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Abstract

The research worknithis thesis aims at investigatitige basic physiechemical properties of
magnetic and metal nanoparticles (NPs) for biomedical applications such as magnetic

hyperthermia and controlled drug release.

Magneteplasmonic propeigs of magnetic NPs are important to evaluate potential
applicatiors of these materials. Magnetic property can be used to control, monitor and deliver the
particles usinga magnetic field while plasmonic property allows the tracking of the position of
the particlesbut aggregation of NPsould pose groblem.Here, the ggregation of NPs is
investigatedvia the Faraday rotation of gold coated:®¢NPs in alternating magnetic fiedin
addition the Faraday rotatiomf the particless measured in pulsed magnetic fegldhich can
generatestronger magnetic field than traditional inductive heaters used in the previous

experiments.

In the second project, the formation ofoinNPs complexess investigatedfor
hyperthermia treatmenthe interactions betweegold and irorplatinum NPs with octameric
mycobacterial pori A from Mycobacterium smegmat{#spA) and MspA’® protein molecules
are examired to assemblea stable, geometrically suitable and amphiphilic protdiRs

complex.

Magnetic NPs show promising heating effects in magnetic hyperthermielitoinate
cancercells selectively in the presence of alternating magnetic field. As a part of investigation,
the heating capacity oh variety of magnetic NPs andhe effects of solvent viscosityare

investigated t@mbtaininsightinto the heating mechanisaf these partles.



Finally, the controlleddrug releaseof magnetic NPs loaded liposomé&y pulsed
magnetic field is investigated. The preliminary data indicate abd@9b release of drug after
the application of 2 Tesla magnetic pulses. The preliminary experiméhtewe as the initial
stage of investigation for more effective magnetic hyperthermia treatment with the help of short

magnetic pulses.
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Chapterl-I nt roducti on

Historical background

The term Ananoo stands for dwarf in Greek, me
one billionth. For length, one nanometer means one billionth of a meter. By comparison, one
nanometer is approximately5D,000 to 1/100,000 as thick as a human hair, or 3.5 atoms of gold
lined up in a row equal 1 nm. All particles with at least one dimension between 1 to 100
nanometers fall in the category of nanoparticles (NPs). NPs have attracted great attention of
sciertists as they bridge bulk materials with atomic or molecular structures. The branch of
science and engineering that deals with the design, the synthesis, the characterization, and the
applications of NPs is called nanotechnolddyanotechnology is a new frontier in science and
technology because existing materials can be stronger, lighter, and more durable when coupled
with nanotechnology.

Nanotechnology has the ability to work at the atomic and molecular level and it has been
used by nature since the beginning of the evolution of biological spefies. history of
artificial NPs by humans dates back to Roman times when they used noble metal NPs for
decorative purposésA good example is ALycurgus Cupbo, co
NPs of around 5a00 nm size and is currently at British Museum. This cup is red in color with
transmitted light and is greém color with reflected light.In the middle ages, a gold colloid that
contains metallic gold with slighl y pi nk col or was known as fAdr.i
gol do was described as fia solution where soli
it is not visible to the human eyed and were
epilepsy, tumors and for the diagnosis of sypHilisater in 1857, Michael Faraday discovered
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the first metallic gold colloidakolution while he was conductingesearch on the optical
properties of gold. He described the various colors of gold particles by using different
preparation methodsHowever, the modern history efanotechnology starts with a physicist,
Richard P. Feynman. He shared his vision of i
behavedo at the annual me et i n'YDecembet, 1989) ohmis r i c ar
talk titled fAdmeméeds hEl 8oty omd® Boad suggested
level which is the key of the advancement of nanotechndlogy.

Now scientists are eager to use NPs in chemistry, biology, mediengineering, and
communication. NPs have significant application in drug and gene deliVemagnetic
resonance imaging (MR1f,magnetic hyperthermia (MHTf,protein detectiori! cell labeling®

tissue engineerint,enegy storage® cosmetics, photonics and telecommunicatioh.
Why nanopatrticles?

As already mentioned, NPs have been utilized in the biomedical area because the size of NPs is
smaller than cell§10-100 um)and comparable with virus€20-450 nm) proteins(5-50 nm)

and gene$2 nm wide by 16100 nm long)* It means that NPs can communicate closely with
biomolecules and they can emo biological membranes and genes. Figure 1.1 shows the

comparison of different NPs and cells dndlogical entities
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Figure 1.1 Comparison of sizes of atoms, nanoparticles and biological entities (reprocked

from?4).

The properties of NPs are interesting and sometimes exceptionally differenthigom
counterpart atomic or bulk properties. In an average NP, the number of atoms ranges from few
hundreds up to approximately a milliéhThis is a size regime where guantum chemistry and
solid state physics meets the nano size, the material can exhibit properties from both phase
regions. Quantum chemistry investigates chemical systems where the charge carriers are
confined in the electrostatic potential of nuclei. On the other hand, solid state physics discusses
infinitely large systems where these charged carriers could move as quasi free particles.

Regardless of size, bulk materiaddways have the same physical properties. The
properties of NPs including optical, magnetic, specific heat, melting point afades@activities

are size dependent, which make the NPs unique. At theleaglp the fundamental electronic,
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optical, magnetic, chemical and biological properties of a material are changed. NPs have very

high surface area to volume ratio. This is becdheesurface area is the function of square of
radius “i1  while volume the function of cube of radius“i . For a typical NP, half or

more atoms wilbbn near the surface but in bulk, only a relatively small fraction of atoms will be
nearthe surface. The calculated surface to bulk ratios of atoms versus size of a spherical NP is
shown Figure 1.2where around 50% of the atoms or ions are on the surface for 3 nm diameter
particle?® These atoms provide more coomion sites and hence more probability to be
manipulated easily so that they can achieve the required conditions to make them very reactive.

Therefore, the surface plays a crucial role in determining the properties of the material.

100

-,-.I.-I--

-...-,-II-
- Bulk Atoms

80 —

80
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% of Atoms in Bulk/on Surface

Surface Atoms

o 5 10 15 20 25 30 35

Particle Size(nm)

Figure 1.2 Calculated surface to bulk ratios of atoms versus size of a spherical NP.

Not only the properties of NPs are differ
materials but also depending ¢tnhe nanoparticlesd shape, si ze
properties of the nanoparticles of the same materials are not necessarily the same. Such distinct

difference shows the importance of the study of properties of nanoparticles. NPs with different
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features can be utilized for different purposes intakhe selection of NPs for a specific
application crucial.

For magnetic hyperthermia (MHT), any magnetic NPs can produce heat when they are
exposed to an alternating magnetic field. But any type of nti@gdEs cannot be used for MHT
application. MHT neesinontoxic, biocompatible, superparagnetic NPs with robust heating
efficiency. Depending on the magnetic nature, size of NPs, biocompatibility, a suitable NP has to
be chosen so that minimum amount\#s will produce maximum required effect with minimal
side effects. Same thing is true if NPs are used for the drug delivery. On the other hand, the
imaging and sensing agents that used in biomedical application séxulit good optical
property. Plasmac (noble metals) NPs show promising optical property. The combination of
magnetic and plasmonic nanomaterial gives a different kind of NPs which is known as magneto
plasmonic NPs with both, magnetic and plasmonic, properties.

Overall, following propertie are the reasornthat NPs are being used in biomedical
applications.

1 Exhibit intermediate propertiex both, atomic/molecular and bulkegions

1 Easy method of preparations wibntrollablesizes in nanometer range

9 Tunable physical properties by adjng composition, size and shape

9 Suitable size to communicate closely with biomolecaled facilitate intimate
interactions with cells and molecular constituents

1 Easy to manipulate the surface property through surface modification and
functionalization ® make them biocompatible and detectable

1 Magnetic property of NPssuperparamagnetism in magnetic materiaisdrug

delivery, imagingreleasingheat



9 Plasmonic property of NPglielectric confinement in plasmonic materids

detection and thermal attion

The major types of the NPs and their properties that can be ubemiriadcal applicationsre

discussed below.
Semiconductor nanoparticles

Quantum confined semiconductor NPs are also known as quantum dotsg)Q QDots were
discovered by Loui€. Brus at Bell Lalf$ (now at Columbia University) in 1980 and he was
awardedfirst Kavli Prize in Nanoscience in 2008 for his pioneering efforts in this feld.
Quantum dots are semiconductor materials in the nano scale, normally in the size ra@@e of 1
nm. Most of the @Dots arecomposed of group4VI and I1I-V elements of periodic table. Some
examples of €Dots are CdSe (Cadmium Selenide), CdS (Cadmium Sulfide), CdTe (Cadmium
Telluride), GaAs (Gallium Arsenide), InAs (Indium Arsenide) etc. Currentds are being
used in imaing, labeling, sensin®,solar cells*® Q-Dots promise to play a significant role in the
technological industries in the fututeThey have advanges over the conventional organic
dyes* They are an inherently new class of fluorescence probes and are able to provide bright,
stable, and sharp fluorescence for use in many biological labeling applications. To stabilize and
to reduce the toxicity of the-Qots, another semiconductdike ZnS, with a wider bandap is
co-crystallized to form a shell over the core.

The energy gap between valence and conduction band (also known as the band gap) plays
an important rolen determinng the properties of a solid. Any change in the gap Saamtly
alters the properties of the materiakDQts can be excited over a broad range of wavelengths,

and it is possible to choose an excitation radiation far from the emission peak resulting in large



Stokes shifts with high quantum yiel{fsFor semiconductor NPshe band gap depends on the

size and chemical composition of NPs, since the spacing between adjacent conduction energy
states is inversely proportional to the volume of the partidéell-controlled size and chemical
composition of @Dots are able to manipulate fluorescence emission from theuhiesaiolet to

the neatinfrared via visible region with typically narrow, symmetric with a-witith at half

max of 2540 nm>* When semiconductor material absorbs light of a given photon erfergya(
valence electron will be excited to the conduction band, leaving a hole in the conduction band.
The hole (absence of an electron) is assumé@ihave as a particle with specific effective mass

with positive charge. The bound pair of electimie is known as excitofl. The physical
separation of electron and hole is known as exciton Bohr radiuand can be calculated by

using following expressidh
i - 11
where- is the dielectric constant of the semiconduetod ‘ is the exciton reduced mass.

The calculated exciton Bohr radii of some selected semiconductors are tabulated in the

following table 1.1°’

Materials Exciton Bohr radius (b)), nm ‘
ZnO 1.8
ZnS 5.0
Si 55
CdSe 6.1
CdTe 10.0
PbS 204




Cds 31.5

InAs 34.0
PbSe 46.0
InSb 54.0

Table 1.1 Calculated value of exciton Bohr radii of some semiconductor¥.

The value of is very small compared to the sizeaobulk semiconductor, allowing the exciton
to move freely within the material. In case ofD@ts, the value of is comparable to the
diameter of @Dots. Hence the exciton cannot move freely and quantum confinemené of
exciton occurs. In quanturmechanics, quantum confinement is the phenomenon where a
particle is captured in a potential space that is comparable to the wavelength of that particle.
Here, the box is a 3D arrangement of the nuclei where the exciton consisting of an electron and a
hole is confined. The confinement is strong when the diameter-D6t® is smaller than the
exciton Bohr radius. When the diameter oD@Qtsis much larger thn the exciton Bohr radius,
the confinement is weal®

According to Brus, the relationship between the size @df and band gap energy is

given by

O O _ = — 1.2

,WwhereO andO} are the band gap energies of th®Qts and bulk solidR is the radius of
Q-Dots,a& anda are the effective mass of the electron #mhole inthe valence band and
in the conduction bandrespectively g is the elementargharge of the electrom,istheP | an k 6 s

constantHis the dielectric constant of the solid, andis the vacuum permittivity. The middle



term of the equation at right is the confinement term and the third term is the Columbic
interaction term for elctrorrhole pairs that account for the increased relaxation of oppositely
charged carriers in this confined space. The relationship betweenDbés@ize and the band

gap of CdS is shown in the Figure 1.3.

Conduction band

[— — Conduction band
& 2 Conduction band

12.81eV =441nm

Tz.snv =495nm

Q-Dot f
2.42¢V =512nm
1 Q:Dot *Bulk
p— ——
R _— e = o= = = R R
Valence band Valence band Valence band

Figure 1.3 A schematic representation of the band structure CdS (reproduced frof.

Another consequence of effect of quantum confinement can also be seen in the density of
states. Quantum confinement ir0ipts converts a continuous band of allowed energy states of
bulk semiconducting material into discrete energy states, which changes the density of states.
The density of states is the number of energy states between é&nanghe + dE, that is, the
number of states per interval of energy levels which are available éccupied by electrons. It
indicates how densely the quantum states are packed in the material. The discreteness of the
electronic energy state substantially changes the fundamental electronic and optical properties of
reduced sized material$The average spacing of the energy level is characterizétueli§ubo

gap and is given by,



1 — 1.3

wherekE; is the Fermi energy aridis the number of valence electrons in the raygtem. Adhe
Kubo gap increases, the density of state decreases.

The number of states is crucial to determine the optical propertibe ofdterial. For a
bulk semiconductor (3D), it is given b§“? and is zero at the bottom and increases with
increasing electron energy in the conduction band. In the quantum well (2D), the density of state
is step function because ofdrectional confinenent and isn dependence of E. On the other
hand, quantum wires (1D) are confined along a line thedlensity of statédhasa functional
dependence of . Q-Dots are zero dimensional and their density of state is proportional to
B 1 O 'O 3%and gives noizero discrete energy value. These discrete values are responsible
for sharp absorption and emission ofDQts. Densiy of states of electrons in one band of the
semiconductor as a function of dimension is shown in the Figure 1.4.

A

Bulk (3D) Quantum well (2D} Quantum wire (1D) Q-Dot (0D)

Density of States

o F2 x E o E1/2 o YpaB(E — Ep)

Energy

Figure 1.4 Density of states of electrons in one band of a semiconductor as a function of

dimension (reproduced front?).
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Plasmonic nanopatrticles

Plasmonic nanoparticles are made of metad$ show a special plasmonic property in-\ig-

near infrared region of the electromagnetic spectrum. Surface plasmons (SPs) are
electromagnetic waves that are trapped on the surface because of their interaction with the free
electrons of the metal. SPsnche either propagating, in planar bulk metal surface, or localized,

in the case of NPs. Therefore, the surface plasmon resonance caused by NPs is also known as
localized surface plasmon resonance (LSPR) and is not characterized by a wav# \éwtor.

light incident on the NPs induces the conduction electrons in them to oscillate collectively (as
shown in Figure 1.5) with a resonant frequency that dependslore NPs & si ze, S |
composition, and the dielectric property of the surroundings. NPs of silver and gthe arest
commonly used plasmonic materials. However, theoreticallgr8possible with all metal, alloy

or semiconductor with a large negat real dielectric constant and small imaginary dielectric
constant! Most metals exibit plasmon resonance in the far ultraviolet region, but in case of Au,

Ag, and Cu, there is aAds interband transition (2g4s in copper, 44 5s in silver and 54 6d

in gold) that mixes with the plasmon resonance and shifts it to the visible region of the

electromagnetic spectruffi.
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Electric field

Metal sphere

Electron cloud

Figure 1.5 Schematic representation of plasmon oscillation for a sphere, showing the
displacement of the conduction electron charge cloud relative to the nuclei (reproduced
from“?).

In early 1900s, Gustay Mei provided a theory to describe the scattering behavior of small
spherical particles by solving Maxwell s eque
much smaller than the wavelength of liglr L a; or roughly?2 r 3 ), @ly 1he dipole
oscillation contributes significantly to the extinction crssstion Cex). The electrodynamic

calculation of Mie theory for spherical particigises”

6 ) 1.4

wherer is the radius of the particlesis the wavelength of the radiated lighk,is the dielectric
constant of the surrounding medium, - "Q-his the complex dielectric constant of the
particle. Whenever - ¢- Is satisfied,a resonance peak appears. The surface plasmon
resonance does not give rise to the most intense absorption for very small clusters but rather

strongly damped and ¢habsorption becomes weak and broad and absorption peak completely

12



disappears for NPs less than about 2 nm in diarfie#ss. the particles become smaller and
smaller, the electrons reach the surface of the particles faster. Then the electrons can scatter on
the surface and lose theoherence more quickly than in larger particles. As a result, the sharp
plasmon band width increases with increasing particle size. Melikyaal:*> have tried ®

interpret the damping of the SP ustihg electronphonon interaction. According to their claim,

the radiation damping of Sftays aninsignificant role because radiation damping is proportional

to the number of electrons in the metallic NP. So, relgtilsrger NP is necessary to flow the
energy out. The resonant coupling of SP oscillations with electronic transitions in the matrix is
responsible for SP damping in small clusters. A typical experimental result of damping of

plasmon of gold nanoparticle shown in Figure 1.6.

4 nm
—17 nm J.

Intensity, a.u.

400 500 600 700 800
Wavelength, nm

Figure 1.6 Damping of plasmon of gold NP as the size of nanoparticles decrease.

Furthermore, rod shaped NPs have two resonances; one due to plasmon oscillation along the

short axis ad another due to the plasmon oscillation along the long axis, which strongly depends

13



on the length to width (aspect) ratiothie aspect ratio is increased, the long axis SP wavelength
position shifts fronthevisible to near infraed regiort?’

The LSPR also critically depends on the refractive index of the medium. From an
expermental point of view, to measure the effect of changes in the refractive index of the
medium into the LSPR is more complicated because of the very high susceptibility of the NPs to
flocculate in solvent. However, there are some studies on gold colloideragwld /silver

colloids?”*® The shift in SP with refractive index is approximately describ&d as

Y_ a4 ¢ & p Q 1.5

where m is the sensitivity factorg and € are the refractive indices of the
adsorbate and the medium surrounding the NP, respegti/ed the effective thickness of the
adsorbate layer, ari is the electromagnetic field decay length. The shift could be manipulated
by manipulating the NPs characteristic propediesn, and evergpn The variation of color of

gold colloidswith respect to their refractive indeces is shown in the following Figure 1.7.

Figure 1.7 Gold colloids in different refractive indices (1.336, 1.407, 1.481, 1.525, 1.583

respectively) of solution using mitures of butyl acetate and carbon disulfide with watef’’
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The surface plasmon resonance and related phenomena in metallic nanostructures are
currently being utilized for many applications including molacidensing and tagging, near
field optical microscopy, subwavelengtlphotonics, optical materials, immunoassays,
biochemical sensors and surfaghanced spectroscopies?® Surface enhanced spectroscopy
combines the excitation of a surface plasmon mode as an interfacial lightSwuiticehe welt
established detection schemes of fluorescence spectroscopy. A chromophore close (within the
decay length of evanesat field for excitation) to a surface can be excited by the evanescent
wave. Surface Plasmon fluorescence Spectroscopy (SPFS), Total Internal Reflection
fluorescence Spectroscopy (TIRF), Surface Enhanced Raman Scattering Spectroscopy (SERS)
are the exampk where surface plasmons are used to excite chromophores. The resonating
surface plasmons excite the chromophores that are attached to the analyte and the emitted
fluorescence are measured. SERS depends on enhancement of the Raman scattering (exchange
of energy between photons and molecular vibration) by electromagnetic fields near the surface of
the plasmonic materials due to the presence of surface plasmon. The Raman scattering of a single
molecule is observed with enhancement of the scattering crasmdeg factor up to 1 which
shows the importance of surface plasmon in spectroscopic techhifjne.basic principf& of
TIRF is the surfacassociated evanescent electromagnetic field that is created when light is
internally reflected at a planar interface betweam ttransparent materials with different
refractive indices. In TIRF, an evanescent wave is formed at dielectric interface by total internal
reflection and the chromophore is excited in the penetration depth of the evanescent wave. This
provides an extremglhigh penetration depth resolution that is not achieved in confocal imaging

microscopy>’
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Magnetic nanopatrticles

Metallic NPs that show magnetic behavior are defined as the magnetic NPs. Magnetic NPs are
abundant in nature, ithe human brain, in bacteria, algae, birdsts, bee¥>® and are also found

in many biological object¥. Interestingly, some vertebrates use nanopaséisisted natural
navigation systerfor their long distance migratioti.Nanoscale magnetic NPs are of interest for
applications in ferrofluids, high density magnetiorage, highHrequency electronics, high
performance permanent magnets, magnetic refrigerant$ B intrinsic magnetic properties

of bulk magnetic materials like saturation magnetizatidg),( Coercive force Hic), and Curie
temperature Tc) dependonly on chemical and crystallographic structures. The shape and the
size of the bulk material are not crucial to determine the magnetic proPertye other hand,

the properties of magnetic NPs not only depend on size ape &l also depend on chemical
compositon, type and degree of defeaif the crystal lattice, interaction of the particles with the
surrounding materials and the neighbor partiflédagnetic NPs show different properties from

their counterpartsatom and bulk materialbecause these NPs havery high magetic
anisotropy with differentNéel (Ty), and Curie Tc) temperatures. By tuning all the properties
mentioned above, properties of the magnetic NPs can be manipulated. Depending upon the
properties of the magnetic materials, they can be classified ifievedit classes. Diamagnetic
materials have negative susceptibility and show weak repulsion with the external magnetic field
while in paramagnetic materials, the magnetic moments are randomly orientated due to the
thermal fluctuations. When a magnetic diel applied these randomly orientated magnetic
moments start to align parallel to the field. Hence, paramagnetic materials are weakly attracted to
the external magnetic field. They exhibit small and positive susceptibility. Ferromagnetic

materials such ason, cobalt, nickel, have higher tendency to align with the applied magnetic
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field and they are highly attracted towards the applied external magnetic field. They have very
high positive nmagnetic susceptibility and showysteresis. Diamagnetic and pargmetic
materials do not show any magnetic properties when the applied external magnetic field is
removed. They show a linear response with the applied magnetic field. Ferromagnetic materials
remain magnetized even after the removal of the external magaktic

When the size of the ferromagnetic materials decreases to a limit, they are no longer able
to show ferromagnetic properties. This transition introduces another property known as
superparamagnetism. A superparamagnetic material consists of srtelepaf ferromagnetic
material and is able to flip direction of its spin due to thermal fluctuations. As a result,
superparamagnetic materials show magnetic properties only in the presence of magnetic field.
When the magnetic field is removed, thermakmgy disrupts the magnetic moment of the
material. For superparamagnetic particles, the net magnetic moment is zero in the absence of
magnetic field. When a magnetic field is applied, there will be a net statistical alignment of
magnetic moments which snalogous to paramagnetism, except the magnetic moment is not
that of a single atom, but for a single domain and a single domain contains thousand to millions
of atoms. Hence the term superparamagnetism is used, which denotes a much higher
susceptibility alue than that for simple paramagnetism.

