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Malgré les progrès significatifs dans le domaine technologique et la compréhension du cancer (au 

�Q�L�Y�H�D�X���E�L�R�O�R�J�L�T�X�H�������L�O���\���D�X�U�D���W�R�X�M�R�X�U�V���G�H�V���G�p�I�L�V���T�X�L���U�D�O�H�Q�W�L�U�R�Q�W���O�H���G�p�Y�H�O�R�S�S�H�P�H�Q�W���H�W���O�¶�L�P�S�O�p�P�H�Q�W�D�W�L�R�Q��

de certaines options de traitements dans les essais cliniques. Les chercheurs dans les secteurs de 

�O�¶�D�G�P�L�Q�L�V�W�U�D�W�L�R�Q���G�X���P�p�G�L�F�D�P�H�Q�W���H�W���G�X���J�p�Q�L�H���W�L�V�V�X�O�D�L�U�H���Iont face à des problèmes majeurs. Ceux-ci 

�L�Q�F�O�X�H�Q�W�� �Q�R�W�D�P�P�H�Q�W�� �O�¶�D�E�V�H�Q�F�H�� �G�¶�X�Q�� �V�\�V�W�q�P�H�� �F�R�Q�Y�H�Q�W�L�R�Q�Q�H�O�� �H�W�� �V�p�O�H�F�W�L�I�� �G�¶�D�G�P�L�Q�L�V�W�U�D�W�L�R�Q�� �H�W�� �G�H��

diffusion du médicament, les barrières physiologiques rencontrées par les agents antitumeur 

hématogènes avant de parvenir aux cellules cancéreuses dans les tumeurs solides et la séquestration 

�G�H�V���P�p�G�L�F�D�P�H�Q�W�V���S�D�U���O�H���V�\�V�W�q�P�H���L�P�P�X�Q�L�W�D�L�U�H���T�X�L���I�D�L�W���H�Q���V�R�U�W�H���T�X�¶�X�Q�H���S�H�W�L�W�H���S�R�U�W�L�R�Q���G�H���O�D���G�R�V�H���W�R�W�D�O�H��

�D�G�P�L�Q�L�V�W�U�p�H�� �D�W�W�H�L�Q�W�� �O�H�� �V�L�W�H�� �F�L�E�O�p���� �$�L�Q�V�L���� �X�Q�� �G�R�V�D�J�H�� �I�U�p�T�X�H�Q�W�� �H�V�W�� �U�H�T�X�L�V�� �S�R�X�U�� �O�¶�R�E�W�H�Q�W�L�R�Q�� �G�H�� �O�¶�H�I�I�H�W��

�W�K�p�U�D�S�H�X�W�L�T�X�H���H�V�F�R�P�S�W�p�����F�H���T�X�L���F�D�X�V�H���G�H�V���H�I�I�H�W�V���D�G�Y�H�U�V�H�V�����&�H�O�D���U�p�V�X�O�W�H���X�O�W�L�P�H�P�H�Q�W���S�D�U���O�¶�p�F�K�H�F���G�X��

�W�U�D�L�W�H�P�H�Q�W�����'�H���S�O�X�V�����O�¶�L�P�D�J�H�U�L�H���P�p�G�L�F�D�O�H���H�V�W���H�V�V�H�Q�W�L�H�O�O�H���G�D�Q�V���O�H���G�L�D�J�Q�R�V�W�L�F���H�W���O�H���W�U�D�L�W�H�P�H�Q�W���G�X���F�D�Q�F�H�U����

Toutefois, dû à la complexité structurale des tumeurs et à la profondeur de pénétration limitée dans 

les tumeurs des agents de contraste disponibles, ceci était infaisable. Avec les développements 

�U�p�F�H�Q�W�V�����O�¶�R�E�W�H�Q�W�L�R�Q���G�¶�L�P�D�J�H�V���G�p�W�D�L�O�O�p�H�V���H�W���j���K�D�X�W�H�V���U�p�V�R�O�X�W�L�R�Q�V���D���p�W�p���I�D�F�L�O�L�W�p�H�� 

�/�¶�D�W�W�D�F�K�H�P�H�Q�W�� �H�W�� �O�¶�L�P�D�J�H�U�L�H�� �G�¶�D�J�H�Q�W�V�� �W�K�p�U�D�S�H�X�W�L�T�X�H�V�� �Q�D�Q�R�P�p�W�U�L�T�X�H�V�� �D�X�[�� �P�L�F�U�R�R�U�J�D�Q�L�V�P�H�V��

magnéto-aerotactiques connus sous le nom de BN-1 magnetotactic bacteria (MTB) pour le ciblage 

des tumeurs ont été étudiés au cours de ce projet de maîtrise. Les microrobots MTB semblent être 

des agents de ciblage autopropulsés et navigable idéaux. Ils 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 attachant aux MTB (i) des liposomes 

encapsulés avec du SN38 (MTB-LP-SN38) et (ii) des nanoparticules fluidMAG-ARA 

�V�X�S�H�U�S�D�U�D�P�D�J�Q�p�W�L�T�X�H���G�¶�R�[�\�G�H���G�H���I�H�U���P�D�J�Q�p�W�L�T�X�H�V���G�H�����������Q�P���G�H���G�L�D�P�q�W�U�H�����0�7�%-MNP). Puisque 

les nanoparticules magnétiques se comportent comme des agent�V�� �G�¶�L�P�D�J�H�U�L�H�� �S�D�U�� �U�p�V�R�Q�Q�D�Q�F�H��

magnétique (IRM), les complexes MTB-MNP facilitent le monitoring de la structure de la tumeur 

et des zones hypoxiques, tout en agissant comme rétroaction dans les opérations de navigation des 

MTB. 

D'une part, les MTB-LP ont été développés par conjugaison covalente directe de liposomes 

fonctionnalisés à des groupements amine (�±NH2) qui sont naturellement présents à la surface des 

�E�D�F�W�p�U�L�H�V���0�7�%�����Y�L�D���X�Q���F�R�X�S�O�D�J�H���F�D�U�E�R�G�L�L�P�L�G�H�����'�¶�D�X�W�U�H���S�D�U�W�����O�H���F�R�P�S�O�H�[�H���0�7�%-MNP a été préparé 
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�V�H�O�R�Q�� �X�Q�H�� �S�U�R�F�p�G�X�U�H�� �H�Q�� �G�H�X�[�� �p�W�D�S�H�V���� �7�R�X�W�� �G�¶�D�E�R�U�G���� �O�H�V�� �Q�D�Q�R�S�D�U�W�L�F�X�O�H�V�� �P�D�J�Q�p�W�L�T�X�H�V�� �R�Q�W�� �p�W�p��

�I�R�Q�F�W�L�R�Q�Q�D�O�L�V�p�H�V���D�Y�H�F���O�¶�D�Q�W�L�F�R�U�S�V��BN-1 (AB) contre la protéine en surface des MTB en utilisant la 

chimie des carbodiimide. Par la suite, les MNP-AB ont été attachés aux MTB. 

Les échantillons de LP, LP-SN38 et MTB-LP-SN38 ont été analysés par chromatographie 

liquide/spectroscopie de mass (LC/MS), spectroscopie UV, diffusion dynamique de la lumière 

(DLS) et potentiel zeta (ZP). 

�'�H�� �S�O�X�V���� �O�¶�H�I�I�L�F�D�F�L�W�p�� �G�H�� �O�¶�D�W�W�D�F�K�H�P�H�Q�W���� �O�¶�D�Oignement suivant le champ magnétique et la vitesse 

�P�R�\�H�Q�Q�H���G�H���Q�D�W�D�W�L�R�Q���G�¶�p�F�K�D�Q�W�L�O�O�R�Q�V���G�H���0�7�%-MNP soumis à un champ magnétique externe ont été 

examinés. 

Subséquemment, les résultats ont montré que les cellules de bactéries MTB sont capables de 

transporter d�H�V���T�X�D�Q�W�L�W�p�V���W�K�p�U�D�S�H�X�W�L�T�X�H�V���G�H���P�p�G�L�F�D�P�H�Q�W�V���H�W���G�¶�D�J�H�Q�W�V���G�¶�L�P�D�J�H�U�L�H���V�D�Q�V���F�R�P�S�U�R�P�H�W�W�U�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 challenges 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 that makes only a few percent of the total administered dose reaching the 

intended target site. Hence, there is a necessity for a frequent dosing to achieve the desired 

therapeutic effect, which can cause adverse side effects or sometimes even treatment failure. 

Furthermore, medical imaging is essential in 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 high-resolution and detailed image of a tumor has been facilitated. 

The attachment of therapeutic and imaging nanosize agents to the magneto-aerotactic 

microorganisms known as BN-1 magnetotactic bacteria (MTB) for tumor targeting purposes has 

�E�H�H�Q���V�W�X�G�L�H�G���G�X�U�L�Q�J���W�K�H���D�F�F�R�P�S�O�L�V�K�P�H�Q�W���R�I���W�K�L�V���P�D�V�W�H�U�¶�V project. MTB microbiorobots appear to 

be ideal self-propelling and navigable targeting agents. They are capable of traveling against 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 liposomes (MTB-LP-

SN38) and (ii) 200 nm fluidMAG-ARA superparamagnetic iron oxide magnetic nanoparticles 

(MTB-MNP). As the magnetic nanoparticles act as magnetic resonance imaging (MRI) contrast 

agents, MTB-MNP complexes facilitate monitoring the tumor structure and hypoxic zones while 

acting as feedback control in the MTB navigation operations.  

On one hand, the MTB-LP was developed by direct covalent conjugation of functionalized 

liposomes to amine (�±NH2) groups that are naturally present on the surface of MTB bacteria, via 

carbodiimide-mediated coupling. On the other hand, the MTB-MNP was prepared via a two-step 

procedure. First, the magnetic nanoparticles were functionalized with the BN-1 antibody (AB) 

against the MTB protein surface using carbodiimide chemistry, then the MNP-AB were attached 

to the MTB.  
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The LP, LP-SN38 and MTB-LP-SN38 samples were analyzed with liquid chromatography/mass 

spectroscopy (LC/MS), UV-Spectroscopy, dynamic light scattering (DLS) and zeta potential (ZP). 

In addition, the attachment efficiency, alignment in the magnetic field and average swimming 

velocity of the MTB-MNP samples submitted to an external magnetic field were investigated. 

Subsequently, results showed that MTB bacteria cells are capable of carrying sufficient therapeutic 

and imaging agents without altering their natural swimming capability.  
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Figure 2.1: Bacteria cancer therapy strategies. (A) Bacteria have the ability to penetrate tissues. 

