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Malgré les progres significatifs dans le domaine technologique et la compréhension du cancer (au
QLYHDX ELRORJLTXH LO\DXUD WRXMRXUYV GHV GplLV TXL UL
de certaines options de traitements dans les essais cliniques. Les chercheurs dans les secteurs de
OYDGPLQLVWUDWLRQ GX PpGLénDfecd & s provledies maj€uisHCaMX. V'V X O C
LQFOXHQW QRWDPPHQW OYDEVHQFH GTXQ V\VWgqPH FRQYHQ
diffusion du médicament, les barrieres physiologiques rencontrées par les agents antitumeur
hématogénes avant de parvenix aellules cancéreuses dans les tumeurs solides et la séquestration
GHVY PpGLFDPHQWY SDU OH V\VWgPH LPPXQLWDLUH TXL IDLW
DGPLQLVWUpH DWWHLQW OH VLWH FLEOp $LQRQ XH) GIRMDHW
WKpUDSHXWLTXH HVFRPSWp FH TXL FDXVH GHV HIIHWV DGYF
WUDLWHPHQW 'H SOXV OfYLPDJHULH PpGLFDOH HVW HVVHQWI
Toutefois, di a la complexité structurdies tumeurs et a la profondeur de pénétration limitée dans

les tumeurs des agents de contraste disponibles, ceci était infaisable. Avec les développements
UpFHQWY OYREWHQWLRQ GYLPDJHVY GpWDLOOpPHYVY HW j KDXW#

/I TDWWDFKHPHDODWHHW GGIDIJHQWYV WKpUDSHXWLTXHVY QDQRP
magnéteaerotactiques connus sous le nonBtiel magnetotactic bacteria (MTB) pour le ciblage

des tumeurs ont été étudiés au cours de ce projet de maitrise. Les microrobots MTB samblent ét

des agents de ciblage autopropulsés et navigable idéaux. lls sont capables de voyager contre la
pression du fluide interstitiel de la tumeur (TIFP) afin de cibler les régions profondes des tumeurs
solides. Les complexes de MTB ont été formulés en attachux MTB (i) des liposomes
encapsulés avec du SN38 (MIB-SN38) et (i) des nanoparticules fluidMAGRA
VXSHUSDUDPDJQpPWLTXH GYR[\GH GH IHU P D JQNPWV BaisgleY G H

les nanoparticules magnétiques se comportent comme desVagénf LPDJHULH SDU UpV
magnétique (IRM), les complexes MIBNP facilitent le monitoring de la structure de la tumeur

et des zones hypoxigues, tout en agissant comme rétroaction dans les opérations de navigation des
MTB.

D'une part, les MTH.P ont étédéveloppés par conjugaison covalente directe de liposomes
fonctionnalisés a des groupements anfitiH>) qui sont naturellement présents a la surface des
EDFWpULHYV 07% YLD XQ FRXSODJH FDUE R GUNPPaLé® igrépdr® X W U H
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VHORQ XQH SURFpGXUH HQ GHX[ pWDSHV 7RXW GYDERUG
IRQFWLRQQDOLYV p BN-1DABHdenellDppoWihda-eR Busfate des MTB en utilisant la

chimie des carbodiimide. Par la suite, les MAIB ont été attachés auMTB.

Les échantillons de LP, EBN38 et MTBLP-SN38 ont été analysés par chromatographie
liquide/spectroscopie de mass (LC/MS), spectroscopie UV, diffusion dynamique de la lumiére
(DLS) et potentiel zeta (ZP).

'H SOXV OTfTHIILFDFLW p igBdme BOWANNVIS EndmiPriagnstique §tD@vitesse
PR\HQQH GH QDWDW LR Q -BNFpgeiDs@ \WhL.cBat R @agnittleteXtne ont été

examinés.

Subséquemment, les résultats ont montré que les cellules de bactéries MTB sont capables de
transporterddHV TXDQWLWpV WKpUDSHXWLTXHYVY GH PpGLFDPHQWYV H\

leur capacité naturelle de nager.
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Despite the significant progress in technology and in the biological understanding of cancer, there
are still multiple challengs that slow down the development and implementation of certain
treatment options in clinical trials. The researchers in the fields of drug delivery and tissue
engineering are facing major problems. Some of these include the lack of a conventional and
selective drug delivery and release system, the physiological barriers that the bloodborne antitumor
agents encounter before reaching cancer cells in a solid tumor and sequestration of the drugs by
the immune system thamakesonly a fewpercentof the total dministered dose reaching the
intended target site. Hence, there is a nece$sitya frequent dosing to achieve the desired
therapeutic effect, which can cause adverse side effects or sometimes even treatment failure.
Furthermore, medical imaging is esseahin cancer diagnosis and treatment. However, current
medical imaging methods have limited use due to the structural complexity of the tumor and the
limited penetration depth of the previously available contrast agents into tumor tissues. With recent

developments, obtaining a higlesolution and detailed image of a tumor has been facilitated.

The attachment of therapeutic and imagingnosize agentdo the magnet@erotactic
microorganisms known &N-1 magnetotactic bacteria (MTB) for tumor targetinggmses has

EHHQ VWXGLHG GXULQJ WKH D RifdeEt.3/0R. Mikrehib@Mitsippesvy toLYV P DV \
be ideal selpropelling and navigable targeting agents. They are capaliavelingagainst the

Tumor Interstitial Fluid Pressure (TIFP) to target deep regions in solid tumors. MTB complexes

were formulated by attaching to MTB (i) SN38 anticancer drug encapsulated liposomed. fMTB

SN38) and (ii) 200 nniluidMAG -ARA superparamagnetic mooxide magnetic nanoparticles
(MTB-MNP). As the magnetic nanoparticles act as magnetic resonance imaging (MRI) contrast
agents, MTBMNP complexes facilitate monitoring the tumor structure and hypoxic zones while

acting as feedback control in the MTB naatign operations.

On one hand, the MTBP was developed by direct covalent conjugation of functionalized
liposomes to aminéMNH>) groups that are naturally present on the surface of MTB bacteria, via
carbodiimidemediatedcoupling. On the other hand, tMTB-MNP was prepared via a twsiep
procedure. First, the magnetic nanoparticles were functionalized witBNkE antibody (AB)
against the MTB protein surface using carbodiimide chemistry, then the MB\\Were attached

to the MTB.
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The LP, LRSN38 and MTBLP-SN38 samples were analyzed with liquid chromatography/mass
spectroscopy (LC/MS), UNEpectroscopy, dynamic light scattering (DLS) and zeta potential (ZP).
In addition, theattachment efficiency, alignment in tineagneticfield and average swimming
velocity of the MTBMNP samples submitted to an external magnetic field were investigated.
Subsequently, results showed thN&IB bacteria cells are capable of carrying sufficient therapeutic
and imaging agents without altering their natiawimming capability.
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Figure 2.1: Bacteria cancer therapy strategies. (A) Bacteria have the ability to penetrate tissues.
Anaerobicbacteria could actively penetrate deep into tumor tissue and accumulate following
systematic injection (pink syringe), a property that the traditional chemotherapy (green
syringe) does not possess. (B) Delivery of -aamtnoral agents. Bacteria are capabfe
delivering specific materials, which may be attached to particular anticancer agents. (C)
Bacteria in oncolytic therapy. Anaerobic bacteria accumulate into tumor tissue and multiply

in the hypoxic/necrotic regions while directly kill tumor cells. Adaptrom (S. Liu et al.,

Figure 2.2 Major biological events associated with the antitumor therapeutic effect of Salmonella.
(1) Tumor invasion. When bacteria are injected in the bloodstream, they induce a cytokine
storm, which is dominated by vasoactive cytokines that enable passivetidepafsbacteria
in the tumor during the induced hemorrhage. (2) Colonization. Invading bacteria accumulate
in the low oxygen concentration regions and proliferate to saturation. (3) Infection control.
Colonization affects the tumor microenvironment byaation and polarization of the innate
effector cells and cytokines in favor of antibacterial control and tumor immune surveillance.
(4) Antitumor response and tumor regression. Tumor regression takes place in response to
multimodal therapeutic effects, dluding an adjuvant effect on the previously developed
WXPRU LPPXQH VXUYHLOODQFH SRODUL]DWLRQ RI LQQDW
and passive effects. Adapted from (Felgner et al., 2016)..............uevvrerieemievvvririnnnnnn. 13

Figure 2.3: (a) MTBTEM (Frankel et al., 1997), its magnetosome chain (bottdmaytel et al.,
2009 and(b) SEM(Martel, Mohammadi, de Lanauze, & Felfoul, 20iiBages withthe main
sensor and actuator components needed for delivering therapeutics deep into solid tumors.
The photograms show the two flagella bundles that act as propulsion system (a, b) while the
single chain of magnetosome with the size ranging from880nmas steering (a)......... 14

Figure 2.4: Schematic representation of the induced magnetic moment on the magnetosome chain
of the polar BN1 MTB cell in a homogeneous magnetic field. m is the magnetic moment of
the MTB, B is the external magnetic field afiig the angle between them (De Lanauze, 2013;
Felfoul, 2011b; Nadkarni et al., 2013)........ccccoiiiiiiiiie et ieeee e eeeee e 15
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Figure 2.5: Representation of the magnetotaxis system with three independent magnetic gradient
coils to test the capability of the MTB microactuator in transferring therapeuatcshe
hypoxic zones of solid tumors. Adapted from (Felfoul et al., 2016; De Lanauze, Felfoul,
Turcot, Mohammadi, & Martel, 2014)..........uiiiiiiiiie e erene e 18

Figure 2.6: Microscopic images of MTB (white lines) responding to 2 mT magnetic field induction
at various directions (the white dots should be disregarded as they are dead bacteria on the
surface of the microscope slide). The swimming direction efMITB is shown by white
arrows. The compass north tip represents the direction of the applied magnetic field. Images
were acquired by a Zeiss Imager.Z1 optical microscope in darkfield reflection mode via an
exposure time of 200 msec. Adapted fr{ide Lanaae et al., 2014)..........ccccevvvveeeennnnnas 18

Figure 2.7: Images of the MTB aggregation movement along a predeterminedlapss path
inside a petri dis located at the center of the magnetotaxis platform. This MTB aggregate
was developed by current ratio variation technique with magnetic field exposure time of 3
seconds. Adapted froe Lanauze et al., 2014).......ccccoeeiiieiiiiiiiiiieeeieee e 19

Figure 2.8 Metabolic pathways of CRT1 and SN38. (a) CRTI1 is converted to its active
metabolite (SN38) by liver carboxylesterase. UGT1Al causes ia#otivof SN38 by
forming SN38 glucuronide (SN33 7 KH-Qlucuronidase intestinal bacteria convert
SN38G to SN38 and cause toxicity. (b) Inhibition of topoisomerase | activity by SN38. DNA
synthesis is prevented by douisieand DNA break formation andpoptosis(Frese &
DTV Lo} o o 12 0 1 I ) SRR 20

Figure 2.9 CPT-11 and SN38 pHiependent equilibriunAt low pH, the SN38 is active andtine
closedring neutral structure (lactone) form while at high pH, it is inactive and is in the form

of an operring negatively charged structure (carboxylate) (J Allen Zhang et al.,.2028

Figure 2.10: (a) Schematic representation of an individual phospholipid molecule, bilayer leaflets
and liposomes. (b) Schematic illustration of the different liposomes categorized according to
the size and number of lipid bilayers. Adapted from (Nogueira, Gomes, Preto, & €avaco
T | (o T2 0 1< ) 23

Figure 2.11: Schematic ikdration of passive targeting via the EPR effé¢anocarriers can
extravasate into the tumors through the gaps between endothelighdefi¢ed from (Jhaveri
< o T £ 11 {1 T2 0 0 T 24
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Figure 2.12: Schematic representation of the revehsse evaporation/thin film hydration method
for liposome preparation. Reproduced from (de Araujo Lopes et al., 2013)............. 26

Figure 2.13: pH gradient strategy to accumulate SN38 drug inside the aqueous core of the liposome.
At high pH, SN38 is in an inactive hydrophilic chargeatboxylate form outside of the
liposomes. At low pH, SN38 converts to the hydrophobic active closed lactone forms inside
tNE IPOSOIMES. ... ..ttt eeer ettt e e e e e e e e e e e e e e e e e rmmme e e e e e e e e e e 28

Figure 2.14: Schematic representation of bioconjugation methods based on the functional groups
presented (Chen, 2014).. ... e e e e e e e e e v aeeer s s e e e e e e e e e e e e e e eeeeerssnnneeees 30

Figure 2.15: Carbodiimide EDC/NHS crosslinking. Molecules containing the carboxylate group
can be activated with EDC and sulfHS. By nucleophilic displacementhe activated
generated esters can couple with andastaining molecules to form amide bolmkages.
Adapted from(Hermanson, 2013)...........ouuuiuiiiiiie i e e s sren e e e e e e 32

Figure 2.16 Attachment of an antibody on the surface of functionalized magnetite nanoparticles.
(a) Antibody schematic structure. (b) Maleimidarticle covalently coupled with the thiol
functional group of an antibody and forming a thioether bond. (c, d) Carbddichemistry
developing amide bond. (e) Hydrazidarticle conjugated to the aldehyde functional group

of an antibody and forming a hydrazone bond. Adapted {fd@nmanson, 2013)........... 34

Figure 2.17: (a) Transition from muliomain to singlelomain to superparamagnetic regimes of
iron oxide and also their magnetic domain organization. (b) Hysteresis in magnetic materials
(A. G. Kolhatka et al., 2013).....cciiiiiieiiiieieeeeeeeeeee e 36

Figure 3.1: Preparation of SN38 saturated solution at high pH (loading solution)............ 38

Figure 3.2: Preparation of carboxylated nanoliposomes by thdilthitnydration method. First,
thelipids aredissolved in chloroform. Second, a rotamwaporator and a water bath are used
to remove the solvenThe resulting dry lipid film is then hydrated with ammonium sulfate
solution with continuous rotating he suspension is then subjected to the frélea@ing
following by extrusion with a definedore size Reproduced from (de Araujo Lopes et al.,
120G ) SO PPRR S OPPPPPPR 40

Figure 3.3: SN38 active loading in carboxylated nanoliposames............cccccovvieeeeeeeeennnn 41
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Figure 3.4: Covalent coupling of carboxylated nanoliposomes to MTB cells using carbodiimide
(03 01T 0 0151 (Y2 PP 42

Figure 3.5: Schematic representation ofMPB formulating via carbodiimide chemistry. First,
EDC/NHS reacts with the available carboxyl groups on theaserbf the nanoliposomes.
Then, the activated nanoliposomes, covalently attach to the amino groups at the surface of the
MTB (Taherkhani, 2015).......ccouuiiiiiiiiiiis i rrense s e e e e e e e e e e eeeesennn s 43

Figure 3.6: Magnetotactic platform installed under the microscope objective (Top). Zoomed in

view of the platform (Bottom). The labels show different parts of the experimental g&up.

