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ABSTRACT 

Targeting Cancer Cells with Antibody-Functionalized Nanowires 

Nouf Adnan Alsharif 

 

   The innovation of multifunctional efficient, and safer treatments is a major challenge in 

nanomedicine. For example, the combination of magneto-mechanical and the photothermal 

strategies into one single therapeutic stage is one of the promising developments in cancer 

treatment.  Without specificity, however, these therapies would target and harm both cancer 

and healthy cells. Therefore, the goal of precision medicine is to focus on delivering therapies 

to specific cells and minimize the side effects on health. Therefore, in this study, biocompatible, 

magnetic iron nanowires were functionalized with antibodies directed against CD44, a cell 

surface marker that is overexpressed in a large number of cancer cells. To test the functionality 

of the antibodies following conjugation to the iron nanowires, immunostaining and 

immunoprecipitation were performed and confirmed that the antigenicity of the antibodies 

was preserved following their conjugation to the nanowires. Indeed, the antibody coated 

nanowires were shown to play a major role in enhancing the accumulation and the 

internalization of nanowires to the cell surface in both adherent cells (e.g. colon cancer cells) 

and suspension cells (e.g., leukemia cells).  

      Moreover, inductively coupled plasma mass spectrometry was used to quantify the 

attached and internalized nanowires. After only 1 h, the presence of antibodies enhanced the 

ability of the NWs to specifically target cancer cells, by more than 60% in both colon and 

leukemic cancers, compared to their negative controls. In addition, the presence of antibodies 

did not affect the magnetization of the nanowires. Therefore, the combination of both 

magneto-mechanical and photothermal strategies in the presence of the antibodies 
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functionalized nanowires was applied to two types of cancer cells, colon cancer and leukemia. 

Strikingly, the targeted nanowires resulted in more than 76±3.5% and 45.5±0.4% cell death of 

colon cancer and leukemic target cells and less than 40% of cells died from the non-targeted 

NWs. These results represent a significant finding, as this is the first study which examines the 

role antibodies play in the internalization of iron nanowires, and more importantly, the efficacy 

to kill cancer cells. It also confirmed the possibility of targeting cancer cells with functionalized 

nanowires and destroying these cells utilizing combined strategies.  
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CHAPTER1: INTRODUCTION  

 

1.1 Cancer and active targeting 

1.1.1 Cancer definition and it causes 

Usually, cancer is generated by a microevolution process, which is the change in allele 

frequencies that occurs over time within a population. This change is due to four different 

processes: mutation, selection (natural and artificial), gene flow and genetic drift [1]. Genes 

within some chromosome can develop abnormalities through: inversions, translocations, 

duplications and/or deletions and lead to protein products that lead to changes in cell 

proliferation, cell growth and longevity, all contributing hallmarks of cancer[2, 3]. Typically, a 

single mutation does not cause cancer. Cancer occurs from multiple mutations over a lifetime. 

That is why cancer occurs more often in older people [4]. 

Many genes have been linked to cancer where mutations in these genes enhance the 

chance to initiate cancer. These genes are categorized into three main groups: tumor 

suppressor genes, DNA repair genes and oncogenes. Tumor suppressor genes are protective 

genes. They control cell growth and proliferation by monitoring cell division and cell cycle, 

repairing mismatched DNA, and controlling the lifetime of the cell. Usually, any mutation in 

those genes lead the cells to grow uncontrollably, and they may eventually form a tumor. Some 

examples of the tumor suppressor genes: BRCA1, BRCA2, and p53 or TP53[4, 5]. DNA repair 

genes are responsible for fixing mistakes made as the DNA is replicated. Many of them function 

as tumor suppressor genes, such as BRCA1, BRCA2, and p53. If an error in a DNA repair gene 

and mistakes remain uncorrected, the mistakes will enhance the change of producing cancer. 

Mutations in DNA repair genes can be inherited or acquired[4, 5].  Lastly, oncogenes are 

mutated genes whose gene products are responsible for normal cell growth (proto-oncogene 
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genes). Oncogenes may cause the growth of cancer cells. Mutations in genes that become 

oncogenes can be inherited or caused by being exposed to substances in the environment that 

cause cancer. Two common oncogenes are HER2 and The RAS family of genes[4, 5]. 

In this dissertation, we focused on two main cancer types, colon cancer and Acute 

myeloid leukemic cancer (AML). In this dissertation we focused on two main cancer types, 

colon cancer and Acute Myeloid Leukemia cancer (AML). There are two reasons behind that: 

1) both of them are one of the top 10 cancers worldwide [6]. 2) we can test our system into 

two different type of cancer, where colon is adherent cells and AML are suspension cells. In 

the next section, a short background about these two particular cancers is introduced.  

 

1.1.2 Colon cancer 

Colon cancer is a malignant tumor of the large intestine, which affects both men 

and women alike. It is responsible for the second highest cause of death among cancers 

[7]. Colorectal cancer most often starts as a polyp, a noncancerous growth that may 

develop from the epithelial cells on the inner wall of the colon with age. If not treated or 

removed, a polyp can become cancerous[7]. In general, colon cancer has five stages (stages 

0, I, II, III, and IV) [7].The majority of colon cancer cases are the result of acquired 

mutations, while only 5% of individuals with colon cancer have a hereditary form, which 

means that they have inherited a mutation from one of their parents [8]. The most 

commonly mutated gene in all colon cancer is the adenomatous polyposis coli (APC) gene, 

a major component of the Wnt signaling pathway. The APC protein, along with other Wnt 

pathway proteins form a complex that leads to the destruction β-catenin protein, thereby 

of preventing its accumulation. Without APC, β-catenin accumulates to high levels and 
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translocate into the nucleus, binds to DNA, and activates the transcription of proto-

oncogenes. While APC is mutated in most colon cancers, some cancers have increased β-

catenin because of mutations in β-catenin (CTNNB1) that block its own breakdown, or have 

mutations in other genes with function similar to APC such as AXIN1, AXIN2, TCF7L2, or 

NKD1[9]. Beyond the defects in the Wnt signaling pathway, other mutations must occur 

for the cell to become cancerous. The p53 protein, produced by the TP53 gene, normally 

monitors cell division and kills cells if they have Wnt pathway defects. Eventually, a cell line 

acquires a mutation in the TP53 gene and transforms the tissue from a benign epithelial 

tumor into an invasive epithelial cell cancer. P53 inhibits the expression of the CD44, a cell-

surface glycoprotein important in cell proliferation, cell growth, cell migration and cell 

death[10, 11], through its binding to a p53-binding sequence in the CD44 promoter. The 

down regulation of P53 can thus be one protein responsible for the over expression CD44 

in cancers such as colon cancer and leukemia [12].  

1.1.3 Acute myeloid leukemia cancer 

During the hematopoiesis, hematopoietic stem/progenitor cells (HPSCs) differentiate 

into two different progenitor cells, either lymphoid or myeloid in nature (Figure 1).  HPSCs start 

differentiation and become more mature functional blood cells (i.e., red blood cells, white 

blood cells and platelets) that no longer have the ability to revert back to a stem cell state or 

proliferate. These stem cells reside in the bone marrow and are accepted as the common 

ancestor of all blood cells. Besides their ability to differentiate, they also self-renew through 

asymmetric cell division without differentiating, thereby maintaining a pool of HPSCs in the 

body [13].  Each cell type along the lineage has a different job. Lymphoid progenitors develop 

into immature blood cells (lymphoid blast cells) then to mature white blood cells 
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(lymphocytes)[14]. On the other hand, myeloid progenitors develop into immature cells 

(myeloid blast cells) then to mature cells (red blood cells, platelets, granulocytes, and 

monocytes).  

 

Figure 1. A schematic illustration showing the process of hematopoiesis [15] 

 
 
 

Leukemia starts when a genetic defect occurs on these stem cell, which leads to a block 

along the differentiation pathway which results in abnormal proliferation of blasts cells that 

are not able to fully differentiate along to a mature functional cell. Based on where this 

blockage occurs and the lack of functional cells along that lineage, leukemia is broadly divided 
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into four main types[14]: Acute lymphocytic leukemia (ALL), Acute myelogenous leukemia 

(AML), Chronic lymphocytic leukemia (CLL) and Chronic myelogenous leukemia (CML). 

 

AML is one of the most common malignancies in Saudi Arabia. It is a heterogeneous 

disease characterized by accumulation of immature hematopoietic (blast) cells due to a 

blockage in differentiation and increased proliferation of blast cells along the myeloid 

pathway[10].  