Anaerobic bacteria 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 anti-tumoral agents. Bacteria are 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/necrotic regions while directly kill tumor cells. Adapted from (S. Liu et al., 

2014). ...................................................................................................................................... 12 

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 passive deposition of bacteria 

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 by attraction 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, including an adjuvant effect on the previously developed 

�W�X�P�R�U���L�P�P�X�Q�H�� �V�X�U�Y�H�L�O�O�D�Q�F�H���� �S�R�O�D�U�L�]�D�W�L�R�Q�� �R�I�� �L�Q�Q�D�W�H���H�I�I�H�F�W�R�U�V�¶�� �S�K�H�Q�R�W�\�S�H���� �G�L�U�H�F�W�� �F�\�W�R�W�R�[�L�F�L�W�\��

and passive effects. Adapted from (Felgner et al., 2016). ...................................................... 13 

Figure 2.3: (a) MTB TEM (Frankel et al., 1997), its magnetosome chain (bottom) (Martel et al., 

2009) and (b) SEM (Martel, Mohammadi, de Lanauze, & Felfoul, 2013) images with the 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 from 30 - 80 nm as steering (a). ........... 14 

Figure 2.4: Schematic representation of the induced magnetic moment on the magnetosome chain 

of the polar BN-1 MTB cell in a homogeneous magnetic field. m is the magnetic moment of 
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CHAPTER 1 �,�1�7�5�2�'�8�&�7�,�2�1 

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

predicts that there will be 21.6 million deadly cancer cases by 2030 annually worldwide (World 

Health Organization, 2017). Cancer is going to strike one in two Canadians, annual cancer statistics 

of Canadian Cancer Society reported in 2017 (Canadian Cancer Society, 2017). Treatment options 

�G�H�S�H�Q�G���R�Q���W�K�H���W�X�P�R�U�¶�V���W�\�S�H���� �V�L�]�H���� �O�R�F�D�W�L�R�Q���� �V�W�D�J�H���R�I��cancer and the overall health of the patient. 

Traditional cancer treatment options available are surgery, radiotherapy and chemotherapy with 

chemotherapy being the most common treatment for cancer.  

Systemic administration of therapeutic agents with short biological half-life and narrow therapeutic 

index can lead to acute or cumulative toxicity. Moreover, there are many physiological obstacles 

and barriers that impede the delivery of therapeutics at effective concentrations to all cancer cells. 

For instance, upon systemic administration, some therapeutic agents will be taken up by the 

immune cells of the liver, spleen and other parts of the reticuloendothelial system. Other barriers 

to the penetration of therapeutic agents to solid tumors are intracellular tight junctions (Choi, 

Strauss, Richter, Yun, & Lieber, 2013) and high tumor cell density (Au, Jang, & Wientjes, 2002; 

Kuh, Jang, Wientjes, 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 targeting and uptake 

via enhanced permeation and retention effect (EPR) and ultimately minimize drug-originated 

systemic toxicity effects (Kaminskas et al., 2012). However, only a small fraction of the total 

administered doses (~ 2%) is actually delivered to the tumor (Bae & Park, 2011; Hong, Zhu, Jiang, 

Tang, & Pei, 2009).   

Cancerous cells have the ability to spread throughout the body through the bloodstreams or the 

lymphatic system. This process known as metastasis creates hard-to-treat conditions. Rapid growth 

accompanied by inadequate vascular bed or angiogenesis is the reason why most solid tumors 

contain hypoxic microenvironments that act as tumoral barriers (Junttila & de Sauvage, 2013). The 

hypoxic regions of tumors are characterized by low oxygen levels (~ 0.7% O2) and known to be 

resistant not only to radiation treatments, but also chemotherapy (Brown & 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 space is quasi-inexistent 
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due to the lack of flow caused by an inefficient drainage through the lymphatic system. This causes 

an increase in the tumor interstitial fluid pressure (TIFP) that creates an obstacle for the delivery 

of therapeutics such as during chemotherapy (Minchinton & Tannock, 2006). There have been 

continuous efforts to increase the targeting of active agents to hypoxic regions of solid tumors (e.g. 

targeting exogenous and endogenous hypoxia-associated molecular markers (Bussink, Kaanders, 

& van der Kogel, 2003), manipulating the extracellular matrix (Minchinton & Tannock, 2006) 

using bio-reductive hypoxia-activated prodrugs (Weiss et al., 2011), reducing tumoral pressure 

(Ariffin, Forde, Jahangeer, Soden, & Hinchion, 2014), using multistage nanoparticle delivery 

system (C. Wong et al., 2011), etc.). However, high passive 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 that they lack efficient targeting and 

tracking systems. Magnetic targeting techniques have received much attention; however, they are 

not fully effective. For example, Magnetic drug targeting (MDT) and Magnetic resonance 

navigation (MRN) approaches are not yet feasible for a highly effective application into the tumoral 

microenvironments (Martel et al., 2007; Polyak & Friedman, 2009; Rotariu & Strachan, 2005). 

Depth-dependent MDT is more effective for near-to-skin solid tumors only because of the 

relatively fast decay of the magnetic field as going further away from the magnetic source. The 

depth-independent MRN is not highly efficient for direct delivery of therapeutics because the 

magnetic induction volume of the magnetic agents at the capillary level is not sufficient (Martel, 

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 mechanism. On the other hand, some studies showed 

that some of the aerotaxis (behavioural response to an oxygen gradient) and chemotaxis (response 

�W�R�� �H�Q�Y�L�U�R�Q�P�H�Q�W�¶�V�� �F�K�H�P�L�F�D�O�� �F�R�P�S�R�V�L�W�L�R�Q�� �F�K�D�Q�J�H���� �E�D�F�W�H�U�L�D�� �I�R�X�Q�G�� �L�Q�� �Q�D�W�X�U�H�� �F�R�X�O�G�� �E�H�� �S�U�R�P�L�V�L�Q�J��

therapeutic agents vectors. For instance, different studies showed that Clostridia (Fox et al., 1996; 

St Jean, Zhang, & Forbes, 2008), Salmonella (Forbes, Munn, Fukumura, & Jain, 2003; Ganai, 

Arenas, Sauer, Bentley, & Forbes, 2011; Kasinskas & Forbes, 2006), Bifidobacterium (Yin et al., 

2013) and Escherichia coli (Forbes, 2010) bacteria successfully delivered therapeutic molecules to 

tumor tissues.  
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In 2016, Felfoul and colleagues showed that BN-1 magnetotactic bacteria (MTB) (Frankel, 

Bazylinski, Johnson, & Taylor, 1997) have the required characteristics to act as medical 

microrobots for applications in targeted cancer therapy in the field of medical nanorobotics (Felfoul 

et al., 2016). The goal is to enhance the delivery or uptake by the targeted cells while reducing the 

toxicity of the free drug and/or of the nanocarriers for the healthy tissues. MTB are spherical cells 

with diameters less than the diameter of the smallest blood vessel in the human body (1-2 µm in 

diameter). They naturally contain a chain of single-domain membranous iron oxide magnetic 

nanoparticles (MNP) known as magnetosomes that causes the bacteria to align in the direction of 

the applied magnetic field (0.5-100 Gauss). In a clinical setting, such direction is ultimately set 

towards the tumor. Furthermore, MTB are microaerophilic 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 propulsive 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 µm.s-1.  

While MTB appear to be ideal self-propelling and navigable targeting agents, capable of traveling 

against the TIFP to target deep regions in solid tumors, these magneto-aerotactic bacteria can be 

loaded with drug-containing nanoscale particles attached to the surface of the cells prior to be 

injected near the tumor with superior delivery ratios and minimized systemic circulation (Felfoul 

et al., 2016) compared to all the other known targeting modalities such as drug-encapsulated 

micro/nanoparticles (Kumari, Yadav, & Yadav, 2010; Malam, Loizidou, & Seifalian, 2009) and 

bacterial therapies.  

In the first part of this work, drug-loaded liposomes were successfully attached to the surface of 

MTB for tumor targeting and treatment purposes. The attachment efficiency of drug-loaded 

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 sensitivity or alignment in the magnetic 

field and the U-turn characteristics of the swarms of control MTB versus MTB complex were 

studied. 
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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 

Taherkhani, Essa and their colleagues (Felfoul et al., 2016). The main 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, 

real-time imaging, etc. The thesis is organized into five chapters, as elaborated below.  

Chapter 1 presents a general introduction and it brings forward the need for developing MTB 

liposomal-based drug delivery system and MTB-magnetic 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 technologies and tumor imaging modality 

approaches for cancer therapy. The role of bacteria as biocarriers in cancer therapy, liposomes as 

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

were specifically discussed in this chapter.  

Chapter 3 consists of the research methodology of the thesis. In more details, in this part, the author 

outlines the research strategy, the research approach, for the formulation of functionalized 

liposomes, development of MTB liposomal-based delivery system for carrying therapeutics and 

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

�&�K�D�S�W�H�U�������D�G�G�U�H�V�V�H�V���W�K�H���S�U�R�G�X�F�H�G���H�[�S�H�U�L�P�H�Q�W�D�O���I�L�Q�G�L�Q�J�V���D�Q�G���U�H�V�X�O�W�V���G�X�U�L�Q�J���W�K�H���F�D�Q�G�L�G�D�W�H�¶�V���P�D�V�W�H�U�V��

study. The drug entrapment efficiency in liposomes, characterization of the drug-loaded liposomes 

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 to discussing the findings and highlight the main results of this master 

project. 

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

recommendations and future perspective.  
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1.2 Thesis hypothesis and objectives 

1.2.1 Thesis hypothesis 

Development of bacteria-�E�D�V�H�G���F�R�P�S�O�H�[�H�V���Z�L�W�K�R�X�W���F�R�P�S�U�R�P�L�V�L�Q�J���W�K�H���E�D�F�W�H�U�L�D���F�H�O�O�V�¶�� �F�D�S�D�E�L�O�L�W�L�H�V��

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

1.2.2 Thesis objectives 

The goal of this �P�D�V�W�H�U�¶�V�� �Z�R�U�N was to study and assess the attachment of the therapeutic and 

imaging nanoparticles to the surface of live MTB as a self-propelled microrobot for tumor 

targeting, treatment and imaging purposes.  

Objective 1: 

Provide instructions on the formulation of functionalized liposomes.  

Objective 2: 

Provide the protocol for loading the liposomes with the SN38 antitumor 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. 
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CHAPTER 2 �%�$�&�.�*�5�2�8�1�'���$�1�'���/�,�7�(�5�$�7�8�5�(���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 modalities. The second part discusses 

targeted cancer therapy, specifically magnetic targeting. The third part presents the clinical 

applications of bacteria-based therapy and addresses the use of BN-1 magnetotactic bacteria as a 

new approach to overcome the limitations of other types of bacteria in cancer therapy. The fourth 

part tackles SN38 as an anti-cancer drug while the fifth part discusses liposomes as a drug carrier. 

The sixth part describes carbodiimide chemistry as a common bioconjugation technique employed 

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 nanoparticles in 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 therapy,�� surgery and chemotherapy are the main 

classifications of current 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 well (S. A. Hussain, Feb 2001). This 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 of host-pathogen interactions. On the 

other hand, some radiation therapies lack the ability to target a specific location in the body, 

resulting in severe side effects for the patient. In such therapies, the radioactive substances along 

with a high dose 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 oxygen-deficient sections of 

the tumor are resistant to both radiotherapy and chemotherapy (Moeller, Richardson, & Dewhirst, 

2007; Znati et al., 1996). Chemotherapy often involves systemic side effects with no specific 

distribution and unfavorable pharmacokinetics. High concentrations of the anti-tumor drug are 

required in order to reach an effective dose, but this can lead to an unsustainable drug level, drug 

resistance, dangerous side effects and ultimately organ failures. Furthermore, following 

extravasation from the tumor vessels, the drugs often attach to the cellular barriers preventing them 
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from reaching the inaccessible region of the tumor. Thus, the chemotherapy drug is withheld to 

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 indices (O'Connell et al., 1994; Peddareddigari, Wang, & DuBois, 2010). 

Therefore, improvement of the therapeutic benefits by employing an active transport vehicle that 

prevents healthy cells from being exposed to the anti-tumor drugs and delivers the drug substances 

directly to the target site is necessary.   

