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Abstract

This thesisfocuses on the development of drug carrier systems in conjunction with an
inhomogeneous pulsed magnetic field to achieve a short time release over the mesigagm

in presence of magnetic nanoparticles (MNPs) as triggering agents. This thesis discusses the
synthesis of both flexible (magneliposomal) and rigid (rattle cages of core®ga SiC: shell)

drug carrier systems with their characterization, mddey encapsulation, and release assay under
inhomogeneous pulsed magnetic field(s). Though the magjpesmmal formulation with
encapsulation of nanoparticles (NPs) at the core, at the bilayer, or the surface of liposomes is not
new, the approach hereds#ferent from other works regarding the time in which the content is
released. In the first project, the magnetic iron oxide nanoparticles are attached to the exterior
surface of liposomes through two modifications, first, the coating of iron oxide audictes with

gold, and second, the surface modification of liposomes with GABPG-SH linker so that gold

coated MNPs are attached to a liposomal membrane withtigioldinteraction. The release of
carboxyfluorescein from this magndiposomes formulatin under the application of magnetic
pulses is studied. Further, the role of different types of nanoparticles on the phase transition
temperature of liposomes and the effect of osmosis in model drug release from liposomes are
explored. In another projectarboxyfluorescein release from magnetoliposomes with MNPs
encapsulated at the aqueous lumen or, the lipid bilayer of liposomes is again investigated with
applications of short magnetic pulses generated from both higher and lower inhomogeneous
magnetic fikds. To look further into the pulsatile release rate of the model drug, release after
application of each magnetic pulse is measured. This will add a step towards our aim of the fast
release kinetics of payload from magnripmsomal systems. In additiothe release study from

magnetoliposomes at different positions of magnets in both Helmholtz ardieminoltz coils is



explored which strongly establishes the proof of concept for the use of the pulsed magnetic field
system we developed. Besides, theasdefrom rigid drug carrier system is discussed where rattle
type mesoporous silica shell structures are used. The release of doxorubicin from these carriers

with different core sizes, shell thickness, and effective volumes is investigated.

Finally, the e of the inhomogeneous pulsed magnetic field in the transportation of small
molecules into the cancerous cells through the formation of micropores within those cells in
presence of magnetic nanopatrticles is explored. This pilot study investigated the@ugidand
combinational effect of Dextran coated iron oxide NPs, doxorubicin, and magnetic pulses on
cellular viability. Moreover, the enhancement of doxorubicin uptake and accumulation along with
its effectiveness in this combinational strategy is disedslt is expected that the use of pulsed
magnetic field mediated ultrasound generation from magnetic nanoparticles will have a significant

role in biological applications including targeted drug delivery.
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Abstract
This thesisfocuses on the development of drug carrier systems in conjunction with an
inhomogeneous pulsed magnetic field to achieve a short time releasbeweximum release,
in presence of magnetic nanoparticles (MNPs) as triggering agents. This thesis discusses the
synthesis of both flexible (magneliposomal) and rigid (rattle cages of core®ga SiC: shell)
drug carrier systems with their characterization, model drug encapsulation, and release assay under
inhomogeneous pulsed magnetic field(s). Though the magjpesmmal formulation with
encapsulation of nanoparticles (NPs) at the core, at theshilaythe surface of liposomes is not
new, the approach here is different from other works regarding the time in which the content is
released. In the first project, the magnetic iron oxide nanoparticles are attached to the exterior
surface of liposome$itough two modifications, first, the coating of iron oxide nanoparticles with
gold, and second, the surface modification of liposomes with GABPG-SH linker so that gold
coated MNPs are attached to a liposomal membrane withtigoldinteraction. The relase of
carboxyfluorescein from this magndtposomes formulation under the application of magnetic
pulses is studied. Further, the role of different types of nanoparticles on the phase transition
temperature of liposomes and the effect of osmosis in hudydg release from liposomes are
explored. In another project, carboxyfluorescein release from magnetoliposomes with MNPs
encapsulated at the aqueous lumen or, the lipid bilayer of liposomes is again investigated with
applications of short magnetic pulsgenerated from both higher and lower inhomogeneous
magnetic fields. To look further into the pulsatile release rate of the model drug, release after
application of each magnetic pulse is measured. This will add a step towards our aim of the fast
release ketics of payload from magnetiposomal systems. In addition, the release study from

magnetoliposomes at different positions of magnets in both Helmholtz ardieminoltz coils is



explored which strongly establishes the proof of concept for the uke plilsed magnetic field
system we developed. Besides, the release from rigid drug carrier system is discussed where rattle
type mesoporous silica shell structures are used. The release of doxorubicin from these carriers

with different core sizes, shellitkness, and effective volumes is investigated.

Finally, the use of the inhomogeneous pulsed magnetic field in the transportation of small
molecules into the cancerous cells through the formation of micropores within those cells in
presence of magneti@anoparticles is explored. This pilot study investigated the individual and
combinational effect of Dextran coated iron oxide NPs, doxorubicin, and magnetic pulses on
cellular viability. Moreover, the enhancement of doxorubicin uptake and accumulatiomationg

its effectiveness in this combinational strategy is discussed. It is expected that the use of pulsed
magnetic field mediated ultrasound generation from magnetic nanoparticles will have a significant

role in biological applications including targetexig delivery.
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Chapter 1: Introduction of Drug Carrier System

1.1 Drug carrier systems

A drug carrier can simply be defined as a substrate that is designed for the drug delivery and an
assembly of such carriersakesa systenthat can be used for targeted and/or controlled drug
delivery or release of therapeutic drig8ince the direct administration of therapeutic agents into

the living body leads to the various side effemftshe drugtissue interactions, the drug carrier
systems can play an important role to reduce such drug tobicjtyovidinga protective layet: 2

In other words, the drug carrier system provides a shield to protect the drug molecules from
enz/matic action so thathysiochemicaproperties of drug molecules remain preserved during the
circulation period before reaching the targeted unhealthy tissues, and at the sgrhedithg

tissues camesaved by avoiding unwanted chemitm@ticity due to active ingredients present on

drug moleculel Another important advantage of the drug cariigtise lesser drug administration
frequencyas these carrier systems can also be used to control the rate at which drug is delivered

to thetargeted are’a®.

The candidacy of various bengineered systems as drggrriers requires certain
properties, among thestability, stimuli responsivenesmd specificity are more importanbnce
they enter the living body, the physiologicafelese system can attack these carrier systéhes
carrier systems should be stable enough to preserve the encapsulated drug molecules/ loaded cargo,
without being destroyed before reaching the targeteé %ite'he drug carrier systems can be
effective whertheycan be modifiedn a way thatheycan be used to target differdatationsas

per necessity. Also, these systems must be capateleognizng the targeted area where the drugs



need to be delivered. The drug carriers once reach the desired site should beredpertd

towards an internair external stimulus so that the drug molecules can be reléased

The drug carrier systenusuallyhaveafew to severahundrechanometesizes whichcan
be designed fronerganic constituents or inorganic substanaed have either flexible or rigid
morphology. Some of the widely used drug carrigfgure 1)include liposomesmicelles,
hydrogels, polymeric particles, dendrimers, nanospheres, nanocapsules, nanotuhes, dptant
mesoporous silica shelistc® 2 4 & "Among these liposomes, micelles, hydrogels, dendrimers are
considered as flexible drug carrigbgcausethey can change dimensions significantly upon
exposure to external stimuli while quantum dots, silica shells, nanospheres contain inorganic
materials hataddrigidity, henceregardeds rigid drug carrier systerpsoviding more protection

compared to the flexible drug carriers.

Polymeric
particles

Nanocapsules

Carrier |:> Dendrimers

Systems

Micelles @ Hydrogels

Mesoporous
Silica

Figure 1.1. Various nano drugarrier systems

This thesidocuses on liposomal,andsilica sheltbased drug carrier systems amel explore how

magnetic field triggering caenhancehefunctionality of these systems. In the next section, | will



provide some background information on liposomal and silica shell drug delivery systems and

provide reasons why these systems are choserristadgies.

1.2 Liposomes: Background and development

Since the first formulation ithe 1960s, liposomes are one of the most widely used drug carrier
systemsin drug delivery research and clinical applicatfoisWith phospholipids as a chief
ingredient, liposomes have spherical structures which can further be classified as unilamellar (with
single phospholipicdilayer) or multilamellar (with multiple phospholipidilayers arranged in
concentric onioflike structures). It has been observed that the size betwe8d070m is more
appropriate to be used for clinical applications, thus making unilamellar liposomes as dominating
lipid vesicle systems used for targetedigl delivery® % As the lipid bilayer in liposomes
resembles the natural cell membrane, they are biomimetic drug strasran enclose lipophilic

and hydrophilic drug molecules at lipid bilayer and aqueous core respelitrehddition to that,

the constituent lipicand cholest@l can be so chosen that the bilayer surface of liposomes can be
modified for diverse drug delivery applicatiolis The combination of phospholipids can
cholesterol with hydrophilic polymers like polyethylene glycol (PEGp g et her known as
| i p o slmsaddsdoa new avenue to the applications of liposomal drug carrier systems as they
are more stabland have enhanced circulation tithan convational liposome$ 1% 4 with the
advancement of liposomal research, various natural and synthetic polymers have been employed
during liposome formatidf > The major advantages of liposahdrug carrier systesare listed

below:

1. Liposomal drug carrier systems ai@compatiblé® carriess with phospholifds asthe main
ingredientwith relatively low cosdue to its availability andaseof synthess.®

3



2. Drug molecules or cargo with differefgvels of lipophilicity'® can be loaded intdhe
liposomes; hydrophilic drugs can be encapsulated in aqueous volume at the center and/or
attached toan external surface of lipid bilayer with surface modifications, lipophilic
molecules in between the lipid bilayers, one kind at a time or simultslyéothis providesa
higher entrapment capacity per vesicle.

3. Liposomal drug carrier systems dne-degradable and netoxic hence safe to administer into
aliving body.'*

4. Depending upon the toxicity level of encapsulated drug molecules, the constituent lipid
molecules can be selected and combined with cholesteratyahg concentrations to adide
stability of tHs systen? 1 1"The selection of ingredients and method of preparation can reduce
the problem of drug leakageeforetargeted delivery?

5. Liposomes can prevent the biochemical degradation of drug molecales minimize the
undesirable interaction of drug molecules with healthy tissheseby improving its
therapeutic application's: 3

6. Possibility of surface modifications using different types of ligands adds versatility in its use
in targeted drug deliveri?: 1°Different molecules/macromolecules can be potentially attached
to the liposomal surface thereby changing the physiochemical properties ofstirfsses
which in turn helps to modulate the functionality and stabilftjposomal system&> 18

7. Liposomal systems cdre designed and coupled with different triggering techniques to release
the drug at controlled rate. This enhances the efficiency of liposomal systems as therapeutic

agents’®

It is important to note that the selection of constituent lipids in liposomes preparation is crucial

regarding the use of liposomes in targeted drug delivery. The pharmacokinetic behavior of both



carrier (liposomes) and cargo (drugEpendsipon the physal and chemical properties of the
constituent lipids. First, the composition of lipids greatly influences the permeability of lipid
bilayer which inturn hasanimpact on the rate at which payload (drugs) is rel€ds8dcond, the
stability of liposomes is important throughothe process,i) preparation (loading) ii)
administration (into the bodygndiii) final release of payload #he targeted site. For this, the
lipids with phasdransition temperature {Islightly higher than body temperature)is thebest
choice. It is because, if the ¥ Ty, the drug is released before it reaches the targeted siié and
T>>Tp the rate of drug release is much diminished making the liposomal sygi@on carrier!:

16, 20For this, either the one obmbination of more phospholipids fiseferred for manipulating

the Tc such that it will fit the needs of the specific application.

Table 11 Commonly used phospholipids with their phase transition temperatures

S.N. Phospholipids Tc

1 1,2-dilauroytsn-glycera3-phosphatidylcholinédDLPC, 13:0 PG 14°C
2 1,2-dimyristoytsnglycero 3-phosphatidylcholine(DMPA5:0 PG 35°C
3 1,2-dipalmitoytsn-glycerae3-phosphatidylcholine (DPPA6:0 PG 41°C
4 1-palmitoyl2-oleoyksn-glycera3-phosphatidylcholine (POPC) -2°C
5 1,2-distearoydsnglycero-3-phosphatidylcholine (DSPQ8:0 PG 55°C
6 1-stearoyd2-oleoyltsn-glycerae3-phosphatidylcholine (SOPC) 6.7°C
7 1,2-Dioleoyl-sn-glycero3-phosphocholine (DOPC, 1618:0 PC) 49°C

Besidesthe composition of lipids, the liposomal stability is governed by the incorporation of
cholesterdi” ?° Cholesterglas an important compound the natural cell membrane which
regulates membrane permeabilitynparts elasticity, adds rigidity @d overall strength of

membranefinds a similar role in its biemimics: liposomes. Cholesterol molecules reside in the



lipid bilayer and immingles with phospholipid molecul&udies have shown thaholesterol
stabilizesthe liposomes byarious mechanisms likgevention of liposomes aggregatiorgrease
in mechanical strengtfiorming hydrogen bonding with fatty acids chain of ligideduction of
passive permeabilityby interacting with membrane phospholipidaltering the phosphipid

packing andreducingrotational freedom of phospholipids 2

For a system to be more effective in drug delivépgsomesneed to hava longer circulation
period®. The conventional liposomes which contain only phospholipids and cholesterol have
lesser circulation timeéOnceadministered into the living body, the liposomesgxperience rapid
clearance from the blood vide reticuloendothelial system (RESSuchfast removal of the
liposomes by thephagocytic mononuclear cellsméacrophages and monocytesf the
reticuloendothelial system (RES) can be prevented by attaching a polyethylene(BE&)!
coating to the outside of the liposoAie?* PEGylation reduces the interaction of liposomes with
recognition molecules by forming a steric block around liposdmé$ As the recognition
molecules cannot reach the liposomal surface, the liposomes remain inconspicuous by RES,
thereby increasing the circulation tinte the bloodstreartr: > Another advantage of coating
liposomes with PEG molecules is that it provides room for chemical modification of liposomal
surfacewhere me end of PEG is attached to the phospholipid or cholesterol molecules while
arother free end can be modified/ attached to the ligaHdsStudies haveevealed that ligand
attachments at the PEG end improve the efficacy of liposomes in targeted drug délfiexy

typical liposomal structure is shownfigure 1.2.2°
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1.3 Triggering techniques in liposomal drug delivery

The drug carrier systems are expected to avoid drug leakage during circulation and deliver only at
the targeted are&everal liposomal drug delivery systems have been devetbpedely on the

slow release ofirugs but for the treatment of cancerousugssand other infectious diseases, it is
prudent torelease the drug immediately andabia controlled rate after reaching the tardeir

this, stimuli-sensitiveliposomal systemsan be employed fdriggeredbasedargeting.Stimuli-
responsive systems are those which can be stimulated by changing the environmental
parameters/signals. Such signals can either be internal (like change in pH, biomolecules, redox
potential, enzymes, body temperatures) or external (light, heat, magnetic fields, ultrasound,
mechanical forcesetc.) and upon exposure to such stimuli, these carriers release their content in

a controlled manner at targeted locati®r?



Drug
Carriers

pH Changes

Triggering

Triggering el
Techniques
Magnetic
Fields
Drug
Release

Figure 1.3. Internal and External stimuli for triggerintdpe drugrelease from lipososs.