Chromosomal translocations are one of the main chromosome abnormalities that 

contribute to the generation of various fusion oncoproteins, which play a major role in the 

differentiation blockage commonly observed in AML [2, 3]. For instant, partial inversion in 

chromosome 16 (i.e., inv(16)), partly translocation between chromosome 8 and 21(i.e., 

t(8:21)), or between chromosome 15 and 17(i.e., t(15:17)) chromosomal rearrangements 

(which are related to a more favorable prognoses) and partly translocation between 

chromosome 6 and 9 (i.e., t(6:9)), chromosome 3 (i.e., inv(3)), or monosomy in chromosome 5 

or 7 (which are related to more adverse prognoses) are often observed in AML patients [2, 16-

18].  

 

 In some cases, AML cells occur again after the patient remission, this called a relapse 

or recurrence of leukemia. Around 50% of the “recovered” patients end up relapsing[19]. 

There is a variety of factors that could be responsible for the relapsed but most commonly it is 

due to the presence, even after treatment, of the leukemic stem cell (LSC) (also referred to ask 

the leukemia initiating cell or LIC). Some evidence suggests that LSCs result from mutations in 

HPSCs or its progenitors causing some sort of genetic defect that leads to the cells losing their 

ability to differentiate along the hematopoietic pathway and become stuck in a state where 
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they are proliferating without control [20, 21], see Figure 2. The LSC is often blamed for 

relapses in AML patients (after their recovery) as these are the only cells thought to be capable 

of initiating and maintaining leukemic colonies [20]. Most leukemic cells of the AML population 

have limited proliferation ability if they were treated with chemotherapy [22, 23]. In 1994, 

Lapidot, et al., came up with the leukemia initiating cell (LICs) hypothesis. In their study, LICs 

were identified after transplanting these cells into severe combined immune-deficient (SCID) 

mice and showing that LICs (also referred as LSCs) with a CD34+ and CD38- surface phenotype, 

were able to home to the bone marrow of these mice and initiate AML in serial transplantation 

models[23]. In addition, unlike HPSCs, LSCs highly express ATP-binding cassette (ABC) 

transporters[20], which put them in the quiescence state and, in turn, protect them from the 

chemotherapeutic targeting during the chemotherapy treatment [20, 24]. 

 

Figure 2. Leukemic Stem Cell hypothesis. A) LSCs generated from HPSCs with genetic 
mutations. Instead of differentiating into different normal blood cells, they proliferate into 
many leukemic blasts. B) LSCs can escape chemotherapy treatment due to their quiescence 
state. New therapies targeting the LSCs are needed for complete eradication of the disease. 
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1.1.4 Cancer treatment methods 

   According to the National Cancer Institute, there are four main cancer treatment 

currently used for cancer therapy and they are surgery, chemotherapy, radiotherapy, and 

targeting therapy[25]. The using of each method depends on some factors including, stage 

of cancer, the patient’s health, potential side effects of the treatment, and the patient’s 

nutritional status and social support[7]. In this section we will cover the concept of each 

treatment and their side effect. 

1. Surgery is the removal of the solid tumor and some surrounding healthy tissue during 

an operation. Surgery is the most common treatment for colorectal cancer and for sure 

it depend on it cancer stage[7]. For the AML use the surgery to remove the spleen after 

having the chemotherapy treatment[26]. In general, the side effects of surgery include 

pain and tenderness in the area of the operation. 

 

2. Chemotherapy is an artificial drug that have been used to stop the ability of cancer cells 

to grow and divide[27] Usually it given to the patient through the blood. It consists of 

a specific number of cycles given over a set period of time. A patient may receive one 

drug at a time or a combination of different drugs given at the same time. In the case 

of colon cancer, the patients may have the chemotherapy before or/and after the 

surgery to eliminate any remaining cancer[7]. For AML patients, they usually follow the 

intensive cycles of chemotherapy by a bone marrow stem cell transplant, if a donor is 

available [26]. Usually chemotherapy attacks any rapidly dividing cells, including those 

in healthy tissues, such as the hair and lining of the mouth. Therefore, the common 
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side effects are significant reduction the immune-system and hair loss but that will be 

recover after the treatment period. Moreover, there are some symptoms that can be 

controlled such as cause vomiting, nausea, diarrhea, neuropathy, or mouth sores[7, 

26]. 

 

3. Radiation therapy is based on using a high-energy x-ray from a machine outside the 

body to destroy cancer cells. In colon cancer it is usually used along with the 

chemotherapy before the surgery to shrink the tumor size so that it is easier to be 

remove. It might be used after the surgery to reduce their chances to grow again. Both 

approaches have worked to treat this disease. When the chemotherapy is used with 

the radiation therapy it called chemoradiation therapy[7]. In AML case, radiation 

therapy is generally used only when leukemia cells have spread to the brain or to shrink 

a myeloid sarcoma[26]. Radiation therapy attacks not only the tumor but also the 

exposed healthy tissues. Therefore, the patients may suffer from fatigue, mild skin 

reactions, and painful sores[28]. These side effect usually go away after treatment is 

finished. In However, there is a limit to the amount of radiation on area of your body 

can safely receive over the course of your lifetime. Depending on how much radiation 

an area has already been treated with, This area cannot be treated again with the 

radiation[28] 

 

4. Targeted therapy a treatment that targets the cancer’s specific genes, proteins, or the 

tissue environment that contributes to cancer growth and survival. This type of 

treatment blocks the growth and spread of cancer cells while limiting damage to 
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healthy cells[7].The targeted therapies can be either by small-molecule drugs or 

monoclonal antibodies[29]. 

- Small-molecule drugs which are small molecules that can target something inside cells 

such as genes. For instant in colon cancer they us Anti-angiogenesis therapy in order to 

stop making new blood vessels to the tumor, which enhance the tumor starving and 

shrinking their size[7]. On the example, they treat AML patient with an IDH2 mutation 

by Enasidenib (IDHIFA) to reduce the relapsing[29]. 

 

- Monoclonal antibodies, also known as therapeutic antibodies, which are proteins 

produced in the lab. These proteins are designed to attach to specific targets found on 

cancer cells. Some monoclonal antibodies mark cancer cells so that they will be better 

seen and destroyed by the immune system. Other monoclonal antibodies directly stop 

cancer cells from growing or cause them to self-destruct[7]. For instance, Epidermal 

growth factor receptor (EGFR) inhibitors are used to target and block the EGFR receptor 

in colon cancer cells. Blocking these receptors play an effective role in stopping or 

slowing the growth[7]. 

 

1.1.5 Cell targeting with nanomaterials 

 Research on nanotechnology cancer therapy extends beyond drug delivery into the 

creation of new therapeutics available only through use of nanomaterial properties. Although 

small compared to cells, nanoparticles (NPs) are large enough to encapsulate many small 
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molecule compounds, which can be of multiple types. At the same time, the relatively large 

surface area of NPs can be functionalized with ligands, including small molecules, DNA or RNA 

strands, peptides, aptamers or antibodies. These ligands can be used as a selective targeting 

tool and deliver the drug to the cancer cells and enhance the therapeutic efficacy of the 

traditional treatments. In addition, the physical properties of nanoparticles, such as energy 

absorption and re-radiation, can also be used to disrupt diseased tissue, as in laser ablation 

and hyperthermia applications. All of these benefits can reduce the risk on the patient and 

increase the probability of survival[30]. 

 

 Coating NPs with a biocompatible agent before their biological use can add important 

advantages. These coatings can provide functional groups to conjugate targeting agents, drugs, 

or other biological compounds[31, 32], and can mask the NPs from the immune system 

recognition. Also, they can decrease nanoparticle aggregation by reducing the interactions 

between the particles which prolongs the circulation time and increases their uptake[33]. 

There is large number of organic and inorganic coating agents, each coating with its own 

applications[34, 35]. For instance, organic coatings, which include small molecules, polymers, 

and biomolecules, are commonly used for MRIs, drug targeting, and magnetic separation. 

Inorganic coatings, which include silica, metals, and metal oxides, protect NPs from 

degradation in acidic environments. In general, coating magnetic NPs enhances dispersion and 

reduces the magnetic interaction between the particles[35]. 

 

Delivery of NPs can either be of a passive or active nature (see Figure 3). On the passive 

side, delivery of nanoparticles to a tumor can be achieved by taking advantage of the leaky 

vasculature of cancer tissues referred to as the Enhanced Permeation and Retention (EPR) 
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effect [36]. Although this targeting method has been shown to increase NPs concentrations 

within tumor tissues, the concentration is often insufficient to induce a therapeutic effect or 

significantly influence MRI contrast. Although this passive targeting method has therapeutic 

potential, it is limited by the heterogeneity of the EPR effect. Therefore, active-targeting has 

been used to enhance specific targeting within the tissue of interest based on selective 

recognition which will increase the magnetic NPs concentration[36].  