Superparamagnetism can be understood considering -siogiain particles. The
magnetic anisotropy energy of a patrticle is responsible for holding magnetic moment along the
certain direction and is given Wy ( d ) Vsifd whereK is the anisotropy constany is the
volume of the particle, and is the angle between the direction of magnetization and the easy
axis. The energy barrigkV separates the two energetically equivalent easy directions of

magnetizatiot® With decreasing particle size, the thermal eneigy, exceeds the energy
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barrier,KV, (as shown in Figure 1.8) and the magnetization is easily fligpedirectionthen it

shows the superparamagentic behavior.

Thermal Energy (kgT)

0 n
Super-
Paramagnetism @ —_— @
(<7, <kgT) <T
fhuctuation

Figure 1.8 Energy diagram of magnetic nanopaticles with different magnetic spin
alignment, showing ferromagnetism in a large particle and superparamagnetic in a small

nanoparticle (reproduced from®).

The size below which magnetic materials show superparamagnetic behavior is called
critical size ©). The critical size depends on the saturation mi@ateon of the particles,
anisotropy energy and exchange interactions between individual spinBerromagnetic
materials contaimumber of small magnetic regions and are called magnetic domains. The
boundaries between the domains are called domain walls. In large NPs, energetic considerations

favor the formation of a domain wall but when the size decreases below a certain level, the
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formation of domain walls becomes unfavorable. The rudthain state is energetically
favorable if the energy consumption for the formation of domain walls is |dkagar the
difference between the magnetostatic energi¥®  of the singledomainand multidomain
states. When an external magnetic field is applied, creation, extinction and growth of domain
size may happe®f. The creation of domain depends on the magnetostatic energy and the domain
wall energyO . When the size of theaterials decreases, the number of domain walls per unit
area increases which is energetically unstable and force the material into a single domain
configuration. The size below which the materials exist in a single domain is determittesl by
above mentioad two energiesYO increases with volume of the material &d increases

with the interfacial area between domains. When these two energies become equale then
following relation holds for critical siz&) ,**

W

o py— 1.6

whereA is the exchange constat,is the anisotropy constant, is the vacuum permeability
and 0 is the saturation magnetization. Typical valueoffor some important magnetic

materials are listed in the following table 1.2.

VEERES Ms”, (emu/g) ™, (nm)
| r ore)( U 217.9 7-11
Nickel 57.5 #10
Cobalt 162.7 £0
Magnetite, F&O,4 91.6 20-30
CoFe04 80.8 40
He mat iF&®@;, L 3 13
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NdFeB 171 800

SmCos 164 750
BaFe; ;019 72 900
# at room temperature ## for spherical particles

Table 1.2 Estimated singledomain size for different spherical magnetic particle$?

The relationship between magnetization and the applied magnetic field gives a hysteresis

loop. The different types of magnetnaterials give different types of hysteresis loops.

M

M / Ferromagnetic

Magnetization

u Diamagnetic

C

Paramagnetic
Super
Paramagnetic

RN

A

H
Applied field

H, is coercive force, M, is magnetization remanence, M; is saturation magnetization

Figure 1.9 Hysteresis of different magnetic material<®

Magnetization is reversed by the movement of domain wall in ferromagnetic materials,
but in superparamagnetic materidle reversalis due to the spin rotation of the magnetic

moment. Superparamagnetism useful in biomedical application because as thpplied
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magnetic fieldis removed,if magnetization disappeatisenthere will be no agglomeratioof
NPs The superparamagnetic behavior can be characterized in terens efl ax at i on t i
which is the timeit take the system to achieve zero magnetization after the removal of the

external magnetic field. The réllepressioff on ti me,
ot QaR— 1.7

wheret is the characteristic time of the order@o 10%?s for nonreacting particles and

weakly depenslon temperaturep E= KV) is the energy barrier to moment reversaldQ "Yis

the thermal energy. If the particle magnetic moment reverses at tgheger than the
experimental time scales, the system is in superparamagnetic state, if not,thasarcalled

blocked state. The temperature, which separates these two states;alkedthe blocking

temperature’y .
Area of Research Project

The main focus of this research is to explorma®f the properties of nanoparticles that can be

used in biomedical applications. Following are the outline of the research.

EnhancedFaraday rotation of gold coated KF©®; NP in alternatingand pulsed
magnetic field:

In this thesis, anagnetic materialds been used to achieve magrmttical and higHrequency
devices such as an isolator, a circulaégmd so on. To increase the effectiveness of such devices,
the magnetaptical effect of the magnetic material needs to be improved. One of the prospective
methods to enhance the magrefmical effect is to utilize surface plasmon resonihbg
incorporating plasmonic material on to the surface of magnetic materials. Such materials act as

multi-component hybrid NPs. Multomporent hybrid NPs are composed of nugdtimponents
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and they can exhibit several functions for applications that are difficult or even impossible to
achieve from singleomponent NP& A thin shell of gold coated F@; core is one good
example of a mukkcomponent hybrid nanopart| The thin shell of gold not only provides a
relatively passive surface but also provides strong plasmon resonance on the magnetic material
Fe,0Os. Plasmon allows light to be localized on length scales much shorter than its wavelength,
which makes it poskie to integrate photonics and electronics on the saate. Magneto

optical materials are appealing for applications in plasmonics because they open up the
possibility of using external magnetic fields in plasmonic deVitda. magneteplasmonic
materal, plasmon resonance is used to track the position of the individual nanoparticléss and
magnetic material is used to control, monitor, and deliver the particles to the certain place under
a large magnetic field gradientherefore the study of magne-optical properties of such
magneteplasmonicmaterial is one of the main areas of research. In our research, alternating
magnetic field is used to investigate the enhanced Faraday rotatmagoeteplasmonicNPs
(FeOs/Au CoreShell). The study of emmced Faraday rotation of gold coated,(=e(a
magneteplasmoni¢ and aggregation analysse done experimentally. The surface plasmon
enhancd Faraday rotation of gold shell coated,®¢NPs is calculated theoreticalps well

This will be discussed inhapter 3. In chapter 4, Faraday rotation of gold athdn gold shell

coated FgO; NPs in pulsed magnetic field will be discussed. In pulsed magnetic Aadtipng
magneticfield could beachieved and measurement usirsgrongmagnetic field would prade

wider and sensitive data that cannot be obtained in low alternating magnetic field.
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Interaction of different types of nanoparticles (gold, iron platinum) with
macromolecules (MspA):

Combining nanoparticles with macromolecules, like nanometer sizadirpgrés desirable to
extend the functionality and transferability of both protein and nanoparticles. Several groups
have been working to create the nanoparticle/lbiomacromolecule coffifiexyt challenges
remain because when nanoparticles form the complex with proteins, the proteins lose their
natural environment. Due to this, proteins lose their structural properties and limit potential uses
of these complees. To address some of the concerns of such type of complex formation,
octameric porin A fronMycobacterium smegmatiMspA) is used to form complexes with gold

and ironplatinum NPs. The detail will be discussed in chapter 5.

Heating efficacy of magnetionanoparticles in presence @ternating magnetic field:

Magnetic NPs can be used in magnetic hyperthermia application in which tumor cells are
selectively killed using alternating magnetic field. When colloidal magnetic NPs are placed in
alternating magetic field, they convert magnetic energy into the heat energy. In case of single
domain NPs, Néel relaxation together with Brownian relaxation is responsible for the production
of heat. Néel relaxation largely depends on the anisotropy energy of theairateriBrownian
relaxation depends on the carrier viscosity of the medium. In any case, a large heating power of
the material is desirabféin order to reduce the amount of material to be used to the patients. In
order to use NPs for clinical applications, the heating effect of different NP needs to be
understood. Because heating capability of NPs depends on number of factors like size, size
distribution, shape, bulk and surface chemical compositions, frequency anidudenpif the
magnetic field, viscosity of the carried medi@iln our experimentalmost equal size of

different NPs (twoytpes of F&Pt, CoAu, and FeAu) are used to evaluate their heating capacity.
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To study the viscosity dependent heating capacity of magnetic NPs, commercially available

FesO4 (EMG 707) is used. The detail will be discussed in chapter 6.

Magnetoliposomes fomagnetic field triggered controtirug release:

Liposomes (vesicles formed by amphiphilic phospholipid molecules in water) have already been
known as drug carrier for a long time because of unique surface chemical property of lipids that
can be modified wh specific ligand$®* "> Among several promising new drug delivery system,
liposomes represent an advanced technology to deliver a load to the site of action. Drugs can be
entrgpped either in the inner aqueous or in the lipid bilayers, depending on the relative
hydrophobicity to hydrophilicity ratio. Water soluble (polar) componeamés entrapped inside

the core and oil soluble (ngwolar) componentsre entrapped between theldyjers’® By
combining liposomes with magnetic NPs, known as magnetoliposomes (ML), the flow of
liposomes could be méulated effectively using external magnetic field gradient. In our
experiment an effort is made to prepare ML and to optimize the drug release using different
types of superparamagnetic NPs (hydrophobic, hydrophilic, amphiphilic) under the influence of

pulsed magnetic field. The detail will be discussed in chapter 7.
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Chapter2-Ex per i meochal ques

For the research described in this thesis, two important methodologies have been used,
photoluminescence (PLgpectroscopyand Faraday rotation (FR) spectroscopy. To investigate
the complex formation between metal nanoparaticles and MspAplphohescence (PL)
spectroscopy is used. In addition to PL spectroscopy, the optical propertesmagarticles

(FexOs/Au core shell, F€s, Au) are investigated by Faraday rotation spectroscopy.

Photoluminescenc&PL) spectroscopy

Photoluminescence ishé spontaneous emission of light from a given substance from its
electronically excited state to its ground state. Photoluminescence spectroscopy is a
spectrochemical technique and is widely used to study molecules including peptides and
proteins. The aroatic amino acids, tryptophan, tyrosine, and phenylalanine offer intrinsic
fluorescent probes of protein conformation, dynamasd intermolecular interactionsin a

typical photoluminescence study, a sample is excited at certain watret#rlight then PL light

is collected at different wavelength. The emission spectrum provides both qualitative and
guantitative information of the sample. A simple schematic diagraw pfotoluminescence

experiment is shown in the following Figure 2.1.
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Figure 2.1 A schematic diagram of photoluminescence experiment.

Due to absorption of light, the valence electron(s) of a moldouits ground state is
forced to move to an excited state. The excitee sihthe molecule is metastable and can relax
back tothe ground state. Durinthe relaxation process, the amount of energy absorbedtftem
excitation will be released in the form of photons and vibrational excitation (heat). Degpendi
upon the nature ofthe excited state, photoluminescence is divided into two categories;
fluorescence and phosphorescence. If the emission takes place &ioglet excited state to
singlet ground state, the process is known as fluorescence. Fluorescenegirsallowed
process and takes place relatively fast. On the other hand, if the emission takes place from triplet
excited state to singlet ground state, the process is known as phosphorescence. Phosphorescence
is a spin forbidden process and it takes place comparatslelyer than fluorescence. Beyond
fluorescence and phosphorescetticere are several phefinysical processes that can deactivate
the excited state molecules into the ground state. These processes are showrcatieal so

Jablonski diagram in Figure 2.2.
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Figure 2.2 A simple Jablonski diagram showing singlet and triplet state with their

vibrational energy levels.

When a photon is absorbed by a molecule, the molecule acquires the
electronically excited stat The absorption of a photon takes place very fast>(@0 Next,
relaxation of excited state to the ground state may involve radiative erad@tive process.
Fluorescence and phosphorescence are the radiative processemdidtive processes
contiibuting to the deactivation of excited state are internal conversion, vibrational relaxation,
intersystem crossing, external conversion etc. In internal conversion, relaxation takes place from
a ground vibrational energy level of an excited electroni@ stab a high vibrational energy
level of a lower energy electronic state of the same spin. In vibrational relaxation, relaxation
takes place form a higher excited vibrational level to the lower vibrational energy level of the
same electronic state. Oretbther hand, in the inter system conversion, relaxation takes place

from ground vibrational energy level of an excited electronic states into a high vibrational energy
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level of a lower energy electronic state of a different spin. If the relaxation tékes Ipy
transferring the excess energy into the solvent or any other component present in the matrix is
called external conversion. The external conversion is also known as collisional deactivation. All
the deactivation processes are tabulated with theiracteristic properties in the following table

2.1.

Transition Ti me sca Process

second

Absorptior 10° Radi ati v
Fluorescen 1018 Radi ati v
Phosphoresc 10-10 Radi ati v
I nternal co 1051 0" Nonadi at i
Vi bircantal r el 10%1 0" Nonadiat i
I ntersystem 18138 Nonadi at i

Table 2.1 Excited state deactivation process with their characteristic properties.

There are some characteristi¢gloorescence emission.

I. Stokes shift: Emission during photoluminescence has less energy than that of
absorption. Fluorescence usually occurs at lower energy or higher wavelength region
which is known as Stokes shift. The Stokes shift is observed becamseenergy
will be lost to the surrounding during vibrational relaxatiamternal conversion
energy transfer, complex formation, excited state reaction, and solvent.effects

il. Kashaos rul e: FIl uorescence emi ssi on spe
wawelength of excitation radiation. When a molecule is excited to higher energy level,
the excess energy is quickly dissipated and the molecule relaxes to the lowest
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vibrational level of $and usually emission occurs from the lowest vibrational level
of S and sometimes overlapping of nearby equal energy level may take place. The
exception of this rule indicates a different geometric arrangement of nuclei between
ground and excited state.

iii. Mirror image rule:The emission is the mirror image of thgdSS; absoption, not of
the total absorption spectrum. Since the energy spacing between the vibrational levels
in & and S is of the same size and the same transitions being involved in both

absorption and emission.

Quantum yield and life time

To quantify the effi,ency of fluorophore, terms quantum vyield)(and lifetime ¢) are used.
Quantum yield is the ratio of number of emitted photons to the number of absorbed photons.

Mathematically, it is given By

wherefi is theradiative decay rate af@ is the sum of nomadiative decay rase

For the standard steady state spectropheter, quantum yield is usually determined by
fluorescence intensity and spectra comparison with those of standard compounds of known
fluorescence quantum yield. In most cases, the value of fluorescence quantum yield is less than
unity because of the Stakeshift and other relaxation processes. However, sometime same
number of photons emitted back, but those photons will be less energetic red photons. If non
radiative decay is very small compared to radiative dé@ayL &, the quantum yield is close
to unity.

On the other handifetime of fluorescence is the average time spends by a molecule at

excited state before returning to ground state and is given by
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T — 2.2

The fluorescere lifetime can be calculated directly from the decay curve of fluorescence
intensity following a short excitation pulse or by detecting the emission response delay (phase
shift) to the intensity modulated excitation lightn absence of neradiative decay, the lifetime
of fluorescence is the reciprocal of the radiative decay rate and is called natural lifetime, denoted
by T .

t _ 2.3

Theoretically, the natural lifetime can be calculated from absorption spectra, extinction
coefficient, and emission spectra of the fluorophore. Radiative decay rate can be calculated using

following expressioh
wecwy pme ——— —Q'T

QY pme T — 2.4

where™O ' ['is the emission spectrum plotted on the wavenumber scalgjs the &@sorption
spectrum and is the refractive index of the mediufluorophores with high radiative rate have
high quantum yields and short lifetime.

The radiative decay rate is determined by the oscillator strength (extinction coefficient) of
the electronidransitiorf and the extinction coefficient of fluorophore is almost independent of
its environment and hence there is no significant control over the radiative decayp.rate
Radiative decay rate for a given fluorophore is essentially constant. The change in lifetime and
quantum yield of a fluorophore is due to the madiative decay ratéQ , if isolated fluorophore

is considered.
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Fluorescence quenching

Fluorescace quenching is the process that decreases the intensity of the fluorescence. Many
energy transfer processes can result in quenching of the fluorescence. Collisional quenching and
resonance energy transfer (Forster resonance energy transfer) are somplesex@oilisional
guenching occurs when the excited state fluorophore is deactivated after meeting with other
molecules in solution. For collisional quenching, the decreased intensity is defined by the ratio of
the intensity of fluorescence in absence wémcher and in presence of quencher and is given by

SternVolmer equatior:

- p QtO p O O 2.5
whereQ is the bimolecular quenching constant,s the unquenched lifetimé, s the Stern
Volmer quenching constant, and is the concentration of the quencher. The lifietiof the
guenched fluorophore is decreased by the additionatadiative process to the ground state.
Another important process of fluorescence quenching is resonance energy transfer
(RET). Resonance energy transfer occurs when energy passesdianely from one excited
molecule to a second molecule. The firstaled donor molecule and the latercalled accepter
molecule. RET occurs when the emission spectrurth@tionor overlaps with the absorption
spectrum of the acceptbHowever, the efficiency of RET is only significant when donor and
acceptor are very close to each othed@lnm). Emission of lightrbm excited state does not
take place in RET ant not a result of thebsorption of the light by acceptor molecule. The
donor and acceptor are coupled by a dimbpmle interaction. The extent of energy transfer is
determiné by the distance between the donor #melacceptor along with the extent of spectral

overlap. If Faster distanceY , is the distance at which 50% of excitation energy of the donor is
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transferred to the acceptor atitk rest is dissipated by other process, is used to described the

spectral overlap, the rate of energy transfer is givén by

~

Qi - — 2.6

wherer is the distance between the donor #melacceptor;t is the lifetime of the donor in the
absence of energy transfer. Then the energy transfer efficiency for a singleadoaptor pairta

fixed distance is
0O _ 2.7

The Férster distance is given’by

Y wWwoE g pmB 2.8

where0 is the quantum yield of the dondr,s the refractive index of the medium between the
donor andhe acceptorp is the orientation fator for dipoledipole interaction, which depends

on the relative orientation of the donor emission transition moment and acceptor absorption
transition moment. The value of varies from 4 to O for parallel and perpendicular transition

moments an@is the spectral overlap betwettre donor andheacceptor and is given by

o = 2.9

where'O_ i s the fluorescence intensity _odthet he dc
extinction coefficienof the acceptor. The medium between donor and acceptor has insignificant
effect € ). The extent of transfer depends on distandéhe Forster distances are comparable

in size to biological macromolecules: 10 to 60 A. For this reason energy treasfbe used to

measure the distance between sites on proteins.
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Effect of metallic nanoparticle surfaces on fluorescence

Both quenching and energy transfer proesgsovide the nosfradiative pathways to ground
state. The rate of radiative decay is altmoslependent of quenching and the energy transfer
process. The radiative rate of fluorophore in free space, a homogeneous arahahacting
medium, mostly depends on the excitation coefficient tredabsorption spectrum of the
fluorophore? In any other medium, fluorescence lifetime of an excited state is not only the
function of the fluorophore but also the function of the environment. Changing the environment
around tle fluorophore changes the radiative as well asradrative decay rate and the lifetime
as well® A metallic surface or a conducting medium can modify the radiativaydede ofthe
excited molecule Some studies showed enhancement of fluoresteficand some studies
showed quenchingf fluorescencé® *2 The interaction of fluorophorewith the metalsurface
can be assumed as théeraction of a fluorophore oscillating dipole with a conducting metal
surface because the incident light induces electron oscillations influtbeophore The
oscillations act as dipole that oscillates at high frequency and radiates short wavelengths. The
nearby metal surfaces can respond to the oscillating dipoles and modify the rate of emission and
the spatial distribution of the radiated energlge electric field felt by a fluorophore depends on
two types of interaction.First is the inteaction between incident light waves with the nearby
metal surface and secondtie interaction of the fluorophore oscillating dipole with the metal
surface. The oscillating dipole of fluorophore can induce a field in the metal surface. All these
interactons are responsible to increase or to decrease field incident on the fluorophore and
consequently increase or decrease the radiative decay rate. In fact, the interaction is distance
dependent?