2.2 Targeted therapy for cancer 

�7�K�H���V�\�V�W�H�P�L�F���W�K�H�U�D�S�\�¶�V���H�I�I�L�F�L�H�Q�F�\���G�H�S�H�Q�G�V���R�Q���W�K�H���D�G�H�T�X�D�W�H���D�P�R�X�Q�W���R�I���W�K�H���S�K�D�U�P�D�F�H�X�W�L�F�D�O���D�J�H�Q�W�¶�V��

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 then, move to the tumor tissue in order to be in 

straight contact with the tumor cells (Jain, 2012). Improvement of the active or passive tumor 

�W�D�U�J�H�W�L�Q�J�� �P�H�W�K�R�G�V�� �D�V�V�L�V�W�V�� �L�Q�� �L�Q�F�U�H�D�V�L�Q�J�� �W�K�H�� �H�I�I�H�F�W�L�Y�H�Q�H�V�V�� �R�I�� �W�K�H�� �G�L�D�J�Q�R�V�W�L�F�� �R�U���W�K�H�U�D�S�H�X�W�L�F�� �D�J�H�Q�W�¶�V��

delivery to the tumor cells that can be reached by magnetic navigation (Furlani & Furlani, 2007; 

Mishima, Takeda, Izumi, & Nishijima, 2006), particulate-based drug formulation (e. g. polymers, 

dendrimer and liposomes) (Kumari et al., 2010; Malam, Loizidou, & Seifalian, Nov 2009) or 

chemoembolization (Maleux et al., 2009). 

2.2.1 Magnetic targeting delivery 

In order to transfer the therapeutic agents to the tumor, proper steering delivery systems are in need 

and this can be obtained with magnetic targeting methods such as MRN and MDT (Gleich et al., 

2007; Mishima et al., 2006). The current method for magnetic targeting involves encapsulating the 

therapeutic agents in the polymeric-�P�D�J�Q�H�W�L�F�� �S�D�U�W�L�F�O�H�V�¶�� �K�\�E�U�L�G�V�� �R�U�� �O�L�S�R�V�R�P�H�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V�� �D�Q�G��

guide them towards the tumor site using the magnetic force generated by the gradient coils of the 

MRI system (Martel et al., 2007; Pouponneau, Leroux, & Martel, 2009) or by an external magnet 

(Furlani & Furlani, 2007; Mishima et al., 2006). In MDT, therapeutics are being loaded in magnetic 

particles and 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 the targeting efficacy for tumors located deep inside the body, 

the MRN technique for navigation of an untethered device was proposed by Martel and colleagues 
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(2009) (Martel et al., 2009). MRN technique relies on the induction of 3D directional magnetic 

propulsion force on magnetic materials 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 pig (Martel et al., 2009). MRN merged with chemoembolization demonstrates a 

considerable improvement in the MRI-based navigation of microdevices to targeted regions 

(Pouponneau et al., 2009).  

Although MRN has advantages over MDT, the navigational control of both techniques decreases 

dramatically in the tumor complex microvasculature, while higher force is required to diffuse the 

small therapeutic carriers inside the capillaries of the microvasculature (Felfoul, 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 in 1891 (Coley, 

1891) which was the beginning for other researchers to verify different strategies in order to make 

a progress towards the treatment of cancer ���%�D�E�D�Q���� �&�U�R�Q�L�Q���� �2�¶�+�D�Q�O�R�Q���� �2�¶�6�X�O�O�L�Y�D�Q���� �	�� �7�D�Q�J�Q�H�\����

2010; Bettegowda et al., 2003; Forbes, 2010; Gardlik, Behuliak, Palffy, Celec, & Li, 2011; 

Kasinskas & Forbes, 2006; Patyar et al., 2010). The main specifications of the bacteria that make 

them a potential agent in cancer therapy are that the bacteria possess self-powered and self-

propulsion properties and they can specifically proliferate, target and accumulate within the solid 

tumor areas. They are capable of swimming 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 generate an externally detectable signal while the sensory 

apparatus of the bacteria allows them to react to internal signals and/or external stimuli in the tumor 

microenvironment (Bettegowda et al., 2003; Forbes, 2010; Kasinskas & Forbes, 2006; St Jean et 

al., 2008). 

The strains of Bifidobacterium (Yin et al., 2013), Clostridia (Fox et al., 1996; St Jean et al., 2008) 

and Salmonella (Forbes et al., 2003; Ganai et al., 2011; Kasinskas & Forbes, 2006) bacteria, are 

generally used as potential candidates to penetrate deeply and accumulate into the preferred 

hypoxic regions. Research on animal models demonstrated that Salmonella is able to arrive at the 
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tumor through the broken vessels when intravenously administrated. After entering the tumor 

region, because of the suitable environment, Salmonella is able to form colonies and induce 

apoptosis (Ganai et al., 2011; Kasinskas & Forbes, 2006). In addition, bacteria can be utilized as 

vehicles for gene therapy or their genes can be modified in order to exhibit genes that induce 

antitumor effects (Baban et al., 2010; Fox et al., 1996; Gardlik et al., 2011). Bacteria can also play 

the role of a vehicle that delivers therapeutic agents to the target (St Jean et al., 2008). Some 

techniques to defeat cancer by using bacteria-based technology is demonstrated in Figure 2.1 (S. 

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

colonization by Salmonella is presented in Figure 2.2 (Felgner, Kocijancic, Frahm, & Weiss, 2016).  

Regardless of the massive research done on bacteria in cancer therapy, the method still faces many 

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 hypoxic areas 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 colonies and generate toxins in the central 

areas of solid tumors (Baban et al., 2010; S. Liu et al., 2014). For example, in a phase I clinical 

trials, the application of a genetically modified anaerobe Salmonella typhimurium (VNP20009) to 

target small tumors with an absent necrotic zone demonstrated that tumor colonization of bacteria 

can be reached at very high dose but with no antitumor effects (Toso et al., 2002). 

Anaerobic bacteria often accumulate and influence the necrotic and hypoxic cells (Moese & Moese, 

1964) while the radiation therapy and chemotherapy possess limitations toward destroying the cells 

in these areas (Gray, Conger, Ebert, Hornsey, & Scott, 1953; Roizin-Towle & Hall, 1978). 

�³�&�R�P�E�L�Q�D�W�L�R�Q�� �E�D�F�W�H�U�L�R�O�\�W�L�F�� �W�K�H�U�D�S�\�´�� ���&�2�%�$�/�7���� �Z�D�V�� �V�X�J�J�H�V�W�H�G�� �W�R�� �L�P�S�U�R�Y�H�� �W�K�H�� �U�H�V�X�O�W�V�� �R�I�� �W�K�H��

previously mentioned treatment, which combines bacterial therapy and conventional cancer 

treatments such as radiotherapy and chemotherapy (Dang, Bettegowda, Huso, Kinzler, & 

Vogelstein, 2001). For example, Clostridium novyi bacteria have been studied along with the 

radiotherapy agents (Bettegowda et al., 2003). Cheong 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 membrane-disrupting properties of bacteria proteins (Cheong et al., 2006). Using 

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

without computer-assisted navigation (Forbes et al., 2003; Kasinskas & Forbes, 2006). 
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Magnetotactic bacteria are suggested as remotely computer-controllable agents to deliver drugs to 

solid tumors (Taherkhani, 2015). 

2.3.1 BN-1 magnetotactic bacteria  

Martel and colleagues (2009) used flagellated BN-1 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, nanoliposomes were attached on the surface of the MTB and injected near the tumors 

in mice. Swarms of the bacteria complexes were guided under an applied magnetic field and the 

results showed that up to 55% of total drug loaded MTB reached into regions of active cancer cells 

in colorectal tumors (Felfoul et al., 2016). This was a huge improvement over the 0.7% achieved 

by standard chemotherapy. Such result means that a much lower dose will lead to much enhanced 

therapeutic effects for a given therapeutic leading to much less toxicity for the patients, which 

might ultimately lead to significant reductions in health care cost considering that toxicity-related 

issues contribute significantly to an increase of the treatment for the patients. This approach applies 

to many therapeutics and cancers where injections near the tumor are possible. When the injection 

near the tumor is too complex or invasive, an approach based on exploiting the magnetic field of a 

clinical MRI scanner has been developed and validated by Martel, 2017 (Martel, 2017). But this 

approach can only target near the tumor and not the regions of active cancer cells inside a tumor. 

Figure 2.3 demonstrates the BN-1 MTB cells with a spherical shape and 1-2 �Pm in diameter. These 

properties provide the ability for the BN-1 MTB cells to extravasate into the tumor site from the 

�W�X�P�R�U�¶�V���E�O�R�R�G���Y�H�V�V�H�O�V���Z�K�L�F�K���K�D�Y�H���S�R�U�H�V���V�L�]�H�V���R�I�������������W�R�������Pm (Hobbs et al., 1998; McDonald & 

Baluk, 2002). Furthermore, the suitable size of the cells allows a maximum surface area that 

enables the attachment of nanoscale components on its surface (Taherkhani, 2015). The BN-1 MTB 

cells can play the role of microrobots with a directional self-propelling system which is generated 

by two bundles of nine flagella located at one side (Felfoul et al., 2016). The �a 4 pN propelling 

force of the BN-1 MTB cells are produced by the flagella. This can be very effective when 

functioning in the tumor microenvironment and the smallest blood vessels that have Reynolds 

number hydrodynamic conditions (Koumoutsakos, Pivkin, & Milde, 2013). BN-1 MTB cells have 

relatively higher propelling force compared to other flagellated bacteria with the thrust force of 0.3 
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- 0.5 pN (Martel et al., 2009). Furthermore, the average swimming speed of the MTB is about 200 

�Pm.s-1 at room temperature (Martel et al., 2009).  

As demonstrated in Figure 2.3a, the BN-1 MTB cells have a single magnetosome chain which is 

made from 10 - 15 magnetite (Fe3O4) nanoparticles in the size range of 30 - 80 nm. The embedded 

remote-control interface in the BN-1 MTB, as well as efficient motor sensory and actuation 

capabilities, support the idea of the BN-1 MTB as a microrobot in the field of targeted delivery 

(Martel, 2012). 

As can be observed in Figure 2.4, when the BN-1 MTB cell is in contact with an external directional 

magnetic field �D�� �O�L�W�W�O�H�� �K�L�J�K�H�U�� �W�K�D�Q�� �������� �*�D�X�V�V�� ���W�K�H�� �(�D�U�W�K�¶�V�� �P�D�J�Q�H�W�L�F�� �I�L�H�O�G��, the magnetic dipole 

moment (m) is provided by the magnetized chain. The BN-1 MTB cells possess a magnetic moment 

of almost 10-15 A.m2 (or J.T-1), that allows them to respond to magnetic fields as low as 50 �PT (5 

× 10-20 J) (Blakemore, 1982). Once there is an angle (�T) between the applied magnetic field (B) 

and the magnetic dipole of the chain, the magnetic torque is employed (De Lanauze, 2013; Felfoul, 

2011b; Nadkarni, Barkley, & Fradin, 2013). The induced magnetic torque allows the magnetosome 

chain to act as a compass and aligns the MTB cells in the magnetic field (Felfoul, Pouponneau, 

Mathieu, & Martel, 2007; Martel, 2006).  