 

 

Figure 3. Targeting methods for magnetic NPs include A) passive targeting and B) active 
targeting.  

 

Active targeting involves functionalizing the NP surface with a specific targeting agent 

in order to direct the NPs towards a particular binding site of interest. This method enhances 

the specific delivery of drug-encapsulated NPs to the cancer cells without exposing the normal 

cells to the cytotoxic drug [36]. There is a wide variety of targeting agents that can be used to 

functionalize magnetic NPs for active-targeting but the success of this depends mainly on 

determining the appropriate ligand to use as a biological target [36, 37]. The addition of a 

targeting agent on the surface of the NPs enhances both cellular selective binding and its 

internalization through endocytosis receptors. Without these targeting ligands, NPs interact 

nonspecifically with cell membranes, which binds at a lower rate compared to the NPs with 

the ligands [38].  

or antigen 
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One of the challenges of targeting cancer tissues is their characteristic similarity to 

healthy tissues. The targeting agent can also be designed to target markers that are expressed 

more in the cancer cell and less on other healthy cells (i.e. CD44 on leukemic cells and colon 

cancer cells) [39].  

 

Various targeting agents have been employed to direct NPs to cancer cells [38, 40]. These 

agents can be categorized into three main groups based on their components that made of and 

their complexity. (see Figure 4), which include aptamer-based targeting, ligand-based targeting, and 

antibody-based targeting. Aptamers are short chemically synthesized strands of DNA or RNA-

oligonucleotides that are folded into 2nd- and 3rd-dimensional structures which make them 

capable of targeting a specific antigen, most often proteins. The other type is ligand-based 

targeting that includes peptides, short amino acid polymers, and small molecules, such as folic 

acid. Finally, antibody-based targeting agents, which involve the use of a whole antibody, or 

antibody fragments, such as single-chain variable fragments (scFV) or antigen-binding 

fragments (Fab)[40, 41].  
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Figure 4. A schematic illustration showing the three main methods used for active targeting 
of NPs[40]. 

 

An antibody is a Y-shaped protein that can be obtained from plasma cells or engineered 

(Figure 5). Compared to other targeting strategies, an antibody possesses two binding sides 

with a high binding affinity to its specific target protein (or antigen), which gives it exceedingly 

high selectivity. The binding sites are analogous to a lock and the antigen to a key [42]. Using 

antibodies is one of the first methods for directing NPs to specific cell types. Despite the high 

cost of antibodies, they are one of the top specific targeting methods. Also, it remarkably 

enhances the endocytosis pathways for antibody functionalized NPs compared to non-

functionalized NPs[43].  
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Figure 5. An illustration showing the structure of an antibody and how it binds to its specific 
antigen located on a cell surface. The semi-triangle shape binding site on the antibody, 
attached to the semi-triangle antigen. 

 

 In this dissertation two type of antibodies have been used to target colon cancer and 

AML, anti-CD44 and -CD34 antibodies, respectively. Therefore, in the following section we will 

cover a brief background about them.  

1.1.5.1 CD44 antigen  

CD44 is a cell surface protein with different functions involved in proliferation, 

differentiation, adhesion, migration, angiogenesis and signaling[11, 44-47]. It has been 

reported that the CD44 antigen is overexpressed in a large number of cancer cells and cancer 

stem cells in comparison to their healthy counterparts (Figure 6)[48, 49]. Among several 

surface receptors overexpressed in both cancer and cancer stem cells, CD44 is the most 

frequent antigen present in a large variety of tumor types [50]. However, the excessive 

expression of CD44 antigen varies from one cancer cell type to another. For instance, the gene 

expression of CD44 has been upregulated in colon cancer tissue ten times more than the 
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healthy colon tissue[51], while in leukemic stem cells (LSC) it is twofold higher in expression 

compared to normal hematopoietic cells[52, 53].  

 

Figure 6. CD44 mRNA expression determined from genomic data available from the cancer 
genome atlas. CD44 mRNA was upregulated in most of the tumor tissues. The abbreviations: 
BLCA, bladder urothelial carcinoma; BRCA, breast cancer; COAD, colon cancer; ESCA, 
esophagus cancer; HNSC, head and neck squamous cell carcinoma; KICH, kidney 
chromophobe; KIRC, renal cancer; KIRP, kidney renal papillary cell carcinoma; LUAD, lung 
cancer; LUSC, lung squamous cell carcinoma; PRAD, prostate adenocarcinoma; READ, rectal 
cancer; STAD, stomach cancer; THCA, thyroid cancer; UCEC, uterine corpus endometrial 
carcinoma. The figure is adapted from Y.He, et al., 2018[49] 

 

CD44 is encoded by the CD44 gene (Figure 7) and is made up of a single polypeptide 

chain[54]. The CD44 gene is complex gene consisting of 20 exons found in chromosome 11p13 

in humans[55, 56]. In the CD44 gene there are five conserved exons on each end (i.e., Exons 

1-5 and exons 16-20), which are responsible for making the CD44 standard protein (CD44s). 

However, between these conserved exons, there are 10 variable regions in the middle, 

referred to as 1v to 10v [54, 56, 57]. Differential splicing of these variable regions leads the 

generation of many variant isoforms of CD44 (CD44v)[56]. The expression of these splice 

variants is regulated by splicing factor Epithelial Splicing Regulatory Protein 1 (ESRP1) and this 
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expression level may change during differentiation[58]. Also, their expression is different from 

one cell to another. For example, bone marrow progenitors express CD44v3, CD44v6, CD44v9, 

and CD44v10, while lymphocytes and monocytes express CD44v3, CD44v6, and CD44v9[54]. 

CD44s or CD44v are also expressed in cancer cells in higher abundance [45, 52, 59]. The 

overexpression of CD44v, confers the cells with some malignant properties[58]. In addition, 

many studies suggest a strong relationship between the overexpression of CD44vs especially 

CD44v6 and CD44v9, and malignant tumor formation and spreading[54, 58, 60, 61]. Data 

provided in this thesis also confirms these findings with colon cancer (see table 1 in Chapter 2, 

CD44v6 and v9).  

 

 

Figure 7. The illustration shows A) CD44 glycoprotein structure and B) the CD44 gene structure, 
which consists of ten conserved exons, colored in green, and ten variable regions, colored in 
red (V2-V10) that are differentially expressed through splicing. The figure is adapted from 
Chen, et al., 2018[62] 

 



 

 

30 

Different studies have used CD44-antibodies to bioactivate NPs for cancer cell targeting 

purposes [50, 63, 64]. Aires et al. used a CD44 antibody as a targeting agent to target CD44 

positive cells. The level of internalization was compared between CD44 functionalized iron 

oxide NPs and the non-functionalized NPs after a 4 h incubation. In his study, two types of 

positive CD44 cells lines (Panc-1 and MDA-MB-231) were treated with both types of NPs. In 

general, the iron oxide NP system with a concentration 0.02mg/ml was non-cytotoxic. 

However, CD44 functionalized NPs showed a remarkable accumulation level (12pg of iron)  

compared to the non-functionalized NPs that showed 0.5pg of iron by using  ICP-MS [50]. 

furthermore, Aires studied specific drug delivery by functionalizing iron oxide NPs with both a 

CD44-antibody and chemotherapy drug (GEM). It was reported that the cytotoxicity of the 

multifunctional nanoparticles after three days was 12% greater than GEM alone when tested 

on Panc-1 cancer cells. These results were explained by the presence of the CD44-antibody, 

which enhanced NP internalization, as well as the accumulation of GEM inside the cell [1].  

 

 

1.1.5.2 CD34 antigen 

CD34 is a cell surface antigen commonly found on human HPSCs and not expressed in 

any other blood cell types in the body. It’s expression is also limited on other cells in the body 

and has only been reported to be expressed on the endothelial cells of the lymphoid tissues, 

embryonic fibroblasts, and interstitial dendritic cells[65]. CD34 plays a major role in the 

attachment and homing of stem cells to the bone marrow extracellular matrix or stromal cells 

[47, 66]. The CD34 antigen is encoded by the CD34 gene and made up of a single polypeptide 

chain consisting of eight exons within chromosome 1q32 in humans [66].  

CD34 has been used for decades in the clinic to enrich HSPCs from bone marrow, and is also 

now used by researchers to isolate and study LSCs[67]. Therefore, anti-CD34 antibody 
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functionalized NPs could be used to first target and eliminate the diseased stem cells (LSCs) 

along with the chemotherapy treatment to kill the proliferating leukemic blasts. This would 

then be followed by a bone marrow transplant of healthy HSPCs to replenish the body with 

healthy blood cells. This strategy of targeting the LSC (and any healthy HPSCs in the process) 

could work without too many side effects since CD34 is limited in its expression in the body. 