1.3.1 Endogenousstimuli -basedtriggering

Various endogenous parameters can be used to trigger the drug fedeasiposomes. Such
internal stimuli includea change in pH, difference in redox potential, enzymes, adenosine

triphosphatdATP), etc. Among these, pH anenzymebasedsystems are discussed here.

a) pH-responsive liposomeJhere is a significant physiological difference between healthy and
unhealthy tissues. The pH of normal tissues is around 7.4 while that infectious tissue is lower
(acidic) ranging betwee#.5-6.83? This differencecan trigger the permeability of liposomal
membrane by inducing the changeaninrphology of lipid bilayers. In one stutlyit is found
that at low pH conditioy a natural phospholipid 1,2-dioleoylsnglycero3-
phosphoethanolamine (DOPIEkhibitsa change in morphological phase behavior leading to

membrane destabilizationf liposomes. In other studly pH-sensitive liposomes are so



b)

designed that functional group fragments are incorporated between PEG coating and lipid
bilayers. These functiohgroupsare stable at normal tissue pH but are hydrolyzed at pH lower
than 6. This resulis the release of PEG molecule and local drug delivery is achieved. Another
approach involves the insertion of {sdnsitive peptidés 3 These monomeric watspluble
peptides at normal body pH will become hydrophobic in acidic pH and lead to fusion of
liposomes with cell membrane enhancing the cellular uptake and thereby retle@gagdoad.
Enzymetriggered liposomesCertain disease (e.g., cancer) cause the tissues to release
enzymes like phospholipase, proteases, cathepsins, lysqzstniesn excess amount than
normal healthy tissu€s.This provides a platform to use enzyim@sed liposomal triggering.
The enzymesensitive liposomes are preparedairway that they can release payload in
response to enhanced enzyme concentrations due to pathophysiological thahges.
example, phospholipase can degrade phospholpigs the concentration of phospholipids

is higher like in liposomes. Phospholipase interacts thighiposomal membranthrough its
interfacial binding surface and ultimately hydrolyze the lipid bilayer releasing the

encapsulated druy: 3

1.3.2 Exogenousstimuli -basedtriggering

Liposomes can be designed to be triggeredvayous external stimuli such as heat, light,

ultrasound, magnetic fields, electric fiel@$c. to achieve controlled drug deliverytla¢ desired

site. Pleasenote that exogenous stimidased triggeringgenerally provides more contrtilan

endogenous stimulkor the specific control types, | will present the specific advantages of these

stimuli.



a) Thermosensitive liposomeBhospholipids arthemain ingredients of liposomal systems, and
each phospholipid is associated with its uniguase transition temperaturenfT This
property makeshe liposomal system inherently thermosensitiv&iposomal system can be
formulated using oner more phospholipids such that the phase transition oatwound
normal body temperaturg87 °C) The various studies have revealed that thermosensitive
liposomal systems use either lysolipids, surfastamatural or synthetic polymets.32 On
application of heat, physical and chemical propedidsese¢hermosensitiveomponentsiter
whichleadsto lipid bilayerdestabilizatiorand enhancthedrugreleaseln arnother interesting
study3® ammonium bicarbonate was used vatphospholipil/CHOL/PEG system. Whethe
heat was applied, bubbles of carbon dioxide from ammonium bicarbonate induced disruption
of thelipid bilayer, andthedrug was rapidly released.

b) Light-sensitive liposomesDuring the formulation, photosensitive lipids, oroptsensitive
molecules, known as photosensitizers, can be incorporated into liposomes. These
photosensitizing agents when irradiated with lasesture the lipidbilayer, or lead to
microporation that enables the drug release from the lipid ve&icfédn these systems
photodynamic therapy is used whdight with a specific wavelength (normally near IR)
activates thehotosensitizers that ultimately disrughg liposomal membran&. Studies have
revealed that besidephotodynamic therapy, other strategies like photothermal, photo
crosslinking, photecleavage and photoisomerization release have also been employed to
increase liposomal drug releaet! 42

¢) Ultrasound-sensitive liposome®Pue to the safe, nemvasivenessand low cost, ultrasounds
have been widely used in clinical applications. Ultrasound can trigger liposomes through

different mechanismige ultrasonic hyperthermiandacoustic cavitatiofi* Ultrasound waves
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can convey energy tmrm gas bubbles. Witanincrease in acoustic pressure, these bubbles
expandrapidly and finally collapse which causes deformation of liposomal bilayer membrane
leading to payload release. This mechanism is known as acoustic cavitafi@m the other
hand, when some fraction of ultrasonioesgy is converted to heat, during mechanical
compression by ultrasonic waves, this heat facilitates the local hyperthermia rasutting
release¢?

d) Magnetically triggered liposomedVith theincorporation of magnetic nanopatrticles like iron
oxide nanoparticles, liposomes can be triggered to release drutie lnge of high/low
frequencyalternating magnetitields or pulsed magnetic fieldC magnetic field can also
assist with the locationfahe liposomal drug delivery near the site of intefeésthis is

discussedn detailin section 14 below.

1.4 Incorporation of magnetic nanoparticles: Magnetoliposomes

1.4.1 Magnetic Nanoparticles in drug delivery: A brief discussion

Magnetic nanoparticles are the key element in a magnetic drug delivery system. Alotigewith
properties like biocompatibility and easy surface modification, it holds the magnetic properties
that open the new dimension in the field of drug deliviawlitating both localization of the
liposomes and remote actuation/triggeribdagneticnanoparticles can either be pure metals,
metallic oxides, or metal alloys. Though pure metallic magnetic nanoparticlethbaveate merit

of high magnetic susceptibility and can be used as core substances, they tend to oxidize easily
which often limitstheir use. While the metal oxides can be easily prepared in a controllable size
and shape which adds more attentionts use for drug delivery. Iron oxides: magnetite®2

ma g h e AFe®se b e maed®stdee tolts excellent biodegradable natlme; toxicity to
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cells, easy surface modifications, higher binding abilities with ligands and antibodies as well as
ease of preparation, make it most suitable candidate for the use in drug delivery ptftgBses.
Below the size of critical diameter (usually <20 nm) particles behave as a single magnetic domain
which makes the nanoparticles superparamagnetic. themagnetic spin of the particles will be
originally disordered but under the alternating magnetid {ilBMF) it gets rapidly magnetized

and tend to movdirectionallywith thedirection ofamagnetic field. However, on the removal of

the field, magnetization drops to zero which implies that, in an absermreegternal magnetic

field, the particles lackermanent nanhagnetisiof the ensemble of the particl&s*®

For two importanteasons, the encapsulation of the magnetic nanopatrticles is necessary.
First, encapsulation minimizethe toxic impact and side effects of the dg)@nd nanoparticles.
Encapsulation not only reduces the side effects by protecting organs fronmdtogibefore
reaching the desired location but alsaintairs a high concentration of the drugs to be released
Second, the magnetic nanoparticles alone can carry and release only a limited number of drug
molecules. Thus, to increase the amount of cargo thdiedelivered and to enhance the efficacy
of controlled drug release by reducing the side effects of these nanoparticles, various stimuli
responsive drug delivery systems have been developed togedecades® These include
liposomes, micelles, hydrogels, organic polymers, dendrimers, carbon nanotubes, mesoporous
silica nanoparticlesand organignorganc hybrid nanoparticles. The internal stimuli have
limitations related to precise control of delivery tinegation,and dose while external stimulus
like light lacks penetration deptthe heatresponsive system can have a risk of tumor metastasis
inducement during hyperthermia and ultrasound experiences blockage by bone3&ri§>4ir.
However, nagnetic fields provide suitable platform to overcome limitations discussed above.

Magnetic fields are nemvasive,ratherharmless, can provide sizependent localizatigrand
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can be precisely controlleith space and tim&: °> %3 In addition, magnetism does not have

significant physical interactions with the body, makangore suitable stimulus.
1.4.2 Magneto-liposomes:a state-of-art

Magnetoliposomesimply refer to the drug carrier system where magnetic nanoparticles (more
preferably iron oxide nanoparticles) are incorporated in liposomes along with drug motecules
meet the demarfdr fast and localized drug deliveryhis adds a e avenue towards drug release

and drug delivery phenomena allowing remote control via magneticafpgilication. Magnetic
nanoparticles can be incorporated into the liposomes at different locattitimscore,in between

the lipid bilayers or thesurfacemodified liposomal membranas shown irFigure 1.4°* Based

on the lipophilicity and hydrophilicity, the drug molecules and magnetic nanoparticles are loaded
at thosesites. The lipid bilayer can entrap lipophilic (hydrophobic) materials while hydrophilic
substaces are loaded in the aqueous aoretthe membrane Advantageouslyboth types of
substances cabe loadedsimultaneouslyin the liposomesThe aqueous core of liposomes is
available for loading ohydrophilic magnetic nanopatrticles of sizes 5nm or mamd loading is

easy. Howeverincorporation of hydrophobic nanoparticles in lipid bilayer is challenging due to
thehigher tendency of micellformation, cluster formatipand enhanced passive relezseThe
smaller lipid membrane dimension (66 nm) requires nanoparticles of dimasize (<5 nm) for
successful loading>>® The MNP loaded liposomes together with drug molecules make a
complete carrier systemhat canbe targeted @ the desired location and triggered by externally
applied magnetic fields to release the drug molecules. It is interesting to note that hydrophilic drug
molecules athe core cannot easily pass throute lipid bilayer andthe application of external

magnetic fields can then be tuned to release the cargo in a controlled manner.
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Magnetoliposomes

MNPs located MNPs located MNPs located
inside in the bilayer outside

Figure 1.4 Schematic representation of magnetoliposomes with MNPs: (left) entrapped at
aqueous corg(center)embedded betweehe lipid bilayer and (right) attached othe modified
membrane.

Various studies havexhibited thatmagnetoliposomes add versatility the drug delivery
applicationof liposomes. The literature shows that different types of magnetic fields have been
employed for magnetbposomal drug releaseThe mechanism of drug release undee
application of high or lowrequency AMF involvesAC-hyperthermiawhere the magnetic
nanoparticles facilitate the heat transfer from the magnetic field to the liposomes for drug delivery
In analternating magnetic fieJdnagnetic nanoparticles produce heat through bieBrownian
relaxationdepending orthe size of MNP<P This heat can exceed the transitiomperature of
constituent lipid thereby increasing the permeability of lipid bilayer and significantigncing

drug release. Besidéisat, DC magnetic fiekland pulsed magnetic fields have also been used for

drug releasas | will show in this work

Bakincovaet. al,®' demonstrated the AByperthermianduced release of doxorubicin
from magnetoliposomesvith iron oxide entrapped in lipid bilayerNobutoet al %? used a DC
dipole electromagnet with fié strength fixed at 0.4 Teslanatumorbearing limb ofa hamster.

Doxorubicinloaded liposomes were thadministeredandamagnetic field was applied for about
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an hour which ledo the increase in dox concentration to 3 timll atthetumor site. In addition,
tumor growth and lung metastases were also suppressed by this dox taiftiey. al,®
entrapped iron oxide nanoparticles and model drug carboxyfluord&i€im DPPC/Chol based
thermosensitive liposomes. Application of alternating magnetic field -6 Bin significantly
released the CF (~60%) from MNPs loaded liposomes compared to the control samples. Nappini
et. al..® studied large utamellar liposomes loaded with magnetic cobalt ferrite nanoparticles
along with CF. The results showed tttsapplication of lowfrequency AMH0.2-6 kHz) affects

the bilayer structure promoting CF releaSalvatoreet. al,®® with magnetoliposomes containing
5nm hydrophobic iron oxide nanoparticles in DPPC lipid bilayer achiev@dgh drug release
percentage on exposure to-BMF for 5-15 min. Amstackt. al,>® incorporated stabilized iron
oxide nanoparticles <5.5 nm, inttee lipid bilayer and showed that applicationA¥IF enhanced
liposomal permeability through local hyperthernidespite several therapeutic applications o
serious disadvantage of Alyperthermia is thdt candestroycertainanti-cancer drugs like SN

38, its prodrug irinotecaf® and siRNA.®” Guoet.al. ®® demonstrated that magnetoliposomes can
be formulated in a way th#ttere isanincrease in drug release under {&r@quency AC magnetic
field without generating hyperthermic effeth. addition, AC magnetic hyperthermia is a slow
process usually in the order @afew minutes requirin@ significant amount of magnetic particles

loaded into liposomes.

Another mechanistic approach of drug release from magnetoliposomes is ttineugh
application of pulsed magnetic field®ardoni et. al,%® showed that nonthermal pulsed
electromagnetic field (10@nicro-Tesla with active pulse duration of 1.3 millisecondgen
exposed to higiransition temperature magnetoliposomes (loaded with hydrophilic iron oxide

nanoparticles) for 3 hours, enhances the liposomal permeability without deforming liposomal

15



integrity. In arother work, Podaret.al,’”® applied short magniet pulses to release the payload
rapidly from magnetoliposomes where ultrasound generated from MNPs increased the membrane

permeability to increase drug release.
1.5 Rigid Drug Carriers

Organic drug carriers like liposomes, micellet. are soft mataais thathave intrinsicunstable

nature that often lead to the geakage of drugs. The major drawbacks include limited chemical
and mechanical stability, vulnerability to microbiological attacks, swelling, issues with control
over the drug releasaate and costlier. Polymer nanoparticles have high polydispersity while
dendrimers hava relatively high cost. On the other hand, inorganic carriers possess inherent
properties like chemical stability, increased mechanical strength, resistance to lwath#acks

in an in vivo environment. Among inorganic vectors, mesoporous silica systems have been widely

used as drug carrier systegue totheir numerous benefit&: "3

1.5.1 Developments in Mesoporous Silicenaterials

Pores have been classified as mesopores by IUPAC twdiewidth is between 2 nm and 50 rifh.

Since the first design of Mobil crystalline material (MCM) in 1992 #refirst report of MCM

41 type mesoporous silica in 2001, Mesoporous silaised drug delivery systems have been
explored for a variety of thapeutic agent&’®With the numerous advantageous properties like
uniform and tunable pore diameter-120 nm) , | ar ge p/g)r excelleno | u me
biocompatibility, low densityand very high specific surface area (>908/g) amorphous
mesoporous silica materials find potential applications in catalysis, as a carrier for drug storage

and delivery, gene therapnd biomedical imagingtc. Among them, the mesoporous silica shell
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with a hollow interior/core can provide higher cargo loading capacity compared to the

conventional mesoporous silica systefng®®?

Both bulky molecules (like enzymes and drugs) and organic compounds (dyes, pigments
etc.) can be well accommodated in mesoporous silica due to its pore size modulation ability. The
guest molecules can be well adsorbed through the processes likénddogs covalent binding,
encapsulation, and entrapment. Depending upon the pore draofgtorous silica, dimensions
and hydrophilicity/hydrophobicity of biomolecules, the guest molecules can be immobilized in
mesoporous silica. Further, silanol groups@&l) present on the mesoporous silica surface may
favor the immobilization of orgaaicompounds or the bulky biomolecules, accompanied by
electrostatic interactiorf§2” The number of silanol groups due to its high rieégt can increase
the multifunctionality (by reacting with other functional groups) thus providing an excellent
surface modification that enables to control the transportation of different guest molecules to the
pores®®®tIn addition, hollow mesoporous silica spheres can be ingested or injected and present a

homogeneous morphology which makiesmvery useful in drug deliverS?
1.5.2 Magnetic SilicaShell Systems

The mesoporous silica lacks thbility to carry cargo to the target locations in the body. To
overcome this limitation, these systems can be functionalized by magnetic nanoparticles which
helps to guide the drulpaded silica materials to desired locations inside the body. The magnetic
silica nanocomposites can present itself as a strong candidate in drug delivery platform because of
two important merits; first, it avoids the direct contact between the magnetic nanoparticles and
healthy tissues so that drug toxicity is reduced; secbed;dlloidal stability of nanoparticles can

be well preserved even in the biological environni&fftMoreover, such magnetic composite
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carries can also be utilized for hyperthermia therapy in the presence of an external magnetic

field.%": %8

Wu et al.,*® first reported the iron oxidbased magnetic mesoporous silica composites in
2004.Since then, various research groups have been involved to fabricate such composite spheres.

Magnetic silica composites can be classified into 3 different types based on tloturatidesign:

1. Magnetic silica coreshell structure.
2. Magnetic nanoparticles encapsulated in the channels of mesoporous silica.

3. Rattletype magnetic core/mesoporous Silica shell spheres.

Since fewer drug molecules are loaded in the mesoporous chahaeéist two types of
magnetic mesoporous composites have lower drug loading compared to theypatdpheres.
Rattletype structures with vast void space and mesoporous pheessdeal properties like low
density andhehigh specific area, making it a leading new generation drug carrier/delivery system.
Both, an interior core, and mesoporous shell provide a platform to functionalize with the desired
organic groups, which favors dyloading, targetingand delivery. In additiortheshell acts as a
protective layer that avoids possible drug degradation. These hollowtyattlstructures can be
divided into; first, the ordered pore partigland second, disordered roriented paicles. One
with ordered channels suitable for diffusion of adsorbed molecules while disordered pores are

favorable for controllable and multistage release of dftig®®02
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1.6 Actuation via application of magnetic fields

1.6.1Motion of magnetic nanoparticles under magnetic fields

Most commonmagnetic nanoparticlesich asron oxide, cobalt ferriteetc. haveheremarkable
property of magnetic behavior in presence of static and oscillating/alternating magnetic fields.
These magnetic nanopatrticles can be used in two ways under the alternating magnetic fields; first,
to generate heat at their surroundinggrocesknown as magnetic hyperthermia. Moderate or
significant heating effestcan be produced by magnetic nanoparticles when subjected to low or
high frequency alternating magnetic fiefddn addition tothe hyperthermia effect, another
important application of alternating magndietds on the magnetic nanoparticleshgegeneration

of particle motion. Magnetic field energy can be converted into two types of particle motion,
rotational andranslational®*'% Beside alternating magnetic fisldthe magnetic nanoparticle

motion can also be achieved frapulsed magnetic field induced magnetic field gradié&nt.