Figure 3.7: Schematic representation of the -fmiled magnetotaxis platform. This platform is
based on two pairs of coils placed in an orthogonal square configuration along th®iX
................................................................................................................................... 47

Figure 3.8: Magnetic Field Configurations vector field illustration (uniform). Adapted from
(Majedi, Loghin, Mohammadi, & Martel, 2017).......ccooueiiieeeeiiiiiieeeiieee e 47

Figure 3.9: The twalimensional magnetic setup connected to a power supply for concentrating
and washing cultures of the MTB and/or their complexes (Top). Zoomed in vi@wvedrm
of the MTB-MNP complex (BOttOM)........cccoeeeiiiiiiiiiiiieeee e 48

Figure 3.10: Covalent immobilization of afiBN-1 antibody on magnetic particles.............. 49

Figure 3.11: Schematic representation of the steps to prepare théViMPRomplex. FluidMAG
magnetic nanoparticle with terminarboxyl groups (left). Covalent attachment of the amino
group-containing antibody to the carboxylated MNPs by the carbodiimide activation (middle).
Attachment of the MNFAB to the MTB cell membrane (right) (Taherkhani, 2015)....50

Figure 4.1: Calibration curve of SN38 in the MTB COMPIEX..........ccccmmiiiiiiiccniiiieeceee 54
Figure 4.2: Calibration curve of the liposome Solution..................vviiccceeieeeeee e 55

Figure 4.3: (aChromatograms of SN38 in MTB. (b) LP (pH 4/8). (c) SN38 lowest standard at 0.86
pg/ml. (d) Camptothecin and MTFBP-SN38.........ccooviiiiiiiii e 57

Figure 4.4: Calibration curve of SN38 (N =.3)....uuuiiiiiiiiiiiiiiieeeeeee e 58

Figure 4.5 Size distribution analysis obtained by dynamic light scattering (DLS) ¢3MNB8..58
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Figure 4.6: Confocal microscopy images of BsMNPs complexes: bottom image corresponds to
the visible image whereas the top image was obtained by fluorescence confocal microscopy
with FITC BN-1 AB label (excitation/emission wavelength of 488/519 nm). Adapted from
(V=TT L= A= | T 0 1 PSPPI 60

Figure 4.7: Transmission electron microscopy images of MINE’s complexes. Adapted from
Y= T=Te LI A= LI 0 1 S PPRPPI 61

Figure 4.8: Straightforward displacements of control MTB (a) versusIMN®s complexes (b)
and Uturn displacements of control MTB (c) versus MMBNPs compexes (d). Adapted
from (Majedi €t Al., 20L7) .. oot 64

Figure 4.9: Distance traveled by a bacterium (a) artdrb diameter (L) duringhe field change
in control MTB (Top) versus MTB/MNPs (Bottom). Adapted from (Majedi et al., 20185

Figure 4.10: Distance traveled (a) by bactésiathe control MTBversus MTBMNPs (Top) and
U-turn diameter (L) for the control MTBersusMTB-MNPs (Bottom). The boandwhisker
plot shows the range and (25th percentile/media76th percentile) box for the control
MTB and the MTBMNPS QIrOUPS.......cuiiiiiiiiiiiieee e 66
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2D Two-dimensional

3D Threedimensional

AB Antibody

CDI N 1-earbonyldiimidazole

Chol Cholesterol

CMC 1-cyclohexyt3-(2-morpholinoethyjcarbodiimide
COBALT Cobalt Combination bacteriolytic therapy
CPT-11 Irinotecan hydrochloride

DCC Dicyclohexylcarbodiimide

DIC Diisopropyl carbodiimide

DLS Dynamic lightscattering

DSPC Distearoylphosphatidylcholine

DSPEPEG(2000)COOH  1,2-distearoyisnglycero3-phosphoethanolamirs-
[carboxy(polyethylene glycol)2000]

EDC or EDAC 1-Ethyl-3-(3-dimethylaminopropykcarbodiimide hydrochloride
EPR Enhanced permeation and retention
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CHAPTER 1 ,1752'8&7,21

Cancer is a major and public health issue worldwide. Weld Health Organization (WHO)

predicts that there will be 21.6 million deadly cancer cases by 2030 annually wor{iMadel

Health Organization, 201.Arancer is going to strike one in two Canadians, annual cancer statistics

of Canadian Cancer Sociegported in 2017Canadian Cancer Society, 201Tjeatment options
GHSHQG RQ WKH WXPRU(YV Wiét&keeramiLthél oveddR Réakti bRi@ patisitD JH R |
Traditional cancer treatment options available are surgery, radiothengiphemotherapyvith

chemotherapy being the most common treatrfegrtancer.

Systemic administration of therapeutic agents with short biologicalifea¢ind narrow therapeutic

index can lead to acute or cumulative toxicity. Moreover, there are many physiologicalesbsta
and barriers thatnpede thealeliveryof therapeutics at effective concentrations taalicercells.

For instance, upon systemic administration, some therapeutic agents will be taken up by the
immune cells of the liver, spleen and other parts ofékieuloendotheliabystem.Other barriers

to the penetration of therapeutic agents to solid tumors are intracellular tight jun(@lowmis
Strauss, Richter, Yun, & Lieber, 2018)d high tumor cell densitfAu, Jang, & Wientjes, 2002;

Kuh, Jang, Wientjg Weaver, & Au, 1999; Trédan, Galmarini, Patel, & Tannock, 2007)
Nanoencapsulation of drug molecules in PEGylated nanocarriers (e.g. liposomes, nanoparticles,
polymeric, micelles, etc.) can increase the systemic circulation, promote tumor targetiptpied u

via enhanced permeation and retention effect (EPR) and ultimately minimizeorifyurgated
systemic toxicity effect§Kaminskas et al., 2012However, only a small fraction of the total
administered doses %) is actually delivered to the tum{Bae & Park, 2011; Hong, Zhu, Jiang,
Tang, & Pei, 2009)

Cancerous cells have the ability to spread throughout the body throuplotiistream®r the
lymphatic system. This process known as metastasis creates+tiggdt conditions. Rapid growth
accompnied by inadequate vascular bed or angiogenesis is the reason why most solid tumors
contain hypoxic microenvironments that act as tumoral bafdargtila & de Sauvage, 2013}he

hypoxic regions of tumors aharacterizedy low oxygen levels (~ 0.7%-.) and known to be
resistant not only to radiation treatments, but also chemoth@amyn & Wilson, 2004)as these
hypoxic regions are located well beyond the diffusion limits of large drug molecules. The main

reason is that convection as a means of transport in the tumor interstitial spaastiisexistent



due to the lack of flow caused by an inefficidrainage through the lymphatic system. This causes
an increase in the tumor interstitial fluid pressure (TIFP) that createissteclefor the delivery

of therapeutics such as during chemother@gginchinton & Tannock, 2006)There have been
continuous dbrts to increase the targeting of active agents to hypoxic regions of solid tengprs (
targeting exogenous and endogenous hypagsociated molecular mark€Bussink, Kaanders,

& van der Kogel, 2003)manipulating the extracellular matriMinchinton & Tannock, 2006)
using biereductive hypoxieactivated prodrug$Weiss et al., 2011)educing tumoral pressure
(Ariffin, Forde, Jahangeer, Soden, & Hinchion, 2Q143ing multistage nanoparticle delivery
system(C. Wong et al., 2011ktc.). However, higpassive targeting efficacy cannot be achieved

by the systemic treatment of these agents.

A high-efficient targeted drug delivery mechanism is still an unmet goal but is being worked upon
extensively. The main problem with current mechanisms is thatldlokyefficient targeting and

tracking systems. Magnetic targeting technigu@gereceived much attention; however, they are

not fully effective. For example, Magnetic drug targeting (MDT) and Magnetic resonance
navigation (MRN) approaches are not yet iigi@sor ahighly effective application into the tumoral
microenvironmentgMartel et al., 2007; Polyak & Friedman, 2009; Rotariu & Strachan, 2005)
Depth-dependent MDT is more effective for neasskin solid tumors only because of the
relatively fast deay of the magnetic field as going further away from the magnetic source. The
depthindependent MRN is not highly efficient for direct delivery of therapeutics because the
magnetic induction volume of the magnetic agents at the capillary level is notesuffidartel,

2014). Researchers have engineered artificial bacteria to deliver cancer drugs, but despite the
numerous potential benefits that the synthetic bacteria therapy can offer, they still lack an
autonomous unit and a precise navigation mechar@mthe other hand, some studies showed

that some of the aerotaxis (behavioural response to an oxygen gradient) and chemotaxis (response
WR HQYLURQPHQWIYV FKHPLFDO FRPSRVLWLRQ FKDQJH EDF)
therapeutic agents vectors.rioestance, different studies showed that ClostriBia et al., 1996;

St Jean, Zhang, & Forbes, 200&almonellalForbes, Munn, Fukumura, & Jain, 2003; Ganai,
Arenas, Sauer, Bentley, & Forbes, 2011; Kasinskas & Forbes,, Bi@idpbacterium(Yin et al,

2013)and Escherichia cofForbes, 2010bacteria successfully delivered therapeutic molecules to

tumor tissues.



In 2016, Felfoul and colleagues showed tB&-1 magnetotactic bacteria (MTB(Frankel,
Bazylinski, Johnson, & Taylor, 1997Mave the requed characteristics to act as medical
microrobots for applications in targeted cancer therapy in the field of medical nanor{beifics|

et al., 2016)The goal is to enhance tteliveryor uptake by the targeted cells while reducing the
toxicity of the freedrug and/or of the nanocarridig the healthy tissues. MTB are spherical cells

with diameters less than the diameter of the smallest blood vessel in the human-baqay (4
diameter). They naturally contain a chain of sirgpenain membranousan oxide magnetic
nanoparticles (MNP) known as magnetosomes that causes the bacteria to align in the direction of
the applied magnetic field (000 Gauss). In a clinical setting, such direction is ultimately set
towards the tumor. Furthermore, MTB arecroiaerophilic organisms. By means of their oxygen
sensing mechanism, they are able to detect low oxygen gradients (~ 0.5% oxygen level) and swim
towards the low oxygen regions of active cancer cells via two flagella bundles that can generate
tenfold more populsive force (~ 4.0 4.7 piconewtons (pN)) compared with other flagellated
bacteria, a factor facilitating deep penetration in tumor tissues. In addition, the flagella provide the

bacteria with an average swimming velocity of 200 pin.s

While MTB appear to be ideal seffropelling and navigable targeting agents, capableweéling
against the TIFP to target deep regions in solid tumors, these magmetactic bacteria can be
loaded with drugcontaining nanoscale particles attached to the surfadeeccells prior to be
injected near the tumor with superior delivery ratios and minimized systemic circylagiboul
et al., 2016)compared to all the other known targeting modalities such asehtapsulated
micro/nanoparticle¢Kumari, Yadav, & Yadv, 2010; Malam, Loizidou, & Seifalian, 2008hd

bacterial therapies.

In the first part of this workdrug-loadedliposomes were successfully attached to the surface of
MTB for tumor targeting and treatment purposes. The attachment efficiendygfoaded
liposomes to the surface of MTB was studied. In the second part, a magnetic resonance imaging
(MRI) contrast agent was successfully attached to the MTB for tracking loaded bacteria and tumor
visualization purposes. The swimming velocity, magnetic seitgior alignment in the magnetic

field and the Wturn characteristics of the swarms of control MTB versus MTB comypieve

studied.



1.1 Thesis outline

This thesis work is in the framework of a major research project aiming to develop a novel approach
for cancer treatment using MTB. The preliminary works of the current project were done by
TaherkhaniEssa and their colleagu@=elfoul et al., 2016)Themain role of the candidate was to
reproduce the attachment of payload to the surface of MTB to enable targeted drug delivery as
microcarriers that can also be employed in different fields such as drug delivery, gene delivery,

reattimeimaging, etc. The #sis is organized into five chapters, as elaborated below.

Chapter 1 presents a general introduction and it brings forward the need for developing MTB
liposomatbased drug delivery system and Maagnetic nanoparticles for tumor targeting and
MRI imaging purposes, respectively. This chapter also presents the research hypothesis and

objectives.

Chapter 2 presents a comprehensive literature review and background information. The purpose of
this chapter is to highlight the current therapeutic technologidst@mor imaging modality
approaches for cancer therapy. The role of bacted@oaarriersin cancer therapy, liposomes as

drug carriers and the role of superparamagnetic iron oxide nanopatrticles in imaging applications

were specifically discussed in tlukapter.

Chapter 3 consists of the research methodology of the thesis. In more detailgart fiie author
outlines the research strategy, the research approach, fdorthalation of functionalized
liposomesdevelopment of MTB liposomdiased diévery system for carrying therapeutics and

MTB-magnetic particles for MRI imaging purposes in cancer therapy.

&KDSWHU DGGUHVVHVY WKH SURGXFHG H[SHULPHQWDO ILQGL
study. The drug entrapment efficiency in liposes, characterization of tdeug-loadediposomes

attached to the MTB, attachment efficiency of the magnetic nanoparticles to MTB and
characterization of the control MTB versus MTB complex were presented in this chapter. This
chapter is also dedicated dascussing the findings and highlight tirain results of this master

project.

Chapter 5 presents a concise conclusion drawn from the research results followed by

recommendations and future perspective.



1.2 Thesis hypothesis and objectives

1.2.1 Thesis hypothesis
Development of bactetiE DVHG FRPSOH[HV ZLWKRXW FRPSURPLVLQJ Wi

(e.g.magnetic response, motility, etc.).

1.2.2 Thesis objectives

The goal of thisP D VW H U fas © Rtudy and assess the attachment of the therapeutic and
imaging ranoparticles to the surface of live MTB as a -petipelled microrobot for tumor

targeting, treatment and imaging purposes.

Objective 1:

Provide instructions on the formulation of functionalized liposomes.