Indeed, this treatment strategy has shown some success in the lymphoid leukemias using 

Chimeric Antigen Receptor (CAR) T Cells that target CD19 antigens (on B lymphocytes) in order 

to eradicate all B cells (healthy and cancer type)[68-70].  

 

Functionalizing NPs with CD34 will enhance the specific cell targeting for different 

applications. For instance, Chen J, et al., showed that PEG coated iron oxide NPs conjugated 

with anti-CD34 antibody (CD34-NPs) have high affinity to bone marrow-derived stem cells (i.e. 

the HSPC) and could be used to direct their homing/migration under a magnetic field 

potentially circumventing difficulties that could arise following a bone marrow transplant both 

in virtro and in vivo [71].  

 

1.1.6 Iron nanostructures for cancer treatment 

In the last decade, different nanoparticle (NP) materials, such as gold NPs[48], silicon 

NPs[72] and carbon nanotubes (CNTs)[73], have shown promising results in cancer treatment 

due to their ability to be coated[31, 32, 74, 75], loaded with drugs[76-79] and functionalized 

with targeting agents[48, 80-83] for drug delivery.  

Recently, magnetic NPs showed a great contribution in cancer treatment. The benefit 

of magnetic materials compared to others is their ability to respond to magnetic fields [84]. 
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They can be guided and accumulated in a specific way using a magnetic field, while they can 

also be monitored by magnetic resonance imaging. Hyperthermia can be induced with an 

alternating magnetic field, providing another therapeutic option[84]. Photothermal treatment 

can be induced with a NIR laser as another approach[85]. Also, drug-encapsulated magnetic 

NPs (that were introduced in a cell) show their ability to release the drug after their exposure 

to an external magnetic field[86]. 

       Among the large number of magnetic NPs, iron oxide have received a remarkable 

contribution to different biological applications such as magnetic separation, hyperthermia 

[76, 87], cell guidance[71], drug delivery[50, 77, 88], and as a contrast agent in Magnetic 

Resonance Imaging (MRI) [89, 90]. The high biocompatibility of iron oxide NPs[78, 91], their 

large magnetization[78, 91], their ability to be coated[31, 80, 89, 92], to carry drugs[76, 79], to 

be functionalized with targeting agents[31, 78, 83, 93], and to convert optical energy to 

heat[76], make them great candidates in cancer cell treatment.  

 

Current research shows promising results in cancer cell destruction by using nano-

hyperthermia, not only on the level of in vitro[94-99] and in vivo[98, 100-103], but also in the 

clinical trials[104]. For in vitro, Salimi M, et al., studied the cellular destruction effect of two 

types of breast cancer cell lines (MCF7 and HDF1) incubated for 2h with 500 μg/ml of iron oxide 

NPs and exposed to AMF (12 kA/m and 300 kHz) for 120 min[94]. His work showed that the 

control cells (not treated with NPs and exposed to magnetic hyperthermia) did not show any 

change in the cell viability, while MCF7 and HDF1 that were incubated with NPs showed 64% 

and 36% cell destruction respectively[94]. Due to the importance of adding a biological agent 

to the NPs to enhance their interaction with the cells, Kandasamy G et al., coated their iron 
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oxide NPs with Terephthalic Acid-AminoTerephthalic Acid (TA-ATA). These TA-ATA NPs were 

incubated with MCF7 at concentration 500 μg/ml, and after 15 mins of incubation, an AMF ( 

frequency 751.5Hz) was applied for 1h[95]. It was noted that the cell treated only with AMF 

showed 20% cell death compared to the control (without any treatment), while cells treated 

with both TA-ATA NPs and AMF showed cell death of almost 90% compared to the control 

cells[95]. However, the cell death difference between the cells treated with only AMF and cells 

treated with NPs+AMF was 65%, which is similar to the previous study (Salimi M et al.). 

 

In the case of in vivo, two groups of nude mice xenografted with cancer cells (U87MG) 

were treated directly with the same amount (75 μg) of CoFe2O4@MnFe2O4 NPs and 

chemotherapy  drug doxorubicin (DOX) when the tumor reached a volume of 100 mm3[105]. 

The group treated with NPs was exposed to a magnetic field at a frequency of 500 kHz and 

strength of 37.3 kA/m. In the doxorubicin-treated group, tumor growth slowed initially but 

then regrew after 18 days. In the group treated with NPs and the magnetic field, the tumor 

was eliminated in 18 days [105]. Anther in vivo study used the hyperthermia method to heat 

the NPs and release the capsulated drug[106]. DLD-1 xenografted mice were treated with iron 

base NPs encapsulated with DOX (DOX-NPs) in the presence or absence of the AMF (500 kHz, 

37.4 kAm/m) for 10 mins. During the 15 days, there were two groups, one had a single DOX-

NP injection with the AMF application and the group had a double injection with the AMF 

application. The best tumor suppression result was observed in the group treated with a 

double injection of DOX-NPs with AMF application[106]. 

 

Recently, in the clinical trial, MagForce company produced iron oxide NPs that were 

approved by the Food and Drug Administration(FDA) to conduct clinical trials[107]. Although 
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this treatment method is under investigation on clinical trials, one of the recent clinical studies 

has shown a promising results[104]. In this study, six patients were injected with MagForce 

iron oxide NPs directly into a solid brain tumor (glioblastoma) for magnetic hyperthermia 

treatment. These treated patients were exposed to AMF, at a strength of 2.5–15 kA/m and 

frequency of 100 kHz, for six 1h-sessions per day[104]. It was reported that two patients had 

long-lasting treatment responses (more than 23 months) without receiving any further 

therapy. In general, hyperthermia with iron oxide NPs combined with AMF could be a 

promising treatment modality in glioblastoma patients. 

In the case of photothermal therapy (PTT), which is a similar technique  to 

hyperthermia, but is based on destructing the cancer cells by exposing them to 

electromagnetic radiation, usually the NIR laser is minimally absorbed by the water and 

tissues[108, 109]. Plasmonic materials, such as gold, are commonly used as photothermal 

agents, due to their ability to convert the absorbed light to heat. Recently, iron oxide NPs have 

made a significant contribution as a photothermal agent[76]. It shows their ability to absorb 

808nm wavelengths and convert them to heat[76]. In section 2.3.2 the concept of using iron 

oxide in the PTT was covered in more detail. It has been illustrated that cells incubated with 

magnetic NPs and exposed to NIR (power less than 1W/cm2) showed a huge cell destruction 

without any cell killing to those treated with the laser only[76, 81]. For instance, in the in vitro 

studies, the cell viability of SKOV3 cell lines, incubated with 12mM of PEG-coated iron oxide 

NPs and exposed to NIR, was studied by a metabolic activity assay (Alamar blue assay). After 

10 mins of exposure to an 808nm laser 0.3W/cm2, it was noted that the laser irradiation did 

not affect the viability of the cells without NPs, but it killed more than 60% of the cells 

incubated with the NPs[76]. Xinxing M. et al. showed a similar cell viability reduction (around 
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60%) after exposing the breast cancer 4T1 cell line, incubated with iron-based NPs, to 808nm 

laser - 1W/cm2 for 10mins.  

In the in vivo experiment, Espinosa A et al. demonstrated the ability of iron oxide NPs 

together with an NIR laser to reduce the size of a  solid tumor (induced by subcutaneous 

injection of human epidermoid carcinoma cells )[76]. Xenografted mice were injected with 250 

mM of iron oxide NPs. After 1 h of incubation, the mice were exposed to the NIR laser (808nm 

laser – 0.3W/cm2) for 10 mins.  On the 8th day, the tumor growth had slowed much more 

compared to the control (untreated xenografted mice). Phan T. et al. support the previous 

finding by showing a significant decrease and suppressing the growth of the tumor volume by 

the end of day 18 after exposing the iron oxide NP-treated xenografted mice to the NIR laser 

at a power of 2 W/cm2 for 6 mins [110]. 

Currently, a new magnetic NP structure, called magnetic nanowires (NWs), is playing a 

fundamental role in cancer cell destruction. These NWs have similar properties to NPs, but 

with the added advantage of an anisotropic shape and a larger magnetic moment, which 

provide more degrees of freedom for remotely controlling their movement with a magnetic 

field[48]. One method specific to NWs is the magneto-mechanical treatment[79, 91, 111] that 

is based on oscillating the NWs by applying an AMF, which in turn, creates a weak mechanical 

force on the cell membrane[91]. This force negatively affects protein conformation and 

clustering of the cell membrane which leads to cell death[112]. However, like other 

nanomaterials, these NWs need to be capable of specific targeting, in order to minimize the 

side effects on healthy cells, which was one of the main motivations of this work.  

