that encountered in the capillary bed
of a tumor were studied. A significant quantity of DOX (94%) was loaded onto
the Fe@Au MCP and 25% of adsorbed DOX was released. Up to 86% of Fe@ Au
MCP was captured at a field gradient of 25 T m™ and flow rate of 1 mm s™.
Another MCP system, i.e., PVA coated iron oxide (PVA-IO) nanoparticles was
studied. The synthesis, characterization, property evaluation as well as combined
in-vitro drug loading, drug release and drug targeting using these PVA-IO MCP
were carried out. PVA-IO nanoparticles were loaded with DOX and 45% of
adsorbed drug was released. Up to 90% of PVA-IO MCP was captured at a field
gradient of 25 T m™ and flow rate of 1 mms™.

Modelling of the targeting of MCP at the tumor site was performed by
determining the trajectory and distance of capture of MCP under various flow
rates of fluid, magnetic properties of MCP and MCP size. The modelling results
showed that Fe;04, Fe@Au, PVA-IO MCP (100 nm size) can be targeted to breast
tumors and other skin tumors by a typical permanent magnet. To target tumors
situated deep inside the body, MCP with superior magnetic property, e.g., Fe and
FeCo, or an external magnet having higher magnetic field gradient (100 T m™)
must be chosen.

The trapping of MCP was studied using nonlinear CFD simulations and these
results were compared qualitatively with experimental results. Simulations
showed that the ferrofluid creeps along the bottom wall under the influence of a
magnetic field, which may cause friction and remove the drug before it reaches
the targeted zone, hence drug injection should be as close as possible to the

malignant location. For a given magnetic field strength, the time of exposure to
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the magnetic field can be optimized once the diameter of the blood vessel and

blood flow rate are known.

1.6  Methodology

A literature survey was carried out to examine the choice of synthesis procedure of coated
magnetic nanoparticle carriers. The following routes were carried out to synthesize the

magnetic carriers:

¢ Fe@ Au nanoparticles were synthesized by the reverse micelle method.
o PVA-IO nanoparticles were synthesized by coprecipitation of iron oxide and

subsequently coated with polyvinyl alcohol (PVA).

Phase identification and structural analysis of the carriers were performed by X-ray
diffraction (XRD). The size and morphological characterization of the individual particles
were carried out by transmission electron microscopy (TEM). Magnetic measurements
were performed by vibrating sample magnetometry (VSM). The mass fraction of polymer

attached to the magnetic particles was determined by thermo-gravimetric analysis (TGA).

Fe@Au and PVA-IO nanoparticles were loaded with the anti-cancer drug DOX, drug
loading and release properties were studied by measuring the DOX concentration using a
UV-vis spectrophotometer. The binding mechanism of DOX with the coating was
examined by Fourier transform infrared (FTIR) spectroscopy. An in-vitro apparatus
simulating the human circulatory system was constructed and used to determine the
retention of MCP under different flow rates of fluid and varying magnetic field gradients.
CFD simulations of MCP trapping by an external magnetic field were carried out using

Ansys-Fluent software.
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In summary, the synthesis, characterization, property evaluation and modelling of MCP

were performed to examine their potential for magnetic drug targeting applications.

1.7  Organization of the thesis

The thesis consists of 5 chapters.

e  Chapter 1 is the introduction of the thesis. The limitations of conventional cancer
treatments are highlighted and a possible solution, i.e., magnetically targeted drug
delivery is suggested. The objective and scope of the thesis are presented along
with a brief description of methodology.

e Chapter 2, literature review contains an introduction to magnetism and its
relevance to medical applications. The state of the art of the development of
various magnetic drug carriers, their synthesis techniques as well as in-vitro and
in-vivo magnetic targeting using these magnetic carriers are discussed.

® Chapter 3 describes the experimental procedures for synthesis, characterization,
property evaluation and in-vitro targeting as well as drug loading and drug release
of MCP used in this work. The development of a magnetic drug targeting model is
also presented.

e Chapter 4 presents results and discussion related to synthesis and characterization
of Fe@Au as well as PVA-IO nanoparticles, DOX loading and release studies and
in-vitro experimental capture of these MCP. Modelling of magnetic drug targeting
and the CFD simulation results are also presented.

e Chapter 5 presents the conclusions and future scope of this work.

15



Chapter 2 — Literature Review

Chapter 2

Literature Review

In this chapter, some fundamental concepts of magnetism are briefly discussed. To
control the motion of MCP within the body, the magnetic force due to an externally
applied magnetic field and a hemodynamic drag force due to blood flow combine to exert
a total vector force on the MCP. To overcome the influence of blood flow to achieve the
desired external magnetic field controlled trapping, the magnetic force due to the external
magnetic field must be larger than the drag force. The relevant equations to model this
targeting are discussed. The magnetic core materials, coating materials and the role of
coatings are discussed. Wet chemical routes to synthesize magnetic nanoparticles are
simpler and more efficient than physical methods with appreciable control over size,
composition and sometimes even the shape of the nanoparticles [72, 73]. In this chapter
different synthesis methods to produce magnetic nanoparticles for biomedical

applications are presented.
2.1 Classes of magnetic materials

Magnetism arises from the orbital and spin motion of electrons in the material. Magnetic
materials are classified on the basis of their response to an external magnetic field. Some
fundamental concepts of magnetism are briefly discussed here. Further details can be

found in textbooks on magnetism [74, 75].
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2.1.1 M-H curves

Figure 2.1 represents a schematic diagram of a blood vessel in which magnetic particles
are present. The magnetic particles and the biomolecules in the blood vessel have

different magnetic properties, which are illustrated in Fig. 2.1.
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Figure 2.1. Magnetic responses associated with different classes of magnetic material,
illustrated for a hypothetical situation in which ferromagnetic particles of a range of sizes
from nanometre up to micron scale are injected into a blood vessel. M—H curves are
shown for diamagnetic (DM) and paramagnetic (PM) biomaterials in the blood vessel,
and for the ferromagnetic (FM) injected particles, where the response can be either multi-
domain (- - - - in FM diagram), single-domain ( in FM diagram) or
superparamagnetic (SPM), depending on the size of the particle [76].
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If a magnetic material is placed in a magnetic field of strength (H), the magnetic

induction (B ) is given as,

B = 11y (H +M) @2.1)

where £, is the permeability of free space, M 1is the magnetization (=m/V) represented

as magnetic moment per unit volume, where mis the magnetic moment and V is the
volume of the material. All materials respond to the magnetic field depending on their
atomic structure. The classification of a material's magnetic properties is based on its

magnetic susceptibility ( ), which is defined by the ratio of the induced magnetization

(M ) to the applied magnetic field (H ) as,

7=M/H, 2.2)

y holds in the limit that H approaches 0. In SI units, y is dimensionless and both M and

H are expressed in Am™.

Diamagnetism arises from orbiting electrons when these electrons are subjected to an
applied magnetic field. Diamagnetism is found in all materials but it is usually very weak
and characterized by negative susceptibility. In diamagnetic materials, the magnetic
moment is anti-parallel to H resulting in very small and negative susceptibilities (¥ =
—107° to — 107%). They do not retain magnetic properties when the external field is
removed. For paramagnetic materials, partial alignment of atomic magnetic moments in
the direction of external magnetic field takes place, leading to positive susceptibility ( ¥ =
10%to 107 "). The magnetization is zero when the field is removed, since the magnetic
moments associated with individual atoms do not interact magnetically in paramagnetic

materials. However, some materials exhibit a permanent magnetic moment in the absence
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of an external field; these are classified as ferromagnets, ferrimagnets and
antiferromagnets, where the prefix refers to the nature of the coupling interaction between
the electrons within the material [75]. In ferromagnets, the atomic moments exhibit strong
interactions produced by large exchange forces, which result in the alignment of atomic
moments in the same direction. In ferrimagnets, two sublattices couple through a super
exchange mechanism resulting in antiparallel alignment. In antiferromagnets, the
exchange coupling between neighboring moments causes moments to align in an

antiparallel fashion.

The M-H curve has a characteristic sigmoidal shape, M reaches a saturation value at large
value of H. Furthermore, a hysteresis loop is observed in ferromagnets and ferrimagnets.
Hysteresis arises from the irreversibility in the magnetization process due to (a) pinning
of magnetic domain walls at impurities or grain boundaries within the material, and (b)
intrinsic effects such as the magnetic anisotropy of the crystalline lattice [77]. The shape
of the hysteresis loop depends on particle size, e.g., large particles (of the order of micron
size or more) have a multi-domain structure and a narrow hysteresis loop, whereas
smaller particles have a single domain structure and a broad hysteresis loop. All ferro-
and ferrimagnets above their corresponding threshold temperatures behave like
paramagnets, since thermal energy is sufficiently high to cause random fluctuations of
magnetic moments, eliminating magnetic order. On the other hand, superparamagnetism
is observed in particles that are so small that they consist of a single magnetic domain and
ambient thermal energy is sufficient to overcome coupling forces, causing the atomic
magnetic moment to fluctuate randomly. This leads to the anhysteretic but still sigmoidal

M-H curve (Fig. 2.1).
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The value of coercivity is also size-dependent. As particle size decreases, coercivity
increases to reach a maximum at a threshold particle size (typical values are 15 and 35 nm

for Fe and Co metallic particles, respectively, while for SmCo, it is 750 nm) [78] due to

the transformation from a multi domain to a single domain structure. In bulk magnetic
materials, a multidomain structure is constituted by regions of uniform magnetization,
separated by domain walls, which minimize the sum of the energy due to the external
magnetic field (magnetostatic energy) and the energy of the domain walls. As the volume
of the magnetic particle decreases, the size of the domains and the width of the walls
reduces until the energy cost to produce a domain wall is greater than the corresponding
reduction in magnetostatic energy. Consequently, the system no longer divides itself into
smaller domains, instead the structure maintains a single domain. In a single domain
particle, it is not possible for magnetization reversal to take place by means of the
boundary displacement process, which requires relatively weaker fields. Instead the
magnetization of the particle must rotate as a whole, a process that requires a large field,
depending on the anisotropy energy of the material. A further decrease in particle size
causes the coercivity value to decrease rapidly to zero resulting in a transition to the
superparamagnetic state. Superparamagnetism follows the activation law for the

relaxation time 7 of the net magnetization of the particle [79].

T =19 exp (AE/ksT), 2.3)

where AE is the energy required for moment reversal and kg7 is the thermal energy (kg is
Boltzman constant, T is temperature) . The energy barrier is expressed as AE = KV, where
K is the anisotropy energy density and V is the particle volume. For small particles AE is
comparable to kg7 at room temperature, hence superparamagnetism is observed in small

particles.
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2.1.2 Action of forces on magnetic nanoparticles

Vector field theory can be used to understand the magnetic force needed to manipulate
magnetic nanoparticles using an external magnetic field. The following discussion

follows that of Pankhurst [76]. The magnetic force (F,,,) acting on a point-like

ag

magnetic dipole moment (m ) under a magnetic field gradient (B ) is given by:

F,e = (m.V)B 2.4)

When magnetic nanoparticles are suspended in a weakly diamagnetic medium, such as
water, the total moment on the particle can be expressed as m = VM, where V is the
volume of the particle and M is its volumetric magnetization. Further, M = AyH, where
Ay = ym — Aw 18 the effective susceptibility of the particle relative to the water. For the
case of a dilute suspension of nanoparticles in water, the overall response of the particles

can be approximated by B = poH, so that Eqn. 2.4 becomes

Fluae = VAYB.Y)B/ 2.5)

Furthermore, if there are no time-varying electric fields or currents in the medium, the

Maxwell equation VxB =0 can be applied to the following mathematical identity,
V(B.B)=2(B.V)B, (2.6)
to obtain a more intuitive form of Eqn. 2.5,

F,ue = VAYVB? /2010, or

F, . =05VAyV(B.H) 2.7)

mag
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in which the magnetic force is related to the differential of the magnetostatic field energy

density, 0.5B.H.

The force that counteracts the magnetic force on the particle in the bloodstream is due to

blood flow. Stokes law governs the hemodynamic forces on a particle in a flowing liquid,

F=6nnvr, (2.8)

where F is the drag force, 1 is the viscosity of the fluid, v is the relative velocity of a

spherical particle, and r is the radius.

2.2. Magnetically targeted drug delivery

The basic shortcoming of most chemotherapeutic agents is their relative non-specificity
and thus potential side effects to healthy tissues. To overcome this problem, magnetically
targeted drug delivery utilizes an external magnetic field to localize the MCP to increase
the site-specific delivery of therapeutic agents. In general, this process involves the
attachment of a cytotoxic drug to biocompatible MCP, intravenous injection of these
MCP in the form of a colloidal suspension, application of a magnetic field gradient to trap
the MCP at the tumor site and the release of drug from the MCP. There are several
variables, such as the physicochemical properties of the drug-loaded MCP, magnetic field
strength, depth of the target tissue and rate of blood flow, which play a role in

determining the effectiveness of this method of drug delivery.
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2.2.1. Prior efforts towards magnetically targeted drug delivery

The use of magnetic nanoparticle carriers for the delivery of chemotherapeutic drugs has
evolved since the 1970s. Zimmermann et al used magnetic erythrocytes for the delivery
of cytotoxic drugs in 1976 [80]. Widder ef al reported the targeting of magnetic albumin
microspheres encapsulating anticancer drug doxorubicin to sarcoma tumors implanted in
rat tails [81]. The initial results were encouraging, showing remission of the sarcomas
compared to no remission in another group of rats, which were administered with ten
times the dose but without magnetic targeting. Since that study, several researchers have
reported magnetic drug delivery using animals models including swine [20, 82], rabbits
[47] and rats [83-85]. Hafeli er al [86] synthesized biodegradable polylactic acid
microspheres encapsulating magnetite and the beta-emitter 90Y for targeted radiotherapy
and successfully applied them to tumors [87]. Kubo et al [88] implanted permanent
magnet at solid osteosarcoma in hamsters in order to deliver cytotoxic drugs using
magnetic liposomes, they reported a four-fold increase of drug to the osteosarcoma sites
compared to normal intravenous delivery. They also showed a significant increase in anti-
tumor activity and no weight-loss as a side effect [89].

Magnetic drug targeting has also been employed to target cytotoxic drugs to brain tumors.
Brain tumors are difficult to target because the drug must cross the blood—-brain barrier.
Pulfer and Gallo [84] reported that magnetic particles (1-2 um) could be concentrated at
the site of intracerebral rat glioma-2 (RG-2) tumors. Although the concentration of the
particles in the tumor was low, it was significantly higher than non-magnetic particles. In
a later study, they demonstrated that 10-20 nm magnetic particles were even more
effective at targeting these tumors [85]. Mykhaylyk et al [90] used magnetite/dextran
nanoparticles to target rat glial tumors. Deposition of adriamycin-associated magnetic

albumin microspheres was also demonstrated in normal rats by James et al [91]. The
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transmission electron micrographs showed the extravascular transport of microspheres as
early as 2 h after dosing, the microspheres remained in the extravascular tissue for up to
72 h. A Phase I clinical trial was conducted by Lubbe et al [44, 92], they demonstrated
that the infusion of ferrofluids was well tolerated in most of the patients studied and the
ferrofluid was successfully directed to advanced sarcomas without associated organ
toxicity. Wilson et al reported encouraging results of a clinical study combining magnetic
targeting and MRI, in which they were able to monitor the trans-catheter delivery of
magnetically targeted doxorubicin to the hepatic artery using intra-procedural MRI [93].

In addition to the clinical trials, theoretical research has been conducted to study the
magnetic drug targeting process. It was reported that a magnetic field of 0.8 T is sufficient
to exceed linear blood flow in the intratumoral vasculature to localize magnetic carriers
[22]. Goodwin et al used magnetic carriers (0.5-5 um) for drug targeting at the liver and
lungs (8-12 cm) in the swine model using a permanent magnet (0.1 T) [94]. Preliminary
investigations of the hydrodynamics of drug targeting suggested that a magnetic field of
0.2 T with field gradient of 8 T m is sufficient to target magnetic nanoparticle carriers in
femoral arteries [95]. Theoretical studies of magnetically targeted drug delivery were
reported using a two-dimensional (2D) model, suitable for studying the deposition of
magnetic particles under the influence of Stokes drag and a magnetic force within a
network of blood vessels [96]. Furlani et al derived an analytical expression of a
cylindrical magnet to calculate the trajectories of magnetic particles and proposed a
parametric analysis of magnetic targeting as a function of parameters such as the carrier
particle size, properties and volume fraction of the embedded magnetic nanoparticles,
properties of the magnet and blood flow rate [97, 98]. Rotariu et al used computer
simulation of magnetic field of different magnetic configurations such as cylindrical

magnet, magnetic circuit with parabolic shape confocal poles and needle magnet to
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determine the trajectories of magnetic particles within tumor microvasculature [99].
Another model has been reported to optimize the necessary magnetic field by simulating
the magnetic particle’s trajectory [100]. A CFD analysis was used for Y-shaped model
flow system of blood vessel and the capture efficiency of magnetic particles was
determined [101]. Analysis of magnetically induced localization of the ferrofluid at a
targeted region was also reported, it was shown that ferrofluid accumulation behaved as a
solid obstacle in the flow [102]. Li er al simulated the streamlines and contours of
concentration of a ferrofluid in a vessel and showed that particle accumulation was
affected by the magnetic property of the particles, magnetic field strength and gradient as

well as fluid flow rate [103].

2.2.2 Magnetic nanoparticles: property requirements

Magnetic nanoparticles for drug delivery should be endowed with specific characteristics

including:

® Biocompatibility - particles should not have toxic or carcinogenic effects in the
body.

e Size — particles should be able to diffuse through the intercellular space to achieve
uniform distribution in a short time.

e Colloidal stability — particles must be stable in solution. Particles must be small
enough to avoid sedimentation due to gravity. They should also avoid segregation,
which means their surface needs to be engineered to provide steric or Coulombic
repulsion.

e Superparamagnetism — Superparamagnetic nanoparticles are desirable in drug

delivery, since such particles do not retain magnetization before and after
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exposure to an external magnetic field, thus the probability of particle aggregation
and possible embolization of capillary vessels can be avoided.