When a metal surface is near to the fluorophore, three dominant interactions between
fluorophore and metals can take place. Fluorescence may be quenched at short distance from
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metal k), there can be an increaserate of excitationky), which iscalled the lighteningod
effect and there can be an increase in rate of radiative dégeyJabloski diagram is helpful to

demonstrate the effects of the metal surface which is shown in Figure 2.3.

E
r -
In the absence of metal surface
E E,
r r, & |5
In the presence of metal surface

Figure 2.3 Jabloski diagram without and with the effect of near metal surfacek is the rate
of excitation without metal and E., is the additional excitation in presence of metal

(reproduced from?).

In such case, the quantum yield ahd lifetime of the fluorophore near to the metal surface is

given by
0 - 2.10
T _ 2.11

As lim increasesthe quantum yield increases and the lifetime decreases.

When the fluorophore and metal surface are very close to each othéhade$ nm, non
radiative decay rate of fluorophore will be enhanced and consequently fluorescence intensity will
be quenched. The quenching of intensity of fluorescence is due to the damping of dipole
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oscillation of the fluorophore bthe metal surfaceAt certain distance, the radiative decay rate
over comes the neradiative decay rate, leading to the enhancement of the fluorescence and
reduced the emission lifetime. For the enhancement of the fluorescence, the following two
factors are considered to besponsiblé? first is the electromagnetic field enhanced near
metallic surface due to the localized surface plasmon resonance (SLPR) which modifies the
intensity of the electromagnetic field around the fluorophore and can lead to increase in the
fluorescence intensity. Second is the coupling between the moletiptsle of fluorophore
moleculeand the surface plasmon field of the metal which leads to an incretse radiative

decay rate (stronger fluorescence emission), which is also known as radiative decay engineering
(RED).™ The effect of metallic particle on transitions of fluorophore is shown in Figure 2.4.
Depending upon the distance betweertaiie NPs and fluorophore, nanopartislean cause
quenching Q ), can concentrate the incident light fielH.f, and can increase the radiative

decay rated ).*®
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Figure 2.4 The effect of metallic particles on transitions of fluorophore.*®
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In our experiment, photoluminescence is used to observe the interactions between two
different sizes (approx. 4 nm and 17 nm) of gold nanoparticles dRd fagnetic nanoparticle
with octameric porin A fronMycobacterium smegmat{®spA). MspA contains altogkeer 32
tryptophan molecules at different positidisTryptophan (G:H1.N-O.) is an essential amino
acid andan important biomolecule. Tryptophan level is abnormally high in people who are
suffering from migraine headachand monitoring and controlling of tryptophan level nizgy

helpful 18

Most of the intrinsic fluorescence emissimom a protein molecule is due to the
excitation of typtophan residues. Fluorescenemission spectra, quantum yigldand decay

rates from the tryptophan has long been known to be highly sensitive to the polarity of its local
environment and the presence of nearby quen¢h@muar expectation is the different interaction

of small gold nanoparticles with MspA than that of large gold nanoparticles since small gold
nanoparticles can go vewlose to the tryptophan molecule of MspA but large nanoparticles
cannot.The different interaction should result different spectral featditais. will be explained

detail in chapteBb(A). On the other hand, Fe/Pt NPs should interact differently with MemA

gold NPs because magnetic property of Fe/Pt brings NPs closer to each other. The interaction of

Fe/Pt with MspA will be discussed in chaps¢B).

Faraday rotation (FR)

A chiral compound has a chiral center and its molecular mirror image is noinsppsable on

itself. Chiral compounds are optically active and they can rotate the plane of polarized light to a
certain angle either in positive ar negative direction. Other compounds which do not have
chiral center cannot rotate the plane of polatriight and are optically inactive. But in 1945,
Michael Faraday discovered that when some optically inactive materials are exposed to a strong
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magnetic field, theganalso rotate the plane of polarized lighThe rotation of the polarization

of light in a magnetic field can be observed either in reflection or in transmission. The rotation of
polarization of reflected light is called Kerr rotation while the rotation of ptdiplarization of
transmitted light is called Faraday rotation to honor renowned scientists John Kerr and Michael
Faraday respectively. Both effects are collectively called as magoptcal effect. Except
Faraday and Kerr rotation, there is one moragneteoptical phenomenon which is called
CottonMouton effect. CottorMouton effect involves the elliptization of plane of polarized light

by a transverse magnetic fiéttiKerr effect and Cottomouton effects are beyond the scope of
our research.

Magnetooptical effect proules physical information on electronic and spin structure of
materials’? Faraday rotation can be seen in solids, liquids and ga$&s.The direction of
rotation depends on whether the impinging light is traveling parallel or antipai@ligie
direction of the applied magnetic field. Faraday rotation effect can be found in wide use to
measure the optical rotatory power, optical isolatorsptical switches, and for theemote
sensing of magnetic fieland electric currerff The measurement of Faraday rotation can also be
used to infer the susceptibility of materials aadneasure carrier densities in semiconductors if
the carrierffective mass is knowd.

Faraday rotation is the rotation of the plamfe polarization of polarized light as it
propagates through a dielectric medium in a magnetic field. The rotation is due to magnetic
field-induced circular birefringence in a mateffalln a nonrabsorbing or weakly absorbing
medium, a linearly polarized monochromatic lightrines passing through the material along the
direction of the applied magnetic field experiences circular birefringence, which results in

rotation of the plane of polarization of the incident light beam. The angle of rotation is
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proportional to both appliedhagnetic field and optical path length. So, the angle of rotafipn (
can be expressed as
. 00 — 2.12
whereYt is the magnitude of the circular birefringence (a difference in refractive indeae of
left andtheright circularly polarized light in the medium), is the optical path length, is the
wavelength of lightB is the applied magnetic field, ardis a constant and known as Verdet
constant.

The rotation of the plane of polarizationalinearly polarized light can bemeasured by
changing the amplitudes of two orthogonally linear polarized compofiefite measurement of
change in intensity of linearly polarized light by means of analyzer is the fundamental basis of

the Faraday rotation measuremnt

Experimental set up

light slit Polarizer Sample Analyzer

| AN

Figure 2.5 Schematic diagram of Faraday rotation measurement set up.

A simple Faraday rotation measurement set up is shown in Figure 2.5. It consists of a
light source, a pair of@arizers (polarizer and analyzer), and a photodiode as a detector. The
polarizer makes the light beam from the source polarized and that polarizetaligiis through

the sample andeaches to the analyzemd then to the photodiodéf the sample is ro
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magnetized, the plane of polarization of the light beam is not affected and the amount of light
energy that reaches to the photodiode depends on the angle between polarizer and®*analyzer.
When the sample is magnetizédde pobrization of the transmittedgint rotatesslightly. The

direction of rotation dependm thedirectionof magnetization. The effect of the magnetization
variation is the same as the rotation of the analyzer and the current of the photodiodes have been
changed accordingly. The magnetoptic effects are the differencetation angle for two
opposite magnetization directions and the rotation is calculated from the current or voltage of

photodiode.

Theory of Faraday rotation

The electric field ofa linearly pdarized light beam propagating in taelirection and polarized
along the xaxis can be expressed in Jones matfi% as

0 1‘1 d QOR'Y 0QQA 2.13
whereo is the amplitude of the electric field of incident light be&ms the wave vectory is
the angular frequency, amnds the time.

After passing through the sample, the polarizatioadtion of the light is changeby an
angle,l, which isthe Faraday rotation of the sample. Then the electric field of the transmitted
light beam becomes

ATeO o s

OB] 0 QunQ 0 QQa 214

Then the light traverses through analyzer which is set at an angtg,with respect to
the first polarizer. Then the electric field of the light beam after transmitting analyzer is

Al & « AT-O.

OE b . OETonnfﬂ 0'QQa 2.15

44



Then the lightoeam reaches to the detector, the intensity of light beam at the detector is
given by
0 0Ei— 0 2.16

The polarizer needs to be fixed in an optimal angle to get the maximum modulation of
light beam. By taking the first derivag of | with respect to angle], the condition can be

obtained and is
— [ Q& - 0O 2.17

Here the angle of rotation(i, is very small Il 1°), so whend = 45°, the maximum
modulation of light beam will be obtained. Thus wiike analyzer is set at 45°, the intensity of
light beam that reaches to the detector photodiode is given by
O -p ¢ O 2.18

This light beam intensity and the magnetic field are recorded in oscilloscope (LeCroy
WaveRunner 6050A) anthe digitized data aré&ransferredto a computer an@nalyzed. To
analyze theecordeddata,Matlab programs are usethe codes thaire used to analyze the data
are attached in appendix.

In order to generate the alternating magnetic field, an indubgater, manufactured by
Superior Induction Company, CA, is used. The heater contains a copper coil which has one inch
diameter with four turns and is continuously cooled with cold water. The heater operates with 5
kA/m field amplitude with 366 kHz frequewy. For the pulsed magnetic field Faraday rotation
experiment, pulsed magnetic field (PMF) generator is established in our lab. The detail of the

setupof PMFis described ipulsed magnetic field Faraday rotation experiment chapter.
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Verdet constant

Verdet constant is the characteristic rotation of a material per unit field per unit optical path
length. Verdet constant the material property and gives a quantitative measure of the Faraday
rotation ability of the material. By convention, a positive Verdebstant corresponds te |
rotatory when the light propagates parallel to the applied magnetic field-axtdtdry when the

light propagates antiparallel to the magnetic field.

Wavelength dependence

Villaverde et al™!

measured the Verdet constant of different organic and inorganic liquids, in the
spectral range from 347.2 nm to 694.3 nm, by measuring the magnetic field that requires to
rotate the plane of polarization ofetlight beam by a preset angle. For diamagnetic materials,
Verdet constantlepends orboth wavelength of the light and the change in index of refraction
per change in wavelength (optical dispersion) in the medium and is given by Becquerel

equatior?

' —_—_— 2.19

whereais thewavelength of lightmis themass of an electrom,is the charge in an electranis
the velocity of lightnis the index of refraction of the medium ands the optical dispersion.

The optical dispersion is theoretically related with electronic absorption spectrum through
Wemple equationwhich is based on the single electronic oscillator model in the region from UV

to nearinfrared ad>
:¢ p — 2.20

wheren is the refractive indexg is the energy of the photol@ is the average electronic gap,

and O is the electronic oscillator strength. Largiispersion willbe obtaired when index of
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refraction is large and is only true with smal@rand/or largeO . Wavelength dependence of

the Verdet constant of some liquids is given in the following table 2.2.

WaMengt
488.
501.
514.
580.
632.

694.

Wat e
0. 02
0.01
0.01
0.01
0.01
0.00¢

0.

0.

Tol ue Nitr obc¢

042 0.033

039 0.030

. 036 0.028

. 027 0.022

. 022 0.®d

. 018 0.014

Table 2.2 Wavelength dependence Verdet constant of selected liquitfs.

Temperature dependence
|.25

Barneset a

Et han
0.017
0.016
0.015
0.012
0.009
0.007

investigated the tempature dependence of Verdet constant and showed roughly

1/T dependence. The differentiation of the rotation angle with respect to tempeyates the

following equation

— =)

Here U i

—8 0

S

t

he

00

coefficient

the whole term. This equation, after dividibge

of t her mal

0 ,lbecomes

2.21

expansi on

2.22

» and— both can be obtained from experimenrtcan be obtained from the manufacturer of the

magnet and the remaining tesrgivethe relationship between temperature with Verdet cohstan
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Figure 2.6 is showing the variation of angle of rotation of terbium gallium garnet with

temperature at different wavelength in micrometer.
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Figure 2.6 Variation of angle of rotation of terbium gallium garnet with inverse of

temperature

Faraday rotation of nanopartites

The noble metal NPs composites are interesting for gl@gmonics. Plasmonics descrithe
propagation of optical signal due to the coupled localized surface plasmon resonances of
nanometer scale metallic structuré®otentially interesting effects arise when localized surface
plasmon resonances from noble metal particles coupled with madwesc For example,
magneteoptical properties of ferrite magnetic NPs have attracted a great attention due to their
potential use in magnetptical storage materials and hiffequency devices such as an
isolator, and a circulatd?. The practical uses sometime restricted due to the high Curie
temperature of the materials because a high intensity of the laser pulse would require bit heat
area of the recording media to overcome the Curie temperature in order for remagerttizatio

occur during the writing proces&Superparamagnetic NPs could lower the temperature for the
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reorientation of the magnetization vector. Besides this, nanometer size materials have shown
promising enhanced opticatation after coating magnetic NPs with plasmonic mat&fial.

In our experiment, FK®; NPs are used to investigate the Faraday rotation with successive
coating of thin shell of gold around iron oxid€8lin alternating magnetic field. Enhancement of
Faraday rotation is expected with the successive gold shell coating. Gold shell coating provides
the coupling between the plasmon resonance of gold and magpteteelectron transitionef
magnetic nanopades. The drawback of magnetic materials is their high absorption ¥sses
because of their large absorption coefficient. The large absorption coefficisasdha damping
of plasmon reonance of the materials. Hertbe localized surface plasmon of interface between

magnetic material ah dielectric medium is not wetlefined because of strong
damping ——  p . A feasible way to redie the damping without losing magnetptical
activity is to combine noble material with the magnetic material. Since localized surface plasmon

resonance of the noble metal is high— | p . When there is good overlapping between

plasmonic and magnetaptic resonance, a plasmon resonance can cause an enhancement in the
magneteoptic resonance of the nearby nonplasmonic magnetic mat&riete detail will be
discussed in chaptér

In chapter4, Faraday rotation of gold and thin gold shell coategOF&IPs in pulsed
magnetic field will be discussed. The resolution andigeity of measurementare limited by
the maxinum available magnetic fielé® By using pulsed magnetic field, higher magadiglds
can be generated. If higher magnetic field is available, wider ranges of measurements can be

achieved.
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Chapter3-Enhanced Faraday dr cto@&t edn Fe

nanopar il tlkeemagnaeaygi c field

The magneto optical effect is the change of the propagation of electromagnetic waves when a
quaststatic magnetic field is appli€dA typical example of that is Faraday rotation, when the
phase velocity of the electromagnetic field is enhanced or decreased in a particular direction due
to a slowly changing or static magnetic fiéftiMaterials seh as magnetic photonic crystals,
which produce large Faraday response to small applied fields, are a desirable and active area of
researcH.Application of nanomaterials to produce Faraday response is advantageous because of
the colloidal processing ande enhanced optical properties over the bulk mateRatticularly,
nanomaterials that are sub 10 nm in size produce less scattering at visible and telecommunication
wavelengths of light. The Faraday rotation of the materials, which is linearly pro@ortomothe
applied magnetic field and the thickness of the matéisatharacterized by the Verdet constant
expressed in units of radians per tesla per meter. While diamagnetic materials follow the linear
response quite well over a large range of magfieids,” magnetic materials including magnetic
nanomaterials tend to exhibit a saturation effect due to the saturation of magnetization of the
materials’ This saturation effect mostly takes place at relatively high field strength. At lower
field strengh the linear response is still a good way to characterize the magneto optical response
of the material.

In the past decade, several nanoparticles and their composites were explored to produce
enhanced Faraday rotation in nanomatefiflsThis enhancemeérnin the Faraday rotation is
allowed due to the complex composition of the material and the geometrical arrangement of the

particles. E.g. Bamakowet al found that the interparticle distance of;®Bg (magnetite)
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nanoparticles strongly influences the Fanadotation™® Their calculations based on the discrete
dipole approximation have shown qualitative agreement between their experimental findings and
the theory, suggesting strong enhancement when the particles are spaced bet@emn.5
Further increaseof distance results in saturation of the Faraday rotation of the particles.
Recently, calculations and experiments predict enhancement based on interaction of plasmonic
and magnetic materiatd!® Smith et al have carried out a calculation that showss thi
enhancement for composites such as sieFeO,."> Moolekampet al. have created a colloidal
gold and magnetite (E®,;) nanoparticles composite where the nanoparticles are chemically
linked using a bifunctional organic ligand, creating clusters of e nanoparticle
components® The addition of gold nanoparticles results in a change in the sign of the Faraday
rotation as well as an enhancement of the ellipticity by about a factor of two at the wavelengths
corresponding to the surface plasmon absomptpeak of the gold nanoparticles. Similar
plasmonic enhancements were found by Uckidal with localized surface plasmon resonance,
which is obtained in a sample with Au nanopatrticles embedded irsaBtituted yttrium iron
garnet film* Recently, ehanced optical Faraday rotation in golsated maghemite was
reported by Jairet al, which they call the surface plasmon resonasrdganced magnetptics
or IPREMO®® The experimental results clearly show that the magnetic enhancement of the
Faraday rtation agrees well with the surface plasmon resonance of the gold coa@gd Fe
nanoparticles.

In this study, the ®REMO effect is further investigated to observe the functional
dependence of the Faraday rotation enhancement of g R@noparticles orhe thickness of
their gold overcoat. The experiments are carried out at fixed wavelength (632 nm) with

subsequent growth of gold shell on the@®genanoparticles. The results show that the Faraday

54



enhancement changes sign when the gold coating is appliedreement with the previous
results. In addition to the magnitude of the Faraday signal, the Faraday phase of the AC
measurement strongly depends on the clustering of the particles, which undergoes changes when

the gold coating is applied.

Experiment
Experimental setup
The schematic diagram of the Faraday rotation experimental setup is &hguva 3.1. It
consists of a laser source @Ne, 632 nm, 5 mW power), a sheet polarizer (to control the laser
power), a second polarizer, an iris, a water coolgdgae r i nducti on coi | ( 4
generate thalternatingmagnetic fields) connected with AC source, a cell (as a sample holder,
39 mm long, contains sample solution), a pickup coil (37 mm ID, to detect the signals of the
alternatingmagnetic ield), a Wollaston prism (to split the transmitted beam into two polarized
light to the balanced photodiode to mirrors), a balanced photodiode (to collect the signals), an
amplifier (to amplify the signals) and a computer (to record the signals). Théezeolaltows
controlling the | aser power , which 1s fixed
becomes linearly polarized after passing through second polarizer. Then the light is passed
through the sample solution, which is under the influendeedlternatingmagnetic field. This
magnetic field induced birefringence results in a rotation of the polarization of the incident
linearly polarized light.The amount of rotation(i, is proportional to the magnitude of the

magnetic fieldB, and to thedngth of the samplé,
. 00 — 3.1
whereg is the constant of proportionality known as the Verdet consgant the magnitude of

circular birefringence (the difference in refractive index of left and right circularly polargid |
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in the medium)a-is the wavelength of the light. The transmitted light beam is split into two
perpendicular polarizations by a Wollaston prism. The light beams are focused on a balanced
photodiode. The signal from the balancelotadiode is then ampled and recorded in a
computer. The pickup coil collects the signals fromahernatingmagnetic field and is recorded
along with the Faraday signal. The distance of the pickup coil is fixed in such a way that the
distance between the pickup coil arie tcoil that produces thalternatingmagnetic field is

always the same for all measurements.

Laser source Polarizer Sample Wollaston prism Mirrors

p coil

Slit TI Il Pick
Sheet Polarizer
(control laser power)

Balanced
photodiode

Amplifier

Figure 3.1 Experimental setup of Faraday rotationapparatus.

The Faraday setup is tested by using commeycaadhilable FgO, nanoparticles. Figure
3.2 shows the signal obtained by the experimental setup for a commercially available colloidal
solution of iron oxide nanoparticles. The upper figure shows the sinusoidal wave of the pickup
coil signal and the Faragasignal generated by the nanoparticle solution as a function of time
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and the lower figure shows the fitting data of these two signals. The fitting and analysis of the
sinusoidal curves are done by using the equation axsin(bxtime + c) + d, where tw@mmnport
parameters 6ad and 6cd are the amplitude and
the angular frequency of tleternatingmnagnet i ¢ fi el d and 06do6 i s an

for the baseline of the signals.
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Figure 3.2 (UPPER) The time dependent magnetic field signal from the pickup coil (black)
and Faraday signal (blue) of commercial iron oxide solution(LOWER) The graph of the
Faraday signal against the magnetic field signal. Bb sets of data are fitted with sine

function indicated by the solid line (see text).
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a b € d ‘

Magnetic field 1.0034 +0.0025 2.250 1.9944+0.0024  -0.0022+0.0017
10P+633

Faraday signal ~ 0.9972+0.0025 2.250 -0.0040+0.0026  -0.0002+0.0018
10°+684

Table 3.1 Fitting parameters used in Figire 3.2.