 



 

 

36 

1.2 Magneto-mechanical and photothermal concepts 

 

      For cancer treatment, several strategies have been employed for cancer treatment, 

including surgery, chemotherapy, radiation therapy, etc. Nowadays, with the recent advances 

in medical science and nanotechnologies, novel methods have been developed such as 

hormone therapy, photodynamic therapy [113], magneto-mechanical therapy [79, 91] and 

PTT[76]. 

     In this dissertation, iron NWs have been used to kill cancer cells by combining two different 

strategies: magneto-mechanical and photothermal. In order to understand each of these 

strategies, this chapter will briefly introduce the concept of magnetism, the magnetic 

properties of magnetic materials, PTT, iron material as photothermal agent, and some in vitro 

studies about iron NWs. 

 

1.2.1 Basic magnetic quantities and properties 

     Inside of magnetic materials, the magnetic fields are described by three vectors: magnetic 

field, magnetization, and magnetic induction. The relationship between these vectors is:  

𝐵=𝜇0 𝐻+𝑀.          (1)  

     Magnetic induction (B) expresses how the magnetic field changes inside a given material 

and its unit in the International System (SI) is Tesla (T). Another factor is the magnetic field (H), 

which describes the intensity of the field. It SI unit is ampere/meter (A/m),  but Orsted (Oe) is 

common too. The final factor is magnetization (M), which is the vector field that describes the 

density of magnetic dipole moments in a magnetic material. Its unit is A/m. 𝜇0 represents the 

permeability of free space. If the material is magnetic, then the total permeability 𝜇 is:  
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𝜇 = 𝜇r 𝜇0,      (2) 

where 𝜇 is the relative magnetic permeability characteristic of each material. Based on their 

response to a magnetic field, the materials can be mainly classified as diamagnetic, 

paramagnetic or ferromagnetic (Figure 8).  The magnetic response is dependent on the orbitals 

and spin motions of the electrons and how these interact with one another and is defined by 

the strength of the interactions between the atomic magnetic moments[114].  

     In the diamagnetic materials case, the atoms do not have a net magnetic moment (H = 0), 

and the induced magnetic field tends to oppose the applied field (H  0). On the other hand, 

the atoms of paramagnetic materials have a net magnetic moment, but the atoms do not 

interact with each other and are not aligned when there is no applied field (H = 0). As a result, 

the magnetization is zero. However, in the presence of a field (H  0) the atomic magnetic 

moments become aligned in the direction of the field, resulting in a net positive magnetization 

that depends on the value of H. In the case of ferromagnetic materials, the atoms possess 

regions called domains, in which the magnetic moments are aligned. However, the directions 

of these domains are random across the material, which yields a zero net magnetic moment if 

they have not been previously magnetized. After exposure to a magnetic field, the domains 

align (H  0), which generates a strong magnetization, and they stay in this configuration to 

some extent even after the magnetic field is switched off (H = 0). In the ferromagnetic 

materials, the remaining magnetization when the field is absent is MR, but when the magnetic 

field is present, ferromagnetic materials attain a maximum magnetization or saturation 

magnetization value (MS) as all the atomic moments align themselves to the direction of the 

applied field [114]. There are a vast number of ferromagnetic materials such as nickel, iron, 

cobalt, and most of their alloys. However, the ferromagnetic material iron was selected for the 
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experimental work presented in this dissertation and its properties will be discussed later.

  

 

Figure 8. The ordination of magnetic moment in the three main types of magnetic behaviors. 
Each box represents a material which consist of a group of domains (red circles) and their spin 

orientation (black arrows) in the absence (H = 0) or presence of a magnetic field (H  0).  
Diamagnetic, paramagnetic and ferromagnetic materials exhibit different atomic moment 

configurations. The thicker spin arrows in the case of ferromagnetic materials at (H  0) 
indicate that the magnetic response or magnetization is stronger. 

 

1.2.2 Hysteresis 

     The hysteresis loop, or magnetization curve, is usually used to characterize the magnetic 

properties of ferromagnetic materials [115]. It shows the response of a ferromagnetic material 

when it is under a magnetic field. The x-axis of the hysteresis loop plot corresponds to the 

magnetic field applied (H), while the y-axis corresponds to the magnetization (M). Thus, the 

properties of the ferromagnetic material can be obtained: the MS, the remanent magnetization 

(MR), and the coercive field (HC) [116]. 

 

Figure 9 shows a typical hysteresis loop. The hysteresis loop of a given magnetic material 

initiates at point (A). As the magnetic field (H) increases, the atomic magnetic moments 

Diamagnetism Paramagnetism Ferromagnetism 

H = 0

H
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gradually align with the magnetic field until the magnetization increases and reaches the MS, 

point (B). In reverse, when the field decreases, the alignment of the magnetic moments with 

the field starts to decrease and, when the field equals zero (C), the magnetization will be at its 

MR. From this point, when the field begins to increase in the opposite direction, the 

magnetization will further decrease until it reaches zero (D). The intensity of the applied 

magnetics required to bring the magnetization to zero after the material has been fully 

saturated is known as the coercive field or coercivity (HC). This increase of the applied magnetic 

field will cause the material to demonstrate the same behavior, but in the opposite direction: 

an anti-parallel saturation magnetization is reached (E), followed by a remanent magnetization 

(F) and coercive field (G) [117]. 

 

     In the field of biomedical applications, high MS values is preferred to enhance the easy 

manipulation of the magnetic NPs by using a low magnetic field, which means low power setup. 

In the case of MR, low value is preferred to prevent the agglomeration of NPs [118], while high 

value induces both the agglomeration and the NWs magneto-mechanical effect that will be 

explained in detail in section 2.2.3. Although most of the magnetic materials show the 

agglomeration behaviors, due to the high MR, this problem can be overcome by coating these 

NPs with a different agent such as proteins or polymers [33].    
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Figure 9. Hysteresis loop of a ferromagnetic material. (A) Denotes the origin when the material 
was never exposed to a magnetic field before, whereas (B) and (E) correspond to both 
saturation points. The remanent magnetization points are (C) and (F), and the coercive field 
points are (D) and (G). 

 

1.2.3 Magnetic torque and magneto-mechanical treatment  

     The magneto-mechanical treatment is one of the strategies that has been applied to kill 

cancer cells. After incubating the NWs with the cancer cells, the NWs will oscillate by the 

application of an AMF, which in turn creates mechanical forces on the cell membrane[91]. 

These weak forces negatively affect the protein conformation and clustering of the cell 

membrane which leads to cell death [112]. 

 

     In order to understand the behavior of magnetic NWs in the presence of an AMF, the 

influence of magnetic torque on a single NWs should explained. In the case of magnetic NWs 

made out of iron, the shape anisotropy of the magnetic NWs dominates the weak crystalline 

anisotropy. Therefore, when magnetic NWs are exposed to a magnetic field, they generate a 

torque toward the favorable direction of spontaneous magnetization (the easy axes) in order 
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to align their magnetic moment with the magnetic field as presented in figure 10. The magnetic 

torque (Tm) calculation was explained previously in detail by Maria’s [91, 119].  Simply, the Tm 

exerted on a single NW by a magnetic field can be calculated by the flowing: 

 

Tm= m x H x sin L     (3) 

= M r2 𝑙 H sin L,     (4) 

 

where (m) is the magnetic moment, (H) is the applied magnetic field, and ( L) is the angle 

between them. Considering that m=MV (V is the volume) and V= r
2
𝑙  (where r the NW radius 

and 𝑙 its length).  The Tm obtained when the  = 90°. Due to the single domain properties of 

the NWs,  the M being equal to the Ms when exposed to a magnetic field strong enough to 

saturate the material[119, 120]. Therefore, the value of (M) can be replaced by the (Ms). After 

calculating the Tm the magnetic force (F) can be calculated by the following equation: 

F = Tm/ 𝑙.                      (5) 

 

Figure 2. Schematic shows the force produced by a single NW when an alternating magnetic 
field is applied. (Tm) is magnetic torque, (Fm) is a magnetic force, (m) is the magnetic moment, 
and (H) is the applied magnetic field. these forces can be transmitted to a cell if the NWs 
attached to it. Adapted from Contreras et al., 2014 [91]. 
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1.2.4 Photothermal treatment  

PTT is a promising therapeutic strategy which uses a NIR laser for the treatment of 

various medical conditions, including cancer [73, 108, 109]. It employs photo-absorbing agents 

to generate heat from optical energy, which leads to cancer cells destructing[48, 81]. These 

absorbance agents have been proposed as photothermal agents (PA) [48, 73, 76, 81, 108].  