¢ Functionalization — In the case of intravascular injection, which delivers particles
throughout the body, particles need to be conjugated with chemical groups that

facilitate preferential targeting to the tumor.
2.2.3 Magnetic core materials

There are many magnetic materials available with a wide range of magnetic properties.
However, biocompatibility requirement rules out magnetic materials such as cobalt and
nickel, which are toxic and unlikely to be used as in-vivo biomedical agents without a
non-toxic, protective coating. The magnetic core material usually chosen is iron oxide,

e.g., magnetite (Fe,0,) and maghemite (y-Fe,O,), mainly due to its low toxicity. The

advantage of this magnetic material is that our body is designed to process excess iron,
e.g., haemoglobin in our blood is an iron complex and is magnetic in nature.
Superparamagnetic iron oxide nanoparticles (SPIONs) are also considered to be
biodegradable, with Fe being reused/recycled by cells using normal biochemical

pathways for Fe metabolism [104].
2.24 Coating materials

Nanoparticles are more reactive than bulk materials due to their high surface to volume
ratio. As a result, these magnetic nanomaterials need to be protected by a biocompatible
coating. This coating also prevents the leaching of potentially toxic components into the
body during in-vivo applications. There are many choices of coating materials. One has to
consider the nature of the coating and the ease of further functionalization to suit specific

applications.
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There are generally two routes to administer magnetic particles to a particular site in the
body. Particles may be injected intravenously to let blood circulation transport them to the
region of interest. Alternatively, a suspension of particles can be injected directly into the
area where treatment is desired. Both techniques require that the particles do not
aggregate and block their own spread. Magnetic nanoparticles have a high tendency to
agglomerate and build larger structures even in the absence of a magnetic field.
Therefore, these particles need to be coated with a protective shell, which prevents
agglomeration. Stabilization of magnetic particles is important to obtain stable magnetic
colloidal ferrofluids. The stability of a magnetic colloidal suspension results from the
equilibrium between attractive and repulsive forces. Theoretically, four kinds of forces
can contribute to the interparticle potential in the system: van der Waals attractive forces,
electrostatic repulsive forces, magnetic dipolar forces between two particles and steric
repulsion forces [105-107]. Stabilization of magnetic particles can be achieved by tuning

one or both of the two repulsive forces: electrostatic and steric repulsion (Fig. 2.2).

Figure 2.2 Particles stabilized by (a) the electrostatic layer, (b) steric repulsion [108].

The coating provides binding sites for biomolecules for interaction with particles. There
are diverse biological events that need to be considered in choosing a coating. Particles
entering the bloodstream are rapidly coated by blood plasma proteins, known as
opsonization. Normally, opsonization renders the particles recognizable by the body’s

major defence system, the reticulo-endothelial system (RES). The RES is a diffuse system
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of specialized phagocytic cells, which can engulf inert materials associated with the
connective tissue framework of the liver, spleen and lymph nodes. The RES can remove
the opsonized particles, hence surface modification is required to ensure particles not only
non-toxic and biocompatible, but also stable to the RES. To reduce RES uptake,
nanoparticles are sterically stabilized by coating the surface with nonionic surfactants or
polymeric macromolecules [63]. This can be achieved by physical adsorption,
incorporation during the production of nanoparticles or by covalent attachment to any

reactive surface groups.

Particles with highly hydrophobic surfaces are efficiently coated with plasma components
and thus rapidly removed from circulation, whereas particles with more hydrophilic
surfaces can resist the coating process and therefore are cleared more slowly [61]. Hence
the coating should completely cover the particles and be as dense as possible to protect
the magnetic core against contact with blood protein and phagocytosis-associated

receptors. Longer polymer chains are more effective in suppressing opsonization.

In summary, the coating of magnetic nanoparticles for drug delivery should:

- stabilize nanoparticles in a biological suspension of pH around 7.4.

- reduce polydispersity.

- reduce uptake by the RES.

- provide functional groups at the surface for further derivatization.

2.2.4.1 Monomeric stabilizers
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Functional groups such as carboxylates, phosphates, sulphates are known to bind to the

surface of magnetite [109].

e Carboxylates

The surface of magnetite nanoparticles can be stabilized in an aqueous dispersion by the
adsorption of citric acid [110]. Citric acid is adsorbed on the surface of the magnetite
nanoparticles by coordinating via one or two of the carboxylate functional group, leaving
at least one carboxylic acid group exposed to the solvent. This makes the surface
negatively charged. VSOP C184, an iron oxide particle stabilized by citric acid coating is
under clinical investigation [111]. Other monomeric carboxylate coatings, such as
gluconic acid [112], dimercaptosuccinic acid [113], and phosphorylcholine [114] have
also been used for the stabilization of iron oxide in aqueous medium. The stability range

is strongly dependent on pH and the concentration of adsorbed acids.

e Phosphates

Several researchers have studied the possibility of using alkanephosphonic acid as
efficient binding ligands on the surface of Fe,Os; nanoparticles and as stabilizer for
particle dispersion in organic solvents [115, 116]. Sahoo et al reported that alkyl
phosphonates and phosphates could be used for obtaining thermodynamically stable
dispersions of magnetic ferrite nanoparticles [109]. Superparamagnetic nanosized
magnetite particles have also been prepared by controlled coprecipitation from solution
containing Fe** and Fe™ ions in the presence of highly hydrophilic poly(vinylalcohol

phosphate) (PVAP) [64].
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2.2.4.2 Inorganic stabilizers

Magnetic nanoparticles can be coated with silica [117, 118], gold [119, 120] and
gadolinium(IIl) [121]. These coatings not only provide stability to the nanoparticles in
solution but also help in the binding of various biological ligands to the nanoparticle

surface.

e Silica

Silica coating on the surfaces of magnetite nanoparticles reduces aggregation in the
liquid, improves chemical stability and provides better protection against toxicity [122].
This coating stabilizes the magnetite nanoparticles by (a) shielding the magnetic dipole
interactions and (b) since silica nanoparticles are negatively charged, this coating
enhances the Coulombic repulsion of the magnetic nanoparticles [123]. Ferumoxsil
(AMI-121) composed of iron oxide particles coated with a layer of inert silicon ([3-(2-
amino-ethylamino)propyl]trimethoxysilane) has been tested in clinical trials by oral
administration [124]. Various approaches have been explored to generate magnetic silica
nanospheres. The Stober process involves hydrolysis and condensation of a sol-gel
precursor e.g., tetraethyl orthosilicate (TEOS), by this process silica colloids loaded with
superparamagnetic iron oxide nanoparticles have been prepared [125]. Another method is
based on the deposition of silica from silicic acid solution, this method is easy to perform,
more efficient in covering a higher proportion of the magnetite surface than the TEOS

method, the particle size can also be controlled by changing the ratio of SiOy/Fe;0,4 [126].

Another synthesis method is an emulsion method, in which micelles or reverse micelles
are used to confine and control the silica coating. Yang et al prepared monodisperse silica

coated superparamagnetic iron oxide nanoparticles by the emulsion method and
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demonstrated entrapment of biological macromolecules in the pore of the nanoparticles
[127]. Tartaj et al synthesized submicron size silica coated magnetic spheres by the
pyrolysis method [118]. The advantage of having surface enriched in silica is the presence
of surface silanol (-Si—OH) groups, which can easily react with various coupling agents
to covalently attach specific ligands to these magnetic particles. For example, amine
groups have been introduced on the surface of silica coated Fe;O4 nanoparticles by
hydrolysis and condensation of an organosilane, such as aminopropyltriethoxysilane, on

the surfaces of Fe;O4 nanoparticles [128].

e Gold

Gold is another inorganic coating, which is highly useful in imparting functionality to
magnetic nanoparticles as well as to improve their stability in aqueous dispersions [129].
Lin et al synthesized core/shell structured Fe/Au nanoparticles by a reverse micelle
approach [119]. The Au shell was used to protect the Fe core and provide further organic
functionalization. Au coated magnetite nanoparticles (60 nm) were synthesized by the
reduction of Au (III) onto the surface via iterative hydroxylamine seeding [130].
Magnetite nanoparticles were stabilized by oleic acid and gold seed nanoparticles were
covalently attached, resulting gold nanoshells [131]. It is well-known that thiols (—SH)
have high affinity to the gold surface, this property can be used in biotechnology, e.g., for

binding antigens in immunoassay [132].

2.2.4.3 Polymer stabilizers

Several approaches have been developed to coat iron oxide nanoparticles, including in-
situ coatings and post-synthesis coatings. Coating magnetic nanoparticles with natural

polymers such as carbohydrates and proteins are common [133-137]. Many natural
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polymers are biocompatible and therefore suitable for coating nanoparticles in biomedical

applications.

The most common coatings are dextran, carboxymethylated dextran, carboxydextran,

starch, chitosan, polyacrylic acid, polyethylene glycol (PEG), polyvinyl alcohol (PVA)

[23]. The most common natural or synthetic organic polymers shells are described in

Table 2.1.

Table 2.1 Some useful polymers to coat nanoparticles for biomedical applications [18].

Polymers

Applications

Polyethylene glycol (PEG)

Improves biocompatibility, blood circulation
time and internalization efficiency

Dextran Enhances circulation time, stabilizes
colloidal solution

Polyvinylpyrrolidone (PVP) Enhances circulation time, stabilizes
colloidal solution

Fatty acids Colloidal stability, functional carboxyl
groups

Polyvinyl alcohol (PVA) Prevents coagulation of monodisperse
particles

Polyacrylic acid Increases stability and biocompatibility,
helps bioadhesion

Polypeptides Useful in cell biology, e.g,. cell targeting

Poly (D,L-lactide) Biocompatible, low toxicity

Poly (N-isopropylacryl-amide) | Thermosensitive drug delivery and cell

(PolyNIPAAM) separation

Chitosan Natural hydrophilic and cationic linear
polymer widely used as non-viral gene
delivery system, biocompatible

Gelatin Natural polymer used as gelling agent,
hydrophilic emulsifier, biocompatible

¢ Dextran

Dextran is a polysaccharide polymer composed exclusively of R-D-glucopyranosyl units

with varying degrees of chain length and branching. Dextran has been often used as a

polymer coating mostly because of its biocompatibility [138]. The formation of
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magnetite in the presence of dextran (M. Wt: 40,000) has been reported [139], dextran
was functionalized with hydroxyl groups to allow for binding of amino groups of
proteins. The same process was used for ferucarbotran and ferumoxytol with in-situ
coating of carboxydextran and carboxymethyl dextran, respectively. An important factor
in the choice of dextran is the favorable size of dextran chains, which enables optimum
polar interactions (mainly chelation and hydrogen bonding) with iron oxide surfaces.
Although single hydrogen bonds are relatively weak, the total bonding energy of
hydrogen bonds over the length of a polysaccharide molecule can be very high because of
the large number of hydroxyl groups per molecule [140]. Bautista et al described dextran
surface modification of pure superparamagnetic iron oxide nanoparticles prepared by

laser pyrolysis and co-precipitation methods [141].

¢ Polyethylene glycol (PEG)

PEG is a hydrophilic, water-soluble, biocompatible polymer. Several investigations have
reported the use of PEG to increase biocompatibility of iron oxide dispersions and blood
circulation times [142-145]. Superparamagnetic iron oxide nanoparticles coated with
polymerized polyethylene glycolylated bilayers were prepared [146]. Kumagai et al
reported a simple route to synthesize PEG-coated iron oxide nanoparticles by hydrolysis
of FeCl;-6H,O in water and the subsequent treatment with poly(ethylene glycol)-
poly(aspartic acid) block copolymer [147]. The PEG-coated nanoparticles revealed

excellent solubility and stability in aqueous solution as well as in physiological saline.

¢ Polyvinyl alcohol (PVA)

PVA is a hydrophilic, biocompatible polymer. PVA coating onto the particle surface

prevents their agglomeration, ideally resulting in monodisperse particles [148, 149]. Lee
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et al modified the surface of magnetite nanoparticles with PVA by precipitation of iron
salts in PVA aqueous solution to form a stable dispersion [150]. Chastellain et al
synthesized PVA coated iron oxide nanoparticles and demonstrated colloidal stability of
the final polymer coated product [151]. The cytotoxicity and uptake of PVA coated iron
oxide nanoparticles by human melanoma cells were determined for various iron/polymer
mass ratios [65]. PVA is an synthetic polymer that can transform into a polymer gel,

which is a type of macromolecular network [152].

e Alginate

Alginate is an electrolytic polysaccharide with several carboxyl groups, the COO™ of the
alginate can interact with iron ions, the resulting electrostatic repulsion can make the
superparamagnetic iron oxide nanoparticles (SPIONs)-alginate system stable. Several
researchers have reported the preparation of iron oxide nanoparticles with alginate [153-
155] : the standard chemical synthesis consists of three steps: (a) gelation of alginate and
ferrous ions, (b) in-situ precipitation of ferrous hydroxide by the alkaline treatment of
alginate and (c) oxidation of ferrous hydroxide with an oxidizing agent (O, or H,0,).
Morales et al described the synthesis of magnetic iron oxide nanoparticles into alginate

beads with controlled size and magnetic properties for drug delivery applications [156].

e Chitosan

Chitosan is an alkaline, nontoxic, hydrophilic, biocompatible and biodegradable polymer.
The synthesis of magnetic nanoparticles encapsulated in chitosan is of great interest [157,
158]. Kim et al synthesized superparamagnetic iron oxide nanoparticles (SPIONs) by a
sonochemical method and dispersed them in chitosan with oleic acid as a surfactant [159].

Microspheres composed of SPIONs and chitosan were reported as a novel MRI detectable
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embolic material [160], the SPION-chitosan microspheres showed a strong enhancement
of MRI contrast.

Other different polymers that have been used for coating of magnetic nanoparticles
include poly-L-lactic acid (PLA) [161], polymethacrylic acid [162], polyvinylpyrrolidone

(PVP) [163] and polyacrylic acid (PAA) [164].

2.3 Synthesis of magnetic nanoparticles

Numerous chemical methods such as co-precipitation, microemulsion, sol-gel method,
polyol method, hydrolysis and thermolysis of precursors can be used to synthesize
magnetic nanoparticles for biomedical applications. The synthesis of superparamagnetic
nanoparticles is a complex process because of their colloidal nature. The main chemical
challenge consists of defining experimental conditions, leading to formation of
monodisperse magnetic grains of suitable size. Another critical point is to select a
reproducible process that can be industrialized without any complex purification
procedures such as ultra-centrifugation, size exclusion chromatography, magnetic
filtration or flow field gradient. Some common methods to prepare particles with

homogeneous composition and narrow size distribution are discussed below.

2.3.1 Precipitation from solution

There are many different synthesis methods for magnetic nanoparticles of uniform size
and shape. For drug delivery applications, it is generally desired to synthesize magnetic
nanoparticles having a narrow size distribution. The most common approach is solution
chemistry, wet chemical routes are considered simpler, more tractable, and more efficient,
with appreciable control over size and composition of the nanoparticles compared to

physical methods such as gas phase deposition or electron beam lithography.
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Uniform particles are usually prepared via homogeneous precipitation reactions [165].
Figure 2.3 shows a schematic diagram of the different mechanisms proposed to explain
the formation of uniform particles. In homogeneous precipitation, first a single burst of
nucleation occurs when the concentration of constituent species reaches critical
supersaturation. These nuclei formed are allowed to grow uniformly by diffusion of
solutes from the solution. To achieve monodispersity, these two stages must be separated
and nucleation should be avoided during the period of growth. This is the classical model
proposed by LaMer and Dinegar [166] to explain the mechanism of formation of sulfur
colloids (curve I of Fig. 2.3). However, uniform particles have been obtained after
multiple nucleation events via a self-sharpening growth process (Ostwald ripening, curve
III of Fig. 2.3) [167]. In addition, uniform particles have also been obtained as a result of
aggregation of much smaller subunits rather than continuous growth by diffusion (curve
IT of Fig. 2.3) [168-170]. An artificial separation between nucleation and growth
processes may be achieved by seeding, in which foreign particles are introduced into the

solution of monomers below the critical supersaturation [165].
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Figure 2.3 Mechanism of formation of uniform particles in solution: curve I: single

nucleation and uniform growth by diffusion (classical model of LaMer and Dinegar);
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curve II: nucleation, growth and aggregation of smaller subunits; curve III: multiple

nucleation events and Ostwald ripening growth [171].

The most important solution based synthesis methods to prepare magnetic nanomaterials
include co-precipitation, reverse micelle, polyol process and decomposition of organic

precursors.

Coprecipitation: Spherical iron oxide particles with narrow size distribution can be

2 3
synthesized by the co-precipitation of Fe : and Fe : aqueous salt solutions by adding a

base [172]. The control of size, shape and composition of particles depends on the type of

2+ 3+
salts used (chlorides, sulphates, nitrates, etc.), Fe and Fe ratio, temperature, reaction
time, pH, and ionic strength (electrolyte concentration) of the media [173]. The

conventional reaction for the preparation of magnetite can be written as follows:
Fe™ (aq.) + 2Fe’ (aq.) + 80OH (aq.)—» Fe30;4 (s) + 4H,0 (1) [18]

Complete precipitation of magnetite between pH 9 and 14 is expected if the molar ratio of
Fe™ : Fe** is 1 : 2. The reaction should be carried out in a non-oxidizing environment to
avoid the oxidation of Fe3;O4 to Fe;Os;. The nanoparticles are generally coated with
organic or inorganic molecules during the precipitation process to prevent oxidation and
agglomeration. For example, dextran can be coated by shaking the aqueous suspension of
the magnetic nanoparticles in 1% dextran for a few hours [174]. The synthesis of
nanosized iron oxide in the presence of dextran renders the magnetic nanoparticles

biocompatible and makes this method especially appropriate for in-vivo applications.

Reverse micelle: Micelle formation is a phenomenon of surfactant chemistry. Surfactants

have a hydrophilic head and a long hydrophobic tail [175]. Reverse micelle solutions are
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clear, isotropic liquid mixtures of oil, water and surfactants, which are rendered
thermodynamically stable by the presence of a surfactant. In this system, surfactant
molecules are dispersed in a continuous oil phase and microdroplets of aqueous phase are
trapped within assemblies of surfactants. The surfactant stabilized microcavities (10 nm)
provide a confinement effect, which limits particle nucleation, growth, and agglomeration
[176]. This technique is a versatile and simple method to prepare nanosized particles,
which are useful for both in-vivo and in-vitro applications [177-182]. Magnetic particles
with average sizes of 4-12 nm were synthesized using microemulsions of ferrous dodecyl
sulphate, the particle size could be controlled by the surfactant concentration and
temperature [183]. Ultrafine magnetite nanoparticles (4 nm) were prepared by the
reaction of aqueous FeCl, and FeCls solutions with ammonium hydroxide within reverse
micelle nanocavities using AOT as surfactant and heptane as the oil phase [184].
Carpenter et al [185] prepared metallic iron particles coated with a thin layer of gold by
the reverse micelle reaction using cetyltrimethylammonium bromide (CTAB) as the
surfactant, octane as the oil phase, and aqueous reactants of iron salts and sodium
borohydride. The sequential synthesis by reverse micelles is utilized to prepare an iron
core by the reduction of ferrous sulphate with sodium borohydride, the shell layer is then
formed using an aqueous hydrogen tetrachloroaurate solution in the presence of excess

sodium borohydride. The particle size can be controlled by the micelle size.