Chemicals

Hexahydrate ferric chloride (Fef3H,0), tetrahydrate ferrous chloride (Fe@H,0O), sodium
hydroxide (NaOH) is purchased from Acros Organics. Hydroahladid (HCI), nitric acid
(HNOg3), tetraammonium hydroxide (TMAOH), hydroxylamine hydrochloritH{§OH.HCI),
chloroauric acid trihydrateHAuCl,.3H,0) are purchased from Sigrddrich.

NPs synthesis and gold coating

Iron oxide nanoparticles are synthesizedl coated with gold shell as described by Lgbal*®

Briefly, 20 mmol of FeG.6H,O and 10 mmol of Fe@hH,O are dissolved in 25 mL of distilled

water containing 0.315 mL of HCI (density 1.19 g /ml). The solution is added drop wise to 250
mL of 1.5 M NaOH solution with vigorous stirring. The solution immediately produces black
precipitate of Fg),. The precipitate is washed with water several times. Following this, the
precipitate is dissolved in 250 mL of 0.1 M Hjl@nd centrifuged at 6000 rpm for &@inutes.

The precipitate is separated and dissolved in 250 mL of 0.01 MzlshIQtion. The solution is
heated to 90100 °C for 30 minutes to oxidize thesEg nanoparticles into KL®3; nanopatrticles.

The color of the solution changes from black to brown Tée solution is cooled down to room
temperature. The dark precipitate is separated again and washed with distilled water twice and
with 100 mL of 0.1M tetramethylammonium hydroxide (TMAOH) once. Then the remaining

precipitate is dissolved in 250 mL of10M TMAOH solution. The concentration of the
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nanoparticles is found to be 1.12 g/L. Average patrticle size of thus prepared nanoparticles is 9.7
+* 2 nm. The TEM image and the size distribution are showkigure 3.3(a) and3.3(b)

respectively.

" diameter=9.742.0 nm

5 10 20

Diameter of particles, nm

15

Figure 3.3 (a) TEM image of FeOs; nanoparticles used in the experimentand (b) Size

distribution of the nanoparticles, average diameter is found to be 9.7 + 2 nm.

Gold shell is coated on the surface of the nanopestibly reducing Al ions onto the
surface of the F©®3; nanoparticles. For this purpose, 5.35 mL of nanoparticle solution is mixed
with the same volume of 0.1 M sodium citrate solution. The solution is diluted by adding 100
mL of water and stirred for 15miut es. The 53 %HECI odn@®. 248 &NH o1
M HAuUCI4#.3H, O ar e mi xed. After OABH@I nan@és36QR0OL ebaf ¢
HAuCl,.3H,0 are added to the solution for further shell coating. The same procedure is repeated
with same amountfaeagents for 8 times for thé' batch. For the® and 3 batches, different

volume of the NHOH.HCI and HAUC.3H,0 are used. For thé®batch, intheist ep 180 €L

59



of NH,OH.H C | and 4438H@OLI HAadded. After t.0HHCI 66¢L
and HAuCI}.3H,0 solutions respectively, are added in each step repeated up to 15 steps. In the
3%batch, 270 &L anQHHIChemnHO®@2&L sdf aNid,3HB en 178
are added in the®Istep and repeated up to"2éteps. After everydxition of NHOH.HCI and
HAuCl4.3H,0 solutions, 1 mL of the solution is taken to record thewbible absorption of the
samples.

As the thickness of the gold shell increases with the addition of gold solution, the
plasmon peaks shift to the shorter waaglh region as shown iRigure 3.4(a) for one of the
batches. Figur&.4(b) shows the color variation of the solutions after shell coating with gold.
Color is changed from greenish brown to dark pink. The experimental relationship between the
plasmon pealand amount of the gold is plotted kigure 3.4(c). As the thickness increases the
peak maximum shifts to the lower wavelength region showing similar behavior like pure gold
nanoparticles>?! A similar trend is obtained for calculation using Mie scatigtheory, which
is shown in the dotted black |ifé* The cluster size of the nanoparticles is measured by
dynamic light scattering in every step after the addition of®QHIHCI and HAuC}.3H,0. It has
been found that the cluster size of®G¢nanopariles is around 160 nm before mixing with any
reagent. Interestingly, with the addition of ppH.HCI and HAuCL.3H;0, the cluster size

decreases to 98 nm®(&tep), then 90 nm {2 step), then 87 nm Bstep), and then the cluster

size stabilizes at arodr80 nm with = 5 nm error for the other steps.
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Figure 3.4 (a) UV-visible absorption spectrum of 3* batch synthesis of gold coated K&
nanoparticles. The initial peak position is indicated by an arrowat 606 nm and shifts to 532
nm with increasing thickness of gold shell. (b) Variation of color change when the thickness
of gold onto the surface of the nanopatrticles is increased. (c) The relationship between the
peak maximum and shell thickness of all tree batches of the of the gold coated K@s;
nanoparticles. (d)The graph represents the theoretical shell thickness variation calculating

using Mie scattering theory (se@ppendix?® section for details).
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Faraday rotation measurement and discussion

For the Faraday rotation measurements, 1 mL of solution is taken out after every addition of
NH2OH.HCI and HAuC}.3H,0O and is diluted with 5 mL of distilled water, to make the solution
light penetrable. The relationship between Faraday rotation of the golddcéa®©;
nanoparticles with concentration of gold solution added is showigure 3.5. In Figure 3.5(a),

the Verdet constant of the composite solution at a particle concentration ®1G%° (water

signal is subtracted) indicates continuous rise. Yaalet constant of a dilute NP solution is
proportional to the volume fraction of NPs. When the Verdet constant is normalized by the

nanoparticle volume fraction, the shape of this curve chafggps ¢ 3.5(b)).
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Figure 3.5 (a) Experimental Verdet constant of gold coated F©3; nanoparticle solution as a
function of gold shell thickness(b) Experimental Verdet constant of gold coated F©;
nanoparticles only (normalized by the volume fraction of the partites) as a function of gold

shell thickness

The effective Verdet signal exhibits a saturation effect and turns around at a NP radius of 7 nm.
The magnitude of the Verdet constant is in reasonable agreement with the Verdet constant of
other magnetic nanogile solutiond* and shows significant enhancement compared to
traditional Faraday materials at 632 nm (e.g. terbium gallium garnet: 134 Rad/Tm at 632 nm.)
While magnetic saturation effects could be important, at this field strength (0.00628 T) the
nonlinearity of the Faraday signal can be ignored.
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Figure 3.6 shows the relationship between phase lag of the Faraday signal relative to the
magnetic field. Phase lag with & is relatively high and after addition of gold solution it
decreases and is almasinstant for other additions of the gold solution. The cluster size of the
nanoparticles from dynamic light scattering experiments with the gold concentration is also
shown inFigure 3.6. Similarly, the cluster size decreases with the addition of thesgdldion
for first three additions and remains almost constant for other additions. Clearly, this effect
seems to show that on the time scale of the experiment, the nanoparticles show a dynamic
alignment effect as a result of the rearrangement of the magpes in a cluster consisting of
many magnetic NPs. Based on the frequency used foalttnatingmagnetic field (366 3
kHz), the estimated times of the full alignment of the magnetic spins are 0.65 ama ot The
bare vs. coated NPs, respectively. These data show that increasing cluster size results in slower

relaxation in a cluster consisting of small magnetic nanopatrticles.
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Figure 3.6 Phase lag betweeithe signal of Faraday rotation and the magnetic field of gold
coated FeOs; nanoparticles as a function of gold concentration. The cluster size of

nanoparticles from dynamic light scattering is also shown in the figure.

In order to better understand thegar of the enhancement of the Faraday rotation of the
gold coated iron oxide NPs, we made calculations based on classical electrodynamics in the
Rayleigh limit?® We have included a Drude response due to free elsctemml importantly,
another resonance that corresponds to bound electrons undergoifganderansitions in the
gold. With only aDrude term as in Ref. 23he plasmon resonance wavelength is predicted
incorrectly to be near only 300 nm. Accounting flee bound electron response is essential; we
made an approximation to the more correct treatment given by Idwaté® and applied more
recently by Scaffardi and Tocho for gold NPs.

The Faraday rotation of the particles is related to the differi@envave vector of left and

right polarized light when the magnetic field is applied:

. -YdQ Qa4 —YQ = 3.1

Here kg and k are the wavevector of the left and right polarized lighis the path
length,w is the angular frequency of the ligtis the speed of light arglx ande,y are diagonal
and off diagonal elements of the dielectric tensor. The calculated Verdet constas®pNPs
is a strong function of wavelength as showrFigure 3.7 for 4.85 nm FgO3; core radius using
the Maxwell Garnet (MG) theory. The Faraday rotation spectrum somewhat mirrors the optical
absorption of the nanoparticles. According to the calculation, near the plasmon resonance the
Faraday rotation exhibitgoth leftandright rotation. In these experiments, the Faraday rotation
spectrum is probed at fixed wavelength, therefore the calculated Faraday rotation of the gold
coated particles at 633 nm is shown in figBrAb) and3.7(c). The two graphs show théerdet

65



constant of the composite medium as well as the Verdet constant of the nanoparticles only

(Verdet constant normalized to the volume fraction of the particles).
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Figure 3.7 (a) Calculated wavelagth dependent Faraday rotation (MG Theory) of
core/shell nanoparticles in water, showing the variations with increasing gold shell
thickness correspondingto the experiment.(b) Same aga) at 632 nm (c) Same agb), but

normalized by the NP volume fracton.

Interestingly, the Verdet constant at 633 nm is very sensitive to the core diameter
variation, which is not expected to be observed in our experiments, because of the relatively
large size distribution of the particles. The calculation indicatesathgold shell is coated on the
Fe,03 NPs, the Faraday rotation at 632 nm will change sign in agreement with the experimental
observation. Furthermore, the Faraday signal is enhanced significantly when thicker gold shell is
coated on the surface of J&g core. As the surface plasmon resonance of the NPs shifts from red
to blue, the Faraday signal will reach a maximum and turns back. This is partly due to the actual
shift in the plasmon peak position due the gold shell thickness. Since the experimenieate do
fixed frequency the shell thickness increase continuously detunes from the plasmon resonance of
the particles. This shift also originates from the increased scattering length of electrons due to
thicker gold shell thickness. The increased scattelamgth is also accounted for in the
calculations. Interestingly, we do not see the actual turn back feature in the experiment. There are
multiple possible reasons why the turn back is not observed experimentally. First, in the
experiment we could not go amy thicker shell material without sacrificing the solubility of the
particles. Second, the calculation does not account for the size distribution of the particles, which
in turn could result in the observed feature present in the experiment. From dhnienexys, the
magnitude of the expected Faraday rotation appears to be larger than what is expected based on
the calculations. This discrepancy could be the result of the overlap of the molecular transition

and the plasmon shell of the Bg NP. This effet has been suggested by Jainal in the

68



original SIPREMO paper. Also, as we will show below, the clustering could have a major
impact on the observed optical properties of the material.

Effective medium theories allow making a connection between theabptoperties of
the components and the average response of the composite optical medium. Since the dynamic
light scattering data and the Faraday phase measurements indicate clustering, the Faraday signal
is also calculated using a modification of the X¥viall Garnett theory to account for this
observation. A simple way to account for clustering is using Bruggemann #ieshjch is
applied to systems where the particles are electrically connected and the volume fraction is

relatively high. The resultsdm this simulation are presented in Fig8r@
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Figure 3.8 Calculated wavelength dependent Faraday rotation for core/shell particle
solutions in water, including strong clustering effects via the Brggeman theory(a) for
0.035 volume fraction and(b) 0.7 volume fraction. The peaks below 450 nm are artifacts
due to the single resonance assumed for bound gold electrons. The plasmon peak does is
slightly higher than that found without clustering effects. (c) Same aga) at 632 nm(d)

Same aqgc), but normalized by the NP volume fraction.

Qualitatively, the Bruggeman theory shows that the spectral features present in the
Faraday rotation spectrum become broader and red shifted relative to the MG Alsemmgsult
of the spectral changes, the Verdet constant at 632 nm does not show a maximum, but a
continuous increase of the Verdet constant with increasing gold shell thicByessmparing

experiment and theoryhé experimentally measured Faraday trote seems to be more
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consistent with the clustering model at a fairly large packing fraction like @afoconclusion

from the calculation and from the Faraday phase shift is that clustering is important in solution in
determining the average optical respe (Faraday rotation) of the composite material consisting

of magnetic nanoparticles and watétowever, probably a more complete description of
nanoparticle interactions is needed to consistently describe both the absorption and Faraday
rotation spectraf these nanoparticle solutions simultaneously.

While the primary goal of this work was to investigate the relationship of the Faraday
rotation and shell thickness of gold, it is interesting to compare the results in terms of the
plasmon resonance wavetgh of the particles. This comparison eliminates the need of
calculating the shell thickness from experiment. The experiment show (A§(&) that the
composite Faraday rotation signal crosses zero at long wavelengths (thin shell), the signal
bottoms ait at around 550 nm (~4 nm shell thickness or ~8nm particle radius). The calculations
(Figure 3.9(b)(d)) based on MG and Bruggeman theory exhibit the general features of zero
crossing at long wavelengths and a minimum betweer6580nm wavelengths. Intestingly
this wavelength does not correspond to the measurement wavelength of the FR signal. The

theory predicts that the minimum shifts to thicker shell if there is more clustering.
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Figure 3.9 (a) Experimental Verdet constant of gold coated F£3; nanoparticle solution as a
function of surface plasmon resonance peak measured at 632 nm)-(d) Calculated Verdet

constant of gold coated F#3; nanoparticle solution as a function of surface plasmon

resonarce peak measured at 632 nm.

Overall the results suggest that clustering is important of the interpretation of FR signal
of magnetic NP in solution. Clustering could account in some extent for the enhanced FR signal
as well as the deviation of the waveldnglependence of the FR signal from the FR signal of
isolated particles. The simple Maxw@larnett theory assumes non interacting particles, which
is not sufficient to describe the observed effects. Bruggeman theory takes into account of the

near field ineractions of the particles in an average fashioior Bo this work, Moolekamp and
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Stoked® already successfully used Bruggeman theory to improve the agreement of the magneto
optical response of chemically linked magnetite and gold nanoparticles. Aiththey
Bruggeman theory produced better agreement with experiment, we think that future experiment

and theory should focus on obtaining quantitative agreement.

Conclusions

In summary, the Faraday rotation of gold coategOFeNPs are measured at 632 nmas
function of gold shell thickness. Theory and experiments show qualitative agreement in
describing the Faraday effect of the golwhted NPs. The Faraday rotation reverses its sign
when the gold shell is applied. The experimental Faraday signal extahistson with gold

shell thickness at 632 nm, but theory suggests that the Faraday rotation will eventually diminish
and reverse sign again with increasing shell thickness. The theory shows that the variation in
Faraday rotation with increased gold shieitkness is directly linked to the blue shift of the gold
plasmon mode with increasing shell thickness. This interpretation is novel compared to previous
observations of this effect. The distribution of NP sizes and shell thicknesses will spread out the
variation in Faraday rotation beyond that indicated in the theory. The results also show that
clustering of the magnetic NPs in solution may induce significant effects on the optical
properties of these materials. In future experiments, it will desiralterttvol the aggregation
(shape and size of aggregates) that can help develop better description for the aggregation in
replacement of the Bruggeman theory used in this work. Using the NPs as isolators could be a
significant improvement over commercial maals if this clustering can be minimized or
maximized via manipulating the interparticle interactions, as well as improving the size

distribution of the particles and the gold shell.
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All the data presented in this chapter have been already publishedCineth. Phys135
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Chapter4-Pul sed magnetic field Far

The Faraday rotation is known as a typical magiogtical effect. Faraday effect is first
discovered by Michael Faraday in 1948 which the plane of polarization of a light beam is
rotated after transmitted through a dielectric medium when the magnetic field is applied in the
direction of the propagation of lightt The angle of rotation (G) o
light is given by;

e 700 4.1
whereB is the magnetic field. is the path length of the dielectric medium, and the Verdet
constant of the medium. Many reports have been reghanh the Verdet constant of materials
using alternating current magnetic field and direct current magnetic Yieldke physical
meaning of the Verdet constarg magnetacomplex birefringence, and it is given by the

following equation, when the material has no absorbance at the observing wavélength;

— & ¢ 4.2
where) is the angular frequency,is the velocity of light AT &\ are the refractive indexes
of the left andheright circularly polarized light.
Paramagnetic materials are commercially useshagneteoptical memory products and
hence the Faraday rotation has been studied mainly for these mé&téfdis. measurement of
the Faraday rotation of diamagnetic materials is very linlftathe Faraday rotation is thought
to have unique information available in ariadal chemistry, in that the magnetization can be
monitored by light, since all substances have their own magnetic moments or magnetic
susceptibilities, which could be used for the identification and speciafibe. electromagnet
based measurement requires an expensive and bulky electromagnet and a high current power

supply to produce magnetic field of the order of a tesla or hfgfiée alternative of the
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alternating magnetic field is the pulsed magnetic field. Moreover, magnetic field is one of the
important parameter that can be changed when performing an experiment. Mamgalphy
properties vary with some power of the magnetic flél&ometime somewhere linearly or
guadratically, and sometime occurs only after estatn threshold value. Higher field also
provides higher resolution too. Therefore, it is important to try to increase the applied magnetic
field maximum. Ordinary electromagnets cannot generate high magnetic field because of field
saturation in ferromagatic cores beyond which Joule heatogruss (due to high currents in the
coils), limit the maximum field reached. Higher field can be generated with pulsed magnet
because very high power is available from pulsed power supplies, and continuous coohog will
longer be a problem. Pulsed magnets use large current in air cored solenoids for a very short time
interval which minimize Joule heating. However, the short time pulse is still longer on
comparison to the time scales of electronic processes thatindbermaterials. The time for the
pulsedmagnetidield is 10°s while the time for the electronic processes are usually orders of 10
110 10°s. Hence the material response can be treated as steady state to a great jrébision.
main purposes of this experimeante the construction and calétion of pulsed magnetic field

and then use the pulsed magnetic field to observe the magptetal Faraday rotation of Au,

Fe0O3; and gold shell coated F@; NPs.

Construction of pulsed magnetic field

In 1924, the fist pulsed magnetic field, close 50T, was developed by P. Kapitza from his lead
acid storage battery through 1 mm bore and he was optimistic about obtaini3@@0d0if
adequate financial means became avail&lfRilsed magnets are used for two reasons: they can

provide the highest fields and they can be made to fit a moderate budget. The generation of
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pulsed magnetic field is important fgeveral activities in the area of physical sciences. The
basic components of a pulsed magnetic field are capacitor bank (C), power supply (V), spark gap
(also called thyratron switch), inductor (L) and resistors (R). Basically, a pulsed magnetic field
circuit is RLC (Resistoil Inductori Capacitor) circuit. A simple schematic diagram for the

pulsed magnetic field is shown in the Figure 4.1.

Wy MWA—

Rl R2

||

% ~
gap

Figure 4.1 A schematic RLC diagram for pulsed magnetic field.

The capacitor bank is charged widhpower supplyWhen he charged capacitor barsk
dischargd through the inductive coils for a short time, electric energy is transformed into
magnetic energy’ The production of suitable shaped magnetic field requires antui pass
through a coil, but choosing the parameters of the coil is nontrivial because edffradeveen
the magnetic field strength, the field homogeneity, and the inductance of the coil. Increasing the
number of turns of the coil increases thedistrength for a given current and increasing the
diameter of the coil provides a larger region of the field uniformity but decehsefield
strength. An increase in either the coil diameter or number of turns causes an increase in the

inductance of theoil, and so for maximizing the rate of field switching, the number of turns and
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coil diameter should be minimizéd. A seriesof resistos controls the charging current. The
value of* M0 6gives the duration dhepulse®®

The energy stored in the capacitor is deadly to humans if the capacitor is discharged
through the human body. Therefpreis very important to follow the safetsteps to protect
human life. A safety protocol is also prepared to operate the pulsed magnetic field which is

attached in appendix.
Experimental setup

The experimental setup of the pulsed faraday rotation measurement is shown in the following

Figure 4.2.

Figure 4.2 Experimental setup for pulsed magnetic field generator.

