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Abstract

This thesis focuses on the development of drug carrier systems in conjunction with an
inhomogeneous pulsed magnetic field to achieve a short time release over the maximum release,
in presence of magnetic nanoparticles (MNPs) as triggering agents. This thesis discusses the
synthesis of both flexible (magneto-liposomal) and rigid (rattle cages of core FesOs@SiO: shell)
drug carrier systems with their characterization, model drug encapsulation, and release assay under
inhomogeneous pulsed magnetic field(s). Though the magneto-liposomal formulation with
encapsulation of nanoparticles (NPs) at the core, at the bilayer, or the 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 liposomes through two modifications, first, the coating of iron oxide nanoparticles with
gold, and second, the surface modification of liposomes with CHOL-PEG-SH linker so that gold-
coated MNPs are attached to a liposomal membrane with gold-thiol interaction. The release of
carboxyfluorescein from this magneto-liposomes 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 model drug 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 pulses generated 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 kinetics of payload from magneto-liposomal systems. In addition, the release study from

magnetoliposomes at different positions of magnets in both Helmholtz and anti-Helmholtz coils is



explored which strongly establishes the proof of concept for the use of the pulsed 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, shell thickness, 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 magnetic nanoparticles 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 accumulation along with
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 targeted drug delivery.
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explored which strongly establishes the proof of concept for the use of the pulsed 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, shell thickness, 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 magnetic nanoparticles is explored. This pilot study investigated the individual and
combinational effect of Dextran coated iron oxide NPs, doxorubicin, and magnetic pulses on
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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 carriers makes a system that can be used for targeted and/or controlled drug
delivery or release of therapeutic drugs?. Since the direct administration of therapeutic agents into
the living body leads to the various side effects of the drug-tissue interactions, the drug carrier
systems can play an important role to reduce such drug toxicity by providing a protective layer.:2
In other words, the drug carrier system provides a shield to protect the drug molecules from
enzymatic action so that physiochemical properties of drug molecules remain preserved during the
circulation period before reaching the targeted unhealthy tissues, and at the same time, healthy
tissues can be saved by avoiding unwanted chemical toxicity due to active ingredients present on
drug molecules®. Another important advantage of the drug carriers is the lesser drug administration
frequency as these carrier systems can also be used to control the rate at which drug is delivered

to the targeted area® *.

The candidacy of various bio-engineered systems as drug carriers requires certain
properties, among them stability, stimuli responsiveness, and specificity are more important?. Once
they enter the living body, the physiological defense system can attack these carrier systems. The
carrier systems should be stable enough to preserve the encapsulated drug molecules/ loaded cargo,
without being destroyed before reaching the targeted site> 3. The drug carrier systems can be
effective when they can be modified in a way that they can be used to target different locations as

per necessity. Also, these systems must be capable of recognizing the targeted area where the drugs



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

towards an internal or external stimulus so that the drug molecules can be released.? ®

The drug carrier systems usually have a few to several hundred nanometer sizes, which can
be designed from organic constituents or inorganic substances and have either flexible or rigid
morphology. Some of the widely used drug carriers (Figure 1) include liposomes, micelles,
hydrogels, polymeric particles, dendrimers, nanospheres, nanocapsules, nanotubes, quantum dots,
mesoporous silica shells, etc.:2*® 7" Among these liposomes, micelles, hydrogels, dendrimers are
considered as flexible drug carriers because they can change dimensions significantly upon
exposure to external stimuli while quantum dots, silica shells, nanospheres contain inorganic
materials that add rigidity, hence regarded as rigid drug carrier systems providing more protection

compared to the flexible drug carriers.

Polymeric
particles

Nanocapsules

Carrier |:> Dendrimers

Systems

Micelles @ Hydrogels

Mesoporous
Silica

Figure 1.1. Various nano drug-carrier systems.

This thesis focuses on liposomal, and silica shell-based drug carrier systems and we explore how

magnetic field triggering can enhance the functionality of these systems. In the next section, 1 will



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

provide reasons why these systems are chosen in our studies.

1.2 Liposomes: Background and development

Since the first formulation in the 1960s, liposomes are one of the most widely used drug carrier
systems in drug delivery research and clinical applications® °. With phospholipids as a chief
ingredient, liposomes have spherical structures which can further be classified as unilamellar (with
single phospholipid bilayer) or multilamellar (with multiple phospholipid bilayers arranged in
concentric onion-like structures). It has been observed that the size between 70-300 nm is more
appropriate to be used for clinical applications, thus making unilamellar liposomes as dominating
lipid vesicle systems used for targeted drug delivery!® . As the lipid bilayer in liposomes
resembles the natural cell membrane, they are biomimetic drug carriers that can enclose lipophilic
and hydrophilic drug molecules at lipid bilayer and aqueous core respectively*?. In addition to that,
the constituent lipid and cholesterol can be so chosen that the bilayer surface of liposomes can be
modified for diverse drug delivery applications'®. The combination of phospholipids and
cholesterol with hydrophilic polymers like polyethylene glycol (PEG), together known as “Stealth
liposomes” has added a new avenue to the applications of liposomal drug carrier systems as they
are more stable and have enhanced circulation time than conventional liposomes® 1% 14, With the
advancement of liposomal research, various natural and synthetic polymers have been employed
during liposome formation® *°. The major advantages of liposomal drug carrier systems are listed

below:

1. Liposomal drug carrier systems are biocompatible!® carriers with phospholipids as the main
ingredient with relatively low cost due to its availability and ease of synthesis.®

3



2. Drug molecules or cargo with different levels of lipophilicity!® can be loaded into the
liposomes; hydrophilic drugs can be encapsulated in aqueous volume at the center and/or
attached to an external surface of a lipid bilayer with surface modifications, lipophilic
molecules in between the lipid bilayers, one kind at a time or simultaneously.® This provides a
higher entrapment capacity per vesicle.

3. Liposomal drug carrier systems are bio-degradable and non-toxic hence safe to administer into
a living body.

4. Depending upon the toxicity level of encapsulated drug molecules, the constituent lipid
molecules can be selected and combined with cholesterol at varying concentrations to add the
stability of this system.® 1% 1" The selection of ingredients and method of preparation can reduce
the problem of drug leakage before targeted delivery.!

5. Liposomes can prevent the biochemical degradation of drug molecules'! and minimize the
undesirable interaction of drug molecules with healthy tissues thereby improving its
therapeutic applications.*: 13

6. Possibility of surface modifications using different types of ligands adds versatility in its use
in targeted drug delivery.*® *° Different molecules/macromolecules can be potentially attached
to the liposomal surface thereby changing the physiochemical properties of those surfaces,
which in turn helps to modulate the functionality and stability of liposomal systems.*3 18

7. Liposomal systems can be designed and coupled with different triggering techniques to release
the drug at a 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 (drugs) depends upon the physical and chemical properties of the
constituent lipids'. First, the composition of lipids greatly influences the permeability of lipid
bilayer which in turn has an impact on the rate at which payload (drugs) is released®®. Second, the
stability of liposomes is important throughout the process, i) preparation (loading), ii)
administration (into the body), and iii) final release of payload at the targeted site. For this, the
lipids with phase-transition temperature (T¢) slightly higher than body temperature (Tp) is the best
choice. It is because, if the T¢ < Ty, the drug is released before it reaches the targeted site and if
T>>Th the rate of drug release is much diminished making the liposomal system a poor carrier.!!
16,20 For this, either the one or combination of more phospholipids is preferred for manipulating

the T¢ such that it will fit the needs of the specific application.

Table 1.1 Commonly used phospholipids with their phase transition temperatures.

S.N.  Phospholipids Tc

1 1,2-dilauroyl-sn-glycero-3-phosphatidylcholine (DLPC, 13:0 PC) 14°C
2 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine(DMPC,15:0 PC) 35°C
3 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC, 16:0 PC) 41°C
4 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) -2°C
5 1,2-distearoyl-sn-glycero-3-phosphatidylcholine (DSPC, 18:0 PC) 55°C
6 1-stearoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (SOPC) 6.7°C
7 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, 16:0-18:0 PC) 49°C

Besides the composition of lipids, the liposomal stability is governed by the incorporation of
cholesterol” 2%, Cholesterol, as an important compound in the natural cell membrane which
regulates membrane permeability, imparts elasticity, adds rigidity and overall strength of

membrane, finds a similar role in its bio-mimics: liposomes. Cholesterol molecules reside in the



lipid bilayer and immingles with phospholipid molecules. Studies have shown that cholesterol
stabilizes the liposomes by various mechanisms like prevention of liposomes aggregation, increase
in mechanical strength (forming hydrogen bonding with fatty acids chain of lipids), reduction of
passive permeability (by interacting with membrane phospholipids), altering the phospholipid

packing, and reducing rotational freedom of phospholipids.?: 22

For a system to be more effective in drug delivery, liposomes need to have a longer circulation
period®, The conventional liposomes which contain only phospholipids and cholesterol have
lesser circulation time. Once administered into the living body, these liposomes experience rapid
clearance from the blood via the reticuloendothelial system (RES). Such fast removal of the
liposomes by the phagocytic mononuclear cells (macrophages and monocytes) of the
reticuloendothelial system (RES) can be prevented by attaching a polyethylene glycol (PEG)
coating to the outside of the liposome.? 2* PEGylation reduces the interaction of liposomes with
recognition molecules by forming a steric block around liposomes.?> % As the recognition
molecules cannot reach the liposomal surface, the liposomes remain inconspicuous by RES,
thereby increasing the circulation time in the bloodstream® 2. Another advantage of coating
liposomes with PEG molecules is that it provides room for chemical modification of liposomal
surface where one end of PEG is attached to the phospholipid or cholesterol molecules while
another free end can be modified/ attached to the ligands!. Studies have revealed that ligand
attachments at the PEG end improve the efficacy of liposomes in targeted drug delivery.?” 28 A

typical liposomal structure is shown in figure 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 area. Several liposomal drug delivery systems have been developed that rely on the
slow release of drugs but for the treatment of cancerous tissues and other infectious diseases, it is
prudent to release the drug immediately and/or at a controlled rate after reaching the target. For
this, stimuli-sensitive liposomal systems can be employed for triggered-based targeting. 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 forces, etc.) and upon exposure to such stimuli, these carriers release their content in

a controlled manner at targeted location.3% 3!
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Figure 1.3. Internal and External stimuli for triggering the drug release from liposomes.

1.3.1 Endogenous stimuli-based triggering

Various endogenous parameters can be used to trigger the drug release from liposomes. Such
internal stimuli include a change in pH, difference in redox potential, enzymes, adenosine

triphosphate (ATP), etc. Among these, pH and enzyme-based systems are discussed here.

a) pH-responsive liposomes: There 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 between 4.5-6.8.%2 This difference can trigger the permeability of liposomal
membrane by inducing the change in morphology of lipid bilayers. In one study®3, it is found
that at low pH conditions, a natural phospholipid 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), exhibits a change in morphological phase behavior leading to

membrane destabilization of liposomes. In other study®, pH-sensitive liposomes are so



designed that functional group fragments are incorporated between PEG coating and lipid
bilayers. These functional groups are stable at normal tissue pH but are hydrolyzed at pH lower
than 6. This results in the release of PEG molecule and local drug delivery is achieved. Another
approach involves the insertion of pH-sensitive peptides® *. These monomeric water-soluble
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 releasing the payload.
b) Enzyme-triggered liposomes: Certain diseases (e.g., cancer) cause the tissues to release
enzymes like phospholipase, proteases, cathepsins, lysozymes, etc., in excess amount than
normal healthy tissues.!! This provides a platform to use enzyme-based liposomal triggering.
The enzyme-sensitive liposomes are prepared in a way that they can release payload in
response to enhanced enzyme concentrations due to pathophysiological changes.'* 3" For
example, phospholipase can degrade phospholipids when the concentration of phospholipids
is higher like in liposomes. Phospholipase interacts with the liposomal membrane through its
interfacial binding surface and ultimately hydrolyzes the lipid bilayer releasing the

encapsulated drug.>” %

1.3.2 Exogenous stimuli-based triggering

Liposomes can be designed to be triggered by various external stimuli such as heat, light,
ultrasound, magnetic fields, electric fields, etc. to achieve controlled drug delivery at the desired
site. Please, note that exogenous stimuli-based triggering generally provides more control than
endogenous stimuli. For the specific control types, | will present the specific advantages of these

stimuli.



a)

b)

Thermosensitive liposomes: Phospholipids are the main ingredients of liposomal systems, and
each phospholipid is associated with its unique phase transition temperature (Tm). This
property makes the liposomal system inherently thermosensitive.** Liposomal system can be
formulated using one or more phospholipids such that the phase transition occurs at around
normal body temperature (37 °C). The various studies have revealed that thermosensitive
liposomal systems use either lysolipids, surfactants, natural or synthetic polymers.** 32 On
application of heat, physical and chemical properties of these thermosensitive components alter
which leads to lipid bilayer destabilization and enhance the drug release. In another interesting
study,® ammonium bicarbonate was used with a phospholipid/CHOL/PEG system. When the
heat was applied, bubbles of carbon dioxide from ammonium bicarbonate induced disruption
of the lipid bilayer, and the drug was rapidly released.

Light-sensitive liposomes: During the formulation, photosensitive lipids, or photosensitive
molecules, known as photosensitizers, can be incorporated into liposomes. These
photosensitizing agents when irradiated with laser rupture the lipid bilayer, or lead to
microporation that enables the drug release from the lipid vesicles.*® 4! In these systems
photodynamic therapy is used where light with a specific wavelength (normally near IR)
activates the photosensitizers that ultimately disrupts the liposomal membrane.®? Studies have
revealed that besides photodynamic therapy, other strategies like photothermal, photo-
crosslinking, photo-cleavage, and photoisomerization release have also been employed to
increase liposomal drug release.®? 4142

Ultrasound-sensitive liposomes: Due to the safe, non-invasiveness, and low cost, ultrasounds
have been widely used in clinical applications. Ultrasound can trigger liposomes through

different mechanisms like ultrasonic hyperthermia and acoustic cavitation.*® Ultrasound waves
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can convey energy to form gas bubbles. With an increase in acoustic pressure, these bubbles
expand rapidly and finally collapse which causes deformation of liposomal bilayer membrane
leading to payload release. This mechanism is known as acoustic cavitation.*> 4 On the other
hand, when some fraction of ultrasonic energy is converted to heat, during mechanical
compression by ultrasonic waves, this heat facilitates the local hyperthermia resulting in drug
release.**

d) Magnetically triggered liposomes: With the incorporation of magnetic nanoparticles like iron
oxide nanoparticles, liposomes can be triggered to release drugs by the use of high/low
frequency alternating magnetic fields or pulsed magnetic fields. DC magnetic field can also
assist with the location of the liposomal drug delivery near the site of interest.*® This is

discussed in detail in section 1.4 below.