Objective 2:

Provide the protocdbr loading tle liposomes with th&N38antitumor drug.
Objective 3:

Provide the procedure of attachment of the SN38 loaded liposomes to the MTB.
Objective 4:

Provide the procedure of attachment of the superparamagnetic iron oxide nanoparticles to the MTB.



CHAPTER2  %$&.*5281' $17,7(5%$785(5(9, (:

The following chapter provides a comprehensive literature review for this project. The first part of
this literature review covers the current cancer therapy ntiesaliThe second part discusses
targeted cancer therapy, specifically magnetic targeting. The third part presents the clinical
applications of bacteribased therapy and addresses the u@Nei magnetotactic bacteria as a

new approach to overcome the iliations of other types of bacteria in cancer therapy. The fourth
part tackles SN38 as an antincer drug while the fifth part discusses liposomes as a drug carrier.
The sixth part describes carbodiimide chemistry as a common bioconjugation technigqugedmpl

to attach nanoparticles to the surface of the MTB cells. Finally, the last part of this literature review
discusses the role of magnetic particles (MP) as MRI contrast agents and the motivation behind the

use of superparamagnetic iron oxide nanodadim tumor imaging.

2.1 Cancer treatment options

With all the improvements in overcoming various diseases, cancer still stands as one of the leading
causes of death worldwide. Radiation therapuyrgery and chemotherapy are the main
classifications of cuant therapies widely used for cancer treatment. Cancer therapy by surgery is
an invasive treatment leading to the complete elimination of the tumor which involves removing
the healthy tissue surrounding the tumor as (&IIA. Hussain, Feb 2001} his type of treatment
includes difficulties such as the size or the location of the tumor, damaging of the healthy tissue
located around the tumor, metastasis and the potential risk ep&ithsigen interactions. On the

other hand, some radiation therapies ldo& &bility to target a specific location in the body,
resulting in severe side effects for the patient. In such therapies, the radioactive substances along
with ahighdose of ionizing radiation move throughout the body and affect both the cancerous cells
as well as the normal tissues. In addition, cancer cells in the hypoxic edgfielent sections of

the tumor are resistant to both radiotherapy and chemoth@veg@jier, Richardson, & Dewhirst,

2007; Znati et al., 1996 Chemotherapy often involves sgstic side effects with no specific
distribution and unfavorablpharmacokineticsHigh concentrations of the astimor drug are
required in order to reach an effective dose, but this can lead to an unsustainaldeedrdgug
resistance, dangerous siddfects and ultimately organ failures. Furthermore, following

extravasation from the tumor vessels, the drugs often attach to the cellular barriers preventing them



from reaching the inaccessible region of the tumor. Thus, the chemotherapy drug is vdhheld
affect the quiescent cancer cells in hypoxic sections situated far away from the tumor vessels
(Brown & Wilson, 2004) Sometimes the association of different treatment methods is needed to
enhance the therapeutic indig€sConnell et al., 1994; Peddaidigari, Wang, & DuBois, 2010)
Therefore, improvement of the therapeutic benefits by employing an active transport vehicle that
prevents healthy cells from being exposed to thetantor drugs and delivers the drug substances

directly to the target sitis necessary.

2.2 Targeted therapyfor cancer

7KH VA\VWHPLF WKHUDS\TV HIILFLHQF\ GHSHQGY RQ WKH DGHT
transportation to the tumor site. To achieve this efficiency, the active agent has to reach the vascular
system of the tumor, secrete in the interstitium and,th®ve to the tumor tissue in order to be in

straight contact with the tumor cells (Jain, 2012). Improvement of the active or passive tumor
WDUJHWLQJ PHWKRGV DVVLVWYV LQ LQFUHDVLQJ WKH HIIHFW
delivery to thetumor cells that can be reached by magnetic navigéioriani & Furlani, 2007;

Mishima, Takeda, Izumi, & Nishijima, 2008)articulatebased drug formulation (e. g. polymers,
dendrimer and liposomegKumari et al., 2010; Malam, Loizidou, & Seifalian, W@009) or

chemoembolizatio(Maleux et al., 2009)

2.2.1 Magnetic targeting delivery

In order to transfer the therapeutic agents to the tumor, proper steering delivery aystemesed

and this can be obtained with magnetic targeting methods such as MRWDan{Gleich et al.,

2007; Mishima et al., 2006 he current method for magnetic targeting involves encapsulating the
therapeutic agents in the polymei®tDJQHWLF SDUWLFOHVY K\EULGV RU OLSE
guide them towards the tumor site using iegnetic force generated by the gradient coils of the

MRI system(Martel et al., 2007; Pouponneau, Leroux, & Martel, 2609y an external magnet

(Furlani & Furlani, 2007; Mishima et al., 200&) MDT, therapeutics are being loaded in magnetic
particlesand trapped near the tumor via external magnets. Because of higher gradient intensity near

the magnet, the targeting efficiency of this technique greatly relies on how close the tumor site is

to the magnet. In order to enhance trgeting efficacy forumors located deep inside the body,

the MRN technique for navigation of an untethered device was propodé¢artsl and colleagues



(2009) (Martel et al., 2009)MRN technique reliesn the induction of 3D directional magnetic
propulsion force on magneticaterials generated from three magnetic gradient coils of the MRI.

The MRN system was used in the presence of a magnetic gradient by Martel and colleagues (2009)
to apply a magnetic force on magnetized magnetic particles, guiding them in the main vascular
system of a live pigMartel et al., 2009)MRN merged with chemoembolization demonstrates a
considerable improvement in tHdRI-basednavigation of microdevicesto targeted regions

(Pouponneau et al., 2009)

Although MRN has advantages over MDT, tievigational control of both techniqudscreases
dramatically in the tumor complex microvasculature, while higher force is required to diffuse the
small therapeutic carriers insidee capillaries of the microvasculatu¢gelfoul, Mathieu, &
Martel, 2008;Martel et al., 2007)

2.3 The role of bacteria in cancer therapy

The application of bacteria in cancer therapy was accidentally discovered by Coley (C@&91
1891)which was the beginning for other researchers to verify different strategies inmndake:

a progress towards the treatment of cancet DEDQ & URQLQ 27T+DQORQ 276XO0OC
2010; Bettegowda et al., 2003; Forbes, 2010; Gardlik, Behuliak, Palffy, Celec, & Li, 2011;
Kasinskas & Forbes, 2006; Patyar et al., 20T0e main specifidons of the bacteria thatake

them a potential agent icancer therapyre that the bacterigpossesssel-powered and self
propulsion properties and they cgpecifically proliferate, target and accumulate within the solid
tumor areas. They are capableswimming in low Reynolds number hydrodynamics similar to the
tumor microenvironments and human capillaries. Bacteria can generate toxins that are able to
destruct and lyse the tumor tissues. They generartamallydetectable signal while the sensory
apparatus of the bacteria allows them to react to internal signals and/or external stimuli in the tumor
microenvironmen{Bettegowda et al., 2003; Forbes, 2010; Kasinskas & Forbes, 2006; St Jean et
al., 2008)

The strains of BifidobacteriurfYin et al., 213), Clostridia(Fox et al., 1996; St Jean et al., 2008)

and SalmonellgForbes et al., 2003; Ganai et al., 2011; Kasinskas & Forbes, BA6®xia, are
generally used as potential candidates to penetrate deeply and accumulate into the preferred
hypoxicregions. Research on animal models demonstrated that Salmonella is able to arrive at the



tumor through the broken vessels when intravenously administrated. After entering the tumor
region, because of the suitable environment, Salmonella is able to foomesoland induce
apoptosigGanai et al., 2011; Kasinskas & Forbes, 200®)ddition, bacteria can be utilized as
vehicles for gene therapy or their genes can be modified in order to exhibit genes that induce
antitumor effect¢Baban et al., 2010; Fox ak, 1996; Gardlik et al., 2011Bacteria can also play

the role of a vehicle that delivers therapeutic agents to the {@gdean et al., 2008ome
techniques to defeat cancer by using bactesiged technologig demonstrated iRigure 21 (S.

Liu et al., 2014) Schematic depiction of the hypothetical process of solid tumor invasion and

colonization by Salmonella is presenteérigure 22 (Felgner, Kocijancic, Frahm, & Weiss, 2016)

Regardless of the massive research done on bacteria in cancer therapy, the methodrs@hfaces
difficulties before it can be effective in clinical applications. For example, a high dose of bacteria
is needed in order to induce a significant therapeutic effect which may result in intense toxic side
effects. Furthermore, the lack of the hypoxiceas at the primary stage of the tumor can
significantly decrease the effectiveness of anaerobic bacteria that are administered via intravenous
injection. This influences the bacteria to target, form coloniesgenérateoxins in the central

areas of sid tumors(Baban et al., 2010; S. Liu et al., 201Bpr example, in @hasel clinical

trials, the application of a genetically modified anaerobe Salmonella typhimurium (VNP20009) to
target small tumors with an absent necrotic zone demonstrated thatcolo@zation of bacteria

can be reached at very high dose but with no antitumor e{feat® et al., 2002)

Anaerobic bacteria often accumulate and influence the necrotic and hypox{Moste & Moese,
1964)while the radiation therapy and chemotipgraossess limitations toward destroying the cells

in these areagGray, Conger, Ebert, Hornsey, & Scott, 1953; Reikzawle & Hall, 1978)

3& RPELQDWLRQ EDFWHULRO\WLF WKHUDS\" &2%$/7 ZDV VXJ
previously mentioned treatent, which combines bacterial therapy and conventional cancer
treatments such as radiotherapy and chemothe(®ayg, Bettegowda, Huso, Kinzler, &
Vogelstein, 2001) For example, Clostridiunmovyi bacteria have been studied along with the
radiotherapy ages (Bettegowda et al., 2003Cheong and colleagues (2006) demonstrated that

the release of liposomes encapsulating a drug in the necrotic area of the tumor can be increased by
using cell membrandisrupting properties of bacteria protei(Sheong et al.2006) Using

aerotaxis or chemotaxis, these types of bacteria are able to arrive and accumulate in the tumor sites

without computesassisted navigationForbes et al.,, 2003; Kasinskas & Forbes, 2006)
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Magnetotactic bacteria are suggested as remotely cenygauttrollable agents to deliver drugs to
solid tumorgTaherkhani, 2015)

2.3.1 BN-1 magnetotactic bacteria

Martel and colleagues (2009) used flagelleBdt1 MTB as a delivery system that possesses the
main specifications needed to deliver the therapeutic agents into the unreachable regions of the
tumor sites (Felfoul et al., 2016; Martel, Mohammadi, Felfoul, Lu, & Pouponneau, 2009). In one
of the studies, narliposomes were attached on the surface of the MTB and injected near the tumors
in mice. Swarms of the bacteria complexeseguided under an applied magnetic field and the
resultsshowedhat up to 55%f total drug loaded MTB reached into regions ohactancer cells

in colorectal tumorgFelfoul et al., 2016)This was a huge improvement over the 0.7% achieved
by standard chemotherauch result means that a much lower dose will lead to much enhanced
therapeutic effects for a given therapeutic legdio much less toxicity for the patients, which
might ultimately lead to significant reductions in health care cost considering that toglaitd

issues contribute significantly to an increase of the treatment for the patients. This approach applies
to many therapeutics and cancers where injections near theduepoissible. When the injection

near the tumois too complex or invasive, an approach based on exploiting the magnetic field of a
clinical MRI scanner has been developed and validated bteMa017(Martel, 2017) But this
approach can only target near the tumor and not the regions of active cancer cells inside a tumor
Figure 23 demonstrates thBN-1 MTB cellswith a spherical shape ane21Mn in diameter. These
properties provide the ability for tH&N-1 MTB cells to extravasate into the tumor site from the
WXPRUYY EORRG YHVVHOV ZKLFKrKBovlhs$ e R 1998/ MEDJrirhM &R |
Baluk, 2002) Furthermore, the suitable size of the cells allows a maximum surface area that
enables the attachment of nanoscale components on its giidaeekhani, 2015)TheBN-1 MTB

cells can play the role of microrobots with igedtional selfpropelling system which is generated

by two bundles of nine flagella located at one skef6ul et al., 2016)The a4 pN propelling

force of theBN-1 MTB cells are produced by the flagella. This can be very effective when
functioning inthe tumor microenvironment and the smallest blood vessels that have Reynolds
number hydrodynamic conditiofigoumoutsakos, Pivkin, & Milde, 2013B8N-1 MTB cells have
relatively higher propelling force compared to other flagellated bacteria with theftmeesof 0.3

w
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- 0.5 pN(Martel et al., 2009)Furthermore, the average swimming speed of the MTB is about 200
Pn.s! at room temperatur@iartel et al., 2009)

As demonstrated in Figure 2.3a, BBN-1 MTB cells have a single magnetosome chain which is
made from 10 15 magnetite (F#4) nanoparticles in the size range of-BD nm. The embedded
remotecontrol interface in theBN-1 MTB, as well as efficient motor sensory and actuation
capabilities, suport the idea of th&N-1 MTB as a microrobot in the field of targeted delivery
(Martel, 2012)

As can be observed Figure 24, when thaBN-1 MTB cell is in contact with an external directional
magnetic fieldD OLWWOH KLJKHU WKDQ * D X Vtle mé@dnétic (dipbleVK TV P
moment (m) is provided by the magnetized chain.BKel MTB cells possess a magnetic moment

of almost 16° A.m? (or J.TY), that allows them to respond to magnetic fields as low aBT5®

x 102°J) (Blakemore, 1982)Once there is an angld)(between the applied magnetic field (B)

and the magnetic dipole of the chain, the magnetic torque is emgbgecdnauze, 2013; Felfoul,

2011b; Nadkarni, Barkley, & Fradin, 2013he induced magnetic torque allows the magnetosome

chain to act as a compass and aligns the MTB cells in the magneti¢Fedfioul, Pouponneau,

Mathieu, & Martel, 2007; Martel, 2006)

Thebehavior of the MTB cells in the applied magnetic field depends on the magnetic moment. The
value of the magnetic moment is influenced by the properties of the magnetosome .chsire(

and anumberof the magnetic nanoparticled)he arrangemendf the FeOs nanoparticles within

the MTB cells in a linear formahaximizes the magnetic moment of the bactdrieeBN-1 MTB

inherently shift in the directioof theoxic-anoxictransition zone (OATZL Q UHDFWLRQ WR WK|
magnetic field. In OATZBN-1 cells prefelow oxygen concentrationsal - 2% ), this action

iIs namedmagneteaerotaxis behavio(Frankel et al., 1997)To useMTB in the controlling

purposedor in vivodrug delivery intdypoxic areas andimor microenvironmenishe mentioned
SpHFLILFDWLRQV DUH YHU\ LPSRUWDQW ODJQHWRWDI[LV UHVS
with aerotaxis is able to influence tB&l-1 MTB swimming orientatiorand the bacterieesponse

is based oma balance of these stimulDenham, Blakemore, &trankel, 1980; Frankel &
Blakemore, 1980)
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Figure 21: Bacteria cancer therapy strategies. (A) Bactieaiaethe ability to penetrate tissues.