 

Most of the material that have conductive electrons, they generate a heat by a unique 

photophysical phenomenon called Localized Surface Plasmon Resonance (LSPR) [76, 121]. In 

the case of iron oxide, the heat does not generate by the LSPR, but from the oscillation of the 

electrons on the electrically not conducting oxide shell.  The efficiency of a nanomaterial to 

transform optical energy into heat is known as photothermal conversion efficiency. The 

temperature rise in the tumor depends on the photothermal conversion efficiency (η) of the 

PA, the concentration of PA in the tumor, and the dosage of light delivered [121, 122].  

 

 In the PPT, the reduction of side effect to the healthy tissues can be achieved by using 

specific NIR wavelengths that fit in the biological window. The spectral range of this window is 

from 650 nm to 900 nm, where the biological tissues become transparent as a result of the 

reduction in both absorption and scattering. It has been reported that skin, tissues, and 

hemoglobin become transparent at the wavelength 800nm [121]. 

 

1.2.4.1 Iron oxide nanostructure as a photothermal agent  

 A large number of inorganic nanomaterials including gold, silver, copper, and recently 

iron have showed high optical absorbance in the NIR wavelength. Therefore, they have been 
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used as PA, which has led to promising results in cancer cell destruction both in vitro [76, 123] 

and in vivo [81, 93, 124]. Besides the high biocompatibility and large magnetic moment of iron 

oxide NPs, the high refractive index and the molecular weight of the iron oxide material make 

it a powerful enhancer for plasmonic response[125], which can generate heat within a short 

time under a NIR laser[121, 126].  

 

Hauser et al. studied the cytotoxic effects of using iron oxide NPs (at the concentration 

of 50 µg/ml) on lung cells (A549 cells) under NIR irradiation (power density of 5 W/cm2) at 

different time points. Exposing the cells to NIR irradiation for 60, 120, and 180 s, showed a 

reduction in the cell viability approximately 8.9%, 33.5%, and 72.8%, respectively. For the in 

vivo experiment, mice were injected with tumor cells, and after the tumor achieved 5.0 mm, 

they were injected with NPs for 24h. Later, random mice were irradiated with 808 nm laser (5 

W/cm2) for different incubation times, 120 s or 180 s. A significant reduction in tumor volume 

was observed in those mice treated with iron NPs[126].  

       

Furthermore, combining the iron NPs with chemo-photothermal therapy and targeted 

drug delivery will enhances the antitumor effect. Wu et al. developed novel azo (4,4-azobis (4-

cyanovaleric acid))-functionalized magnetic NPs in order to attach the chemotherapy drug 

doxorubicin (DOX) to the azo group. The benefit of this group is that it has light-sensitive 

release, so the drug will not be released until the azo group is broken by exposure to light. 

These DOX functionalized NPs (DOX-NPs) were injected into xenografted tumor mice. Then, 

the animals were exposed to NIR irradiation, and NPs rapidly converted the light into heat (43 

°C) which enhanced the release of DOX. The results demonstrated that chemo-photothermal 
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therapy using DOX-NPs was more effective in tumor-suppression than chemotherapy or PPT 

alone [127].  

 

 In another study which focused on enhancing the targeting of the NPs, cyclic peptide 

arginine-glycine-aspartic acid-d-tyrosine-lysine (cRGDyK) was conjugated to polyethylene 

glycol coated NPs (cRGDyK-PEG -NPs) to achieve tumor-targeting. This ligand is specific for the 

receptor αVβ3 integrin, which is overexpressed in tumor cells. In an in vitro experiment where 

MCF-7 and U87MG cells were incubated with cRGDyK-PEG-NPs (100 μg/ml) and then exposed 

to an 808 nm laser (1 W/ cm2 for 10 mins), cell viability was reduced considerably (i.e. 26.0% 

viability for U87-MG cells and 54.2% viability for MCF-7 cells) compared to control MCF-7 and 

U87MG cells incubated with cRGDyK-PEG-NPs without the laser treatment (i.e. 88.6% viability 

for MCF-7 cells and 89.3% viability for U87MG cells). Moreover, in vivo studies illustrated that 

when 10 mg/kg of cRGDyK-PEG-NPs were injected into a tumor inside the mice and then 

exposed to 808nm laser (1W/cm2), tumors disappeared within 8.5 days the [128].   

 

There is a recent study, which has combined cell targeting, drug delivery and PTT to kill 

cancer cells. Magnetic NPs with Docetaxel, an anticancer drug, were encapsulated inside 

liposomes and then coated with hyaluronic acid in order to enhance the targeted delivery. 

Under the irradiation of an NIR laser, the temperature of the liposomes reached 46.7 °C in 10 

mins, and over 20% more of the Docetaxel was released compared to the non-irradiated 

liposomes. The cytotoxicity study showed that lung cancer cells (MCF-7) treated with the 

magnetic liposomes under an 808nm laser have a higher rate of cell destruction compared to 

the cancer cells treated magnetic liposomes without the laser. This study suggested that the 

laser enhanced the release of both Docetaxel and NPs [129]. 
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All the previous studies have demonstrated the possibility of using iron oxide NPs in 

combination with an NIR laser for cancer treatment. In addition, they proved that coating and 

functionalizing NPs with a targeting agent improves both the targeting to and destruction of 

cancer cells when combined with the photothermal treatment. 

 

1.2.5 Iron/iron oxide nanowires for biomedical applications  

Magnetic NWs are anisotropic nanostructures that were fabricated by electrochemical 

deposition in nonporous templates[91, 130-132]. They can be fabricated with tailored length 

and diameter[133] and other, properties such as coating,[134] and, similar to NPs, they can be 

functionalized[93]. However, NWs have advantages over NPs such as larger magnetic 

moments, more degrees of freedom for remotely controlling their movement with magnetic 

fields [48], and larger surface area to volume ratios, which enhances the possibility of surface 

modifications for further loading to gain functionality [79, 91, 119, 135, 136]. Moreover, Huang 

et al., studied the internalization rate between rod and spherical silicon NPs, and reported that 

rod-like NPs have much better internalization than spherical NPs [137, 138]. 

 

 In the past, a large number of studies used Nickel as an NW material, but its 

genotoxicity and cytotoxicity effects does not make them a suitable candidate for 

nanomedicine. In contrast, iron NWs (Fe-NWs) have shown a high level of biocompatibility 

even at high concentrations and long incubation times (Figure 11A)[78, 79, 91]. Also, it showed 

a high magnetization (Figure 11C), which facilitates their manipulation under a low magnetic 

field. The generated iron oxide layer, after fabrication, increases Fe-NW biocompatibility 
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(Figure 11B)[79, 83]. In addition, iron material has a high absorption of light with an 808 nm 

wavelength which make them a good photothermal agent[76].  

Over all, magnetic iron oxide NWs are highly suitable for multimodal treatment due to 

their ability to be coated[75], functionalized with drug[79]or targeting agent[83], their 

movement manipulated by AMF[79, 91], and heated by an NIR laser[76]. In the context of 

multimodal oncological treatments, there are numerous studies in which radiation + a 

targeting agent (peptide)[139], hyperthermia + chemotherapy[85], and magneto-mechanical 

+ chemotherapy [79] have been implemented. In all aforementioned studies, without 

exception, the application of combined treatments enhanced cancer cell death in comparison 

to the implementation of the treatments independently. Therefore, iron oxide NWs have been 

applied in this thesis.  
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Figure 3. Iron nanowire properties. A) A high level of biocompatibility is shown for iron 
nanowires at high concentrations and long incubation times[119]. B) The biocompatibility of 
iron core - iron oxide shell NWs (FeO) is higher than iron NWs (Fe)[134].C) Magnetization loops 
of arrays of 4 μm long Fe NWs, where Hc is the coercivity and saturation magnetization 
Ms[119]. 
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1.3 Motivation of thesis 

Producing a multifunctional efficient, and safer cancer treatment is a major challenge 

in nanomedicine. Recently, iron/iron oxide (core / shell) NWs showed a promising contribution 

in the cancer treatment due to their high biocompatibility and magnetization. They have been 

successfully used for drug delivery (by functionalizing them with chemotherapy drug)[79], and 

targeting specific cell (by functionalizing them with a targeting agent)[83]. In addition, iron/iron 

oxide NWs induced the cancer cell destruction magneto-mechanically and in a short time[91]. 

Also it showed their ability be used as a PTT[110]. Therefore, the combination of magneto-

mechanical and PTT strategies in one single therapeutic model is a promising method for 

cancer treatment. However, the absence of a targeting moiety on the NWs will lead to random 

and nonspecific internalization. To achieve specific cancer cell destruction by a combined 

therapy (magneto-mechanical + PTT), the steering of these functionalized NWs to cancer cells 

specifically needs serious consideration both to target cancer cells and to minimize unwanted 

destruction of healthy tissue.  