1.4 Incorporation of magnetic nanoparticles: Magneto-liposomes

1.4.1 Magnetic Nanoparticles in drug delivery: A brief discussion

Magnetic nanoparticles are the key element in a magnetic drug delivery system. Along with the
properties like biocompatibility and easy surface modification, it holds the magnetic properties
that open the new dimension in the field of drug delivery facilitating both localization of the
liposomes and remote actuation/triggering. Magnetic nanoparticles can either be pure metals,
metallic oxides, or metal alloys. Though pure metallic magnetic nanoparticles have the innate merit
of high magnetic susceptibility and can be used as core substances, they tend to oxidize easily
which often limits their use. While the metal oxides can be easily prepared in a controllable size
and shape which adds more attention to its use for drug delivery. Iron oxides: magnetite Fe3Oa,

maghemite y-Fe>Os, hematite a- Fe2O3, due to its excellent biodegradable nature, low 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 purposes. 46 4’
Below the size of critical diameter (usually <20 nm) particles behave as a single magnetic domain
which makes the nanoparticles superparamagnetic. Here, the magnetic spin of the particles will be
originally disordered but under the alternating magnetic field (AMF) it gets rapidly magnetized
and tend to move directionally with the direction of a magnetic field. However, on the removal of
the field, magnetization drops to zero which implies that, in an absence of an external magnetic

field, the particles lack permanent net magnetism of the ensemble of the particles.*’ %8

For two important reasons, the encapsulation of the magnetic nanoparticles is necessary.
First, encapsulation minimizes the toxic impact and side effects of the drug(s) and nanoparticles.
Encapsulation not only reduces the side effects by protecting organs from toxic drugs before
reaching the desired location but also maintains 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 that can be delivered 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 over the decades.®® These include
liposomes, micelles, hydrogels, organic polymers, dendrimers, carbon nanotubes, mesoporous
silica nanoparticles, and organic-inorganic hybrid nanoparticles. The internal stimuli have
limitations related to precise control of delivery time, location, and dose while external stimulus
like light lacks penetration depth, the heat-responsive system can have a risk of tumor metastasis
inducement during hyperthermia and ultrasound experiences blockage by bone and air.3% 45!
However, magnetic fields provide a suitable platform to overcome limitations discussed above.

Magnetic fields are non-invasive, rather harmless, can provide size-dependent localization, and
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can be precisely controlled in space and time.3® %2 53 In addition, magnetism does not have

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

Magnetoliposomes simply refer to the drug carrier system where magnetic nanoparticles (more
preferably iron oxide nanoparticles) are incorporated in liposomes along with drug molecules to
meet the demand for fast and localized drug delivery. This adds a new avenue towards drug release
and drug delivery phenomena allowing remote control via magnetic field application. Magnetic
nanoparticles can be incorporated into the liposomes at different locations: at the core, in between
the lipid bilayers, or the surface-modified liposomal membrane as shown in Figure 1.4.°* Based
on the lipophilicity and hydrophilicity, the drug molecules and magnetic nanoparticles are loaded
at those sites. The lipid bilayer can entrap lipophilic (hydrophobic) materials while hydrophilic
substances are loaded in the aqueous core or at the membrane. Advantageously, both types of
substances can be loaded simultaneously in the liposomes. The aqueous core of liposomes is
available for loading of hydrophilic magnetic nanoparticles of sizes 5nm or more and loading is
easy. However, incorporation of hydrophobic nanoparticles in lipid bilayer is challenging due to
the higher tendency of micelle formation, cluster formation, and enhanced passive release.>® * The
smaller lipid membrane dimension (~ 6-6.5 nm) requires nanoparticles of smaller size (<5 nm) for
successful loading.>”® The MNPs loaded liposomes together with drug molecules make a
complete carrier system that can be targeted to the desired location and triggered by externally
applied magnetic fields to release the drug molecules. It is interesting to note that hydrophilic drug
molecules at the core cannot easily pass through the lipid bilayer and the 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 core, (center) embedded between the lipid bilayer and (right) attached on the modified
membrane.

Various studies have exhibited that magnetoliposomes add versatility in the drug delivery
application of liposomes. The literature shows that different types of magnetic fields have been
employed for magneto-liposomal drug release. The mechanism of drug release under the
application of high or low-frequency AMF involves AC-hyperthermia where the magnetic
nanoparticles facilitate the heat transfer from the magnetic field to the liposomes for drug delivery.
In an alternating magnetic field, magnetic nanoparticles produce heat through Neel or Brownian
relaxation depending on the size of MNPs.%° This heat can exceed the transition temperature of
constituent lipid thereby increasing the permeability of lipid bilayer and significantly enhancing
drug release. Besides that, DC magnetic fields and pulsed magnetic fields have also been used for

drug release as | will show in this work.

Babincova et. al.,% demonstrated the AC-hyperthermia-induced release of doxorubicin
from magnetoliposomes (with iron oxide entrapped in lipid bilayer). Nobuto et al.,%? used a DC
dipole electromagnet with field strength fixed at 0.4 Tesla, on a tumor-bearing limb of a hamster.

Doxorubicin-loaded liposomes were then administered, and a magnetic field was applied for about
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an hour which led to the increase in dox concentration to 3 to 4-fold at the tumor site. In addition,
tumor growth and lung metastases were also suppressed by this dox targeting. Tai et. al.,®®
entrapped iron oxide nanoparticles and model drug carboxyfluorescein (CF) in DPPC/Chol based
thermosensitive liposomes. Application of alternating magnetic field for 5-25 min significantly
released the CF (~60%) from MNPs loaded liposomes compared to the control samples. Nappini
et. al.,** studied large unilamellar liposomes loaded with magnetic cobalt ferrite nanoparticles
along with CF. The results showed that the application of low-frequency AMF (0.2-6 kHz) affects
the bilayer structure promoting CF release. Salvatore et. al.,®® with magnetoliposomes containing
5nm hydrophobic iron oxide nanoparticles in DPPC lipid bilayer achieved a high drug release
percentage on exposure to LF-AMF for 5-15 min. Amstad et. al.,> incorporated stabilized iron
oxide nanoparticles <5.5 nm, into the lipid bilayer and showed that application of AMF enhanced
liposomal permeability through local hyperthermia. Despite several therapeutic applications, one
serious disadvantage of AC-hyperthermia is that it can destroy certain anti-cancer drugs like SN-
38, its prodrug irinotecan,®® and si-RNA.%” Guo et.al.,*® demonstrated that magnetoliposomes can
be formulated in a way that there is an increase in drug release under low-frequency AC magnetic
field without generating hyperthermic effect. In addition, AC magnetic hyperthermia is a slow
process usually in the order of a few minutes requiring a significant amount of magnetic particles

loaded into liposomes.

Another mechanistic approach of drug release from magnetoliposomes is through the
application of pulsed magnetic fields. Nardoni et. al.,%® showed that nonthermal pulsed
electromagnetic field (100 micro-Tesla with active pulse duration of 1.3 milliseconds) when
exposed to high-transition temperature magnetoliposomes (loaded with hydrophilic iron oxide

nanoparticles) for 3 hours, enhances the liposomal permeability without deforming liposomal
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integrity. In another work, Podaru et.al.,’® applied short magnetic 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, micelles, etc. are soft materials that have intrinsic unstable
nature that often lead to the pre-leakage of drugs. The major drawbacks include limited chemical
and mechanical stability, vulnerability to microbiological attacks, swelling, issues with control
over the drug release rate, and costlier. Polymer nanoparticles have high polydispersity while
dendrimers have a relatively high cost. On the other hand, inorganic carriers possess inherent
properties like chemical stability, increased mechanical strength, resistance to biochemical attacks
in an in vivo environment. Among inorganic vectors, mesoporous silica systems have been widely

used as drug carrier systems due to their numerous benefits.’*"3

1.5.1 Developments in Mesoporous Silica materials

Pores have been classified as mesopores by IUPAC when their width is between 2 nm and 50 nm."
Since the first design of Mobil crystalline material (MCM) in 1992 and the first report of MCM-
41 type mesoporous silica in 2001, Mesoporous silica-based drug delivery systems have been
explored for a variety of therapeutic agents.”>"® With the numerous advantageous properties like
uniform and tunable pore diameter (2-10 nm), large pore volume (>lcm®(g), excellent
biocompatibility, low density, and very high specific surface area (>900 m?/g), amorphous
mesoporous silica materials find potential applications in catalysis, as a carrier for drug storage

and delivery, gene therapy, and biomedical imaging, etc. Among them, the mesoporous silica shell

16



with a hollow interior/core can provide higher cargo loading capacity compared to the

conventional mesoporous silica systems.’® 79-82

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 like cross-linking, covalent binding,
encapsulation, and entrapment. Depending upon the pore diameter of porous silica, dimensions,
and hydrophilicity/hydrophobicity of biomolecules, the guest molecules can be immobilized in
mesoporous silica. Further, silanol groups (Si-OH) present on the mesoporous silica surface may
favor the immobilization of organic compounds or the bulky biomolecules, accompanied by
electrostatic interactions.®*%” The number of silanol groups due to its high reactivity, 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.®8-%1 In addition, hollow mesoporous silica spheres can be ingested or injected and present a

homogeneous morphology which makes them very useful in drug delivery.
1.5.2 Magnetic Silica Shell Systems

The mesoporous silica lacks the ability 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 drug-loaded 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; second, the colloidal stability of nanoparticles can

be well preserved even in the biological environment.®*-°¢ Moreover, such magnetic composite
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carriers can also be utilized for hyperthermia therapy in the presence of an external magnetic

field.9" %8

Wu et al.,* first reported the iron oxide-based 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 their structural design:

1. Magnetic silica core-shell structure.
2. Magnetic nanoparticles encapsulated in the channels of mesoporous silica.

3. Rattle-type magnetic core/mesoporous Silica shell spheres.

Since fewer drug molecules are loaded in the mesoporous channels, the first two types of
magnetic mesoporous composites have lower drug loading compared to the rattle-type spheres.
Rattle-type structures with vast void space and mesoporous shells possess ideal properties like low
density and the high 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 drug loading, targeting, and delivery. In addition, the shell acts as a
protective layer that avoids possible drug degradation. These hollow rattle-type structures can be
divided into; first, the ordered pore particles, and second, disordered non-oriented particles. One
with ordered channels is suitable for diffusion of adsorbed molecules while disordered pores are

favorable for controllable and multistage release of drugs.%® 100-102
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1.6 Actuation via application of magnetic fields

1.6.1 Motion of magnetic nanoparticles under magnetic fields

Most common magnetic nanoparticles such as iron oxide, cobalt ferrite, etc. have the remarkable
property of magnetic behavior in presence of static and oscillating/alternating magnetic fields.
These magnetic nanoparticles can be used in two ways under the alternating magnetic fields; first,
to generate heat at their surroundings, a process known as magnetic hyperthermia. Moderate or
significant heating effects can be produced by magnetic nanoparticles when subjected to low or
high frequency alternating magnetic fields.*® In addition to the hyperthermia effect, another
important application of alternating magnetic fields on the magnetic nanoparticles is the generation
of particle motion. Magnetic field energy can be converted into two types of particle motion,
rotational and translational.1%®1% Beside alternating magnetic fields, the magnetic nanoparticle

motion can also be achieved from a pulsed magnetic field induced magnetic field gradient.%

The discussion here is more focused on the translational motion of a 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. The magnetic field gradient can be generated using permanent magnets or
electromagnets but due to the size constraints, the gradient is lower than one produced by
electromagnets. In addition, both homogeneous and inhomogeneous magnetic fields can be used
in the process but the magnetostriction effect makes homogeneous magnetic fields less effective.
For this reason, an inhomogeneous magnetic field is used in the process (Figure 1.5). The particle

in an inhomogeneous magnetic field can move from a region of low to high magnetic fields.1%>-1%°
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Figure 1.5. Conceptual difference of magnetic particles in an inhomogeneous
and homogeneous magnetic field. Particles experience magnetostriction in a homogeneous
magnetic field so an inhomogeneous magnetic field is used in our work.

Mathematical expression for the forces acting on the magnetic nanoparticle:1% 107. 109

Since the gravitational force, Brownian force, forces due to interparticle interaction, and buoyant
force, are negligible, two significant forces are acting on the magnetic particle under an external

magnetic field. First, the magnetic force, Fm acting on the magnetic particle is,

Fm = %AX) (V.B)B i, Equation 1.1

where, V is the volume of the magnetic particle, Ay is the difference between the magnetic
susceptibilities of particle and medium, o = permeability of free space, B and V.B are the applied

external Magnetic field strength and field gradient respectively.

Second, a force known as fluidic force or viscous drag force, Fv as given by Stoke’s law for

spherical particles is,

Fv=-6mMR(Vp—V5) i Equation 1.2

20



where 7 is the viscosity of the medium where particle resides, R is the hydrodynamic radius of the

particle, Vp is particle velocity and Vs is the velocity of fluid/medium.