Anaerobic bacteria could actively penetrate deep into tumor tissue and accumulate following
systematic injection (pink syringe),paoperty that theraditional chemotherapy (green syringe)
does not possess. (B) Delivarfantittumoral agents. Bacteraxe capable of delivering specific
materials, which may be attached to particular anticancer agents. (C) Bacteria in oncolytic therapy.
Anaerobic bacteria accumulate into tumor tissue and multiply in the hypoxic/necgiticsghile

directly kill tumor cells. Adapted fror(S. Liu et al., 2014)
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Figure 22: Major biological events associated with the antitumor therapeutic effect of Salmonella.
(1) Tumor invasion. When bacteria are injectethimbloodstreamthey induce a cytokine storm,
which is dominated by vasoactive cytokines that enable passive deposition of bacteria in the tumor
during the induced hemorrhage. (2) Colonization. Invading bacteria accumulate in the low oxygen
concentratiorregions and proliferate to saturation. (3) Infection control. Colonization affects the
tumor microenvironment by attraction and polarization of the innate effector cells and cytokines in
favor of antibacterial control and tumor immune surveillance. (4jtdnbr response and tumor
regression. Tumor regression takes place in response to multimodal therapeutic effects, including
an adjuvant effect on the previously developed tumor immune surveillance, polarization of innate
HITHFWRUVY SKHQ Rlty&irt passive leffedls. AtspteNri@grelgner et al., 2016)
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Figure 23: (a) MTB TEM (Frankel et al., 1997)ts magnetosome chain (bottonMdrtel et al.,
2009 and(b) SEM (Martel, Mohammadi, de Lanauze, & Felfo@l)13)images withthe main

sensor and actuator components needed for delivering therapeutics deep into solid tumors. The

photograms show the two flagella bundles that act as propulsion system (a, b) while the single

chain of magnetosome with the size raxggirom 30- 80 nm as steering (a).

2.3.2 BN-1 MTB cells versus magnetic nanopatrticles

From themicroroboticsperspective, for greciselytargeted delivery to the tumor site, self
propulsion force, appropriate size and high velocities are the main requirezttehatics.
Magnetite particles compared to the small magnetic bacteria with the same size and high swimming
velocities need a much higher magnetic field to gain the same magnetophoretic velocity. The
magnetic bacteria can be directionally controlled jyglging a weak directional magnetic field (a
OLWWOH JUHDWHU WKDQ WKH (DUWKTYfV JHRPD iQusadddsrofILHOG
times higher field needed for any other magnetic targeting techn{Guaskel et al., 1997)
Moreover, two badles of flagella enable the propulsion force of the MTBs instead of an induced
external force. For example, considering Bi¢-1 MTB and microcarriers at the same conditions
(e.g.same velocity (200M.s?) and same size (Bn)), the MTB bacteria are exposed to a much
weaker magnetic fiel@Felfoul et al., 2008)which is higher than the threshold for clinical practices
(Martel, 2013a)
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Figure 24: Schematic representation of the induced magnadiment on the magnetosome chain

of the polarBN-1 MTB cell in ahomogeneoumagnetic field. m is the magnetic moment of the
MTB, B is the external magnetic field ariis the angle between thdiibe Lanauze, 2013; Felfoul,
2011b; Nadkarni et al., 2013)

DHVSLWH 07%fYVY DSSHDUDQFH DV D PRUH SURPLVLQJ PHWKRG
and its possibility for deep penetration in comparison to magnetic particles using MRN and MDT
methods(Martel et al., 2007; Polyak & Friedman, 2009; Rotariu &aghan, 2005)it still
encounters certain limitations when moving in theodstreamIn order for the carrier to move
through the blood vessels, its diameter should not exceed half the diameter of the smallest capillary

a RNnd it should attain a propulsion of ~ 4 (ff¢lfoul et al., 2008; Martel, 2013b; Martel et
al., 2009) Furthermoreusually,the leaky tumor vessels have openings of P L Q (MNdbbsi
et al., 1998; McDonald & Baluk, 2002)hich supports the requiremteof the carrier diameter not
HIFHHGLQJ P '"HVSLWH WKH P XFBN-2 RTBHn thé IndralasculdturX Q FW L R
and inthe tumor environmerdompared to the other known meth@d8dMartel, 2014; Martel et al.,
2009) BN-1 MTB alone still has lovefficiency because of the high blood flows in the large blood
vessels. In theorygN-1 MTB are not controllable at the fluidic turbulent motion and the flow leads

to their disorientatioiiTaherkhani, 2015)
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Thus, theusuallyappliedintra-arterialor intravenousadministration in chemotherapy is not the

best choice for the MTH®ased therapeutic interventiofi@herkhani, 2015)Flagellatedbacteria

are navigated through the larger blood vesssig methodssuch as balloon catheter
embolizationto tenporarily decrease¢he blood flow supplying the tumdFelfoul et al., 2008)
Compared to thereviouslymentioned techniquesnagneticmicroparticleswith high saturation
magnetization possess a higher effectivity in the larger blood vessels. When maantietes are

larger in size, they must be exposed to a much lower magnetic gradient than a smaller particle (due
WR WKH PDWHULDOYV PDIJQHWLF YROXPH WR Bawekth D VLPL
SDUWLFOH ZLWK D VL]Huires only £ 560UnTHrinag¢hktid gtasients, which is
among the acceptable targeting range, but its size eppobpriatdor acting at the capillary level
(Mathieu & Martel, 2007)

2.3.3 BN-1 MTB cells navigation via the magneteaerotaxis system

Leading the MTBs to a tumor region to reach the dose of therapeutic agents and also the directional
control movement of them needs generating a swarm aggregation of MTB in-dithezesional

volume. Software control systems, magnetic sequences;dimeasional magnetic navigation
platforms and physic theories fBN-1 MTB accumulation in a specific region were designed by

De Lanauze and FelfoulFigure 25) (De Lanauze, 2013; De Lanauze, Felfoul, Turcot,
Mohammadi, & Martel, 2014; Felfoul, 20118yiefly, a magnetotaxis platform compromising six
electromagnets is built with a configuration of thee@s orthogonal pairs of independent magnetic
gradient coils and special timearying sequences capable of producing a thmeeensional
magnetic field. Maxwell configuration of the electric coils results in equal but opposite currents.
Thus, in the magnetotaxis platform, by independent current ratioigagdietween each pair of
electric coils, aggregation of MTB can be produced and its location can be controlled at the coil
center. For example, when two electric coils positioned in a Maxwell configuration with equal but
opposite currents are being usadyiTB aggregation plane at the center of these two coils can be
produced. The aggregation can be shifted by changing the current ratio between these coils (De
Lanauze et al., 2014). Figures 2.6 and 2.7 show the movement of the individual bacterium and an

aggregation of MTB under an applied magnetic field, respectively.

The direct current power used to produce the magnetic field prevents overheating, radiation or any

other side effects on the animals. Furthermore, the magnetic fields used to navigat®thar&T
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very weak, in the range of 20L00 Gauss (0.0040.1 Tesla). When the MTBs are exposed to a
PDJQHWLF ILHOG D OLWWOH KLIJKHU WKDQ WKH (DUWKYV PDJ
influence on the swimming behaviors of the MTB cells arajnetotaxis exclusively affedtise

direction of the MTBs, which can be controlled by computers and electidhgctel et al., 2009;

Martel, Tremblay, Ngakeng, & Langlois, 200&\ threedimensional field is able to induce a
directional movement antbrque on the MTB to generate an aggregate in a certain volume
depending on the MTB concentratiohiso, the movement and position of the MTB cells in the
threedimensional space is controlled by a compstdtware(De Lanauze et al., 2014; Sylvain

Martel, 2014)

Figure 2.5 demonstrates the basics of the magnetotaxis system. As the distance from the coils
increases (blue arrows), the directional magnetic field strength becomes weaker. The coils
electrical current is adjusted to reach the aggregation adaee lmoundary. This region correlates

to the field intensity where the directional torque is induced insufficiently on the magnetosome
chains and the direction of the swimming MTB is not influenced by the field. Therapeutie agent
loaded MTB will aggregatevhen any MTB leaving this 3D volumetric aggregation area is forced

to come back within the zone. This is because of the induction of a sufficient directional torque on
the chain of magnetosomes outside this area. Within the aggregation area, since aakery w
directional torque is being induced on the magnetosomes, the magnetotaxis directional control is
no more possible. Certainly, when the MTB assembles in the aggregation area, it continues to
pursue a continual free circular motion. Within the tumor,ateadisplacements of MTB with the
guidance of their microaerophilic behavior affects aerotaxis searching fotdaedt hypoxic
regions of solid tumord=¢lfoul et al., 2016

When theBN-1 MTB enters the physiological environment, they becomemotile after ~ 40
minutes due to their changes in their growth culture environment and higher temperatures. This
leads to a gradual reduction in the swimming velocity and the propelling forld&l-4f MTB

(Martel et al., 2009)Thus, the short period during igh the MTB is active and alive limits the
wholein vivoprocess to target and navigate uddi+1 MTB (Taherkhani, 2015)
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Figure 25: Representation of the magnetotaxis system with three independent magnetic gradient
coils o test the capability of the MTB microactuator in transferring therapeutics into the hypoxic
zones of solid tumors. Adapted fronfeffoul et al., 2016 De Lanauze, Felfoul, Turcot,

Mohammadi, & Martel, 2014)

R

Figure 26: Microscopic images of MTB (white lines) responding to 2 mT magnetic field induction

at various directions (the white dots should be disregarded as they are dead bacteria on the surface
of the microscope slide). The swimming direction of the M$¥Bhownby white arrows. The
compass north tip represents the direction of the applied magnetic field. Images were acquired by
a Zeiss Imager.Z1 optical microscopedarkfield reflection mode via an exposure time of 200

msec Adapted from(De Lanauze et al., 2014
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Figure 27: Images of the MTB aggregation movement along a predeterminedstiassd path

inside a petri dish located at the center of the magnetotaxis platform. This MTB aggregate was
developed by current ratio variatise@chnique with magnetic field exposure time of 3 seconds.
Adapted from(De Lanauze et al., 2014).

2.4 SN38 as an anticancer drug

7-Ethyl-10-hydroxy-camptothecin (SN38) is a biologically active metabolite of irinotecan
hydrochloride (CPT11) which is a camptbecin derivative. The metabolic activation of GPT

to SN38 takes place in liver and tumor tiss{®atter, Su, Sams, Schaaf, & Wienkers, 1997; Tobin

et al., 2006) The clinical activity of the SN38 was found to be up to Ha@ greater than CRT

11 in a number of cancer cell lines including colorectal, lung, lymphoma, gastric, cervical and
ovarian cancefBodurka et al., 2003; Cunningham et al., 1998; Noda e2@02; J. Allen Zhang

et al., 2004) SN38 induces apoptosis by stabilizing the cleavable complex formed between
topoisomerase | (topol) and DNA, resulting in douttieend DNA breakage and ultimately cell
death (Figure 2.8{Williams et al., 2003; Zeghafqualli, Raymond, Cvitkovic, & Goldwasser,
1999) Therefore, SN38 may be used for cancer treatment overlCRE an effective anticancer

agent.
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Figure 28: Metabolic pathways of CRI1 and SN38. (a) CRI1 is converted to its active
metabolite (SN38) by liver carboxylesterase. UGT1Al causes inactivation of SN38 by forming
SN38 glucuronide (SN38 7 K H@lucuronidase intestinal bacteganvertSN38G to SN38

and cause toxicity. (b) Inhibition of topoisomerase | activity by SN38. DNA synthesis is prevented

by doublestrand DNA break formation and apopto$tsese & Diamond, 2011)
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2.4.1 Limitation of direct use of SN38

In comparison with CPIL1 parent drug, SB8 is considerably much more cytotoxic. SN38 has not

yet been used in the clinical setting because it has some major challenges. Its insolubility in water,
ethanol, polysorbateand cremophor,which are the most famous physiologically compatible
liquids, ard its short biological halfife have limited its direct clinical applicatiofpuan et al.,

2010; Manaspon, Hongeng, Boongird, & Nasongkla, 20i2addition, SN38 is inactive in the
physiological pH (pH 7.4) because of its jpldpendent behavior. At lowHp the SN38 is active

and in the closedng neutral structure (lactone) form while at high pH, it is inactive and is in the
form of an ope#ring negatively charged structure (carboxylate) (Figure(X9Yang et al., 2005)

Figure 2.9 shows the pHepeneént equilibrium of SN38.

The halflife of conversion of the active SN38 form (hydroxy lactone, clessglistructure) to the
inactive SN38 form (carboxylate, openg structure) is ~ 12 min, where within 2 h, 99% of the
active SN38 is converted to biolagcD OO\ LQDFWLYH FDUER[\ODWH 61 DW S-
into clinical trials, developing a watspluble form of SN38 is necessary (its solubility in water is

J P(X. Yang et al., 2005)in addition, a drug delivery vehicle should be devedoge that
it can be loaded with SN38 by either chemical conjugation or physical entrapment. So far,
liposomes, have shown promising results in delivery of SN38.