Polyols: Liquid polyol is used as a solvent of metallic precursor, reducing agent and in
some cases as a complexing agent for the metallic cations [165]. The reaction involves
reducing metallic salts directly to metals by a polyol. The solution of metal precursors in
polyol is stirred and heated at a fixed temperature. Metal particles with well-defined
shape and size can be obtained by controlling the precipitation kinetics. This method was

first employed to synthesize noble metals such as Ru, Pd, Pt, Au, and other metals such as
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Co, Ni or Cu [186, 187]. Iron particles (100 nm) can be prepared by the
disproportionation reaction of ferrous hydroxide in organic media [187]. FeCl, and NaOH
react in ethylene glycol (EG) or polyethylene glycol (PEG), the precipitation occurs at
temperature of 80-100°C. Iron alloys can also be prepared by co-precipitation of Fe, Ni,

and/or Co in EG and PEG [188, 189].

High-temperature decomposition of organic precursors: The decomposition of iron
precursors at high temperatures results in magnetic iron oxide nanoparticles with a narrow
size distribution and crystallinity, e.g., Alivisatos et al synthesized nanocrystals (4-10 nm)
of maghemite by adding solutions of FeCups (Cup: N-nitrosophenylhydroxylamine) in
octylamine into long chain amines at 250-300°C [190]. Hyeon et al synthesized
monodisperse maghemite nanoparticles (13 nm) by addition of Fe(CO)s to a mixed
solution of surfactant and oxidant (trimethylamine oxide) [191]. Sun et al prepared
monodispersed magnetite nanoparticles (3-20 nm) by high-temperature (265°C)
decomposition of iron (III) acetylacetonate in phenyl ether in the presence of alcohol,

oleic acid, and oleylamine [192].

Other solution techniques: Ferritin consists of a central core of hydrated iron (III) oxide
encapsulated with a protein shell [193]. Mann et al reported the synthesis of
magnetite/maghemite nanoparticles (6-7 nm) by oxidation of ferritin with
trimethylamino-N-oxide [194]. Another method is the use of dendrimers as templating
hosts for the production of iron ferrite nanoparticles [195]. Carboxylated polyamidoamine
PAMAM dendrimers (generation 4.5) were utilized for the synthesis and stabilization of
ferrimagnetic iron oxide nanoparticles. Other solution techniques for the preparation of
magnetite and maghemite nanoparticles include sonochemical-assisted synthesis [196-

198] and electrochemical methods [199].
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2.3.2 Chemical vapour condensation (CVC)

Spray pyrolysis and laser pyrolysis have been employed to synthesize large quantities of

homogeneous magnetic nanoparticles. These methods allow for continuous operation.

Spray pyrolysis: In spray pyrolysis, a metal precursor solution is fed into a rotating
furnace through a nozzle. The solvent evaporates and the metal precursor decomposes to
metal oxide powders [200]. This method is useful to prepare uniformly dispersed particles
with well-defined shape and size. It was reported that Fe®* is partially reduced to a
mixture of Fe** and Fe’* in the presence of organic reducing agents resulting in the

formation of magnetite, which is oxidized to maghemite. [201].

Laser pyrolysis: In this process, a carbon dioxide laser is used to heat up a mixture of
gases, which initiates the chemical reaction. Pure, crystalline y-Fe,Os; nanoparticles (5
nm) with narrow size distribution have been prepared using Fe(CO)s (iron pentacarbonyl)
as a precursor together with ethylene [202]. As Fe(CO)s does not absorb the laser
radiation, ethylene is used to absorb the radiation and heat the iron pentacarbonyl, which

is decomposed to iron oxide.

2.4  Magnetic composites

Magnetic composites consisting of superparamagnetic nanoparticles dispersed in
diamagnetic matrices are used for in-vivo applications. The diamagnetic matrices provide
functionality and biocompatibility. The synthesis procedures of superparamagnetic

composites are as follows:
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2.4.1 Magnetic nanoparticles encapsulated in polymer matrices

Encapsulation of magnetic particles in polymers results in enhanced compatibility with
biological entities compared to bare particles [203]. The coating also reduces
susceptibility to leaching and protects particle surfaces from oxidation. Therefore,

encapsulation improves dispersibility, chemical stability and reduced toxicity [204].

Polymer coated magnetite nanoparticles were synthesized by seed precipitation
polymerization of methacrylic acid and hydroxyethyl methacrylate in the presence of the
magnetite nanoparticles [205]. Sometimes cross-linking of polymers is used to
encapsulate magnetic nanoparticles. When magnetite is dispersed in aqueous albumin
[206], or chitosan [207], or PVA [208], and a cross-linker is added, a polydispersed
magnetic latex (0.3 microns) with 24 wt% magnetite content is formed [206]. Reverse
emulsion polymerization technique can also be used for the preparation of
superparamagnetic latex [209]. In this process, a ‘double-hydrophilic’ diblock copolymer
is used to precipitate magnetic iron oxide. This diblock copolymer sterically stabilizes
superparamagnetic iron oxide. An inverse emulsion, comprising of magnetic particles and
monomer in decane with a little concentration of diblock copolymer, is ultrasonicated and
magnetic latex is formed after subsequent polymerization. Superparamagnetic magnetite
core and polymeric shell in a inverse microemulsion was synthesized by Chu et al [210].
The copolymerization of methacrylic acid, hydroxyethyl methacrylate and cross-linker in
microemulsion resulted a stable hydrophilic polymeric shell around the magnetic
nanoparticles. The particle size is governed by the monomer concentration and

water/surfactant ratio.
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2.4.2 Magnetic nanoparticles encapsulated in inorganic matrices

Superparamagnetic composites in inorganic matrices, e.g., silica as dispersion media,
have been reported [181, 211, 212]. The advantage of using silica is that the presence of
surface silanol groups reacts with alcohols and silane coupling agents to produce
dispersions that are stable in non-aqueous solvents [213]. In addition, the silica surface

provides stability in suspensions even with a high volume fraction of particles [214].

Silica coated y-Fe,O3 hollow spherical particles (150 nm) were synthesized by the aerosol
pyrolysis of methanol solutions containing iron ammonium citrate and tetraethoxysilane
(TEOS) [215]. Rapid evaporation of methanol favours the surface precipitation of iron
oxide [200]. The low solubility of iron ammonium citrate in methanol compared to TEOS
promotes the initial precipitation of the iron salt solid shell. The continuous shrinkage of
this iron salt solid shell facilitates enrichment of the silicon oxide precursor (TEOS) at the
surface. The thermal decomposition of the precursor results in the formation of silica
coated y-Fe,Os hollow spheres. The reverse micelle method has also been used for the
synthesis of silica coated iron oxide nanoparticles [216]. Non-ionic surfactants (Triton X-
100, Igepal CO-520 and Brij-97) were used to form microemulsions in which
superparamagnetic iron oxide nanoparticles were formed by the co-precipitation reaction

of ferrous and ferric ions with inorganic bases (NaOH or NH4OH).

2.5 Innovative aspects of the current work

From the literature survey, it is evident that the potential application of magnetic
nanoparticles in cancer therapy is enormous. Although there is a significant progress in
the development of different magnetic drug carrier systems, so far studies of the

conditions under which magnetic targeting is feasible have been mostly empirical. Hence,
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the current work was undertaken with the aim of synthesis, characterization and property

evaluation of MCP with an experimental and modelling study of the efficacy with which

these particles can be retained in the tumor.

1.

Most of the prior work on gold coated iron (Fe@ Au) nanoparticles mainly focused on
structural, optical, photothermal and magnetic properties, no drug loading and release
studies were conducted. In this work, the anti-cancer drug DOX was attached to
Fe @ Au nanoparticles. The binding of DOX with the gold coating was studied, which
was due to the interaction of amine (—NH;) group of DOX with the Au shell. DOX
loading and release profiles of Fe@ Au nanoparticles were also studied. Up to 94% of
DOX was loaded and 25% of adsorbed DOX was released.

Previous work on gold coated magnetic nanoparticles was focused on the
thermotherapy application due to photothermal effect of gold [217-219]. However,
their magnetic drug targeting application was not studied. The current work addressed
this topic, for the first time the in-vitro targeting of Fe@ Au nanoparticles at flow rates
of the fluid comparable to that encountered in the capillary bed of tumor was studied
in this work, 86% of Fe@ Au nanoparticles was captured at a field gradient of 25 T m’
"and flow rate of 1 mms™.

Prior work on PVA coated iron oxide nanoparticles was concentrated mostly on
synthesis, characterization and functionalization studies [150, 151, 220]. Combined
drug loading, drug release and in-vitro drug targeting of this system was not studied.
The current work investigated the drug loading and release of DOX for different PVA
coated iron oxide nanoparticles as well as in-vitro experimental targeting of this
carrier system to study its feasibility to be used in magnetically targeted drug delivery.

A maximum of 45% of adsorbed drug was released from PVA-IO nanoparticles and
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90% of these MCP were captured at a field gradient of 25 T m™ and flow rate of 1 mm

-1
S .

. There is insufficient work on combined modelling and experimental magnetic drug

targeting [20, 22, 38]. The capture of MCP inside the blood vessel was modelled,
which showed that Fe;04, Fe@ Au, PVA-IO of 100 nm size can be targeted to breast
tumors and other skin tumors located in the hand, leg and neck by a typical permanent
magnet. In order to target tumors situated deep inside the body, MCP with higher
saturation magnetization, such as Fe and FeCo, or an external magnet with higher
magnetic field gradient (100 T m™) must be chosen. MCP deposition inside the blood
vessel was also studied by simulating a time dependent CFD model, which showed
that for a given magnetic field strength and vessel diameter, efficient MCP deposition
was possible only for a certain window of flow rate. The simulations also showed that
the ferrofluid creeps along the bottom wall under the influence of magnetic field,
which can cause friction to the attached drug; therefore, drug injection should be as

close as possible to the tumor site.
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Chapter 3

Experimental Procedures and Model Development

This chapter describes the experimental procedures for the synthesis, characterization,
property evaluation of uncoated as well as gold coated iron (Fe@Au) and PVA coated
iron oxide (PVA-IO) MCP used in the current work. In-vitro drug loading, drug release
and magnetic drug targeting procedures are also described. A model is presented to

predict the transport and capture of MCP by an external magnet.
3.1 Synthesis of gold coated iron (Fe@Au) MCP

Fe @ Au nanoparticles were synthesized by the reverse micelle technique. Reagents used
for the synthesis of Fe@Au nanoparticles were cetyltrimethylammonium bromide
(CTAB) (C9HgBrN, Acros Organics), iron (II) sulphate heptahydrate (FeSO4.7H,0,
Fischer Chemicals), hydrogen tetrachloroaurate (HAuCly), sodium borohydride (NaBH,,
Fluka Chemical), octane (CgH;g, Aldrich) and n-butanol (C;H;yO, Aldrich). In this
reaction, CTAB was used as surfactant, n-butanol as co-surfactant and octane as oil

phase.

The synthesis reaction was performed in an oxygen free glove box in two steps, in each
step predetermined amount of aqueous reactants were mixed with CTAB, n-butanol and
octane to form the reverse micelle solution. The procedure and the quantity of

components used for the synthesis are schematically presented in Fig. 3.1.
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Figure 3.1 Schematic diagram showing a typical procedure for formation of Fe@ Au
MCP by the reverse micelle technique. FeSO4 and HAuCly are reduced by NaBH4, CTAB

is surfactant, 1-butanol is co-surfactant and octane is oil phase.
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In a typical experiment, 0.333 g FeSO, was dissolved in 2.4 ml deionised water in a
beaker and 6 g CTAB, 5 g 1-butanol and 15 g octane were added to it. In another beaker,
0.9 g NaBH,4 was dissolved in 2.4 ml water and mixed with 6 g CTAB, 5 g 1-butanol and
15 g octane. Micellar solutions containing FeSO4 and NaBH, were mixed together under
stirring, color change from pale green to black was observed. NaBH4 reduces FeSO4
resulting in the formation of iron core. Once the iron nanoparticles formed, a micellar
solution containing 0.0245 (M) HAuCly (aq), 3 g CTAB, 2.5 g 1-butanol and 15 g octane
was added followed by the addition of a micellar solution of NaBH, (aq). Au (II) is
reduced to Au (0) by NaBH,4 and gold forms a coating on the outer surface of the iron
particles [74]. The volume of HAuCl, was varied to alter the thickness of gold coating.
The synthesized nanoparticles were washed with 1:1 methanol/water mixture and dried
under vacuum and stored, the resulting powder was black. Following the above synthesis
procedure, three sample sets were prepared by varying the concentration of gold (Table
3.1). Increasing the gold concentration beyond the range studied in this work resulted in

very low saturation magnetization (M), hence they were not examined further.

Table 3.1 Summary of sample sets synthesized by the reverse micelle technique.

Sample set S-1 S-2 S-3

mmol of Au/ mmol of Fe 0 0.102 0.204

3.2 Synthesis of PVA coated iron oxide (PVA-10) MCP

PVA-IO nanoparticles were synthesized by co-precipitation of iron oxide at high pH,

followed by coating with PVA solution. Chemicals used for the synthesis of PVA-IO
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nanoparticles were ferrous chloride tetrahydrate (FeCl,.4H,0, Aldrich), ferric chloride
hexahydrate (FeCl;.6H,0, Aldrich), sodium hydroxide (NaOH, Merck Inc.) and polyvinyl
alcohol (PVA, Fluka) with average molecular weight of 31000-50000 (99% degree of
hydrolysis). A mixed solution of ferrous and ferric ions (molar ratio 1:2) was prepared by
dissolving 0.15 mol FeCl,.4H,0 and 0.3 mol FeCl5.6H,O in 30 mL water. Black iron
oxide was precipitated by adding mixed solution of ferrous and ferric ions drop by drop to
100 mL of 0.4 M NaOH solution (pH=13) while stirring at 600 rpm with an impeller and
purging with Nj. The mixture was continuously purged by N, for 20 minutes. Precipitates
were separated from the supernatant liquid by centrifugation. The precipitates were
washed with deionized water (purged with N;) by ultrasonication and then separated by

centrifugation at 5000 rpm.

For coating of iron oxide nanoparticles, aqueous PVA solutions were prepared by
dissolving dry PVA powder in deionized water at 55°C. Iron oxide nanoparticles were
added and mixed with PVA solution by stirring with an impeller for 12 hours. PVA-IO
were separated by the use of a permanent magnet and dried in a vacuum oven for
characterization. Following the above synthesis procedure, 5 sets of samples were

prepared by varying the concentration of PVA (Table 3.2).

Table 3.2 Summary of sample sets synthesized by the co-precipitation technique.

Sample set S-4 |S-5 |S-6 |[S-7 |S-8

PVA concentration (wt%) | O 0.5 1 2 5
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3.3 Characterization and in-vitro tests

The synthesized Fe@ Au and PVA-IO nanoparticles were characterized by transmission
electron microscopy (TEM), X-ray diffraction (XRD), vibrating sample magnetometry
(VSM), dynamic light scattering (DLS), X-ray photoelectron spectroscopy (XPS),
thermal gravimetric analysis (TGA) and Fourier transform infrared (FTIR) spectroscopy.

In-vitro targeting of these MCP, their drug loading and release studies were carried out.

3.3.1 Transmission electron microscopy

The size and morphological characterization of individual nanoparticles were performed
using a JEOL 2010 transmission electron microscope (TEM) operating at 200 kV. TEM
samples were prepared by dispersing nanoparticles in acetone for 30 min by ultrasonic
vibration. The dilute suspension was dropped on a carbon coated copper grid and dried in

vacuum.

3.3.2 X-ray diffraction

X-ray diffraction (XRD) measurements were performed on dry powder using a Shimadzu
XRD-6000 X-ray diffractometer with Cu-K, radiation (wavelength = 0.154 nm). The
powder was packed in a glass sample holder and the XRD patterns were collected in the
20 range of 10° to 90° with a step size of 0.02°. Phase identification was carried out by
matching peak positions and relative intensities to reference JCPDS files. The Rietveld

refinement of the XRD pattern was conducted using TOPAS (version 4.1) software.
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3.3.3 Magnetic measurements

A LakeShore 7404 vibrating sample magnetometer was used to measure the magnetic
properties of the synthesized nanoparticles at room temperature in an applied magnetic

field range of O to 10 kOe.

3.3.4 Dynamic light scattering

Dynamic light scattering was used to measure the hydrodynamic diameters of aggregates
of magnetic nanoparticles in PBS. Dilute suspensions (< 0.2 mg.ml"') were taken in
quartz cuvettes and investigated using a Malvern Instruments Zetasizer Nano DLS unit.

The samples were equilibrated for 5 min before each measurement.

3.3.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectra were recorded using the Kratos Ultra system with a
monochromatic Al Ka X-ray source operating at 15 kV and 10 mA. The sampling area on
the specimen was typically about 700 um by 400 pm. A step-scan interval of 1 eV was
used for wide scans, and 0.1 eV for high-resolution scans with acquisition times of 60 sec

for both resolutions.

3.3.6 Thermo gravimetric analysis

Thermo gravimetric analysis was performed to determine the polymer content of PVA-
IO nanoparticles. Powder sample was placed in a ceramic pan, heated to 600°C at a ramp
rate of 10°C min™' under oxygen flow in TGA Q500 thermo gravimetric analyzer. The

weight loss was measured as a function of temperature.
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3.3.7 Fourier transform infrared spectra

Fourier transform infrared (FTIR) spectra were recorded by a Nicolet Magna-IR 550
spectrometer in the region of 4000-400 cm™ with 4 cm™ resolution. FTIR samples were

prepared by mixing and grinding nanoparticles with KBr powder followed by pelletizing.

3.3.8 Doxorubicin (DOX) drug loading and release

The water-soluble anti-cancer drug DOX was chosen as a model drug for drug loading
and release study. The DOX loading was carried out by dispersing 5 mg of Fe@Au /
PV A-IO nanoparticles in 5 mL aqueous DOX solution (drug concentration = 0.1 mg/mL)
following the experimental procedure described by Kuznetsov et al [221]. The suspension
of coated magnetic nanoparticles in DOX solution was shaken in a rotary shaker (200
rpm) for 26 h to facilitate DOX uptake. At different time intervals, the magnetic
nanoparticles were removed from DOX solution using a permanent magnet and the
optical density of particle free DOX solution was measured at 498 nm by a UV-vis
spectrophotometer [222]. After the measurements, magnetic nanoparticles were
redispersed for further DOX loading. Beyond a certain time, there was no concentration
change of DOX in the solution since the loading capacity of the particles had reached the
saturation. The drug loading capacity was determined as the difference between the initial
DOX concentration and the DOX concentration left in the supernatant. The drug loaded
magnetic nanoparticles were then magnetically separated and dried in the vacuum oven.
The drug release test was performed by dispersing the dried drug loaded nanoparticles in
5 mL PBS buffer at 37°C. The released concentration of DOX was measured at fixed time

intervals by UV-vis spectrophotometry at 498 nm.
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3.3.9 In-vitro targeting of MCP

In-vitro tests for targeting of MCP were conducted to determine the retention of MCP
under various flow rates of fluid with different magnetic field gradients. An in-vitro

apparatus (Fig. 3.2) simulating the human circulatory system was constructed.