The setup consists of following parts:
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1. Resistor (to discharge remaining charge)

2. Protective circuit (protect the power supply/charger fvattage reversal)
3. Diode (a part of protective circuit)

4. Capacitor bank

5. Current limiting resistor

6. Power supply/charger

7. Spark gap box

8. Trigger box (triggers the spark gap)

©

Fiber optic isolator (isolates low voltage component from high voltage component)
10.Current sensor (to calculate the magnetic field— gives current I(t) which is

proportional to the magnetic field M(t)).
11.Programmable controller
12. Attenuator (reduces the amplitude of a single without distorting its waveform)
13. Coil (generates the Bed magnetic field during discharge, and holds the sample)
14.Delay generator (provides precise delays for triggering. It has only microsecond precision
with single channel, but experiment needs three channel)

15. Delay generator (nanosecond precision, not emdoigthe experiment)

The setup, located at Department of Chemistry, KSU, consists of a capacitor bank of 77.3
pF of Maxwell Laboratories which is charged by a power supply/charger of Lumina Power, Inc.
The power supply uses @30 V AG50/60 Hz input ad output of 10kV@500 J/s in

continuous operation. All the experimental operations are controlled by the computer

programmable controller. The discharge energy can be calculated using the expréssion
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Principally, the discharge of the capaciteank to be critically damped which impliéé

¢ 078. The spark gap is the major resistance in the circuit, and most of the energy is dissipated
through the spark gap during discharge and the remaining, maybe negligible, energy is used in
the Joule bating of the coit® A small spark gap gives the necessary resistance docritical
damping. Theoretically, the capacitor bank needs to be charged to cross the breakdown voltage
of the spark gap. The breakdown voltage is the minimum voltage that causes a portion of
insulator to become electrically conductive and complete #trad circuit. In our experiment

the spark gap is fixed to approximately 2 mm and is triggered by using trigger box.

Experiment
Characterization of the magnetic field
Magnetic field of the setup is measured twice using water with two different disgiategdial
3500 V, 5000 V and two different path lengths 3.0 cm and 2.6 cm, respectively. For the first
measurement, the magnetic field is around 1.3 T and for the later measurement, the magnetic
field is around 2.2 T. The variations of calculated magrietid of the setup with time in these
two measurements are shown in the Figure 4.3. The detail of the calculation for the magnetic

field is attached in the appendix.
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Figure 4.3 Variation of magnetic field with time using water (a) at discharge potential 3500

V with path length 3.0 cm and (b) at discharge potential 5000 V with path length 2.6 cm.

Laser power and discharged potential dependence of Faraday rotation

As our experiment shoyd, depending on diselnge potential different magnetic field can be
achieved. It is important to see the discharge potential dependence Faraday rotation. The
discharge potential dependence of Faraday rotation is investigated using water in 3 cm long
sample holderA He-Ne lase (632 nm, 5 mW) is used as the source of light and a sheet polarizer
is used to control the laser powhbtvestigation shows the linear dependence of Faraday rotation
with the discharge potential. The experimentally measured Faraday rotations with their

corresponding discharge potentials are shown in Figure 4.4(a).
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Figure 4.4 Relationship between (a) Faraday rotation and discharge potential, (b) Faraday
rotation and laser power, cross points are the experiantally determined Faraday rotation

and red line is the best fit line for the measured points.

In the similar way, the laser power dependence Faraday rotation is also investigated.
Experimental investigation shows the Faraday rotation linearly deperids taser power which

is shown in Figure 4.4(b).

Faraday rotation of nanoparticles

For the experimental purpose, gold and iron oxide/gold nanoparticles, which are the same that
used in pervious chapters, are used. These are large gold (17 nm) &nd(%é nm)
nanoparticles. The data are taken in 3 cm sample holder and at 3500 V discharge potential. The
whole spectrum is recorded using Ocean Optic2PRUIsed Xenon light source. The magreto
optical responses in terms of Verdet constant are shown ineFHgbir The measurement shows

the maximum Faraday rotation around 520 nm for gold nanoparticles which corresponds to the

86



plasmon absorption peak wavelength for the gold nanoparticles. There is no such maximum
Faraday rotation for E®3; nanoparticles sincéére is no plasmon absorption peak maximum for

Fez()g.

Au NPs
Fezo3 NPs

A (NImM)

Figure 4.5 Faraday rotation of gold and FeO3; nanopatrticles.

Similar type of Faraday rotation is obtained from the theoretical calculation using the

Maxwell Garnett theory for both nanoparticles which is shown in Figure 4.6.
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Figure 4.6 Faraday rotation in terms of Verdet constant calculated for nanoparticles

indicated, in water solution, using the MaxwedlGarnett theory at a volume fractionfs=

1.67x10° together with volume fraction normalized Faraday rotation.

The calculation shows the bhshifting of the gold plasmon peak with increasing gold
shell thickness is reflected in the Faraday rotatiorctspe particles but there is no plasmon
resonance for the F®; nanoparticles. The calculation accurately predicts the dip in the faraday
rotation of the gold NPs at the plasmon resonance peak. This spectral feature is shifted for the
gold coated nanopattes to the red again as expected based on the calcul@tiothe other
hand, experimentally obtained volume fraction normalized Faraday rotation data are shown in
Figure 4.7. Volume fractions of NPs are calculated using concentration and TEM size of NPs.

Data show unexpectedly far away from theoretically estimated values for b@k dfel gold
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NPs. It is very high for gold NPs and low for,Bg NPs. This discrepancy between theory and
experiment need to be resolved in the future. Commercially availadlerials with highest
Verdet constant are Th doped glass (69.81 rad/Terpiumyttrium garnet (134.39 rad/Tm) and
yttrium iron garnet (1605.70 rad/Tm) at 632 nm wavelength. The highest reported Verdet
constant is 11344.64 rad/Tm for hybrid polythioph&te film at 830 nnl’ Here our
measurement shows the Verdet constants for gold ax@ N€s areaway from the theoretically
expected vimes and needs more investigatiorhe large Verdet constant of metal NPs relative

to traditional materials could provide important applications of these particles as Faraday rotors.
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Figure 4.7 Experimentally obtained volume fraction normalized Faraday rotation for 17
nm gold (left) and 9.7 nm FeOs (right) NP.

Faraday rotation of bare ¥&; and gold shell coated §&; nanoparticles are also

measured under the same conditions. The measured Faraday fistatiown in Figure 4.8.
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Figure 4.8 Faraday rotation of Fe,O3 and gold coated FgO3; nanoparticles.

A clear distinction can be seen in the Faraday rotation data. As b&erfamoparticles
are coated wit gold shell, the Faraday rotation spectrum stid increase in negative direction.
If the thickness of the gold shell readhet a certain level, similar type of the Faraday rotation
effect that is obtained from pure gold Né&n be expected. At thaobipt, the NPs start to show
the properties almost same to the pure gold NPs since g iBefar from the surface of the

NPs.

Conclusions

The pulsed magnetic field setup is constructed and calibrated. The magnetic field could be
controlled by changinghe dischege potential. Faraday rotation is linearly dependent on the

discharge potential and laser power. Faraday rotation of nanoparticles in pulsed magnetic field is

90



also measured. Theature ofexperimentally measured Faraday rotation of NPs is sinailéne
nature of theoretically calculated Faraday rotatioHowever, the experimentally obtained
Faraday data are perplexinglywayfrom the theoretically estimated values. Further investigation

is necessary to find out the reason behind sliffarent values of Faraday rotatiolhe gold

shell coated F£©3 nanoparticles start to show the similar type of Faraday rotation that observed

for pure gold nanoparticles.
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Chapter5-( AGompl ex formati on between ¢
Ms p& MsPA

Proteins are macromolecules with dimensions in @weometer range that can be tailored to
specific needs by sitdirected mutagenesis. Combining nanoparticles with proteins is desirable
to extend the functionality and transferability of both proteins and nanoparticles. Nanoparticles
have been successfullipked to antibodie$? aptamers;* and enzymes® Extensive work has

been done creating nanoparticle/ biomacromolecule complexes by many Groips,
challenges remain. Specifically, using protein/nanoparticle complexes has been severely
hampered bythe problem that most proteins lose their structural integrity in anatwe
environment, limiting their potential use in many analytical and clinical procetures.

The octameric porin A fronMycobacterium smegmati@vispA) forms a homopore,
which distinguishes itself by its extraordinary stability, suitable geometric dimensions, and an
amphiphilic nature. This porin features a very hydrophobic docking unit that is able to penetrate
virtually any cell membrane. When MspA is doped with a nanoparticle (NPuitable
dimensions (<5 nm in diameter), the resulting nanoparticle@MspA assembly will reconstitute
within virtually all human (mammalian) cell membranes using the strongly hydrophobic
Afdocking r eg bDb.Moe géomeatrie dirkensipasroketidscking region are 3.7 nm

in length and 4.9 nm in diametErln sharp contrast, the inner pore of MspA is hydrophilic.
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Figure 5.1 Crystal structure of MspA.® Surface representation (side view): green,
hydrophilic amino acids; yellow, hydrophobic amino acids. Dimensions are given in
nanometers. The position of the constriction zonad(= 1 nm) is marked with an arrow. The

inner channel lining is indicated by black lines.

The diameter of the innerporechang f rom 4. 8 nm at the pored:
constriction zone (bottleneck). Due to the strong binding of hydrophilic functional groups to the
surface of gold (and other metal) nanoparticles, the inner pore can act as host for nanoparticles of
sutable size. In order to test the potential of this porin to dock nanoparticles, two different sizes
of gold nanopatrticles are synthesized. Thiols are known to bind most strongly to gold surfaces
and to competitively displace other functional groups, sashamines and carboxylates.
Therefore, the effect of a cysteine mutant of MspA (Q126C, henceforth abbreviated a$°MspA

is also investigated on the binding of gold nanoparticles.
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Figure 5.2 (a) The optima arrangement for a nanoparticle of radius 2 nm. The closest S
Au distance is 0.42 nm. Gray represents the thackbone, gold the Au sphere, blue the Trp,
and red the Cys 126. (b) The distanceD( of the nearest Au atom of the nanoparticle to the
CP of residue 126 as a function of distance from the base of the porig)(along the central
axis of the porin. The oiigin (Z = 0) is defined by the ¢ position of each D91 residue. The
lines correspond to spherical Au nanopatrticles of varying radius (R), and the horizontal
line is the optimal C*-Au distance (0.33 nm) required for SAu bond formation (0.24 nm).
Curves aretruncated when an Au atom is located within 0.3 nm of a backbone or®Gtom
of the porin (steric overlap). An optimal arrangement is observed for a nanoparticle of
radius 2 nm (containing 1956 atoms) located aZ = 5.1 nm with a C-Au distance ofD =
0.42nm.

Our Au@MspA adducts are intended for plasmonic hyperthéfreigperiments and
serve as model compounds for magnetic hyperthermia experif@amspared to other methods
for treating cancer, such as chemotherapy and radiation, hyperthermia hasgexfeamages:
(A) When heated above #5, mammalian cells die because of protein misfolding, impairing
DNA transcription, and many other metabolic functiGhBurthermore, the kinetic energy of the
phospholipids in the cell membrane can exceed the hydration energy barrier, which holds them
within the supramolecular assembly of the membrane. The membrane of mammalian cells at
43C dissolves in the surrounding aqueous buffers, rendering the membrane freely permeable to

small ions. This process leads to either necrosis (leakage of the cell @ngponthe human
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body) or apoptosis, depending on the amount of ion influx into the cytoplasm and the efficacy of
the cellular repair mechanisms, which can be also impaired by hypertiéii®)ateat is not

toxic and will not destroy too many healthy Iselif the heating can be restricted to the tumor
region(s) with precision. With nanoparticles, heating can be either induced by
multiphotoabsorption at 800 nfwhere human tissue is almost transparent and does not scatter

significantly;® or by the apptation of a local AC field when magnetic nanoparticles are used.

Experiment details
Chemicals and Porins
Hydrogen tetrachloroaurate(lll) trihydrate (HAU@H,O, 99.99%), sodium borohydride
(NaBH;, 98%), mercaptosuccinic acid (98%), abbreviated as MSAegthamol, n-
octylpolyoxyethylene, and sodium citrate @8sHs0;-2H,0). MspA and a mutant of MspA
possessing a cysteine residue in position 126 (MSpavere generous gifts from Professor

MichaelNiederweis, Department of Microbiology at the University tdl#dama at Birmingham.

Synthesis of Gold Nanoparticles
Small gold nanoparticles were synthesized by the method described by Chen andeKiabtfra

Briefly, a mixture of 197 mg of HAuGlis dissolved in 4 mL of doubly distilled water and
187.68 mg of MSA wsolved in 100 mL of methanol is prepared under inert atmosphere. A
solution of NaBH (189.15 mg of NaBklin 25 mL of water) is slowly added at the rate of 2
mL/min. The solution is then stirred for 1 h. Finally, a dbar&wn precipitate of gold
nanopartles is formed. The gold nanoparticles are centrifuged at 8500 rpm for 10 min to obtain
a residue of nanoparticles. The nanoparticles are washed twice with 20% (v/v) water/methanol
mixture once with pure methandihe nanoparticles are dried in vacuum. Tla@oparticles are
easily soluble in water.
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The large gold nanoparticles are prepared from the reduction of HAoCition by
sodium citrate solution as described by Turkevéthl*® Briefly, 5 mg of HAUC} and 50 mg of
sodium citrate are dissolved @ and 5 mL of doubly distilled water, respectively. The HAuCI
solution is heated to about &0, the sodium citrate solution is added, and the mixture is
vigorously stirred for 50 min. The color of the solution gradually changes from faint pink to wine

red which contains the required nanopatrticles

Transmission Electron Microscopy

The sizes of the different nanoparticles are determined with TEM. This is achieved using a
Philips CM-200 TEM, operating at 100 kV. A small fraction of the nanoparticle isolus

diluted to ondfifth of its original volume, and a drop of the diluted solution is spread over a
copper grid (300 mesh size) supporting a thin film of amorphous carbon. To reduce the damage
from the electron beam, the sample is cooled to liquidogéin temperature during data
collection. TEM images and size distribution of both types of nanoparticles are shown in Figure
5.3. According to TEM analysis, the average size of the small nanoparticles is 3.7 + 2.6 nm and

large nanoparticleis 17+ 3 nm.
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Figure 5.3 Representative TEM images of the gold nanoparticles used in the experiment.
(A) TEM image of small nanoparticles. (B) TEM image of large nanoparticlesThe size

histograms indicating the averagesize and size distribution of the gold nanoparticles are

shown in (C) and (D), respectively.

Neutron Activation Analysis of Gold Nanoparticles

The concentration of gold nanoparticles in the solution state is measured by means of neutron
activation analysi (NAA). In this process, a sample and a standard sample are activated by
neutrons under the same conditions. The specific activity of the samples is then measured. The
activity of the samples after irradiation is directly proportional to the amount (aivaten) of

isotope present in the sample. The ratio of the specific activity to concentration of both samples
is equal. From this relationship, and using the average nanoparticle sizes determined by the

transmission electron microscopy (TEM) analysig, tloncentration of gold nanoparticles in a
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solution is calculatedThe concentrations of small and large nanoparticle8.6/x 16 mol/L

and1.13 x 10" mol/L respectively.

Modeling of Nanoparticle and MspA Complexes

A series of calculations are pemfieed using the porin octamer coordinates obtained from the
crystal structure of MspA (PDB code: 1UUN). First, a gold feestered cubic lattice is
constructed using the experimental -Au contact distance of 0.288 rifh.Spherical Au
nanoparticles of varpg diameter are then isolated from the lattice. The center of mass of each
nanoparticle is then moved along the central axis of the porin corresponding to various distances
(2) from the constriction site. A complex is rejected if any Au atom is locatddnwit3 nm of

any porin backbone (N,CCC, 0) or € atom. The distancé] of the nearest Au atom to th& C

atom of the Q126 residue is then determined as a functidnA$ésuming bond lengths for the

CP-S and SAu bonds of 0.182 and 0.24 nm, respectiyébgether with a ES-Au bond angle of

10 ?° suggests an optimal’@u distance of 0.33 nm for the formation o8 covalent bonds.

MspA Porin/Gold Complex

Nanoparticle/protein complexes represent a unique class of materials that are able tothmerease
functionality of the individual components. We have assessed the ability of the very stable porin
(MspA) from M. smegmatisto bind two very differently sized gold nanoparticles in the
hydrophilic inner pore. The binding of the gold nanopatrticles leas Iprobed by observing the
fluorescence and phosphorescence of tryptophan molecules positioned in the protein (Figure
5.2(a)). MspA contains eight identical amino acid chains. Each MspA chain is composed of 184
amino acid residues and contains four trppian fluorophores at positions 21, 40, 72, and 181.

The positions of the 32 tryptophans of the MspA are shown in FigiX@). In order to
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determine the geometrical requirements for fitbenation of a gold nanoparticle and MspA
complex (Au@MspA) a seriad calculations are performed using the porin octamer coordinates
obtained from the crystal structure (PDB code: 1UUN). Figepredicts that the optimal size

for the complex formation involves a nanoparticle with a diameter of 4 nm. A larger diameter
will not fit into the porin, while a smaller diameter will not be able to covalently attach to all
eight C126 residues simultaneously. Smablerclusterscould enterand bind asymmetrically
although their ability to totally block the porin would be redusatstantially. The figure also
suggests that a 4 nm diameter Au nanoparticle should form a complex with its center
approximately 5.1 nm away from the constriction zone and with Au atoms within 0.42 nm of the
C® of residue 126. While this is slightly larger than the optimal distance of 0.33 nm (see
Methods), covalent attachment can easily be accommodated by small, but benign, changes in the
porin structure. The covalent attachment to C126 is predictedctr aound the equator of the
nanoparticle. Finally, we note that in the above complex the closest tryptophan to Au distances
are approximately 2.5, 1.1, 1.4, and 2.0 nm for residues 21, 40, 72, and 181, respectively.

The average sizesf small and big gold naparticlesare 3.7+ 2.6 and 17+ 3 nm
respectively The respective sizes of the gold nanoparticles used in our experiments are both
smaller and larger than the channel opening of MspA, which is 4.8 nm. It is apparent from these
data that the larger goldanoparticles are unable to fit into channel opening or even the outer
pore of MspA. However, the sample of smaller gold nanoparticles feature a significant fraction
that is less than 4.8 nm in diameter. Fortunately, nanoparticles with diameters of 4.0 nm
correspond to the most common particle size synthesized for the small Au clusters. Our
experiments are based on the mechanistic paradigm that the smaller gold nanoparticles are in

close proximity to the tryptophan side chains at positions 21, 40, 72, andHé&Bce, this will
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result in different spectral features than for larger nanoparticles which have to remain outside of
the central pore of MspA.

Stationary luminescence experiments of the Au@MspA complexes have been performed.
The goal of these experimant to confirm the presence of Au@MspA complexes when using
smaller nanoparticles and to discern the effect of the various sized gold nanoparticles on the
tryptophan emission. Furthermore, the effect of the cysteine mutant ¥igmAthe binding of
gold ranoparticles is studied by luminescerspectroscopy. Msp®® contains a ring of eight
thiol groups within the pore that are only accessible tsithaler gold nanoparticles.

It is well-known that the photoluminescence of a fluorophore is greatly affbgtede
presence of a metal surface. Briefly, the presence of a metal surface affects the radiative and
nonradiative rates of fluorescence and phosphorescence as well the rate of light abdSorption.
These effects are even more pronounced with metal ndiodgsmwhen their surface plasmon
resonance is close to the transition of the fluoroph&ealitatively, the quenching of
fluorescence is most significant if the fluorophore is within a few nanometers of the surface of
the metal nanoparticle. For examptbe effect of fluorescence quenching dominates up to a
distance of approximately 5 nm from the nanoparticle surface. On the other hand, at distances
between 520 nm, fluorescence enhancement is the dominant mechanism.

Both MspA and MspA® possess severaimino acids that contribute to the total
luminescence of the protein. The strongest emitting fluorophore of MspA is trypttphae.

spectrum features a strong absorption band at 280 nm (Eigiire
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Figure 5.4 Fluorescence (§¥ So) and phosphorescence (¥ So) spectra of the MspA and
MspA®S The peak originates from the 32 tryptophan present in the proteins. The

samples are photoexcited at 280 nm.

The fluorescence emission of tryptophan is centered at around 350 nm. Thengua
yield (0g) of this primary fluoress@nz@ arsd kino
0.80, depending on protein conformation and environfitent.