The integrity of the lactone moiety is structurally important for the passive diffusion of SN38 into
cancerous cells and successful interaction with the topoisomerase (GageirCarbonero &
Supko, 2002; Tallman, Ritter, & Smith, 200%) order to addiss the above challenges, various
drug delivery technologies for SN38 delivery to the cancer tissues have been investigated
(Ebrahimnejad, Dinarvand, Jafari, Tabasi, & Atyabi, 2011; Koizumi et al., 2006; R. Kolhatkar,
Swaan, & Ghandehari, 2008; Z. Liu, Robon, Sun, & Dai, 2008; Quanrong, James, Min, Chuan,

& Jie, 2012)

2.5 Liposomal-based formulation for drug delivery applications

2.5.1 Liposome structure

Liposomes are lipid bilayer spherical vesicles that are biocompatible and degradddéagieal

envirorment, making them a perfect candidate for carrying drugs into small véSsehetrios
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Papahadjopoulos & Miller, 196.7They were initially discovered by Bangham and colleagues in
1965(Bangham, Standish, & Watkins, 1964)d were used as nanocarriersylears(Jesorka &

Orwar, 2008) Figure 2.10 illustrates phospholipids creating a bilayer. The hydrophobic tails are
repelled from water and the hydrophilic heads are attracted towardstége creating a bilayer
(Jesorka & Orwar, 2008 PDepending on theisize and lamellarity, liposomes are divided into 4
groups: small unilamellar vesicles (SUVs; ~ diameter: 100 nm), large unilamellar vesicles
(LUVs; diameter: ~ 100 QP JLDQW XQLODPHOODU YHVLFOHV *89
multilamellar veicles (MLVs or LMVs) that are made of concentric laydnsthis study, we

prepared LUVs (diameter of 200 nm).

Figure 29: CPT-11 and SN38 pHiependent equilibriunAt low pH, the SN38 is active and in the
closedring neutralstructure (lactone) form while at high pH, it is inactive and is in the form of an

openring negatively charged structure (carboxylageAllen Zhang et al., 2004)
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Figure 210: (a) Schematic representation of an individuabspholipid molecule, bilayer leaflets
andliposomes. (b) Schematic illustration of the different liposonasegorizedaccording to the

size and number of lipid bilayers. Adapted frogueira, Gomes, Preto, & CavaPaulo, 2015)
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2.5.2 Liposomes as drug deVery carriers

Liposomes as vesicles have been used in different research fields as drug carriers. For example,
they were used as imaging contrast agévitkhaylov et al., 2011; Mitchell et al., 2013)accines
(Channarong, Chaicumpa, Sinchaipanid&revej, 2011) enzymgJesorka & Orwar, 2008; Yun,
Maximov, Yu, Vertegel, & Kindy, 2013)carriers, as well as delivering anticancer drugs to the
desired sitegAfergan et al., 2010; Andresen, Jensen, & Jgrgensen, 2005; Immordino, Dosio, &
Cattel, 2006;Jesorka & Orwar, 2008; Sawant & Torchilin, 2018fcording to their structure,
liposomes can carry both hydrophilic chemicals and molecules at the same time, inside the aqueous
core and within the lipid bilayer domain, respectivélprchilin, 2005) This allows lower drug

toxic side effect$Al-Jamal & Kostarelos, 201and more control over drug releggecer, 2010)

For instancesystemic administration of pharmaceutical substances that have short biological half
lives andnegligible therapeutindices leads to an increase in acute and cumulative toxicities.
However, drug encapsulation in PEGylated nanocarriers (e.g. liposomes) asiloni@ting
pharmaceutical agents can improve the targeting efficiency through EPR(KHeathskas et al.,

2012; Yalapu, Foy, Jain, & Labhasetwar, 2018 mentioned before, SN38 is a {3dnsitive

drug and PEGylated liposomes can protect the active metabolite status of this drug under varying
physiological environment. Howevesnly a small fraction of these carriezater the tumors, by

the EPR effectijue to poor lymphatic drainage 2% after 4 h circulation) (Figure 2.1(Hong et

al., 2009; Jhaveri & Torchilin, 2014)

Figure 211. Schematic illustration of passive targeting via R effect Nanocarriers can
extravasate into the tumors through the gaps between endotheliahdelded from(Jhaveri &
Torchilin, 2014)
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2.5.3 Liposomes stability

The stability of liposomes is the main concern when it comes to biological applications. The size,
coating, bilayer composition, surface chaaged the lipid to active agent ratio can affect the
physical properties of the liposomes. For exanli®e,chargs on the liposomes surfaces prevent
their aggregation through like charge repulsion. The pH strength of the medium and unsaturated
lipid chains can influence the chemical stability of the liposomes as they modulate the oxidation
and the hydrolysis of thigids. The risk of hydrolysis can be minimized in different ways such as
the use of high molecular weight lipids or the addition of a sterol like cholesterol (Yang et al., 2013;
Papahadjopoulos et al., 1972). The circulation-lif@for the biological stbility of liposomes can
beinfluenceby the size, composition and surface properties. For instance, liposomes with a radius
of 10 £100 nm are not rapidly recognized by the immaystemand can avoididney filtration

(Gil & Parak, 2008) As a consequerg different studies showed a high lifespan circulation of
drugloaded liposomef&aminskas et al., 2012)

2.5.4 Liposome manufacturing and synthesis techniques

Since the Bangham methdBangham et al., 1965jhere have been other techniques used to
manufature custorrdesigned liposomes such as deterglamletion(Meure, Foster, & Dehghani,
2008) reversephase evaporation on thin film hydratigSzoka Jr, 1996)supercritical fluid
techniquegMassing, Cicko, & Ziroli, 2008 and microfluidic methoqHood, DeVoe, Atencia,
Vreeland, & Omiatek, 2014)

The common method to manufacture the liposomes is to disperse the lipid mixture by dissolving
the lipids in an organic solvent, remove the organic solvent usually by evaporation to form a thin
film of phospholipids and hydrate the lipid film in an aquesoisition throughvigorous shaking

to separate the swelling lamellae from the surface of the vessel and form sealed spherical structure
(Maherani et al., 20)1

In this study, we used the reverse phase evaporation/thin film hydration method. In thegigschn

the lipids and the cholesterol are dissolved in an organic solvent such as chloroform. Then, the
solvent is evaporated by a rotary evaporator to create a thin dry film of the components on the inner
wall of the rotary flask. The lipid film is then tsated with an appropriate buffer at a temperature

higher than the transition temperature of the lipid bilayers. When the obtained bilayers reach a
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certain length though vigorous shaking, the sheets fold upon themselves and forrflleglid
large multilanellar vesiclesof different sizes lernandeZZapata et al., 20)0SUVs can be
obtained by sonication whilg&igure 2.12)unilamellar large vesicles (LUVS) can be produced by
extrusion through polycarbonate membranes above the transition temperaipids gMaherani

et al., 2011)

2.5.5 Liposomedrug loading strategies

Depending on the biocompatibility, solubility and the stability of the drug, different drug
encapsulation technique can be emplayédhapatro & Singh, 2011 here are two main methods
to load drugs into the liposomes: passive and active encapsulation.

Figure 212 Schematic representation of the revgshase evaporation/thin film hydration method

for liposome preparation. Reproduced fr(ae Aradjo Lopes dl., 2013)
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2.5.5.1Passive encapsulation

In this method, the encapsulationnadtersolublehydrophilic drugs happens at the hydration stage,
when lipids are forming a vesicle. The drug present in the hydrating buffer is passively loaded into
the aqueous core tife liposomeHowever, this process has low drug uptake effi§@cymmond,

Noble, Hayes, Park, & Kirpotin, 2008; Sur, Fries, Kinzler, Zhou, & Vogelstein, 2Ulihe drug

is lipophilic, then it is entrapped inside the lipid bilayer of the liposomasg®Pithat are polyions

are complexed with opposite charge to increase the loading effibaaynmond et al., 2008;

Immordino et al., 2006)

2.5.5.2Active encapsulation

In this method, the weakly acidic or basic drug is trapped in the liposomésnwsmembrane
gradient strategyGanai et al., 2011)he gradient is created between the aqueous core and the
external environment of the liposomes. There are at least four techniques to create this gradient: 1)
translocating potassium ions, 2) creating a pH grad®ntcreating a ((NB2SO,) and
((NH4)2HPQ,) gradient(Fritze, Hens, Kimpfler, Schubert, & PesckHRéss, 2006; Haran, Cohen,

Bar, & Barenholz, 1993and 4) creating an ethylenediaminetetraacetic acid (EDTA) gradient
(Gubernator et al., 201.0ctive encapsution was successfully usedtims study by creating a

pH different through the use of a buffer at pH 4 inside and pH 8 outside the liposome bilayer. The
drug molecules are uncharged before encapsulationyemlta they are able to diffuse into the
liposomes. When the drug reaches the acidic environment inside the intravehicular space, it
becomes protonated and its chemical propectiesge The charged molecules are less permeable;
thus, the drug gets trapped inside the bilayer.

2.5.6 Liposomal SN38 formuation

To improve the solubility of CPTL1 and SN38 drugs in a stable and active condition, it is best to
encapslate them inside liposomes rather than using other cytotoxic organic solvents or for
example, dimethylsulfoxide (DMS{padzuka, Takabe, &onobe, 2005; Szoka Jr, 1996; Xuan,
Zhang, & Ahmad, 2006; J Allen Zhang et al., 2004)

Balancing the ratio of the administerddugloadedliposomes versus the toxic side effects is a

great concern when it comes to drug delivery.
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Figure 2.13 illustratethe proposed encapsulation mechanism of SN38 into liposomes ystthg a
gradient strategy. The formation of crystals with ammonium sulfate inside the acidic interior makes

the drug impermeable and keeps it active inside the core of the liposomes.

2.5.7 Drug release from liposomes

One of the maikchallenges in drug delivery is to control drug release after localization at the target
site. Depending on the application, the environment of the tissue and the drug release mechanism
type €.g.temperature sensigvliposomegDrummond et al., 2008; Sawant & Torchilin, 2010)
pH-sensitive(Drummond et al., 2008; Sawant & Torchilin, 201@)zymatic releag@ndresen et

al., 2005; Jagrgensen, Davidsen, & Mouritsen, 2002; Panel et al.,, 20065o0und sensitive
(Schioeder, Kost, & Barenholz, 200%9nd photosensitivgDrummond et al., 2008) the

physiochemical characteristics of liposomes can be manufactured differently.

Outside: PBSH 8
SN38(Carboxylate Inactive- Soluble

+

H

SN38 (LactoneActive - Solid) + EO
Inside: (NE)2SQ, pH 4

>]%0}e}u ~ %o

Figure 213: pH gradient strategy to accumulate SN38 drug inside the aqueous core of the liposome.
At high pH, SN38 is in an inactive hydrophilic chargeadboxylate form outside of the liposomes.

At low pH, SN38 converts to the hydrophobic active closed lactone forms inside the liposomes

In liposomes formulation, incorporating cholesterol with the saturateddbaiglipids would give
retention. On thether hand, short and unsaturated acyl chains would make the liposomes leakier.

Enzymeactivated liposome for the release of the drug in solid tumors is a promising technique in
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which the tumor microenvironment contributes to liteal degradation of the liposomal carriers
through the release of lipases enzymes and oxidizing agents. Furthermore, the slightly acidic pH
of the tumor tissue can contribute to the degradatigrHesensitiveliposomeswithout the need

of any external meanSecretory phospholipase: £&sPLA2) enzymeshelp in the destabilization
and the cleavage of the lipitlsading to lysolipids and fatty acids formulatiphndresen et al.,
2005; Jgrgensen et al., 2002; Panel et al., 2®iB¢, charge, lipid compositioeg. acylchain
length and polymer coverage) and structural defects of the liposomes are factors that itifience
activity of the PLA enzyme Adding anionic PEGylated lipids can enhance the Ptaalyzed
degradation of phospholipids membranes. Howevaenn> 20 mol% of cholesterol is added to
the liposome, it becomes nalegradable by PLAand that limits the range of drugs that can be
delivered to tumorglgrgensen et al., 2002; Oude Blenke, 2012)

2.6 Bioconjugation methods

Attachment of various biomolecules such as drugs, antibodies, fluorescent dyes, nucleic acids,
polymers, markers and different enzymes to nanoparticles produces hybrid materials. These
materials can alter the stability, functionality, effectivenessd water-solubility of the
biomolecules in the physiological environments. The commonly used methods for bioconjugation
are (i) noncovalent interactions including physical adsorptiphysisorption and biological
affinity-binding, (ii) covalent bonds (chemigion) (Barar & Omidi, 2014; Sperling & Parak,
2010) Every method has its pros and cons and is used for specific applications, reagent
requirementsand timetables. Figure 2.14 shows some of the basic chemistry for attachment of
biomolecules to particledn this study, £ OOH functionalized nanoparticles were covalently

attached on the surface of the amaoaitaining (NH2) MTB cells.

2.6.1 Carbodiimide-mediated coupling

Among different zerdength bioconjugation techniqu@dermanson, 2013arbodiimide agents

are commonly used to activate carboxylic acid groups afanoamideor ester linkages. One of
the benefits of the carbodiimide is that different types of aroamtaining molecules such as
antibodies, peptides, enzymesdDNA can directly be immobilied to the functionalized surface
of the substrate without prior modification.
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Carbodiimides activation agents that are commonly used are-etiyh3-(3-
dimethylaminopropykarbodiimide hydrochloride (EDC or EDAC 1-cyclohexyt3-(2-
morpholinoethy) carbodimide (CMC), dicyclohexylcarbodiimide (DCC), diisopropyl
FDUERGLLPLGH ', & : R R G Z-BthyisHhenyisoioa vli@rNesulfondte) and

1 ZI-earbonyldiimidazolg/CDI) (Hermanson, 2013)They are categorized into two groups: (i)
watersoluble and (ii) watemsoluble (soluble in organic solvents). For biochemical attachment,
the watersoluble agents afavoredas they allow direct reaction in physiologic solutions without

the need for dissolution in organic solve(ianila et al, 2009; Pattabiraman & Bode, 2011)

Figure 214: Schematic representation of bioconjugation methods based on the functional groups
presentedChen, 2014)



31

EDC carbodiimide and Mhydroxysuccinimide (NHS) or its analogu{fo-NHS) are both water
soluble and arsuccessfully used for creating zdemgth crosslinKGrabarek & Gergely, 1990;
Hermanson, 2013)For instance, EDC is used for direct conjugation of negatively charged

carboxylates €£OO) to primary amines f\H,)-containing molecules, mediating the formation

of amide linkages without becoming part of the final crosslink between the target mo(Beulga
et al., 2009; Hermanson, 2013; Maruyama et al., 1997)

Figure 2.15 illustrates the basics of conjugatioarohminecontaining molecule to a carboxylate
containing molecule using carbodiimide coupling method. This method consists of a eirgle
two-steps process. In the single step process, an active €sgamyl{sourea intermediate is
produced when theacbhoxylcontaining molecule is activated with EDC. Then, this active agent

can react with a primary amine containisigeciesand form an amide bond (Figure 2.15a). In
agueous solutions, the reactive ester complex starts to lose activity and its retetioth r@mines
decreases. Hydrolysis is the main competing reaction that split apart the activated ester intermediate
to form an isourea while regenerating the carboxylate group (Figure 2.15b). To reach the desired
coupling efficacy, it is recommended toepent the hydrolysis of the reactive ester before the

reaction with the target amine.