In this dissertation, magnetic iron NWs were functionalized with anti-CD44 and anti-

CD34 antibodies that target cell surface markers highly expressed in colon cancer and leukemic 

stem cells, respectively. Colon cancer and leukemic stem cells were chosen for two reason: 1) 

to study the functionalized NWs on different cell types, adherent (colon cancer) and 

suspension (AML), and 2) these two types of cancer are in the top 10  most common cancer 

types based on the NCI in 2018[25]. Based on what has been discussed in the introduction 

about each type of cancer and its current treatments and the lack of specificity, which 

negatively affects the patient's health and the speed of recovery, there is a great need to 

develop more efficient and specific treatments for both of them. 
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Figure 4. The illustration presents the role of CD44 functionalized iron nanowires (CD44-NWs) 
for targeting cancer cells specifically which enhanced the specific cancer cell destruction using 
both magneto-mechanical and photothermal treatments at the same time without harming 
live cells. The magnetic field causes nanowire vibration, while the laser heats the NWs. 
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1.4  Thesis outline 

The most relevant results obtained during this study will be covered in this dissertation, which 

is organized in four chapters: 

 

Chapter 1 is divided into two main subsections. 1.1 contains a brief overview of current and 

new cancer treatments and how they lack specificity.  It also discusses the active targeting 

strategy and the different types of targeting agents. Due to the high specificity of antibodies 

as a targeting agent two types of antibodies have been used, CD44 and CD34 antibodies. 1.2 

covers the background of magnetism and magnetic properties of magnetic materials (with an 

emphasis on magnetic NWs and their behavior in an AMF). It also briefly explains photothermal 

treatment concepts and how iron NPs have been used as photothermal agent and how the 

properties of iron NWs make them suitable for the biomedical applications. At the end of this 

chapter, the motivation and the thesis outline are presented. 

Chapter 2 is devoted to the fabrication, characterization, coating and functionalization of iron 

NWs.  The fabrication process consists of two-step anodization on aluminum to create the 

nano-template in which the NWs were later electrodeposited. The NWs were characterized 

using a Scanning Electron Microscope (SEM), Transmission Electron Microscopy (TEM), 

Electron Energy-Loss spectroscopy (EELS), and confocal microscopy for morphology. 

Superconducting Quantum Interference Device Magnetometry (SQUID) for its magnetic 

properties. The antigenicity of functionalized NWs confirmed by immunoprecipitation. Finally, 

the cytotoxicity of these NWs with different coatings were studied. 

Chapter 3 and 4 are the main chapters of this dissertation. Chapter 3 discusses the interaction 

(attachment or internalization) of the NWs and the cancer cells. This was done by using 
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confocal microscopy and Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Chapter 4 

focuses on cell behavior after applying the proposed magneto-mechanical and PTT for both 

colon and AML cancer.  

To finalize, and due to the highly multidisciplinary character of this work, appendix A includes 

complementary and optimization experiments. Appendix B provides a brief overview of the 

experimental techniques.   
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CHAPTER2: MAGNETIC NANOWIRES FABRICATION, FUNCTIONALIZATION AND 

CHARACTERIZATION  

 

 

This chapter covers all aspects of iron NWs that are relevant to this dissertation. It starts 

with the basics of the NW fabrication process that consists of two-step anodization followed 

by electrodeposition. Afterwards, these NWs are coated with 3-AminoPropyl-Tri-Ethoxy-Silane 

(APTES), which provides amine groups on the NW surfaces, which enhances the covalent 

attachment with antibodies [75, 83, 140]. The APTES coating and NW functionalization with 

antibodies have been proven by EELS and confocal microscopy. The diameter and charge 

changes were detected by TEM and zeta potential. Moreover, the antigenicity of the antibodies 

on the NWs was tested by using immunoprecipitation (IP) and western blot (WB), while the 

magnetic properties of the NWs before and after functionalization was studied with a SQUID 

magnetometer. The final section of this chapter describes the biocompatibility of the iron NWs 

in different concentrations and how it is affected by the APTES coating and antibody 

functionalization. 

 

2.1 Materials and methods  

2.1.1 Nanowire fabrication 

The fabrication of Fe NWs is based on electrodeposition into alumina templates, which 

is accomplished in six steps. First, the surface of a 99.99% aluminum (Al) with a thickness of 

This chapter was published as:  

Nouf A. Alsharif, Aldo I. Martìnez-Banderas, Jasmeen Merzaban, Timothy Ravasi, and 
Jürgen Kose, Biofunctionalizing Magnetic Nanowires Toward Targeting and Killing 
Leukemia Cancer Cells, IEEE Transactions on Magnetics (2018). 
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0.5 mm and a diameter of 2.5 cm (Goodfellow) was electropolished in 0.3M oxalic acid at 4°C 

with a voltage of 20V to smoothen its surface, as represented in figures 13A and 13B. Then, 

the first anodization was carried out with 0.3 M oxalic acid at 4°C applying a voltage of 40V for 

24h. This step grows an alumina layer (Al2O3) and establishes pores. After that, the sample was 

incubated for 12h in 0.4 M phosphoric acid (H3PO4) and 0.2 M chromium trioxide (CrO3) at a 

temperature of 30 ᵒC, in order to remove the Al2O3 layer with random pores. The second 

anodization is the fourth step, which rebuilt the Al2O3 layer and formed ordered pores with 

parallel orientation, represented in figure 13C. The second anodization was carried out for 4h 

with the same conditions as the first anodization. Thereafter, dendrites which are required to 

connect the bottom of the pores (Al2O3) with the Al (Figure 13F) were grown. For NW 

fabrication, pulsed electrodeposition was applied for 1h at room temperature (Figure 13G).  

The full explanation of this fabrication process can be found in previous studies[75, 79, 119, 

130, 131]. 
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Figure 5. Schematics and corresponding scanning electron microscopy (SEM) images (top view) 
of the NW fabrication method. A) Al membrane before the polishing process. B) Smooth Al 
membrane after polishing. C) First anodization produces random pores in alumina, D) The 
alumina layer is removed with a chrome solution. E) After the second anodization, ordered 
pores in the alumina are obtained. F) Dendrites are created through the reduction of the 
alumina layer. G) Fe NWs are grown by pulsed electrodeposition. H) Photograph of an Al disk 
with NWs deposited on it (black area). The drawings from A-G were adapted from [119]. 
 

2.1.2 Nanowire release and quantification 

After the NWs were fabricated, they were released from the Al template and kept in 

solution to be used in the experiments which followed. Depending on the needed quantity of 

NWs, a piece of the Al template was cut and inserted into an Eppendorf tube. This piece was 

immersed in 1 ml of 1 M NaOH for 30 mins, and then it was renewed every hour four time with 

ten-second sonication in between. eventually, the NWs were rinsed ten times using ethanol 

with ten seconds of sonication in between each rinse. During these manipulations, the NWs 

were collected using a magnetic rack. To confirm the number of NWs contained in one disc, 

10 μl of the released NW solution was mixed and incubated for 20 mins with 300 μl 
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Hydrochloric acid (37%). Then the volume was increased to 3 ml by adding 2% nitric acid 

diluted with MiliQ water. ICP-MS was used to quantify the Fe-NW concentration in the stock 

solution. 

 

2.1.3 Fluorescence-activated cell sorting  

Fluorescence Activated Cell Sorting (FACS) was used to detect the expression level 

of CD34 antigen, CD44s antigen and its variants (v3-v9) on different AML cell lines as well as 

on healthy cells (native T cell and peripheral blood, and CHO-K1 cell line). Briefly, 5E+05 cells 

were incubated with 2 μl of FITC labeled anti-CD44 antibody for 1 h. Following a washing 

step that included 2X washing with buffer Hank's Balanced Salt Solution (HBSS), the samples 

were resuspended in 200 μl of HBSS solution and observed immediately with the FACS (BD 

FACS Canto). The obtained percentage is coming from the number of cells that have any of 

the mentioned antigens out of the initial number of cells (i.e. 5E+05 cel ls). Analysis of the 

flow cytometry results was performed using Flow Jo software.  