From Newton’s law, the velocity of the particle having mass m, under the forces Fm and Fy is,

MAV/At=Fm-Fv o Equation 1.3

1.6.2 Ultrasound generation from magnetic particles in the presence of

magnetic field gradient

The mechanical oscillation of magnetic nanoparticles under the magnetic field gradient can
generate ultrasound waves. Experimental studies® 1% have revealed that ultrasound can be
generated at different frequencies and amplitudes of magnetic field gradients from magnetic
nanoparticles. Though AC coils (alternating magnetic field) can also be used for this purpose, the
field gradient in a pulsed magnetic field is much larger which in turn can generate strong
ultrasound.'® Both homogeneous and inhomogeneous magnetic fields can produce ultrasound.
However, magnetostriction-assisted ultrasound generation using a homogeneous field is less
preferred as it leads to the change in the dimension of magnetic particles during magnetization.
Thus, it is more desirable to use an inhomogeneous field. In addition, an inhomogeneous magnetic
field can achieve translational motion of the magnetic nanoparticles, unlike a homogeneous
field.10> 106110 Sjnce the present work also focuses on turning the magnetic field into translational
motion of particles, an inhomogeneous field is used as it provides enough force for efficient

actuation at the nanoscale.
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1.7 Goals of this work

The key challenge in drug delivery is to develop optimal drug carrier systems. Literature suggests

that maximum drug release can be achieved from various nano-drug carriers, but it takes

significant time to do so. On the other hand, if we try to release the drug rapidly from the carriers

in response to external stimuli, only a few percentages of total payload releases at any given

application of external stimulus. However, it can be sometimes beneficial to achieve fast drug

release in a small portion for two prominent reasons. First, the rate of drug release can be controlled

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

dependent degradation of its active moiety. To accomplish this goal, this work focuses on the

following aspects of magneto-liposomal and rattle-type silica shell drug carrier systems in this

dissertation:

1.

2.

3.

We hypothesize that magnetically doped nanoparticles can be prepared with a variety of
locations with reference to the liposomes. The preparation of the liposomes with magnetic
nanoparticles loaded at the core, bilayer, and surface-modified membrane of liposomes is
presented in the next chapter. (Chapter 2)

We hypothesize that the use of a pulsed magnetic field for the magnetic field actuation from
the temporal perspective is more efficient when compared to other forms of the magnetic field-
induced release mechanisms. | will present comparative data between the alternating magnetic
field and pulsed magnetic field in light of the duty cycle. This is important to establish the
advantage of using a pulsed magnetic field to get a short time release over maximum release
(Chapter 2).

We hypothesize that the composition of the liposome and the buffer concentration can have a
significant impact on the stability and release efficiency of the magnetoliposomes. | will
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present the data on the effect of nanoparticles addition on the transition temperature of
liposomes, the role of osmotic pressure in drug release, and thiol-gold interaction to optimize
the drug release (Chapter 3).

. We hypothesize that the drug release from magnetoliposomes is more efficient utilizing
inhomogeneous magnetic fields than homogeneous magnetic fields. 1 will show the release of
model drugs from magnetoliposomes at different positions of Helmholtz and anti-Helmholtz
coils. This will provide the proof of concept of using pulsed magnetic field/ magnetic field
gradient to maximize the drug release (Chapter 4).

. We hypothesize that magnetic nanoparticles will release the drugs from magneto-liposomes
under the influence of short magnetic pules. I will present data on drug release from
magnetoliposomes (with both hydrophilic and hydrophobic MNPs) under the application of
each pulse, in a step to achieve a short time release (Chapter 4).

. We hypothesize that the intensity of the magnetic field plays an important role in determining
the efficiency of drug delivery. | will present the data to show the role of the intensity of the
magnetic field (generated using capacitors with different capacitance) on magneto-liposomal
drug release (Chapter 4).

. We hypothesize that the drug delivery can be achieved with not only soft drug delivery carriers
such as magnetoliposomes but utilizing hard-sphere rattle cage type magnetically doped silica
shells. I will investigate the drug release under a pulsed magnetic field using a rigid drug carrier
system, i.e., rattle-type silica core-shell structures (Chapter 5).

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

by the silica shell’s physical characteristics such as the thickness of the silica shell. I will
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present the data to show the effect on drug release with varying shell-thickness and size of
magnetic core (Chapter 5).

9. We hypothesize that in the presence of magnetic nanoparticles, microporation can be induced
on the cell membrane using a pulsed magnetic field which can facilitate the transport of small
drug molecules into the cells. I will present the data to show the potential application of a
pulsed magnetic field to trigger passive molecular transport into cells using a combination of

inhomogeneous magnetic fields and magnetic nanoparticles. (Chapter 6)
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Chapter 2: Experimental Techniques

2.1 General method of synthesis of liposomes/ magneto-liposomes

Liposomes used in this thesis were prepared according to the method described by Podaru et. al.,”
using a thin film hydration method coupled with the extrusion method in sequence. Briefly,
chloroform solutions of lipids DPPC and DSPC were mixed in a vial along with cholesterol in a
molar ratio of 88:1:10 such that the total lipid mixture was 10 mg. The chloroform was first
evaporated from the solution at around 55°C, followed by vacuum evaporation for about an hour.
The hydration of thin film of lipid was carried out by adding 1mL of phosphate-buffered saline
(1xPBS, prepared by dissolving 4 g of NaCl, 0.1 g of KCI, 0.72 g of NaoHPOg4, and 0.12 g of
KH2PO4 in 500 mL of distilled water buffered to pH 7.4). A 100 mM solution of model drug 5(6)-
carboxyfluorescein (CF) was prepared in PBS followed by titration with 3M NaOH which gave a
dark red solution of dye CF. To load the liposomes with CF, 1 mL of this dark red solution was
added to the lipid thin layer instead of pure PBS. After addition, the mixture was vortexed for 5
minutes to help create multilamellar liposomes. Then freeze/thaw process was carried out where
the vial containing a sample was placed in a water bath (50°C) 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 water bath. In the next step, unilamellar liposomes were produced using a process called
large unilamellar vesicles by extrusion (LUVET). For this, multilamellar liposomes at 50°C were
extruded (Figure 2.1 A) through a 0.2 um pore diameter polycarbonate filter 11 times, which
yielded around 250 nm diameter liposomes, as verified by dynamic light scattering (DLS)
measurements. Finally, the non-entrapped free dye was separated by gel filtration chromatography
using the Sephadex G-50 size exclusion column (Figure 2.1 B). The liposomes were collected in

the first fraction of the column. The DLS measurements ( Malvern Zeta-sizer Nano, Malvern
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Instruments) showed that the size of liposomes was about 200 nm. The liposomes sample lacking
surface modifications and/or without nanoparticles incorporation are called regular liposomes

throughout this thesis.

Figure 2.1. (A) Extrusion of liposomes loaded with CF dye and magnetic nanopatrticles to create
unilamellar liposomes. (B) Size-exclusion gel filtration for separation of the free dye and free
nanoparticles from magnetoliposomes.

2.1.1 Surface modified magneto-liposomes

For the liposomes where gold-coated magnetic nanoparticles were intended to attach to the
liposomal surface, bifunctional polyethylene glycol (PEG) molecules are used as chemical linkers
(Figure 2.2, Left). The modified cholesterol, Cholesterol-PEG-SH (Figure 2.2, Right) was used
instead of regular cholesterol. Here, one end of the PEG molecule is functionalized with
cholesterol to facilitate the attachment to lipid bilayer while another end contains thiol (-SH)
functional group which provides efficient attachment to the gold. All other steps of liposomal
synthesis remain the same as described in section 2.1. This liposomal formulation was used for the
surface decoration of liposomes with gold-coated magnetic nanoparticles. These liposomes are
denoted as thiolated liposomes and their use is described in chapter 3 in detail.
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Figure 2.2 (Left) Schematic representation of surface-modified magnetoliposomes using chemical
linkers (PEG) to attach magnetic nanoparticles to the liposomal membrane. (Right) Molecular
structure of Cholesterol-PEG-SH ligands to link nanoparticles with liposomes.

2.1.2 Liposomes with hydrophilic magnetic nanoparticles at the core

To load the hydrophilic magnetic nanoparticles at the aqueous core, the required magnetic
nanoparticles are added during the hydration step of liposomes synthesis along with dye/drug
molecules with all other steps remaining the same as described in section 2.1 above. In our work,
0.5 mL each of dextran-coated iron oxide nanoparticles solution and CF solution (100mM) are
added to the thin lipid during 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 magnetic particles 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 hydration step. This results in an
approximately 1:4 ratio of a number of liposomes to nanoparticles (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 bilayer and used in the entire text and graphs in Chapter 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 and cholesterol. The iron oxide
nanoparticles (350 pL) dispersed in toluene (i.e., lipophilic MNPs), were added to the
phospholipid-cholesterol mixture. This mixture is then heated in a water bath at 55 °C to remove
the organic solvents for over 3 hours. After the removal of the excess of organic solvent, the vial
containing the residual solid is transferred to a vacuum chamber and it is then kept in a vacuum
for about an hour to obtain a thin lipid dry film. The lipid film is then hydrated with 1 mL of 50mM
CF solution in PBS. The remaining steps for the preparation of liposome sample is same as

described in section 2.1 above.

2.2 Synthesis of Iron-Oxide Core/ Gold shell Nanoparticles

As discussed in section 1.4.1, iron oxide nanoparticles, are the most widely used magnetic
nanoparticles in drug carrier systems. From the literature, it is evident that iron oxide nanoparticles
synthesized in both organic and agqueous phases can be used as a base material for synthesizing
gold-coated NPs.!*: 12 However, the nanoparticles produced in organic phases require further
conversion to aqueous phase via phase transfer reactions. For the magneto-liposomes where gold-
coated MNPs are directly added to the aqueous surroundings of liposomes and attached to their
surface through gold-thiol interactions, it is more suitable to synthesize iron oxide nanoparticles
directly in an aqueous phase. Iron oxide nanoparticles are then coated with gold 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 gold-coated particles is as follows from commercial iron oxide
nanoparticles:- Hydroxylamine hydrochloride (NH2OH.HCI), chloroauric acid trihydrate
(HAuCl4.3H20), and sodium citrate were purchased from Sigma Aldrich. The coating of the iron
oxide nanoparticles was carried out as described by Lyon et.al.,**? with slight modifications. The
reaction took place at room temperature by mixing reagents. Commercial iron oxide NPs (Fe3Oa,
99.5+%, 15-20 nm, 20% W in water) were diluted to the concentration of 4.1675 g/L. For gold
coating, the iron oxide NPs and sodium citrate solutions were taken in a 2:1 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 pL of 0.2 M
NH2OH.HCI and 445 pL of 0.127 M HAuCl4.3H20 were added and stirred. The gradual change

in the color of the solution to pink indicated the presence of reduced gold (Figure 2.3 A).

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

(A) Synthesis of iron oxide nanoparticles

Chemicals required for the synthesis, hexahydrate ferric chloride (FeCls.6H20), tetrahydrate
ferrous chloride (FeCl2.4H.0), sodium hydroxide (NaOH), hydrochloric acid (HCI), nitric acid
(HNO3), and tetramethylammonium hydroxide (TMAOH) were purchased from Sigma Aldrich
and used without further purifications. The Fe3O4 nanoparticles (cores) were prepared by co-
precipitation of Fe (11) and Fe (111) chlorides (Fe(1l)/Fe(ll) ratio is 0.5) in an alkaline solution by
the method of Lyon et.al.,'*2 with modifications. Briefly, 4.595 g of Fe (I11) chloride and 1.71 g of

Fe (I1) 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 vigorously stirred until the dissolution of Fe salts. Subsequent dropwise
addition of a solution of 2M NaOH into the mixture with vigorous stirring, resulted in a pale-
yellow solution which changed to brown and finally to dark black over time. The black precipitate
was collected on a 3000 Gauss permanent magnet, washed twice with H,O and once with 0.1M
TMAOH then isolated via centrifugation. The precipitate from above was washed in 0.01M HNO3
to obtain oxidized FesO4 nanoparticles. The particles were then dissolved in 0.01M HNO3 and
heated at 65 °C with stirring until the solution developed a brown color. The oxidized Fe3O4
nanoparticles were suspended in 0.1M TMAOH after washing with distilled water.

(B) Preparation of Au-Fe oxide composite nanoparticles

Au-shell was coated on the iron oxide nanoparticles according to the boiling citrate seeding
procedure reported by Brown et al.,*® with slight modifications. First, 3 mL of the 0.212 mM
N(CHz3)s-stabilized, oxidized FezO4 stock solution was diluted with 6 mL of 0.01M sodium citrate
and stirred for 30 min to exchange absorbed OH™ with citrate ions to make the final working
magnetic-core 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. One milliliter
of the solution of HAuCls was added as soon as the solution reached 65 °C, and after 15 min of
addition of Au®* salts (10 mM solution of HAUCI.), the heating was stopped. However, stirring
was continued till the solution cooled to room temperature. At this stage, a dark red/purple solution

of gold-coated iron oxide nanoparticles was obtained (Figure 2.3 B).
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Figure 2.3. (A) The gold coating on commercial Iron oxide nanoparticles. (B) Gold-coated sample
of lab synthesized iron oxide nanoparticles.

2.3 Preparation of rattle-type FesO4@SiO2 hollow microspheres:

The samples of non-magnetic (uncalcined) Fe2Os@SiO. samples were obtained from our
collaborator Dr. Yonggiang Wang at Henan University, China. The Rattle-type Fes04s@SiO:
hollow microspheres can be prepared by the method described by L. Cheng et al.'** Here, a
template etching route is used to synthesize the rattle-type Fes04@SiO2 hollow microspheres with
desired shell thickness and void space, where uniform Fe.Oz microspheres are used as a template.

The synthesis involves the following scheme:

‘ » Fe,0, » Fe,0,

(a)‘
Fe**

A Etching 8 Transforming .
v) b) P ©

Buneo)n

Figure 2.4. Schematic illustration of the template-etching route for uniform rattle-type
Fe304@SiO> hollow microspheres. [From Reference 114]
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First, Fe2Os microspheres were prepared through a hydrothermal reaction. Using these
microspheres as a template, the mesoporous silica shell was coated through a sol-gel method using
tetraethyl orthosilicate precursor to form Fe,Os@SiO,. After that, Fe,Os@SiO, core-shell
microspheres were etched by HCI solution. Etching with the acid solution created a void between
a core and the shell and rattle-type Fe.O3@SiO> core-shell particles are obtained. It has to be noted
that etching time and concentration control the core size. Finally, rattle-type FesOs@SiO2 hollow
microspheres were obtained after heating the particles (rattle-type Fe.Oz@SiO2 core-shell particles
obtained from our collaborator) in reducing atmospheres. For this, the sample when calcined in
4% H2/92% N at 400 °C for 4 hours, black powder was obtained as a final product which was
finally collected by a magnet. In our work, four samples of rattle-type silica shells have been
synthesized with different effective volumes, magnetic core sizes, and shell thickness. High-
Resolution TEM was used to determine the size and morphology of synthesized rattle-type silica

shell samples with varying core sizes. The detail of the work is discussed in Chapter 5.