The twosteps procedure (Figure 2.15c), on the other hand, leads to a higher yield of amide bond
formation compared with the later procedure. First, the carboxgtataining agent forms a®-
acylisoureantermediate reactive ester. To increase the stability of the active ester, NHS can be
added. A considerably more stabldfo-NHS ester intermediate can be formed from the reaction

of the hydroxyl group ofulfo-NHS with the EDC activeester complex. SultdblHS ester is
hydrophilic and it can rapidly bond with a nucleophilic amine on target molecules, increasing the
efficiency of the amide bond formation. SulftHS increases th@atersolubility of the activated
carboxyhte moleculeand slows down the hydrolysis of generated ester intermediates. In addition,
thesulfo-NHS ester intermediate has a negative charge and this help in maintaining the stability of
molecules due to the repulsion force between the particlestigtisame charge. An effective
washing stepg.g.gel filtration or dialysis) in a reasonable time frame is needed to get rid of excess
reactants and bgroducts of the reactioe (g.isourea). Even thougdulfo-NHS is not fundamental

in carbodiimide reaatins, it can significantly enhance the solubility, stability and attachment
efficiency by improving the yield of ED@ctive intermediate and forming a more stable amine

reactive intermediatéStaros, Wright, & Swingle, 1986)
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Figure 215: Carbodiimide EDC/NHS crosslinking. Molecules containing the carboxylate group
can be activated with EDC asdlfo-NHS. Bynucleophilic displacementhe activated generated
esters can couple with amugentaining moleculesotform amide bond linkages. Adapted from
(Hermanson, 2013)

EDC hydrolysis takes place at an acidic pH AitS-esters have a hdife of 4-5hatpH 7, 1 h

at pH 8 and just 10 min at pH 8(6. S. Wong & Jameson, 201The rate of activation and
efficiency of the conjugation directly depend on the pH, particle size, incubation time and the
concentration of EDC/NHS used in activation. In general, for more effective results, in the two
stepscrosslinkingreactions, it is bettdo do the EDC andulfo-NHS activation in &.1 M MES
bufferfor 30 min at room temperature@t 4.5- 6.0. This results in an efficient activation of EDC

with less hydrolysis of the intermediatd$hen, immediately prior to the reaction, the pH should
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be elevated to neutral inder to increase theeaction ofsulfo-NHS activated molecules with
primary aminegHermanson, 2013)

This approach has been implemented in different applications. For conjugation of biomolecules in
targeted delivery purposes, this chemistry has also lmssh for the functionalization of various
nanoparticlegMahon, Salvati, Bombelli, Lynch, & Dawson, 2018uperparamagnetic iron oxide
nanoparticlegShamsipour et al., 2009)old (Wei & Feng, 2009) and paramagnaeticroparticles
(Shang, Chang, KaiMajetich, & Lee, 2006)

2.6.2 Immobilization of antibody on particles

Different direct and indirect methods have been implemented for the immobilization of antibodies
at the surface of different particléslermanson, 2013)The functional groups present on the
surface ofan antibody could be primary amings&\H.), carboxylic acid gCOOH), sulfhydryl
groups (iSH) or carbonyls ££HO) (Figure 2.16)Sesay, 2003)

Amine groups are present at theé¥minus of every polypeptide chain and in the side chains of
lysine residues that are spread over the antibody surface. Because of the positive charge of the
primary amines in physiologic environments, they are commonly outiaanag the proteins; thus,

they are usually available for the immobilization without altetiregprotein structure. On the other

hand, thecarboxyl groups are present at thée@minus of every polypeptide chain and in the side
chains of aspartic acid and glutamic acid, while sulfhydryls occur in the side chains of cysteine
residues joined by diffide bonds @S 53).

In the directbioconjugation, the activated particles with specific functional groeygsaarboxyl,
amine, etc.) particularly react with the reactive groups of antibodies via suitable crosgigker (
EDC) (Hermanson, 2013; Sesa003) For biomolecules, antigen binding domains with
appropriate orientatioarerequired to increase antibody functionality. On the other hand, in the
indirect antibody conjugation,raodified antibody with aunctionalgroup €.g.biotin, thiol, etc.)

can attach to the functionalized particlesg(aldehyde, avidin, etc.).
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Figure 216: Attachment of an antibody on the surface of functionalized magnetite nanoparticles.
(&) Antibody schematic structure. (b) Maleimigarticle covalently coupled with thehiol
functional group of an antibody and formingttdaoetherbond. (c, d) Carbodiindie chemistry
developing amide bond. (e) Hydraziparticle conjugated to tredldehydefunctional group of an

antibody and forming hydrazonébond. Adapted fronfHermanson, 2013)

2.7 Iron-oxide based MRI contrast agents

MRI is an imaging method with an excellent soft tissue contrast. However, it siitaible for
visualizing microstructures due to its low sensitivity and limited resolution characteristics. To

overcome this, contrast agents are used.

2.7.1 Magnetic particles properties

Iron-oxide magnetic nanoparticles have been used in biomedicine applications such as contrast
agents in MRI and drudelivery(Bulte & Kraitchman, 2004; Dennis et al., 2008; McBain, Yiu, &
Dobson, 2008; Yiu, 2011; Yu et al., 2008enerally, mierials are categorizadto four groups:

diamagnetic (nomagnetic materials), paramagnetic, ferromagnetic and superparamagnetic.
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Paramagnetic materiadgseslightly attracted by anagnetidield and their magnetism goes away
when the field is removed.aPamagnetism is due to the presence obdshnumber of valence
electrons in the atoms tiese materialsThe unpaired electrons have a magnetic dipole moment
due to their spin and they act like small magnets. An externally applied magnetic field causes the

spins of the electrons to align parallel to the field and causing a net attraction.

Ferromagnetic matials, in contrast to paramagnetic materials, have their unpaired electron spins
to line up parallel with each other in regions called domains. These materials are normally
unmagnetized because of their multiple domains with random orientations. Wiagneticfield

is appliedto these materials, all the individual domains align along the direction of the magnetic
field. Consequently, these materials get completely magnetized. When the field is removed, the
domains retain their orientation and tend topk#®e fraction of the saturation magnetization or

remanence magnetization (MFigure 2.17). The high magnetic susceptibility of ferromagnetic

materials creates a high inhomogeneity in the magnetic field and consequently, they become
properly traceable iMR imaging. However, the clinical applications of ferromagnetic materials

with high magnetizations are limited because of their tendency to keep a higlusl

Superparamagnetism occurs when the size of the -gutiain particles is smaller than the
ferromagnetic domains. The size of the individual magnetic domains in these materials is in the
range of tens of nanometers. The magnetization (M) initially rapidly increases when a magnetic

field is applied until it reaches the maximum value called saturamagnetization (Iy.
Superparamagnetic materials do not maintain any net magnetization when the magnetic field is

removed.

2.7.2 Superparamagnetic iron oxide nanoparticles as MRI contrast agents
Superparamagnetic iron oxide (SPIONs) nanoparticles are widely as MRI negative contrast
agents in different biomedical applications such as imaging tumors angiog&hldsesnper,
Bremer, Matuszewski, Ebert, & Reimer, 2002; Kinner et al., 28dd)moleculacellular tracking

and imaging(Bulte & Kraitchman, 2004Demas & Lowery, 2011; Yu et al., 200&)igure 2.17
shows the magnetization curve of iron oxide particles used as MRI contrast @gei@s
Kolhatkar, Jamison, Litvinov, Willson, & Lee, 2013) transition from ferromagnetic muti
domain to the superpamagnetic singlkelomain structure happens by the reduction of the size of

the particles to approximately 30 nm; this leads to a decrease in the saturation magnetization
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(Figure 2.17a). Although superparamagnetic materials have smaller magnetization than
ferromagnetic particles, lower aggregation propensities in the absence of magnatiaketidem

best candidates as contrast agents in MR imaging fovo applications.

SPIONs contrast agents are categorirgd two fundamental forms: magnetite ¢Bg) and its
R[LGL]HG IRUP JF&IKHP KiWv, il Haj, & Dobson, 2008)The core diameter is in

the range of 4 12 nm. Both types consist wfaterinsolubleiron oxide particles and they need to

be modified by polymer coatingPouponneau et al2009) or encapsulation in liposomes
(Mikhaylov et al., 2011)}o increase theiphysicochemicaktability, lower their aggregation,
increase their circulating hdlife and biocompatibility(Yallapu et al., 2010fMahmoudi, Sant,
Wang, Laurent, & Sen, 201&mong other things. Ligands such as antibodies could be attached to
the surface of the SPIONS to target a specific region in the @¢dd@arthy, Bhaumik, Karver,
Sibel Erdem, & Weissleder, 2010; Tanabe, Zhang, Ito, Hatta, & Nishimoto,.2007)

The SPIONSs ave higher saturation magnetization than other contrast agents, resulting in a higher
sensitivity andenhancing proton relaxation in the MRI figldinner et al., 2011)However, they
do not have the highest saturation magnetization amongst all magné¢icaiea Ironcobalt
nanocrystals coated with graphitic carbon, have the highest magnetization among all magnetic
materials and can lead to the visualization of the smallest vessels ir{BviRinonPeppas &
Blanchette, 2012)However, these materials caridize easily and cause toxicibAs a result,

SPIONSs are the most promising contrast agent known, gdifiaiLin, Li, & Ai, 2014)

Figure 217: (a) Transition from multdomain to singlelomain to superparamagnetic reginoés
iron oxide and also their magnetic domain organization. (b) Hysteresis in magnetic m@lerials
G. Kolhatkar et al., 2013)
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CHAPTER 3 0(7+2'2/2*<
3.1 MTB-LP-SN38 formulation

3.1.1 Reagents and chemicals

The ZEthyl-10-hydroxycamptothecirfSN38) drug was purchased from ABATRA Technology
Co., Ltd. (Xi'an, Shaanxi, China). ldstearoyisn-glycerc3-phosphocholine (DSPC) and 2
distearoysnglycero3-phosphoethanolamirs-[carboxy(polyethyleneglycol)2000] (DSPE
PEG2000COOH) were purchasedrfom Avanti Polar Lipids, Inc. (Alabaster, AL, USA).
Cholesterol (Chol), chloroform, ammonium sulfate ((NH4)2SO4), Tritorl08, N
hydroxysulfosuccinimide  sodium  salt (suldHS), N-(3-Dimethylaminopropyh 1§
ethylcarbodiimide hydrochloride (EDC), phosphdiuffered saline (PBS), gel filtration media
Sephadex &0, sodium hydroxide solution (2 N), ferrous sulfate, FeSO4-7H20 and hydrogen
chloride (1 N) solution were all obtained from Sig/larich (SigmaAldrich, Oakville, ON,
Canada). All solvents and prddFWV ZHUH XVHG ZLWKRXW IXUWKHU SXULyg
experiments was pretreated with the M@I® Plus System (Millipore Corp., Billerica, MA).

3.1.2 Culture growth conditions for BN-1 magnetotactic strain

As previously reporteqBazylinski et al.,2013) BN-1 strain from our laboratory stock was
cultured in a microaerobic environment in ttieemoheterolithotrophitiquid medium at room
temperature. Cultures of bacteria (¥ MITB/mI) were incubated under an oxygen concentration
gradient of 0.2 0.5%, pH of 7.0 and a controlled input of 7.5% £®an ironenriched medium
VXSSOLHG ZLWK The ificupbti6r? lasted 48 hours (h) at room temperature, with no
agitation and light to facilitate the biomineralization of bacterial magnetosoitiesf these
parameters were controlled precisely to achieventheimum swimming velocity and magnetic
sensitivityessential for using MTB dso-carrieragents in cancer drug delivery. The bacterial cells
were harvesteduring the stationary phase of growthiathis typically observedn the seventh

day.
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3.1.3 Preparation of SN38 saturated solution at high pH (loading solution)

This section describes the preparation of a saturated solution of SN38 at pH 11.3 (PBS 10 mM,
NaCl 140 mM). The selected conditions engine optimal solubilization of the drug at high pH
which is mainly based on the transformation of the lactone form (closed ring, insoluble form) into

the carboxylate form (open ring, soluble).

To solubilize the drug at high pHrst, a certain amount of S38 powder was added to PBS (pH

11.3) in order to reach a concentration of 500 pg/ml. The suspension was sonicatetiCfonit

until a bright yellow color was observed all over the solution. Then, the mixturstiwasl forat

least 2 h at 25.0 + 0.5 °Chis step increased the brightness of the yellow color of the solution and
led to the disappearance of the solid particles. The pH of the drug solution was measured and if
any drop in the pH was detected, it wasdgusted to ~ 11 with a very small anmbof 2 N NaOH

(in order not to dilute the drug). Then, the SN38 solution was ready for the loading step. Figure 3.1
illustrates the SN38 stock solution preparation.

3.1.4 Preparation of carboxylated nanoliposomes

This part describes the preparation of lipossnieP) with a transmembrane pH gradient.
Transmembrane pH gradients can be established by formulating large unilamellar vesicles (LUV)

with an internal/external pH gradient of 4/8.

Figure 31: Preparation of SN38 saturatemigion at high pH (loading solution).
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First, LPs were prepared by the #film hydration method. Briefly, thépids (ex. DSPC: Chol:
DSPEPEGCOOH; molar ratio 3:2:0.26) werdissolved in chloroform and were transferred into

a round bottom flask. Theabk was then connected to a rotary evaporator avatexbath with a
temperaturemaintained a60 °C. The solvent was then removed ungacuumfor 1 h. The
resulting dry lipid film was then hydrated with 1 ml ammonium sulfate solution [136 mM
(NH4)2SQy, pH 4] at 60 °C with continuous rotatifgr about 1 h. This letb a lipid concentration

of 22.5 mg/ml. The suspension was then subjected to 5 cycles offh@ezag in liquid nitrogen

and warm water (60 °C), to redureiltilamellarity, following by exrusion(Avanti Mini-Extruder,
Avanti Polar LipidsYhrough 2 stacks of polycarbonate filters (Whatman, U.K.) with a defined pore
size of 200 nm at least 20 times at ~ 60 T@en, thepH gradient was created by exchanging the
external milieu with PBS (pH) using an exchange chromatography coluRor. each required
batch, 200 ul of liposomes at pHwhasloaded onto &ephadexs-50 column equilibrated with
PBS,pH 8. Then a total of 2.5 ml of LP suspensions with pH (4/8) was collected. Figure 3.2
illustrates thecarboxylated nanoliposomes preparation.