The discussion here is more focusedtloatranslational motion o& particle under the
magnetic field. When an external magnetic field gradient is applied, translational motion of
magnetic nanoparticles is achieved in the direction of field gradient, the effect known as
magnetophoresis. Theagnetic field gradient can be generated using permanent magnets or
electromagnets but due to the size constraihis gradient is lower than one produced by
electromagnets. In addition, both homogeneous and inhomogeneous magnetic fields can be used
in theprocess buthe magnetostriction effect makes homogeneous maghelts less effective.

For this reasorgninhomogeneous magnetic fieklused in the proceg¢Bigure 1.5. The particle

in an inhomogeneous magnetic field can move from a regitmwato high magnetic field$>109
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Inhomogeneous Homogeneous
Magnetic Field Magnetic Field

Figure 1.5 Conceptual difference of magnetic particles in an inhomogeneous
and homogeneous magnetic fielBarticles experience magnetostriction in a homogeneous
magnetic field saninhomogeneous magnetic fielduised in our work

Mathematical expression for the foreacting on the magnetic nanoparticfe?® 17 109

Since the gravitational force, Brownian force, forces due to interpartiel@atton and buoyant
force, are negligiblewo significant forces are actirap the magnetic particle undan external

magnetic field. First, the magnetic force, &cting on the magnetic particle is,

TNy s s 7 oz 7 oz oz 7 oz oz

& — &0 éé6éeééeéééé. Equationll

where, Vis thevolume ofthemagnetic particlegp @s thedifference between the magnetic
susceptibilities of particle and mediym = permeability of free spacB andn.B are the applied

external Magnetic fieldtrength and field gradient respectively

Secondaf or c e k nown as flui dic force or Vi scous

spherical particles is,

F=-6" dR(W) ééééééééééé . Equationl?2
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whered thewiscosity ofthemediumwhere particle resideR isthehydrodynamic radius of the

particle Vp is particle velocity and Ms thevelocity of fluid/medium

Fr om Ne wttevebdty df thewparticle having mass m, under the forgearfd k is,

,,,,,,,,,,,,,

1.6.2 Ultrasound generation from magneticparticles in the presence of

magneticfield gradient

The mechanical oscillation of magnetic nanoparticles under the magnetic field gradient can
generate ultrasound waveBxperimental studié®> 1% have revealed that ultrasound can be
generated at different frequencies and amplitudes of magneticghiatientsfrom magnetic
nanoparticles. Though AC coils (alternating magnetic field) can also be used for this purpose, the
field gradient ina pulsed magnetic field is much larger which in turn can generate strong
ultrasound® Both homogeneous and inhomogeneous magneticsfagld produce ultrasound.
However, magnetostrictieassisted ultrasound generatiosing a homogeneous field is less
preferred as it leads to the changehadimensionof magnetic particles during magnetization.
Thus, it is more desirable to useinhomogeneous field. In additioaninhomogeneous magnetic

field can achieve translational motion of the magnetic nanoparticiddke a homogeneous

field 105 106. 110Sincethe present work also focuses on turnthg magneic field into translational
motion of particlesan inhomogeneous fielés used as it provides enough force for efficient

actuation athenanoscale
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1.7 Goals of this work

The key challenge in drug delivery isdevelopoptimaldrug carrier systemLiteraturesuggests

that maximum drug release can be achieved from vam@umsdrug carriers, but it takes

significanttime to do so. On the other hand, if we try to relebhsaltug rapidly from the carriers

in response to external stimutinly a few percentages of total payloadeases at any given

application of external stimulugiowever, it can be sometimes beneficial to achieve fast drug

release in a small portidar two prominent reasonBirst, therate ofdrug release can be controlled

based on the application of external stimuli. Second, the fast release of a drug can reduce the time

dependent degradatiaf its active moiety.To accomplish this goathis work focuses on the

following aspects of magnetposomal and rattikeype silica shell drug carrier systems in this

dissertation:

1.

2.

3.

We hypothesizeghat magnetically doped nanoparticles can be prepared awtiriety of
locations with reference to the liposomeseTgreparation of théposomes with magnetic
nanoparticles loaded #be core, bilayer, and surfacemodified membrane of liposomeis
presented in the next chaptéChapter 2)

We hypothesize that the useappulsed magnetic field for the magnetic field actuation from
the temporal perspective is more efficient when compareth&r formf themagnetidield-
inducedrelease mechanismiswill presentcomparative dathetween the alternating magnetic
field andpulsed magnetic field in light dhe duty cycle. This is importanbtestablish the
advantage ofisinga pulsed magnetic field to gatshort time release over maximum release
(Chapter 2).

We hypothesize that the composition of the liposome and ther lmoifieentration can hawe
significant impact on the stability and release efficiency of the magnetoliposbmas.
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present the datan the effect of nanoparticles addition dhe transition temperature of
liposomestherole of osmotic pressure airug releasgand thiotgold interaction taptimize

the drug releaseChapter 3).

. We hypothesize that the drug release from magnetoliposomes is more efficient utilizing
inhomogeneous magnetic fields than homogeneous magnetic Fieftlsshow the releas of
modeldrugsfrom magnetoliposomes at differgmbsitionsof Helmholtz and antHelmholtz

coils. This will provide the proobf conceptof using pulsednagnetic field magnetic field
gradient to maximize the drug relea&dhgpter 4).

. We hypothesize that magnetic nanoparticles will reltfasedrugsfrom magnetdiposomes
under the influence of short magnetic puléswill present data on drug release from
magnetoliposomes (with both hydrophilic and hydrophobic MNPs) utheeapplication of

each pulse, in a step to achieve a short time rel€smier 4).

. We hypothesize that the intensity of the magnetic field plays an important role in determining
the efficiency of drug deliveryl.will present thedata to shovthe role of the intensity ofthe
magnetic field (generated using capacitors with different capacitance) on mbgostonal

drug releaseCGhapter 4).

. We hypothesize that the drug delivery can be achieved with not only soft drug delivery carriers
such as magnetoliposombut utilizinghardsphereattle cage type magnetically doped silica
shells.I will investigate the drug release undpulsed magnetic field usirayigid drug carrier
system, i.e., rattkype silica coreshell structuresGhapter 5).

. We hypothesizehiat the drug delivery from magnetic rattle type cage silica shells is impacted

by the silicas h e phlysical characteristics such as the thicknesth@silica shell.l will
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present the data to show the effect on drug release with vasfyeighickness and size of
magnetic coreGhapter 5).

9. We hypothesize tham the presence of magnetic nanopartiaegroporation can be induced
on the cell membrane usiagulsed magnetic field/hich can facilitate the transport of small
drug moleculesnto the cells. | will present the data to show the potential applicati@n of
pulsed magnetic field to trigger passive molecular transport into cells aisorgbination of

inhomogeneous magnetic fields and magnetic nanoparti€leapter 6)
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Chapter 2: Experimental Techniques

2.1General method of synthesis diposomes/magnetaliposomes

Liposomesused in this thesisere prepared according to the method described by Petlai/®
using a thin film hydration method coupled witthe extrusion method in sequence. Briefly,
chloroform solutions of lipids DPPC and DSPC were mixed in a vial alongchdglesterol in a
molar ratio of 88:1:10 such that the total lipid mixture was 10 mg. The chloroform was firs
evaporated from the solution at aroundG5ollowed by vacuum evaporation for about an hour.
The hydration of thin film of lipid was carried out by adding 1mLpbbsphatéufferedsaline
(1xPBS, prepared by dissolvinggdof NaCl, 0.1 g oKCI, 0.72 gof NaeHPQy, and 0.12 g of
KH2PQyin 500 mL of distilled water buffered to pH 7.4). A 100 mM solution of model drug 5(6)
carboxyfluoresceiffCF) was prepared in PBS followed by titration with 3M Na@Hich gave a

dark red solution of dye CF. To load the liposomes with CF, 1 mL of this dark red solution was
added tahelipid thin layer instead of pure PBS. After addition, the mixture was vortexed for 5
minutes to helreatemultilamellar liposomes. fien freeze/thaw process was carried out where
the vial containinga sample wagplaced inawater bath (58C) for 5 min and then placed in dry

ice for 5 min, repeatedly for 10 times such that at the end of the cycle, the sample solution remained
in a hot waer bath. Inthe next step, unilamellar liposomes were produced using a process called
large unilamellar vesicles by extrusion (LUVET). For this, multilamellar liposomes’&t\Veere
extruded(Figure 2.1 A)through a 0.2um pore diameter polycarbonate @it11 times, which
yielded around 250 nm diameter liposomes, as verified by dynamic light scat{Biis)
measurements. Finallihenonentrapped free dye was separated by gel filtration chromatography
usingthe Sephadex &0 size exclusion columfirigure 2.1 B) The liposomes were collected in

the first fraction of the column. ThBLS measurements ( Malvern Zetaer Nano, Malvern
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Instruments) showed that the size of liposomesakasit 200 nmThe liposomes sample lacking
surface modifications and/or without nanoparticles incorporation are galgdar liposomes

throughout this thesis.

Figure 2.1 (A) Extrusion of liposomes loaded with CF dye and magnetic nanopatiict¥eate
unilamellar liposomes(B) Sizeexclusion gel filtrationfor separation othe free dye and free
nanoparticles from magnetoliposomes.

2.1.1Surface modified magneteliposomes

For theliposomes wherayold-coatedmagnetic nanoparticles were intended to attaxclhe
liposomal surfaceyifunctional polyethylene glycol (PEG) molecules are used as chemical linkers
(Figure 22, Left). The modified cholesterol, Cholestef®EGSH (Figure 22, Right) was used
instead of regular cholesterol. Hereneoend ofthe PEG molecule is functionalized with
cholesterol to facilitate the attachment to lipid bilayer wiaitetherend contains thiol-GH)
functional group which provides efficienttathment to the gold. All other steps of liposomal
synthesigemainthesame as describedsection 21. This liposomal formulation was used for the
surface decoration of liposomes wigold-coatedmagnetic nanoparticle3 hese liposomes are
denoted athiolated liposomeand their use is describeddhapter 3in detail.
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Figure 2.2 (Left) Schematic representationsefrfacemodifiedmagnetoliposomes using chemical
linkers (PEG) to attachmagnetic nanoparticlet the liposomal membrangRight) Molecular
structure of CholesterdPEG-SH ligands to link nanoparticles with liposomes.

2.1.2 Liposomes with hydrophilic magnetic nanoparticles athe core

To load the hydrophilic magnetic nanoparticlestts aqueous core, the required magnetic
nanopaticles are added duringhe hydration step of liposomes synthesis along wiyle/drug
moleculeswith all other steps remaining the same as describgédiion2.1above In our work,

0.5 mL each oflextrancoated iron oxide nanoparticleslution and CF solution (100mM) are
addedto the thin lipidduring hydration step such that a ratio of the number of liposomes to the
number of MNPs in average is 1:1. In another sample, the concentration of magrnatles was
increased by four times the original concentration with slow evaporation such that 2mL of
nanoparticles solution was reduced to 0.5 mL. Then 0.5 mL of concentrated NPs solution is added
along with 0.5 mL of 100 mM CF solution during the hgtibn step.This results in an
approximately 1:4 ratio of a number of liposomes to nanopatrticles (at the core) on average. Control
samples lack nanoparticles. The four types of samples formed are named control, core (1:1), core

(1:4) and bilayeand usedn the entire text and graphsChapter 4.

27



2.1.3 Liposomes with lipophilic magnetic nanoparticles at the lipid bilayer

For the magnetoliposomes with hydrophobic (lipophilic) magnetic nanoparticles loaded in
between the lipid bilayers, the calculated amount of nanoparticles is added in the initial step of
liposomes preparation along with chloroform solutions of lipids dnudesterol.The iron oxide
nanoparticles (350 pL)dispersed in toluene (i,elipophilic MNPs) were added to the
phospholipidcholesteroimixture. This mixture is then heated mwater bathat 55 °Cto remove

the organic solvents for over 3 houtdter the removal of the excess of organic solvent, the vial
containing the residual solid is transferred to a vacuum chambet ignithén kept ira vacuum

for about an houio obtain a thin lipid dry film. The lipid film ithen hydrated with mL of 0mM

CF solution in PBS The remaining steps for the preparation of liposome sample is same as

described irsection 2.1above.

2.2 Synthesis of IronOxide Core/ Gold shell Nanoparticles

As discussed irsection1.4.1, ron oxide nanoparticlesgre the most widely used magnetic
nanoparticles in drug carrier systefgomtheliterature,it is evident thairon oxide nanoparticles
synthesized in both organic and aquephasesan be used asbase material fosynthesizing
gold-coatedNPs'! 12 However, the nanoparticles produced in organic phases require further
conversion to aqueous phase via phase transfer rea&artbemagneteliposomes wheregold-
coatedMNPs are directly added to the aqueous surroundings of liposomesatiactiedo their
surfacethrough goldthiol interactions, it is more suitable to synthesio® oxide nanoparticles
directlyin an aqueous phadeon oxide nanoparticles are then coated gl onto their surfaces

at room temperature.
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2.2.1 Method I: Gold Coating on Commercial Iron Oxide Nanoparticles

Gold coating provides a binding surface for the thiol groups to attach the nanoparticles to the
liposomes. The preparation of the galohted particles is as follows from commercial iron oxide
nanoparticles: Hydroxylamine hydrochloride (NHOH.HCI), chloroauric acid trihydrate
(HAuCl4.3H20), and sodium citrate were purchased from Sigma Aldrich. The coattithg iron
oxide nanoparticlesas carried out as described Ibyon et.al,**?with slight modifications. Tie
reaction took place at room temperature by mixing reagents. Commercial iron oxide pRs (Fe
99.5+%, 1520 nm, 20% W in water) were diluted to the concentration of 4.1675 g/L. For gold
coating, the iron oxidbIPs and sodium citrate solutions were takes2:1 volume ratio, i.e., 11.7

mL of diluted iron oxide NPs and 5.35 mL of 0.1 M sodium citrate solution were mixed. The
mixture was diluted by adding 100 mL of water and stirred for 15 min. Then 535 L of 0.2 M
NH20OH.HCI and 445 pL of 0.127 M HAu@BH.O were added and stirre@ihegradual change

in thecolor of the solutiorto pink indicated the presence of reduced ¢Bldure 2.3 A).

2.2.2 Method II: Gold Coating on Lab Synthesized Iron Oxide Nanoparticles

(A) Synthesis of iron oxideanoparticles

Chemicals required for the synthesis, hexahydrate ferric chloride 3(EEgD), tetrahydrate
ferrous chloride (FeGMH:0), sodium hydroxide (NaOH), hydrochloric acid (HCI), nitric acid
(HNOs), and tetramethylammoniunmydroxide (TMAOH) were prchased from Sigma Aldrich
and used without further purification§he FeOs nanoparticles (cores) were prepared by co
precipitation of Fe (lI) and Fe (lll) chlorid€Be(ll)/Fe(lll) ratio is 0.5) in an alkaline solution by
the method of Lyowt.al,**2with modifications. Briefly4.595 g of Fe (ll1) chloride and 1.71 g of

Fe (I) chloride were dissolved in 20 mL of distilled water in the presence of 100 mL of 2M HCI.
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The solution was then vigorouss$firred until the dissolution ofFe salts Subsequendropwise
addition ofa soluton of 2M NaOH into the mixture with vigorous stirring, resdlin a pale
yellow solution which changed to brown and finally to dark blaodr time The black precipitate
was collected on a 3000 Gauss permanent magnet, washed twice@itdnttonce with0.1M
TMAOH then isolated via centrifugatioihe precipitatérom above was washed in 0.01M HRO

to obtainoxidized FeOs nanoparticlesThe particles were then dissolved in 0.01M HN4Dd
heated at 65 °C with stirring until treolution developed a broweolor. The oxidized FeD4
nanoparticles were suspended in 0.1M TMAOH after washingdistilled water.