2.4 Homogeneous and Inhomogeneous magnetic fields

There are two main types of magnets constructed for the experiments to explore the use of
inhomogeneous and homogeneous magnetic fields for drug delivery (Figure 2.5). While both
magnets produce inhomogeneous and homogeneous magnetic fields in different amounts, which
allows testing drug 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 resulting in a quasi-homogeneous magnetic
field at the center of the magnet. The length of the magnet is 48 mm with an 8 mm spacer in the

middle. The electromagnetic coil consists of a notched copper disc laser cut from its material
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combined with insulator discs and stacked together to produce a helical coil similar to the
construction of bitter coils used at the National High Magnetic Field facility. This arrangement
facilitates efficient transfer of high-frequency current with minimal heating and mechanical

problems.

Helmholtz coil Antihelmholtz coil
coil 1 coil 2

| coil 1 coil 2 | | - I
€ 48 mm !

Figure 2.5. Types of coils used in the generation of the pulsed magnetic fields.

< 48 mm !

Time-varying current on the order of a few tens of thousands of amperes is passed through
the coil resulting in time-dependent magnetic pulses, which are delivered to the magnet every 20
seconds from the power source. The current is controlled by the size of capacitor and the voltage
charge on the capacitor. In the Anti-Helmholtz coil, the direction of the coil pair is opposing so
the magnetic fields in the individual coils oppose each other resulting in the large spatial variation
of the magnetic field inside the coil. As the COMSOL calculation shows the B field distribution
inside the coil at its peak current level (Figure 2.6), the main difference is that the Helmholtz coil

produces an intense magnetic field in the center of the coil without too much magnetic field
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gradient, while the Anti-Helmholtz coil produces intense magnetic field gradient with minimal

peak magnetic fields due to cancellation of the magnetic field components from the coil pair.

Please, note that both coil types have a strong magnetic field gradient at the edge of the coils.

Product of magnetic field and magnetic field gradient values (Figure 2.6 C ) is maximum at the

edges and minimum at the center of the Helmholtz coil. However, this is different in case of anti-

Helmholtz coil where the values are minimum at the center, maximum at near 10 mm from center

and again minimum at 16 mm from the center of coil (Figure 2.6 (C) red curve).
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Figure 2.6 Graphical representation of (A) B-Field,(B) B-Gradient, (C) Product of B-Field and
its gradient and (D) Temporal current in Helmholtz and Anti-Helmholtz coils inside the coil.
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2.5 Description of pulsed magnetic field for ultrasound generation

The pulsed magnetic field was generated as described in detail by Podaru et. al.!% Briefly, the
inhomogeneous magnetic field was generated with the help of a pulsed power delivery system,
which can produce approximately 40,000 amps current in an external circuit in a short amount of
time. The current source when turned on with the help of a triggering switch, resulted in an
oscillating current in the RLC circuit (circuit consisting of a resistor, an inductor, and a capacitor)
producing approximately 200 psec inhomogeneous magnetic pulses inside the anti-Helmholtz coil.
Inside the coil, the off-center measured peak magnetic field amplitude was approximately 5 Tesla.
The magnetic pulses were applied every 20 s which allowed recharging of the capacitor. The
arrangement of a couple of coils in an anti-Helmholtz coil allows the production of opposing
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 iron oxide nanoparticles in the magneto liposomes, which
results in the generation of ultrasonic waves. The inhomogeneous magnetic field is used in 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 temperature-controlled metal
block integrated with a fluorescence probe (Figure 2.7). This automatic delivery 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 and temperature-dependent PL measurement
system. (A) For magnetic field exposure, the sample was lowered into a temperature-
controlled metal block. PL was monitored with the help of a Raman fluorescence probe. (B)
The upper graph shows the magnetic pulse in one of the coils of the anti-Helmholtz coil pair
and the graph below shows the sequence of the magnetic pulses as they are applied. (C) The
magnetic vector field inside the coil modeled with COMSOL multi-physics software. The 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 with a small sample volume was placed in the center of the coil
for the experiments.

2.6 Carboxyfluorescein permeability assay

The encapsulated carboxyfluorescein (CF) dye from the liposomal core was monitored by
fluorescence measurement. When carboxyfluorescein is strongly packed inside the liposomes, the
fluorescence of this dye is self-quenched, resulting in little fluorescence. Once the dye has been
released from the liposomes, its fluorescence strongly increases, which can be used to characterize
the amount of drug released from liposomes. A fraction of the liposome sample obtained from a
column separation was diluted 10 times from the original (200 pL diluted to the total volume of 2
mL), with distilled water (see Appendix A, supporting information for the concentration of

liposomes per sample). In the next step, magnetic nanoparticles were added to the diluted liposome
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solution. Then 200 uL of the sample was taken in an NMR tube and kept in a cylindrical hollow
loop, as shown in Figure 2.7 (A) above. The delay stage helps to raise and lower the sample tube
as needed and is controlled by LabVIEW software written for this purpose. Initially, the
background fluorescence of the sample was measured, before applying magnetic pulses. The
sample tube was then raised to the center of anti-Helmholtz coils where the magnetic field gradient
was maximal. Exactly 20 pulses were applied to the sample and the 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 increased at the rate of 0.1 °C/10 sec,
with the help of a 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 were fully lysed when heated to 65 °C, thereby releasing all the dyes
enclosed at the core. Figures Al and A2 in the supporting information (Appendix A) show that all
the samples have fairly comparable CF encapsulation and release. This provides strong evidence
of the reproducibility of the CF permeability assay described here. The CF release is measured as

a factor of,

total fluorescence after thermal cycle

Release factor of CF (fmax) = ————— MMM  ............. Equation 2.1

initial background fluorescence

For photoluminescence intensity percentage change,

%PL intensity change = 100# ................. Equation 2.2

max -1

Where,

fa = fluorescence data points
fi = initial background fluorescence data points

fmax = maximum value of fluorescence release factor

37



1% fluorescence data point/initial background fluorescence = 1 (normalized).
Once the % PL intensity change is measured at each temperature from 25 °C to 65 °C range, a

plot for CF permeability assay looks like the figure below (Figure 2.8).
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Figure 2.8. Typical PL curve of the liposomes loaded with CF. The 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 increase till room temperature is
reached again. The initial and final PL provides the measuring stick for the amount of
drug released from the liposomes!

2.7 Doxorubicin loading and release assay from rattle type silica shell

Doxorubicin is loaded in the rattle-type silica shell structures, following the method described by
L. Cheng et al.,*'* with slight modifications. Briefly, 0.2 mg/mL aqueous solution of Doxorubicin
was prepared, and the rattle-type 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 shaker (OS-20) for
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24 hours in dark conditions. The DOX-loaded silica 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 sample was first added into the PBS solution in an NMR tube. The change
in fluorescence intensity of doxorubicin was measured using a Raman probe. The background
fluorescence of a sample was measured and then a pulsed magnetic field was applied for several
cycles at 37 °C. The release of doxorubicin (after application of pulses) was measured until no
significant change in fluorescence intensity of the solution was observed. When the release curve
saturated signifying no further release, the fluorescence intensity at this point was taken as
maximum release to calculate the percentage DOX release. During the experiment, three different
sets of measurements were carried 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 pulses at the

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 efficient instead the diffusion 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 silica shells. To measure the fluorescence
of doxorubicin released, the doxorubicin molecules have to be homogeneously dispersed
throughout the PBS solution (Figure 2.9). This requirement results in the significant increase in

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

gold-coated magnetic nanoparticles decorated liposomes.

Chapter 3, in full, is a reprint of the materials from Magnetochemistry 2020, 6(4), 52
https://doi.org/10.3390/magnetochemistry6040052 with some modifications.

3.1 Introduction

Liposomes are widely established, clinically approved, nano-sized lipid vesicles used as drug
delivery agents.!*> 1 Their flexibility in size and composition,*'” biocompatibility, suitability for
both hydrophilic and hydrophobic drugs, and more stability than other lipid vesicles, make them
applicable in biomedical research fields.%* 115118 Compared to other lipid vesicles, the use of
liposomes is more advantageous due to their ability to load hydrophilic molecules in their aqueous
corest® 2% and hydrophobic ones in their bilayers.!8 121 In addition, the bilayer permeability does
not allow the dissolved hydrophilic molecules at aqueous lumen to easily pass through the bilayer,
which makes it an efficient drug carrier.!'812! The liposomes release drug/payload via passive or
active stimuli.> 121 122 Several active stimuli such as changes in temperature?12* magnetic
fields,> pH,'?* 12° light, ultrasound,* and radiofrequency®?’ have been used to trigger
liposomes.

The incorporation of magnetic nanoparticles (MNPs) like iron-oxide nanoparticles
(IONPs) adds a new dimension to the drug release process, allowing remote control via magnetic
fields.> In most cases, MNPs are encapsulated in an aqueous core along with drug molecules, and
the entire magneto-liposomal system is exposed to an alternating magnetic field (AMF),%% % which

triggers the drug release by the process of magnetic hyperthermia.'?® Under the action of an AMF,
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MNPs like IONPs generate heat which elevates the temperature of the liposomes above the
transition temperatures (Tm) of the constituent lipids.®® 2% 128 This phenomenon not only
facilitates the thermal disruption of the lipid bilayer to release the payload at the desired site but
also eliminates unhealthy tissues through a thermal ablation.>> 63 123.128.129 The challenge is that
the magnetic hyperthermia triggered delivery is slow concerning some important physiological
processes (blood circulation) or to the lifetime of some thermo-sensitive drug molecules. Faster
triggering could benefit this field by expanding the applications of liposomal drug delivery
systems. Considering liposome preparation, 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 of the drug before reaching its target site. On the other hand, the release is slow and
inefficient if the transition temperature of the liposome is higher than the body temperature.>® 6
123,128 The requirement of using strong, continuous, high-frequency magnetic fields make this
approach challenging in the biomedical field.!2%-13!

Liposomal drug delivery systems when induced ultrasonically, provide a faster drug release
mechanism.'® Studies focused on ultrasound triggering have revealed that pressure waves
involved in ultrasound mechanically disrupt the lipid bilayer that increases the permeability of
liposomal membrane leading to the drug release.*®> 13 This methodology is non-invasive, and
ultrasound has a reasonable penetration depth of soft tissue, making it a powerful tool for triggered
drug release.*3* Studies have revealed that low-frequency ultrasound imparts only the mechanical
effect which is connected with cavitation while high-frequency ultrasound can induce both thermal
and mechanical effects.’32-134 To elevate the system at an appropriate temperature, high-frequency
ultrasound requires a very high intensity of ultrasound power (1-100 W/cm?) that may not only

impact liposomal drug delivery vehicles but healthy tissue as well 132 134
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In the presence of high-frequency inhomogeneous magnetic fields, colloidal magnetic
nanoparticles can emit ultrasonic waves.'* The magnetic nanoparticles used as sonosensitizers for
ultrasound generation have significantly enhanced their effectiveness for sonodynamic
applications,'%: 1% 136 due to the high penetration depths of inhomogeneous magnetic fields
compared to that of conventional ultrasound applications. In effect, the combination of a magnetic
field and the use of magnetic nanoparticles allows spatial focusing by concentrating the ultrasound
at the nanoscale. In liposomal drug delivery systems, mechanical disruption of the lipid bilayer via
pulsed magnetic field-generated 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 liposomes. Ultrasound generation from MNPs in inhomogeneous magnetic fields
is more effective than a generation from homogeneous magnetic fields because the latter has an
additional effect called the magnetostriction effect.!% 110 137 please, note that diamagnetic
materials (liposomes, water, drugs) also respond to magnetic fields but to a lesser extent so the use
and location of magnetic nanoparticles are critical to magnifying the impact of the mechanical
waves in biological applications.

In the previous works,®3 69 70.121. 128 the magnetic nanoparticles were loaded at the interior
(either at the core or within the bilayer) of the liposomal drug delivery systems. Though this
approach provides a fairly simple and robust way to combine the drug and the trigger, a
competition between the drug and the triggering nanoparticles (NPs) for the space inside the
liposome is its major drawback. The present work has two important novelties to enhance the
efficiency of drug release. First, the magnetic nanoparticles have been moved outside the
liposomes in their vicinity by using a chemical linker (Figure 3.1 A; the chemical linker used here

is a PEGylated cholesterol with one end modified 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 competition 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
liposome (=200 nm in diameter). Based on geometric factors, with calculations, one can show that
the theoretical drug release would be higher per nanoparticle for a typical liposome, drug, NP
formulation (200 nm, 1 nm, 20 nm), as shown in Figure 3.1 B. To provide a stable interaction of
the liposome and magnetic NPs, a thin gold coating is applied on the iron oxide nanoparticles
which adds the versatility of magneto-liposomes. Here, iron oxide NPs are used as the source for
ultrasound generation on exposure to a pulsed magnetic field while a gold coating provides
efficient linking with the thiol (-SH) group present in the liposomal surface as sulfur—gold bond

enthalpy is approximately 200 KJ/mol.38
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Figure 3.1. (A) Cholesterol-PEG-SH ligands to link nanoparticles with liposomes. (B)
Calculated drug delivery efficiency as a fraction of Nanoparticle (NP) to the drug for the two
different compositions shown in (A). In this calculation, the triggering magnetic NP is
assumed to be 10 nm in radius and the liposome as a radius of 100 nm.
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3.1.1 The Role of Magnetic Field Duration in Triggering Magnetic Fields in Magneto-
liposome Experiments

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

been used, which makes a comparison of these experiments difficult from the basic physical
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chemistry standpoint. Table 3.1 provides a comparison of the various experimental data from the
literature. To provide a new perspective on 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 normalization factor for Table 3.1. A
duty cycle D is a fraction of a period during which a signal remains active. It is mathematically

expressed in percentage or a ratio by,

__ Pulse Width (PW)
"~ Total period of signal (T)

*100% ............. Equation 3.1

Table 3.1. Comparison of normalized efficiencies of magneto liposomal drug delivery systems
from literature. The data show that pulsed magnetic field-induced release 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) (%Release/s)

121 PC/CoFe204 Bilayer 90 50 100 330 0.03

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

128 = MPPC/SPION Bilayer 90 6 100 945 0.25

69 | HSPC/Fe304 Core 20 180 9.77 15 0.00185

70 DPPC/FePt Core 8.4 3.3E-5 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 current magnetic fields (AC-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 (AC-MF) typically have 100%
duty cycles, whereas in a pulsed magnetic field, pulses are triggered in an interval of a few seconds
and the time of each pulse oscillation is in the microsecond range. In this work, magnetic pulses
are triggered in every 20 seconds, and each pulse has a 200 ps oscillation time which gives a
0.001% duty cycle, becoming 10,000 times more efficient than normal AC-MF. Since the time of
application in pulsed MF is in order of microseconds compared to minutes in AC-MF hyperthermia
processes, pulsed MF is far more advantageous than AC-MF. In addition, the field intensity in

pulsed MF is in Tesla compared to the milli-Tesla scale in AC-MF.