The behavior 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 chain (e.g. size 

and a number of the magnetic nanoparticles). The arrangement of the Fe3O4 nanoparticles within 

the MTB cells in a linear format maximizes the magnetic moment of the bacteria. The BN-1 MTB 

inherently shift in the direction of the oxic-anoxic transition zone (OATZ) �L�Q���U�H�D�F�W�L�R�Q���W�R���W�K�H���(�D�U�W�K�¶�V��

magnetic field. In OATZ, BN-1 cells prefer low oxygen concentrations (�a 1 - 2% O2), this action 

is named magneto-aerotaxis behavior (Frankel et al., 1997). To use MTB in the controlling 

purposes for in vivo drug delivery into hypoxic areas and tumor microenvironments, the mentioned 

sp�H�F�L�I�L�F�D�W�L�R�Q�V���D�U�H���Y�H�U�\���L�P�S�R�U�W�D�Q�W�����0�D�J�Q�H�W�R�W�D�[�L�V�����U�H�V�S�R�Q�V�H���W�R���P�D�J�Q�H�W�L�F���I�L�H�O�G�¶�V���O�L�Q�H�V�����L�Q���F�R�P�E�L�Q�D�W�L�R�Q��

with aerotaxis is able to influence the BN-1 MTB swimming orientation and the bacteria response 

is based on a balance of these stimuli (Denham, Blakemore, & Frankel, 1980; Frankel & 

Blakemore, 1980).  
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Figure 2.1: Bacteria cancer therapy strategies. (A) Bacteria have the ability to penetrate tissues. 

Anaerobic bacteria 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 anti-tumoral agents. Bacteria are 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/necrotic regions while 

directly kill tumor cells. Adapted from (S. Liu et al., 2014).  
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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 passive deposition of bacteria 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 by attraction 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, including 

an adjuvant effect on the previously developed tumor immune surveillance, polarization of innate 

�H�I�I�H�F�W�R�U�V�¶���S�K�H�Q�R�W�\�S�H�����G�L�U�H�F�W���F�\�W�R�W�Rxicity and passive effects. Adapted from (Felgner et al., 2016).  
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Figure 2.3: (a) MTB TEM (Frankel et al., 1997), its magnetosome chain (bottom) (Martel et al., 

2009) and (b) SEM (Martel, Mohammadi, de Lanauze, & Felfoul, 2013) images with the 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 from 30 - 80 nm as steering (a). 

2.3.2 BN-1 MTB cells versus magnetic nanoparticles 

From the microrobotics perspective, for a precisely targeted delivery to the tumor site, self-

propulsion force, appropriate size and high velocities are the main required characteristics. 

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 by applying a weak directional magnetic field (a 

�O�L�W�W�O�H���J�U�H�D�W�H�U���W�K�D�Q���W�K�H���(�D�U�W�K�¶�V���J�H�R�P�D�J�Q�H�W�L�F���I�L�H�O�G�����L�Q�V�W�H�D�G���R�I���X�V�L�Q�J���W�H�Q�V���W�R���K�X�Q�G�U�H�G�V���R�I��thousands of 

times higher field needed for any other magnetic targeting techniques (Frankel et al., 1997). 

Moreover, two bundles of flagella enable the propulsion force of the MTBs instead of an induced 

external force. For example, considering the BN-1 MTB and microcarriers at the same conditions 

(e.g. same velocity (200 �Pm.s-1) and same size (2 �Pm)), the MTB bacteria are exposed to a much 

weaker magnetic field (Felfoul et al., 2008), which is higher than the threshold for clinical practices 

(Martel, 2013a).  
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Figure 2.4: Schematic representation of the induced magnetic moment on the magnetosome chain 

of the polar BN-1 MTB cell in a homogeneous magnetic field. m is the magnetic moment of the 

MTB, B is the external magnetic field and �T is the angle between them (De Lanauze, 2013; Felfoul, 

2011b; Nadkarni et al., 2013).  

D�H�V�S�L�W�H���0�7�%�¶�V���D�S�S�H�D�U�D�Q�F�H���D�V���D���P�R�U�H���S�U�R�P�L�V�L�Q�J���P�H�W�K�R�G���W�R���L�Q�F�U�H�D�V�H���W�K�H���H�I�I�L�F�D�F�\���R�I���W�X�P�R�U���W�D�U�J�H�W�L�Q�J��

and its possibility for deep penetration in comparison to magnetic particles using MRN and MDT 

methods (Martel et al., 2007; Polyak & Friedman, 2009; Rotariu & Strachan, 2005), it still 

encounters certain limitations when moving in the bloodstream. In order for the carrier to move 

through the blood vessels, its diameter should not exceed half the diameter of the smallest capillary 

���a���������P����and it should attain a propulsion of ~ 4 pN (Felfoul et al., 2008; Martel, 2013b; Martel et 

al., 2009). Furthermore, usually, the leaky tumor vessels have openings of �����������P���L�Q���V�L�]�H��(Hobbs 

et al., 1998; McDonald & Baluk, 2002), which supports the requirement of the carrier diameter not 

�H�[�F�H�H�G�L�Q�J���������P�����'�H�V�S�L�W�H���W�K�H���P�X�F�K���P�R�U�H���H�I�I�H�F�W�L�Y�H���I�X�Q�F�W�L�R�Q���R�I��BN-1 MTB in the microvasculature 

and in the tumor environment compared to the other known methods (S Martel, 2014; Martel et al., 

2009), BN-1 MTB alone still has low efficiency because of the high blood flows in the large blood 

vessels. In theory, BN-1 MTB are not controllable at the fluidic turbulent motion and the flow leads 

to their disorientation (Taherkhani, 2015).  
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Thus, the usually applied intra-arterial or intravenous administration in chemotherapy is not the 

best choice for the MTB-based therapeutic interventions (Taherkhani, 2015). Flagellated bacteria 

are navigated through the larger blood vessels using methods such as balloon catheter or 

embolization to temporarily decrease the blood flow supplying the tumor (Felfoul et al., 2008). 

Compared to the previously mentioned techniques, magnetic microparticles with high saturation 

magnetization possess a higher effectivity in the larger blood vessels. When magnetic particles are 

larger in size, they must be exposed to a much lower magnetic gradient than a smaller particle (due 

�W�R���W�K�H���P�D�W�H�U�L�D�O�¶�V���P�D�J�Q�H�W�L�F���Y�R�O�X�P�H�����W�R���R�E�W�D�L�Q���D���V�L�P�L�O�D�U���P�D�J�Q�H�W�R�S�K�R�U�H�W�L�F���Y�H�O�R�F�L�W�\�����)�R�U��example, the 

�S�D�U�W�L�F�O�H�� �Z�L�W�K�� �D�� �V�L�]�H�� �R�I�� ������ ���P�� �R�U���K�L�J�K�H�U�� �U�H�Tuires only < 500 mT/m magnetic gradients, which is 

among the acceptable targeting range, but its size is not appropriate for acting at the capillary level 

(Mathieu & Martel, 2007). 

2.3.3 BN-1 MTB cells navigation via the magneto-aerotaxis 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 a three-dimensional 

volume. Software control systems, magnetic sequences, three-dimensional magnetic navigation 

platforms and physic theories for BN-1 MTB accumulation in a specific region were designed by 

De Lanauze and Felfoul (Figure 2.5) (De Lanauze, 2013; De Lanauze, Felfoul, Turcot, 

Mohammadi, & Martel, 2014; Felfoul, 2011a). Briefly, a magnetotaxis platform compromising six 

electromagnets is built with a configuration of three-axis orthogonal pairs of independent magnetic 

gradient coils and special time-varying sequences capable of producing a three-dimensional 

magnetic field. Maxwell configuration of the electric coils results in equal but opposite currents. 

Thus, in the magnetotaxis platform, by independent current ratio variations between 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 used, a MTB 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 navigate the MTBs are 
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very weak, in the range of 10 - 100 Gauss (0.001 - 0.1 Tesla). When the MTBs are exposed to a 

�P�D�J�Q�H�W�L�F���I�L�H�O�G���D���O�L�W�W�O�H���K�L�J�K�H�U���W�K�D�Q���W�K�H���(�D�U�W�K�¶�V���P�D�J�Q�H�W�L�F���I�L�H�O�G�����W�K�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���R�[�\�J�H�Q���K�D�V���Q�R��

influence on the swimming behaviors of the MTB cells and magnetotaxis exclusively affects the 

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

Martel, Tremblay, Ngakeng, & Langlois, 2006). A three-dimensional field is able to induce a 

directional movement and torque on the MTB to generate an aggregate in a certain volume 

depending on the MTB concentration. Also, the movement and position of the MTB cells in the 

three-dimensional space is controlled by a computer software (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 zone outer boundary. 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. Therapeutic agent-

loaded MTB will aggregate when 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 a very weak 

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 area, the displacements of MTB with the 

guidance of their microaerophilic behavior affects aerotaxis searching for hard-to-treat hypoxic 

regions of solid tumors (Felfoul et al., 2016). 

When the BN-1 MTB enters the physiological environment, they become non-motile 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 force of BN-1 MTB 

(Martel et al., 2009). Thus, the short period during which the MTB is active and alive limits the 

whole in vivo process to target and navigate using BN-1 MTB (Taherkhani, 2015). 
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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 therapeutics into the hypoxic 

zones of solid tumors. Adapted from (Felfoul et al., 2016; De Lanauze, Felfoul, Turcot, 

Mohammadi, & Martel, 2014). 

 

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 of the MTB 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 from (De Lanauze et al., 2014). 
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Figure 2.7: Images of the MTB aggregation movement along a predetermined cross-shaped path 

inside a petri dish 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 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 (CPT-11) which is a camptothecin derivative. The metabolic activation of CPT-11 

to SN38 takes place in liver and tumor tissues (Slatter, Su, Sams, Schaaf, & Wienkers, 1997; Tobin 

et al., 2006). The clinical activity of the SN38 was found to be up to 1000-fold greater than CPT-

11 in a number of cancer cell lines including colorectal, lung, lymphoma, gastric, cervical and 

ovarian cancer (Bodurka et al., 2003; Cunningham et al., 1998; Noda et al., 2002; J. Allen Zhang 

et al., 2004). SN38 induces apoptosis by stabilizing the cleavable complex formed between 

topoisomerase I (topoI) and DNA, resulting in double-strand DNA breakage and ultimately cell 

death (Figure 2.8) (Williams et al., 2003; Zeghari-Squalli, Raymond, Cvitkovic, & Goldwasser, 

1999). Therefore, SN38 may be used for cancer treatment over CPT-11 as an effective anticancer 

agent.  
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Figure 2.8: Metabolic pathways of CPT-11 and SN38. (a) CPT-11 is converted to its active 

metabolite (SN38) by liver carboxylesterase. UGT1A1 causes inactivation of SN38 by forming 

SN38 glucuronide (SN38-�*�������7�K�H�Q������-glucuronidase intestinal bacteria convert SN38-G to SN38 

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

by double-strand DNA break formation and apoptosis (Frese & Diamond, 2011). 
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2.4.1 Limitation of direct use of SN38  

In comparison with CPT-11 parent drug, SN38 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, polysorbate and cremophor, which are the most famous physiologically compatible 

liquids, and its short biological half-life have limited its direct clinical application (Duan et al., 

2010; Manaspon, Hongeng, Boongird, & Nasongkla, 2012). In addition, SN38 is inactive in the 

physiological pH (pH 7.4) because of its pH-dependent behavior. At low pH, the SN38 is active 

and in the closed-ring neutral structure (lactone) form while at high pH, it is inactive and is in the 

form of an open-ring negatively charged structure (carboxylate) (Figure 2.9) (X. Yang et al., 2005). 

Figure 2.9 shows the pH-dependent equilibrium of SN38.  