(B) Preparation of Ad-e oxide composite nanoparticles

Au-shell wascoated on theron oxide nanoparticleaccording to theboiling citrate seeding
procedure reported by Browet al,'*3 with slight modifications First, 3 mL of the 0.212 mM
N(CHa)s-stabiized, oxidized F¢g4 stock solution was diluted with 6 mL of 0.01M sodium citrate
and stirred for 30 min to exchange absorbed @ith citrate ions to make the final working
magnetiecore solution Again, 1 mL of this solution was diluted with 3 mL of 0.01 M sodium
citrate solution. The reaction solution containing magnetic cores and reduction agent was first
sonicated for 15 min and then heated to 65 °C while vigorously stirring the solution. Oneemillilit
of the solution oHAuCI4s was added as soon as the solution reached 65 °Gfi@nd5 min of
addition of Au®* salts (10 mM solution ofHHAuCls), the heating was stoppeldowever stirring
was continued till the solution cooled to room temperattréhis stage, a dark red/purple solution

of gold-coatedron oxide nanoparticles was obtaing&igure 2.3 B).
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Figure 2.3 (A) The goldcoatingon commercial Iron oxide nanoparticleB)(Gold-coatedsample
of lab synthesized iron oxide nanopatrticles.

2.3 Preparation of rattle-type FesO4@SiO; hollow microspheres:

The samples of nemagnetic (uncalcined) E@®:@SiQ samples were obtained from our
collaborator Dr. Yonggiang Wang at Henan University, China. The Rugite FeOs@SIO
hollow microspheres can be prepared by the method described by L. €hallg* Here, a
template etching route is used to synthesize the-tgfileFeO4@ SiG hollow microspheres with
desired shell thickness and void space, where unifop@zf@icrospheres are used as a template.

The synthesis involves the following scheme:

‘ u F8203 L F6304

(a)‘

Buneo)n

Fe®*

N

" Etching 8 Transforming .
. o 9 ©

-

Figure 24. Schematic illustration of the templagé&ching route for uniform rattkeype
Fe:04@SiQ hollow microspheregFrom Referencd 14
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First, FexOs microspheres were prepared through a hydrothermal reaction. Using these
microspheres as a template, the mesoporous silica shell was coated througgd enstthod using
tetraethyl orthosilicate precursor to forFe.O:@SiQ. After that, FexOs@SiQ coreshell
microspheres were etched by HCI solution. Etching with the acid solution created a void between
a core and the shell and rattigpe Fe-O:@SiQ coreshell particles are obtained. It has to be noted
that etching time and concentration control ¢bee size. Finallyrattletype Fe@Os@SiQ hollow
microspherewvereobtainedafterheatingthe particles (rattitypeFe-Os@ SiQ coreshell particles
obtained from our collaboratom) reducing atmospheres. For thise sample whenalcined in
4% H/92% N at 400 °C for 4 hours, black powder was obtained as a final product which was
finally collected by a magnetn our work, four samples of ratttgpe silica shells have been
synthesized with different effective volumes, magnetcecsizes, and shell thicknedsigh-
ResolutionTEM was usedo determine the size and morphology of synthesiatte-type silica

shell samples with varying core siz&te detail of the work is discussedGhapter 5.

2.4 Homogeneous andnhomogeneous magnetic fields

There are two main types of magnets construébedhe experimentso explore the use of
inhomogeneous and homogeneous magnetic fields for drug de(ivigyre 2.5). While both
magnets produce inhomogeneous and homogeneagsatic fields irdifferent amountswhich
allowstestingdrug delivery efficiencies how they depend on the various magnetic field types when
combined with magnetic field calculations. First, the Helmholtz coil consists of a pair of coils
arranged in a way that the magnetic field is additive resultirgquasihomogeneous magnetic
field at the enter of the magnet. The length of the magnet is 48 mm with an 8 mm spacer in the

middle. The electromagnetic coil consistsaofotchedcopper disdaser cut from its material
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combined with insulator discs and stackegether to produce a helical caimilar to the
construction of bitter coils used at the National High Magnetic Field facilitys arrangement
facilitates efficient transfer ohigh-frequencycurrent with minimal heating and mechanical

problems

Helmholtz coil Antihelmholtz coil
coil 1 coil 2

| coil 1 coil 2 | | - I
€ 48 mm !

Figure 25. Types of coils used in the generation of the pulsed magnetic fields.

< 48 mm !

Time-varyingcurrenton the order ofifew tens of thousands of amperes is passed through
the coil resultingn time-dependenimagnetic pulses, whiciredelivered to the magnet every 20
seconds from the power sourdde current is controlled by the size of capacitor and the voltage
charge on the capacitdn the AntiHelmholtz coil the direction of the coipair isopposingso
the magnetic fields in thindividual coils oppose each other resultinthelarge spatial variation
of the magnetic field inside the coil. As the COMSOL calculasibawsthe B field distribution
inside the coil at its peak current leyElgure 2.6), the main difference is théhe Helmholtz coil

producesan intense magnetic field in the center of the coil without too much magnetic field
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gradient, while the AriHelmholtz coil produces intense magnetic field gradienh witnimal
peak magnetic fields due to cancellation of thagnetic field components from the coil pair.
Please, note that both coil types hastrong magnetic field gradient at the edge of the coils.
Product of magnetic field and magnetic field gradient va{gegure 2.6 C) is maximum at the
edges and minimurat the center of the Helmholtz coil. However, this is different in case ef anti
Helmholtz coil wherghe valuesareminimum at the center, maximum at near 10 mm from center
and again minimum at 16 mm from the center of dére 2.6 (C)red curve).

(A) B Field B) B Field Gradient
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Figure 2.6 Graphical representation dfA) B-Field,(B) B-Gradient (C) Product of BField and
its gradientand (D) Temporal current in Helmholtz and Adtielmholtz co# inside the coil.
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2.5 Description of pulsed magnetic field for ultrasoundgeneration

The pulsed magnetic field was generated as described in defddayuet. al'% Briefly, the
inhomogeneous magnetic field was generated with the help of a pulsed power delivery system,
which can producapproximately40,000 amps current in an external circuit in a short amount of
time. The current source when turned on with the loélp triggering switch, resulted in an
oscillating current in the RLC circuit (circuit consisting of a resistor, an inductor, and a capacitor)
producing approximately 2Qfecinhomogeneous magnetic pulses inside thetdalimholtz coil.

Inside the coil, heoff-centermeasured peak magnetic field amplitude was approximately 5 Tesla.
The magnetic pulses were appliedery 20 s which allowed recharging of the capacitor. The
arrangement of a couple of coils in an di¢lmholtz coil allows the production ofpposing
magnetic fields in each coil so that a large magnetic field gradient (~800 T/m) can be produced at
the center of the coil, but zero magnetic field amplitude. This magnetic field gradient is responsible
for creating translational motion of the iroride nanopatrticles in the magneto liposomes, which
results inthe generation of ultrasonic waveshe inhomogeneous magnetic fielduisedin the
experiment, as the homogeneous magnetic field generating ultrasound via magnetostriction is less
efficient. The magnet was integrated with an automatic sample handling system to lower the small
amount of sample into the magnet and to then transfer the sample to a temjpergtotied metal

block integrated with a fluorescence probey(re 2.7). This automatiaelivery system provided
excellent repeatability in the experiments. This device allowed us to obtain photoluminescence
(PL) measurements and expose the sample to inhomogeneous magnetic pulses with excellent

reproducibility.
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Figure 2.7. Integrated pulsed magnetic field ateimperaturedependenPL measurement
system.(A) For magnetic field exposure, the sample was lowered into a temperature
controlled metal block. PL was monitored with the help Baman fluorescence prob&)(

The uppegraph shows the magnetic pulse in one of the coils of theHattaholtz coil pair

and the graph below shows the sequence of the magnetic pulses as they are aplteel. (
magnetic vector field inside the colbdeledvith COMSOL multphysics softwarel he scale

bar shows the intensity of the magnetic field in Tesla. The sample was placed in the center of
this magnet where the magnetic field was zero, but the magnetic field gradient was large
(~800 Tesla/m) The sample watsmall sample volume was p&tin the center of the coil

for the experiments.

2.6 Carboxyfluorescein permeability assay

The encapsulatedarboxyfluorescein(CF) dye from the liposomal core was monitored by
fluorescence measurement. When carboxyfluorescein is strongly packed inside the lipth@omes
fluorescence of this dye is sejfienched, resulting in little fluorescence. Once the dye has been
released fsm the liposomes, its fluorescence strongly increases, which can be used to characterize
the amount of drug released from liposomes. A fractiom®fiposome sample obtained from a
column separation was diluted 10 times from the original (200 pL ditotéae total volume of 2

mL), with distilled water g¢ee Appendix A,supporting information for the concentration of

liposomes per sampldn the next step, magnetic nanoparticles were added to the diluted liposome
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solution. Then 200 pL afhe samplewastaken in an NMR tube and kept in a cylindrical hollow
loop, as shown ifrigure 2.7 (A) above. The delay stage helps to raise and lower the sample tube
as needed ands controlled by LabVIEW software written for this purpose. Initially, the
background fluorescence ttie sample was measured, before applying magnetic pulses. The
sample tube was then raised to the center ofHelthholtz coils where the magnetic field giet

was maximal. Exactly 20 pulses were appliethe sample anthe sample was then lowered to
measure the fluorescence. After measuring post magnetic pulse fluorescence, the sample was
subjected to a thermal cycle, where temperature gradually increteirate of 0.1 °C/10 sec,

with the help ofa metal jacket connected to the temperature controller. Fluorescence data were
recorded after the completion of a thermal cycle (increased from initial 25 °C to 65 °C and cooled
back to 25 °C)Liposomes werdully lysed when heated to 65 °C, thereby releasing all the dyes
enclosed at the corEiguresAl1 andA2 in the supporting informatioAppendix A)show that all

the samples have fairly comparable CF encapsulation and release. This provides strong evidenc
of thereproducibility of the CF permeability assay described hére.CF release is measured as

a factor of

2 Al ABAOMOELEI Ao é é é é . Equation 2.1

For photoluminescence intensity percentage change,

bo ET OARDED pAtr— 5660606 6Bquation 2.2

Where,

fq = fluorescence data points
fi = initial background fluorescence data peint

fmax= maximum value ofluorescence release factor
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15 fluorescence data point/initial background fluorescencénodmalized).
Once the % PL intensity change is measured at each temperature from 25 °C to 65 °C range, a

plot for CF permeability assay looks likgefigure below Figure 2.8).

Carboxyfluorescein Permeability assay
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Figure 2.8. Typical PL curve of the liposomes loaded with CThe PL slowly increases

with temperature as the CF starts leaking out from the liposomes. When the temperature
reaches the transition temperature of the liposomes, it releases its load. When the heated
sample undergoes cooling, the PL will gradually irase till room temperaturés
reached again. The initial and final Rirovidesthe measuring stick for the amount of
drug released from the liposomes!

2.7 Doxorubicin loading and release assay from rattle type silicahell

Doxorubicin is loaded in the rattlgpe silica shell structures, following the method described by
L. Chenget al,**with slight modifications. Briefly, 0.2 mg/mL aqueous solutidrDoxorubicin
was prepared, and the rattige silica shell sample was added to the solution in a ratio of 1 mg

sample per mL DOX solution in a glass vial. The mixture was then kept in a shak20) @
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24 hours in dark conditions. The D@&aded siica shell samples were collected by a magnet,
washed three times with deionized water to remove the unloaded drug molecules, and finally dried
at room temperature.

For release, the samplasfirst added into the PBS solution in an NMR tubke change
in fluorescence intensity of doxorubicin was measured usiRgraan probeThe background
fluorescence of a sampleasmeasured and then a pulsed magnetic fieddapplied forseveral
cycles at 37 C. T (after applecdtienaofpdse$avhs measureduntilnb i ¢ i n
significant change in fluorescence intensity of the solutiasobserved. When the release curve
saturatd signifying no further release, the fluorescence intensity at this pasttaken as
maximum release to calculate fhercentage DOX release. During the experiment, three different
sets of measuremem®recarried out for each sample; first without any pulses (control) to observe
passive release, second; set of 10 pulses each hour up to 6 hours, and third, 60 fhdses at t

beginning.

It is important to note that though the pulses applied are very short (microsecond scale) the
observed release of the drug molecules from silica shells take a longer time. This is not because
the pulses are less efficiemisteadthe diffusbn of drug molecules throughout the supernatant
solution take considerably longer time. Once the magnetic pulses are applied, the drug molecules
are pushed outward through mesoporous channels of the silicaBbelisasure thifuorescence
of doxorubicin released, the doxorubicin molecules have to hoenogeneouslydispersed
throughout the PBS solutiofrigure 2.9). This requirement results in the significant increase in

thetime for observed release. The actual release time from the samples is howdvsharter.
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Figure 2.9 The tube with silica shell samples settled at the bottom. Doxorubicin released after the
application of magnetic pulseged to be dispersed throughout the supernatant above the samples.
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Chapter 3 - Pulsed magnetic fields induced drug releasedm

gold-coated magnetic nanoparticles decorated liposomes

Chapter 3, in full, is a reprint of the materials fromagnetochemistry202Q 6(4), 52
https://doi.org/10.3390/magnetochemistry6040@4th some modifications.

3.1 Introduction

Liposomes are widely established, clinically approved, rsared lipid vesicles used as drug
delivery agents:> 18Therr flexibility in size and compositiolt, biocompatilility , suitatility for
both hydrophilic and hydrophobic drygsd more stakty than other lipid vsicles,makethem
applicable in biomedical research fiefds!'>!'® Compared to othelipid vesicles the use of
liposomes is more advantageous dutéir ability to load hydrophilic molecules in their aqueous
cores!® 120and hydrophobic ones in their bilayét&.'?!In addition, thebilayer permeability does
not allow the dissolvedydrophilic moleculest ajueoudumen toeasilypasshrough the bilayer,
which makest an efficient drug carrie¥:®12! Theliposomeseleasedrug/payloadria passive or
active stimuli®> 121 122Se\eral active stimulisuch aschangesin temperatur?12* magnetic
fields>® pH?* 125 light,126 ultrasoun¢f* and radiofrequenéy’ have been used to trigger
liposomes.

The incorporationof magnetic nanoparticles (MNPgdke iron-oxide nanoparticles
(IONPs)addsa new dimension to the drug release procagsying remote control via magnetic
fields.>® In most casgsVINPsare encapsulated in an aqueous core along with drug molemdes
the entiremagneteliposomalsystem is exposed to an alternating magnetic field (AfEjwhich

triggers thedrugrelease by the process of magnetic hyperthetfilandertheaction of an AME
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MNPs like IONPsgenerate heat whichlevatesthe temperature of the liposomes above the
transition temperatures (Tm) of the constituent lip¥dsi?® 128 This phenomeon not only
facilitates thethermal disruption of the lipid bilayeo relea® the payload at the desired ditet

also eliminates unhealthy tissues throughexmal ablatior?> 63 123 128 129he challenge is that

the magnetic hyperthermia triggered delivery is stmmcerningsome important physiological
processes (blood circulation) or to the lifetime of some thesemsitive drug molecules. Faster
triggering could benefit this field by expanding the applications of liposomal drug delivery
systems. Considering liposome pregiam, the lipid composition can be chosen so that its
transition temperature is near to 37 °C (normal human body temperature), but it may lead to the
leakage ofthe drug beforereaching its target site. On the other hath, release is slow and
inefficient if the transition temperature of the liposome is higher thamody temperature 54

123, 128The requirement of using strong, continuous, Higlquency magnetic fieldsiakethis
approach challenging in the biomedical fiéféi*3!