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 1) 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, MW = 734.05) and Il) 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC, MW = 790.16). Two different types of cholesterol were used
in the experiments: regular cholesterol and cholesterol-PEG-SH. The latter was purchased from
Nanocs Inc. (New York, NY, USA). Other chemicals and gold nanoparticles (40 nm gold NPs and
50 nm magnetic gold NPS were purchased from Sigma Aldrich). Commercial iron oxide NP
(Fe3Os4, 99.5 + %, 15-20 nm, 20% W in water) samples were purchased from US Research
Nanomaterials Inc. (Houston, TX, USA). Syringes required 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 from Spi Supplies (West Chester, PA,

USA).
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3.2.2 Preparation of liposomes, synthesis of Iron oxide core/gold shell nanoparticles,
generation of pulsed magnetic field and carboxyfluorescein permeability assay

The method of liposomes preparation is given in section 2.1 of this dissertation. Figure B1 in
supporting information (Appendix B) shows the graph for the size distribution of liposomes,
obtained from DLS measurement. The average diameter of liposomes was 192.5 nm and the
polydispersity index, PDI, was 0.139.

The details of iron oxide nanoparticles synthesis and procedure of gold coating to form Iron oxide
core/ Au-shell magnetic nanoparticles are given in section 2.2 (Chapter 2).

In section 2.5 (Chapter 2) of this dissertation, a description of the method for a pulsed magnetic
field generation is provided.

Also, amethod for release study i.e., Carboxyfluorescein permeability assay is discussed in section

2.6 (Chapter 2).

3.3 Results

3.3.1 Characterization of Nanoparticles

Elemental analysis of samples of nanoparticles shows that the synthesized iron oxide nanoparticles
(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 Fe;O3 nanoparticles. However, the EDX alone cannot confirm
the formation of Fe2Os. Based on the procedure discussed in the methods section, the particles are
further oxidized so they can also be Fe3O4. Nevertheless, the particles are iron oxide, as revealed
by EDX data. The presence of carbon in Table 3.2 and a carbon peak in Figure B2 (see the
supporting information, Appendix B), is due to the tetramethylammonium hydroxide (TMAOH)

used as a suspension medium for synthesized iron oxide nanoparticles.
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Table 3.2. Elemental analysis of synthesized 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 of gold-coated samples in Tables 3.3 and 3.4 show that the gold coating
on commercial iron oxide nanoparticles has smaller Au ratios to gold-coated on synthesized iron
oxide nanoparticles. The lesser the ratio of gold, the lesser the dead mass for a magnetic particle.
This is supported by the percentage release data shown in Tables 3.5 and 3.6, which reveals that
gold-coated commercial iron oxide samples are more efficient at carboxy-fluorescein (CF) release.
The EDX spectrum images of different types of nanoparticles are included in supporting

information (see Figures B3&B4, Appendix B).

Table 3.3. Elemental analysis of gold-coated synthetic iron-oxide nanoparticles.
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 gold-coated commercial iron-oxide nanopatrticles.
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 Figure 3.2. Figure 3.2A has TEM images for commercial iron oxide nanoparticles

(Fe304) obtained from the website of US 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. Figure 3.2B shows the
distribution of synthetic iron oxide nanoparticles. Figure 3.2 C&D represents the gold-coated
samples for commercial and synthesized iron oxide nanoparticles, respectively. The TEM images

show the homogeneity and uniformity in size of “in-house made” nanoparticles.

200 nm 200 nm

Figure 3.2. TEM images. (A) Commercial iron oxide nanoparticles (image from
www.usnano.com). (B) Synthetic iron oxide nanoparticles. (C) The gold-coated
commercial iron oxide nanoparticles (D). The gold-coated synthetic iron oxide
nanoparticles. (See Appendix B, Figure B5 A—C for more TEM images).

3.3.2 Characterization of liposomes-Nanoparticles composite

The TEM images (Figure 3.3), provide evidence for the interaction between thiolated liposomes

and gold-coated iron oxide nanoparticles. The images in Figure 3.3 show that thiolated liposomes
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have a greater affinity towards the gold-coated magnetic nanoparticles compared to the regular
liposomes without thiol groups. The concentration of nanoparticles at the interface of liposomes,
in Figure 3.3A-C, strongly indicates that the proposed formulation of magneto-liposomes was
accomplished. In Figure 3.3D the lesser nanoparticles around the liposomes are as per our
expectation because the regular liposomes lack thiol groups to bind the gold coated MNPs. The
negative staining method was used for TEM images (see Appendix B, the supporting information

for the details of the negative staining method).

Figure 3.3 TEM images. (A, B) Thiolated liposomes with gold-coated synthetic iron oxide NPs. (C)
Thiolated liposomes with gold-coated commercial iron oxide NPs. (D) Regular liposomes with gold-
coated commercial iron oxide NPs. The images exhibit the chemisorption of gold-coated MNPs on the
liposomal surface by gold—thiol 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 on NPs addition

Two different types of liposome samples (regular liposomes with no thiol groups and thiolated
liposomes with 50% Th-CHOL) are allowed to interact with different types of nanoparticles. The
percentage photoluminescence (PL) intensity Vs. temperature graphs (Figure 3.4A, B) show that
the addition of nanoparticles results in a change of transition temperature of liposomes. For the
regular liposomes without thiol groups (Figure 3.4A), the change in transition temperature
(concerning a sample without nanoparticles) is negligibly small upon addition of the iron oxide
NPs and gold nanoparticles (AuNPs 40 nm size), while there is a small change (decrease by
approximately 3 °C) when interacting with 50 nm in size gold-coated iron oxide NPs. These
indicate that there is no significant interaction between the liposomes and nanoparticles. However,
for the thiolated sample (Th-Chol 50%) in Figure 3.4B, 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
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Figure 3.4 Comparison of transition temperatures (Tm) of (A) regular (non-thiolated) liposomes
(B) thiolated (with 50% Thiolated cholesterol) liposomes, with various nanoparticles (see text for
detail). Please, note that the PL intensity is normalized to 0—-100% 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 timescale. To investigate the kinetics of interactions of magnetic Au NPs (50 nm) with regular
and thiolated liposome samples, a separate experiment was carried out. In Figure 3.5 A & B, the
data show that when magnetic Au-NPs interact with liposomes, interaction is evidenced by the
change in transition temperature. The transition temperature exhibits the time-dependence of this
interaction and varies with the liposome composition. For the regular liposome sample, the change
in transition temperature seems to be over in a relatively short amount of time (5 min) and for the
Th-Chol 50% sample, the transition temperature continues to shift lower over longer periods. 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
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Comparison of Transition Temperature of Thiolated Liposomes
(50% TH-CHOL) on Addition of Nanoparticles (Kinetic Study)

T v T v T . T
100 |- ol
)
> 80 -
g [====No NPs i
Q 50nm_magnetic_AuNPs_5min
b BD N === 50nm_magnetic_AuNPs_1day
‘0
E F Transition temp
£ a0l -
-
o
S
20| 4
0 4
N 1 N 1 N 1 N 1 N
20 30 40 50 60 70
Temperature/°C
(B)

Figure 3.5 Kinetics of interactions of 50 nm magnetic AuNPs with (A) regular liposomes (B)
thiolated liposomes (Th-Chol 50%).

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

Osmotic pressure can build up if the chemical potentials of the solvent are different on the two
sides of a membrane. One might anticipate that osmotic pressure may have a significant impact on
liposomal stability. The build-up from the osmotic pressure could also lead to “pressure priming”
the liposomes to accelerate drug release upon 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 PBS solution were used. Dilution of liposome samples would result in larger osmotic
pressure in the case of distilled water. To minimize the impact of the gold-thiol bond interaction

under different dilution conditions, bare iron oxide MNPs were chosen. 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 Figure 3.6 A&B exhibiting the release of CF dye under different conditions and with
increasing numbers of pulses. The graph in Figure 3.6A shows that the thiolated liposomes diluted
with water as dilution media exhibit a higher percentage of the release of CF dye compared to PBS
as dilution medium, under the 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 media (except in 6 and 8 pL). The graph in Figure 3.6B
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 to dilution 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 show noticeable release after
applications of 20 magnetic pulses; therefore, in the next step, the experiments 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

14 -

124 I dilution with distilled water (20 Pulses)
I dilution with PBS (20 pulses)
I dilution with PBS (40 pulses)

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

7 - [ I dilution with distilled water (20 Pulses)
i I dilution with PBS (20 pulses)
I dilution with PBS (40 pulses)

Percentage Release of CF

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

(B)
Figure 3.6. (A) Effect of dilution media on the thiolated liposome-iron oxide NP system under a

pulsed magnet. (B) Effect of dilution media on the regular liposome-iron 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 utilizing gold-coated magnetic particles and covering the surfaces of liposomes with
—SH bonds is to localize ultrasound close to the lipid membrane for an effective drug delivery
system. In this study, we investigated 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-coated commercial iron oxide NPs, synthetic iron oxide NPs, and gold-coated synthetic iron
oxide NPs. All the nanoparticle solutions were normalized to the concentration of commercial iron
oxide nanoparticles (170 g/L) and the nanoparticle solution was added at different volumes in each
experiment ranging from 0 to 10 pL onto the liposome samples (2 mL). The results of percentage
release of CF dye for regular and thiolated liposomes with distilled water as dilution media are
summarized in Tables 3.5 and 3.6. As shown in the data, the release efficiencies after the
application of 20 magnetic pulses varied from 1% to 20%. Overall, the gold-coated commercial

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

Table 3.5. Percentage release of CF on the interaction 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 on the interaction 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 10

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 nanoparticles on the transition temperature of liposomes

In the previous works,®3 8% 121 128 139 the magnetic nanoparticles were loaded either at the
hydrophilic cores or the lipid bilayers of liposomes. Hydrophilic MNPs disperse in the aqueous
core, whereas hydrophobic MNPs can interact with bilayers. These binding interactions are mainly
electrostatic; however, binding can take place under non-favorable electrostatic contributions that
involve van der Waal forces.'® 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 softening phenomenon is
both size and concentration-dependent.’*! Some investigations include perturbation of lipid
properties upon nanoparticle adsorption, based on atomistic simulations. It has also been observed
that nanoparticles penetrate shallowly into the bilayer, leading to local membrane thinning and
bending.4?

In this work, the nanoparticles were added 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 Figure 3.4B that
there is a change in the transition temperature of liposomes only when the nanoparticles are added.
Thus, it is the nanoparticles that cause some interaction with lipid bilayer resulting in the shift in
Tm. The type of interaction is yet to be explored in detail. Further, the kinetic studies (Figure 3.5A,
B) for the interaction of nanoparticles and liposomes suggest that the interaction of the thiol group
with gold-coated MNPs is time-dependent. More experiments based on time-dependent

interactions are required to explore the detailed mechanism.