The fluorescence emissions occurring from the excitagen280 nm) of the tryptophans
of MspA in the presence and absence of the small and large gold nanoparticles are summarized
in Figure5.5. In all cases the fluorescence emission band is centered around 350 nm. Both MspA
and MspA”® show similar trends; however, the observed fluorescence guagnie the small
gold nanoparticles is more pronounced in MSpAwhereas the fluorescence enhancement by
the larger gold nanoparticles is less distinct. Note that the concentrations of MspA and of the
gold particles of the same size are exactly the spar@jitting us to draw direct comparisons of
their photophysical behavior. The absorption cross section of the large nanoparticle is greatly

increased, which could cause large-sdi§orption effects, making the comparison of the protein
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and Au@MspA compbees difficult. Therefore, the concentration of the large gold nanoparticles
is chosen to be significantly smaller than that of the small gold nanoparticles. I{apartd(c)

of Figure 5.5, the fluorescence of MspA (a) and Ms{FAc) by the small goldhanoparticles
drops to 55 20% and 24t 20% of its initial value, respectively. In pafty and(d) of Figure

5.5 the fluorescence enhancementip)(of MspA (b) and MspA&® (d) caused by the larger gold

nanoparticles are 2720% and 13& 20%, respetively.
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Figure 5.5 Fluorescence spectra of MspA beforeb(ack line) and after (red line) the
addition of small (a) and large (b) gold nanopatrticles to the protein solution. Fluorescence
spectra of MspA™*° before (plack line) and after (red line) the addition of small (c) and large
(d) gold nanoparticles to the protein solution. The concentration of MspA and Msp®® in
the solution is 1.09 x 18 mol/L. The concentration of the small and large gold

nanoparticles in solutions is 3.67 x I®and 1.13 x 10" mol/L, respectively. The excitation

wavelength is 280 nm.
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Interestingly, only freshly prepared small gold samples exhibited quenching of the fluorescence
of MspA. After aging for a month, the small gold opparticle samplesnduce increased

tryptophan emissions, very similar to the large gold nanopavtitieh is shown in the following

Figure5.6.

I r I v I v I v r I r I r I
MapA
MspA + S0uL NP
MepA + 100uL NP

—_—spA™

—spA™ + 50ul NP
MspA™ + 100ul NP

PL Intensity, a.u.
PL Intensity, a.u.

300 350 400 450 500 550 300 350 400 450 500 550
Wavelenght / nm Wavelenght / nm

Figure 5.6 Tryptophan emissions of MspA(left) and MspA®* (right) with small gold NPs

after aging for a month.

We speculate, that the cause for this effect is most likely the aging (Ostwald ripening) of
the gold nanoparticles, which increases the fraction of bigger particles and consequently reduces
the proportio of the very small gold particleStability of the nanopatrticles is tested through the
measurement of the zepatential of nanoparticles colloids. The zetatentials of colloids are
measurd using four detectors from four different angles. The measzetgpotentials for both

small and large gold nanoparticles are showthafollowing Figure5.7.
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Figure 5.7 Zeta-potential of small (left) and large gold(right) nanoparticles.

The average zefpotentid of small gold nanoparticles i20 mV which indicates that
these nanoparticles are unstable. The instability of colloidal solution leads the nanoparticles to
aggregate and formarger nanoparticlesTherefore the small gold nanoparticles start to show
similar behavior that is shown blarger nanoparticles. Theaveragezetapotential of big
nanoparticles colloid is-45 mV which is comparatively more stable than small gold
nanoparticles.

A more detailed comparison of the fluorescence data is shown imeFig8i The
fluorescence spectra of the previous data (shown in Figbjeare normalized to the peak
maximum at 350 nm to observe changes in the fluorescence peak shape. Clearly discernible
changes occur when assemblies between M8pAd the smaller mmparticles are formed. The
spectra of the wildype MspA before and after the addition of nanoparticles differ much less
than those for MspZ®. Interestingly, the red side of the tryptophan fluorescence is less affected.
The difference spectra betweenetismall gold Au@Msp&® and the MspA® indicate a
fluorescence peak centered at about 370 nm. On the basis of previous observations, the 370 nm

peak corresponds most likely to those tryptophan molecules that can be found in a polar
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(aqueous) environmefit.On the basis of this observation, the most likely location of these
particular tryptophans i s at position 181,
exposed to a polar environment. In sharp contrast, no changes of the peak shapssnasd ob

for the complexes of MspA with the larger gold nanopatrticles. (Fig8rganelgb) and(d)).

Nomnalized PL

Normalized PL

300 350 400 450 500 550
Wavelength / nm

Normalized PL
Normalized PL

e —
300 235 400 450 OS00 550

Wavelength / nm

Figure 5.8 Same as Figures.5, but the fluorescence is normalized to the peak maximum.
Panel(c) insetshows the TY S, transition of the MspA®*°before (black line) and after (red
line) addition of small gold nanoparticles to the protein solution. The arrows indicate the

position of the relative increase of fluorescence in the spectrum.

Finally, a second photoluminemnce experiment is carried out to excite the nanopatrticles
at a wavelength where no appreciable absorption of the MspA protein takes place. The
previously described combinations of the MspA proteins and the smaller and bigger gold

nanoparticle samples asbown in Figureé.9. However, excitation is performed this time at 500
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nm. The data presented in pas and(c) of Figure5.9 show that the assemblies of the small
gol d nanoparticles with
T.Y S transition arounde= 775 nm (phosphorescend&)The occurrence of phosphorescence

is a strong indication that the nanoparticle and protein are indeed in close Eomi@eestingly,

the complexes between the large gold nanoparticldsMspAs do not show the same effect.

Note that the sharp features at approximately 550 and 600 nm are Raman lines of the solvents.

The fluorescence of both gold nanoparticles in aqueous solution is found to be negligible.

PL Intensity, au.
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PL Intensity, a. 1L
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Figure 5.9 Photoluminescence spectra of MspA beforéblack line) and after (red line) the
addition of small (a) and large (b) gold nanoparticles to the protein solution.
Photoluminescence spectra of Msp&’® before (black line) and after (red line) the addition

of small (c) and large (d) gold nanoparticles to the protein solution. The concentrations of
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protein and nanopatrticles are the same as before. The sharp features are Raman lines of
the solvents. The photoluminescence of only gold naragicle solution (not shown) is

negligible in the solution.

The observed differences with respect to the occurrence of phosphorescence are due to
the location of the nanoparticles attached to MspA. Whereas the smaller gold nanoparticles
permit their bindng within the pore of MspA, the larger nanoparticles have to be bound at the
exterior of MspA due to size exclusion. The
tryptophan units can be regarded as mechanistic proof of the proximity of the gatdelP
and at least some tryptophan units within the NP@Msgsembly. On the other hand, the
observed fluorescence enhancement of the excited tryptophan units in the presence of the bigger
gold nanoparticles clearly suggests that some kind of binding take place as well. In
principle, fluorescence quenching could be expected if there is only a single fluorophore in the
protein even in the case of a big nanoparticle, but there are 32 tryptophans present at various
distances from the large gold nanomdes since no docking takes place. In addition, the
presence of large gold nanoparticles may interrupt the energy transfer network of tryptophans.
Clearly, in the case of docked small gold nanopatrticles, distance distribution is more symmetric
relative tothe metal surface. An important question is where the nanoparticles are relative to the
MspA and MspA”>. When the protein is anchored on mica, the nanoparticles are bound to the

MspA from the TOP for both small and large nanoparti@es.

High-PerformanceLiquid Chromatography (HPLC) Separation of the Au@MspA
Complexes

The binding constants of both of the small and laggkl nanoparticles bound to MspA are

measured by HPLQShimadzu Prominence) employing a POROS HQ/20 amexchange
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column and a flux of 0 mL mir*. Two buffersare used: AOPO5 (25 mM HEPES, pH 7.5, 10
mM NaCl, 0.5% OPOE) and BOPO05 (25 mM HEPES, pH 7.5, NRCI, 0.5% OPOE). A
typical gradient is 100% AOPO5i(® min), followed by a linear gradient to 100% BOP0535
min). The eluent isépt at 100% BOPO5 (850 min).Finally, the salt concentration is returned
linearly to 10 mM(100% AOPOQ5) (5060 min). The stop rime is sat 65 min. Peak detection is
achieved using UWis (diodearray).

In order toestimate the binding constants betwdspA and the smallesind bigger gold
nanoparticles, a HPLC procedure is uieat had been originally developed for the purification
of MspA. In Figure5.10, two typical HPLC chromatogramiselonging to MspA and the
supramolecular adduct of smabld nanogprticles and MspA are shown. The two peaks of
MspA at 16.4 and 20.8 min occur due to hydrophalustering of MspA; at higher surfactant
concentration, onlypne peak is discernible (at 16.9 min). However, we wdiklelto compare
HPLC chromatograms thaate beerbtained under exactly the same experimental conditions.

It is known from the HPLC purification of other MspA adducts (e.g., dihydroindolizines
as optical switchés within the inner pore or ruthenium@uaterpyridinium complexes as
channel blokers®) that the closing of the inner MspA pore leads to a significant shift of the
observed retention time. They can be found between 1.5 and 3.0 min, depending on the channel
blockers used. We interpret the finding reported here as independent privaf bonding of the
small and the big NPs to MspA. In both cases, the channel is blocked by either binding within

(small NPs) or on top of MspA (big NPs).

0 2 5.1

9 9

, Where Kg is the binding constant, [Au@MspA] is the concentration (mol/L) of the

supramolecular assembly of small or big gold nanoparticles and MspA, [MspAthe
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concentration of MspA (mol/L) in the absence of NPs, andYsufhe starting concentraticof

the nanopatrticles (mol/ L). The results are summarized in bable
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Figure 5.10 HPLC chromatograms of MspA (A) and small Au@MspA (B). Upon binding of
the nanoparticles, the MspA peak shifts from 16.39.8 to 2.8 min (small Au@MspA) and
3.2 min (arge Au and MspA). Note that the peak maxima of the small gold nanoparticles
(1.8 min) and large gold nanoparticles (2.5 min) are distinctly different (not shown). The
corresponding UV-vis spectra (shown as irets) confirmed the identity of the peaks.

Principally, the same results are obtained when using MsgX and MspA.
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Nanoparticle assembly Binding constant (Kg)

L/mol
Small Au@MspA 1.3 x 10
Large Au@MspA 2.22 x 16°
Small Au@MspA’® > 10 (irreversible}
Large Au@MspA’s 1.7 x 18°

#No free MspA could be detected.

Table 5.1 Binding ConstantsKg (L/mol) Calculated from the HPLC Chromatograms Using
Equation 5.1 and the Starting Concentrations of [MspAf (1.09 x 10° mol/L) and Gold
Nanoparticles [Au]% Small (3.67 x 1 mol/L) and Big (1.13 x 10 mol/L).

It is of importance for hyperthermia experiments using either gold nanoparticles or
magnetic particles featuring an outer layer of gold that the bintbngtants of the small gold
nanoparticles are very high. We have shown that these particles are able to bind within MspA
and thus form 1:1 supramolecular complexes. If M&Di& used, the binding constant increases
by at least 3 orders of magnitude iratiog that these assemblies will be stable enough for their
use within the (human) body. It is of interest as well that the binding constants between MspA
and the big gold nanoparticles are distinctly higher than those of MspA and the smaller
nanoparticlesWe propose the possible reason for this behavior: (a) the big gold nanoparticles
that are excluded from the interior of MspA can bind to the hydrophobic docking zone of MspA
and (b) therefore clusters of MspA and the big gold nanopatrticles are likelyevdn egation
5.1 only describes 1:1 stoichiometry and we do not know the aggregation numbers of possible
clusters. Therefore, the binding constants calculated for the big nanoparticlelsisaid

according to%.1) are most likely high too.
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Conclusions

The interactions of two gold nanoparticles of different sizes (average diameterstd?.8.and
17 = 3 nm) with the wild type of the mycobacterial porin MspA and a tailored cysteine mutant
MspA Q126C by means of fluorescence/ phosphorescence spectraseogyudied. Strong
guenching of the MspAb6s tryptophan fluoresceil
nanoparticles are able to dock within the MspA pore and form supramolecular assemblies. The
addition of eight cysteines within the MspA goldbgtsite specific mutation further increases the
binding of the small gold nanoparticles within the M&8GAore. Exciting the surface plasmon
resonance of the small gold nanoparticles shows energy transfer to the porin, which is absent in
the case of larg@manoparticles. Furthermore, the difference spectra data indicate there is an
interaction between the protein and the gold nanoparticles. Contrary to the behavior of the small
nanoparticles, the bigger nanoparticles cannot dock within the homopore of ibdspfise of
size exclusion. This behavior is consistent with the observed fluorescence enhancement due to
energy transfer from the surface plasmon of the bigger nanoparticles to the tryptophan residues
of the MspAs.

When the nanoparticles are excited disedhe observed phosphorescence enhancement
of the MspA tryptophan units is additional mechanistic proof of the formation of Au@MspA
assemblies. Most interestingly, the observed fluorescence enhancement of the excited tryptophan
units in the presence dié bigger, directly excited, gold nanoparticles clearly suggests that some
kind of binding must take place. These results are corroborated by HPLC experiments. The
binding constant of the small gold nanoparticles within M¥&pAxceeds 18 (L/mol). This
strongly suggests that Au@MspA assemblies, when designed correctly, are stable enough to be

used as therapeutic agents.
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Most of the data presented in this chapter have been already publisNedanLett.

2008 8 (4), 1229 1236.
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Chapter5-( BQompl ex for mati on -aofagMspA c&
Fe/ Pt NPs

The increasing functionality of NPs that form complex with MspA/M¥pAould broaden the

area of application of this complex. The complex of MspA/M¥pwith magretic NPs might be
another potentially important area (magnetic hyperthermia). Here preliminary data of the
complex formation of MspA/Msp&°® with magnetic Fe/Pt NPs are presented. The experimental
procedures are similar to the ones described in chapté) So( produce the complex of
MspA/MspA™* with magnetic Fe/Pt NPs with different sizes. Fe/Pt NPs are chosen for this
experiment, because it is metallic and magnetic matatisthe same time. These NPs are
attracting a lot of interest for the potentiapépation in the field of biomedical sciences because
bimetallic Fe/Pt NPs show extremely stable behavior in presence of oxygen ounmng

experiments.

Experiment details
Chemicals
Platinum acetylacetonat®t(acac) , iron acetylacetonate, Fe(acac),2hexadecanediol, octyl
ether, and 10% tetramethylammonium hydroxide (TMAOH), oleic acid, oleyl amine are

purchased from Sigmaldrich and used without purification.

NPs synthesis

Two different size Fe/Pt NPsare used in this experiment. Fe/Pt | NPs are smaller than Fe/Pt I
NPs. Fe/Pt | is synthesized by chemical reduction method as described byeEkin®riefly,
1.5 mmol of 1,Zhexadecanediol is used to reflux 0.5 mmol of iron acetylacetonate and 0.5

mmol of platinum acetylacetonate in 30 mL of didagher in presence of 0.05 mmol of oley
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lamine and 0.05 mmol of oleic acid at the boiling temperature of octyl ether for 30 minutes.
Then, the solution is cooled down to room temperature. The residual NPs are subjected to
successive washing/centrifugingctes to remove excessive surfactant using ethyl alcohol. The
remaining dark brown precipitate is redispersed in hexane. Thus prepared NPs are transferred
into agueous medium through phase transfer using 10% TMAOH as described by Salgueirino
Maceiraet al? Briefly, hexane dispersed NPs are redispersed in 2 mL of 10% TMA@H.@D

mL of deionized water. Sonication and shaking of the mixture transform the NPs from hexane to
water. The NPs in water are centrifdgeeveral times to eliminate the excess of surfactants, and
the precipitates are redispersed in TMAOH. Thus obtamedodispersed Fe/Pt nanoparticles
haveaveragesize around 3.5 nm. The representative TEM images and size distributions of both

NPs are shown in Figure 5.11.
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Figure 5.11 Representative TEM images of (a) Fét | & (b) Fe/Pt Il NPs and (c) and (d)
are their respective size distributions.

PL measurements

Tryptophan molecules are the source of fluorescence in MspA and “KspgAery MspA
molecule contains eight identical amino acid chains and each chain is sEnEo0184 amino

acid residueswith four tryptophan fluorophores at positions 21, 40, 72 and 181. There are
altogether 32 tryptophan molecules in each MspA mol€caleorescence emission spectra,
guantumyields, and decay times of amino acid tryptophan has long been known to be highly

sensitive of its local environment and presence of nearby querichdrs.this experiment,

117



tryptophan alone is also used with NPs to see the photoluminescence change due to the addition
of magnetic NPs.
Fluorescence data are taken after the addition of every 5 pL of NPs sétusiesess the
change inPL due to the interactieb et ween the fl uorophore and N

change in intensity of the fluorescence is shown in Figure 5.12.
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Figure 5.12 Increasing fluorescencentensity of the mixture of (a) Fe/Pt | (small) (b) Fe/Pt
Il (large) with MspA, MspA %%, and tryptophan.

The increasing intensities of fluorescence of the mixture of NPs and MspA,“Kspé
not similar with the mixture of similar size of gold NPs andp, MspA”>. However, the size
of Fe/Pt NPs is smaller than the opening pore of MspA and ff3pkhis indicates that the
complex formation process of MspA/MsPAwith gold and magnetic Fe/Pt NPs is different.
Regardless the size (larger or smaller ttt@nopening of porin) of the magnetic NPs Fe/Pt, the
interaction is always the same. Interaction of magnetic Fe/Pt NPs with MspA7&psimilar

with that of large gold NPs. It might be because of the magnetic moment of the magnetic NPs
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that forces theNPs come near to each other and make aggregates and behaves like large NPs.
Our speculation is that the interaction of magnetic Fe/Pt NPs between MspAftsjas place
only from outside of porion. Magnetic moment of magnetic NPs brings them closeoramsl f

large aggregates which make them unable to enter into the porin channel.

Conclusions

The interaction of magnetic Fe/Pt NPs with MspA and M$pis studied using fluorescence
spectroscopy. The experiment shows both Fe/Pt NPs could not quench thecince from
tryptophan of MspA and Msp&. While gold NPs are able to quench the fluorescence and form
supramolecular assemblies. This result clearly indicates that the interactions of Fe/Pt and gold
NPs with Mspa/MspA® are different though the sizase comparable. The future studies need to
be focused on the aggregation of NPs because magnetic moments drag the partictésseome

to each other to form bigger cluster. The larger NP size prevents complex formation with MspA.
In the previous chapternothe Faraday rotation of magnetic,®¢ NPs the results indicate
formation of large aggregates from single NPs in solution. It is speculated that similar thing
could happen in the case of the Fe/Pt NRswever no aggregation data atakedfor this
experiment. Therefore, future experiments needbeédocused on the quantifying the magnetic

interactionsControlling these interactiorould produce useful inorganic/biological complexes.
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Chapter6-Magneti c nanoparticles hea

hyperther mia

In general, the energy of the rapidly changing electromagnetic field can be converted into heat
energy. Both, the electric fiel&E) and he magnetic field strengthii} are able to generate heat.

The most common conversion takes place through resistive heating, capacitive heating and
induction heatind.Resistive and capacitive heating are possible through the electric component
(E) of the alternating electromagnetic field. In resistive heating, heat energy is produced when an
electric current flowshrough a resistive material. The heat energy produced depends on the
current flow and the resistance of the material and is calculated as square of current times
resistance IR). This is the principle othe electric heater. As the frequency of alterngtin
electromagnetic field increases, the amount of internal atomic distortion also increases. This
increasing internal atomic distortion produces a large amount of heat in the rhediioh is

known as capacitive or dielectric heating. Capacitive heating is the working principle of
household microwaves. Capacitive heating takes place at higher frequencies (10 MHz).
Capacitive heating is able to heat watard even insulata as well. Therefore, higher
frequencies cannot be used in human being involved clinical applications since human being
contain more than 75% of water. However, there is one more mechanism whiclorogert
alternating magnetic field into heat. The mechanism is known as inductive heating which occurs
at low frequencies. At low frequencies, the effect of electric component is insignificant and
heating is mainly due to the magnetic componkif(n inductive heating, heat is produced in a
magnetic material when the material is exposed to an AC field. Current is induced in the material
heated by electromagnetic inductibinductive heating can be used in the clinical applications

such as magnetic hyperthermia (MHT). Tolerable limits of inductive heating of tissues limit the
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safe rang of magnetic field amplitude and frequency that can be employed for MHT. It has been
shown that any combination of field strength) (@and frequencyf) will be biologically non
invasive wherH*f O 4 . 8%%Hz-A/m.>1 0

MHT is a technique where magnetic fluid is exposed to an alternating magnetic field, the
magnetic particles can act as an effeceerce of hedtwhich could be used to desjrthe
cancer cellsCell death occurs either due tlze protein denaturation or the disabbn of parts of
the cell membran®.The fundamental basis of the magnetic hyperthermia is that cells show signs
of apoptosis and necr 8Atihs temgraune, theduadion df manyo u n d
structural and enzymatic proteins within cells is modified, which in turn alters cell growth and
differentiation and can induce apoptosis. Magnetic hyperthermia leads to more desirable
apoptosis cell dying method rather thaecrosis. Unfortunately, the temperature at which
apoptosis of cancer cells takes place is too close to that of normal cells. Therefore, temperature
control would be necessafylhe first experimental investigation of the magnetic hyperthermia
was suggested by Gilchrist d. in 1957 by heating variousssue sample using2zZD00 nm o f
Fe,O; nanoparticles with 1.2 MHz magnetic fiefisNowadays, magnetic hyperthermia is
becoming a promising tool in treating varioypds of cancer. This is because tumor cells are
more susceptible to heat than normal tissue &dllsermal resistance of cancer cells is lower
than the normal cellsdeause the flow of blood is insufficient in tumors and the inadequate blood
flow makes tumors more acidic due to the lactic acid buildup (higher rates of metabolism) in the
tumor tissues form lack of oxygen (hypoxic) while the normal cells are well oxiggena
(euoxic). Acidic nature increases the temperature sensitivity of the cells and temperature will rise
easily when the blood flow is insufficiemnd cancer cells can be eliminated selectively by

raising the local temperature of the tumor sifes.
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Heat generation using magnetic NPs

The heating effect of magnetic fluid isesult of absorbing energy froamalternating magnetic

field and converting it into heat by the eddy current losses and relaxation'foEsesntially the

origin of heat, when magnetic particles are exposed in alternating magnetic field, depends on the
size of the particles and hence their magnetic propéftden the magnetic particle size is
larger than 1 micron, generation of the eddy currents in the particles is responsible for heat
generation. Fomulti-domain magnetic particles, the heating is mainly due to hysteresis loss.
Larger particles have number of sdbmains with weldefined magnetization direction. When
such particles are exposedo the alternating magnetic field, the domain with thagnetization
direction along the magnetic field axis grows and the other ones shrink. This phenomenon is
called domain wall displacemetit.When the magnetization curves with increasing and
decreaing magnetic field amplitudes do not coincide then the material is said to exhibit a
hysteresis behavior and generates heat under the influetiez alfernating magnetic fieldThe
amount of heat thas generatd during hysteresis loss can be caloethbydeterminingthe area

of the hysteresis loop.