Liposomal drug delivergystems when inducedtrasonically provide a fastedrug release
mechanisnt?? Studies focused on ultrasound triggering haveevealedthat pressure waves
involved in ultrasoundnechanicallydisrupt the lipid bilayethat increagsthe permeabilityof
liposomal membrankeadng to the drug releasé3? 33 This methodology is noemvasive, and
ultrasound has a reasonable penetration desbft tissue, making it a powerful tool for triggered
drug releasé®* Studies have revealed tHatv-frequencyultrasound imparts only the mechanical
effect which is connected with cavitation whiligh-frequencyultrasound can induce both thermal
and mechanical effectd?134To elevate the system aappropriate temperaturieigh-frequency
ultrasound requirea very high intensity of ultrasound poweri (100 W/cn?) that may not only

impact liposomal drug delivery vehicles but healthy tissue as'¥elf
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In the presence of higihequencyinhomogeneous magnetic fielJdslloidal magnetic
nanoparticles can emit ultrasonic wa¥&sThe magnetic nanoparticlesedas sonosensitizers for
ultrasound generation have significantly enhancedtheir effectiveness for sonodynamic
applicationst®: 135 138gye to the high penetration depths of inhomogeneous magnetic fields
compared to that afonventionalltrasoundapplicationsIn effect, the combination of a magnetic
field and the usef magnetic nanopatrticles allows spatial focusing by concentrating the ultrasound
atthenanoscale. In liposomal drug delivery systems, mechanical disruptioalipid bilayer via
pulsed magnetic fieldenerated ultrasound has been proven effective for rapid (microseconds and
milliseconds) and controlled release over traditional thermal (seconds and minutes) disruption of
the bilayer of the liposomedltrasaund generation froriNPs in inhomogeneous magnetic fields
is more effective thaa generation fromhomogeneous magnetic fieldecause th&atter hasan
additional effectcalled the magnetostriction effe¢f® 10 137please, note thatiamagnetic
materials (liposomes, water, drugs) also respond to magnetic fielttsablgsser extent so the use
and location of magnetic nanoparticke® critical to magnifying the impact of the mechanical
waves in biological applications.

In the previais works33 6% 70. 121, 128he magnetic nanoparticles were loadéethe interior
(either atthe core or within the bilayerpf the liposomal drug delivery systems.dligh this
approach provides a fairly simple and robust way to combine the drug and the, tagger
competition betweetthe drug and the triggering nanoparticles (NPs) for the space inside the
liposomeis its major drawbackThe present work has two important nowstto enhance the
efficiency of drug release. First, the magnetic nanoparticles have been moved outside the
liposomes in their vicinity by using a chemical linkErgure 3.1 A; the chemical linker used here

is a PEGylated cholesterol with one entbdified with a thiol {SH) group instead of
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encapsulating them at the aqueous cores of liposomes or in the bilayers of the respective liposomes.
The relocation of the triggering particles provides more volume for drug encapsulation and the
lack of compation between drug molecules and MNPs increases the drug release efficiency. A
second less obvious advantage is that the drug release efficiency/trigger will be larger for a typical
| i posome (ianeteyBasedon genmetric factors, with calculag one can show that

the theoretical drug release would be higher per nanopaitdicke typical liposome, drug, NP
formulation (200 nm, 1 nm, 20 nm), as showrrigure 3.1 B. To provide a stable interaction of

the liposome and magnetic NPs, a thin gobating is applied on the iron oxide nanoparticles
which adds the versatility of magnditposomes. Here, iron oxide NPs are used as the source for
ultrasound generation on exposureat@ulsed magnetic field while a gold coating provides
efficient linking with the thiol (SH) group present in the liposomal surface as dugfld bond

enthalpy is approximately 200 KJ/mdf

Trigger&Drug inside  Trigger outside& 10

insi © NP inside
® Gold coated MNP DruQ inside 60 M
o
i §

® Drug o '9® e

Complete coverage
of surface with NP

Liposome radius=100nm
NP radius=10nm

0.2 0.4 0.6
Volume fraction of NP to drug

Figure 3.1. (A) CholesterdlPEG SH ligands to link nanoparticles with liposomeB) (
Calculated drug delivery efficiency as a fraction of Nanoparticle (NB)edrug for the two
different compositions shown in (Ap this calculation, the triggering magnetic NP is
assumed to be 10 nm in radius and the liposome as a radius of 100 nm.

3.1.1The Role of Magnetic Field Duration in Triggering Magnetic Fields in Magnete
liposome Experiments

In the past few decades, sealanagneto liposome formulations and experimental approaches have

been used, which makescomparison of these experiments difficult from the basic physical
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chemistry standpoinfrable 3.1provides a comparison of the various experimental data from the
literature.To provide a newperspectiveon existing data of magneto liposome experiments, the
drug release efficiencies were normalized to the duration of magnetic fields used. First, one can
define the duty cycle of the magnet which will serve as a noratiiz factor forTable 3.1 A

duty cycle D is a fraction of a period during which a signal remadtise It is mathematically

expressed in percentage or a ratip by

$ Zp U T R é é é . Equation 3.1

Table 3.1 Comparison of normalized efficiencies of magneto liposomal drug delivery systems
from literature. The data show that pulsed magnieic-inducedrelease is more effective than
other techniques when the unit time release is concerned.

Ref. Liposome/NP Trigger  Max. Application Duty Magnetic Unit  time
formulation Location Release(%) time (min) cycle fieldimT) (% Releasés)

121 PC/CoFeOs Bilayer 90 50 100 330 0.03

55  DSPC/PEG/IONPS Bilayer 180 30 100 - 0.1

128 MPPC/SPION Bilayer 90 6 100 945 0.25

69 HSPAFeOs Core 20 180 9.77 15 0.00185

70  DPPC/FePt Core 8.4 3.3E5 0.001 3000 248,000

In magnetic pulses applications, D varies from lower values (<1%) in pulsed magnetic

fields to as high as 100% for alternating curraagnetic fieldsAC-MF). The key reason is purely
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technological, which makes it easily produce transient intense magnetic fields or lower amplitude
continuous magnetic fields. Alternating current magnetic fields-KM€ typically have 100%

duty cycles, whereas in a pulsed magnetic field, pulses arergdyopean interval of a few seconds

and the time of each pulse oscillation is in the microsecond range. In this work, magnetic pulses
are triggered irevery 20 ®conds,and each pulse has200 ps oscillation time which gives a
0.001% duty cycle, becomiri,000 times more efficient than normal AG-. Since the time of
application in pulsed MF is in order of microseconds compared to minutesMFAG/perthermia
processes, pulsed MF is far more advantageous thaklRQn addition, the field intensity in

pulsed MF is in Tesla comparedttee milli-Tesla scale in AGF.

3.2 Materials and Methods

3.2.1 Chemicals

The lipids and the regular cholesterol required for the liposome preparation were purchased from
Avanti Polar Lipids (Alabaster, AL). Lipids used in the liposome preparation were 4) 1,2
dipalmitoytsnglycera3-phosphocholine (DPPC, MW = 734.05) and IIR-tlistearoyisn
glycero3-phosphocholine (DSPC, MW = 790.16). Two different types of cholesterol were used
in the experiments: regular cholesterol and cholestee® SH. The latter was purchased from
Nanocdnc. (New York, NY, USA). Other chemicals anddjoanoparticles (40 nm gold NPs and

50 nm magnetic gold NPS were purchased from Sigma Aldrich). Commercial iron oxide NP
(Fes04, 99.5 + %, 1620 nm, 20% W in water) samples were purchased from US Research
Nanomaterials Inc. (Houston, TX, USA). Syringeguieed for the extrusion of liposomes (1 mL,
Model 1001 TLL SYR) were purchased from Hamilton Robotics (Reno, NV, USA). Polycarbonate
filters (25 mm diameter, 0.2 um pore size) were purchased $r8upplies (WesChester PA,

USA).
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3.2.2 Preparation of liposomes synthesis oflron oxide core/gold shell nanoparticles,
generation of pulsed magnetic field an@arboxyfluorescein permeability assay

The method ofiposomes prepation is given insection 21 of this dissertationFigure B1 in
supporting information(AppendixB) shows the graph fothe size distribution of liposomes,
obtained from DLS measurement. The average diameter of liposomes was 192.5 tira and
polydispersity index, PDI, was 0.139

The details of iron oxide nanoparticles synthesis and procedure of gold coating to form Iron oxide
core/ Aushellmagnetic nanoparticlegegiven insection 2.2 (Chapter 2).

In section 25 (Chapter 2) of this dissertation, a descriptiontbe method for a pulsed magnetic
field generation is provided.

Also,amethod for release study i.e., Carboxyfluorescein permeability assay is discusesgbim

2.6 (Chapter 2).

3.3 Results

3.3.1 Characterization of Nanoparticles

Elementabnalysis of samples of nanopatrticles shows that the synthesized iron oxide nanopatrticles
(Table 3.2) have a percentage ratio of atoms Fe:O equal to 1:1.64 which is nearly 1.5. That suggests
the particles formed are possibly-Be nanoparticles. However, ¢hlEDX alone cannot confirm

the formation of F€3. Based on the procedure discussetth@methods section, the particles are
further oxidized so they can also besBe Nevertheless, the particles are iron oxide, as revealed

by EDX data. The presence odrbon in Table3.2 and a carbon peak figure B2 (see the
supporting informationAppendixB), is due to theetramethylammoniurhydroxide (TMAOH)

used as a suspension medium for synthesized iron oxide nanopatrticles.
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Table3.2. Elemental analysis afynthesized iron oxide nanoparticles.
Element Weight % Atomic % Uncertainty % Detector Correction

C 77.87 90.10 1.32 0.28
@) 7.08 6.15 0.33 0.51
Fe 15.04 3.74 0.33 0.99

The elemental analysis gbld-coatedsamples in Tables3and3.4 show that the gold coating
on commercial iron oxide nanoparticleassmaller Au ratios tgold-coatedon synthesized iron
oxide nanopatrticles. The lesser the ratio of gold, the lesser the dead mass for a magnetic patrticle.
This is supported by the pertage release data shownTiables 3.5 and 3,&vhich reveals that
gold-coateccommercial iron oxide samples are more efficient at carfloyescein (CF) release.
The EDX spectrum images of different types of nanoparticles are included in supporting

information(see Figure83& B4, AppendixB).

Table 33. Elemental analysis of goldoated synthetic ircoxide nanopatrticles.
Element Weight % Atomic % Uncertainty % Detector Correction

@) 22.60 76.61 2.73 0.51
Fe 2.98 2.89 1.38 0.99
Au 74.41 20.48 5.78 0.99

Table 3.4. Elemental analysis of goldoated commercial ircioxide nanoparticles.
Element Weight % Atomic % Uncertainty % Detector Correction

@) 23.36 75.79 1.10 0.51
Fe 6.02 5.59 0.50 0.99
Au 70.60 18.60 2.40 0.99

The transmission electron microscopy (TEM) images of the nanoparticles used in this work
are shown in Figur8.2. Figure3.2A has TEM images for commercial iron oxide nanoparticles

(Fes04) obtained from the website bfS Research Nanomaterials Inc. The size of the particles is
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between 15 and 20 nm as mentioned on the website of the manufacturer 3E2Busbows the
distribution of synthetic iron oxide nanoparticlésgure 3.2 C&D representghe gold-coated
samples focommercial and synthesized iron oxide nanoparticles, respectively. The TEM images

show the homogeneity -ABndsenmbhdemi hgnbpastezel e

200 nm 200 nm

Figure 3.2. TEM images. A) Commercial iron oxide nanoparticles (imadem

www.usnano.com (B) Synthetic iron oxide nanoparticlesC)( The goldcoated

commercial iron oxide nanoparticlesD). The goldcoated synthetic iron oxide
nanoparticles. $eeAppendixB, Figure B5 Ai C for more TEM images

3.3.2 Characterization of liposomedNanoparticles composite

The TEM imagegFigure3.3), provide evidence for the interaction between thiolated liposomes

andgold-coatedron oxide nanoparticles. The images in Figu@show that thilated liposomes
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havea greater affinity towards thgold-coatedmagnetic nanoparticles compared to the regular
liposomes without thiol groups. The concentration of nanopatrticles at the interface of liposomes,
in Figure 33Ai1 C, strongly indicates that th@oposed formulation of magneliposomes was
accomplished. In Figur&.3D the lesser nanoparticles around the liposomes are as per our
expectation because the regular liposomes lack thiol groups to bigoltheoatedVINPs. The
negative staining method was used for TEM imggesAppendixB, the supporting information

for the detai$ of the negative staining method

Figure 3.3TEM images.A, B) Thiolated liposomes withold-coatedsynthetic iron oxide NPsC]
Thiolated liposomes witfold-coatedcommercial iron oxide NPsDj Regular liposomes withold-
coatedcommercial iron oxide NPs. The images exhibit the chemisorptgoldtoatedVINPson the
liposomal surface by gaithiol bonds.See Appendix B, B6 A&B for more images.
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3.3.3 Changes in the transition temperature of the liposomes dPsaddition

Two different types of liposome samples (regular liposomes with no thiol groups and thiolated
liposomes with 50% TCHOL) are allowed to interact with different types of nanopatrticles. The
percentage photoluminescence (PL) intengiy temperature grapligigure3.4A, B) show that

the addition of nanoparticles results in a change of transition temperature of liposomes. For the
regular liposomes without thiol groups (FiguBetA), the change in transition temperature
(concerninga sample without nanopartd) is negligibly small upon addition of the iron oxide
NPs and gold nanoparticles (AuNPs 40 nm size), while thesesmmall change (decrease by
approximately 3 °C) when interacting with 50 nm in sgg#d-coatediron oxide NPs. These
indicate that theris no significant interaction between the liposomes and nanoparticles. However,
for the thiolated sample (f&hol 50%) in Figure.4B, the interaction with nanoparticles is such

that the transition temperature changes by 3 to 8 °C.
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Comparison of Transition Temperature of Regular Liposomes

{no SH) on Addition of Different Nanoparticles
T T . T T T . T y

100 |- W% =
D 80 7
< ‘
= I 1
o —— NoNPs
_:&-{ 60 |- Iron-oxide NPs
2 - 40nm_AuNPs
8 [ Transition temp. —— 50nm_magnetic_AuNPs
[
= 40}
-
o
=2
20 |- B
ok . -
= 1 " [l o [ " 1 "
20 30 40 50 60 70

Temperature/°C

Comparison of Transition Temperature of Thiolated Liposomes
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Figure 3.4 Comparison of transition temperatur€em) of (A) regular (honthiolated liposomes
(B) thiolated (with 50% Thiolated cholesterol) liposomesh various nanopatrticles (see text for
detail). Please, note that the PL intensity is normalizedl i®0% at 25 °C for comparison.
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The data show that the formation of the liposome/NP complexes takes place on a relatively
slow timescaleT o investigate the kinetics of interactions of magnetic Au NPs (50 nm) with regular
and thiolated liposome samples, a separate experiment was carried out. IrBBEiguée B, the
data show that when magnetic -AllPs interact with liposomes, interactionegidenced by the
change in transition temperature. The transition temperature exhibits theégjpaedence of this
interaction and varies with the liposome composition. For the regular liposome sample, the change
in transition temperature seems to be omex relatively short amount of time (5 min) and for the
Th-Chol 50% sample, the transition temperature continues to shift lower over fmrgats In
addition, the absolute value of transition temperature change is larger than in the case of regular
liposomes. Please, note that the slow kinetics can be observed since the heating curve takes about
an hour to obtain in this particular experimental setup.

Comparison of Transition Temperature of Regular Liposomes
(no SH) on Addition of Nanoparticles (Kinetic Study)
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Comparison of Transition Temperature of Thiolated Liposomes
(50% TH-CHOL) on Addition of Nanoparticles (Kinetic Study)
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Figure 3.5 Kinetics of interactions of 50 nm magnetic AuNPs \#th regular liposomes(B)
thiolated liposomes (F&hol 50%).