The half-life of conversion of the active SN38 form (hydroxy lactone, closed-ring structure) to the 

inactive SN38 form (carboxylate, open-ring structure) is ~ 12 min, where within 2 h, 99% of the 

active SN38 is converted to biolog�L�F�D�O�O�\���L�Q�D�F�W�L�Y�H���F�D�U�E�R�[�\�O�D�W�H���6�1�������D�W���S�+�����������D�W���������•�����7�R���D�G�Y�D�Q�F�H��

into clinical trials, developing a water-soluble form of SN38 is necessary (its solubility in water is 

�����������J���P�O����(X. Yang et al., 2005). In addition, a drug delivery vehicle should be developed so 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 target (Garcia-Carbonero & 

Supko, 2002; Tallman, Ritter, & Smith, 2005). In order to address 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, Robinson, 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 degradable in a biological 

environment, making them a perfect candidate for carrying drugs into small vessels (Demetrios 
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Papahadjopoulos & Miller, 1967). They were initially discovered by Bangham and colleagues in 

1965 (Bangham, Standish, & Watkins, 1965) and were used as nanocarriers for years (Jesorka & 

Orwar, 2008). Figure 2.10 illustrates phospholipids creating a bilayer. The hydrophobic tails are 

repelled from water and the hydrophilic heads are attracted towards the water, creating a bilayer 

(Jesorka & Orwar, 2008). Depending on their size and lamellarity, liposomes are divided into 4 

groups: small unilamellar vesicles (SUVs; ~ diameter: 10 - 100 nm), large unilamellar vesicles 

(LUVs; diameter: ~ 100 - �����������Q�P�������J�L�D�Q�W���X�Q�L�O�D�P�H�O�O�D�U���Y�H�V�L�F�O�H�V�����*�8�9�����G�L�D�P�H�W�H�U�����!���������������P�����D�Q�G��

multilamellar vesicles (MLVs or LMVs) that are made of concentric layers. In this study, we 

prepared LUVs (diameter of 200 nm). 

 

Figure 2.9: CPT-11 and SN38 pH-dependent equilibrium. At low pH, the SN38 is active and in the 

closed-ring neutral structure (lactone) form while at high pH, it is inactive and is in the form of an 

open-ring negatively charged structure (carboxylate) (J Allen Zhang et al., 2004).  
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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, & Cavaco-Paulo, 2015). 
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2.5.2 Liposomes as drug delivery carriers  

Liposomes as vesicles have been used in different research fields as drug carriers. For example, 

they were used as imaging contrast agents (Mikhaylov et al., 2011; Mitchell et al., 2013), vaccines 

(Channarong, Chaicumpa, Sinchaipanid, & Mitrevej, 2011), enzyme (Jesorka & Orwar, 2008; Yun, 

Maximov, Yu, Vertegel, & Kindy, 2013), carriers, as well as delivering anticancer drugs to the 

desired sites (Afergan et al., 2010; Andresen, Jensen, & Jørgensen, 2005; Immordino, Dosio, & 

Cattel, 2006; Jesorka & Orwar, 2008; Sawant & Torchilin, 2010). According 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, respectively (Torchilin, 2005). This allows lower drug 

toxic side effects (Al -Jamal & Kostarelos, 2011) and more control over drug release (Koçer, 2010). 

For instance, systemic administration of pharmaceutical substances that have short biological half-

lives and negligible therapeutic indices leads to an increase in acute and cumulative toxicities. 

However, drug encapsulation in PEGylated nanocarriers (e.g. liposomes) as long-circulating 

pharmaceutical agents can improve the targeting efficiency through EPR effect (Kaminskas et al., 

2012; Yallapu, Foy, Jain, & Labhasetwar, 2010). As mentioned before, SN38 is a pH-sensitive 

drug and PEGylated liposomes can protect the active metabolite status of this drug under varying 

physiological environment. However, only a small fraction of these carriers enter the tumors, by 

the EPR effect, due to poor lymphatic drainage (~ 2% after 4 h circulation) (Figure 2.11) (Hong et 

al., 2009; Jhaveri & Torchilin, 2014).  

 

Figure 2.11: Schematic illustration of passive targeting via the EPR effect. Nanocarriers can 

extravasate into the tumors through the gaps between endothelial cells. Adapted 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 charge and the lipid to active agent ratio can affect the 

physical properties of the liposomes. For example, like charges 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 the lipids. 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 half-life or the biological stability of liposomes can 

be influence by the size, composition and surface properties. For instance, liposomes with a radius 

of 10 �± 100 nm are not rapidly recognized by the immune system and can avoid kidney filtration 

(Gil & Parak, 2008). As a consequence, different studies showed a high lifespan circulation of 

drug-loaded liposomes (Kaminskas et al., 2012).    

2.5.4 Liposome manufacturing and synthesis techniques  

Since the Bangham method (Bangham et al., 1965), there have been other techniques used to 

manufacture custom-designed liposomes such as detergent-depletion (Meure, Foster, & Dehghani, 

2008), reverse-phase evaporation on thin film hydration (Szoka Jr, 1996), supercritical fluid 

techniques (Massing, Cicko, & Ziroli, 2008) and microfluidic method (Hood, 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 aqueous solution through vigorous shaking 

to separate the swelling lamellae from the surface of the vessel and form sealed spherical structure. 

(Maherani et al., 2011).  

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

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 hydrated 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 form liquid-filled 

large multilamellar vesicles of different sizes (Hernández-Zapata et al., 2010). SUVs can be 

obtained by sonication while (Figure 2.12), unilamellar large vesicles (LUVs) can be produced by 

extrusion through polycarbonate membranes above the transition temperature of lipids (Maherani 

et al., 2011).  

2.5.5 Liposome drug loading strategies  

Depending on the biocompatibility, solubility and the stability of the drug, different drug 

encapsulation technique can be employed (Mahapatro & Singh, 2011). There are two main methods 

to load drugs into the liposomes: passive and active encapsulation.  

 

 

Figure 2.12: Schematic representation of the reverse-phase evaporation/thin film hydration method 

for liposome preparation. Reproduced from (de Araújo Lopes et al., 2013). 
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2.5.5.1 Passive encapsulation  

In this method, the encapsulation of water-soluble hydrophilic 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 of the liposome. However, this process has low drug uptake efficacy (Drummond, 

Noble, Hayes, Park, & Kirpotin, 2008; Sur, Fries, Kinzler, Zhou, & Vogelstein, 2014). If the drug 

is lipophilic, then it is entrapped inside the lipid bilayer of the liposomes. Drugs that are polyions 

are complexed with opposite charge to increase the loading efficacy (Drummond et al., 2008; 

Immordino et al., 2006).  

2.5.5.2 Active encapsulation  

In this method, the weakly acidic or basic drug is trapped in the liposomes via transmembrane 

gradient strategy (Ganai et al., 2011); the 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 gradient 3) creating a ((NH4)2SO4) and 

((NH4)2HPO4) gradient (Fritze, Hens, Kimpfler, Schubert, & Peschka-Süss, 2006; Haran, Cohen, 

Bar, & Barenholz, 1993) and 4) creating an ethylenediaminetetraacetic acid (EDTA) gradient 

(Gubernator et al., 2010). Active encapsulation was successfully used in this 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 encapsulation; as a result, 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 properties change. The charged molecules are less permeable; 

thus, the drug gets trapped inside the bilayer.   

2.5.6 Liposomal SN38 formulation  

To improve the solubility of CPT-11 and SN38 drugs in a stable and active condition, it is best to 

encapsulate them inside liposomes rather than using other cytotoxic organic solvents or for 

example, dimethylsulfoxide (DMSO) (Sadzuka, Takabe, & Sonobe, 2005; Szoka Jr, 1996; Xuan, 

Zhang, & Ahmad, 2006; J Allen Zhang et al., 2004).  

Balancing the ratio of the administered drug-loaded liposomes versus the toxic side effects is a 

great concern when it comes to drug delivery.  
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Figure 2.13 illustrates the proposed encapsulation mechanism of SN38 into liposomes using a pH 

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 main challenges 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 (e.g. temperature sensitive liposomes (Drummond et al., 2008; Sawant & Torchilin, 2010), 

pH-sensitive (Drummond et al., 2008; Sawant & Torchilin, 2010), enzymatic release (Andresen et 

al., 2005; Jørgensen, Davidsen, & Mouritsen, 2002; Panel et al., 2006), ultrasound sensitive 

(Schroeder, Kost, & Barenholz, 2009) and photosensitive (Drummond et al., 2008)), the 

physiochemical characteristics of liposomes can be manufactured differently.  

 

 

 

 

 

 

 

 

 

 

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 charged carboxylate 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 saturated long-chain lipids would give 

retention. On the other hand, short and unsaturated acyl chains would make the liposomes leakier. 

Enzyme-activated 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 the local 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 degradation of pH-sensitive liposomes without the need 

of any external means. Secretory phospholipase A2 (sPLA2) enzymes help in the destabilization 

and the cleavage of the lipids leading to lysolipids and fatty acids formulation (Andresen et al., 

2005; Jørgensen et al., 2002; Panel et al., 2006). Size, charge, lipid composition (e.g. acyl-chain 

length and polymer coverage) and structural defects of the liposomes are factors that influence the 

activity of the PLA2 enzyme. Adding anionic PEGylated lipids can enhance the PLA2-catalyzed 

degradation of phospholipids membranes. However, when > 20 mol% of cholesterol is added to 

the liposome, it becomes non-degradable by PLA2 and that limits the range of drugs that can be 

delivered to tumors (Jørgensen 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, effectiveness and water-solubility of the 

biomolecules in the physiological environments. The commonly used methods for bioconjugation 

are (i) non-covalent interactions including physical adsorption (physisorption) and biological 

affinity-binding, (ii) covalent bonds (chemisorption) (Barar & Omidi, 2014; Sperling & Parak, 

2010). Every method has its pros and cons and is used for specific applications, reagent 

requirements and timetables. Figure 2.14 shows some of the basic chemistry for attachment of 

biomolecules to particles. In this study, �±COOH functionalized nanoparticles were covalently 

attached on the surface of the amine-containing (�±NH2) MTB cells.  

2.6.1 Carbodiimide-mediated coupling 

Among different zero-length bioconjugation techniques (Hermanson, 2013), carbodiimide agents 

are commonly used to activate carboxylic acid groups and to form amide or ester linkages. One of 

the benefits of the carbodiimide is that different types of amine-containing molecules such as 

antibodies, peptides, enzymes and DNA can directly be immobilized to the functionalized surface 

of the substrate without prior modification.   
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Carbodiimides activation agents that are commonly used are 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC or EDAC), 1-cyclohexyl-3-(2-

morpholinoethyl) carbodiimide (CMC), dicyclohexylcarbodiimide (DCC), diisopropyl 

�F�D�U�E�R�G�L�L�P�L�G�H�� ���'�,�&�������� �:�R�R�G�Z�D�U�G�¶�V�� �U�H�D�J�H�Q�W�� �.�� ���1-ethyl-3-phenylisoxazolium-���•-sulfonate) and 

�1���1�•-carbonyldiimidazole (CDI) (Hermanson, 2013). They are categorized into two groups: (i) 

water-soluble and (ii) water-insoluble (soluble in organic solvents). For biochemical attachment, 

the water-soluble agents are favored as they allow direct reaction in physiologic solutions without 

the need for dissolution in organic solvents (Danila et al., 2009; Pattabiraman & Bode, 2011).  