When the size of nanoparticles decrease to suhgheain particle regime (super
paramagnetic NPs), generation of heat due to hysteresis loss is not possible since there are no
domain walls anthe domain vall displacement is not possible. Even though, these nanoparticles
can produce heat under the influencehafalternating magnetic field. The generation of heat by
singledomain magnetic particles is duethe relaxation loss. There are two distinct x&ion
loss mechanisms by which the magnetization of magnetic nanoparaticles can relax back to their
equilibrium position after the applied magnetic fiesddremoved. The first relaxation mechanism

is the Néel relaxation where rotation of magnetic monvéttiin the particles takes place to
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reverse magnetization direction. This process needs to overcome an energy barrier, which is for
uniaxial anisotropy, is given by = KV, whereK is the anisotropy constant of the material &nd

is the volume of the padies. An external alternating magnetic field supplies energy and assist
magnetic moments to overcome the energy barrier. This energy is dissipated when the particle
moment relaxes to its equilibrium orientation. The relaimn betweerthe charactertg time of

thermal fluctuatiorof the magnetic moment of a singlemain particle with uniaxial anisotropy

is obtained by Néel relaxation time,, as*

Yy

Tt Q 6.1
whereQ is the Boltzman constant, the prexponential factor} , is an expression of the
anisotropy energy and depends on several parameters, incligsipgrature, gyromagnetic
ratio, saturation magnetization, anisotropy constants, the height of barrier, etc. Howetles, for
sake of simplicity, the value df is often considered to be a constitin the range of 1&to
10%%, andT is the temperature. In summary, Néel relaxation time represents thestjmieed to
achieve zero magnetization after the external magnetic field is removed.

The second relaxation mechanism is the Brownian relaxation. If particles move freely
within the suspensigrthe entire particleanrotate to align along the external magc field.
This mechanism generates heat due to the viscous friction between the rotating particle and the

surrounding medium. The Brownian relaxation time, is givefi by

t — 6.2

where— is the dynamic viscosity of the carrier liquigh, is the hydrodynamic volume of the
particle. Hydrodynamic volume (particle + ligand layer) characterizes how a particle moves
through the fluid inwvhich it is suspended and may be different than the magnetic volume due to

agglomeration, coating or interactions between the fluid and the nanoparticle surface.
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The two relaxation mechanism is shown in the following Figure 6.1.

@0 -0

Néel relaxation Brownian relaxation

Figure 6.1 Schematic depiction of Néel and Brownian relaxation.

In summary, out of these two mechanisms, the faster relaxation mechanism is the
dominant in the heat dissipation process. The Néel relaxation depends exponeniratynetic
anisotropy and particle volume. The Brownian relaxation depends linearly with the particle
volume and viscosity of carrier liquid. Due to different size dependence of Néel and Brownian
relaxation, there is a boundary for these two relaxations evberssover of relaxation takes

place. The crossover between Néel and Brownian relaxation takes placetwhent . The

dominant relaxation times of maghemite/water sysaeenshown in Figure 6.2 gereral, Néel
relaxation prevails at higher frequency combined with smaller particle size and vice versa for

Brownian relaxatiort’
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Figure 6.2 Relaxation times of maghemite/water system.
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The boundary frequency.) and the corresponding particle diaereD.), of some of the

selected ferrofluids are given in the following table 8.1.

Ferrofluid Dc i
nm kHz
Maghemite/water 25 8
Maghemite/ester bi 24 0.1
Ba-hexaferrite/water 11 50
Co-ferrite/water 7 10000
Co-ferrite/glycerin 9 0.1
Co, hexag./water 6 2500

Table 6.1 Estimated separating Néel and Brownian relaxation regimé’

In most of the case, both relaxation mechanisms work together and the effective relaxation time

is given by
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Mechanism of heat generation

Rosensweilf developed the analytical relationships of power dissipation from the ferrofluid in
alternatingmagnetic field. Briefly, magnetization of ferrofluid cannot follow the applied time
varying magnetic field. The phase lag betwabkaapplied magnetic field and the magnetization
of the ferrofluid results in conversion of magnetic work into internal energy. It is convenient to
express the magnetization in terms of the complex ferrofluid susitigptds ... ... Qxee
where..as the inphase component andeisethe outof-phase component of susceptibility. The
change in internal energy is given by

VY ¢ 'O.e’ | QE&QY 6.4

Here only the outof-phase component,s @&irvives, hence it is also known as loss component
of susceptibility. Integrating and multiplying the result by cyclic frequeri@y 1 j ¢* gives

the mean volumetric power dissipation (loss power density;*\Wm

0 Y LB 6.5

The susceptibility components are given by
. 6.6
.. 6.7

Then the equation®.6) and 6.7) give the power dissipation for a monodispérirofluid

which is expressed as

0o “ L OQ—— 6.8

For polydisperséferrofluid, the volumetric heat dissipation rate is given by

0 _ 0CYQY 6.10
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whereC'Y is the log normal size distribotn, which is given by

CY —Qoh—— 6.11
wherel 1Y is the median radius andis the standard deviation bfiY.

The loss power density P (Wihis related withthe specific loss power SLP (§#) by the mean

mass density of the particlE&The maximum loss power could be reached with small particles

and high frequenes Her e, a t vy pReO;adnopartcla isighbwan inthe follovaing

Figure 6.3.
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Figure 6.3 Lo s s p o w03 withf its size and frequency of appliedalternating

magnetic field 2°

Independent of the heating mechanism, the heating efficiency of the particles is

qguantifed in terms of the power of heating of a magnetic material per gram (specific loss power,
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SLP), which is also called the specific absorption rate (SABRAR is defined by the following

expression
YO 'Y 0 — 6.12

whereC is the specific heat capacity of the system'J¢), dT is thechange in temperature én

dtis thechange in time.
Experimental measurement of SAR

In the measurement of SAR of magnetic NPs, four different magnetic NPs are usedf 8ize

of them fall in the superparmagnetic region. Superparamgnetic NPs comparatively generate more
heat n alternating magnetic field than the equal mass of other magnetic NPs. Among four types
of NPs, two are Het (FéPt | and F&°t 1), and remaining are CoAu, and FeAu/MRel is
synthesized by chemical reduction method as described by Ekams? Briefly, 1.5 mmol of
1,2-hexadecanediol is used #&flux 0.5 mmol of iron acetylacetonate and 0.5 mmol of platinum
acetylacetonate in 30 mL of dioctyl ether in presence of 0.05 mmol of oleylamine and 0.05 mmol
of oleic acid at the boiling temperature of octyl ether for 30 minutes. Then the solutiomhed coo
down to room temperature. The residual NPs are subjected to successive washing/centrifuging
cycles to remove excessive surfactant using ethyl alcohol. The remaining dark brown precipitate
is redispersed in hexane. Thus prepared NPs are transferregdjirgtous medium through phase

transfer using 10% TMAOH as described by Salgueilitazeira et al?®

Briefly, hexane
dispersed NPs are redispersed in 2 mL of 10% TMAOH and 100 mL of deionized water.
Sonication and shaking of the mixture transform the NPs from hexane to water. The NPs in

water are centrifugkseveral timesa eliminate the excess of surfactants, and the precipitates are
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redispersed in TMAOH. Thus obtained monodisperse@PtFeanoparticles havaveragesize
around 3.5 nm.

An induction heater (shown in Figure 6.4), manufactured by Superior Induction
Company,CA, is usedto determinethe SAR value of NPs. The heater contains a copper coil
which has one inch diameter with four turns and is continuously cooled with cold water. The

heater operates with 5 kA/m field amplitude at 366 kHz frequency.

Figure 6.4 Induction heater (left) and fiber optic temperature probe (right) for magnetic

hyperthermia experiment.

2 mL of every NPs colloid is placed in a glass vial and put inside the coil of induction heater
using Tefon holder. A Teflon holder act as insulator and it prevents the residual heating of the
sample from the coil. The temperature change of the colloidal solution is measured using a fiber
optic probe (shown in Figure 6.4), manufactured by Neoptix, Canadaremmtded ina
computer. The risef temperaturef sample solutions as a function of time is shown in Figure

6.5.
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Figure 6.5 Change in temperatures of magnetic NP colloids with time.

Clear difference cabe seen the heating effect of different magnetic NPs. In order to reduce the

errors due to the conduction of heat to the environment, the intija¢ sif the time dependent

temperature curve (e&T/ et)

different NPs at 5 kA/m and 366 kHz of applied alternating magnetic field are tabulated in table

i s

taken for

6.2.
Concentration
g/mL
FePt | 3.5 0.0093 0.018 16.18
FePt Il 4.5 0.0045 0.013 24.15
FeAu 3.5 0.0036 0.015 355
CoAu 3.5 0.0050 0.0126 21.2

Table 6.2 Experimentally determined SAR for different magnetic NPs.
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SAR degends on various factors for example; size, size distribution, shape, bulk and surface
chemical compositions, frequency and amplitude of the magnetic field, viscosity of the carried
medium®? In our experiment, NPs sizes are very similar. The frequency and amplitude of the
applied magnetic field and the viscosity of carrier liquid are same for all experiments. Note that
SAR (W/qg) is independent of the concentration of the sample. It meamsffdr@nce in SAR is

because of the shape and size distribution along with the bulk and surface chemical

compositions.

Viscosity dependence of SAR

For the viscosity dependence of SAR wawf magnetic nanoparticles, commercially available
Fe;0, (EMG 707) nanoparticles colloid is used which is well characterized with 10 nm average
diameter. To manipulate the viscosity of the carrier liquid, different volume of water and
ethylene glycol arenixed such thatthe viscosity dependence of SARth the contribution of
Brownian relaxationon heat generation of thgystemcan be calculated=our solutions with
different viscosiesare prepared and tested the rise in temperature with respect tmntierethe

same conditions. The temperature change with respect to time for all colloids with different

viscositesis represented in the following Figure 6.6.
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Figure 6.6 Change in temperature with respecto time for magnetic colloids of EMG 707 in

correspondingviscous medium.

Depending on above heating curve, SAR of all colloids are calculated. The calculated

SAR with their corresponding viscosity andmpositions of all the sampé®lutions are given in

table 6.3.
Sample Water Ethylene glycol EMG 707  Sample viscosity SAR
mL pL cP at 2 Wi
1st 2 0 40 1.002 328.95
2nd 15 0.5 40 2.481 276.73
3rd 1 1.0 40 4.688 243.57
4rth 0.5 15 40 8.43 205.74

Table 6.3 Composition of the samples and calculated SAR for EMG 707 @4 NPs with

correspondingviscosity.

The variation of the SAR with viscosity is plotted in the following Figure 6.7.
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Figure 6.7 Variation of SAR of FgO, EMG 707 NPs with viscosity.

As viscosity increases the SAR decreases whialf isoursereasonable. It is because as
viscosity increaseghe contribution of Brownian relaxation to the SAR decreases since higher
viscosity hinders the pisical rotation of the magnetic particles in the carrier liquid. This effect
reflects into low SAR for the same NPshighly viscous liquid. In this sample, the Brownian

contribution for SAR is approximately 30% in water.

Conclusions

Heating efficiencyof different NPs is investigated. The experimentally determined SAR of
around 4 nm patrticles indicates that more NPs need to be used to kill the cancer cell because the

reasonable assumption to destroy oné afrtumor tissue using magnetic hyperthermiasid.0
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mg?* Leeet al® have recently shown 100 to 450 W/g for uniformly disperse®fRPs of 9,
12 and 15 nm diameter which is increased to 1,000 to 4,000 W/g after coating them using
CoFe0, at 37.3 kA/mand 500 kHz.

Viscosity also significantly affects the heating capacity of NPs. SAR decreases
approximately by 30% in water when Brownian relaxation is hindered with the application of
more viscous liquids. However, delivery of NPs to the targeted areheobddy, toxicity,
controlling the temperature at specific range and dose of NPs are other critically important
factors that need to be studied before using the NPs for biomedical applications. Next research in

this field should be focused on these topics.
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Chapter7-Magnet ol i posomes for magnet

conlteddr ug rel ease

The firstliposome was discovered about 45 years ago by Bangham and covidripersomes

are formed when phospholipids are hydrated or exposed to an aqueous envirbiposomes

are micreparticulate lipoidal vesicles that consist of a ~ 5 nm thick lipid bilayer shell
surrounding an aqueous core exhigtseveralimportant biological properties which may be
useful in various applications. Liposomes can be made entirely from naturally occurring
substances and are therefore nontoxic, biodegradable andmmumogenic. Liposomes
structure, chemical composition and calai size areeasily controllable during their
preparation. The properties of liposomes offer very useful model systemany fundamental
studiesincluding topology, membrane biophysics, photophysics and photochemistry, colloidal
interactions, cell funadn, signal transduction and in many industrial applications include drug
delivery, diagnosis eft.

Liposomes can be classified on the basis of number of lamellae and size. Unilamellar
vesicles (ULV) comprise one lipid layer with diameter 5@50 nm. They contain a large
aqueous core and are preferentially used to encapsulate water solublé Mulggmellar
vesicles (MLV) comprise several concentric lipid bilayers with diametbr in. ULV are
homogeneous in size, and thermodynamically unstable with relatively longer circulation half
life. MLV are simple to prepare, mechanically stable with relatively shorter circulatictirhalf
The fast removal short circulation halflife) of the liposome by the macrophages and
monocytes of the reticuloendothelial system (RES) can be preventthblying a polyethylene
glycol (PEG) to the outside of the liposomes. PEG provides a dynamic cloud of hydrophilic and

neutral chains at the particle surface which repel plasma protein and makes the particle invisible
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to RES! PEG coated liposomes are invisible to RES, hence PEG coated liposomes are also
known as stealth liposomes.

Development of nanotechnology has provideaumber of drugdelivery and diagnosis
systems. Among the different systeravailable, liposomes have attracted greater attention
mainly due to their biocompatibility because liposomes composed of natural lipids which are
biodegradable, biologically inert, weakly immunage produce no antigenic or pyrogenic
reactions, and possess limited intrinsic toxicifyTherefore, drugs encapsulated in lipoes
are expected to be transported without rapid degradation with minimumeftades.
Furthermore, the vesicular structure of liposomes can include a wide range of substances, either
hydrophilic within the internal aqueous compartment or hydrophobidente lipid bilayer
shell as shown in Figure .Z and the surface properties ofiposomes can be modified
comparatively easier than other drug carrier such as’ MPpplications of liposomes depend and
are based on physghemical and colloidal characteristics such as composition, size, doadin
efficiency of the lipids and the stability of the carrier , as well as their biological interactions with

the cells’
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Figure 7.1 Hydrophobic compounds (green) insert between the phospholipids forming the
bilayers of the liposome while wateisoluble compounds dark red) are entrapped in the

aqueous space between the bilayefsnodified from9).

On the other handsuperparmagnetic NPs are being usestarnousbiomedical
applications:! Theflow of superparamagnetic NPs in blood vessel can be easily manipulated via
external magnetic fieldlue to the high degree of magnetic susceptibility in the presence of
external magnetic fielddlow Curie temperatur® Magnetic NPs can be efficiently encapsulated
with liposomes and used for targeting drugs to a specific location using an external magnetic
field gradent. The size of the magnetic NPs is also important, because size of NPs determines
the relative contribution of the relaxation process whether Browniarar Whe total relaxation

time is given by the equation
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- - = 7.1

wheret is the Neel relaxation time and is the Brownian relaxation timéAn estimated
calculation of the total relaxation time for superparamagnetic NPs is shown in FiguMoie

that the plateau where the relaxation is dominated twBian relaxationand is viscosity

dependent.
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Figure 7.2 Calculation of total relaxation time of spherical magnetic NPs in water and in

lipid bilayer.

The magnetic NPs encapsulated liposomes are calégghetoliposomes (MLS).
The presence of magnetic NPs in aqueous pool or in the lipid bilayer of liposome enhances the
drug leakage by applying the magnetic fféldince pulsed mamgtic field forces the NPs to

mechanically oscillate around their equilibrium positiBaperparamagnetic NRith dominated
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Brownian relaxation is desirable where ttmtation of the whole particleakes place and this
rotation could facilitate moreefficient releasethan release triggered hyéel relaxation. A
number of investigations has been reported on exploiting superparamagnetic NPs in targeted and
controlled release of drud$.’® Most of the drug deliverstudies aredone in presence of
alternating magnetic fieltf.*® Nappiniet al. have shown 20 to 80 percentage release efficiency
for bare cobalt ferrite NPs using low frequency (0.2 kHz, 2.5 kHz, and 5.2 kHz) alternating
magneticfield with different exposure times (10, 20, 50 minut@sjhe same group in another
study under similar conditions showed better loading efficiency with citrated coated cobalt ferrite
NPs’® Babincovéet al.have shown around 60%lease of an anticancer dr{gpxorubicin)with
2-Fe0O3 NPs using an alternating magnetic field with frequency of 3.5 MHz and 1.5 mT of
magnetic field"® Thermally sensitive drug cannot be used in alternating magnetic field. The use
of alternating magnetic field may generate the giidble sideeffect in biological systems
through secalled magnetic hyperthermia effect. This effect could be minimized by using pulsed
magnetic field where short pulses of magnetic feglelused and minimize the undesirable side
effects. No drug releag®s been reported using pulseagnetic field.

In this study, our aim is to assess the drug release from MLs under the influence of the
pulsed magnetic field, to investigate the drug reléasea MLs as a function of number of pulses
and discharge poteatiof pulsed magnetic fieldThe ultimate goal of the research is to develop
an instantaneous delivery system for thermal sensitive drugs with 100% efficiency with longer
circulationhalf-time using PEG coating onto the surface of liposome. It is alsabpogs
develop Magnetic Resonance Imaging (MRI) contrast agent using’Minse currently used

Gd®* containing contrast agent is associated with high toxicity.
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Experimental details
Materials
Chemicals used in synthesis of NPs (Re€ELO, 2-pyrrolidone, methanol, diethyl ethand
acetone) are purchased from SigAldrich. Two types of phospholipids, ¢2palmitoylsn
glycera3-phosphocholine (DPPC), tdistearoyisnglycera3-phosphocholine (DSPC) are used
in the synthesis of liposomes. Both phospholipids are purchased from Avanti Polar Lipids.
Sodium Hydroxide (NaOH), Sephadex &0, Chloroform, Cholesterol, and5(6)
CarboxyfluoresceinCF) dye, Triton X100 used in liposome synthesis are purchased from
SigmaAldrich. Phosphate buffered salif®BS) buffer is prepared in the lab following the

standard protocol.

Nanopatticle synthesis
Fe;04 NPs are synthesized according to the procedure described by Zmeral’ Briefly,

oxygen of mixture of 10 mmol Fe£26H,O and 100 mL of yrrolidoneis removed by purging
nitrogen gas into the mixture. The mixture is then reflux at the boiling pointpgfralidone.

Then the solution is cooled to roommieerature and 1:3 volume ratio of methanol/diethyl ether

is added to precipitate the NPs. The black precipitate is washed with acetone several times and
dried the sample for characterization. The size of the NPs depends on thetinefluXhus
obtained NB are water soluble. For our experiment, 5 hours of reflux time is used and the

estimatechveragesize of the NPs is 15 nm.