3.3.4 Pulsed magnetic field triggered drug release from MNEoated liposomes: The impact
of dilution (Osmotic Pressure)

Osmotic pressure can build up if the chemical potentials of the solvediffarent on the two

sides of a membran®ne might anticipate that osmotic pressure may haignificant impact on
liposomal stability. Théuild-upf r om t he osmotic pressure coul d
the liposomes to accelerate drug relegsen triggering. We investigated the release of CF from
thiolated, and regular liposomes combined with synthetic iron oxide nanoparticles under the pulsed
magnetic field under various dilution conditions. For this, two different dilution media, distilled
water, and PBSolutionwere used. Dilution of liposome samples would resularger osmotic

pressure in the case of distilled watBo.minimize the impact of the gdithiol bond interaction

under different dilution conditions, bare iron oxide MNPs watesen. The concentration of the
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iron oxide nanoparticle solution was 170 g/L, and the iron oxide nanoparticles were added to a 2
mL diluted solution of liposomes, and after 5 min, the release study was carried out. The data are
presented in Figurg.6 A&B exhibiting the release of CF dye under different conditions and with
increasing numbers of pulses. The graph in Fi§@a shows that the thiolated liposomes diluted

with water as dilution media exhibit a higher percentagberkelease of CF dye comyeal to PBS

as dilution medium, unde¢he same number of magnetic pulses (20 pulses) in the whole series of
different volumes of nanoparticles used. Even the 40 magnetic pulses in PBS dilution media have
lower release than with 20 pulses in water mediagi@xa 6 and 8 pL)The graph in Figur8.6B

shows similar studies for the regular liposomes with different dilution media under magnetic
pulses. The release percentage is almost double when liposomes are diluted in distilled water as
compared tdilution in a PBS solution. In conclusion, while liposomal drug delivery systems
utilize buffers to stabilize the liposomes, dilution will impact the drug release efficiency and the
stability of the liposomes. Even the liposomes that have no NPs showati¢iaelease after
applications of 20 magnetic pulses; therefore, in the nextthpxperiments were carried out in

distilled water as dilution media.
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Percentage CF-release from Thiol-liposomes with synthetic Iron oxide (A)
NPs in different dilution media under magnetic pulses
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10 4

Percentage Release of CF

0 2 4 6 8 10 12
Volume of Iron oxide Nanoparticles (in pL)

Percentage CF-release from Regular-liposomes with synthetic Iron oxide
NPs in different dilution media under magnetic pulses
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Figure 3.6. (A) Effect of dilution media on the thiolated liposeiren oxide NPsystem under a

pulsed magne(B) Effect of dilution media on the regular liposcinen oxide NP system under
a pulsed magnet.
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3.3.5 Pulsed magnetic field triggered drug release from MNPs decorated liposomes

The goal of utilizinggold-coatedmagnetic particles and covering the surfaces of liposomes with

T SH bonds is to localize ultrasound close to the lipid membrane for an effective drug delivery
system.In this study, wanvestigated the percentage release of carboxyfluorescein liposome/NP
complexes consisting of the regular and thiolated phospholipids under the pulsed magnetic fields.
The types of magnetic nanoparticles used in the experiments were: commercial iron oxide NPs,
gold-coatedcommercial iron oxide NPs, synthetic iron oxide N&#&l gold-coatedsynthetic iron

oxide NPs. All the nanopatrticle solutions were normalized to the concentration of commercial iron
oxide nanopatrticles (170 g/L) and the nanopatrticle solution was added at different volumes in each
experiment ranging from O t0 uL onto the liposome samplesitil). The results of percentage
release of CF dye for regular and thiolated liposomes with distilled water as dilution media are
summarized inTables 3.5and 3.6. As shown in the data, the release efficiencies dfter
application of 20 magnetic pulses varied from 1% to 20%. Overallgtieécoatedcommercial

iron oxide particles combined with thiolated liposomes exhibited the best drug release efficiencies.

Table 3.5Percentage release of CF threinteraction of regular liposomes with different
nanoparticles under a pulsed magnetic field.

Volumes Commercial Gold coated Synthetic Gold Coated
of NPs Iron Oxide Commercial Iron Oxide Synthetic
(uL) NPs IONPs IONPs
0 5.5% 5.2% 5.0% 5.4%

2 2.1% 3.4% 5.8% 2.7%

4 2.6% 10.8% 2.9% 3.0%

6 1.2% 9.8% 2.5% 5.8%

8 1.3% 9.3% 3.7% 2.8%

10 0.9% 6.3% 4.0% 3.6%
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Table 3.6 Percentage release of CF treinteraction of 50% Thiolated Cholesterol (Th
Chol) liposomes with different nanoparticles under pulsed magnetic field.

Volumes of  Commercial Gold coated Synthetic  Gold Coated
NPs (uL) Iron Oxide NPs Commercial IO Iron Oxide  Synthetic IO

NPs NPs

0 4.8% 4.5% 4.7% 4.6%

2 5.0% 7.5% 10.5% 6.5%

4 3.6% 14.2% 6.6% 7.5%

6 9.5% 17.6% 7.5% 9.9%

8 3.9% 20.5% 5.6% 7.6%

10 3.8% 14.6% 7.4% 6.8%

3.4 Discussion

3.4.1 Effect of nanopatrticles orthe transition temperature of liposomes

In the previous work&> 6% 121. 128 13%he magnetic nanoparticles were loaded either at the
hydrophilic cores or the lipid bilayers of liposomes. Hydrophilic MNPs disperse in the aqueous
core, whereas hydrophi MNPs can interact with bilayers. These binding interactions are mainly
electrostatic; however, binding can take place undeifaorable electrostatic contributions that
involve van der Waal force€® It has been found that the incorporation of hydrophilic gold
nanoparticles at the liposomal lipid bilayer results in membrane softening relative to pure
liposomes, manifested by reducing bending modulus. The membrane sofiteeimgmenn is
both size andconcentratiordependent*! Some investigations include perturbation of lipid
properties upon nanoparticle adsorption, based on atomistic simulations. It has also been observed
that nanopatrticles penetrate shallowly into the bilalgading to local membrane thinning and
bending!4?

In this work, the nanoparticles veeadded outside the liposomes where the interaction was

based on physisorption in the case of regular liposomes. However, the interaction was based on
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chemisorption, in the case of thiolated liposomes. It is clear from the graph in BigBréhat

there is a change thetransition temperature of liposomes only when the nanopatrticles are added.
Thus, it is the nanoparticles that cause some interaction with lipid bilayer resultivegshift in

Tm. The type of interaction is yet to be ex@d in detail. Further, the kinetic studies (FigBLEA,

B) for the interaction of nanoparticles and liposomes suggest that the intera¢hiethadl group

with gold-coated MNPs is time-dependent More experiments based on tidependent

interactionsarerequired to explore the detailed mechanism.

3.4.2 Effect of Osmotic pressure on CF release

As depicted by the graphs in Figud€A, B the CF release is enhanced upon dilution with distilled
water compared to the PBS mediated dilution, under a poiagdetic field. The overall increase

in the release can be explained basethemmsmotic pressure effect on liposomal stability. The
agueous core of liposomes contained CF dye dissolved in PBS. When liposomes are diluted with
distilled water, the concemttion of ions is higher at the core compared to the surroundings of
liposomes. Hence, osmotic behavior aids the liposomal bilayer disruption under magnetic pulse.
However, dilution with PBS makes an isotonic environment at both the core and the surmunding
so that the magnetic pulses solely contribute towards bilayer disruption; thus, the overall

percentage release of the dye is lesser compared to the release under dilution with distilled water.

3.4.3 Comparative CF release study from Thiolated andRegular liposomes with MNPs
coating under Pulsed magnetic field applications

The release of CF (4.5%.5%) was observed for both types of liposomes even in the absence of
nanopatrticles (i.e., 0 pL in Tabl8s$ and3.6). This is probably due to the diamagnetic behavior

of water that assists the release under the high magnetioffegbdut 5 T and the distortion leading
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to leakage in the bilayer of the liposomes under these condifitfidAmong the different types

of nanoparticles employed, tigeld-coatedcommercial iron gide nanoparticles providegreater
release (as high as 20.5%) of CF dyes from thiolated liposomes and about 10.8% release from
regular liposomes. This is potentially due to the bigger sizE2Bm magnetic core) of these
parti cl es-ho b syatdedize€denandparticles samples1@ nm magnetic core). It is
obvious that the bigger magnetic particles possess greater magnetic momerttseambdication

of a magnetic field, and hence ultrasound generation is more effective. In a similar skuck st

the iron oxide nanoparticles (25 nm diameter) were found to induce microporation within cells
under pulsed magnetic field applicatitff. Thus, we anticipate that magnetic nanoparticles can
trigger the drug release by the microporatiothefipid bilayer of liposomes, triggered laypulsed
magnetic field. Both commercial and synthetic iron oxide nanoparticles contribute release as high
as 9.510.5% with thiolated liposomes, while with regular liposonths,release is limited to

below 6%.The iron oxide nanoparticles still contribute to less overall releasegtileitoated
samples, which is to be expected as these particles do not reside closer to liposorgekt The
coatedsynthetic iron oxide nanopatrticles exhibit the release in trgerah5% to 10% depending

on the volumes of nanopatrticles added. From the results in Tablasd3.6, it was revealed that
gold-coatednanoparticles contribute towards greater release than bare iron oxide nanoparticles.
This was expected, a®ld-coatedsamples tend to reside in the close vicinity of liposomes due to
goldi thiol (Aui SH) bonds, which are absent the case of bare iron oxide nanoparticles.
Additionally, the thiolated liposomes are more efficient towards release than simple, regular

liposones that lack thiol-SH) groups.
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3.5 Conclusions

The change in transition temperature of liposomes in presence of nanoparticles intfieates
interaction of the liposomes withold-coatedmagnetic nanoparticlesn addition, it has been

found thatthiolatedliposomes show greater interaction, as compared to regular liposomes with
gold-coated nanoparticles.The interactions between liposomes (with thiolated and regular
samples) and thgold-coated magnetic nanop#cles show that the thiolated sample has a
significant shift in transition temperature due to gthibl interaction over time. Interestinghhd
liposomes examined in this work show a tendency to release more CF when the dilution media is
distilled wate instead of PBS. We have concluded that this behavior is due to the osmotic effect
on liposomal stability under different dilution media. Distilled water makes the surroundings of
liposomes more dilute than the liposomal core (which contains CF solntiBS).The increase

in therelease of CF before and after the addition of magnetic NPs shows that tasteorsy
interaction of magnetic NPs with liposomes under the application of magnetic pulses. Though the
bare iron oxide NPs only attach to the Bpmes via physisorption, they can still disrupt the
liposomal bilayer when magnetic pulses are applied gblicoatedron oxide NP with thiolated
liposome samples exhibit increased release of CF due to the strong binding of NPs onto the
surfaces of théiposomes by golithiol bonds. The bonded NPs are nearer to the bare iron oxide
NPs, and hence under magnetic pulses, they can rupture the lipid bilayer more efficiently,
enhancing the release of CF. Furthermore, the liposomes under the influence ofmagsetic

fields produce very efficient CF releases in a unit time compatbdliterature values of previous

work.
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Chapter 4 - Pulsed Magnetic Field Assisted Drug Release from
Magneto-liposomal Systems Functional role of Hydrophilic and

Lipophilic Magnetic Nanoparticles for triggering.

4.1 Introduction

The encapsulated drugs can spontaneously diffuse through the lipid membifaadéiposomal
systemsutto enhance the rate of drug releas®ariety ofexternal stimuli can besed!? 122126,

139 These external stimuli greatly vary in many respects sudtowspowerful is the applicator
device, howrapidthey can initiate drug delivergndhow deephey canpenetragin living tissue.
Among thesexternalstimuli, external magnetic fields can provide an efficient route towards a
fast drug releasé 2% ¥%ecause the agnetic fieldsnot only have great penetration degiht
alsobe applied slowly and fast as wdlinderthe application of external alternating rotating
magnetic field, encapsulated magnetic nanoparticles insiddiffesomes a combined system
known @ O malgin@d 0 me s an emhanoedetefiséot drugst® ®* 147 48\agnetic
nanoparticlesas a triggering agent caay important role in th@rocessof drug delivery.To
maximize the drug delivery efficacy, thacation of the magnetic nanoparticle in a drug delivery
system isdecisive Magnetic nanoparticles can lmgegratedwith liposomes at the core (aqueous
lumen),®® 19at the lipid bilayeP> *?8or the external surfat® **°of liposomal membrane®
governthe drug releaseDepending upon the location of MNPs and thes and strength of
magneticfields # 13 1%%he nanoparticles canduceboth mechanical and/or thermal effects on

the liposomal systems to increase the oéitdrug release® 28 #8 151,152
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Through the process known as magnetic hyperthermia, the superparamagnetic
nanoparticles encapsulated inside liposomes can generate local heaténga high frequency
alternating magnetic field (HAMF/ 10-1000 kHz).6t: 63 153. 154 Dyring the process, the
temperaturef liposomesncreasesbovethetransition temperatur@m) of constituent lipidsand
the bilayer permeability increases resulting indheanement othedrugdiffusion.®’: ?®Besides,
excess heajenerated from the particles casut in the thermal ablation of unhealthy tissuls.
low-frequeng alternating magnetic fieldLE-AMF), 0.01-10 kHz the magnetoliposomes can
releasadrugs through the contribution dhe mechanical effect of magnetic fields on NMsile
minimizing thehyperthermiseffect® 19Alternativdy, shortintensemagnetic pulsé$ "°canbe
used togenerate ultrasounflom magnetic naoparticles enclosed iiposomeswhich disrupts

thelipid bilayerto release significant quantity of cargapidly.’® 10

Lipophilic magneticnanoparticlesentrappedin between thdipid bilayer can directly
actuae liposomalmembrane both thermally and mechanicalli#* so thatthe diffusion barrier
between theinterior and exteriorof the liposomal systemss directly affected Efficient
nanoparticleloading at the bilayeis a challengng taskandthe presence of nanoparticlean
potentially lead to bilayer instability therebgntributingto the passive releas®: 1*°To fit within
the lipid bilayer dimensions, é¢fsize of nanoparticleshould besmall enouglf<6.5 nm)>” %8 This
diminishesthe ability of magnetic nanoparticle® respond twards magnetic fields as the
magnetic moment scales with the volume of the magnetic nanop&ttitieaddition, tustering
of the nanoparticlest the bilayercanreduce the effectiveness tife drug delivery system.
Homogeneous dispersion of magnetic nanoparticles gebila produce highly efficient magneto
liposomal system has been demonstrataduning of liposomal composition and structgte-?®

157, 158Besides th@pproachesentioned abovehe magneteliposomal systemvith hydrophilic
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magnetic nanoparticles attachtedhe external surface of liposomes through chemisorptiave

been designed The gold-thiol interaction through surface modifications of the liposomal
membrane has been facilitated to attach the-goéded magnetic nanoparticles on the liposomal
surfacet> This approab eliminateshe competition of the drug and nanoparticles for the spiace

the interior of liposomes thus increasing the drug loading capacity in the liposomal drug delivery
systemIn thisstudy, anintense shomnagnetic fields used to create nano/mmopores on thépid

membranghrough thegeneratiorof ultrasoundrom oscillatingnanoparticles*®: 10

The goal ofthe present works to explore the location of the magnetic nanopariitla
variety of positions around the liposeswhile usingshort magnetipulses fodrugreleaseThis
study include the hydrophilic magnetic nanoparticleacapsulationat the aqueous core or
entrapment ofipophilic magnetic nanopatrticles at the lipid bilayer of liposonfeshort time
release ovethe maximum release frormagnetoliposomes is the motivation of the present work
The applicatiorof very short magnetic pulses (with 2Q8ec of oscillation time) in an interval of
20 secondanakes the active time ttie magnetic field much less compared to typical alternating
magnetic fields or pulsed magnetic fields used in literafufé 5% 128 13€ompared to 100% duty
cycle in AMF and few percentages in other PMF sysf&rtise duty cycle of a pulsed magnetic
field is 0.001%which potentially facilitates fast kinetic release this study 20 shortmagnetic
pulsesare used such thdhe total time required does not exceed 10 minutes and the actual

application time of the magnetic fieldasly ~4 ms.
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4.2 Experimental methods

4.2.1 Chemicals and Materials

Lipid (DPPC, MW = 734.05) and Cholesterol (ovine, >98%, MW = 386.654) used in the
preparation of liposomes are purchased from Avanti Polar Lipids (Alabaster, AL). Syringes (1 mL,
Model 1001 TLL SYR) for the extrusion of liposomes were purchased from tanklbbotics

(Reno, NV, USA) while polycarbonate filter membranes (25 mm diameter, 0.2 um pore size) were
purchased from Spi Supplies (West Chester, PA, USA). Magnetic nanopatrticles (Dextran coated,
25-30 nm) are purchased from NANOCS (Boston, MA, USA). Mz nanoparticles ( Iron oxide
magnetic nanoparticles in toluene, 5nm) and a model drugCamoxyfluorescein (CF) are
purchased from Sigmaldrich (St. Louis, MO, USA). Sephadex-& Medium for column
preparation in size exclusion chromatography icipased from GE Healthcare Bsgiences AB

(Uppsala, Sweden).