-

I B
Figure 3.2 Schematic of an in-vitro experiment simulating the human circulatory system;
A: intake beaker, B: vibrating plate, C: pump, D: syringe, E: silicone tube, F: permanent

magnet, H: outlet beaker, G: region of targeting.

PBS buffer (simulating blood) in beaker (A) was pumped through a tube (E) of inner
diameter of 1 mm into a beaker (H) by a pump (C). The flow rate of fluid can be changed
by adjusting the pump. The ferrofluid containing suspension of MCP (0.33 mg cc™' ) was
injected at the intake (D). A permanent magnet (F) was placed near the target region (G)
and the magnetic field was varied by adjusting the vertical position of the magnet from
the tube. The mass of particles deposited was determined from the difference between

initial mass of the particles and the mass of the particles collected after each experiment.
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The percentage retention of MCP was measured by the ratio of the deposited mass of

MCP relative to the initial mass.

3.4 Model development

The cylindrical tube employed in the in-vitro experiments is assumed to be a two-
dimensional (2-D) rectangular channel (Fig. 3.3). In this figure, x- and y- denote the

horizontal and vertical coordinates. The magnet is placed midway along the x-axis.

Y N\ N
7 ~ L~ 5 “'“
2R

T 3\ ______________________

outlet

inlet
=
=

Figure 3.3 The 2-D rectangular channel mimicking a cylindrical tube and frame of

reference for analysis.

There are several forces acting on a particle in a streaming fluid:
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¢ Hydrodynamic force (Ff ): This force is generated by the pressure difference due

to the heartbeat. This force creates a velocity field and defines the flow speed of
the carriers in fluid.

® Magnetic force (F,,,, ): This force is due to an external magnetic field, which

ag
accelerates MCP perpendicular to the flow direction.

e [Inertia forces: Normally the inertia forces are several orders of magnitude smaller
than the accelerating force and hence neglected.

e Gravitational and buoyancy forces: These forces are negligible for monodisperse

suspensions with a particle diameter smaller than 1 pum.

Therefore, the transport of MCP is predicted by balancing the dominant magnetic and

fluidic forces as [97],

Fle +F7 =0 @3.1)

mag

The magnetic force acting on a particle is determined from the following expression

[103]:
Fpug =VM VB =0.540VVH? 3.2)

Here, 1 is the magnetic permeability of free space, V is the volume of MCP, y is the

magnetic susceptibility of MCP, H and B are the magnetic field strength and gradient of

the magnet.

The fluidic force is predicted using Stokes’ approximation for the drag on a sphere in a

laminar flow field [223]
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Fr=—6mR,(v,-vy) (3.3)
Here, Rp is the hydrodynamic size of MCP, v p is the velocity of MCP, 77 and v f are
the viscosity and flow rate of fluid, respectively.

3.4.1 Magnetic field

The magnetic field strength can be decomposed into components as,

H(x,y):Hx(x,y)§+Hy(x,y)y 3.4

The analytical expressions obtained for the x- and y-component of the magnetic field

strength for rectangular magnet can be expressed as follows [224]:

H, (x,y) My, (x+w)2+(y+d+R)2 | (x—w)2+(y+d+R)2

x,y)= n — In

! an (x+w)2+(y+d+R+2h)2 (x—w)2+(y+d+R+2h)2
3.5

2h 2h(x—
Hy(x,y)Z% tan”! 5 () 5 —tan”! 5 (x=w) 5
2z (x+w) +(y+d+R+h)" —h? (x=w)" +(y+d+R+h)" —h?

(3.6)

Here the width and the height of the rectangular magnet are 2w and height 24,
respectively; d is the distance between the surface of the magnet and the bottom wall of

tube, R is the half-width of the channel (Fig. 3.3).

The analytical expressions for the x- and y-component of the magnetic field strength for a

cylindrical magnet having radius R4 1s expressed as [97]:
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2
o (x ):MsRmag 2(y+d+Rmag+R)x 3.7)
X ’y 2 ) ) 2 .
[(y+d+Rmag+R) tx J
2 2_.2
H (x y):MSRmag (y+d+R 0 +R)" —x (3.8)
y\ 3 .
2 [(y+d+Rmag+R)2+x2J
3.4.2 Flow velocity

The nature of the flow, whether laminar or turbulent, is determined by Reynolds number
(Re); Re = viDp/n, where D is the diameter of the vessel, p and n are the density and
viscosity of the fluid, respectively. For a dilute particle suspension (0.33 mg/cc) in a fluid
and a given vessel diameter, this Reynolds number is dependent on flow rate of fluid. In
the flow regime (up to 40 mm/s) studied in this work, the Reynolds number is 33 (i.e. Re
< 1100). Therefore, the flow was assumed to be fully developed laminar flow. Based on

these assumptions, the fluid velocity is given by
— 2
v =2 (1—(x/R) ) (3.9)

where V is the average velocity of fluid and R is the radius of the vessel.

The fluidic force components are

Fp =—=6mnR,v, (3.10)
and
Fp, =—6m7vay 3.11)
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The viscosity of blood plasma (7= 1.2x 10~ N.s.m™ ) was used in Eqns. 3.10 and 3.11

[225].
3.4.3 Equation of motion

The equation of motion of MCP in the vessel can be written by balancing the magnetic

and fluidic forces in component form as,

F

magx :fo and Fmagy =ny (312)

From Eqns. 3.5 and 3.6 we obtain,

[ (x+w)2+(y+d+R)2 J
In ( )2

x+w)2+(y+d+R+2h

(x—w)2+(y+d+R+2h)2

41 2 2
ln{ (x=w)>+(y+d+R) J .

1 2h(x+w)
tan 3 ) )
oM (x+w) " +(y+d+R+h)" —h
B, (x,y)=
y( d 27 2h(x—w)
(x=w) +(y+d+R+h)" —h?

From Eqns. 3.13 and 3.14 we get,

0B (x,y) _ HoM ¢
ox 471:\/0.25[1n(a)—1n(b)]2+[tan_l(c)—tan_l(d)}z (3.15)

x[(ln(a)—ln(b))(e— f~g+4)+4(tan"! (¢)~tan™" (d))(m—n)}
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9B(x,y) HoM

% 4n\/0.25[1n(a)—1n(b)J2+[tan_l(c)—tan_l(d)}z (3.16)

x| (1n(@)~1n@)(i= j~k-+1) + 8{tan " (c) =tan ™" (d)) (0 )|

where,
x+w2+ y+d+R2 x—w2+ y+d+R2
a= b=
(x+w)2+(y+d+R+2h)2 (x—w)2+(y+d+R+2h)2
2h(x+w) J 2h(x—w)
c: 9 = 9
(x+w)2+(y+d+R+h)2—h2 (x—w)2+(y+d+R+h)2—h2
(x+w) f (x+w)
e = s = s
(x+w)*+(y+d+R)* (x+w) +(y+d+R+2h)*
o= (x—w) .- (x—w)
(x=w)>+(y+d +R)* (x=w)*+(y+d +R+2h)
_ (y+d+R) , (y+d+R)
1= N ]: )
(x+w)’ +(y+d+R)’ (x=w)* +(y+d +R)
. (y+d+R+2h) . (y+d+R+2h)
(x+w)2+(y+d+R+2h)2 ’ (x—w)2+(y+d+R+2h)2 ’
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h((y+d+R+h)2—(x+w)2—h2)

m=
2 b
((x+w)2+(y+d+R+h)2—h2) +4h? (x+w)?
W(v+d+ R+ = (x-w) -0

n= 3 ,

((x—w)2+(y+d+R+h)2—h2) +4h2 (x—w)?

h(y+d+R+h)(x—w)
0=
2 b
((x—w)2+(y+d+R+h)2—h2) +4h2 (x—w)?
h(y+d+R+h)(x+w

p= (y )( 2) ’ (3.17)

((x+w)2+(y+d+R+h)2—h2) +4h? (x+w)?
The magnetic force can be decomposed into components as,
Fmag(x’y):Fmagx(x’y);("'Fmagy(x’y)g' (3.18)
where,

oB oB
Fmagx:VMpa and FmagszMpa—y (3.19)
Combining Eqgns. 3.10, 3.11, 3.12 and 3.19 we get,
2M ,R?

dr _ 2%y 9B (3.20)
dt on dy
and
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2M ,R?
ﬂ=#a—B+ZV(1—(x/R)2) (3.21)
dt on ox
Eqns. 3.20 and 3.21 are solved numerically to predict the trajectory (x(t), y(t)) of the

MCP.
3.5 CFD simulations

In the CFD simulations, the liquid is assumed to be Newtonian and incompressible, PBS
buffer (a water based chloride, phosphate salt solution of Na and K) shows characteristics
similar to water at room temperature and atmospheric pressure. Gravity is neglected
owing to the small dimensions of nanoparticles and the overwhelming effect of the
externally applied magnetic field. Low flow rate ensures Reynolds number in the laminar
regime for the experiments and simulations. Thus the following Navier-Stokes equations
of motion with the equation of continuity can describe the motion of the PBS buffer

flowing inside the channel (Fig. 3.3):

Vev=0, (3.22)
ov 1 2

—+vVveVv=——Vp+VvW*v+F (3.23)
ot P

Here v,p, 7, p, v(: n/ ,0) and F denote the velocity vector, pressure, viscosity, density,

kinematic viscosity and the external body force due to the applied magnetic field,
respectively. The continuum approximation was assumed as sparse suspension of MCP
can undergo continuous motion within the length and time scales of the flow. Therefore,
the ferrofluid with MCP suspension can be modelled employing a multiple species

balance equation across the control volume:
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%(pY)+V.(vap)=V.[DV(pY)] (3.24)

Here Y, v P and D are the mass fraction of MCP in ferrofluid, velocity of MCP and

mass diffusivity, respectively. The equations of motion, the continuity equation and the
species balance equation were solved employing the software ANSYS FLUENT ™. Mass

and volume weighted mixing law was employed to calculate 7 and p of the mixture, a
dilute-approximation with constant diffusion coefficient was employed for mass

diffusivity constant (D). The velocity of MCP (v,,,,) due to magnetic field was

obtained by balancing hydrodynamic drag forces and magnetic forces

as Vyqg =Kyq /07IR,,, where R, is the size of MCP. The total velocity v, of MCP in

the species balance (Eqn. 3.24) is Vy=V+ Vi, [103].

3.5.1 Boundary conditions

The walls in the geometries are considered to be no-slip and impermeable:

ve=vy =0 (3.25)
P _ (3.26)
0z

In the velocity inlet boundary condition, ANSYS FLUENT uses the velocity and scalar
quantities to compute inlet mass flow rate. The mass flow rate entering a fluid cell

adjacent to a velocity inlet boundary is computed as,

m:jpv-dA. (3.27)
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The inlet flow was modelled as a fully developed parabolic profile

[vx = 2\7(1—(x/ R)2)} where the average velocity (v ) was incorporated from the range

of flow rates used in the experiments (1.5 mm. s to 40 mm. s™). The typical inlet MCP
concentration (0.33 mg cc™) was also obtained from the experiments. At the channel exit,

the ‘pressure outlet’ boundary condition was used in simulations.
3.5.2 Magnetic force field

The magnetic field imposed by the permanent magnet was modelled as a source term to
the momentum equation. In this study, rectangular and cylindrical magnets were
considered to study the influence of the magnet shape on the deposition of MCP. It was

assumed that at any instant the magnetic force per unit volume is F = nFmag where 7 is

the number of MCP present per unit volume of PBS. The magnetic force (F,,,, ) acting

ag

on each particle was calculated from Eqn. 3.2.
3.5.3 Grid generation and solution methodology

In the pre-processing stage the grid was prepared using commercial software GAMBIT.
The equations of motion, continuity equation and the species balance equation together
with the boundary conditions were solved employing the commercial software ANSYS
FLUENT™. Fluent uses a control-volume based technique to convert the governing
equations to algebraic equations, which are again solved numerically in time. This control
volume technique consists of integrating the governing equations about each control
volume, yielding discrete equations that conserve each quantity on a control-volume
basis. The co-located scheme used by ANSYS FLUENT solver stores both pressure and

velocity at cell centers. The default ‘standard’ interpolation scheme was used, which
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interpolates the pressure values at the faces using momentum equation coefficients. The
momentum and species equations were solved employing the ‘first order upwind’
discretization scheme. The unsteady solver was used for time marching over a period
after ensuring a converged solution at each time step. The results obtained are grid

independent.
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Chapter 4

Results and Discussion

This chapter describes the results and discussion of the synthesis, characterization, in-
vitro tests and modelling of MCP targeting. Comparison of the current work to selected

reports from literature is also presented.
4.1 Gold coated iron (Fe @Au) MCP system

Here structural, morphological and magnetic properties of Fe@Au nanoparticles are
presented. The particles were characterized by XRD, TEM, XPS and VSM. DOX loading
and release studies as well as in-vitro targeting of Fe@Au MCP under physiologically

relevant flow speeds of fluid are also presented.
4.1.1 Physical properties

Representative powder X-ray diffraction patterns of reverse micelle synthesized Fe@ Au

nanoparticles are presented in Fig. 4.1.
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Figure 4.1 X-ray diffraction pattern of (a) S-1 (uncoated), (b) S-2 (0.102 mmol gold
coated iron nanoparticles) and (c) S-3 (0.204 mmol gold coated iron nanoparticles). The
uncoated particles are oxidized to iron oxide whereas in gold coated particles, iron peaks

overlap with gold peaks.

The X-ray diffraction pattern of S-1 shows peaks corresponding to the magnetite (FezO.)
phase. As there was no coating of gold in S-1, iron was oxidized to form iron oxide
(Fe30y4). For sample sets S-2 and S-3, peaks corresponding to gold were observed at 20 =
38.1°, 44.4°, 64.6°, 77.6° and 81.8°. In sample sets S-2 and S-3, the peaks of a-iron were
overlapped with the peaks of gold at 20 = 44.4°, 64.6° and 81.8°, consistent with previous
reports [119, 226]. The Rietveld refinement of corresponding powder diffraction pattern
was performed and it was found that 83 atomic % Fe, 17 atomic % Au and 49.5 atomic
% Fe, 50.5 atomic % Au were present in S-2 and S-3, respectively. Figure 4.2 shows the

selected area electron diffraction (SAED) pattern of S-3 obtained from transmission
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electron microscopy. The diffraction rings were indexed and it was observed that gold

200, 220, 222 peaks overlapped with iron 110, 200, 211 peaks (Fig. 4.2).

B e am |
|

Figure 4.2 Selected area electron diffraction (SAED) pattern of S-3 (0.204 mmol gold
coated iron nanoparticles). Gold 200, 220, 222 diffraction peaks overlap with iron 110,

200, 211 peaks.

The EDX spectrum of S-3 generated with an electron nanoprobe (~20 nm in diameter)
revealed both iron and gold peaks (Fig. 4.3). No oxygen peak was found, suggesting that
there was negligible oxidation of iron. The peaks corresponding to carbon and copper

were from the sample holder.
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Figure 4.3 EDX spectrum of S-3 (0.204 mmol gold coated iron nanoparticles). The
absence of oxygen peak indicates that iron is not oxidized when coated with gold. The

peaks of carbon and copper arise from the sample holder.

X-ray photoelectron spectroscopy (XPS) was used to study the surface composition of
Fe @ Au nanoparticles. Figure 4.4 shows the XPS spectra and peak fit of (a) Fe 2p and (b)
Au 4f regions of Fe@ Au nanoparticles (S-2 and S-3). The position of Fe 2p;, line at

723.2 eV and that of Fe 2ps, line at 710 eV (Figure 4.4.a) corresponded to
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Figure 4.4 XPS spectra and peak fit of the (a) Fe 2p and (b) Au 4f regions of (i) S-2
(0.102 mmol gold coated iron nanoparticles) and (ii) S-3 (0.204 mmol gold coated iron

nanoparticles). The detection of Fe with Au coating in XPS spectra suggests that Au

coating is thin.
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the Fe (0) state [227] in both the gold coated samples. Analysis of XPS spectra revealed
that the surface elemental atomic ratio of gold to iron increased from S-2 to S-3 with
increasing gold concentration. The detection of Fe with Au coating in XPS spectra

suggests that the gold coating thickness is less than 5 nm [228].

The size and morphology of individual particles were observed in the TEM micrographs
(Fig. 4.5). It was observed that the particles were equiaxed for both coated and uncoated
samples. The average size of uncoated particles was 10 nm (SD 1), gold coated iron
nanoparticles particles had an average size of 15 nm (SD 5). The corresponding size

distribution of S-1 and S-3 are shown in Fig. 4.5 ¢ and Fig. 4.5 d, respectively.
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Figure 4.5 TEM micrographs of (a) S-1 (uncoated) and (b) S-3 (0.204 mmol gold coated
iron nanoparticles). The corresponding size distribution of (c) S-1 (uncoated) and (d) S-3

(0.204 mmol gold coated iron nanoparticles).
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The colloidal stability of Fe@Au nanoparticles in PBS (pH=7.4) was monitored by
dynamic light scattering (DLS) method. PBS represents the typical pH of physiological
medium and is a very common biological buffer. Particle size determined by DLS
provides the size of aggregates in suspension which is larger than the individual particle
size. Figure 4.6 shows the average hydrodynamic diameter of uncoated and Fe@ Au
nanoparticles as a function of time. The flocculation of uncoated iron nanoparticles
occurred within 1 h, whereas Fe @ Au nanoparticles were relatively stable up to 4 h, after

which flocculation resulted in large aggregates by 6 h.
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Figure 4.6 Average hydrodynamic diameter of S-1 (uncoated), S-2 (0.102 mmol gold
coated iron nanoparticles) and S-3 (0.204 mmol gold coated iron nanoparticles) in PBS.
Uncoated iron nanoparticles flocculate within 1 h, whereas Fe@ Au nanoparticles are

relatively stable up to 4 h.
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Representative plots of magnetization versus field curve measured at room temperature

are shown in Fig. 4.7.
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Figure 4.7 VSM plots of magnetization vs field of (a) S-1 (uncoated), (b) S-2 (0.102
mmol gold coated iron nanoparticles) and (c) S-3 (0.204 mmol gold coated iron
nanoparticles). Particles are superparamagnetic, Mg decreases with an increase in gold

concentration.

Interestingly, magnetic measurements revealed that the particles were superparamagnetic
as no remanence was observed. In S-1, the magnetization was due to iron oxide, while in
S-2 and S-3, magnetization was due to the iron core. It was observed that with increasing
gold concentration, the saturation magnetization (M) of the gold coated iron

nanoparticles decreased. The Mg values were 30.5 emu/g, 18.2 emu/g and 11.9 emu/g for
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S-1, S-2 and S-3, respectively (Table 4.1). These magnetization results measured at room

temperature agree well with previous reports [119, 229, 230].