3.1.5 SN38 active loading in carboxylated nanoliposomes

Just immediately prior to tHeadingstep,the pH of theSN38solution in PBS (2.5 ml) was lowered
from 11 to 8.Immediately after pH lowering step, 2.5 M8 solution (0.5 mg/ml) iPBS (pH

8, with no precipitation) was addealthe liposome suspension (2.5 ml, pH gradient 4/8) to achieve
0.1 wt/wt (drug/lipid). The mixture was incubated at 60 °C in a water bath for 20 min while mixing.
Then, to eliminatelte urencapsulated drug, the £$N38 samplewere passed over a spin column
(the spin column was made of a 20 ml syringe filled \B#iphadex €&0 column equilibrated with

PBS (pH 8)). For each separation run5aml sample was loaded on top of the coluamd
centrifuged (5 min, 3500 rpm). Figure 3.3 shows the steps for active loading of SN38 in the

liposomes.

3.1.6 Covalent coupling of carboxylated nanoliposomes to MTB cells using
carbodiimide chemistry
The attachment of the EBN38 to MTB bacteria cells waserformed by pipetting 4 ml of L-P

SN38 (stock liposome solution; 0.65 mM) into an Eppendorf tube. Just before use, carbodiimide
activating reagents with EDC: NHS: DSPPEEG COOH molar ratio of = 30: 30: 3 were mixed
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with 350 ul PBS (pH 6). The pH of the pome external medium was reduced from 8 to 6 using
0.1 N HCI. Immediately, the EDC/NHS mixture was added tolifr@somal suspension. The
mixture was incubated for 20 min at room temperature with gentle agitation. thkeaxtivated
LP-SN38were passedver a spin column to eliminate the excess activating reagents (each spin
column was made of a 1 ml syringe filled wlephadex &0 column equilibrated with PB§H

6). Then, activated liposomegreadded to 50 ml of MTB bacteria (~ 1TB/ml). The reation

was allowed to proceed for 2 h at room temperature with gentle agitBtierattached liposomes

to MTB wereseparated from neattached liposomes by applyingna dimensiona{2D) magnetic

field. The sample was washed three times with PBS (pH Adly)@VXVSHQGHG LQ O RI
(pH 7.4). The steps for the covalent coupling of the nanoliposomes to the MTB via carbodiimide
is illustrated in Figure 3.4 while thechematic representation of INPTB formulation via

carbodiimide is presented in Figur&.3.

Figure 32: Preparation of carboxylated nanoliposorbgghe thinfilm hydration method. First,
the lipids aredissolved in chloroform. Second, a rotary evaporator awdtarbathareused to
remove the solvenTheresulting dry lipid film is then hydrated with ammonium sulfate solution
with continuous rotatingThe suspension is then subjected to ftleezethawing following by

extrusion with a defined pore sizReproduced fronjde Araujo Lopes et al., 2013)



Figure 33: SN38 active loading in carboxylated nanoliposomes.

41
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Figure 34: Covalent coupling of carboxylated nanoliposomes to MTB cells using carbodiimide

chemistry.
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Figure 35: Schematic representation of INPTB formulating via carbodiimide chemistry. First,
EDC/NHS reacts with the available carboxyl groups on the surface of the nanoliposomes. Then,
the activated nanoliposomes, covalerdtyachto the amino groups at the surface of the MTB
(Taherkhani, 2015)
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3.1.7 Sample preparation for scanning electron microscopy (FESEM) imaging

For SEM imaging, asuspensiorof MTB-LP-SN38 sample wag, [ Hi® 2.5% glutaraldehyde
overnight a¥ °C. A20 O R IfixéKddmple was placed on a grddé@taniumdiscs(cp-Ti) of
approximatelyl2 mm diameter an@ mm thickness and incubated for 30 m8ubsequently, the
plates wereginsedthreetimeswith 0.1 M sodiumphosphatéduffer (PB, pH7.4) andincubatedor
1 hin 1% osmiumtetroxideat 4 °C. Samplesveredehydratedn a series of ethan§80%,50%,
70%,90%, 95% andtwo times 100%) followedby drying in a critical point dryer (BalzersCPD
030, Hudson,NH, USA) to remove the ethanol from the sampldigh-resolution imagesf the
complexeswere obtainedoy the EOL JSM-7400F (JEOL Ltd, Tokyo, Japan) ¢ H-entission
scanningelectronmicroscopgFE-SEM) operatedt animagingvoltageof 1.5kV and aworking

distance of 8 mm.

3.2 MTB-MNP formulation

3.2.1 Reagentsand chemicals

Fluid MAG-ARA-COOH superparamagnetic iron oxide nanoparticles (SPION) with a terminal
carboxyl group are ferrofluid consisting of an aqueous dispersion of magnetic iron oxides particles
(FesO4) coated with a polysaccharide layer (due to theicompatibility and water solubility are

most commonly used for coating the SPIONSs) with a diameter of 200 nm, a density of 25 mg/ml|
and a number of particles 2.2*#3 was purchased fronchemiCell (ChemiCell GmbH,
Germany) Lyophilizedfluorescein isdtiocyanate (FITC) conjugated rabbit aBtN-1 antibodies

was provided from GenScrigDther chemicals were obtained as indicated at the section 3.1.1.

3.2.2 Magnetotaxis platform

A 2D magnetotaxis platform consisting of four coreless solenoid electrical cailsgad in a
square configuration was used in this project (Figure 3.6 and Figur@.8ghin, Tremblay, &

Martel, 2016; Loghin, Tremblay, Mohammadi, & Martel, 2QIIMe coils work at a frequency up

to 1 kHz. In order to control the MTB swimming directjeach coil was fed with 10 volts, by an
H-bridge circuit, in order to alternate the direction of 0.034 amperes current set every second. Each
coil induces 0.8 mT at the center of the platform. In every experiment-MNBs were washed

with PBS (pH 7.4) bffer and concentrated in a custom magnetic separator. This separator was
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made by a small vertical electromagnet located below the bacteria culture in a petri dish, attracting
the live northseeking MTB (Figure 3.9)About 10 pl of the bacterialsuspensiorwas placed
between two custom made coverslips and placed on the magnetotaxis platform in such a way that
LW ZDV FRSODQDU xi-plaKe. Whe iglaBodnDis\plidrfed iRy foesigned to fit the space
under the optical microscope lens and the centémeofmicroscope field of view (Figure 3.8). In

order to normalize the bacteria replication variability, a control sample of control MTB was also

systematically observed.

An optical microscopeAxiolmager Z1, Imaging Solutions Carl ZEISS) equipped with & 20
Apochromat objective and a camera, Sony HEIOO0, of 720x480 resolution at 30 FPS was used

to acquire images of the MTB. The field of view size captured by the camera is (727.92 x 436.85)
mm where the pixel height and widttensitiesare 0.9101 pixels/mnand 1.011 pixels/mm,
respectively. For every observation2@ secvideo was captured and every single MTB motion

was tracked frame by frame using a custom software that was specially developed for bacteria
tracking(Loghin et al., 2017)

3.2.3 Covalentimmobilization of anti-BN-1 antibody on magnetic particles

The carboxylic acid terminal group of the magnetic nanoparticles facilitates the covalent
immobilization to biomolecules. The experimental steps are shown in Figure 3.10.
Immunoglobulin G (IgG) atibody (AB) specific against tHBN-1 MTB has amino terminal groups

that can covalently bind to the distal terminal group of the carboxylated MNP via the carbodiimide

chemistry technique and make MMB complexes, as shown in Figure 3.11.

The carboxyl graps of MNP were activated by EDC activating/coupling reagent. EDC along with
sulfo-NHS can be used to convert the carboxyl groups to amemeive sulfo-NHS esters
(Hermanson, 2013jor efficient AB attachment (Figure 3.11b). Similar to what reported in
(Taherkhani, 20152 mg of fluidMAG-ARA particles were washed repeatedly with 1 ml MES
buffer (0.1 M, pH 5.5) using a magnetic separéwagnetoPUREChemiCel) and then dispersed

in 2.5 ml MES buffer solution. Then, in order to attach the antibody td/tkes, the particles
were incubated for 30 min in 4 mg EDC and 6 mg NHS for 30 minutes in 2.5 ml MES buffer. The
solution was purified from excess activating reagents by washing with MES buffer using the
separator. Next, a solution of 2 mg/ml of FIBBI-1 antibodies (AB) was prepared and 50 ZDV

added to the activated particles. The solution was incubated for 4 h on a laboratory shaker at room
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temperature. Unconjugated antibodies were removed by washing three times with BPS buffer (0.01
M, pH 7.4). Finaly, the MNRAB was dispersed in PBS buffer (0.01 M, pH Avi)h a final
FRQFHQWUDWLRQ RI J PODQG VWRUHG DW f& XQWLO XV

Figure 36: Magnetotactic platform installed under the microscope objective (Top). Zoomed in

view of the platform (Bottom). The labels show different parts of the experimental setup.
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Figure 37: Schematic representation of the faailed magnetotaxis platform. This platform is

based on two pairs of coils placed in@thogonal square configuration along théraxis.

Figure 38. Magnetic Field Configurations vector field illustration (uniform). Adapted from
(Majedi, Loghin, Mohammadi, & Matrtel, 2017)
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Figure 39: The twadimensional magnetic setup connected to a power supply for concentrating
and washing cultures of the MTB and/or their complexes (Top). Zoomed in view of a swarm of the
MTB-MNP complex (Bottom).
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Figure 310: Covalent immobilization of ar8N-1 antibody on magnetic particles.

3.2.4 MNP-AB attachment to the MTB membrane to form MTB-MNP

complexes

In order to attach the MNRB to MTB, 3 ml of the MNPAB was injected to 50 ml MTB (10
MTB/ml). Then, the bioconjugation was successfully achieved by incubating MTB with activated

MNPs solution for 2 h in dark, at room temperatamewith gentle agitation.

The obtained complexes were washed three times with PBS (pH 7.4) using the nssjoptin
order to remove the free particles (Figure 3.9). This system generatesogeneousnagnetic
gradient in 2D that decreases from 60 Gauss at the edges to zero Gauss at the center of the sample
holders. The magnetic field was applied towards théecef each petri dish where the M-NBNP

complexes are collected.
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Figure 311 Schematic representation of the steps to prepare the MNB complex. FluidMAG
magnetic nanoparticle with terminal carboxyl groups (left). Gavahttachment of the amino
group-containing antibody to the carboxylated MNPs by the carbodiimide activation (middle).
Attachment of the MNFAB to the MTB cell membrane (righ€laherkhani, 2015)

3.2.5 Characterization of the MTB-MNP complexes

To validatethe success of the experiment, the MMBNPs solution was concentrated and washed
with PBS buffer (pH 7.4) on the magnetic concentrator (Figure 3.9) to get rid of unattached particles
and free salts. The same amount of control MTB solution was also conataindterashed from

its medium with the same buffer, at the same time and conditions for testing.

Olympus FLUOVIEW FV1000 confocal microscope and JEMOF transmission electron
microscope were used for qualitativelpalyzingthe attachment of MNFAB to MTB, while a
ZEISS optical microscope and a four coils magnetotaxis setup connected to the microscope along

with a bacteria tracking software was used for characterization (Figure 3.6).
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3.2.5.1Sample preparation for transmission eleaobn microscopy (TEM)
imaging
The structure of the MTBANPswascharacterizedby a transmission electron microscopy (TEM,
JEM 2100F, operating at 200 kV). For TEM imaging, the MNIRIPs suspension and the bacteria
complex were washed with unsalted 0.1 M sadphosphate buffer (pH 7.4) and concentrated on
WKH PDIQHWLF FRQFHQWUDWRU )LJXUH DQG VHSDUDW
was dropped onto 200 mesh formeaated copper TEM grid with a carbon film (FCF20Q,
Electron Microscopysciences) and left under ambient conditions. The excess of the solution was
removed by a piece of blotting paper. Finally, the grids were gently dipped in distilled water to get

rid of any remaining impurities.

3.2.5.2 Bacteria transition under an applied magnétic field (Bo)

In the magnetotaxis platform (Figure 3.6), the two opposite electrical coils in a Helmholtz
configuration were each fed with 10 volts causing both coils to induce 1.6 mT magnetic field for
the straightforward andtbrn paths. When the twmits are fed at the same time, the platform is

able to produce a nearly homogenous magnetic field at the centexpffilame (Figure 3.8) where

the sample is locatedn order to characterize the bacteria, this platform repeatedly produces
sequences opredefined Magnetic Field Configurations (MFC) to orient MTB forward then
backward. The exposure time for each sequence was a few seconds. In order to track the bacteria
trajectory, 10 bacteria that were in the focus were selected and their paths wem firame by

frame until the tracked bacterium was out of the focus or invisible.

The motion of a bacterium is governed by EquatigBdhaj & James, 1993Where the first and
the second terms represent the field induced torque and the viscous dragréspeetively. m is

the magnetic moment [A#) Bo is the applied magnetic field (T) is the viscosity of the medium

(Pa.s), R is the radius of a sphere.

(1)

The Uturn diameter (L) depends on the total magnetic moment (m) and is given by Equations 2.
Where L is the kturn diameter [m] and v is the mean velocity at an applied madretti¢m/s].
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(2)

Magnetic moment ratio of the attached over control samples can be obtained using Equation 3.
Where the subscripts a and ¢ stand for the attached and the control samples, respectively.

3)
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CHAPTER 4 5(68/76 $1' ',6&8621

4.1 Analytical assessment of SN38 content in MTEBP-SN38 complex

The samples (LP, LIBN38 and the MTB_.P-SN38 complexes) were analyzed with LC/MS, UV
Spectroscopy, DLS and Zeta potential.