4.2.2 Preparation of magneteliposomes
The liposomesamples are preparedth themethod described ithesections 2.1, 2.1.1 and 2.1.2

(Chapter 2).

4.2.3 Generation of pulsed magnetic field

The details of PMF generatiare described irsections 2.4 and 2.%hapter 2) above.In the
present work, two different capacitors with capacitance @pé& 77uF, have been used for
magnetic field generatioriThe change in capacitor affects the magnetisgs mainly in their
magnitudeof amplitudeand to some degree in the frequency as showagure 4.1 Please note

that while the amplitude of the magnetic field is increased (red curve) the frequency of oscillation
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decreases. With the decrease in fremyeofoscillation ofmagnetic field, intensity of ultrasound
generagdis expected to decrease. However, the increase in amplitutggoietic fieldoscillation
tends to increase the intensityuifrasonic wavegieneratedThecombination of the two factors
can greatly determine the release of carboxyfluorescein from magnetoliposotheswork, the
magnetic field with higher amplitude of magnetic field is referretligber magnetic fieldred
curve) and one with lower amplde is referred to dswer magnetic fieldblue curve). It is not
trivial to control the amplitude and frequency of magnetic field oscillatiomultaneoushjhence

in this work, capacitors witlsapacitance of 7uF and 77{that have different amplitudesd
frequencieshave been used in this workwo different magnetic fields from different capacitors
are then usetb investigate the role of variation iine magnetic field orthe extent ofdrug release

from themagneteiposomal druglelivery system

Magnetic Field Comparison of Capacitors

I — 77 uF
— 7uF

di/dt (a.u.)

| |
400 600

Time in ps

f 1
0 200

Figure 4.1 Magnetic Field comparison of Capacitors; HMF and LMF corresponding to 77uF
and 7pF respectively.

66



4.3 Results and Discussion
4.3.1 Characterization of magnetdiposomes

A. Magnetoliposomes with MNPs thie core Hydrophilic MNPs
The low-resolutionTEM images of magnetoliposomes with MNPstla core with a ratio of
liposomes to average nanopartighes liposomegqual to 1:1 (Fig AB) and 1:4 (Fig CD) show

that themagneticnanoparticles are entrapped insidelithbesomego form magnetoliposomes

Figure 4.2TEM images of magnetoliposomes withiIPsat the core with the ratio ai number
of liposomedo the average number of nanopatrticles lp@psome(A, B) 1:1 and C, D) 1:4.
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As the dispersion medium of origifdNPs is water, thgresidein the aqueous core. Also,
freeMNPs are separadl by gel columnthe presence of nanopatrticles is due testhencapsulated
at the liposomal coreEDX analysisdata inTables4.1 and4.2 provideadditionalevidence of
magnetoliposongformation The presence of iron in eachtbbse samples due to the loaded
magnetic nanoparticle$he EDXspectraareincluded insupporting informatiorfAppendix C, C1
and C2)

Table4.1. Elemental analysis of magnetoliposomes with magnetic nanopartidlescatre (1:1)

Elements Weight % Atomic %
C 76.75 83.07

O 19.55 15.88

Fe 2.72 0.63

Table4.2. Elemental analysis of magnetoliposomes with magnetic nanopartidlescatre (1:4)

Elements Weight % Atomic %
& 68.39 81.41

O 16.62 14.85

Fe 2.39 0.61

B. Magnetoliposomes with MNPs at bilayerilipophilic MNPs

TEM images irFigure4.3 A and Bshow the magnetoliposomes with MNPs at liposomal bilayer.
Theoriginal nanoparticles are stabilized in organic solvent hence during the liposome formation,
the MNPs are preferably entrapped at lipid bilayer. The unencapsulated MNPs aredejugitag
column separationhe EDXspectrum isncluded insupporting information (Appendix C3C

Table 4.3 Elemental analysis of magnetoliposomes with magnetic nanopartidlestatayer

Elements Weight % Atomic %
© 66.77 83.76

O 11.06 10.42

Fe 2.73 0.73

The EDX analysis of magnetoliposomes with lipophilic MNPsTable 4.3 provides
additional evidence of successful preparatiothefmagnetoliposomal system. The data in the
table reveathe percentage of Fe almosttine same value as in samples with hydrophilic MNPs.

The average iron content per liposome in both lipophilic and hydrophilic magnetoliposomes is
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essential for the comparable resultant magnetic field effect. Provided the cohtEatin
magnetoliposomes remains constant, the dependence of CF release from lipophyiaraphilic

magnetoliposome systems under pulsed MF can be explored well.

Figure 4.3 (A, B): TEM images of magnetoliposomes with magneiitoparticles at bilayer.

4.3.2 Transition temperature of liposomes with magnetic nanoparticles

To investigate theehangein lipid properties with the different types of magnetic nanoparticles
entrappedthe temperature profilef magnetoliposomes samples with lipophilic and hydrophilic
magnetic nanoparticles, rangifrgm room temperature (2%C) to 65°C (where liposomes are
completely lysed giving maximum CF releagg)ompared as shown kigure 4.4 The graph
clearly shows that the samples witydrophilic MNPs (atthe core) includingthe control sample
(one lacking any MNPs) havsimilar profiles. The transition starts at around °@which
corresponds to the transition temperature of constituent lipid DPRG @0°C ). On the other

hand, the magnetoliposomes with MNPs at bildyerea different thermal profile which starts
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earlier than other sample§his difference can be attributénlthe difference irthe location of
magnetic nanoparticles in those samples. As the MNPs remain at aqueous vdhexerat the
samples with hydrophilic particles have similar propettgle control sample withoudisturbing

the phase transition tiielipid bilayer. But, lipophilic MNPs loaded between the lipid bilayer has
a significant effect orthe phase transition of lipid which givesiportant informatiorregarding
the presence of MNPs loadingthé bilayer.

Thermal profile of Magnetoliposomes from Room
Temperature to Complete Release at 65°C

125 -
Q 100 - Control
b — NPs at core(1:1)
t 1 | ——NPs at core(1:4)
8 75 - — NPs at bilayer
E
o
@
@ 50-
K
L)
(14
LLI)- 254

o 7 “——
20 30 40 50 60 70

Temperature (Celcius)

Figure 4.4. Comparison between thermal profiles of magnetolipos@aegpleswvith hydrophilic
and lipophilic magnetic nanoparticles ranging from 26 (room temperature) to 65 °C
(destruction of liposomes for total release).

4.3.3. (- releasefrom magnetoliposomes at different positions of the magnet

To explore theampact of the homogeneous and inhomogeneous magnetic pulses for releasing

drugsfrom the magneto liposomal drug delivery systeam experiment was designed whtre
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release of carboxyflwrescein from magnetoliposomes was investigated at different positions of

the magnetgFigure 4.5).
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Figure 4.5 (Left) Percentage CF release from magnépmsome at different positions of a
magnet under pulsed magnetic fialding both Helmholtz and Ahielmholtz coils (Right)
Percentage CF release normalized (per Tesla) for the graph on the left.

Clearly, te largest releags observeatthe regions in these magnets whitremagnetic
field gradient ishighest Magnetic field gradient is highat theedgef both Helmholtz and anti
Helmholtz coils andhote that the magnetic field gradients are different in the two different coils
as shown irFigure 4.5 (Left) . Also, the magnetic field gradient iat itsminimum at the center
for Helmholtz coils though the magnetic field itself is maximiimereleasebservedn the center
of the AntiHelmholtz coil and the edge of the Helmholtz coil is mainly dudaémeneration of
ultrasound from the magnetic particles imetpresence ofime-dependentinhomogeneous
magnetic fieldsWhile the magnetic field alone does not contribute to efficient drug relaase
combinationwith the strong magnetic field gradiemhsan additive effectThe enhancemenn
release in presenad field gradient has multiple possible reasdfisst, some level of ultrasound
is generatedrom the homogeneous magnetic fields duetit®e magnetostriction effectThe
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combiration ofultrasound due to magnetostriction anattom thehomogeneous magnetic field
could account for the38% drug release fromagneteliposomes.In addition,the possibility of

other collective effects that can destabilize the liposomal sysiamt beconsideredThe lipid
bilayer can be polarizednder strong magnetic fieldssultingin drug leakageand theMNPs
liposomedogethercould lead to an aggreiian which can wear odiposomesyielding additional

drug releaseAt aboutt 16 mm fromthe cenkr of the magnet of the Helmholtz cothere is a

large drop in release percentage whiléhea case othe antrHelmholtz coilat this point,a big

jump in the release is seaiVe anticipate thatis point corresponds to a region where¢hs a
changen direction ofmagnetic field gradierandmore ultrasounds producedThe graph on the
Figure 4.5 (Right)shows per Tesla release of CF from magnetoliposomes at different position of
magnets. Though the graph on the right shows that the maximum release is observed at the edges
of Helmholtz coils, it is important to note that the Helmholtz coil used in thik preduces three
times more magnetic field than thatrHelmholtz coil. On normalization, the release per Tesla
provides a better comparison for the release of CF at different positions of Helmholtz and anti
Helmholtz coils. The resultof this experimentprovides proof of concephow the various
composition ofliposome samplewasaffected under the influence of different types of magnetic
fields. These results will help construct practical devices for efficient drug release.

The resultfrom theabovegraphagreeswith the variation ofproduct of magnetic field
gradient and magnetic field along the length of Helmholtz ¢agure 2.6 C). The product of
magnetic field and its gradient determines the magnetic force acting on the magnegiarticle
in an externalmagnetic field Equation 1.1). This value is maximum at the edgasd minimum
at the center of Helmholtz caind theCF releasas also maximum when magnetoliposomes are

placed at the edges of Helmholtz calsd minimum whemlaced at center of coil respectively.
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However, for antHelmholtz coils, the result in grapRigure 4.5) is not in a complete agreement

with the graph fronfFigure 2.6 C Though the product of magnetic field and its gradient (and
hence the magnetic forating on particles) is minimum at the center, the release of CF is
maximum. Also, the magnetic force is minimum at around 16 mm from the center -of anti
Helmholtz coil, but the CF release is significantly higher (~ 15%). While the mechanism of CF
releases unclear, we anticipate that this contradiction is due to the polarization effects of magnetic
fields on liposomal bilayer. To explain the mechanism of release at different positions of magnet,

further investigation is required.

4.34. Carboxyfluorescein release assayom magnetoliposomes

The CF release assay was carried out in a way described in Chapter 2 of this dissertation. In
addition, a difference between the releafteraapplying 20magneticpulses in a row athe
beginning and the release after each magpetgewas investigatednder both lower and higher
magnetic fields (LMF and HMF) condition®ur goal was to explore how detailed information on

the measurement of percentage CF reledtsr each pulserovidesgreater insightinto the
optimization of pulse magnetic field application on magnetoliposameschieverapid drug
release.Also, both approachesshould have more or lessmslar percentage release from

magnetoliposomes for the total 20 magnetic pulses.
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A. The Percentage CF release after 20 magnetic pulsagplied in a row

The percentag€CF releasealculated from each magnetoliposonsampleunder application of

20 consecutive magnetic pulsesing lower and higher magnetic fields are showfigare 46

below.
Percentage Release of Dye from Magneto-Liposomes Percentage Release of Dye from Magneto-Liposomes
154 under Lower Pulsed Magnetic Field under Higher Pulsed Magnetic Field
304 A2: No NPs
A1: No NPs B2: At Core (1:1)

o B1: At Core (1:1) @ C2: At Core (1:4)
b C1: At Core (1:4) 0 254 D2: At Bilayer
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Figure 4.6. Percentage CF releaseomdifferentmagneteliposomesamples undeaipplication of
20 magnetic pulses in a row thepresence of (LEFT) lower (RIGHT) highenlped magnetic
fields.

The control samplelsave significant releases even in absence of magnetic nanoparticles
It has been reported thamagnetic field can change both the physical and chemical properties of
waterl®>%16! Hence the release frothe control samplesan be attributed to the diamagnetic
response olvaterin strong magnetic fieldst is important to note that the release fritracontrol
sample is nearly doubled ahigher magnetic field compared to the release fadomver magnetic
field. For the sample with nanoparticledta core (1:1), there is nearly 13% release under lower
magnetic field which is agaidoubled to about 26% under higher magnetic fields. The release
from samples with NPs #tecore (1:4) surprisingly haslower release compared to samples with
NPs atthe core (1:1) in both types of magnetic fields. We asstime this could be due to the

lesser CF loading when nanoparticles concentration is increased. The release is still more in higher
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magnetic fields compared to the lower magnetic fields for samples with NRs @aire (1:4).
Finally, for the samples with nanoparticles embedded th&lipid bilayer, the release is
approximately tripled ira higher magnetic field compared to release in lower magnetic field
conditions This is possibly due to better enhancementémitrane permeability undatigher
magnetic field when nanoparticles are closer to the lipid membrane. Please note that the release
from samples with NPs #tecore (1:1) is still greater than samples with NR&abilayer in both
types of magnetic flds. This could be due to two possible reasons. First, the bigger magnetic
nanoparticles ahecore (2530 nm) can respond better towards strong magnetic fields compared
to tiny magnetic nanoparticles tte bilayer!®® Second, the nanoparticle loading is easighat

core with greater volume thaat the lipid bilayer. The overall greater release in presence of
higher magnetic field from all liposome samples compared to thideilower magnetic field
proves that MNPs response increases with magnetic field stramtjtheacancrease membrane

permeability due to more effective ultrasound generation at higher magnetic field condition.

B. The percentage CF release measurement after each magnetic pulse

Under lower pulsed magnetic field (LMF), the percentage release wfe@bured aftezach pulse

to atotal of 20 magnetic pses from different samples of magnetoliposomes is showigiare

4.7 (Left). For eachtype of liposomesample, release continudysncreases fol0-12 initial
pulses and then the curve attains a plat€ae control sample hasleasecdhearly 5% at saturation.
The sample wittmagnetic nanoparticles tite core(1:1), has about 11% release compareth®
sample witha 1:4 ratio which hasonly about 8% releasd-or the samples with magnetic
nanoparticles at bilayer, the release is around 1D8é. percentage release for edghe of
liposone sampleat saturatioragreeswith the release obtained when pulses are applied in a row

(Figure 4.6-Left). For similar studies in presenceatfigher magnetic fiel@Figure 4.7-Right), it
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is observed thdhe percentage release gets enhanced for each type of lipsaomple The result
provides evidence faanincrease in release witim increase ira magnetic field. The observed
increase in CF release is dueatnincrease in ultrasound generation from metgc nanoparticles
underahigher magnetic field which in turn increases the liposomal permeability thereby providing

apath for drug release.