Table 4.1 Saturation magnetization (M;) of Fe@ Au.

Sample set M; (emu/g)
S-1 (uncoated) 30.5
S-2 (coated with 0.102 mmol of Au) 18.2
S-3 (coated with 0.204 mmol of Au) 11.9

The particle size (D) was calculated by fitting the magnetization curves (Fig. 4.7) using
the Langevin function [231]: M = M; [coth (uH/ KyT) — (K, T/ uH); where, p (=
MSnD3/6) is the magnetic moment, K, is the Boltzmann constant, T is the absolute
temperature and M; is the saturation magnetization. The size of uncoated particle was
found to be 12.5 nm, that of S-2 and S-3 were 14.5 nm and 16 nm, respectively. The gold

coating was 2 nm and 3.5 nm in S-2 and S-3, respectively.

The synthesis of Fe@Au nanoparticles and the study of their structural, magnetic
properties have been the focus of recent experimental studies [120, 228, 232-241]. The
synthesis of Fe@ Au is of special interest since gold provides useful surface chemistry
and biological reactivity [242-244]. Free iron nanoparticles are easily oxidized, coating
the iron nanoparticles with a stable noble metal like gold results in air-stable
nanoparticles, which are protected from oxidation [120]. Gold is a favoured coating
material because of well known synthesis procedures as well as its chemical functionality
[245, 246]. Surface derivatization with gold also helps to reduce particle agglomeration

by steric or electronic repulsion and improves biocompatibility [247]. Considerable
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interest has been directed towards the functionalization of gold nanoparticles by the use
of thiol chemistry, which facilitates the attachment of biologically relevant molecules

using a variety of thiol linkers [69, 248].

Gold shell magnetic core nanostructures are of special interest because of their potential
application in diagnostics and therapy [249]. Gold nanostructures possess unique
physical and chemical properties, one of the most fascinating aspects being their strong
absorption of light in the visible and near-infrared (NIR) region. The origin of this
absorption is attributed to collective conduction band electron oscillation in response to
the electrical field of the electromagnetic radiation of light. Termed “surface plasmon,”
this optical absorption is strongly dependent on the shape and size of the nanostructure.
By coating gold on the surface of the iron core, it is possible to tune these nanoparticles
to absorb light in the NIR region. The tuneable optical properties of gold nanostructures
are highly desired for many applications that rely on light absorption, including imaging
and therapy. Other attractive features of gold shell magnetic nanostructures include easy
reductive preparation, high chemical stability, biocompatibility, and affinity for binding
to amine and thiol terminal groups in organic molecules. While the gold shell offers
useful optical properties, the magnetic core provides the potential for noninvasive
imaging using magnetic resonance imaging (MRI), for therapeutic heating in the
presence of an alternating magnetic field and for directing nanoparticles to tumors using
an external magnetic field. MRI is a noninvasive technique used to obtain anatomic and
functional information with high spatial and temporal resolution. Thus, by combining the
magnetic property of core and the optical property of the gold shell, the multifunctional
gold-shelled magnetic nanostructures can find applications in multimodal imaging,
therapeutic combinations such as drug delivery, photothermal therapy and image-guided

minimally invasive intervention.
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Due to its attractive combination of optical and magnetic properties, several groups have
studied the structural, optical and magnetic properties of gold coated iron (Fe@ Au)
nanopaticles. Gold can be coated onto magnetic nanoparticles through reactions in
microemulsion, redox transmetalation, iterative hydroxylamine seeding methods [250].
Lin et al [119] synthesized Fe@ Au nanoparticles of average size of 10 nm by the reverse
micelle technique, the particles were superparamagnetic with Ms of 17 emu/g at 300 K.
They reported the absorption bands of gold colloid and Fe@ Au colloid at 526 nm and
555 nm, respectively. Chen et al reported the reverse micelle synthesis of Fe-Au core-
shell nanoparticles with 8 nm diameter and the saturation magnetization (M), remanent
magnetization (M;) and coercivity (H.) were 48 emu/g, 13.67 emu/g and 400 Oe,
respectively, at 2 K [120]. Cho et al also prepared Fe core/ Au shell of average size of 18
nm by inverse micelle technique and measured the magnetic properties at temperature of
5 K and 300 K [251]. They reported Fe/Au nanoparticles having coercivity (H.) of 400
Oe, remanent magnetization (M;) of 14 emu/g and saturation magnetization (M) of 43
emu/g at 5 K; whereas Fe/Au nanoparticles were superparamagnetic with M of 17 emu/g
at 300 K. The saturation magnetization (M;) decreases with increasing temperature since

thermal energy randomizes magnetic moment in different directions.

Pana et al reported a saturation magnetization of 4.4 emu/g for Fe-Au core-shell
nanoparticles at room temperature, the nanoparticles had a broad size distribution with an
average size of 25 nm [252]. Kinoshita et al reported gold-iron composite particles of 5
nm, an absorption peak at 520 nm was observed in UV-Visible spectra due to surface
plasmon resonance (SPR) of gold [253]. Kim ef al synthesized nanostructures with a
silica core, a gold shell, and a layer of super paramagnetic iron oxide nanoparticles
(SPION) sandwiched between silica and gold [131]. Silica spheres (100 nm) were first

synthesized using the Stober method [254]. They were covalently attached to SPION
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nanospheres and then functionalized with amine so that the gold will attach on the
surface. A complete 15-nm thick gold shell was formed in the last step. Similarly, Stoeva
et al synthesized structured gold nanoshells embedded with silica-stabilized magnetite

nanoparticles [255].

Chen et al reported a sandwich-like nanostructure composed of a magnetic silica core, an
outer silver shell, and a thin layer of gold between the silica and the silver [256].
Nanorice is another gold coated magnetic nanoparticle, shaped like rice that absorbs in
the NIR region. These nanostructures display two distinct absorptions observed coming
from transverse and longitudinal plasmons. The shorter wavelength is at about 860 nm,
while the longer wavelength is at 1160 nm [257]. Wang et al synthesized a gold-shelled
Fes;04 nanostructure with a polymer layer, poly(allylamine hydrochloride), interfacing
the Fe;O4 nanoparticle and the gold shell [258]. Lim et al synthesized yolk-shell
structured gold nanoparticles that contain SPION in the core and water as the dielectric

interface [259].

In this work, superparamagnetic Fe@ Au nanoparticles with an average size of 15 nm
(SD 5) were synthesized by the reverse micelle technique. The uncoated particles were
highly aggregated compared to gold coated particles. The nanoparticles have a tendency
to aggregate to reduce their surface energy regardless of the magnetic properties. When
the particles are coated with surfactant [260], polymer [113] and dispersed in a carrier
fluid, this aggregation is reduced. The uncoated particles (S-1) were oxidized to Fe3O4
(magnetite) due to exposure to air (Fig. 4.1) as nanoparticles have very large surface area
to volume ratio, promoting oxidation to more stable state. By coating with the noble
metal gold, this oxidation of iron can be prevented. The gold coating is thin (2 nm and

3.5 nm in S-2 and S-3, respectively), hence Fe as well as Au peaks were observed in XPS

75



Chapter 4 — Results and Discussion

spectra (Fig. 4.4). The positions of Fe and Au peaks (S-2 and S-3) in XRD pattern agree

well with previous reports [119, 226, 251, 253, 261].

In this study, the saturation magnetization (M;) of Fe@Au nanoparticles at room
temperature is comparable to previous reports [119, 120, 226, 251, 252]. However, the
observed M; of Fe@ Au nanoparticles is lower than that of bulk iron (220 emu/g) [231]
because of two effects: (a) gold is a diamagnetic material, interparticle coupling between
iron and gold decreases the magnetic properties of the coated nanoparticles and (b) M;
generally decreases with a decreasing magnetic particle size [262]. The reduced
magnetization can be attributed to spin disorder in the surface layer of magnetic
nanoparticles [263], their high surface area to volume ratio magnifying this effect as the
size decreases. Veranda et al reported a linear relationship between M; and particle size
[264]. In the context of drug delivery, the superparamagnetic nanoparticles are useful
because they do not retain magnetization before and after exposure to an external
magnetic field, reducing the probability of particle aggregation due to magnetic dipole
interaction [265, 266]. Table 4.2 shows a comparison of the gold-shell magnetic

nanoparticles synthesized in the current work with selected references.
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Table 4.2 Comparison of gold coated magnetic nanoparticles of current work with

selected literature.

Structure Characteristics In-vitro In-vivo Ref.
Si0,/SPION/Au Size: ~120 nm T2-weighted MRI | None [131]
Surface: PEG and
anti-HER2/neu
Si0,/SPION/Au Size: >200 nm None None [255]
Surface: thiol
modified DNA
SPION/SiO,/Au Size: >200 nm None None [267]
Surface: None
SPION/polymer/Au | Size: 273 +17.9 None None [258]
nm
Surface: None
SPION/Au Size: Longitudinal | None None [257]
=340 + 20 nm;
transverse
=54 +4 nm
Surface: None
SPION/SiO,/Au Size: ~80 nm Photothermal Darkening of [268]
Surface: PEG ablation tumor in mice
using 808 nm in T2-weighted
laser MRI, increase in
temperature of
~60°
Hollow Au Size: 304 +4.4 Selective binding | More C225- [249]
nm of C225-HGN HGN localized
nanoshell Surface: C225 with A431 cells into tumor
monoclonal
antibody
Fe/Au Size: individual Dox loading/ None This
particle of 15 nm, | release and
Aggregate size: targeting work
100 nm

In summary, gold coated iron (Fe@Au) individual nanoparticles of average size 15 nm
(aggregate size ~ 100 nm) were synthesized by the reverse micelle technique, these
nanoparticles exhibited superparamagnetic character and decreasing saturation

magnetization with increasing Au coating thickness.
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4.2 PVA coated iron oxide (PVA-IO) MCP system

Here structural, morphological and magnetic properties of uncoated and PVA coated iron
oxide nanoparticles are presented. The particles were characterized by XRD, TEM, TGA,
FTIR and VSM. DOX loading and release studies of PVA-IO nanoparticles are also

presented.

4.2.1 Physical properties

Representative powder X-ray diffraction patterns of uncoated (S-4) and PVA coated iron

oxide nanoparticles (S-6 and S-8) are presented in Fig. 4.8.
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Figure 4.8 X-ray diffraction patterns of (a) S-8 (5 wt% PVA coated iron oxide), (b) S-6
(1 wt% PVA coated iron oxide) and (c¢) S-4 (Uncoated iron oxide). The phase is

magnetite (Fe;O,), peaks corresponding to reflection planes are indexed.
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From the XRD analysis, it was found that the peaks corresponded to the spinel structure
of magnetite phase (Fe;Oy, reference JCPDS No. 82-1533). The peaks corresponding to
reflection planes were indexed (Fig. 4.8). From the absence of (210) and (300) peaks in
the XRD patterns, it can be concluded that separate maghemite (y-Fe,O3) was not present
in the samples. Interestingly, there was a broadening of peaks from Fig. 4.8.b to Fig.
4.8.a with an increase in polymer concentration. The broadening of XRD peaks is
predominantly attributed to the decrease in crystallite size. The mean crystallite size was
calculated using Scherrer’s formula. The mean crystallite size of uncoated (S-4) sample
was 19.3 nm and that of S-5, S-6, S-7, S-8 was 14.6 nm, 7.9 nm, 5.6 nm and 4.5 nm,
respectively. Rietveld refinement of the XRD patterns of S-4 and S-8 using TOPAZ

(version 4.1) software is shown in Fig. 4.9.
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Figure 4.9 Rietveld refinement of X-ray diffraction pattern of (a) S-4 (uncoated iron
oxide) and (b) S-8 (5 wt% PVA coated iron oxide). Peak broadening occurs in PVA

coated iron oxide nanoparticles due to decrease in crystallinity.
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Lattice parameter calculated from Rietveld refinement (a = 8.39 A) is very close to that
of magnetite (Fe;O4) (lattice parameter (a) from the literature; Fe;O4: 8.396 A and v-
Fe,0;: 8.35 A) [269]. XRD results shown here agree well with previous reports [64, 150,

151, 220].

TEM micrographs of uncoated (S-4) and PVA-IO (S-8) are shown in Fig. 4.10. The
average size of uncoated iron oxide particles was 12 nm (SD 4), PVA-IO had an average
size of 14 nm (SD 3). The corresponding size distribution of S-4 and S-8 are shown in

Fig. 4.10 c and Fig. 4.10 d, respectively.
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Figure 4.10 TEM micrographs of (a) S-4, corresponding to the uncoated iron oxide
nanoparticles and (b) S-8, coated with 5 wt% PVA. The corresponding size distribution

of (¢) S-4 (uncoated iron oxide) and (d) S-8 (5 wt% PV A coated iron oxide).
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The colloidal stability of PVA-IO in PBS (pH=7.4) was determined by dynamic light
scattering (DLS). Figure 4.11 shows the average hydrodynamic diameter of uncoated and
PVA coated iron oxide nanoparticles as a function of time. The flocculation of uncoated
iron oxide nanoparticles occurred within 1 h, whereas PVA-IO were stable up to 8 h. The

stability of PVA-IO in suspension is due to steric-repulsion.
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Figure 4.11 Average hydrodynamic diameter of S-4 (uncoated iron oxide nanoparticles),
S-6 (iron oxide nanoparticles coated with 1 wt% PVA) and S-8 (iron oxide nanoparticles

coated with 5 wt% PVA) in PBS.

Several researchers have studied the synthesis and characterization of PVA-IO
nanoparticles. Lee et al [150] synthesized ultrafine Fe;O4 particles (4-7 nm) by
precipitation in aqueous PVA solution and showed that relative crystallinity and
saturation magnetization (M;) decreased with increasing PVA concentration. Chastellain
et al reported a multistep synthesis of PVA coated Fe;O4 nanoparticles (5-20 nm) by the
co-precipitation method followed by a thermochemical treatment [151]. Mohapatra et al

prepared polyvinyl alcohol phosphate (PVAP) coated magnetite nanoparticles having a
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broad size distribution (13-55 nm), which were superparamagnetic at room temperature
with 35 emu/g and 15 emu/g for 0.5 % and 1 % PV AP respectively [64]. Petri-Fink et al
coated superparamagnetic iron oxide nanoparticles (9 nm) with amino functionalized

PV A and demonstrated the interactions with human melanoma cells [65].

In this work, PVA-IO individual particles of average size 14 nm (SD 3) were synthesized
by the co-precipitation technique. The broadening of XRD peaks with increasing PVA
concentration was observed due to a decrease in crystallinity. The broadening of XRD
peaks is attributed to the decrease in crystallite size, which can be explained by the
Scherrer’s formula i.e., D = (0.9 &) / (B cos8); where D = Mean crystallite size, A = X-ray
wave length, B = broadening of diffraction line at half of its maximum intensity in
radians and 0 = diffraction angle. As the crystallite size is inversely proportional to peak

width, a decrease in crystallite size causes the peak to broaden.
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4.2.2 PVA adsorption onto iron oxide nanoparticles

The amount of PVA adsorbed onto the iron oxide nanoparticles was studied by
thermogravimetric analysis (TGA). Figure 4.12 shows the weight loss vs. temperature

curves of pure PVA (inset), uncoated iron oxide and PVA-IO heated up to 600°C in air.
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Figure 4.12 Weight loss vs. temperature TGA curves of (a) S-4 (uncoated iron oxide),
(b) S-5 (iron oxide coated with 0.5 wt% PVA), (c) S-6 (iron oxide coated with 1 wt%
PVA), (d) S-7 (iron oxide coated with 2 wt% PV A) and (e) S-8 (iron oxide coated with 5
wt% PVA) heated up to 600°C in air. The inset shows the TGA curve of pure PVA

indicating complete degradation of PVA when heated up to 600°C.

The inset shows that pure PVA degrades completely when heated up to 600°C. There is

no significant weight loss in the TGA curve of uncoated iron oxide nanoparticles (Fig.
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4.12.a), whereas there are distinct weight losses in the TGA curves of PVA-IO (Figs.
4.12.b — 4.12.e). The initial weight loss up to 100°C is due to desorption of physically
adsorbed water. The weight loss from 200 to 500°C is due to the dehydration reaction of
—OH groups in PVA chains and subsequent degradation of PVA releasing CO; gas. The

weight loss due to PVA is presented in Table 4.3.

Table 4.3 Weight loss due to PVA in thermogravimetric analysis (TGA) in air.

Sample set (Wt loss (%)
S-5 (0.5 wt% PV A coated) 11
S-6 (1 wt% PV A coated) 14
S-7 (2 wt% PV A coated) 18
S-8 (5 wt% PVA coated) 23

PVA coating thickness was calculated from the weight loss in TGA curves, assuming
that each iron oxide core was coated with PVA shell. The PVA coating was found 1.5

nm, 2.2 nm, 3 nm and 3.7 nm in S-5, S-6, S-7 and S-8, respectively.

PVA is known to adsorb nonspecifically on oxide surfaces through hydrogen bonding
arising from the polar functional groups of PVA and the hydroxylated and protonated
surface of the oxide [270]. However, the actual configuration of the adsorbed PVA is
difficult to determine since it is affected by concentration and molecular weight of PVA,
pH, ionic strength and surface charge [151]. Chibowski et al showed the influence of the
acetate block in the PVA chain on the adsorption behaviour of PVA on TiO, [271].

Cohen Stuart et al reported that the amount of adsorbed PVA on TiO, surface strongly
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depends on the number of long polymer chains as they adsorb preferentially compared to
smaller chains [272]. In addition to the polymer-inorganic oxide surface interactions,
PVA has hydrogen bonding between polymer chains, resulting in a hydrogel structure

[273] in which the magnetic particles are embedded.

FTIR was used to study the attachment of the polymer to the magnetic nanoparticles.
Figure 4.13 shows the FTIR spectra of uncoated and PVA-IO. The series of characteristic
IR bands are summarized in detail in Table 4.4 [274], the salient features are discussed

below.
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Figure 4.13 FTIR spectra of (a) uncoated iron oxide and (b) PVA-IO nanoparticles.
Bands at 2912, 1416, 1092 and 850 cm’! in PVA-IO nanoparticles confirm the

attachment of PVA to iron oxide nanoparticles.
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In the case of uncoated iron oxide, the band at 3394 cm™ was assigned to O-H stretching
(v) vibrations and the band at 1620 cm™ was assigned to O-H bending (&) vibrations due
to adsorbed water on the surface of the iron oxide nanoparticles. The band observed at
611 cm™ corresponded to stretching vibrations of Mrp-O-Mgp, where Mrp, and Moy
represented the iron occupying tetrahedral and octahedral positions, respectively. In
PVA-IO, the Mm,-O-Mgy, stretching band at 606 cm™! and the alcoholic O-H stretching
band at 3410 cm™ were observed. The additional bands at 2912 cm’ corresponding to C-
H stretching vibrations, at 1416 cm’ corresponding to C-C stretching vibrations, at 1092
cm’ attributable to M-O-H (M=Fe) bond and at 850 cm’ corresponding to CH; rocking
were observed in PVA-IO nanoparticles, confirming the attachment of PVA onto iron

oxide nanoparticles, which was also supported by thermal analysis.