Liposome synthesis and drug/NPs loading

There are several possible liposome synthesis methods. Some of th&n{i)andtrasound
treatment, which produces small sized | i posom

method, which also produces small liposomes (less than,Xdepending on the pore size of
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filter), (iii) electroformation method which uses an A€ld between two conductive electrodes
and the size of liposomes depends on the amplitude and frequency of the applied field.

Extrusion of hydrated lipid films is a common method for liposome synthesis. Different
types of extrusion devices with differegitrusion parameters including filter pore sizes, number
of passages and use of freeze and thaw cycles could be ¥adaghtaining phase transition
temperature § is critical during the synthesis of liposome because lipids have a charactgristic t
which determines the characteristic phase transition of lipids. The lipids are a rigijyl (selld
ordered arrangement below theahd in a liquidcrystalline phase above the The fluidity of
liposome bilayer can be altered by using phospholipids with diffegevttich in turn can vary
from-20 to 90eC dependi ng satrated ot unsaturdteg)nofthehfattya nd  r
acid chaing® Presence of high{ >37eC) | i pids makes the |liposor
at the physiological temperature and less ledke liposomes composed of lowWt<3 7e C) | i pi
are susceptible to leakage of drugs encapsulated in aqueous phase at physiological temperature.
Having low t is advantageous for liposomes as drug carrier system due to the fact that bioactive
drugs which are encapsulated in liposomes with high phase transition temperature are generally
released slower than those encapsulated in liposomes withpbase transition temperatifre.

The general liposome synthesis method involves the m@tarof the lipid for
hydration, hydration with agitation, and sizing to a homogeneous distribution of vé3iEtas.
our experiment, liposomes are produced by the-fimm hydration method coupled with
sequential extrusiomethod which is adopted from the Phibesis of Matthew T. Basél
Briefly, 88:1:10 molar ratio of 1;Bipalmitoytsnglycero3-phosphocholine (DPPC), 1,2
distearoydsn-glycero3-phosphocholine (DSPC) awtiolesterol, respectively, are mixed for total

lipid 10 mg in a rounébottom flask. To assure a homogeneous mixture of lipids, the lipids must
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be dissolved in an organic solvent. The organic solvent is either chloroform or chloroform:
methanol mixture. Thé&8:1:10 molar ratio mixtures are thoroughly mixed and the solvent is
removed by heating in water bath to yield a lipid film. Furtiierremove organic solvent
completely, the thin film containing roudzbttom flask is placed iavacuum for one hour.

The next step is the hydration of lipid film. Hydration of the thim lipid is
carried outsimply by adding and agitating an aqueous medium into thefitlmncontaining
roundbottom flask. In this step, the residue is hydrolyzed using 125 pL of 1IXPBSI83f
water, 37 pL of 3M NaOH and 25 mg 6{6)-CarboxyfluoresceifCF), and definite amount of
NPs solution (water soluble) to incorporate NPs into the liposome. If NPs are insoluble in water,
the NPs should mix with lipid before making thin film ofiipAs a controlliposome, no NPs
solution is usedbut all other steps during preparation remain the sétaee, CF molecules act
as a model drug molecules and release of this molecule is measured to calculate the percentage
release of the drug. The temature of the hydrating medium should be above the transition
temperature § of the lipid with the highest. before adding to the dry lipid. The mixture is
hydrate for an hour with vigorous shaking, mixing, or stirringe froduct of hydration is
multilamellar lipids.

After the hydration step, the next step is freeze and thaw process. The freeze and
thaw process prevents the membranes from fouling and improves the homogeneity of the size
distribution of the final suspersi. In this process, the temperature of the hydrated mixture is

decreasedtel8 0 e C and then increased to 50eC ten t

solution at 50e¢eC. Then, the next step is extr

right pore size polycarbonate filters (Whiteman) eleven times ending on the side which did not

originally have the solution. The extrusion is done above ¢h&dlow t, membrane has

145



tendency to foul with rigid membranes which cannot pass through the pbeeproduct of the
extrusion is unilamellar lipids. The ndrapped NPs and dye are removed by gel exclusion
chromatography in a Sephadex5G column with 1XPBS buffer. The first portiari the elute

from the column is collected and characterized usinganhc light scattering (DLS) method.
The averagesize of the liposomes obtained using 100 nm polycarbonate filter paper during

extrusion is 250 nm.

Drug release assay

The model drug of the investigatio®(6)-Carboxyfluorescein(CF), is responsible forhe
fluorescence emission from thus prepared liposomes. CHyslraphilic fluorescent molecule

and it should be entrapped in the core of liposome. CF generates emission fluorescence at around
517 nm. The intensity of CF fluorescence gives the amounéef@F in the system. The change

in fluorescence intensity is measured upon exposure todomiagnetic field.The fluorescence
selfquenching decreases as the CF molecules come out from the lipdédrhessteady state
fluorescence is measured at excitation wavelength 460ithmlvwm slits. To calculate the drug
release from both contrdpposomes and MLs, 200 pL of thus prepared liposomes or MLs is
diluted using 3 mL of 1XPBS Buffer. The emission fluorescence spectra of liposomes or MLs
before exposing into pulsed magnetieldi after exposing into 10 pulses of pulsed magnetic
field and after the addition of 100 pL of Tritonr200 are recorded. The addition of TritonAlRO
completely releases the CF through vesicles disruption. The typical fluorescence emission

spectra are slwn in Figure 73. Same measurements are performed for other NPs.
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Figure 7.3 Static fluorescence emissio measurements of (a) controliposome no NP (b)
magnetic NPs (FeO,) loaded liposome, before/after xposing pulsed magnetic field and

after the release of all dye as model drug using Triton >400.

The clear difference can be seen in the fluorescence emgséatra between the
controlliposome and magnetic NPs loaded liposome. To quantify the rpsuigntage release
of thedrug is calculated. The percentage releagbefirug is calculated from the fluorescence
intensity of emission spectra. For better accuracy, the surface areas under the emission spectra
are calculated using Matlab prograhine Matlab codes are attached in appentdhe calculated

surface areas under the emission spectra are usedutatatbe percentage release as
Pl QaQo+9— pnm 7.2
, where"Y0 is the surface area after exposing into magnetic fi¥ld, is the surface area

before exposing into magnetic fielt,0 is the surface area after the addition of Tritor10O.
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The calculated % releases fawntrol liposome and FgO, NPsloaded liposomgare tabulated

in the tabler.1

1.2232x16 1.2774x16 4.5549x10 0.12%

B U o 2.13131¢° 2.9696x16 1.2098x10 8.40%

Table 7.1 Drug release data for controland magnetic NPs loaded liposomes.

The same experiment igpeatedwith the hydrophobic, hydphilic and amphiphilic
peptide coated RF®, NPs, since depending on the surface property of NPs, the position of the
NPs in the liposomes is fixed. The % releastslrug are calculated which are given in the
following table 7.2 The percentage release#th hydrophilic and amphiphilic peptide coated
Fe;04 NPs are almost same. The percentage release with hydrophobic peptide cgiatédPise
is comparatively small. This indicates that the hydrophobic peptide coai€d REs are not
incorporated in the lipsomes because of the surface property of NPs.

Hydrophobic 4.6117x16 4.7701x16 6.9581x10 0.24%

Hydrophilic 5.5005x16 7.2880x16 5.0060x10 3.57%
Amphiphilic 2.7737x16 4.5261x16 5.0989x10 3.63%

Table 7.2 Drug release data for hydrophobic, hydrophilic and amphiphilic peptide coated
FesO4 NPs.

In order to observethe effect of osmotic pressure in the drug release, different
concentration (0.33X, 3X, and 10X) of PBS solutions are used. The % eetdfadeug are

calculated which are given in the ta@l&.
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0.33X Liposome 3. 5503x16 3. 5720x16 6. 8944x16 065%
. Liposome/Fg0,  2.1282x16 2.3426x160  4.7956x16 4.5%

3X Liposome 2.1847x10 2.1699x10 3.0875x16 -0.05%
. Liposome/FgO,  2.4329x16 2.8957x16 2.5@5x1¢ 2.0%
10X Liposome 3.5388x16 3.7585x16 1.1852x16 0.2%
Liposome/FgO,  7.5666x10 9.6707x16 7.1622x10 3.3%

Table 7.3 Drug release data for liposomes and RE®, NPs loaded liposomes irdifferent

concentrations of PBS solutions.

The percentage drug release from liposome ag@/A¢Ps loaded liposomes in different
PBS buffer solution also show some release but are not significantly different from 1XPBS

solution.

Conclusions

All the data presented e are the preliminary data. Experimental results show the percentage
drug release is from 2%8% for the magnetic NPs loaded liposomes while there is alnwos
release with the contréiposomes after exposing into the pulsed magnetic field. This pthaes

MLs can be usedh instantaneous release of drug under the influence of the pulsed magnetic
field. There is no data available for the pulsed magnetic field drug release to compare with,
however, this percentage release, of course, is not satisfaetotiger effort should be made to
optimize the percentage release by changing the different factors. For example; magnetic NPs
with higher saturation magnetization, stronger magnetic field, larger size of NPs, different
synthesis method of liposomes, biggaultiiamellar liposomes, surface charge and surface

group of NPs etc. The drug release from MLs as a function of number of pulses and discharge
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potential are also studi€data are not included here) but the results are not consiBhentlata
that arepresented here are preliminary. Thesg¢aare obtained by following standard protocol
usinga pulsed magnetic field instead afernating magnetic field. Our suspicion is that some
chemical changes may occur once Trito1100 is added to the MLs and itaynlead to entirely
different fluorescence emission. Therefosenew protocol may be necessary to establish to
control the experiment witltareful and thorough investigatian future. The research is in

progress
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AppendixA-Suppl ement al Material for
Al ternating Magnetic Fi el

Theory of Modeling Faraday rotation

The Faraday rotatidnin a medium is due to the differencé propagation of right and left
circularly polarized light through it, when a magnetic field is applied along the propagation
direction @). The theoryis closely related to that for optical rotation.The dielectric
permittivities - and - for the two polarizations will be slightly different, causing one
polarization to be phase shifted relative to the other, after the light propagates some distance
Once these permittivities are known for the composite medium madeegivell particles in
water, the Faraday rotation can be found.

- and- are the eigenvalues of the permittivity tensor in Cartesian coordinates, written as

ST Q000 & HarQaE o "Qén:sn_ e 1

The diagonal elements are and- , which gives

- -- - h - -- - 2

Each polarization propagates independently with a wave ve€gqr, — - ;. Then the

Faraday rotation of linearly polarized light after propagating a distalsdeund to be
e -Ydo Qda —YQ 0O— 3

The ellipticity angle produced by the difference in extinction of the two polarizations is
given instead by using the aginary part. The Verdet constantise normalized per applied
magnetic inductioB and unit distance,
o—  fj_eyQ@Q 1 - 4

153



As - is proportional toB except at very high fields, does not depel onB. We use this

approach here to get, based on finding the effective dielectric functions for right/left

polarizations of the composite watesnoparticle medium using a Drude model.

Dielectric Properties

The Drude model for the electron responae be used to estimate the absorption and Faraday
rotation effects, due to both the,Pg core and the gold shell. Both of these are closely related.
A resonance in the absorption will correspond to a similar resonance effect in the Faraday
rotation. We take the approach of finding an accurate description of the dielectric
functions- 1 , based on experimental measurements of absorption in solutions of
nanoparticles. Once]l is known separately for both the core and the shell materials, the
resulting Faraday rotation of core/shell nanoparticles in solution can be calculatescabed
below

The frequencydependent relative dielectric permittivity of a medium, due to bound

electrons at a single resonancecombined with free electrons of plasma frequéncyis taken

For the bound electrons, is the binding frequency is the oscillator strength, and is the
damping frequency. The last term(b) represents the free electrons, with plasma frequency
and damping frequendy . The applied magnetic field (alorgy responsible for the Faraday
rotation enters into both terms, in the cyclotron frequency, ‘@ 7&°. The héicity is

pX p for left/right circular polarization. That term, due to the Lorentz force, leads to

Faraday rotation, applying expression (5) separately for both polarizations.
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For the gold shell, we assume that the free electron plasma is the maibutiom to-,
although a contribution from bound electrdmsust also be included to move the plasmon
frequency of gold nanoparticles into the visible. For the free electrons, we use the bulk value
plasma frequeng] =1.37x 10" rad/s ( =138.5 nm), and a scattering time9.1 fs, effective
mass@’ @ , and damping frequency that includes scattering from the shell syffaces
according to
I - — 6
The Fermi velocity is  =1.40x 10° m/s andd is the thickness of the gold shell. For the bound
electrons, we do not use a limiting dielectric constant like p ftas in Ref. 7 to get the
plasma resonance for spherical gold particles near 530 nm. Instead, the average effect of the
bound electrons is representgaproximatelyby a single resonance term proportionaCtoas in
Eq. (5). This makes the inclusion of Faraday effects rathereiropmpared to a more correct
treatment of the interband transitions. The parameters have been fitted from the absorption
spectrum of a solution of 17 nm diameter (average) gold nanoparticles in water (similar to that
explained forf -Fe,0O3; parameter fitting in the following paragraph). For description of the
absorption, especially near the plasmon resonance, the fitting parameters are found to be
C 18 o p 1 rad/s] od ¢ p 1 rad/s(_ =488 nm), and 08 ¢ p 1 rad/s

(scattering timer pj T p® ds). This fit is shown in Figurd.1.

155



L v L hd " hd
17 nm gold particles in water,
0.4 absorption over 1 cm distance i
free electrons:
0, =72 pm . =1.37x10" radfs

o 0.3 7,= 0146 ym™' =2.75x10" radis (3.64 fs)

£

3 bound electrons:

o 021 g,=2.35 um "’ =4.43x10"° radls 4
@, =2.05 ym™ =3.86x10" rad/s (488 nm)
1,=0.33 um =6.22x10" rad’s (1.61 fs)

01} -
experimental data
[[——fit: bound + free electrons
0-0 [ ] L 2 [ ] 2 [] a
400 500 600 700 800 900
A (nm)

Figure A.1 Fit of experimentally measured absorption of gold nanoparticle solution to
model dielectric function including both free and bound electrons.

The fit is close to the experimental data around the plasmon resonance, and somewhat
overestimates the absorption at longer wavelengths, but the model should not be taken seriously
in the ultraviolet. This, howeer, is not a problem, because it is the change in the frequency of
the plasmon resonance with changing gold shell thickness that is responsible for many of the
interesting plasmonic effects. As long as this model gives a reasonable description of that
resonance, it should be able to suggest how the absorption and Faraday rotation vary with gold
shell modifications.

Describing the maghemite core-Fe0O3] is complex, because it has several different

absorption resonances. There is at least one strengamet absorption in the ultraviolet that is
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responsible for Faraday rotatibrits tail produces the leading contribution to the absorption
| 17 inthe visible. The absorption spectruni efFe,O3 particles over 350 nm < lambda < 700
nm, not including the weaker absorption band from 466560 nm, was fit by usmthe above

expression(5), see FigurA.2. For a volume fractior of spherical particles of dielectric

constant- in water (the host medium, with =1.777), the absorption is —-) I -

where-  results from the Mawell Garnett effective mediunfeory (MG equation),

Q 7

Assuming only bound electrons () we found thatC = 5.20x10"° rad/s] = 5.06x10"
rad/s (372 nm), and =2.89x10"rad/s ¢ pjf T T fs) describes the underlying

absorption curve of K63 (FigureA.2).

2.5 ——————————————————y

i Fezo 5 particles
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raw expt o data
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15} calculated g, (imag part) =
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o {(cm)
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Figure A.2 Fit of absorption spectrum of maghemite nanoparticles in water solution for
determing its dielectric function. The real and imaginary parts of the resultingt ¥ are

also shown.

The other parameters rial to describe the maghemite core are its domain saturation

magnetization M = 414 kA/m, and its anisotropy constant K = 47082J/rThe cores have
average radiub=4.85 nm, volumes> -“& = 478 nm, and magnetic moment = MV, and

are supeparamagnetic, as can be seen by the ratio of magnetic anisoteygy €N = 14 meV
to the thermal energgsT = 26 meV (at 300 K). Their average magnetic moment in an externally

applied magnetic inductioB follows the classical Langevin function,
@O athé O—b OGED - -adh wk — 8

For the permanent magnetization in these single domain particles, the internal magnetic field is

0 -0 and the internal magnetic induction i t 'O 0 -t 0. The
component alongis® , 6 é O—t 0 - -t @ TQ"Y 8. This internal magnetic

induction is amplified by the factor{ @i 7Q"Y= 5.5, which helps to enhance the Faraday

rotation compared to that in a ramagnetized medium.

For pure particles of either gold or maghemite in a water solution, the MG theory (7) can
be applied to calculate the Faraday rotation. Figugindicates how the plasmon peak im
for gold is accompanied by a similar peak in the Verdet functian,. Further, the plasmon

width increases for smaller particles, due to the enhanced surface scattering term.
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FigureA.3(a).
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FigureA.3(b).
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Figure A.3 Absorption (a) and Faraday rotation or Verdet constant (b) calculated for
nanoparticles indicated, in water solution, using the Maxwell Garnett theory at a volume
fraction Iv 8 . The plasmon resonance appears clearly in both quantities,

and is wider for smaller particles.

Core/shell particle's permittivity £

The individual particles are assumed to be spherical, with a maghemite- oot radiushb,
surrounded by a shell of gold { to outer radiug, much less than the wavelength of light being
considered. The particle is immersed in a medium (water) with dielectric constaiirom

their separate frequendependent permittities, we require first the effective permittivity of

160



one spherical particle . This can be found equivalently either by (1) finding the effective
polarization and average internal electric field using electrostatics, or (2) applying Maxwell

Garnet theory” °to a simle particle, taking the F®; core as an inclusion adiiternalvolume

fraction 'Q - within the gold shell "host” medium. The composite particle's dielectric

function- is found to be
- - —, 1 Q——-hQ - (9, Solution of MG equation)

This effective permittivity is also expressed-as - | ]G where the susceptibility and
internal field per applied fieldf a spherical particle surrounded by a host mediunare found
via electrostatics as

6 O o6 O

oo —h O _ 10

Effective Compasite Medium

These particles are dispersed into water with a volume fractioi®? ¢ w, where ¢

o® p A is their number density and T“ & o is their volume that depends on the
outer radius of the gold shelVe consider two different ways to determine the effective
permittivity of the solution: (1) Maxwell Garnett effective medium theory, assuming that the
spheres are well separated and scatter light independentBru@yeman theory *° supposing

that the spheres combine into stiers composed from hundreds to thousands of the core/shell
particles in a closed packed arrangement with a volume fra€tion & T.

In the MG theory the effective permittivity of the composite can be expressed as
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This expression is evaluated separately for left/right polarizations, from which the Faraday
rotation can be found using (2) and (3). Some results for absorption and Faraday rotation due to
core/shellparticles are shown in Figuk.4. The important aspect of the results is that the

plasmon resonance starts at long wavelengths for very thin gold shells, and moves towards about

I ao- -

11

520 nm with increasing shell thickness. Note that the volume fra€inoreases witlthickness

of the gold shell, as the number density of particles was nearly constant in experiments.
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FigureA.4(b).
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Figure A.4 Absorption (a) and Faraday rotation (b) for core/shell nanoparticles in water,

showing the variations with increasing gold shell thickness.

Notably, the plasmon peak

moves towards shorter wavelength with increasing shell thickness.

To include the clustering effects via the Bruggeman theogyfimst find the effective

permittivity of a cluster,- , composed from volume fractioi2 of core/shell spheres

surrounded by volume fractign "Q of water host{ ). The cluster effective permittivity

solves the Bruggman equation,

0 0

0 —
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where the first term represents the contribution of the spheres surrounded by averaged cluster,

and the second term rgsents the water surrounded by averaged cluster. The solution for the

effective permittivity of a cluster is found to be

- - ¢ 0Q - oaQ p-

It is interesting to note that the lim®

simpler MG result (i.e., Eq. (12) gives

¢ o0Q -

o Q

p- ¢ - 13

p of this Bruggeman cluster effect just recovers the

- ). Both theories predict the blue shift of the

plasmon resonance in tlad@sorptionspectrun with increasing gold shell thickness (Figured

andA.5).
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Figure A.5 Absorption (a) and Faraday rotation (b) for core/shell particle solutions in
water, including strong clustering effects via the Bruggeman theory. The peaks below 450
nm are artifacts due to the single resonance assumed for bound gold electrons. The

plasmon peak does is slightly higher than that found without clustering effects.

Once- is found, we again apply MG theory to get due to these clusters dispersed at
a low volume fractionQ in the water (for both left/right polarizations). [Note: At low volume
fraction, the MG and Bruggeman theories give the sanextefé permittivity.] The number
density of clusters in the water & & 70 , where0 "Qw Tw is the number of
core/shell spheres in a cluster. Then the volume fraction of clusters in the w&er is
€ W "F'Q . This does not depend on the size of the cluster, just on its packing density.

The final application of the MG theory gives the effective permittivity of the composite medium,
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