 

 

Figure 2.14: Schematic representation of bioconjugation methods based on the functional groups 

presented (Chen, 2014).  
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EDC carbodiimide and N�±hydroxysuccinimide (NHS) or its analog (sulfo-NHS) are both water-

soluble and are successfully used for creating zero-length crosslink (Grabarek & Gergely, 1990; 

Hermanson, 2013). For instance, EDC is used for direct conjugation of negatively charged 

carboxylates (�±COO-) to primary amines (�±NH2)-containing molecules, mediating the formation 

of amide linkages without becoming part of the final crosslink between the target molecules (Danila 

et al., 2009; Hermanson, 2013; Maruyama et al., 1997).  

Figure 2.15 illustrates the basics of conjugation of an amine-containing molecule to a carboxylate-

containing molecule using carbodiimide coupling method. This method consists of a single- or a 

two-steps process. In the single step process, an active ester (O-acylisourea) intermediate is 

produced when the carboxyl-containing molecule is activated with EDC. Then, this active agent 

can react with a primary amine containing species and form an amide bond (Figure 2.15a). In 

aqueous solutions, the reactive ester complex starts to lose activity and its reaction rate with amines 

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 to prevent the hydrolysis of the reactive ester before the 

reaction with the target amine.  

The two-steps procedure (Figure 2.15c), on the other hand, leads to a higher yield of amide bond 

formation compared with the later procedure. First, the carboxylate-containing agent forms an O-

acylisourea intermediate reactive ester. To increase the stability of the active ester, NHS can be 

added. A considerably more stable sulfo-NHS ester intermediate can be formed from the reaction 

of the hydroxyl group of sulfo-NHS with the EDC active-ester complex. Sulfo-NHS ester is 

hydrophilic and it can rapidly bond with a nucleophilic amine on target molecules, increasing the 

efficiency of the amide bond formation. Sulfo-NHS increases the water-solubility of the activated 

carboxylate molecules and slows down the hydrolysis of generated ester intermediates. In addition, 

the sulfo-NHS ester intermediate has a negative charge and this help in maintaining the stability of 

molecules due to the repulsion force between the particles with the same charge. An effective 

washing step (e.g. gel filtration or dialysis) in a reasonable time frame is needed to get rid of excess 

reactants and by-products of the reaction (e.g. isourea). Even though sulfo-NHS is not fundamental 

in carbodiimide reactions, it can significantly enhance the solubility, stability and attachment 

efficiency by improving the yield of EDC-active intermediate and forming a more stable amine-

reactive intermediate (Staros, Wright, & Swingle, 1986).  
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Figure 2.15: Carbodiimide EDC/NHS crosslinking. Molecules containing the carboxylate group 

can be activated with EDC and sulfo-NHS. By nucleophilic displacement, the activated generated 

esters can couple with amine-containing molecules to form amide bond linkages. Adapted from 

(Hermanson, 2013).  

EDC hydrolysis takes place at an acidic pH and NHS-esters have a half-life of 4 - 5 h at pH 7, 1 h 

at pH 8 and just 10 min at pH 8.6 (S. S. Wong & Jameson, 2011). The 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-

steps crosslinking reactions, it is better to do the EDC and sulfo-NHS activation in a 0.1 M MES 

buffer for 30 min at room temperature at pH 4.5 - 6.0. This results in an efficient activation of EDC 

with less hydrolysis of the intermediates. Then, immediately prior to the reaction, the pH should 
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be elevated to neutral in order to increase the reaction of sulfo-NHS activated molecules with 

primary amines (Hermanson, 2013).  

This approach has been implemented in different applications. For conjugation of biomolecules in 

targeted delivery purposes, this chemistry has also been used for the functionalization of various 

nanoparticles (Mahon, Salvati, Bombelli, Lynch, & Dawson, 2012), superparamagnetic iron oxide 

nanoparticles (Shamsipour et al., 2009), gold (Wei & Feng, 2009) and paramagnetic microparticles 

(Shang, Chang, Kan, Majetich, & 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 particles (Hermanson, 2013). The functional groups present on the 

surface of an antibody could be primary amines (�±NH2), carboxylic acid (�±COOH), sulfhydryl 

groups (�±SH) or carbonyls (�±CHO) (Figure 2.16) (Sesay, 2003).  

Amine groups are present at the N-terminus 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 outward-facing the proteins; thus, 

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

hand, the carboxyl groups are present at the C-terminus 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 disulfide bonds (�±S�±S�±).  

In the direct bioconjugation, the activated particles with specific functional groups (e.g. carboxyl, 

amine, etc.) particularly react with the reactive groups of antibodies via suitable crosslinker (e.g. 

EDC) (Hermanson, 2013; Sesay, 2003). For biomolecules, antigen binding domains with 

appropriate orientation are required to increase antibody functionality. On the other hand, in the 

indirect antibody conjugation, a modified antibody with a functional group (e.g. biotin, thiol, etc.) 

can attach to the functionalized particles (e.g. aldehyde, avidin, etc.).  
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Figure 2.16: Attachment of an antibody on the surface of functionalized magnetite nanoparticles. 

(a) Antibody schematic structure. (b) Maleimide-particle covalently coupled with the thiol 

functional group of an antibody and forming a thioether bond. (c, d) Carbodiimide chemistry 

developing amide bond. (e) Hydrazide-particle conjugated to the aldehyde functional group of an 

antibody and forming a hydrazone bond. Adapted from (Hermanson, 2013).   

2.7 Iron -oxide based MRI contrast agents  

MRI is an imaging method with an excellent soft tissue contrast. However, it is not suitable 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 drug delivery (Bulte & Kraitchman, 2004; Dennis et al., 2008; McBain, Yiu, & 

Dobson, 2008; Yiu, 2011; Yu et al., 2008). Generally, materials are categorized into four groups: 

diamagnetic (non-magnetic materials), paramagnetic, ferromagnetic and superparamagnetic.  
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Paramagnetic materials are slightly attracted by a magnetic field and their magnetism goes away 

when the field is removed. Paramagnetism is due to the presence of an odd number of valence 

electrons in the atoms of these materials. The 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 materials, 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. When a magnetic field 

is applied to 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 to keep the fraction of the saturation magnetization or 

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

materials creates a high inhomogeneity in the magnetic field and consequently, they become 

properly traceable in MR imaging. However, the clinical applications of ferromagnetic materials 

with high magnetizations are limited because of their tendency to keep a high Mr value.  

Superparamagnetism occurs when the size of the multi-domain 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 saturation magnetization (Ms). 

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 used as MRI negative contrast 

agents in different biomedical applications such as imaging tumors angiogenesis (Allkemper, 

Bremer, Matuszewski, Ebert, & Reimer, 2002; Kinner et al., 2011) and molecular-cellular tracking 

and imaging (Bulte & Kraitchman, 2004; Demas & Lowery, 2011; Yu et al., 2008). Figure 2.17 

shows the magnetization curve of iron oxide particles used as MRI contrast agents (A. G. 

Kolhatkar, Jamison, Litvinov, Willson, & Lee, 2013). A transition from ferromagnetic multi-

domain to the superparamagnetic single-domain 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 magnetic field make them 

best candidates as contrast agents in MR imaging for in vivo applications.  

SPIONs contrast agents are categorized into two fundamental forms: magnetite (Fe3O4) and its 

�R�[�L�G�L�]�H�G���I�R�U�P�����P�D�J�K�H�P�L�W�H������-Fe2O3) (Lin, Kim, El Haj, & Dobson, 2008). The core diameter is in 

the range of 4 - 12 nm. Both types consist of water-insoluble iron oxide particles and they need to 

be modified by polymer coating (Pouponneau et al., 2009) or encapsulation in liposomes 

(Mikhaylov et al., 2011) to increase their physicochemical stability, lower their aggregation, 

increase their circulating half-life and biocompatibility (Yallapu et al., 2010) (Mahmoudi, Sant, 

Wang, Laurent, & Sen, 2011) among other things. Ligands such as antibodies could be attached to 

the surface of the SPIONs to target a specific region in the body (McCarthy, Bhaumik, Karver, 

Sibel Erdem, & Weissleder, 2010; Tanabe, Zhang, Ito, Hatta, & Nishimoto, 2007).  

The SPIONs have higher saturation magnetization than other contrast agents, resulting in a higher 

sensitivity and enhancing proton relaxation in the MRI field (Kinner et al., 2011). However, they 

do not have the highest saturation magnetization amongst all magnetic materials. Iron-cobalt 

nanocrystals coated with graphitic carbon, have the highest magnetization among all magnetic 

materials and can lead to the visualization of the smallest vessels in MRI (Brannon-Peppas & 

Blanchette, 2012). However, these materials can oxidize easily and cause toxicity. As a result, 

SPIONs are the most promising contrast agent known, so far (Jin, Lin, Li, & Ai, 2014).  

 

Figure 2.17: (a) Transition from multi-domain to single-domain to superparamagnetic regimes of 

iron oxide and also their magnetic domain organization. (b) Hysteresis in magnetic materials (A. 

G. Kolhatkar et al., 2013).  
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3.1  MTB -LP-SN38 formulation  

3.1.1 Reagents and chemicals 

The 7-Ethyl-10-hydroxycamptothecin (SN38) drug was purchased from ABATRA Technology 

Co., Ltd. (Xi'an, Shaanxi, China). 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethyleneglycol)2000] (DSPE-

PEG2000-COOH) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). 

Cholesterol (Chol), chloroform, ammonium sulfate ((NH4)2SO4), Triton X-100, N-

hydroxysulfosuccinimide sodium salt (sulfo-NHS), N-(3-Dimethylaminopropyl)-�1�¶-

ethylcarbodiimide hydrochloride (EDC), phosphate buffered saline (PBS), gel filtration media 

Sephadex G-50, sodium hydroxide solution (2 N), ferrous sulfate, FeSO4·7H2O and hydrogen 

chloride (1 N) solution were all obtained from Sigma-Aldrich (Sigma-Aldrich, Oakville, ON, 

Canada). All solvents and prod�X�F�W�V���Z�H�U�H���X�V�H�G���Z�L�W�K�R�X�W���I�X�U�W�K�H�U���S�X�U�L�¿�F�D�W�L�R�Q�����7�K�H���Z�D�W�H�U���X�V�H�G���L�Q���D�O�O��

experiments was pretreated with the Milli-Q® Plus System (Millipore Corp., Billerica, MA).  