The interaction between polymer coating and Fe;O4 particles was studied earlier [275-
279]. Polymer interactions were studied in Fe;O4/polypyrrole and Fe;Og4/polyaniline
nanocomposites, where interactions exist between the lone pair electrons of the N atom
in the polypyrrole chain or in the polyaniline chain with the 3d orbital of the Fe atom to
form a coordinate bond [275, 276]. Li et al reported that oleic acid adsorption on the
surface of Fe3;O4 nanoparticles could be due to hydrogen bonding or a coordination
linkage [277]. Zhang et al reported the attachment of polymethacrylic acid to Fe;O4
nanoparticles via coordination linkages between the carboxyl groups and iron [278]. In
the present work, it is confirmed by FTIR analysis (Fig. 4.13) that the attachment of PVA
to iron oxide nanoparticles occurs via hydrogen bonding between hydroxyl group of

PV A and protonated surface of the oxide.

86



Chapter 4 — Results and Discussion

Table 4.4 Assignment of FTIR spectra of uncoated iron oxide, PVA-IO [274].

Samples IR region or bands (cm™) Description
Uncoated iron oxide 3394 v (H-0)

1620 ¢ (H-O-H) of adsorbed

water

611 ¥ (M1h-O-Mon)
PVA coated iron oxide | 3410 v (H-O)

2912 v (C-H)

1624 ¢ (H-O-H)

1416 v (C-C)

1092 ¥ (M-O-H (M=Fe))

850 CH,; rocking

606 ¥ (Mrmm-O-Mon)
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4.2.2 Magnetic properties

Figure 4.14 shows the room temperature magnetization curves of uncoated iron oxide

and PVA-IO nanoparticles.

Magnetisation (emu/g)

Field (Oe)

(@) —0— uncoated Fe304 particles

(b) —>—0.5 wt% PVA coated Fe304 nanoparticles
(c) —— 1 wt% PVA coated Fe3O,4 nanoparticles
(d) —@— 2 wt% PVA coated Fe304 nanoparticles
(e) —t— 5 wt% PVA coated Fe304 nanoparticles

Figure 4.14 Magnetization vs. field curves measured at room temperature of (a) S-4,
corresponding to uncoated iron oxide nanoparticles, (b) S-5, iron oxide coated with 0.5
wt% PVA, (c) S-6, iron oxide coated with 1 wt% PVA, (d) S-7, iron oxide coated with 2
wt% PVA and (e) S-8, iron oxide coated with 5 wt% PVA. Particles are
superparamagnetic, Saturation magnetization decreases with increase in PVA

concentration.

The absence of remanence in the hysteresis curves indicates that magnetic particles are
superparamagnetic. The saturation magnetization (M;) of uncoated sample (S-4) was 42
emu/g, less than that of bulk magnetite (88 emu/g) reported earlier [231, 280, 281]. As

expected, the M of PVA-IO decreased with increasing PVA concentration (Table 4.5).
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In this study, the observed saturation magnetization (M;) of PVA-IO is comparable to

previous reports [64, 220].

Table 4.5 Saturation magnetization (M) of uncoated and PV A-IO nanoparticles.

Sample set Saturation Magnetization (emu/g)
S-4 (uncoated) 42
S-5 (0.5 wt% PV A coated) 33
S-6 (1 wt% PV A coated) 28
S-7 (2 wt% PV A coated) 23
S-8 (5 wt% PV A coated) 19

Superparamagnetic PVA-IO nanoparticles are useful in drug delivery, since these
particles do not retain magnetization before and after exposure to an external magnetic
field, reducing the probability of particle aggregation due to magnetic dipole interaction
[265, 266]. The observed M, of uncoated Fe;O4 nanoparticles was lower than that of bulk
magnetite since M decreases with a decrease in magnetic particle size [262]. For PVA-
10, M; decreases with increasing PVA concentration (Fig. 4.14). This is due to the
dilution effect from adsorbed water and the hydroxyl content of PVA and the possibility
of a small volume fraction of antiferromagnetic amorphous iron oxides. Reduced
magnetization could also result from the small particle surface effect [282], which refers
to the disordered alignment of surface atomic spins induced by reduced coordination and

broken exchange between surface spins [64]. This surface effect is more prominent in
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small particles as the ratio of surface atoms to the interior atoms increases with a

decrease in particle size.

In summary, PVA-IO individual particles with average size of 14 nm (SD 3) were
synthesized by co-precipitation technique; these particles were superparamagnetic with
decreasing Mg with increasing PVA concentration. The attachment of PVA to iron oxide
nanoparticles occurred via hydrogen bonding between hydroxyl group of PVA and

protonated surface of the oxide.

4.3 Doxorubicin (DOX) drug loading and release

DOX was used to study the drug loading and release behaviour of Fe@Au and PVA-IO
MCP. The starting ratio by weight of MCP to DOX was 10 for drug loading. The drug
loading of Fe@Au MCP was qualitatively monitored by a change in the color of DOX,
which changed from deep orange (Fig. 4.15.a) to a much lighter color with increasing
time as DOX was adsorbed to MCP (Fig. 4.15.c). When only uncoated iron nanoparticles
were used for drug loading, no change in the color and concentration of DOX was
observed (Fig. 4.15.b), which indicates that there is no drug adsorption onto the uncoated

nanoparticles.

The zeta potential of Fe@ Au, PVA-IO, DOX-attached Fe@ Au and DOX-attached PVA-
IO was determined by Malvern Zetasizer. The average values of zeta potential of
Fe@Au, PVA-IO, DOX-attached Fe@Au and DOX-attached PVA-IO were -33.3 mV, -
38.3 mV, -24.3 mV and -23.6 mV, respectively. Loading of DOX onto Fe@Au and

PV A-IO surface increases positive potential, since DOX is a cationic drug.
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Figure 4.15 The color of (a) pure DOX solution, (b) DOX solution after 26 h mixing
with uncoated iron nanoparticles and (c) DOX solution after 26 h mixing with gold
coated iron (Fe@ Au) nanoparticles. The change in color of DOX indicates that the DOX

is attached onto Fe@ Au nanoparticles only.

4.3.1 Gold coated iron (Fe@Au) MCP system

DOX loading and release profiles of Fe@Au MCP were studied. The DOX loading and
release profiles of Fe@Au MCP are shown in Fig. 4.16. The DOX loading and release
increased with increase in gold content in the magnetic carriers. Initially there was a
rapid adsorption of DOX, then the adsorption rate slowed down and finally reached the
saturation value (Fig. 4.16.a). It was found that the drug loading capacity increased with
increasing gold content in the magnetic carriers. In 26 h of loading, 83 ug and 94 pg of

DOX were loaded per mg of S-2 and S-3, respectively. The drug release behaviour of
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Fe@Au MCP was investigated in PBS buffer at pH of 7.4 and temperature of 37°C to
maintain the experimental conditions similar to body fluid. Figure 4.16.b shows the
release profiles of DOX from the Fe@Au MCP. It is apparent from Fig. 4.16.b that there
was a continuous release of drug up to 10 h beyond which it slowed down. A maximum

of 18% and 25% of adsorbed drug was released in 80 h from S-2 and S-3, respectively.
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Figure 4.16 DOX (a) loading and (b) release profiles of gold coated iron (Fe@ Au) MCP.

The binding of DOX with Fe@ Au nanoparticles was studied by FTIR spectroscopy.
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Figure 4.17 shows FTIR spectra of Fe@Au, pure DOX and DOX-attached Fe@Au

nanoparticles.
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Figure 4.17 FTIR spectra of (a) Fe@Au, (b) pure DOX and (c) DOX-attached Fe@ Au
nanoparticles. Amine (-NH;) group of DOX is involved in attachment to the Fe@Au

nanoparticles.

In the case of Fe@ Au nanoparticles, peaks at 3380 cm™ (H-O stretching), 1626 cm™ (H-
O-H bending) were due to adsorbed water on the surface of nanoparticles and at 1392
em™ (C-C stretching) from the surfactant. The FTIR spectrum of pure DOX showed
multiple peaks at 2932 cm’ (C-H stretching), 1730 cm’! (C=0 stretching), 1618 cm’ (N-
H bending), 1414 cm™ (C-C stretching), 1280 cm™ (C-O-C stretching), 1070 cm™ (C-O
stretching), 997 cm™ (C-O-C stretching) and peaks at 870 and 805 cm’ corresponding to

amine (N-H) wag [83]. Interestingly for pure DOX, peaks at 3450 cm™ due to N-H
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stretching vibrations for primary amine structure and at 3330 cm™ due to O-H stretching
vibrations were observed. However, for DOX-attached Fe @ Au nanoparticles, peaks due
to N-H stretching vibrations and O-H stretching vibrations overlapped and were
broadened (~ 3340 cm™). The sharp peaks at 870 and 805 cm™ observed in pure DOX
due to amine (N-H) wag also diminished in the FTIR spectrum of DOX-attached Fe@ Au
nanoparticles. From this FTIR analysis, it can be interpreted that -NH; group of DOX is

the active site for the attachment to the Fe @ Au nanoparticles.

The interaction of DOX with gold was further investigated by measuring the optical
properties of Fe@Au colloid, pure DOX solution and DOX-attached Fe@ Au colloid

(Fig. 4.18).
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Figure 4.18 UV-vis spectra of (a) pure DOX, (b) DOX-attached Fe@ Au and (c) Fe@ Au
colloid. Peak is broadened and red shifted at 535 nm upon addition of colloidal Fe@ Au

to DOX.
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The absorption band observed for Fe@ Au colloid at 520 nm in the UV-visible spectrum
was due to surface plasmon resonance (SPR), which is characteristic of gold
nanoparticles [228]. Pure DOX showed an absorption maximum at 485 nm and it was
observed that with the addition of colloidal Fe@ Au to DOX, peak was broadened and red
shifted at 535 nm due to interaction of DOX with the Au surface [283]. This interaction
is due to the attachment of DOX with gold, arising from a large electrostatic attraction of

active groups (-NH;) in DOX with gold.

The interaction of DOX with the Fe@ Au nanoparticles is due to the attachment of -NH,
group of DOX with the gold shell, as evidenced by the peak broadening of N-H
stretching vibrations of DOX-conjugated Fe@ Au nanoparticles in FTIR spectra (Fig.
4.17) and red shifting of absorption band of Fe@Au colloid with addition of DOX in
UV-visible spectra (Fig. 4.18). Selvaraj et al reported that -NH group of 5-Fluorouracil
drug was involved in binding the drug onto the gold nanoparticle surface [68] and Aslam
et al showed that gold has a strong affinity to the amino group [284]. The drug release
can be explained by the covalent conjugation model postulated by Ringsdorf [285],
where the cleavage of Au-DOX coordinate linkers results in the release of attached drug.
The DOX loading of Fe@ Au nanoparticles is comparable to that of Arruebo et al [222]
where zeolite-magnetite nanocomposite was loaded with DOX. Kuznetsov et al reported
that a maximum of 62 ug of DOX was loaded per mg of ferro-carbon adsorbent and
approximately 25% of adsorbed DOX was released from iron-carbon adsorbent in 24 h

[221].

4.3.2 PVA-10 MCP system

The DOX loading and release profiles of PVA-IO nanoparticles are shown in Figs. 4.19

and 4.20, respectively. Initially there was a rapid adsorption of DOX, then the adsorption
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rate slowed down and finally reached the saturation value (Fig. 4.19). It was found that
higher PVA content resulted in higher drug adsorption, 35 ug, 41 pg, 47 pg, 58 ug of
DOX per mg of carrier was loaded in 26 h with 0.5 wt%, 1 wt%, 2 wt% and 5 wt% PVA

respectively.

DOX loading
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Figure 4.19 DOX loading on to PVA-IO nanoparticles, DOX loading increases with

increase in PVA concentration.

The drug release behaviour of PVA-IO MCP was investigated in PBS buffer at pH of 7
and temperature of 37°C to maintain the experimental conditions similar to body fluid.
The DOX release profiles from PVA-IO MCP are presented in Fig. 4.20. The release
profiles showed that initially there was a rapid release until 6 h after which release
slowed down. A maximum of 45%, 33%, 25% and 17% of adsorbed drug were released

in 80 h from carriers coated with 0.5 wt%, 1 wt%, 2 wt% and 5 wt% PV A, respectively.
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Figure 4.20 DOX release from PVA-IO nanoparticles, DOX release follows the Fickian

diffusion controlled process.

FTIR was used to study the conjugation of DOX with the PVA-IO nanoparticles. FTIR
spectra of pure DOX and DOX-conjugated PVA-IO nanoparticles are presented in Fig.
4.21. It is interesting to notice that peaks at 3450 cm™ due to N-H stretching vibrations
for the primary amine structure and at 3330 cm™ due to O-H stretching vibrations were
observed for pure DOX. However, in the case of DOX-conjugated PVA-IO
nanoparticles, peaks due to N-H stretching vibrations and O-H stretching vibrations
overlapped, were broadened and shifted to the lower frequency range (~ 3265 cm™). The
bands observed at 870 cm™ and 805 cm™ due to N-H wag in pure DOX diminished in the
FTIR spectrum of DOX-conjugated PVA-IO nanoparticles. From this FTIR result, it can

be interpreted that attachment of DOX to the PVA-IO nanoparticles occurs via the
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interaction of -NH; and —OH groups of DOX with —OH groups of PVA through

hydrogen bonding.
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Figure 4.21 FTIR spectra of (a) pure DOX and (b) DOX-conjugated PVA-IO
nanoparticles. Conjugation of DOX to the PVA-IO nanoparticles occurs via the

interaction of -NH, and —OH groups of DOX with —OH groups of PVA.

When the PVA concentration increases (from 0.5 to 5 wt%), the number of surface active
—OH group increases, which results in higher drug adsorption (Fig. 4.19). Considering
the conjugation of DOX with the surface active hydroxyl group (-OH) of PVA, there is
increased binding of DOX with increasing PVA concentration, therefore, the drug is
likely to be released at a slower rate from carriers with higher PVA content (Fig. 4.20).
The drug release profiles follow the Fick’s law of diffusion for monolithic system. In
monolithic systems, the drug is uniformly dispersed in the polymer and it is released by

diffusion from the polymer. In the case of monolithic system, if the drug release is
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primarily controlled by diffusion through the carrier matrix, then the drug release can be

calculated by following equation [286]:

M, 6
_2

> ] Dnzﬂ'zt
Y —ex @.1)

2
In R,

where M, and M, are the cumulative amounts of drug released at time ¢ and infinity,
respectively; n is a dummy variable, D is the diffusion coefficient of the drug and R, is

the particle size. In Eqn. 4.1, it is assumed that there is no significant change in the
carrier matrix during drug release (e.g., constant porosity, no swelling, time-independent
permeability of the drug) [286]. The curve fitting of DOX release profiles with Eqn. 4.1
shows that the DOX release from PV A-1O nanoparticles is a Fickian diffusion-controlled
process. The diffusion coefficient (D) of DOX (1.5 * 10718 cmz/s) is calculated from
Eqn. 4.1, which is close to previous reports [287] (D of DOX for PEG-b-PCL and PEG-

b-PLA is 1.13 % 10™® cm?¥/s and 1.82 X 10® cm?/s, respectively).

Considering breast cancer, the required dosage of anti-cancer drug is calculated based on
Mosteller equation [288] to find the BSA (body surface area). Mosteller equation is: BSA
(m?) = [Height (cm) X Weight (kg) /3600]"%. If a female patient of body weight of 55 kg
and height of 165 cm, then her BSA is 1.59 m’, Generally, the treatment of DOX requires
a dose of 50 mg/m2 [289]. Therefore, the required dosage of DOX is (1.59 m? X 50
mg/m2) = 79.5 mg. The total body water (TBW) is calculated by Watson’s formula :
TBW = (-2.097) + [0.1069 = height (cm)] + [0.2466 #* weight (kg)] [290]. So the total
body water is 29.1 L. Therefore, the optimum DOX concentration should be 2.73 pg
/mL. In the present work, the optimum DOX concentration (2.73 ug /mL) was released in

1 h.
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Conjugation of drugs to hydrophilic polymers has been actively pursued to improve the
pharmacological and pharmacokinetic properties of therapeutic drugs. In general,
therapeutic drugs conjugated to polymers through cleavable covalent bonds have
enhanced solubility, reduced toxicity and prolonged plasma circulation time compared to
free drugs [291]. Polymers that have track records of preclinical success for conjugation
of drug molecules include  polyethyleneglycol (PEG) [292],  N-2-
hydroxypropylmethacrylamide (HPMA) copolymer [293-295], polyglutamate [296, 297],
dextran [298-300]. Conjugates of various anti-cancer drugs with these polymers are

currently in clinical trials [301].

PEG has been used for the conjugation and delivery of anti-cancer drugs such as
paclitaxel [302], DOX [303] and camptothecin [304]. Conjugation of PEG to these drugs
dramatically increases solubility and improves retention in circulation [303]. Enhanced
antitumor efficacy in various preclinical studies [305, 306] and clinical studies [307] was
observed with these PEG-drug conjugates. HPMA copolymers are water soluble and
biocompatible [308]. HPMA-drug conjugates evaluated clinically include HPMA-
paclitaxel [309], HPMA-camptothecin [310], HPMA-DOX [311] and HPMA-platinate
[312]. Polyglutamates are a class of anionic polymers, which have a large number of
pendant carboxylate groups to make them water soluble and high drug loading capacities
[296, 313]. Rana et al reported the attachment of DOX with PMMA by amine (-NH,)
group of DOX with -COOH group of PMMA in DOX-conjugated PMMA coated nickel
ferrite nanoparticles [265]. Cavalieri et al reported hydrogel microparticles of
methacrylate derivatized polyvinyl alcohol (PVA-MA) loaded with DOX and showed the
cellular uptake of DOX by LoVo human colon carcinoma cells [314]. Orienti et al

employed polymeric micelles of oleoyl conjugated polyvinyl alcohol (PVA-OL) to
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encapsulate DOX and showed drug release activated by proteolytic enzyme pronase-E

[315].

In summary, Fe@Au nanoparticles attached to DOX by interaction of amine (-NH>)
group of DOX with the Au shell, whereas the binding of DOX to the PVA-10
nanoparticles occurred via the interaction of -NH, and —OH groups of DOX with —-OH
group of PVA through hydrogen bonding. Up to 25% and 45% of adsorbed drug was

released from Fe @Au and PVA-10 nanoparticles, respectively.