Liquid/Liquid Extraction. An extraction method had to be carried out to determine the
concentration of encapsulated/attached SN38. In these cases, 10 [lipaftbeeor complex were

diluted with 200 pl of acamptothecin solutiom PBS buffer (pH 11) (10.4 pg/ml) used as an
intemal standard. The samples were mixed on a vortex. 800 ul of chlorefasadded and the
samples were vortexed and centrifuged (1 min at 6000 rpm). Then, the aqueous layer was
transferred to a clean tube and the sample was driedwitbflow. The samplavas reconstituted

in 800 ul of MeOH 0.5% formic acid followed by vortexing and centrifugation (1 min at 6000

rpm). Finally, the supernatant was injected into the LC/MS system.

Quantification of SN38 by Liquid Chromatography/Mass Spectroscopy (LC/MS)

LC/MS was used to evaluate the SN38 concentration in each sample. All reagents used for LC/MS
analyses were HPLC grade. The analyses were performed on Waters Xevo instrument and Agilent
Eclipse Plus C18 RRHD column (1.8 um, 2.1 x 50 mm). After the injecti@ypbbf the sample,

a linear gradient elution, using 0.1% (v/v) formic acid in water (mobile phase A) and 0.1% (v/v)
formic acid in methanol (mobile phase B) was performed at a flow rate of 0.25 ml/min for a total
run time of 15 min (Table 4.1). The deiiea was made in positive electrospray using two multiple
reaction monitoring transitions by tctempoundThe relative peak area of the chromatograms was

used to quantify the SN38 in the samples.

MTB Complex Calibration Curve. To prepare the calibration curve, a stock solution of SN38 in

PBS buffer (pH 11, 0.5 mg/ml) was diluted in PBS (pH 8) at different concentrations. 1 ul of each
standard solution was then added to 10 ul of MTB to obtain concentrations ranging from 0.86 to
15.38 pg/ml. A 5.22 pg/ml internal standard solution was prepared in PBS (pH 11). Then, from the
FKURPDWRJUDPVY WKH FDOLEUDWLRQ FXUYH ZDV WUDFHG 7K
peak area ratio of the SN38 to the IS of the chromatograms.
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Table 41: SN38 samples were eluted with a gradient of mobile phase A and B.

Time (min) %A %B
0.0 60 40
6.5 10 90
8.0 10 90
8.5 60 40
15.0 60 40

Figure 41: Calibration curve of SN38 in tHdTB complex.

Liposomes Calibration Curve. An emptyliposome suspension (6 mM) was diluted to 0.7 mM
using PBS buffer (pH 8). A stock solution of SN38 (0.5 mg/ml) in PBS (pH 11) was diluted in PBS
(pH 8) to obtain concentrations ranging from 5.5 to 35.7 pugl@lul of each standard solution

was then added to 100 pl of liposome solution and vortgkeglre 42).
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Figure 42: Calibration curve of the liposome solution.

Table 4.2 shows the calculated concentrations of SN38 for the samples. The average calculated
concentration of the SN38 attached toMiEB complex was determined to be 14 pg/ml. The limit

of detection (LOD) wagxtrapolated from the calibration curve. In brief, the signal to noise ratio
(S/N) of the smallest concentration from the curve was evaluated and extrapolated what it would
be for 3x S/N ratio.

Table 42: Calculated SN38 conceations in samples (n = 3).

Sample SN38 concentration (ug/ml)
MTB-LP-SN38 14

MTB <LOD

LP (pH 4/8) < LOD

SN38 (pH 11) 5.04

< LOD: below limit of detection (0.33 pg/ml)

Figure 43|shows the chromatograms of the SN38 in different samples. In Figure 2d, the peaks are

corresponding to the internal standard and the SN38, respectively.
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To determine the amount of SN38 attad to each MTB cell, 25 ml of tihTB-LP-SN38complex

was concentrated in 110 yl PBS (pH 7.4). The MTB was counted using an optical microscope. The
amountof SN38 attached per MTB was estimated to 1.3 pg using LC/MS method which is
corresponding to ~ 1.4610® MTB/ml. The MTB concentration was determined by counting under

optical microscopy (Axiolmager Z1, Imaging Solutions Carl ZEISS).

UV-Spectroscopy Aralysis

In addition to LC/MS, the SN38 concentration was also analyzed witSpActtroscopy. First, a

certain amount of SN38 powder was dissolved into PBS buffer (pH 11) to reach a concentration of
0.5 mg/ml. SN38 standard solutions (0-:1520 pug/ml) were prepared. 1 pl of Triton-X00 1%

wt/wt (in PBS pH 11) was added to the-BR38 and MTBLP-SN38 samples to make sure that

the vesicles are broken and the loaded drug is released entirely. The absorbance of SN38 was read
at 385 nm and compared that of the standards to determine the amount of loaded drug into LP
and MTB-LP.|Figure 44|shows the calibration curve of the SN38. The conceniratiothe

encapsulated drug was calculated to be 14.4 pg/ml. UV results were in compliance with LC/MS.

Particle size and zeta potential analysisf carboxylated nanoliposomes

Immediately after preparation, the average particle size (PS), the size distribution and the zeta
potential (ZP) of the liposomegeredetermined using dynamic light scattering (DLS) techniques,

using a Malvern ZetasizéMalvern Instruments, Malvern, UKEach sample was analyzed in
WULSOLFDWH DW « 7KH SDUWLF QRiguxeldpHwithia\polyRispersty W R EH

index (PDI) of 0.16. Theurface charge of the liposomes was found talBanV, consistent with

the presence of the carboxyl group.
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Figure 43: (a)Chromatograms of SN38 in MTB. (b) LP (pH 4/8). (c) SN38 lowest standard at 0.86
pg/ml. (d) Camptothecin and MTHRP-SN38.



Figure 44: Calibration curve of SN38 (n = 3).
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Figure 45: Size distribution analysis obtained by dynamic light scattering (DLS) «3M\B8.

4.2 Characterization of the MTB-MNP complexes

The attachment of the MTFBINPs was examined by a single photon confocal micros

feigare

4.6), with excitation/emission wavelengths of 488/519 nm, and a JEOL-R1i¥d emission gun

transmission electron microscope (TEM) operated at 200 kV to acquire bright filed images (Figure

4.7). In the confocal microscope, both the fluorescent image (frefRITCBN-1 AB attached on
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the MNPs in the MTBVINPs samples) and the visible image via differential interference contrast
are displayed. The image obtained by differential interference contrast indicated the location of the

bacteria while the fluorescespots, observed from the window beside it, showed the presence of

the fluorescent antibody. All the bacteria presented in the bright field confhiguré 46fRight)

showed fluorescence under fluorescent qujﬁiglare 46tLeft) validating thesuccessof the

attachment of the antibody on the baetelm addition, clusters of MNPs attached on the surface of

MTB can be seen in Figure 4.7.

The obtained results, using a bacteria tracking software (Loghin et al., 2017), showte that
swimming MTB-MNPs complexes, in all sequences, clearly respond faster to the change in the
external magnetic field and theyell align with the applied magnetic field orientation compared
with the control MTB bacteria (Figure 4.8) while they have sgssed (Table 4.3). As can be seen,

the MTB-MNPs complexes in Figure 4.8b illustrate relatively straight lines compared with the path
lines of the control MTB in Figure 4.8a. Similarly, thetlwn diameters (L) are narrower in MTB
MNPs in Figure 4.8d in cdrast with control MTB in Figure 4.8c. In theturn configuration of
MTB-MNPs, as depicted in Figure 4.8d, some tangled paths were detected that could be due to the
uneven distribution of the MNPs on the surface of MTB. The tracking software calcuiated t
displacement over the time of each bacterium. Table 4.3 compaesetlagespeeds of the MTB
versus MTBMNPs in both straightforward and-turn sequencem physiological PBS buffer
solution (pH 7.4) at room temperatuta all experiments, the speeflthe control bacteria was
found to be almost double the speed of MVIBIPs. By employing Equation 2 the magnetic
moment of both the control MTB and MTENPs were calculated to be 1.53 xI4A.n? and

4.0 x1014 A.n?, respectively. Equation 3 showed ttia¢ magnetic moment in the MTANPs

was x3 higher, approximately.

Table 43. Average speeds of control MTB versus MMBNPs. Adapted from(Majedi et al.,
2017)

Sequence U-turn Straightforward

Sample Control Attached Control Attached

Average Speed (um/s) 100 66 102 57
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Figure 46: Confocal microscopy images of MIIANPs complexes: bottom image corresponds to

the visible image whereas the top image was obtained by fluorescence confocal microscopy with
FITC BN-1 AB label (excitation/emission wavelength of 488/519 nm). Adapted {Majedi et

al., 2017)
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Figure 4.7: Transmission electron microscopy images of MWINB°s complexes. Adapted from
(Majedi et al., 2017)
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There are a number of factors contributing to theeitd motion of bacteria in the applied magnetic

field (e.g.viscosily of the medium and the size of the organi@g@haj & James, 1993pne reason
explaining the increase in sensitivity of the directional magnetic torque of theMNBs complex

is attributed to the anisotropy of the clusters of magnetic nanoparticlegsdbziohed to the surface

of theBN-1 cell. Indeed, if the respective easy axis of such clusters would be parallel to the chain
of magnetosomes in tiBN-1 cells, then this could be the cause of such increase in sensibility along
the natural swimming patbf the bacteria. On the other hand, attached clusters with the easy axis
perpendicular to the axis of the chain of magnetosomes could potentially help in turning the motion
of the bacteria. Microscopy examination of the clusters configurations beingeait@actneBN-1

cells and additional tests on various MMINPs complexes would be required to really explain and
validate such resultdloreover, the volume of the MTBINPs due to the MNPs attached to MTB
surface increases, the viscosity of the medium as&g, consequentigsulting inthe difference in

speed and traveling path of the bacteria samples. Therefore, as the viscosity increases, the speed of
the MTB-MNPs should decrease. The magnetic moment of the-MNPs is more due to the
magnetic particlesontributions in thdotal magnetic moment. Therefore, this causes the MTB
MNPs to respond quickly to the change in the magnetic field and L decreases when compared with

the control bacteria (Figure 4.8c and Figure 4.8d).

In the Uturn configuration, th&-turn diameter (L), and the distances traveled by the bacteria (a)
were measured for a number of randomly selected bacteria once MFC is applied and the bacteria
adapted to the field (Figure 4.9 and 4.10). The average displacement was found to be higher in
MTB-MNPs while the Uturn diameter was greater for the control MTB (Figure 4.10). Figure 4.10
shows that the MTBMINPs responded faster to the magnetic field, causing thénavie a further

distance o xmor TP fsmirpax s While, for the same time interval and conditions, the control

MTB spent more time adjusting to the field direction change and propelled for a shorter distance
(%xporTO Tmirpaxs

This study shows clear evidence that there are differences betwedii Bhand the MTBMNPs

and it opens a door to study if the MNPs are contributed in the response of bacteria to the magnetic

field. MTB-MNPs could be a promising factor in enhancing the steering of bacteria in hypoxic

regions of solid tumorgjowever extensve observations are required.
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Figure 48: Straightforward displacements of control MTB (a) versus MMBPs complexes (b)
and Uturn displacements of control MTB (c) versus MMBNPs complexes (d). Adapted from
(Majedi et al., 2017)
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Figure 49: Distance traveled by a bacterium (a) antuth diameter (L) during the field change
in control MTB (Top) versus MTBVMNPs (Bottom). Adapted frortMajedi et al., 2017)



66

Control MTB MTB-MNPs

Control MTB MTB-MNPs

Figure 4.10: Distance traveled (a) by bactésiathe control MTBversus MTBMNPs(Top) and
U-turn diameter (L) for the control MTBersusMTB-MNPs (Bottom). The boandwhisker plot
shows the@angeand (25th percentile/mediar$({75th percentile) box for theontrolMTB and the

MTB-MNPs groups.
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CHAPTER 5 &21&/86,21 $1' 5(&DQ1'$7,216

For treating cancer through the targeted delivery using thendMiyable carrier based on
magnetotactic bacteria or MTB, pagds of therapeutic and imaging agents were attached to the
surface of the MTB and the complexes were characterides results demonstrated that SN38

loaded nanoliposomes can covalently attach to the surface of MTB via carbodiimidiénkiogs

chemistU\ ZLWKRXW DOWHULQJ WKH EDFWTF berdgél@mzanfratod JQ HW L
of the SN38 attached to tiTB-LP-SN38complex was found to be 14 pg/ml. Samples prepared
through this study were used in a couplenofivo studies. The results are not discussed here due

to confidentiality matters.

In addition, we demonstrated that 200 nm SPI@MNse successfully attached to the surface of
MTB cells and the prepared MTBINP complexes were guided in MFC. Results showed the
differencein the behavior of the MTBANPs and the control MTB trajectory in the applied
magnetic field as expected. The MMBNPs were better aligned in the direction of the field and
had lower velocity compared to the control MTBhe reason behind thisfidirence, whether it is
the contribution of the MNPs to the overall field or other factors needs further investigatiom. U

technique can be used to validate the success of the experiment.

These initial findings based on the attachment of cargos oNlTie bio-carrier may influence
medical interventions and provide opportunities for the development of new agents to achieve

maximum effectiveness in drug, gene and vaccine delivery.

Future perspective, recommendation, limitationand economic impact

In this work, we were able to successfully attach therapeuticimading nanoparticlet the
magnetotactic bacteria cells to actmaierorobotsor targeting and tracking agents in the field of
cancer therapy. The techniques preseh&dmay open further opptumities in diverse disciplines
including clinical oncology, chemistandimmunology for norAnvasive delivering of other agents

(e.g. tumor markers, genetic materials, enzymes, praehgaccines).

Further studies can be done on #tchmenbf a canbination of the therapeutic and magnetic
agents together to the surface of MTB to access their magnetic behavior, characteristics and

multifunctionality for targeting, tracking and treating tumoral cells.
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In vitro andin vivo testsshould be administrated to assess the safety, inflammatory responses and

effectiveness of this technique in treating cancer.

In addition, two techniques developed by our team (magnetotactic bacteria as carriers and MRI
based transport) should be combirtedbe applicable where the peritumoral injection is not
practical. The main approach is to develop techniques and protocols to encapsukidadirug
MTBs in large temperaturgensitive magnetic vesicles compatible with our MRtuated
transport and theppropriate release mechanism when these vesicles are in the peritumoral region.
This would allow a reduction dhe treatmentelatedtoxicity by decreasing the doseaniticancer

drugs for cancers where injections near the tumors are not practical. ihtswot only decrease

the cost of some cancer treatments but might also contribute to ensuring quality care in comparison

to other conventional treatment options.
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