3.1.2 Culture growth conditions for BN-1 magnetotactic strain 

As previously reported (Bazylinski et al., 2013), BN-1 strain from our laboratory stock was 

cultured in a microaerobic environment in the chemoheterolithotrophic liquid medium at room 

temperature. Cultures of bacteria (~ 107 MTB/ml) were incubated under an oxygen concentration 

gradient of 0.1 - 0.5%, pH of 7.0 and a controlled input of 7.5% CO2 in an iron-enriched medium 

�V�X�S�S�O�L�H�G�� �Z�L�W�K�� ������ ���0�� �)�H�6�24. The incubation lasted 48 hours (h) at room temperature, with no 

agitation and light to facilitate the biomineralization of bacterial magnetosomes. All of  these 

parameters were controlled precisely to achieve the maximum swimming velocity and magnetic 

sensitivity essential for using MTB as bio-carrier agents in cancer drug delivery. The bacterial cells 

were harvested during the stationary phase of growth which is typically observed on 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 ensure the 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 pH, first, a certain amount of SN38 powder was added to PBS (pH 

11.3) in order to reach a concentration of 500 µg/ml. The suspension was sonicated for 5 - 10 min 

until a bright yellow color was observed all over the solution. Then, the mixture was stirred for at 

least 2 h at 25.0 ± 0.5 °C. This 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 was re-adjusted to ~ 11 with a very small amount of 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 liposomes (LP) 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 3.1: Preparation of SN38 saturated solution at high pH (loading solution). 
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First, LPs were prepared by the thin-film hydration method. Briefly, the lipids (ex. DSPC: Chol: 

DSPE-PEG-COOH; molar ratio 3:2:0.26) were dissolved in chloroform and were transferred into 

a round bottom flask. The flask was then connected to a rotary evaporator and a water bath with a 

temperature maintained at 60 °C. The solvent was then removed under vacuum for 1 h. The 

resulting dry lipid film was then hydrated with 1 ml ammonium sulfate solution [136 mM 

(NH4)2SO4, pH 4] at 60 °C with continuous rotating for about 1 h. This led to a lipid concentration 

of 22.5 mg/ml. The suspension was then subjected to 5 cycles of freeze-thawing in liquid nitrogen 

and warm water (60 °C), to reduce multilamellarity, following by extrusion (Avanti Mini-Extruder, 

Avanti Polar Lipids) through 2 stacks of polycarbonate filters (Whatman, U.K.) with a defined pore 

size of 200 nm at least 20 times at ~ 60 °C. Then, the pH gradient was created by exchanging the 

external milieu with PBS (pH 8) using an exchange chromatography column. For each required 

batch, 200 µl of liposomes at pH 4 was loaded onto a Sephadex G-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 the carboxylated nanoliposomes preparation.  

3.1.5 SN38 active loading in carboxylated nanoliposomes 

Just immediately prior to the loading step, the pH of the SN38 solution in PBS (2.5 ml) was lowered 

from 11 to 8. Immediately after pH lowering step, 2.5 ml SN38 solution (0.5 mg/ml) in PBS (pH 

8, with no precipitation) was added to the 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 eliminate the un-encapsulated drug, the LP-SN38 samples were passed over a spin column 

(the spin column was made of a 20 ml syringe filled with Sephadex G-50 column equilibrated with 

PBS (pH 8)). For each separation run, a 5 ml sample was loaded on top of the column and 

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 LP-SN38 to MTB bacteria cells was performed by pipetting 4 ml of LP-

SN38 (stock liposome solution; 0.65 mM) into an Eppendorf tube. Just before use, carbodiimide 

activating reagents with EDC: NHS: DSPE-PEG-COOH molar ratio of = 30: 30: 3 were mixed 
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with 350 µl PBS (pH 6). The pH of the liposome external medium was reduced from 8 to 6 using 

0.1 N HCl. Immediately, the EDC/NHS mixture was added to the liposomal suspension. The 

mixture was incubated for 20 min at room temperature with gentle agitation. Then, the activated 

LP-SN38 were passed over a spin column to eliminate the excess activating reagents (each spin 

column was made of a 1 ml syringe filled with Sephadex G-50 column equilibrated with PBS, pH 

6). Then, activated liposomes were added to 50 ml of MTB bacteria (~ 107 MTB/ml). The reaction 

was allowed to proceed for 2 h at room temperature with gentle agitation. The attached liposomes 

to MTB were separated from non-attached liposomes by applying a two dimensional (2D) magnetic 

field. The sample was washed three times with PBS (pH 7.4) and re-�V�X�V�S�H�Q�G�H�G���L�Q�������������O���R�I���3�%�6��

(pH 7.4). The steps for the covalent coupling of the nanoliposomes to the MTB via carbodiimide 

is illustrated in Figure 3.4 while the schematic representation of LP-MTB formulation via 

carbodiimide is presented in Figure 3.5.  

 

 

Figure 3.2: Preparation of carboxylated nanoliposomes by the thin-film hydration method. First, 

the lipids are dissolved in chloroform. Second, a rotary evaporator and a water bath are used to 

remove the solvent. The resulting dry lipid film is then hydrated with ammonium sulfate solution 

with continuous rotating. The suspension is then subjected to the freeze-thawing following by 

extrusion with a defined pore size. Reproduced from (de Araújo Lopes et al., 2013).  
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Figure 3.3: SN38 active loading in carboxylated nanoliposomes. 
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Figure 3.4: Covalent coupling of carboxylated nanoliposomes to MTB cells using carbodiimide 

chemistry. 
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Figure 3.5: Schematic representation of LP-MTB formulating via carbodiimide chemistry. First, 

EDC/NHS reacts with the available carboxyl groups on the surface of the nanoliposomes. Then, 

the activated nanoliposomes, covalently attach to the amino groups at the surface of the MTB 

(Taherkhani, 2015). 
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3.1.7 Sample preparation for scanning electron microscopy (FE-SEM) imaging  

For SEM imaging, a suspension of MTB-LP-SN38 sample was �¿�[�H�G in 2.5% glutaraldehyde 

overnight at 4 °C. A 20 ���O���R�I���W�K�H��fixed sample was placed on a grade II  titanium discs (cp-Ti) of 

approximately 12 mm diameter and 2 mm thickness and incubated for 30 min. Subsequently, the 

plates were rinsed three times with 0.1 M sodium phosphate buffer (PB, pH 7.4) and incubated for 

1 h in 1% osmium tetroxide at 4 °C. Samples were dehydrated in a series of ethanol (30%, 50%, 

70%, 90%, 95% and two times 100%) followed by drying in a critical point dryer (Balzers CPD 

030, Hudson, NH, USA) to remove the ethanol from the samples. High-resolution images of the 

complexes were obtained by the EOL JSM-7400F (JEOL Ltd, Tokyo, Japan) �¿�H�O�G-emission 

scanning electron microscope (FE-SEM) operated at an imaging voltage of 1.5 kV and a working 

distance of 8 mm. 

3.2 MTB -MNP formulation  

3.2.1 Reagents and 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 

(Fe3O4) coated with a polysaccharide layer (due to their biocompatibility and water solubility are 

most commonly used for coating the SPIONs) with a diameter of 200 nm, a density of 25 mg/ml 

and a number of particles 2.2×1014/g was purchased from ChemiCell (ChemiCell GmbH, 

Germany). Lyophilized fluorescein isothiocyanate (FITC) conjugated rabbit anti-BN-1 antibodies 

was provided from GenScript. Other 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 coils arranged in a 

square configuration was used in this project (Figure 3.6 and Figure 3.7) (Loghin, Tremblay, & 

Martel, 2016; Loghin, Tremblay, Mohammadi, & Martel, 2017). The coils work at a frequency up 

to 1 kHz. In order to control the MTB swimming direction, each 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, MTB-MNPs were washed 

with PBS (pH 7.4) buffer 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 north-seeking MTB (Figure 3.9). About 10 µl of the bacterial suspension was placed 

between two custom made coverslips and placed on the magnetotaxis platform in such a way that 

�L�W���Z�D�V���F�R�S�O�D�Q�D�U���Z�L�W�K���W�K�H���S�O�D�W�I�R�U�P�¶�V��xz-plane. The platform is perfectly designed to fit the space 

under the optical microscope lens and the center of the microscope 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 microscope (AxioImager Z1, Imaging Solutions Carl ZEISS) equipped with a 20× 

Apochromat objective and a camera, Sony HRC-1000, of 720×480 resolution at 30 FPS was used 

to acquire images of the MTB. The field of view size captured by the camera is (727.92 × 436.85) 

mm where the pixel height and width densities are 0.9101 pixels/mm and 1.011 pixels/mm, 

respectively. For every observation, a 20 sec video 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 Covalent immobilization 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) antibody (AB) specific against the BN-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 MNP-AB complexes, as shown in Figure 3.11.  

The carboxyl groups of MNP were activated by EDC activating/coupling reagent. EDC along with 

sulfo-NHS can be used to convert the carboxyl groups to amine-reactive sulfo-NHS esters 

(Hermanson, 2013) for efficient AB attachment (Figure 3.11b). Similar to what reported in 

(Taherkhani, 2015), 2 mg of fluidMAG-ARA particles were washed repeatedly with 1 ml MES 

buffer (0.1 M, pH 5.5) using a magnetic separator (MagnetoPURE, ChemiCell) and then dispersed 

in 2.5 ml MES buffer solution. Then, in order to attach the antibody to the MNPs, 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 FITC BN-1 antibodies (AB) was prepared and 50 ���O���Z�D�V 

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). Finally, the MNP-AB was dispersed in PBS buffer (0.01 M, pH 7.4) with a final 

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I�������������J���P�O���D�Q�G���V�W�R�U�H�G���D�W�������ƒ�&���X�Q�W�L�O���X�V�H���� 

 

 

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 setup. 
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Figure 3.7: Schematic representation of the four-coiled magnetotaxis platform. This platform is 

based on two pairs of coils placed in an orthogonal square configuration along the X-Y axis. 

 

 

Figure 3.8: Magnetic Field Configurations vector field illustration (uniform). Adapted from 

(Majedi, Loghin, Mohammadi, & Martel, 2017). 
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Figure 3.9: The two-dimensional 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 3.10: Covalent immobilization of anti-BN-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 MNP-AB to MTB, 3 ml of the MNP-AB was injected to 50 ml MTB (107 

MTB/ml). Then, the bioconjugation was successfully achieved by incubating MTB with activated 

MNPs solution for 2 h in dark, at room temperature and with gentle agitation. 

The obtained complexes were washed three times with PBS (pH 7.4) using the magnetic setup in 

order to remove the free particles (Figure 3.9). This system generates a homogeneous magnetic 

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 the center of each petri dish where the MTB-MNP 

complexes are collected.   
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Figure 3.11: Schematic representation of the steps to prepare the MTB-MNP complex. FluidMAG 

magnetic nanoparticle with terminal carboxyl groups (left). Covalent attachment of the amino 

group-containing antibody to the carboxylated MNPs by the carbodiimide activation (middle). 

Attachment of the MNP-AB to the MTB cell membrane (right) (Taherkhani, 2015). 

3.2.5 Characterization of the MTB-MNP complexes  

To validate the success of the experiment, the MTB-MNPs 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 concentrated and washed from 

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

Olympus FLUOVIEW FV1000 confocal microscope and JEM-2100F transmission electron 

microscope were used for qualitatively analyzing the attachment of MNP-AB 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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3.2.5.1 Sample preparation for transmission electron microscopy (TEM) 

imaging 

The structure of the MTB-MNPs was characterized by a transmission electron microscopy (TEM, 

JEM 2100F, operating at 200 kV). For TEM imaging, the MTB-MNPs suspension and the bacteria 

complex were washed with unsalted 0.1 M sodium phosphate buffer (pH 7.4) and concentrated on 

�W�K�H���P�D�J�Q�H�W�L�F���F�R�Q�F�H�Q�W�U�D�W�R�U�����)�L�J�X�U�H�����������D�Q�G���������������V�H�S�D�U�D�W�H�O�\�����$���������O���R�I���W�K�H���V�X�V�S�H�Q�V�L�R�Q���R�I���H�D�F�K���V�D�P�S�O�H��

was dropped onto 200 mesh formvar-coated copper TEM grid with a carbon film (FCF200-Cu, 

Electron Microscopy Sciences) 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 magnetic 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 and U-turn paths. When the two coils are fed at the same time, the platform is 

able to produce a nearly homogenous magnetic field at the center of the xz-plane (Figure 3.8) where 

the sample is located. In order to characterize the bacteria, this platform repeatedly produces 

sequences of predefined 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 were tracked frame by 

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

The motion of a bacterium is governed by Equation 1 (Bahaj & James, 1993). Where the first and 

the second terms represent the field induced torque and the viscous drag torque, respectively. m is 

the magnetic moment [A.m2], Bo is the applied magnetic field (T), �K is the viscosity of the medium 

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

  (1) 

The U-turn diameter (L) depends on the total magnetic moment (m) and is given by Equations 2. 