4.4 In-vitro experimental targeting of MCP

An in-vitro apparatus simulating the human circulatory system was constructed to
determine the retention of MCP under different flow rates of fluid at various distance of
the magnet from the tube simulating the blood vessel. The retention of Fe@Au MCP (S-2
and S-3) at distances of 5, 10 and 15 mm away from the magnet surface with various

flow rates of fluid (v =1 to 40 mm s™) is presented in Fig.4.22.
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Figure 4.22 Percent retention of (a) S-2 (0.102 mmol gold coated iron nanoparticles) and

(b) S-3 (0.204 mmol gold coated iron nanoparticles) at various flow rates of fluid.
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This in-vitro experimental study shows the capture of MCP within the fluidic system,
simulating the flow regime encountered in diseased capillary blood vessels (v = 1-10
mm s'l) [316]. The magnetic fields measured at 5, 10 and 15 mm distance from the
magnet surface were 0.35, 0.22 and 0.12 T with field gradients of 25, 15 and 8.5 T m’,
respectively. As expected, the retention of MCP decreased with increasing flow rate of
fluid and decreasing magnetic field gradients. The percentage retention of S-2 (Fe coated
with 0.102 m mol Au) at field gradient of 25 T m™ was 86% for a flow rate of 1 mm s™,
the retention decreased to 65% for a flow rate of 40 mm s’ (Fig. 4.22.a). The maximum
retention of S-2 at a flow rate of 1 mm s was found to be 82% and 77% for field
gradients of 15 and 8.5 T m™, respectively. Figure 4.22.b shows that the maximum
retention of S-3 (Fe coated with 0.204 m mol Au) at a flow rate of 1 mm s was 80%,
76% and 71% for magnetic field gradients of 25, 15 and 8.5 T m™, respectively. The
difference in retention of S-2 and S-3 is due to the higher saturation magnetization of S-2

compared to S-3.

Figure 4.23 presents the percentage retention of uncoated Fe;O4 (S-4) and PVA-IO (S-6,
S-7 and S-8) at distances 5, 10 and 15 mm away from the magnet surface for various

flow rates of fluid (v = 1 to 40 mm s™).
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Figure 4.23 Percent retention of (a) S-4 (uncoated Fe;0,), (b) S-6 (Fe;04 coated with 1
wt% PVA), (¢) S-7 (Fe504 coated with 2 wt% PVA) and (d) S-8 (Fe;04 coated with 5

wt% PVA) at various flow rates of fluid.

The trend was found to be similar to the case as discussed earlier, the retention of MCP
decreased with increasing flow rate of fluid and decreasing magnetic field gradients. The
maximum retention at field gradient of 25 T m™ and flow rate of 1 mm s™' was found to
be 98%, 90%, 88% and 86% for S-4, S-6, S-7 and S-8, respectively. This in-vitro study
quantifies the extent of capture of MCP within the tumor, which is influenced by the

magnetic field gradient, flow rate of fluid and magnetic properties of MCP.
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There have been limited studies on the pharmacokinetic and biodistribution of gold
coated magnetic nanoparticles [317]. Physicochemical properties of nanoparticles such as
size, shape, morphology, charge and surface chemistry affect their pharmacokinetics and
biodistribution. The size of the nanoparticles should be small enough to avoid immediate
uptake by phagocytic cells of the reticulo-endothelial system (RES) and big enough to
avoid rapid renal clearance. Very small particles (< 10 nm diameter) can easily pass
through the capillary wall in the tumor but can easily be pushed out from the tumor by
blood flow [318]. As the magnetic force acting on the magnetic particles is proportional
to the volume of the particles, fluidic drag force can overcome the magnetic force
experienced by the smaller particles. Therefore, small particles may have good
permeability but poor retention. On the other hand, larger particles have higher
magnetization and experience higher magnetic forces, which offer a higher chance of in-
vivo trapping by an external magnetic field. This comes at the cost of circulation time
since larger particles are likely to be opsonized earlier. Various particle sizes have been
successfully used in clinical trials and in-vivo trials with animals, e.g., the average size of
100 nm for magnetic drug targeting [44], and a size range of 100-200 nm in animal trials

[319-321].

In addition to size, surface charge plays a critical role in blood circulation time of
nanoparticles [322, 323]. Positively charged coatings nonspecifically stick to cells [322]
whereas the negatively charged particle surface is taken up by liver due to sequestration
by phagocytes [67]. Therefore, nanoparticles with a neutral surface experience extended

blood circulation times.

Nanoparticles accumulate in target tissues through two mechanisms: passive targeting

and active targeting. Passive targeting is the nonspecific accumulation of nanoparticles in
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the cells of the reticuloendothelial systems (RES) or in the tumors owing to the innate
physiological properties of these tissues. Most nanoparticles are rapidly recognized as
foreign and are taken up by the liver and the spleen after they are introduced into the
body. On the other hand, to direct nanoparticles to organs other than the liver and the
spleen, it is highly desirable that they avoid RES uptake and thus have a prolonged blood
circulating time [324]. Long-circulating nanoparticles have shown increased
accumulation in tumors due to an enhanced permeability and retention (EPR) effect, a
phenomenon attributed to leaky tumor vasculature and impaired lymphatic drainage

system in the tumors [325].

Since passive diffusion of the nanoparticle to tumors is dominated by the pore cutoff size
of tumor blood vessels, smaller nanoparticles have an advantage in crossing the tumor
vessel wall. This is particularly true for tumors such as glioma (brain cancer) and ovarian
cancer that have a small pore cutoff size of 7-100 nm [326]. The surface coating is
another factor that greatly affects the pharmacokinetics and biodistribution of
nanoparticles. Plasma proteins in blood are adsorbed onto the surface of nanoparticles
[327]. However, coating with hydrophilic polymers results in higher in-vivo circulation
time upon systemic injection, e.g., gold nanostructures coated with poly(ethylene glycol)
(PEG) [328]. After intravenous injection into rats, various coatings, such as PEG, are
found to minimize nonspecific adsorption of plasma proteins onto nanoparticles and to
reduce their uptake by the liver [329]. Qian et al described the use of PEGylated gold
nanoparticles for in-vivo tumor targeting and molecular imaging based on their surface-

enhanced Raman scattering effect [330].
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In summary, the capture efficiency of MCP within the tumor depends on the magnetic
field gradient, flow rate of fluid and magnetic properties of MCP. A high percentage of
MCP can be captured, e.g., 90% of PVA-I0 and 86% of Fe@Au nanoparticles can be

retained for a magnetic field gradient of 25 Tm” and flow rate of 1 mm s,

4.5 Modelling of targeting MCP

A model was developed to examine the transport and capture of MCP in the tumor
vasculature by an externally applied magnetic field generated by a permanent magnet.
First, trajectories of MCP were calculated by solving the equations of motion (Eqn. 3.20
and 3.21) followed by the parametric analysis of distance of capture (d) for magnetic
drug targeting as a function of variables such as size of MCP, magnetic properties of
MCP and blood flow rate. Finally, CFD simulations were performed, which qualitatively

supported the deposition efficiency trend found in the experimental results.
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4.5.1 Model Parameters

A list of the parameters used in the 2-D model is given in Table 4.6.

Table 4.6 Parameters used in modelling and simulations.

Properties Symbol Units Value

Width of rectangular magnet 2w mm 50

Height of rectangular magnet 2h mm 100

Diameter of cylindrical magnet | 2R, mm 60

Magnetization of Nd-Fe-B M Am’ 10°

magnet

Length of the channel L mm 100

Height of the channel 2R mm 1

Particle size R, nm 100, 200,500,
1000

Susceptibility of magnetic X 0.4

particle

Flow rate of fluid v mms’ 1,5, 10,40

Density of ferrofluid P kgm” 800

Viscosity of ferrofluid n Nsm?” 1.2x107

Permeabiliy of vacuum o TmA" 4rx10~7

107




Chapter 4 — Results and Discussion

4.5.2 Magnetic Field Components
Figure 4.24 shows the variation in VH xz and VH y2 (calculated from Eqns. 3.5, 3.6, 3.7

and 3.8) across the dimensionless length (x/L) of the vessel. The curves in Figs. 4.24.a

and 4.24.b depict the profiles for rectangular and cylindrical magnet, respectively.
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Figure 4.24 VH* components of (a) Nd-Fe-B rectangular permanent magnet and (b) Nd-

Fe-B cylindrical permanent magnet along the axis of vessel, when the vessel is at a

distance of 5, 10 and 15 mm from the surface of magnet.

The VH xz plots [curves (i) - (iii)] indicate that upstream to the magnet the magnitude of

the force field (‘VHXZ

) gradually increases and downstream it progressively decreases.

The y-component gradients VH yz [curves (iv) - (vi)] creates a gradient of magnetic force
in the -y direction, which moves the MCP towards the magnet. These curves also show

that VH yz decays sharply away from the magnet towards the inlet and outlet of the
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vessel. In the case of rectangular magnet [curves (iv) - (vi) in Fig. 4.24.a] the force-

component is maximum near the corners of the rectangular magnet.

In contrast, VH yzis maximum near the centre of the cylindrical magnet [curves (iv) -
(vi) in Fig. 4.24.b] and it decays again sharply away from the magnet. The plots also
show that the magnitude of VH xz and VH y2 decreases if the magnet is placed away

from the vessel. The results obtained from Eqns. 3.5, 3.6, 3.7 and 3.8 were verified using
the components of the magnetic field intensity (H) of the corresponding permanent
magnet, by numerically solving the magnetostatic equation employing COMSOL

multiphysicsTM ,

VX(LVXA—MJ:J 4.2)
Ho

Eqn. 4.2 is obtained by combining the Maxwell-Ampere equation (VXH =]), Gauss
equation (VeB=0), the constitutive equation (B =t (M+H)) and the equation for
magnetic vector potential (B=VxA andV+A =0). Here J, B, M and A denote current
density, magnetic flux density, magnetization, and magnetic vector potential,

respectively. The magnetic insulation condition A, =0 is employed at the boundaries to

solve Eqn. 4.2. The analytical results plotted in Fig. 4.24 were validated against the

numerical results obtained from COMSOL.
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4.5.3 MCP trajectories

The trajectories of MCP were calculated in a blood vessel under the action of magnetic
and fluidic drag forces. The representative plots of trajectories of Fe;O4 MCP are
presented in Fig. 4.25, these plots were obtained by solving Eqns. 3.20 and 3.21. In this
analysis, an average flow velocity of fluid (v ) =5 mm s and d = 30 mm were assumed.

The rectangular magnet parameters were used (Table 4.6).
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Figure 4.25 Trajectories of Fe;04 MCP (particle size 100, 200 and 500 nm) in the vessel

when (v)=5mms", d = 30 mm.

The trajectories of Fe;O4 MCP (100, 200 and 500 nm) were determined in the vessel.
The radial position of MCP was normalised with respect to the vessel radius (R) and the
axial position of MCP was normalised with respect to the width (w) of the magnet. The
trajectories of Fe;04 MCP (500 and 200 nm) showed that all MCP were captured in the
vessel. However, most of Fe;04 MCP of 100 nm size escaped capture (Fig. 4.25). The

difference in trajectory behaviour of Fe;Os MCP in Fig. 4.25 is due the fact that the
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magnetic force is proportional to the volume of the MCP, hence larger MCP experience a

stronger capture force and can be captured easily.

The effect of magnetic properties of MCP on the trajectories is presented in Fig. 4.26.
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Figure 4.26 Trajectories of different MCP of 100 nm size in the vessel when (v ) =5

mm s'l, d =30 mm.

In this calculation of the trajectories, Fe, FeCo, Fe;0, MCP with 100 nm size were
considered, an average flow velocity of fluid (v ) of 5 mm s and d of 30 mm were
assumed. It was observed that all Fe and FeCo MCP were captured in the vessel, but
most of FesO4 MCP escaped capture. The difference in the trajectory behaviour of Fe,
FeCo and Fe;0O4 MCP in Fig. 4.26 is attributed to the different magnetic properties of
MCP. As the order of magnetization value is Fe > FeCo > Fe;0., therefore, MCP with

higher magnetization can be captured easily.
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4.5.4 Distance of Capture (d)

The optimum distance of magnet from the blood vessel to capture the MCP was

determined from Eqn. 3.20 and 3.21. Figure 4.27 shows the representative plots of

distance of capture (d) of various MCP as a function of their size for different flow rates

of fluid (1, 5, 10 mm s™).
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Figure 4.27 Representative plots of distance of capture of various MCP as a function of
MCP size for different flow rates of fluid.

From the Fig. 4.27, it is evident that as the MCP size increases, particles can be captured
from further distance. For Fe particles at a given fluid flow rate of 5 mm s, the distance
of capture of 100 and 1000 nm size was 31 and 43 mm, respectively. At the fluid velocity

of 5 mm s™, the distance of capture of 100 and 1000 nm size Fe@0.204 mol Au was 9.6
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and 22 mm, and that of PVA-IO (2 wt% PVA coated) was 11.5 and 23.5 mm. The
distance of capture decreased with increasing flow rate of fluid, e.g., d is 34 and 30 mm
at flow rates of 1 and 10 mm s™', respectively for Fe particle (100 nm).

The distance of capture for various MCP with size of 100 nm at a given fluid flow rate (5
mm s™') using a typical permanent magnet (field gradient of 25 T m™) is presented in Fig.

4.28.

v=5mm/s, 100 nm size

30
25
15
10
5
0]

FeCo Fe3iC4 PVA-IO(2 PVA-IO(5 Fe@0.102
wi% PVA)  wit% PVA)  mmol Au

Distance of Capture (mm)
S

Figure 4.28 Distance of capture for various MCP with size of 100 nm and v =5 mm s

using a typical permanent magnet.

From the results in Fig. 4.28, it can be concluded that in the context of drug targeting
Fe;04, Fe@Au, PVA-IO MCP (100 nm) can be targeted to the breast tumor and other
skin tumors located in the hand, leg and neck by a typical permanent magnet. The
average distances of internal organs such as lung, liver, kidney, pancreas from the skin
are 20, 25, 30 and 32 mm, respectively [331, 332]. Therefore, Fe;04, Fe@ Au, PVA-IO
MCP of 100 nm size are not suitable to be targeted to the tumors situated at lung, liver,

kidney, pancreas by a typical permanent magnet. However, MCP with higher
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magnetization such as Fe and FeCo (100 nm size) can be targeted to lung, liver, kidney,

pancreas tumors using a typical permanent magnet.

Another approach to target MCP to the tumors situated deep inside the body is to use an
external electromagnet, which can generate high magnetic field gradient. Alexiou et al
designed an electromagnet of maximum field gradient of 100 T m™ for magnetic drug
targeting [333]. The distance of capture using a magnetic field gradient of 100 T m” was
modelled for different sets of MCP for a particular size (100 nm) at a given fluid flow

rate (5 mm s'l), the results are shown in Fig. 4.29.

v =5 mm/s, 100 nm size
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Figure 4.29 Distance of capture for various MCP with size of 100 nm and ¥ =5 mm.s™

using a higher magnetic field gradient (100 T m™).

From the Fig. 4.29, it can be concluded that Fe, FeCo, Fe;0,, Fe@Au, PVA-IO MCP
(100 nm) can be targeted to the tumors situated at lung, liver, kidney, pancreas using a

magnet of high magnetic field gradient.
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4.5.5 Numerical simulations

The success of magnetic drug targeting depends on the extent to which MCP can be
deposited at the desired location. The following factors have a significant influence: (i)
the distance between the injection point of MCP and the position of the tumor, (ii) size,
and magnetic properties of MCP, (iii) magnetic field distribution and (iv) loss of drugs
because of convective flow. The effect of convective and diffusive fluxes due to fluid
flow on the deposition of MCP at the targeted location was studied. The results obtained
from this study reveal the importance of optimizing the location for injection with respect
to the magnetic field intensity. The study also emphasises the influence of size and
magnetic properties of MCP. The trapping of MCP was studied using nonlinear CFD

simulations.

Numerical simulations were performed to study the spatio-temporal evolution of the
concentration profile of ferrofluid deposition in the vessel. The contours displayed in Fig.

4.30 are the spatio-temporal evolution of ferrofluid ((R, = 100 nm and = 0.4)) inside

the vessel when ¥ = 10 mm.s” and d = 10 mm.
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Figure 4.30 Temporal evolution of the concentration profile when a ferrofluid (R, = 100
nm and ¥ = 0.4) is continuously injected at the inlet of a 2-D channel. Initially the vessel
is assumed to be filled with a PBS buffer flowing at 10 mm s™'. The centre of the magnet
is placed at the mid point of the lateral coordinate. The vertical distance, d from the

bottom wall of the vessel to surface of the magnet is 10 mm.

Frame (i) shows that ferrofluid enters through the inlet and moves towards the lower wall
under the influence of the y-component of the applied magnetic force. In the flow
domain, the magnetic field strength is weakest at the inlet and outlet because these two
locations are farthest from the position of the magnet. The magnetic field gradient from
the x-component of the magnetic field forces ferrofluid to creep along the bottom wall of
the tube towards the centre of the tube where the magnet is placed [Frames (i) and (ii)].
As the ferrofluid reaches the place where the magnet is placed it encounters the weakest
x-component force gradient and strongest y-component force gradient. Frame (iii) shows

that the deposition rate of the ferrofuid near the magnet is significantly higher under such
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condition. Frames (iv) to (vii) show that when ferrofluid starts deposition near the
magnet, diffusive and convective forces spread the ferrofluid in the vertical and lateral
direction of the vessel, respectively. The convective forces are particularly important in
reducing deposition of ferrofluid near the magnet, making the ferrofluid flowing away
from the targeted zone, especially in the downstream. Frames (iv) to (vii) also show that
maximum deposition of particles takes place near the corners of the magnet where the y-
component of the magnetic force is strongest. The contour plots confirm that there is
ferrofluid deposition near the bottom wall and it is thickest in the region where the
magnet is placed. This result is important for magnetic drug targeting, because it reveals
that deposition is highest near the magnet and when the drug loaded MCP are injected
and subjected to an external magnetic field, they creep along the wall of the blood
vessels. Thus special care may be necessary to protect drugs from friction/adsorption
with the wall before reaching the targeted location.