3.4.2 Effect of Osmotic pressure on CF release

As depicted by the graphs in Figure 3.6A, B the CF release is enhanced upon dilution with distilled
water compared to the PBS mediated dilution, under a pulsed magnetic field. The overall increase
in the release can be explained based on the osmotic pressure effect on liposomal stability. The
aqueous core of liposomes contained CF dye dissolved in PBS. When liposomes are diluted with
distilled water, the concentration 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 surroundings
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 and Regular liposomes with MNPs
coating under Pulsed magnetic field applications

The release of CF (4.5%-5.5%) was observed for both types of liposomes even in the absence of
nanoparticles (i.e., 0 pL in Tables 3.5 and 3.6). This is probably due to the diamagnetic behavior

of water that assists the release under the high magnetic field of about 5 T and the distortion leading
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to leakage in the bilayer of the liposomes under these conditions. #3145 Among the different types
of nanoparticles employed, the gold-coated commercial iron oxide nanoparticles provide a greater
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 size (15-20 nm magnetic core) of these
particles than the “in-house” synthesized nanoparticles samples (8-12 nm magnetic core). It is
obvious that the bigger magnetic particles possess greater magnetic moments under the application
of a magnetic field, and hence ultrasound generation is more effective. In a similar study with cells,
the iron oxide nanoparticles (25 nm diameter) were found to induce microporation within cells
under pulsed magnetic field application.’*® Thus, we anticipate that magnetic nanoparticles can
trigger the drug release by the microporation of the lipid bilayer of liposomes, triggered by a pulsed
magnetic field. Both commercial and synthetic iron oxide nanoparticles contribute release as high
as 9.5-10.5% with thiolated liposomes, while with regular liposomes, the release is limited to
below 6%. The iron oxide nanoparticles still contribute to less overall release than gold-coated
samples, which is to be expected as these particles do not reside closer to liposomes. The gold-
coated synthetic iron oxide nanoparticles exhibit the release in the range of 5% to 10% depending
on the volumes of nanoparticles added. From the results in Tables 3.5 and 3.6, it was revealed that
gold-coated nanoparticles contribute towards greater release than bare iron oxide nanoparticles.
This was expected, as gold-coated samples tend to reside in the close vicinity of liposomes due to
gold-thiol (Au-SH) bonds, which are absent in the case of bare iron oxide nanoparticles.
Additionally, the thiolated liposomes are more efficient towards release than simple, regular

liposomes that lack thiol (-SH) groups.
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3.5 Conclusions

The change in transition temperature of liposomes in presence of nanoparticles indicates the
interaction of the liposomes with gold-coated magnetic nanoparticles. In addition, it has been
found that thiolated liposomes show greater interaction, as compared to regular liposomes with
gold-coated nanoparticles. The interactions between liposomes (with thiolated and regular
samples) and the gold-coated magnetic nanoparticles show that the thiolated sample has a
significant shift in transition temperature due to gold-thiol interaction over time. Interestingly, the
liposomes examined in this work show a tendency to release more CF when the dilution media is
distilled water 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 solution in PBS). The increase
in the release of CF before and after the addition of magnetic NPs shows that there is a strong
interaction of magnetic NPs with liposomes under the application of magnetic pulses. Though the
bare iron oxide NPs only attach to the liposomes via physisorption, they can still disrupt the
liposomal bilayer when magnetic pulses are applied. The gold-coated iron oxide NP with thiolated
liposome samples exhibit increased release of CF due to the strong binding of NPs onto the
surfaces of the liposomes by gold-thiol 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 of pulsed magnetic
fields produce very efficient CF releases in a unit time compared to the literature 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 membrane in the liposomal
systems but to enhance the rate of drug release, a variety of external stimuli can be used.: 122-126
139 These external stimuli greatly vary in many respects such as how powerful is the applicator
device, how rapid they can initiate drug delivery, and how deep they can penetrate in living tissue.
Among these external stimuli, external magnetic fields can provide an efficient route towards a
fast drug release!® 121 13 pecause the magnetic fields not only have great penetration depth but
also be applied slowly and fast as well. Under the application of external alternating or rotating
magnetic fields, encapsulated magnetic nanoparticles inside the liposomes, a combined system
known as ‘magneto-liposomes’ can offer an enhanced release of drugs.t! 8 147 148 Magnetic
nanoparticles as a triggering agent can play important role in the process of drug delivery. To
maximize the drug delivery efficacy, the location of the magnetic nanoparticle in a drug delivery
system is decisive. Magnetic nanoparticles can be integrated with liposomes at the core (aqueous
lumen),®® 11° at the lipid bilayer,> 1?8 or the external surface*® 150 of liposomal membranes to
govern the drug release. Depending upon the location of MNPs and the types and strength of
magnetic fields,®® 3% 14° the nanoparticles can induce both mechanical and/or thermal effects on

the liposomal systems to increase the rate of drug release.>® 128 148 151, 152
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Through the process known as magnetic hyperthermia, the superparamagnetic
nanoparticles encapsulated inside liposomes can generate local heating under a high frequency
alternating magnetic field (HF-AMF/ 10-1000 kHz).6% 63 153 134 Dyring the process, the
temperature of liposomes increases above the transition temperature (Tm) of constituent lipids, and
the bilayer permeability increases resulting in the enhancement of the drug diffusion.®*- 128 Besides,
excess heat generated from the particles can result in the thermal ablation of unhealthy tissues. At
low-frequency alternating magnetic field (LF-AMF), 0.01-10 kHz the magnetoliposomes can
release drugs, through the contribution of the mechanical effect of magnetic fields on NPs while
minimizing the hyperthermia effect.5 11° Alternatively, short intense magnetic pulses®® " can be
used to generate ultrasound from magnetic nanoparticles enclosed in liposomes, which disrupts

the lipid bilayer to release a significant quantity of cargo rapidly.”® 1%

Lipophilic magnetic nanoparticles entrapped in between the lipid bilayer can directly
actuate liposomal membrane both thermally and mechanically®® 2! so that the diffusion barrier
between the interior and exterior of the liposomal systems is directly affected. Efficient
nanoparticle loading at the bilayer is a challenging task and the presence of nanoparticles can
potentially lead to bilayer instability thereby contributing to the passive release.® ¥ To fit within
the lipid bilayer dimensions, the size of nanoparticles should be small enough (<6.5 nm).%" % This
diminishes the ability of magnetic nanoparticles to respond towards magnetic fields as the
magnetic moment scales with the volume of the magnetic nanoparticle.**® In addition, clustering
of the nanoparticles at the bilayer can reduce the effectiveness of the drug delivery system.
Homogeneous dispersion of magnetic nanoparticles at bilayer to produce highly efficient magneto-
liposomal system has been demonstrated via tuning of liposomal composition and structure.5® 128

157,158 Besides the approaches mentioned above, the magneto-liposomal system with hydrophilic
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magnetic nanoparticles attached to the external surface of liposomes through chemisorption have
been designed. The gold-thiol interaction through surface modifications of the liposomal
membrane has been facilitated to attach the gold-coated magnetic nanoparticles on the liposomal
surface.*® This approach eliminates the competition of the drug and nanoparticles for the space at
the interior of liposomes thus increasing the drug loading capacity in the liposomal drug delivery
system. In this study, an intense short magnetic field is used to create nano/micropores on the lipid

membrane through the generation of ultrasound from oscillating nanoparticles. 46 10

The goal of the present work is to explore the location of the magnetic nanoparticle in a
variety of positions around the liposomes while using short magnetic pulses for drug release. This
study includes the hydrophilic magnetic nanoparticles encapsulation at the aqueous core or
entrapment of lipophilic magnetic nanoparticles at the lipid bilayer of liposomes. A short time
release over the maximum release from magnetoliposomes is the motivation of the present work.
The application of very short magnetic pulses (with 200 psec of oscillation time) in an interval of
20 seconds, makes the active time of the magnetic field much less compared to typical alternating
magnetic fields or pulsed magnetic fields used in literature.>> 6 69128139 Compared to 100% duty
cycle in AMF and few percentages in other PMF systems,® the duty cycle of a pulsed magnetic
field is 0.001% which potentially facilitates fast kinetic release. In this study, 20 short magnetic
pulses are used such that the total time required does not exceed 10 minutes and the actual

application time of the magnetic field is only ~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 Hamilton Robotics
(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 nanoparticles (Dextran coated,
25-30 nm) are purchased from NANOCS (Boston, MA, USA). Magnetic nanoparticles ( Iron oxide
magnetic nanoparticles in toluene, 5nm) and a model drug 5,6- Carboxyfluorescein (CF) are
purchased from Sigma-Aldrich (St. Louis, MO, USA). Sephadex G-50 Medium for column
preparation in size exclusion chromatography is purchased from GE Healthcare Bio-sciences AB

(Uppsala, Sweden).

4.2.2 Preparation of magneto-liposomes
The liposomes samples are prepared with the method described in the sections 2.1, 2.1.1 and 2.1.2

(Chapter 2).

4.2.3 Generation of pulsed magnetic field

The details of PMF generation are described in sections 2.4 and 2.5 (Chapter 2) above. In the
present work, two different capacitors with capacitance 7uF and 77uF, have been used for
magnetic field generation. The change in capacitor affects the magnetic pulses mainly in their
magnitude of amplitude and to some degree in the frequency as shown in Figure 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 frequency of oscillation of magnetic field, intensity of ultrasound
generated is expected to decrease. However, the increase in amplitude of magnetic field oscillation
tends to increase the intensity if ultrasonic waves generated. The combination of the two factors
can greatly determine the release of carboxyfluorescein from magnetoliposomes. In this work, the
magnetic field with higher amplitude of magnetic field is referred as higher magnetic field (red
curve) and one with lower amplitude is referred to as lower magnetic field (blue curve). It is not
trivial to control the amplitude and frequency of magnetic field oscillation simultaneously hence
in this work, capacitors with capacitance of 7uF and 77uF (that have different amplitudes and
frequencies) have been used in this work. Two different magnetic fields from different capacitors
are then used to investigate the role of variation in the magnetic field on the extent of drug release

from the magneto-liposomal drug delivery system.

Magnetic Field Comparison of Capacitors
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Figure 4.1. Magnetic Field comparison of Capacitors; HMF and LMF corresponding to 77uF
and 7uF respectively.
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4.3 Results and Discussion
4.3.1 Characterization of magneto-liposomes

A. Magnetoliposomes with MNPs at the core: Hydrophilic MNPs
The low-resolution TEM images of magnetoliposomes with MNPs at the core with a ratio of
liposomes to average nanoparticles per liposomes equal to 1:1 (Fig A, B) and 1:4 (Fig C, D) show

that the magnetic nanoparticles are entrapped inside the liposomes to form magnetoliposomes.

Figure 4.2 TEM images of magnetoliposomes with MNPs at the core with the ratio of a number
of liposomes to the average number of nanoparticles per liposome (A, B) 1:1 and (C, D) 1:4.
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As the dispersion medium of original MNPs is water, they reside in the aqueous core. Also,
free MNPs are separated by gel column, the presence of nanoparticles is due to those encapsulated
at the liposomal core. EDX analysis data in Tables 4.1 and 4.2 provide additional evidence of
magnetoliposomes formation. The presence of iron in each of those samples is due to the loaded
magnetic nanoparticles. The EDX spectra are included in supporting information (Appendix C, C1
and C2).

Table 4.1. Elemental analysis of magnetoliposomes with magnetic nanoparticles at the core (1:1)

Elements Weight % Atomic %
© 76.75 83.07

O 19.55 15.88

Fe 2.72 0.63

Table 4.2. Elemental analysis of magnetoliposomes with magnetic nanoparticles at the core (1:4)

Elements Weight % Atomic %
& 68.39 81.41

O 16.62 14.85

Fe 2.39 0.61

B. Magnetoliposomes with MNPs at bilayer: lipophilic MNPs

TEM images in Figure 4.3 A and B show the magnetoliposomes with MNPs at liposomal bilayer.
The original nanoparticles are stabilized in organic solvent hence during the liposome formation,
the MNPs are preferably entrapped at lipid bilayer. The unencapsulated MNPs are separated during
column separation. The EDX spectrum is included in supporting information (Appendix C, C3).

Table 4.3. Elemental analysis of magnetoliposomes with magnetic nanoparticles at the bilayer

Elements Weight % Atomic %
© 66.77 83.76

O 11.06 10.42

Fe 2.73 0.73

The EDX analysis of magnetoliposomes with lipophilic MNPs in Table 4.3 provides
additional evidence of successful preparation of the magnetoliposomal system. The data in the
table reveal the percentage of Fe almost in the 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 content of Fe in
magnetoliposomes remains constant, the dependence of CF release from lipophilic and hydrophilic

magnetoliposome systems under pulsed MF can be explored well.

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

4.3.2 Transition temperature of liposomes with magnetic nanoparticles

To investigate the change in lipid properties with the different types of magnetic nanoparticles
entrapped, the temperature profile of magnetoliposomes samples with lipophilic and hydrophilic
magnetic nanoparticles, ranging from room temperature (25 °C) to 65 °C (where liposomes are
completely lysed giving maximum CF release) is compared as shown in Figure 4.4. The graph
clearly shows that the samples with hydrophilic MNPs (at the core) including the control sample
(one lacking any MNPs) have similar profiles. The transition starts at around 40°C which
corresponds to the transition temperature of constituent lipid DPPC (Tm = 41°C ). On the other

hand, the magnetoliposomes with MNPs at bilayer have a different thermal profile which starts
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earlier than other samples. This difference can be attributed to the difference in the location of
magnetic nanoparticles in those samples. As the MNPs remain at aqueous volume at the core, the
samples with hydrophilic particles have similar properties to the control sample without disturbing
the phase transition of the lipid bilayer. But, lipophilic MNPs loaded between the lipid bilayer has
a significant effect on the phase transition of lipid which gives important information regarding

the presence of MNPs loading at the bilayer.
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Figure 4.4. Comparison between thermal profiles of magnetoliposomes samples with hydrophilic
and lipophilic magnetic nanoparticles ranging from 25 °C (room temperature) to 65 °C
(destruction of liposomes for total release).

4.3.3. CF release from magnetoliposomes at different positions of the magnet

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

drugs from the magneto liposomal drug delivery system, an experiment was designed where the

70



release of carboxyfluorescein from magnetoliposomes was investigated at different positions of

the magnets (Figure 4.5).
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Figure 4.5. (Left) Percentage CF release from magneto-liposome at different positions of a
magnet under pulsed magnetic field using both Helmholtz and Ani-Helmholtz coils. (Right)
Percentage CF release normalized (per Tesla) for the graph on the left.

Clearly, the largest release is observed at the regions in these magnets where the magnetic
field gradient is highest. Magnetic field gradient is higher at the edges of both Helmholtz and anti-
Helmholtz coils and note that the magnetic field gradients are different in the two different coils
as shown in Figure 4.5 (Left) . Also, the magnetic field gradient is at its minimum at the center
for Helmholtz coils though the magnetic field itself is maximum. The release observed in the center
of the Anti-Helmholtz coil and the edge of the Helmholtz coil is mainly due to the generation of
ultrasound from the magnetic particles in the presence of time-dependent inhomogeneous
magnetic fields. While the magnetic field alone does not contribute to efficient drug release, a
combination with the strong magnetic field gradient has an additive effect. The enhancement in
release in presence of field gradient has multiple possible reasons. First, some level of ultrasound
is generated from the homogeneous magnetic fields due to the magnetostriction effect. The
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combination of ultrasound due to magnetostriction and that from the homogeneous magnetic field
could account for the ~38% drug release from magneto-liposomes. In addition, the possibility of
other collective effects that can destabilize the liposomal systems has to be considered. The lipid
bilayer can be polarized under strong magnetic fields resulting in drug leakage and the MNPs-
liposomes together could lead to an aggregation which can wear out liposomes yielding additional
drug release. At about £ 16 mm from the center of the magnet of the Helmholtz coil, there is a
large drop in release percentage while in the case of the anti-Helmholtz coil at this point, a big
jump in the release is seen. We anticipate that this point corresponds to a region where there is a
change in direction of magnetic field gradient and more ultrasound is produced. The 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 this work produces three
times more magnetic field than the anti-Helmholtz 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 result of this experiment provides proof of concept how the various
composition of liposome samples was affected under the influence of different types of magnetic
fields. These results will help construct practical devices for efficient drug release.