Where L is the U-turn diameter [m] and v is the mean velocity at an applied magnetic field [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 c stand for the attached and the control samples, respectively.  

  (3) 
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CHAPTER 4 �5�(�6�8�/�7�6���$�1�'���'�,�6�&�8�6�6�,�2�1 

4.1 Analytical assessment of SN38 content in MTB-LP-SN38 complex  

The samples (LP, LP-SN38 and the MTB-LP-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 µl of the liposome or complex were 

diluted with 200 µl of a camptothecin solution in PBS buffer (pH 11) (10.4 µg/ml) used as an 

internal standard. The samples were mixed on a vortex. 800 µl of chloroform was added 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 dried with an N2 flow. The sample was reconstituted 

in 800 µl 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 µm, 2.1 × 50 mm). After the injection of 2 µl of 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 detection was made in positive electrospray using two multiple 

reaction monitoring transitions by the compound. The 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 µl of each 

standard solution was then added to 10 µl of MTB to obtain concentrations ranging from 0.86 to 

15.38 µg/ml. A 5.22 µg/ml internal standard solution was prepared in PBS (pH 11). Then, from the 

�F�K�U�R�P�D�W�R�J�U�D�P�V���W�K�H���F�D�O�L�E�U�D�W�L�R�Q���F�X�U�Y�H���Z�D�V���W�U�D�F�H�G�����7�K�H���V�\�V�W�H�P�¶�V���U�H�V�S�R�Q�V�H�V���Z�H�U�H���R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H��

peak area ratio of the SN38 to the IS of the chromatograms.  
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Table 4.1: 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 4.1: Calibration curve of SN38 in the MTB complex. 

Liposomes Calibration Curve. An empty-liposome 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 µg/ml. 10 µl of each standard solution 

was then added to 100 µl of liposome solution and vortexed. (Figure 4.2). 
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Figure 4.2: 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 to the MTB complex was determined to be 14 µg/ml. The limit 

of detection (LOD) was extrapolated 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 3× S/N ratio.  

Table 4.2: Calculated SN38 concentrations in samples (n = 3). 

Sample SN38 concentration (µg/ml) 

MTB-LP-SN38 14 

MTB < LOD 

LP (pH 4/8) < LOD 

SN38 (pH 11) 5.04 

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

Figure 4.3 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 attached to each MTB cell, 25 ml of the MTB-LP-SN38 complex 

was concentrated in 110 µl PBS (pH 7.4). The MTB was counted using an optical microscope. The 

amount of SN38 attached per MTB was estimated to 1.3 µg using LC/MS method which is 

corresponding to ~ 1.46 × 108 MTB/ml. The MTB concentration was determined by counting under 

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

UV-Spectroscopy Analysis 

In addition to LC/MS, the SN38 concentration was also analyzed with UV-Spectroscopy. 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 (0.15 - 320 µg/ml) were prepared. 1 µl of Triton X-100 1% 

wt/wt (in PBS pH 11) was added to the LP-SN38 and MTB-LP-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 to that of the standards to determine the amount of loaded drug into LP 

and MTB-LP. Figure 4.4 shows the calibration curve of the SN38. The concentration of the 

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

Particle size and zeta potential analysis of carboxylated nanoliposomes 

Immediately after preparation, the average particle size (PS), the size distribution and the zeta 

potential (ZP) of the liposomes were determined using dynamic light scattering (DLS) techniques, 

using a Malvern Zetasizer (Malvern Instruments, Malvern, UK). Each sample was analyzed in 

�W�U�L�S�O�L�F�D�W�H���D�W���������•�����7�K�H���S�D�U�W�L�F�O�H���V�L�]�H���Z�D�V���I�R�X�Q�G���W�R���E�H���a�����������Q�P����Figure 4.5) with a polydispersity 

index (PDI) of 0.16. The surface charge of the liposomes was found to be -16 mV, consistent with 

the presence of the carboxyl group.  
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Figure 4.3: (a) Chromatograms of SN38 in MTB. (b) LP (pH 4/8). (c) SN38 lowest standard at 0.86 

µg/ml. (d) Camptothecin and MTB-LP-SN38.  
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Figure 4.4: Calibration curve of SN38 (n = 3). 

 

Figure 4.5: Size distribution analysis obtained by dynamic light scattering (DLS) of LP-SN38. 

4.2 Characterization of the MTB-MNP complexes  

The attachment of the MTB-MNPs was examined by a single photon confocal microscope (Figure 

4.6), with excitation/emission wavelengths of 488/519 nm, and a JEOL 2100-F filed 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 (from the FITC BN-1 AB attached on 
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the MNPs in the MTB-MNPs 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 fluorescent spots, observed from the window beside it, showed the presence of 

the fluorescent antibody. All the bacteria presented in the bright field condition (Figure 4.6-Right) 

showed fluorescence under fluorescent light (Figure 4.6-Left) validating the success of the 

attachment of the antibody on the bacteria. In 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), showed that the 

swimming MTB-MNPs complexes, in all sequences, clearly respond faster to the change in the 

external magnetic field and they well align with the applied magnetic field orientation compared 

with the control MTB bacteria (Figure 4.8) while they have less speed (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, the U-turn diameters (L) are narrower in MTB-

MNPs in Figure 4.8d in contrast with control MTB in Figure 4.8c. In the U-turn 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 calculated the 

displacement over the time of each bacterium. Table 4.3 compares the average speeds of the MTB 

versus MTB-MNPs in both straightforward and U-turn sequences in physiological PBS buffer 

solution (pH 7.4) at room temperature. In all experiments, the speed of the control bacteria was 

found to be almost double the speed of MTB-MNPs. By employing Equation 2 the magnetic 

moment of both the control MTB and MTB-MNPs were calculated to be 1.53 × 10-14 A.m2 and 

4.0 ×10-14 A.m2, respectively. Equation 3 showed that the magnetic moment in the MTB-MNPs 

was ×3 higher, approximately. 

Table 4.3: Average speeds of control MTB versus MTB-MNPs. Adapted from (Majedi et al., 

2017). 

Sequence U-turn  Straightforward  

Sample Control Attached Control Attached 

Average Speed (µm/s) 100 66 102 57 
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Figure 4.6: Confocal microscopy images of MTB-MNPs 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 (Majedi et 

al., 2017). 
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Figure 4.7: Transmission electron microscopy images of MTB-MNPs complexes. Adapted from 

(Majedi et al., 2017). 
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There are a number of factors contributing to the U-turn motion of bacteria in the applied magnetic 

field (e.g. viscosity of the medium and the size of the organism) (Bahaj & James, 1993). One reason 

explaining the increase in sensitivity of the directional magnetic torque of the MTB-MNPs complex 

is attributed to the anisotropy of the clusters of magnetic nanoparticles being attached to the surface 

of the BN-1 cell. Indeed, if the respective easy axis of such clusters would be parallel to the chain 

of magnetosomes in the BN-1 cells, then this could be the cause of such increase in sensibility along 

the natural swimming path of 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 being attached to the BN-1 

cells and additional tests on various MTB-MNPs complexes would be required to really explain and 

validate such results. Moreover, the volume of the MTB-MNPs due to the MNPs attached to MTB 

surface increases, the viscosity of the medium increases, consequently resulting in the 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 MTB-MNPs is more due to the 

magnetic particles contributions in the total 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 U-turn configuration, the U-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 U-turn diameter was greater for the control MTB (Figure 4.10). Figure 4.10 

shows that the MTB-MNPs responded faster to the magnetic field, causing them to travel a further 

distance (�ƒ
$�Q�X�F�?�Q�R�T�q
P �ƒ
$�G�m�l�r�p�m�j���Q�X�F�;��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 

(��
$�Q�X�F�?�Q�R�T�q
O��
$�G�m�l�r�p�m�j���Q�X�F�;.  

This study shows clear evidence that there are differences between the MTB and the MTB-MNPs 

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 tumors, however, extensive observations are required.   
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Figure 4.8: Straightforward displacements of control MTB (a) versus MTB-MNPs complexes (b) 

and U-turn displacements of control MTB (c) versus MTB-MNPs complexes (d). Adapted from 

(Majedi et al., 2017). 
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Figure 4.9: Distance traveled by a bacterium (a) and U-turn diameter (L) during the field change 

in control MTB (Top) versus MTB-MNPs (Bottom). Adapted from (Majedi et al., 2017). 
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Figure 4.10: Distance traveled (a) by bacteria for the control MTB versus MTB-MNPs (Top) and 

U-turn diameter (L) for the control MTB versus MTB-MNPs (Bottom). The box-and-whisker plot 

shows the range and (25th percentile/median (�=
$�;/75th percentile) box for the control MTB and the 

MTB-MNPs groups. 

MTB-MNPs Control MTB 

MTB-MNPs  Control MTB 
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CHAPTER 5 �&�2�1�&�/�8�6�,�2�1���$�1�'���5�(�&�2�0�0�(�1�'�$�7�,�2�1�6 

For treating cancer through the targeted delivery using the MR-navigable carrier based on 

magnetotactic bacteria or MTB, payloads of therapeutic and imaging agents were attached to the 

surface of the MTB and the complexes were characterized. The results demonstrated that SN38 

loaded nanoliposomes can covalently attach to the surface of MTB via carbodiimide cross-linking 

chemist�U�\���Z�L�W�K�R�X�W���D�O�W�H�U�L�Q�J���W�K�H���E�D�F�W�H�U�L�D���F�H�O�O�V�¶���P�D�J�Q�H�W�L�F���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V����The average concentration 

of the SN38 attached to the MTB-LP-SN38 complex was found to be 14 µg/ml. Samples prepared 

through this study were used in a couple of in vivo studies. The results are not discussed here due 

to confidentiality matters.  

In addition, we demonstrated that 200 nm SPIONs were successfully attached to the surface of 

MTB cells and the prepared MTB-MNP complexes were guided in MFC. Results showed the 

difference in the behavior of the MTB-MNPs and the control MTB trajectory in the applied 

magnetic field as expected. The MTB-MNPs were better aligned in the direction of the field and 

had lower velocity compared to the control MTB. The reason behind this difference, whether it is 

the contribution of the MNPs to the overall field or other factors needs further investigation. U-turn 

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

These initial findings based on the attachment of cargos on the MTB 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, limitation and economic impact 

In this work, we were able to successfully attach therapeutic and imaging nanoparticles to the 

magnetotactic bacteria cells to act as microrobots or targeting and tracking agents in the field of 

cancer therapy. The techniques presented here may open further opportunities in diverse disciplines 

including clinical oncology, chemistry and immunology for non-invasive delivering of other agents 

(e.g. tumor markers, genetic materials, enzymes, proteins and vaccines). 

Further studies can be done on the attachment of a combination 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 and in vivo tests should 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 combined to be applicable where the peritumoral injection is not 

practical. The main approach is to develop techniques and protocols to encapsulate drug-load 

MTBs in large temperature-sensitive magnetic vesicles compatible with our MRI-actuated 

transport and the appropriate release mechanism when these vesicles are in the peritumoral region. 

This would allow a reduction of the treatment-related toxicity by decreasing the dose of anticancer 

drugs for cancers where injections near the tumors are not practical. This might not 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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