In Fig. 4.31 a comparison of the MCP deposition rate was presented when v is varied
from 1 mm s to 40 mm s and d is kept constant at 10 mm. Figs. 4.31.a to 4.31.c show
that the mechanism of deposition remains the same as that described for Fig. 4.30,
however, the time required to deposit MCP changes as v is varied. For example, for d =
10 mm, Fig. 4.31.a shows that when v =1 mm s deposition near the magnet at 15 s is
similar to the case of (i) deposition at 3 s when v = 10 mm s [Fig. 4.30, frame (iv)] or
(ii) deposition at 5 s when v =5 mm s! [Fig. 4.31.b, frame (vi)]. Thus, as the flow rate
is reduced the rate of deposition is higher due to lower loss of ferrofluid through the

outlet. This is in accordance with the experimental results presented in Fig. 4.23.
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Figure 4.31 Temporal evolution of the concentration profile when a ferrofluid (Ry=100
nm and ¥ = 0.4) is continuously injected at the inlet of a 2-D channel. In this simulation
d is kept constant at 10 mm. The contour plots represent: (a) v = 1 mm s’ (b) v=5mm

s, and (c)v=40 mm.s .
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The simulations in the Figs. 4.30 and 4.31 suggest that the time of exposure of magnetic
field can be optimized once the diameter of the blood vessel and blood flow rate is
known. For example, Fig. 4.31.c shows that when v =40 mm standd =10 mm, 0.5 to
1.0 s exposure is sufficient for significant MCP deposition. Thereafter, dispersion of

MCP along and across the vessel leads to loss of MCP from the targeted location.

The magnetic field gradient is another very useful parameter, which is decreased with
increasing distance of the magnet from the vessel. For example, when v = 10 mm s and
d = 5 mm, the rectangular magnet ensures higher deposition near the corners (Fig.
4.32.a). However, a weaker magnetic field (v = 10 mm s'and d = 15 mm) leads to early
dispersion of ferrofluid and its loss from the outlet because now convective effect
dominates over the magnetic effect (Fig. 4.32.b). The effect of magnetic force can also be
changed by varying the size of the MCP. Fig. 4.32.c shows that for larger MCP (200
nm), high and smooth deposition can be expected near the magnet within 1.0 s when v =
10 mm s and d = 10 mm. In Fig. 4.30, we can achieve similar deposition near the

targeted zone only after 2.0 s with a particle size of 100 nm.
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Figure 4.32 Temporal evolution of the concentration profile when a ferrofluid (v = 10

mm s) is continuously injected at the inlet of a 2-D channel. In this contour plots: (a) d
=5 mm, R, =100 nm and y=0.4; (b) d =15 mm, Ry;= 100 nm and y=0.4; (c) d=10

mm, R, =200 nm and x=04.
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Interestingly, a very weak magnetic field can also lead to change in the flow mechanism

(Fig. 4.33). Fig. 4.33.a shows the temporal evolution of ferrofluid (R,=100 nm and =

0.4), whenv =10 mm s'and d = 50 mm.
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Figure 4.33 (a) Temporal evolution of the concentration profile when a ferrofluid

(R;=100 nm and yx = 0.4) is continuously injected at the inlet of a 2-D channel at flow

rate (v ) of 10 mm s under weak magnetic field (d = 50 mm). (b)The streamline contour
plot of frame (i) in magnified view shows the trade off between the magnetic force and

the convective force leading to the formation of vortices near the wall.

Frame (i) in Fig. 4.33.a shows that the magnetic field initially directs the ferrofluid to
move towards the bottom wall, however, convective force takes over quickly.
Consequently, the ferrofluid dislodges from the bottom wall and flows through the
central portion of the vessel. The streamlines shown in the magnified view (Fig. 4.33.b)

indicate that the competition between magnetic and convective forces leads to formation
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of vortices near the wall reducing the movement of ferrofluid towards the wall. Frames
(1) to (vi) in Fig. 4.33.a show that at later stages the magnetic field directs ferrofluid to
touch the lower wall near the inlet but most of the ferrofluid passes through the central
part of the tube to the downstream. The flow in the downstream is similar to the flow in a
2-D channel in the absence of a magnetic field. Hence the magnetic field strength and
respective convective forces due to flow of the fluid has to be optimized to maximize

MCP deposition.

Figure 4.34 shows the effect of magnet shape in magnetic drug targeting. A cylindrical
magnet shows that deposition of MCP is maximum near the centre of the magnet.
Figures 4.34.a, 4.34.b and 4.34.c show the spatio-temporal evolution of ferrofluid in the
vessel when d = 10 mm and flow rate is varied (v =1 mm s'l, 10 mm s'l, and 40 mm s'l,
respectively). Deposition is maximum near the centre of the magnet (Fig. 4.34.a) because
the magnetic force is maximum at the centre of the cylindrical magnet (Fig. 4.24.b). This
is in contrast to the case of a rectangular magnet where the magnetic force is maximum at
the corners. However, the change of deposition with the change in flow rate is similar to

the case of a rectangular magnet.
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Figure 4.34 Temporal evolution of the concentration profile of a ferrofluid (R, = 100 nm

and y =0.4) in a 2-D channel under the influence of a cylindrical magnet (d = 10 mm).

The contour plots represent: (a) v =1 mm.s”, (b) v =10 mm.s”, and (c) v = 40 mm.s™".
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Several researchers have studied the magnetic drug targeting. In previous studies, it was
reported that a magnetic field of 0.8 T is sufficient to exceed linear blood flow in the
intratumoral vasculature to localize magnetic carriers [22]. Lubbe et al studied the
targeting of ferrofluid containing starch coated iron oxide nanoparticles (100 nm) loaded
with mitoxantrone anti-cancer drug using a permanent magnet (0.5 T) in animal model
[60]. Clinical trials in human patients using magnetic drug targeting (0.8 T) were
conducted by Lubbe et al using anti-cancer drug epirubicin attached to starch coated iron
oxide nanoparticles in form of ferrofluid (100 nm) and demonstrated that the infusion of
ferrofluid was well tolerated by patients [44, 45]. Goodwin et al used magnetic carriers
(0.5-5 pm) for drug targeting at the liver and lungs (8-12 cm) in the swine model using a
permanent magnet (0.1 T) [94]. Preliminary investigations of the hydrodynamics of drug
targeting suggest that a magnetic field of 0.2 T with field gradient of 8 T m™ is sufficient
to target magnetic nanoparticle carriers in femoral arteries [95].

In this work, a Nd-Fe-B permanent magnet was used for targeting of MCP, magnetic
field generated by this magnet was 0.45 T with field gradient of 25 T m™, which is
comparable to previous reports [44, 45, 60]. A high percentage of MCP could be
captured (90% of PVA-IO and 86% of Fe@Au) by this magnet for fluid flow rate of 1
mm s,

In previous modelling of magnetic drug targeting, Furlani er al derived an analytical
expression of a cylindrical magnet to calculate the trajectories of magnetic particles and
proposed a parametric analysis of magnetic targeting as a function of parameters such as
the carrier particle size, properties and volume fraction of the embedded magnetic
nanoparticles, properties of the magnet and blood flow rate [97, 98]. Rotariu ef al used
computer simulation of magnetic field of different magnetic configurations such as

cylindrical magnet, magnetic circuit with parabolic shape confocal poles and needle
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magnet to determine the trajectories of magnetic particles within tumor microvasculature
[99]. Another model has been reported to optimize the necessary magnetic field by
simulating the magnetic particle’s trajectory [100]. A CFD analysis was used for Y-
shaped model flow system of blood vessel and the capture efficiency of magnetic
particles was determined [101]. Analysis of magnetically induced localization of the
ferrofluid at a targeted region was also reported, it was shown that ferrofluid
accumulation behaved as a solid obstacle in the flow [102]. Li et al simulated the
streamlines and contours of concentration of a ferrofluid in a vessel and showed that
particle accumulation was affected by the magnetic property of the particles, magnetic
field strength and gradient as well as fluid flow rate [103].

In this work, the modelling of MCP targeting was performed by solving the equation of
motion considering magnetic and fluidic forces. The trajectories of MCP as a function of
flow rate of fluid, magnetic property of MCP and size of MCP were determined; the
results are consistent with previous reports [97, 98]. Further, the optimum distance of
capture of various MCP as a function of flow rate of fluid, magnetic property of MCP
and size of MCP were determined in this work to establish the parameters for effective
magnetic drug targeting, which was not reported earlier. The finer features of MCP
deposition as well as the factors influencing capture efficiency of MCP using CFD
simulations were studied, which is comparable to previous report [103]. The simulations
show that the capture efficiency is dependent on the magnetic properties and size of MCP
and that creep of MCP, convection and diffusion effects influence the efficacy of
magnetic drug targeting. CFD simulations qualitatively support the deposition efficiency
trend found in the experiments.

In summary, Fe;04 Fe@Au, PVA-IO MCP (100 nm) are best suitable for targeting to

the breast tumor and other skin tumor by a typical permanent magnet. Fe and FeCo
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MCP or higher magnetic field gradient (100 T m™) are useful for targeting tumors
situated deep inside the body. The creeping of ferrofluid along the wall of blood vessel

suggests that drug injection should be as close as possible to the tumor.

126



Conclusions and Future Work

Chapter 5

Conclusions and Future Work

This chapter lists the significant findings of the present work and the scope of future

work which could be made by utilizing the results obtained in this work.
5.1 Conclusions

The delivery of anti-cancer drugs to specific target sites with minimum side effects is a
challenge in conventional cancer treatments. Magnetically targeted drug delivery system
using MCP targeted by an external magnetic field is a promising alternative to avoid
several issues associated with conventional cancer therapies. In the present work, the
synthesis, characterization and property evaluation of coated MCP with an experimental
and modelling study of the efficacy with which these particles can be retained in the
tumor were investigated. These MCP were extensively characterized using TEM, VSM,
XRD, TGA, XPS, FTIR and DLS. MCP were loaded with anti-cancer drug DOX, drug
loading and release properties were studied. An in-vitro apparatus simulating the human
circulatory system was constructed and used to determine the retention of MCP under
various flow rates of fluid and varying the magnetic field gradients. A time dependent
CFD modelling of MCP deposition was carried out by Ansys-Fluent. The conclusions of

this work are summarized:

¢ Gold coated iron (Fe@ Au) nanoparticles (15 nm) were synthesized by the reverse

micelle technique with sodium borohydride reduction of ferrous sulphate and
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HAuCl, using CTAB as surfactant, n-butanol as co-surfactant and octane as oil
phase.

Pure iron (Fe) nanoparticles are oxidized to iron oxide. This oxidation of Fe can
be minimized by coating with gold (Au), which also provides biocompatibility,
useful surface chemistry and biological reactivity. Fe@Au nanoparticles
exhibited  superparamagnetic  character having decreasing saturation
magnetization with increasing Au coating. Since gold is a diamagnetic material,
interparticle coupling between iron and gold decreases the magnetic properties of
the coated nanoparticles.

Fe @ Au nanoparticles attached to DOX by the interaction of amine (-NH,) group
of DOX with Au, as evidenced by the peak broadening of N-H stretching
vibrations of DOX-conjugated Fe@ Au nanoparticles in FTIR spectra and red
shifting of absorption band of gold colloid with addition of DOX in UV-visible
spectra. A significant quantity of DOX was loaded (94%) by the Fe@Au
nanoparticles and up to 25% of adsorbed DOX was released.

PV A-IO nanoparticles of average size 14 nm (SD 3) were synthesized by the co-
precipitation of iron oxide followed by coating with different weight percentage
of PVA solution. Up to 23% of PVA was attached to iron oxide nanoparticles as
determined by TGA. This attachment of PVA to iron oxide nanoparticles
occurred via hydrogen bonding between hydroxyl group of PVA and protonated
surface of the oxide.

The crystal structure of the magnetic core in PVA-IO was magnetite. There was a
broadening of XRD peaks with an increase in PVA concentration, due to decrease

in crystallite size.
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PVA-IO nanoparticles were superparamagnetic with decreasing M with
increasing PVA concentration. This is due to the dilution effect from adsorbed
water and the hydroxyl content of PVA.

In the context of drug delivery, superparamagnetic nanoparticles (both Fe@ Au
and PVA-IO) are useful as they do not retain magnetization before and after
exposure to an external magnetic field, reducing the probability of particle
aggregation due to magnetic dipole interaction.

The attachment of DOX to the PVA-IO nanoparticles occurred via the interaction
of -NH, and —OH groups of DOX with —OH group of PVA through hydrogen
bonding as evidenced by FTIR spectra. Up to 60% of DOX was loaded with
PV A-IO nanoparticles and 45% of adsorbed drug was released. The drug release
profiles followed the Fick’s law of diffusion with diffusion coefficient (D) of 1.5

% 10" cm?.s7™.

The in-vitro experimental targeting of MCP shows that a high percentage of MCP
could be captured. e.g., 90% of PVA-IO and 86% of Fe@ Au MCP were captured
at a field gradient of 25 T m™ and flow rate of 1 mm s™.

The modelling results of trajectories of MCP show that it is easier to capture
particles with higher saturation magnetization and larger size at low flow rate of
fluid. The calculation of distance of capture from the modelling predicts that
Fe;04, Fe@Au, PVA-IO MCP (100 nm) are best suitable for targeting to the
breast tumor and other skin tumor located in hand, leg, neck by a typical
permanent magnet. In order to target tumors situated deep inside the body, MCP

with higher saturation magnetization such as Fe and FeCo or an external magnet

with higher magnetic field gradient must be chosen.
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The simulations of CFD model show that for a given magnetic field strength, the
time of exposure to the magnetic field can be optimized once the diameter of the
blood vessel and blood flow rate are known. Lower flow rate increases the time
required for magnetic field exposure, higher flow rate leads to larger loss of MCP
due to dispersion of particles.

The magnetic field strength, the magnet shape, magnetic properties and size of
the MCP significantly influence deposition rate. A weaker magnetic field leads to
early dispersion of ferrofluid and its loss from the outlet since convective effect
dominates over the magnetic effect. High and smooth deposition is found near the
magnet within short time for larger MCP. Deposition is maximum near the centre
of the cylindrical magnet and corners of the rectangular magnet.

CFD simulations show that the ferrofluid creeps along the bottom wall of the
vessel under the influence of a magnetic field, this may cause friction leading to
loss of coating and drug prior to reaching the tumor, hence drug injection should
be as close as possible to the tumor.

In a very weak magnetic field, creep flow is absent and ferrofluid flows along the
centre of the vessel, recirculation zones near the wall boundary hinder the

movement of MCP back to the targeted region.

In summary, this work shows that Fe@ Au and PVA-IO MCP have excellent potential for
tumor targeted magnetic drug delivery, that the capture efficiency is dependent on the
magnetic properties and size of MCP, blood flow rate, time of capture, and that
convection and diffusion effects can significantly influence the capture efficiency of

MCP for magnetically targeted drug delivery.
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5.2 Future scope of work

This section presents the scope of future work which can be extended from this work.

This present work provides a platform to further research in the area of magnetically

targeted drug delivery.

In this work, it was shown that Fe @ Au nanoparticles are potential magnetic drug
carriers for tumor targeted drug delivery in terms of drug loading (94%), drug
release (25%) and drug targeting (86%). This work can be extended to study the
photothermal therapy of Fe@ Au nanoparticles. As gold can be heated by near
infrared (NIR) light irradiation; the resulting heat can destroy tumor cells, this
modality of treatment is known as hyperthermia resulting from this photothermal
effect [217-219]. Therefore, Fe@Au nanoparticles with different gold coating
thickness can be synthesized, targeted to the tumor and then exposed to deep
penetrating near infrared (NIR) laser to study the heating and therapeutic efficacy.
In this work, the functionalization of magnetic iron oxide nanoparticles by PVA
to conjugate with DOX was studied which shows that PVA coated iron oxide
nanoparticles have great potential to be used in magnetically targeted drug
delivery. This work can be extended by derivatization of PVA by phosphate
group which improves stability and dispersability of magnetic nanoparticles
[334]. Therefore, iron oxide can be coated with different polyvinyl alcohol
phosphate (PVAP) and interaction of DOX with PVAP coated iron oxide MCP,
DOX loading and release kinetics can be studied.

In case of CFD simulations, a two-dimensional (2-D) model was employed,
which helps in quick implementation of the magnetohydrodynamic formulation

and provides results on the mechanism of deposition in the initial stages. The
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experimental capture efficiency was compared to the results of this 2D model.
This work can be extended by considering a 3-D model, CFD simulations can be
performed using this 3-D model to determine the deposition efficiency and

compare these results quantitatively with the experimental observations.
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Appendix-A

Diffusion controlled drug delivery systems

There are two basic drug delivery systems that are driven by diffusion. In (i) reservoir
systems, the drug is contained in a depot, which is surrounded by a release rate
controlling barrier membrane (often polymer-based). In (ii) monolithic systems, the drug
is uniformly dissolved or dispersed in the polymer and it is released by diffusion from the
polymer.

In the case of a reservoir device with non-constant activity source, i.e., the drug
concentration at the membrane’s surface continuously decreases with time; the drug
release follows first order release kinetics [335]:

dM, ADKe, ADK M-M,
dt ! ! v

Al

However, in the case of a reservoir device with constant activity source, i.e., the drug
concentration at the membrane’s surface remains constant; the drug release follows zero
order release kinetics [335]:

dM, ADKc;
dt l

A2

where M, represents the absolute cumulative amount of drug released at time ¢, ¢
denotes the concentration of the drug at time #, ¢ is the solubility of drug in the
reservoir, M) is the initial amount of drug; V is the volume of the drug reservoir, A is the

total surface area of the device, [ is the thickness of the membrane, K is the partition
coefficient of the drug between the membrane and the reservoir, and D is the diffusion
coefficient of the drug within the membrane.

In the case of monolithic systems, the system geometry significantly affects the drug

release kinetics. In the absence of significant changes in the carrier matrix during drug
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release (e.g., constant porosity, no swelling, time-independent permeability for the drug)
and if perfect sink conditions are maintained throughout the release period and if the drug
release is primarily controlled by diffusion through the carrier matrix, the drug release
can be calculated as follows, depending on the geometry of monolithic system:

(1) In the case of spherical dosage forms [286]:

2_2
M = 1 D
M 1285 Lexp| 2T A3
Moo T~ n=ln Rp

and

(1) In the case of cylinders (considering axial as well as radial mass transport) [336]:

2 2.2
M 2 =21 Dt *® 1 2p+1 D
_t:1_3_2 Z _2€Xp _qn2 X Z 2exp _szz.t A.4
M., 7 n=1q;, R p=0(2p+1) H

where M, and M, are the cumulative amounts of drug released at time ¢ and infinity,

respectively; n and p denote dummy variables, g, is the roots of the Bessel functions,

D is the diffusion coefficient of the drug, Rand H denote the radius and height of the

cylinder, D is the diffusion coefficient of the drug and R, is the radius of the sphere.

Eqn. A.3 was used to quantify drug release from ammonio methacrylate copolymer-
based microparticles [337] and Eqn. A.4 was used to describe the release of the drug
from tristearin-based cylinders [338].

In the present work, it is assumed that the drug DOX is uniformly dispersed in PVA and
it is released by diffusion from the polymer. The curve fitting of DOX release profiles
(Fig. 4.20) with Eqn. A.3 shows that this DOX release follows the Fick’s law of diffusion

for monolithic systems.
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