The result from the above graph agrees with the variation of product of magnetic field
gradient and magnetic field along the length of Helmholtz coil (Figure 2.6 C). The product of
magnetic field and its gradient determines the magnetic force acting on the magnetic nanoparticles
in an external magnetic field (Equation 1.1). This value is maximum at the edges and minimum
at the center of Helmholtz coil and the CF release is also maximum when magnetoliposomes are

placed at the edges of Helmholtz coils and minimum when placed at center of coil respectively.
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However, for anti-Helmholtz coils, the result in graph (Figure 4.5) is not in a complete agreement
with the graph from Figure 2.6 C. Though the product of magnetic field and its gradient (and
hence the magnetic force acting 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
release is 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.

4.3.4. Carboxyfluorescein release assay from magnetoliposomes

The CF release assay was carried out in a way described in Chapter 2 of this dissertation. In
addition, a difference between the release after applying 20 magnetic pulses in a row at the
beginning and the release after each magnetic pulse was investigated under both lower and higher
magnetic fields (LMF and HMF) conditions. Our goal was to explore how detailed information on
the measurement of percentage CF release after each pulse provides greater insight into the
optimization of pulse magnetic field application on magnetoliposomes to achieve rapid drug
release. Also, both approaches should have more or less similar percentage release from

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

The percentage CF release calculated from each magnetoliposomes sample under application of

20 consecutive magnetic pulses using lower and higher magnetic fields are shown in figure 4.6

below.
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Figure 4.6. Percentage CF release from different magneto-liposome samples under application of
20 magnetic pulses in a row in the presence of (LEFT) lower (RIGHT) higher pulsed magnetic
fields.

The control samples have significant releases even in absence of magnetic nanoparticles.
It has been reported that a magnetic field can change both the physical and chemical properties of
water. 15161 Hence the release from the control samples can be attributed to the diamagnetic
response of water in strong magnetic fields. It is important to note that the release from the control
sample is nearly doubled in a higher magnetic field compared to the release from a lower magnetic
field. For the sample with nanoparticles at the core (1:1), there is nearly 13% release under lower
magnetic field which is again doubled to about 26% under higher magnetic fields. The release
from samples with NPs at the core (1:4) surprisingly has a lower release compared to samples with
NPs at the core (1:1) in both types of magnetic fields. We assume that 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 NPs at the core (1:4).
Finally, for the samples with nanoparticles embedded into the lipid bilayer, the release is
approximately tripled in a higher magnetic field compared to release in lower magnetic field
conditions. This is possibly due to better enhancement in membrane permeability under a higher
magnetic field when nanoparticles are closer to the lipid membrane. Please note that the release
from samples with NPs at the core (1:1) is still greater than samples with NPs at the bilayer in both
types of magnetic fields. This could be due to two possible reasons. First, the bigger magnetic
nanoparticles at the core (25-30 nm) can respond better towards strong magnetic fields compared
to tiny magnetic nanoparticles at the bilayer.*>® Second, the nanoparticle loading is easier at the
core with greater volume than at the lipid bilayer. The overall greater release in presence of a
higher magnetic field from all liposome samples compared to that in the lower magnetic field
proves that MNPs response increases with magnetic field strength and hence increase 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 of CF measured after each pulse
to a total of 20 magnetic pulses from different samples of magnetoliposomes is shown in Figure
4.7 (Left). For each type of liposomes sample, release continuously increases for 10-12 initial
pulses and then the curve attains a plateau. The control sample has released nearly 5% at saturation.
The sample with magnetic nanoparticles at the core (1:1), has about 11% release compared to the
sample with a 1:4 ratio which has only about 8% release. For the samples with magnetic
nanoparticles at bilayer, the release is around 10%. The percentage release for each type of
liposome sample at saturation agrees with the release obtained when pulses are applied in a row

(Figure 4.6-Left). For similar studies in presence of a higher magnetic field (Figure 4.7-Right), it
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is observed that the percentage release gets enhanced for each type of liposome sample. The result
provides evidence for an increase in release with an increase in a magnetic field. The observed
increase in CF release is due to an increase in ultrasound generation from magnetic nanoparticles
under a higher magnetic field which in turn increases the liposomal permeability thereby providing

a path for drug release.
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Figure 4.7. Percentage CF release measurement after each magnetic pulse from different types of

magneto-liposomal systems under lower (LEFT) and higher (RIGHT) pulsed magnetic fields.
Though the reason behind the saturation observed in the graph is unclear and demands
further investigations, it has an important implication that even 10-12 pulses are sufficient for the
release of payload from magneto-liposomes. Nevertheless, our target for short time release is
achieved which merely requires 3-4 minutes for 20-25% (MNPs both at the core at bilayer) and

release of drug from magneto-liposomal systems.

76



4.4 Conclusions

The results presented exhibit that the pulsed magnetic fields can enhance the drug release from
liposomal systems with magnetic particles loaded at the core or the bilayer. The substantial release
from control samples is an interesting as well as important result and can be described with the
diamagnetic response of water in stronger magnetic fields used in our study. The release from all
liposomal samples increases with an increase in magnetic field strength. This provides a field
dependence of release phenomenon from liposomes. The significant drug release from magneto-
liposomes in a short duration (3-4 minutes) opens a path for therapeutic applications of the pulsed
magnetic field designed in this work. Further investigation is however required to address the drug
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 drug delivery system.’® 798 Among different types of magnetic silica
composites, the rattle-type magnetic core mesoporous silica shell spheres possess ideal properties
like low density and high specific area which make them an 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 desired organic groups favorable for drug loading, targeting, and delivery. In
addition, the shell provides protection that reduces drug toxicity, enhances the colloidal stability
of nanoparticles, and avoids the possible drug degradation simultaneously.’: 9% 100102 yn|ike
organic drug carriers like liposomes and micelles, mesoporous silica systems have inherent
chemical and mechanical stability.”> ”® Along with magnetic core, mesoporous silica systems can
be used for controlled targeted drug delivery purposes.® 8 8% 90 Under the exposure of external
stimuli like magnetic fields, ultrasound, and mechanical forces, the rattle-type magnetic core silica
shell system can release the contents in a controlled manner.3t > ™ 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 conversion of the
magnetic field into translational motion of the particles, the field gradient required for the
conversion is higher in the case of a pulsed magnetic field.1 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 magnetic field gradient.’® 106,135
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5.2 Strategy

In this work, the design of magneto-mechanical (Figure 5.1) and mechano-acoustic (Figure 5.2)
nano pumps have been proposed for the drug release study. The magnetic core in the rattle type
silica shell system when placed in the inhomogeneous magnetic field, the magnetic field gradient
at the junction of anti-Helmholtz coils is strong enough to produce the translational motion on the
core particle.1% 1% As the magnetic core is surrounded by the pool of drug (doxorubicin) solution,

we aim to accelerate the release of drugs through the pores towards the exterior of the silica shell.

Silica shell =) Core motion
(MESOPOI’OUS) 4mmmm Fluid motion

l Drug Out
Magnetic Magnetic Field Gradient

Pool of drug

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

The translational motion of the core now can act as the ‘nano pump’ which can squeeze
out the drug molecules. The target here is to achieve a short time release over the maximum release
and since the duty cycle of the pulsed magnetic field is much higher this system can prove itself
an efficient route for drug release through a silica shell system. The back-and-forth motion of the

magnetic core under the pulsatile mechanism behaves as a magneto-mechanical pump. Where the
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regular diffusion process takes several hours for significant release, this system is expected to

perform the task in a lesser time.

In addition, the magnetic core under an inhomogeneous magnetic field can generate
ultrasound through oscillation.% 13> The ultrasound produces sonic pressure towards the solution
of drug present in its surrounding thereby pushing the drug molecules out through the mesopores.
This mechano-acoustic pump at the core of a rattle-type mesoporous silica shell can thus behave

as an extraordinary drug delivery system.

Vibrations

Pressure waves

=)
/ Drug

pushed
outwards

e Magnetic field gradient

Figure 5.2. (a) The rattle-type 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 propagating through a pool of drug solution.

Figure 5.2 illustrates the possible mechanism for the magnetic field-assisted drug release
from the ultrasound-generated pressure waves. Hence, mechanical vibrations are transformed into
acoustic (ultrasonic) waves that trigger drug release. The efficiency of such nano-pump potentially
depends on different physical parameters like the size of the magnetic core, shell thickness, and

volume available for drug loading. It 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 of rattle-type

mesoporous silica systems as efficient drug carriers.

5.3 Experimental Methods

The details of the experimental set-up for pulsed magnetic field and ultrasound generation are
given in sections 2.4 and 2.5 (Chapter 2). Similarly, the materials and methods to prepare rattle-
type silica shell structures are discussed in section 2.3, doxorubicin loading, and release studies

are described in section 2.7 of Chapter 2.

5.4 Results and Discussion

5.4.1 Characterization of samples

The HR-TEM images of four different samples of rattle-type Silica shell structures are given in
Figure 5.3. The images clearly show that they have different core sizes (magnetic core), shell
thickness, and overall size. Though all the samples have an overall comparable size in a range of
275nm to 315 nm, the core size for sample D (128 nm) lies between the core sizes of sample C
(97nm) and samples A & B. The shell thickness for samples A and B is between 50-60 nm while
that for samples C and D is comparatively thinner in a range of 22-30 nm. The calculation of the
effective volume between the magnetic core and silica shell is more in samples C and D compared
to samples A and B. When the larger effective volume provides higher drug loading, the core size
and shell thickness have an important role during the drug release. All these physical parameters

have been tabulated in Table 5.1.
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Table 5.1. The dimensions of rattle-type mesoporous silica shells

304 8+11.28 146.0£22.64  54.4+6.02 2.3129*10"6 (58.67%)
- 301.249.98 150.847.78  57.24¢3.79 1.6173*10"6 (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 5.3. HR-TEM images of rattle-type silica shell sample A, B, C, and D.
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5.4.2 The Doxorubicin release studies under magnetic pulses

In this study, the relation between the size of a magnetic core, shell thickness, and effective volume
of rattle-cage silica systems with the doxorubicin release was investigated. Among four samples,
samples A and B have the relatively lesser passive release of near 25% at the end of 10 hours while
samples C and D have relatively higher passive release ~60% in the same period. This can be
attributed to the difference in shell thickness of those samples. As samples A&B have greater shell
thickness (50-60 nm), the passive release from these samples is lesser than that of samples C&D

with relatively thinner shells (25-30 nm).
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Figure 5.4. Percentage doxorubicin release from different silica shell samples. und no pulses
(black solid rhombus), 60 pulses in a row at the beginning (blue solid squares), and with 6 sets of
10 magnetic pulses applied each hour up to initial 6 hours (red solid circles).

When 6 sets of 10 magnetic pulses are applied (10 pulses each hour up to the initial 6
hours), the release percentage is quite interesting (as shown by solid red circles). All the samples
have a more or less similar trend in doxorubicin release. Though 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 C and D have nearly 90% release and sample B has only about 60% release. Despite
similar shell thickness, overall size, and core size for samples A and B, the significant difference
IS seen in total release at the end of 10 hours. This could be because sample B has minimum
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
a difference in the release profile for these samples. Except for sample A, the percentage release
for all other samples is less effective than when sets of pulses were applied every hour. For sample
A, 60% of its content is released within 1 hour and 100% release is obtained in 4 hours. The
kinetics of release is significantly enhanced when consecutive pulses are applied to the sample and
it attains a saturation much faster than the application of 10 pulses each hour. The difference in a
release from the samples can be described based on the sizes of the magnetic core. As per our
hypothesis, the smaller magnetic core is less efficient towards the action of ‘nano-pump’ and its
efficiency enhances with a gradual increase in its size. Sample C has the smallest core size and
hence a lesser 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 field applications than in other magnetic field systems. Thus the combination
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of rattle-type core/silica shell structures with pulsed magnetic field makes an efficient drug carrier

system.

5.5 Conclusions

A route for the synthesis of rattle-type core/silica shell drug delivery systems with different core
sizes, shell thickness, and effective volume for drug loading has been successfully presented. The
release measurements show that the release of doxorubicin is significantly enhanced in the
presence of magnetic pulses compared to passive release in absence of pulses. The effective
volume present for drug loading plays an important role in the release rate. It has also been
observed that passive release increases with thinner shell systems. The action of the nano-pump
proposed in the study significantly depends on the size of the magnetic 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 investigation to optimize all three parameters that govern the

drug release from these systems.

85



Chapter 6: Triggering Passive Molecular Transport into Cells with a
Combination of Inhomogeneous Magnetic Fields and Magnetic

Nanoparticles.

Chapter 6, in full, is a summary of the materials from ACS Appl. Nano Mater. 2020, 3, 3, 2414—
2420. https://doi.org/10.1021/acsanm.9b02537.

6.1 Introduction

In living cells, the increase in passive transport of macromolecules across the membranes is
possible through a process of microporation which involves the changes in cellular membrane
permeability under exposure to external stimuli like magnetic, electrical, or mechanical forces.6?
184 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 actively.%% 164 While electroporation can create
micropores in cells through the application of high voltage electric fields (thereby polarizing the
cell membrane),*®® magnetoporation involves the application of homogeneous static or pulsed
magnetic fields to create such pores.%® Please, note that both techniques can lead to irreversible
microporation through the mechanism of membrane polarization.'®> % Besides, the use of

ultrasonic sound waves has also been reported to alter the cell membrane permeability.’