Percentage CF Release from Magnetoliposome Samples Percentage CF Release from Magnetoliposome Samples
after Each Pulse under Lower Magnetic Field 35- after Each Pulse under Higher Magnetic Field
14 4 J —=— NPs at Core {1:1 Lipo:NPs}
—a—NPs at Core (1:1 Lipo:NPs) —a— NPs at Core (1:4 Lipo:NPs)
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Figure 4.7. Percentage CF release measurement after each maguoétefrom different types of

magneteliposomalsystems under lower (LEFT) and higher (RIGHT) pulsed magnetic fields.
Though the reason behind the saturation observéideigraph is unclear and dendm
further investigations, it has an important implication that eveh2lpulses are sufficient for the
releaseof payload from magnettijposomes Nevertheless, our target for short time release is
achieved which merely requires43minutes for 225% (MNPs both at the core at bilayer) and

release of drug from magneliposomal systems.
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4.4Conclusions

The results presented exhibit that the pulsed magnetic fields can enhance the drug release from
liposomal systems with magnetic particles loadetiextore or the bilayehe substantiaklease

from control samples ianinteresting as well as important resaitd can be describedth the
diamagnetic response of water in stronger magnetic fields used in ourB&tedgleasérom all
liposomal samplescreases with an increase in magnetic field strenis provides dield
dependence of release phenomenon from liposohmessignificantdrug releasérom magnete
liposomesn a shorduration (34 minutes) opens a path for therapeutic applicatidtize pulsed
magnetic fielddesigned in this workurther investigation is however required to addresdrihg

release saturation observed during measurement after each pulse. Also, the exploration of
additional reasons behind the release from control samples will help to extend the scope of this

method.
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Chapter 5: Pulsed Magnetic Field Activated Doxorubicin Release

from Rattle-type Mesoporous Silica Shells

5.1 Introduction

Due to the numerous advantageous properties, mesoporous silica nanoparticles have been
extensively used as a drutplivery systenf® "8 Among different types of magnetic silica
composites, the rattype magnetic core mesoporous silica sbghleres possess ideal properties

like low density and high specific area which m#ieman excellent candidate for the drug carrier
system. It provides not only enough void space for the drug loading but also furnishes the platform
to functionalize the ekired organic groups favorable for drug loading, targeéind delivery. In
addition, the shell provides protection that reduces drug toxicity, enhtneossloidal stability

of nanoparticles, and avoids the possible drug degradation simultan€od%Iy°®%%2 Unlike

organic drug carriers like liposomes and micelles, mesoporous silica syl inherent
chemical and mechanical stabilf& .2 Along with magnetic core, mesoporous silica systems can

be used for controlled targetedud delivery purpose®: 86 8. 99nder the exposure of external
stimuli like magnetic fields, ultrasounand mechanical forces, the rattjgpe magnetic core silica

shell system can release the contents in a controlled m#nfrer’® Apart from magnetic
hyperthermia applications, magnetic fields can also be used to generate particle motion. Both
alternating magnetic fields and pulsed magnetic fields can be used for the converien of
magnetic field into traslational motion of the particles, the field gradient required for the
conversion is higher ithecase ofapulsed magnetic fieltf>1% The other advantage of using the
pulsed magnetic field is that it can be used for the ultrasound generation by the oscillatory motion

of nanoparticles under magitefield gradient’% 106 135
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5.2 Strategy

In this work, the design of magneteechanica(Figure 5.1) and mechanacoustic(Figure 5.2

nano pumps$avebeen proposed for the drug release stiite magnetic core in the rattle type
silica shell system when placed in the inhomogeneous magnetic field, the magnetic field gradient
at the junction of artHelmholtz coils is strong enougb produce the trangi@anal motiononthe

core particle®> 19As the magneticore is surrounded by the pool of drug (doxorubicin) solution

we aimto accelerate the releasednfigsthrough the pores towardise exterior ofthesilica shell.

Silica shell =) Core motion
(MES0porOUS) 4mmmm Fluid motion

l Drug Out
Magnetic Magnetic Field Gradient

Pool of drug

Figure 5.1 (a) Mesoporous rattiype Silica shell with drug anthiagnetic core, (b) drug pushed
outward, and water pushedwards through mesopores due to motion of magnetic core under an
influence of magnetic field gradient.

The translational motion dhec or e now can act as the Onano
out the drug molecules. The target here is to aclashert time release ovéremaximum release
and since the duty cycle tie pulsed magnetic field is much higher this system can prove itself
anefficient route for drug release throughkilica shell system. Theackandforth motion ofthe

magnetic core undene pulsatile mechanistinehavessa magnetemechanical pump/here he
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regular diffusion process takes several hours for significant reldasesystem is expected to

perform the task ialesser time

In addition the magnetic core under an inhomogeneous magnetic field can generate
ultrasoundhrough oscillatiort®: *® The ultrasound produces sonic pressowards the solution
of drug present in its surrounding thereby pushing the drug molecules out through the mesopores.
This mechaneacoustic pump at the core afrattletype mesoporous silica shell can thus behave

as an extraordinary drug delivery syste

Oy,
pUsh
e
Vibrations “ outu,a rdd
s
Pressure waves
Magnetic field gradient =
— / Drug
% pushed
o outwards
%, %,
%o";)o,”o ﬂ
d b C

Figure 5.2 (a) The rattletype silica shell with magnetic core (b) under magnetic field gradient
magnetic core particle generates ultrasound due to vibrations (c) Drug pushed outwards through
mesopores due to pressure waves of ultrasound propagatiougha pool of drug solution.

Figure 5.2illustrates the possible mechanism for the magristid-assistedirug release
from theultrasounegenerategbressure waves. Hence, mechanical vibrations are transfantoed
acoustic (ultrasonic) waves thaggerdrug releaseThe efficiency of such nargumppotentially
depends on different physical parametéms the size ofthe magnetic core, shell thickss, and

volume available for drug loading is expected that the proposed hypothesis helps to develop an
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efficient method for the drug release study and in turn, enhances the suitability efypattle

mesoporous silica systems as efficient drug catrier

5.3 Experimental Methods

The details othe experimental setip for pulsed magnetic field and ultrasound generadi@n
given insections2.4 and2.5 (Chapter 2). Similarly, the materials and methods to prepare rattle
type silica shelktructuresare discussed igection 2.3 doxorubicinloading,and release studies

aredescribed irsection2.7 of Chapter 2.

5.4Results and Discussion

5.4.1Characterization of samples

The HRTEM imagesof four different samples of ratthype Silica shell structuresre givenin

Figure 5.3. The imagedearly showthat they have different corizes(magnetic core), shell
thicknessand overall sizeThough all the samples haga overall comparable size a range of
275nm to 315 nm, the core size for sanipl€l28 nm) lies between the core sizes of sample C
(97nm) and samples & B. The shell thickness for samples A and B is betwee®®GOm while

that for samples C and D is comparatively thinnea range of 2230 nm. The calculation of the
effectivevolumebetween the magnetic core and silica shell is more in sa@es D compared

to samples A and B. When the larger effective volume provides higher drug loading, the core size
and shell thickness hawmimportant role during the drug release. All these phygiaehmeters

have beemabulated inTable5.1
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Table 5.1 The dimensions of rattiype mesoporous silica shells

304 8+11.28 146.0+22.64 54.4+6.02 2.3129*10"6(58.67%)
- 301.2+9.98 150.8+7.78  57.2+3.79 1.6173*106(47.39%)
- 274.4+24.16 97.6+12.24  26.8+4.63 5.1495*10"6 (91.35%)
- 315.6+16.16 128.8+16.63 25.2+3.29 8.6472*10"6(88.54%)

Figure 53. HR-TEM images of rattktype silica shelsampleA, B, G and D.
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5.4.2 The Doxorubicin releasestudiesunder magnetic pulses

In this study, the relation between the sizamiagnetic core, shell thicknessd effective volume

of rattlecage silica systems with the doxorubicin release was investigatezhg four samples

samples A and B havkerelatively lesser passive release of near 25% at the end of 10 hours while

samples C and D have relatively higlmassive release ~60% ihe sameperiod This can be

attributed to the difference in shell thickness of those samples. As samples A&B have greater shell

thickness (5860 nm), the passive release from these samples is lesser than that of samples C&D

with relatively thinner shells (230 nm).

Pulsed Magnetic Field Induced Release of DOX from
the Rattle type Silica Shells (Sample A)
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Figure 5.4 Percentage doxorubicin release from different silica shell sampte$ no pulses
(black solid rhombus), 60 pulses in a row at the beginning (blue solid sguames)yith 6setsof
10 magnetic pulses applied each hour up to initial 6 hours (red solid circles).

When 6sets of 10magnetic pulses are appliéti0 pulses each hour up to the initial 6
hours), the release percentage is quite intere&imghown by solid red circleAll the samples
havea more or less similar trend in doxorubicin releaBgough there is a kind of saturation in
release at the end of 10 hours from all those samples, sample A has maximum release ~100% while
samples Gand D have nearly 90% release and sample B has only about 60% release. Despite
similar shell thickness, overall siz&nd core size for samplesahdB, thesignificant difference
is seen in total release at the end of 10 hours. This could be because Bdmpleninimum
effective volume among all 4 samples which leads to lesser drug loading in it.

When 60 magnetic pulses are applied in a row at the beginning of the experiment, there is
adifference intherelease profile for these samples. Except for saiptee percentage release
for all other sampleis less effective than when sets of pulses were applied everyHomwample
A, 60% of its contents released within 1 hour and 100% release is obtained in 4 hours. The
kinetics of release is significdpienhanced when consecutive pulses are applied to the sample and
it attains a saturation much faster thlheapplication of 10 pulses each hotihe difference ina
releasefrom thesamplescan be described based on the sizeth@fmagnetic core. As peyur
hypot hesis, the smaller magnetic @aum@oi anldes g
efficiency enhances with gradual increase in its size. Sample C thessmallest core size and
hencealesser release rate (blue solid squares) than sample D (with intermediate core size) and still
lesser than sample A (larger core size).

Nevertheless, the percentage release of doxorubicin from all four samples is much faster

in pulsed magnetic fieldpplicationsthanin other magnetic field systems. Thus the combination
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of rattletype core/silica shell structures with pulsed magnetic field makes an efficient drug carrier

system.

5.5 Conclusions

A route for the synthesis oattle-type core/silica shell drug delivergystemswith different core

sizes shell thicknessand effective volume for drug loading has been successfully presented. The
releasemeasurementshow that the release of doxorubicin is significantly enhanced in the
preséice of magnetic pulses compared to passive release in absence of pulses. The effective
volume present for drug loading plays an important rol¢herelease ratelt has also been
observed that passive release increases with thinner shell systems.idmefabe nanepump
proposed in the study significantly depends on the siteeofiagnetic core as it requires to be big
enough to push the drug molecules out of shells through mechanical and/or ultrasonic pressure
waves.However, it requires further imgtigation to optimize all three parameters that govern the

drug release from these systems.
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Chapter 6: Triggering Passive Molecular Transport into Cells with a
Combination of Inhomogeneous Magnetic Fields and Magnetic

Nanoparticles

Chapter 6, in full, is asummaryof the materials from\CS Appl. Nano MateR02Q 3, 3, 2414
2420Q https://doi.org/10.1021/acsanm.9b02537

6.1 Introduction

In living cells, the increase in passiteansport of macromolecules across the membranes is
possible through a process of microporation which involves the changediutar membrane
permeability under exposure éaternal stimuli like magneti@lectrical,or mechanical force$?

164 The molecules of drugs, genes, and various cell nutrients are not available to the cells easily so
this methodology can help transport them to cells actifély?*While electroporation can create
micropores in cells through the application of high voltage electric f{th@seby polarizing the

cell membrang!®® magnetoporatiorinvolves the application of homogeneous static or pulsed
magnetic fields to create such pot&sPlease, note that both techniques can lead to irreversible
microporation through the mechanism of membrane polariz&fiot® Besides,the use of

ultrasonic sound wavédsasalso been reported #iter the cell membrane permeabifify.

In this work, we aim to increase the transport of small molecules into cells through a
combination of inhomogeneous pulsed magnetic fields witharahe magnetic nanoparticles. As
discussed earlier in this dissertation, magnetic nanoparticles can generate ultrasound in an
inhomogeneous magnetic fielef. Briefly, in an inhomogeneous magnetield, the magnetic
nanoparticles oscillate due to the translational madiotinose particles. Thigarticle oscillation

leadsto the generation of ultrasound which can create pores wiithoell membrané® *°Since
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the direct use of ultrasound wavasfersattenuationin biological systemghe use of magnetic
nanoparticles as sonosensitizerdeneficialas magnetidields do not experience attenuatimn
the same extent as sound watf#lso, the magnetic nanoparticles can be modifiét specific
ligands which faciliate the targeted microporation techniquise microporation induced by
magnetic nanoparticles in cell membrane under pulsed magnetic fieldstanthe molecular

transportation into cells. This strategy involves three steps as given below:

1. Nanoparticleuptake into the cell by incubatirdgxtrancoatediron oxide nanoparticles with
cancer cell lines (L937).

2. The application o pulsed magnetic field to the cancer cells in the presence of small molecules
(Doxorubicin).

3. Increase in uptake and accumulatadrsmall molecules through microporation into the cells.

6.2 Methods

In this study, the cancerous lymphocytic leukemia cell line83d, dextrancoatediron oxide
nanoparticlegDex-IONPs) andanticancer drug Doxorubicin (small molecule) were taken. The
inhomogeneous magnetic field was generated usingHahtnholtz coil pairsas described in
section 2.4(Chapter 2). The doxorubicin transport into the cells was evaluated by measurement
of cell viability and HPLC. Thalextrancoatedmagnetic nanoparticlesreselected in this study

to maximizetheir uptake into the cells via glucoseceptormediatedendocytosig®®1’t
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6.3 Results and discussion

6.3.1 Optimization of DexIONPs concentration and Visualization of DexXIONPs into Cells

On investigating the effects of Dé®NPs in U937 celk, the concentration of DAONPsis
optimized to be 0.0025 mg/mL hence in all remaining experiments, this concentration-of Dex
IONPs is used. In the next step, a visualization was performed to ensure the loading@RNBex

within the cell lines. On indaating the W937 cells in presence of 0.0025 mg/mL of B&NPs
followed by isolation, washing with PB&nd subsequent removal of unloaded nanopatrticles, the
cells were fixed by cold methanol. Further incubation in presence of Prussian blue and
counterstaing with Nuclear Fast Red, the bright field transmission visualization showed that
Dex-IONPs were successfully loaded into the cell lines as shown in Figure 6.1. The control sample
has no nanoparticles (Figure 6.1 A & B) while nanoparticle uptaksikde in samples incubated

with nanoparticles (Figure 6.1 C & D). The DEINPs uptake into the cells is further confirmed

by TEM images (Figure 6.1 E, F & G) and EDX analysis (Figure 6.1H).
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6.3.2 Effects of DeXONPs, doxorubicin and the application of magnetic pulses

In this experiment, the percentagkcell death was measured to determine the effects of Dex
IONPs, Doxorubicin, and the application and quantity of magnetic pulses9&7 dells(Figure

6.2). In absence of both Dd©ONPs and doxorubicirthe application of pulses had no significant
effect an cell death. When nanoparticles were included in absence of doxorubicin, the application
of pulses still had ncsignificant increase in cell death. However, when doxorubicin was
administered, the cell death increased to about 50% even in absencel®ONFxand in presence

of 0, 2Q and 50 pulses. Finally, when both doxorubicin and nanoparticles were present, there was
no increase in cell death in absence of magnetic pidsegever, on applying 20 pulses, there was

a nearly 15% rise in cell death to assgm compared to the similar system with 20 pulses in
presence of doxorubicin and absence of-D@XPs. It implies thad 15% increase in cell death is

due to nanoparticles indued microporation of cells under magnetic fielthasdhe increase in
doxorubcin uptake into cells. The application of 50 pulses further increased the percafrtatje

death, in a nottinear fashion.
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6.3.3. Individual and combined effects of longterm cell viability of Dex-IONPs & PMF

To determine whether or not the DEINPs and/or magnetic pulses have any {wrg effects

on cell viability, two sets okxperimentsvere performedFirst, to investigate the effect of Dex
IONPs, U937 cells were either incubated with DEXNPs or an equivalent amount of media, for
72 hours. There was no significant difference between the cells incubated waitious
concentrations of DeKONPs compared to those incubated with media only (Figure 6.8/4).
anticipate that 15% increase in cell death observed earlier (Figure 6.2) was not due to the long
term exposure of the nanoparticles. In a second experitde9®7 cells when treated with 20
magnetic pulses and incubated for 72 hours, there was negligible change in cell viability (Figure
6.3 B). In the presence of both DEINPs and 20 magnetic pulses, there was still no significant
change in celViability after 72 hours of incubatio®ased on the resullve assume that there is

no individual or combined effect of DdONPs and magnetic pulses on cell viabilitylong-term
exposurago U-937 cells Hence theobserved 15% increase in cell deatly(ife 6.2) is due to the

enhanced doxorubicin transport inted37 cells facilitated by microporation effects.

Figure 6.3 Investigations into the possible individual and combined effects otéongcell viability

of DexIONPs (A), and magnetic and mobinational application (B) within 937 cells. (A) Effects
upon cell viability with the exposure of various concentrations ofID&KPs over a 7zh period. (B)

Cell viability effect 72 h after 20 magnetic field pulses applied-@8@ cells and combinatnal effects

of both DexIONPs and pulses
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