In this work, we aim to increase the transport of small molecules into cells through a
combination of inhomogeneous pulsed magnetic fields with iron oxide magnetic nanoparticles. As
discussed earlier in this dissertation, magnetic nanoparticles can generate ultrasound in an
inhomogeneous magnetic field.1° Briefly, in an inhomogeneous magnetic field, the magnetic
nanoparticles oscillate due to the translational motion of those particles. This particle oscillation

leads to the generation of ultrasound which can create pores within the cell membrane.1% ** Since
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the direct use of ultrasound waves suffers attenuation in biological systems, the use of magnetic
nanoparticles as sonosensitizers is beneficial as magnetic fields do not experience attenuation to
the same extent as sound waves.'% Also, the magnetic nanoparticles can be modified with specific
ligands which facilitate the targeted microporation techniques. The microporation induced by
magnetic nanoparticles in cell membrane under pulsed magnetic field can foster the molecular

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

1. Nanoparticle uptake into the cell by incubating dextran-coated iron oxide nanoparticles with
cancer cell lines (U-937).

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

3. Increase in uptake and accumulation of small molecules through microporation into the cells.

6.2 Methods

In this study, the cancerous lymphocytic leukemia cell lines U-937, dextran-coated iron oxide
nanoparticles (Dex-IONPs), and anticancer drug Doxorubicin (small molecule) were taken. The
inhomogeneous magnetic field was generated using anti-Helmholtz coil pairs as described in
section 2.4 (Chapter 2). The doxorubicin transport into the cells was evaluated by measurement
of cell viability and HPLC. The dextran-coated magnetic nanoparticles are selected in this study

to maximize their uptake into the cells via glucose receptor-mediated endocytosis.16%-171
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6.3 Results and discussion

6.3.1 Optimization of Dex-IONPs concentration and Visualization of Dex-IONPs into Cells

On investigating the effects of Dex-IONPs in U-937 cells, the concentration of Dex-IONPs is
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 of Dex-IONPs
within the cell lines. On incubating the U-937 cells in presence of 0.0025 mg/mL of Dex-IONPs
followed by isolation, washing with PBS, and subsequent removal of unloaded nanoparticles, the
cells were fixed by cold methanol. Further incubation in presence of Prussian blue and
counterstaining 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 uptake is visible in samples incubated
with nanoparticles (Figure 6.1 C & D). The Dex-IONPs 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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Figure 6.1. Visualization showing the uptake of dextrin coated nanoparticles in U-937 human
cancer cell line. (4, B) control-absence of nanoparticles, (C, D) uptake; the insets within panels
B and D are zoomed in areas for uptake comparison. TEM images and spectrum for U-937 cells
incubated with Dex-IONPs (E-H): U-937 cell (E), red box enlarged showing two nanoparticle
clusters (F). TEM of the Dex-IONPs individually (G), and the spectrum (H).
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6.3.2 Effects of Dex-IONPs, doxorubicin and the application of magnetic pulses

In this experiment, the percentage of cell death was measured to determine the effects of Dex-
IONPs, Doxorubicin, and the application and quantity of magnetic pulses on U-937 cells (Figure
6.2). In absence of both Dex-IONPs and doxorubicin, the application of pulses had no significant
effect on cell death. When nanoparticles were included in absence of doxorubicin, the application
of pulses still had no significant increase in cell death. However, when doxorubicin was
administered, the cell death increased to about 50% even in absence of Dex-IONPs and in presence
of 0, 20, and 50 pulses. Finally, when both doxorubicin and nanoparticles were present, there was
no increase in cell death in absence of magnetic pulses. However, on applying 20 pulses, there was
a nearly 15% rise in cell death to a system compared to the similar system with 20 pulses in
presence of doxorubicin and absence of Dex-IONPs. It implies that a 15% increase in cell death is
due to nanoparticles indued microporation of cells under magnetic field and thus the increase in
doxorubicin uptake into cells. The application of 50 pulses further increased the percentage of cell

death, in a non-linear fashion.
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6.3.3. Individual and combined effects of long-term cell viability of Dex-IONPs & PMF

To determine whether or not the Dex-IONPs and/or magnetic pulses have any long-term effects
on cell viability, two sets of experiments were performed. First, to investigate the effect of Dex-
IONPs, U-937 cells were either incubated with Dex-IONPs or an equivalent amount of media, for
72 hours. There was no significant difference between the cells incubated with various
concentrations of Dex-IONPs compared to those incubated with media only (Figure 6.3 A). We
anticipate that a 15% increase in cell death observed earlier (Figure 6.2) was not due to the long-
term exposure of the nanoparticles. In a second experiment, U-937 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 Dex-IONPs and 20 magnetic pulses, there was still no significant
change in cell viability after 72 hours of incubation. Based on the result, we assume that there is
no individual or combined effect of Dex-IONPs and magnetic pulses on cell viability on long-term
exposure to U-937 cells. Hence, the observed 15% increase in cell death (Figure 6.2) is due to the

enhanced doxorubicin transport into U-937 cells facilitated by microporation effects.
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Figure 6.3. Investigations into the possible individual and combined effects of long-term cell viability
of Dex-IONPs (A), and magnetic and combinational application (B) within U-937 cells. (A) Effects
upon cell viability with the exposure of various concentrations of Dex-IONPs over a 72-h period. (B)
Cell viability effect 72 h after 20 magnetic field pulses applied to U-937 cells and combinational effects
of both Dex-IONPs and pulses.
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6.3.4 Quantification of doxorubicin within cells

Here, quantification of doxorubicin within cell lines was performed in the absence and presence
of magnetic pulses to determine whether or not the 15% increase in cellular death was due to an
increase in doxorubicin uptake. Under the same experimental conditions used for the analysis of
cell death, doxorubicin quantification was obtained using HPLC. It was observed through HPLC
measurement within U-937 cells that the presence of magnetic pulses causes a 75.2% increase of

doxorubicin uptake into the cells compared to those in absence of magnetic pulses (Figure 6.4).
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Figure 6.4. Quantification via HPLC of doxorubicin uptake within U-937 human cancer cells in
the presence of 0.0025 mg/mL of dextran-coated IONPs, 20 magnetic pulses; over 2 h.

6.3.5 Effect of magnetic field on overall drug effectiveness

To determine the overall effectiveness of the drug in this combinational strategy, an investigation

was made which revealed that in the presence of 0.0025 mg/mL concentration of Dex-IONPs, the
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ICso of doxorubicin dropped from 289 nM to 169 nM when the magnetic field was applied (Figure

6.5). Thus, the combination of magnetic nanoparticles with a magnetic field is beneficial.

1501 o ()M.F.(¥)NP = (+) M.F. (+)NP

IC5, =289 nM ICy, = 169 nM

Figure 6.5. Nanoparticle facilitated by
magnetic field effects upon doxorubicin
ICs0in U-937 human cancer cells.
Cells were incubated with
nanoparticles at 0.0025 mg/mL for 24
h, drug/blank added along with 20
magnetic pulses applied, incubated for
48 h.

100-

Percent Cell Death

Log[Doxorubicin], uM

6.4 Conclusion

The magnetic nanoparticles under the application of inhomogeneous magnetic field pulses can
increase the drug efficiency of anticancer drugs like doxorubicin. It is observed that each of three
components, nanoparticles, drugs, and magnetic pulses are futile when acting independently.
However, the pulsed magnetic field can enhance the cytotoxicity of the drug (Doxorubicin) in
presence of Dex-IONPs. This rise is predicted to be due to a 75.2% increase in cellular uptake and
accumulation of doxorubicin with the combinational approach used in this study. Also, the
enhancement of doxorubicin uptake is due to an increase in molecular transport through the
microporation within the cells, induced by magnetic nanoparticles under pulsed magnetic field

application.
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Chapter 7: Summary

The work in this dissertation demonstrated a faster drug release methodology for both flexible and
rigid drug carrier systems under an inhomogeneous pulsed magnetic field. Preparation and
characterization of liposomes, efficient drug loading and incorporation of magnetic nanoparticles
in liposomal systems at different location are discussed in chapters 2, 3 and 4. Under the
application of magnetic pulses generated from the inhomogeneous magnetic fields, the liposomes
and magnetoliposomes would efficiently release the drug (carboxyfluorescein) in a short time. The
gold-coated nanoparticles are synthesized in the lab and attached to the surface-modified
(PEGylated) liposomes which released 20% of their content with the application of 20 magnetic
pulses in mere ~7 minutes. The effect of dilution media on CF release efficiency and the effect of
nanoparticle addition on the transition temperature of liposomal systems are explored. The
encapsulation of hydrophilic magnetic nanoparticles at the core and hydrophobic nanoparticles at
the lipid bilayer of liposomes has been demonstrated. For these magneto-liposomal formulations,
the release under lower and higher inhomogeneous pulsed magnetic fields has been discussed in
chapter 4. The release as high as 25% can be achieved from the liposomes with magnetic
nanoparticles at the core and nearly 20% release can be obtained from liposomal systems with
magnetic nanoparticles at the bilayer. Also, measurement of CF release after each magnetic pulse
from both magneto-liposomal formulations has revealed that 10-12 magnetic pulses are sufficient
to achieve the 20-25% of CF release, and this requires only about 4 minutes. Hence our goal of
short time release has been well achieved. Further investigations are required to address the reason

behind the saturation in CF release after 10-12 pulses.
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Besides liposomal systems, a rigid drug carrier system; rattle-type core/silica shells are synthesized
and loaded with doxorubicin. The release of doxorubicin from these carriers under a pulsed
magnetic field has been investigated. The experimental results show that the release is dependent
on the size of the magnetic core, the shell thickness through which the drug diffuses, and also on
the effective volume available for the drug loading. The fast release from silica-based drug carriers
has been successfully achieved. However, a more experimental investigation is required to explore

the role of all physical parameters to make strong scientific deductions.

In addition, the application of a pulsed magnetic field in combination with magnetic
nanoparticles to trigger a passive molecular transport into the cells is well explored. The results
have shown that the combinational strategy of utilizing magnetic nanoparticles and an
inhomogeneous magnetic field is efficient to enhance the uptake and accumulation of small
molecules into the cells through microporation within cells. In addition, the effectiveness of the
drug molecules is found to increase with this strategy. This study opens up a new pathway to

explore cancerous cell treatment.

Overall, an inhomogeneous pulsed magnetic field has been proven to be an efficient
triggering technique to enhance the release of payload drug carrier systems and we anticipate that
this technique is not limited to liposomal and silica shell systems, but equally efficient in more
drug carriers systems. This technique is equally efficient in small molecule transport and has

potential applications in therapeutic applications.
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Appendix A — Supporting Information from Chapter 2

Calculation of number of Lipid Molecules per Liposome

N(total) = [4r (d/2)"2 + 4x (d/2 - h)2]/a

Where,

4 (d/2)"2 = Surface area of outer monolayer of liposomes

47 (d/2 - h)"2 = Surface area of inner layer of liposomes

'd' = diameter of liposomes ( it is determined from the pore size of the membrane used during
extrusion step of liposome preparation)

'h' = thickness of bilayer = approx. 5nm

'a’ = Lipid head group area =approx. 0.71nm ( for Phosphatidylcholine)

Thus, N(total)= 17.69 * [ r*2 + (r-5)"2] ; where r= radius of Liposomes

Calculation of Number of Liposomes

N(liposomes) = [M * Avogadro's Number]/ [ N(total) * 1000]

Where,

M= molar concentration of Lipid

In an experiment, 10 mg of Lipid (DPPC+DSPC+ Cholesterol) is used to prepare 1 mL of liposome
sample solution in the hydration step. Since the amount of DPPC is significantly more than other
components, the concentration of Lipid approximately refers to the concentration of DPPC.

The concentration of Lipid = (247 uL* 0.0545 M)/ ( 1000uL ) = 0.0136M

Thus,

N(total) = 336552.25 ( when Diameter of Liposomes is 200nm)

N(liposomes) is then approximately, 24.33e12 .

Note: The liposomes samples when passed through the column, for the separation of free dyes,
process involves the dilution by 4 times (the concentration is nearly 6.08e12). Further, the
experimental step involves the dilution of this sample 10 times (during the addition of

nanoparticles).
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Release factor of CF from Thiolated liposomes
diluted in distilled water
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Figure Al. The normalized release factor of CF from thiolated liposomes after the completion of
the thermal cycle is mentioned in section 4.4). This shows the reproducibility of the method of
dyes

encapsulation as well as CF release assay.

The Thermal profile for liposomes samples
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Appendix B — Supporting Information from Chapter 3

Temperature {(°C): 25.0 Duration Used (s): 60
Count Rate (kcps): 3016 Measurement Position (mm): 3.00
Cell Description: Disposable micro cuvette (40ul) Attenuator: 6
Size (d.nm): % Intensity: St Dev (d.nm):
Z-Average (d.nm}: 1925 Peak 1: 207.6 100.0 68.21
Pdl; 0.139 Peak 2: 0.000 0.0 0.000
Intercept: 0.949 Peak 3: 0.000 0.0 0.000

Result quality : Good
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Figure B1. The size distribution of liposomes.
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Figure B2. The EDX analysis of synthesized iron oxide nanoparticles.
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Figure B3. The EDX analysis of gold-coated commercial iron oxide nanoparticles.
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Figure B4. The EDX analysis of gold-coated synthetic iron oxide nanoparticles.
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(©)
Figure B5. (A) TEM image of synthesized iron oxide nanoparticles; (B) TEM image of gold-

coated synthesized iron oxide nanoparticles: (C) TEM image of gold-coated commercial iron oxide
nanoparticles.
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A (8)

Figure B6. The images showing (A) gold-coated commercial iron oxide nanoparticles (B)
synthetic iron oxide nanoparticles, on the liposomal surface provide evidence of Au-SH
chemisorption.

Staining method used for liposomes and nanoparticles system:

Negative staining method

The details of the specimen are seen as unstained, electron-lucent structures (light) against
electron-dense (dark) background Uranyl acetate (2% aqueous solution) is used as a negative stain.
Place a drop of suspension of particulate specimens (in higher concentration) on a coated TEM.
Grid and drain off the excess by blotting with filter paper from the edge of the TEM grid.
Immediately add a drop of negative stain and allow to remain 3-5 minutes. Again, drain off the

excess stain by blotting, dry the grid and observe under TEM.
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Appendix C — Supporting Information from Chapter 4
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Figure C2. EDX Spectrum for MNPs at Core (1:4)

Counts

Cu

Fe Cu
Ao Bod A e
10

) )
Energy (Kev)

Figure C3. EDX Spectrum for MNPs at the bilayer
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