  

2.1.4 Coating and functionalizing nanowires 

Fe NWs were coated with APTES based on the interaction between the coating agent 

and the iron oxide interphase that surrounds the NWs and was formed after releasing the 

NWs from the alumina[75, 79, 91].  In order to functionalize the NWs with the antibodies, 

2-N-Morpholino EthaneSulfonic acid hydrate (MES: 0.1 M pH 4.7), 3-3-Dimethyl-

aminopropyl Carbodiimide (EDC), sulfo-N-HydroxySulfosuccinimide (sulfo-NHS) and 

Phosphate-Buffered Saline (10X PBS: pH 7.4) were purchased from Sigma-Aldrich. The 

Purified NA/LE Mouse Anti-Human Monoclonal antibodies CD44 clone 515 (1mg/ml), 

Isotype Mouse Monoclonal antibodies IgG (1mg/ml), and Biotin labeled Mouse Monoclonal 
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antibodies IgG (1mg/ml) were obtained from ABGENT, while anti-CD34 antibodies 

(qubint10) was obtained from Bio-Rad (0.2mg/ml). The functionalization process was based 

on the covalent conjugation between the amine group on the APTES-NWs and the Sulfo-

NHS ester group on the activated antibodies. The anti-CD44 antibody was diluted to 25 

μg/ml in 0.1 M PBS. 990 μl of diluted antibodies was incubated with 10 μl of the fresh and 

cold crosslinking solution, i.e., 0.4 mg EDC and 1.1 mg Sulfo-NHS dissolved in 1 ml of MES 

that was incubated at room temperature, shaking at 300 rpm for 15 mins. This interaction 

leads to the activation of the antibodies’ carboxyl groups. Following washing, the APTES-

NWs were incubated with the activated antibodies overnight at 4C. Finally, CD44 

functionalized Fe NWs (i.e., CD44-NWs) or isotype functionalized Fe NWs (i.e., Iso-NWs) 

were rinsed and blocked with a 2% BSA solution and stored at 4 °C. For biotin-labeled NWs, 

after functionalizing the NWs and before using them for FACS, the NWs should be incubated 

for 10 mins with FITC-labeled streptavidin (thermo-fisher) and then wash the NWs by PBS 

two times at least. 

 

2.1.5 Immunostaining and antibody quantification of functionalized nanowires 

Immunostaining and a pierce BCA protein assay kit were used to show and quantify 

the concentration of the antibodies on the NWs. For immunostaining, Thermo Fisher DyLight 

488 Goat anti-Mouse IgG (H + L) secondary antibodies were used to detect the presence of 

anti-CD44 or anti-CD34 antibodies on the NWs. 200 μl of a mixture of 1 μl/3 ml (secondary 

antibodies/1% BSA) were incubated with NWs for 1 h under 300 rpm shaking. Then the NWs 

were washed three times with 0.01 M PBS and observed under the inverted confocal 

microscope (ZEISS LSM 880-airyscan using 100x oil lens and an ALEXA 488 laser) and gloMax®-

multi detection system (Promega) available in the KAUST Characterization and Imaging Core 
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lab. The concentration of the antibodies on the NWs was determined through protein 

quantification (BCA kit, thermo fisher science). 

 

2.1.6 Immunoprecipitation and Western blot 

In order to confirm that the anti-CD44 antibodies-maintained antigenicity after binding 

to the nanowires, immunoprecipitation and western blot were used. CD44 NWs were washed 

three times with lysis buffer (150mM Tris-NaCl. buffer, 100X Triton, 1mM 

phenylmethylsulfonyl fluoride, 1X protease inhibitor), then incubated with the cell lysate 4 h 

at 4 °C under rotation. The following day, antibody functionalized NWs were separated from 

the cell lysate and washed three times with lysis buffer. The NWs were then prepared for 

Western blot by diluting them with NuPAGE® lithium dodecyl sulfate (Invitrogen) and β-

mercaptoethanol (10 mM) and heating at 95oC for 5 mins. The samples were run on 4–20% 

SDS-polyacrylamide gradient gel (Bio-Rad) and transferred to an immunoblot PVDF membrane 

(Bio-Rad). The blot was then blocked with 5% nonfat milk in buffer containing Tris-Buffered 

Saline (TBS) prior to staining with 1 μg/ml of the primary antibody of interest for 2 h at room 

temperature under rotation. The blot was then washed three times and incubated with the 

appropriate HRP-conjugated secondary antibody for 45 mins. The blots were then briefly 

incubated with SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher) and 

visualized using image quant LAS4000. 

 

 

2.1.7 Morphology and composition characterization 

 Fe NW morphology and composition were characterized by scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) and Electron energy-loss 
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spectroscopy (EELS)(SEM: Quanta 3D; FEI Company, Hillsboro, OR, USA; and TEM: Tecnai 

BioTWIN; FEI Company). The samples for SEM, TEM, and EELS, were prepared by taking 2 μl of 

NW solution in water and placing them on a silicon substrate for SEM and a copper-carbon 

mesh substrate for TEM and EELS. Then, the samples were investigated after 5 mins to allow 

for complete drying. 

 

2.1.8 Surface charge  

 In order to characterize the surface charge of Fe-NWs, APTES-NWs, and antibody-NWs, 

the zeta potential was measured in deionized water using a Zetasizer Nano ZS (Malvern 

Instruments, Malvern, UK) laser 600 nm where the indice refraction and absorbance of iron at 

600 nm are 2.3 and 1, respectively. The concept of zeta potential is explained in the appendix-

B2. 

 

2.1.9 Magnetic properties of nanowires  

The magnetic properties of the Fe-, APTES-, and antibody-NWs were studied using a 

SQUID magnetometer, type Magnetic Property Measurement System (MPMS®3). In order to 

study the sample, it needed to be as a dry pellet. Therefore, 0.06 mg of Fe NWs was dried 

overnight at 4°C. The next day, the pellet was collected and mounted on a MPMS3 Quartz 

Paddle Sample Holder (C130A) by using GE varnish c5-101 glue, which was then left for 4 mins 

for drying. Finally, the sample was run inside the SQUID for 45 mins under 300 K temperature 

and 13 Hz frequency. 
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2.1.10 Biocompatibility study of functionalized nanowires  

The cell culturing condition that was used with HL60 was described in section 5.2.1. In 

a 96-well plate, 100 μl of suspended 4E+04 HL60 was seeded per well one day prior to the 

experiment. Before treating the cells, NWs were washed three times with 0.01 M PBS, then 

were washed more three times with warmed RPMI media. The old media was removed and 

replaced with 100 μl of NWs suspended in fresh media. After 24 h of incubation, 11 μl of 

AlamarBlue™ cell viability reagent (Cat. No. 1025) was added to each well. Finally, after 2 h of 

incubation with AlamarBlue at 37 °C, a microplate reader was used to determine the amount 

of Resazurin by measuring the absorbance of the mixture (excitation 540 nm, emission 590 

nm). All the experiments were done in triplicate. 

 

2.1.11 Statistical analysis 

All in vitro cell viability assays were performed in triplicates and the experiments were 

repeated at least two times. Statistical analysis and P values were performed using the 

Microsoft Excel, where *p ≤ 0.01 **p ≤ 0.05, ***p ≤ 0.005. 

 

2.2 Results and discussions 

2.2.1 Selection of tumor-targeting agents 

 In order to target specific cancer cells, we need to find a cell surface marker (i.e. 

antigen) that is only expressed on the surface of the cell of interest but not on others. 

Unfortunately, most of the cancer and healthy cells have similar surface antigens. Therefore, 

it is difficult to narrow it down to one antigen that is unique to one cell and not found on other 

cells in the body.  However, the expression level of these surface antigens usually is differing 

from cell type to another[52]. The benefit of these differences will enhance the differential 
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response of both populations, which allows selective targeting the cells of interest without 

affecting the healthy cells [52].   

 

In the motivation section we mentioned that colon cancer cells (model of adherent 

cancer cells) and leukemic cancer (model of suspension cancer cells) are one of the top 

10  most common cancer types based on the NCI in 2018[25] . Also, it was reported that LSCs 

are capable of initiating and maintaining leukemic colonies, which is responsible for the patient 

relapsing [20]. Therefore, we decided to target these two cell types using targeted NWs. In 

order to do that we first needed to find a surface antigen that is highly expressed on these two 

cell types.  

 

CD44 and its variants are over expressed on many cancer types compared to their 

normal healthy counterparts. To evaluate CD44s (standard) and its variants (v) expression on 

cancer and compare it to healthy cells, a FACS experiment was run on different cell lines exactly 

as was explained in section 4.2.3. Each cell type was evaluated independently. In general, 

table1 illustrates that human CD44s was expressed on both cancer and healthy cells, except 

for a control cell type, CHO-K1 cells, that did not express CD44s. However, the level of CD44s 

expression level is higher in cancer compared to healthy cells [51-53]. For instance, colon 

cancer and Leukemic stem cell-like cells (KG1a cells) showed a ten[51] and two[52, 53] fold 

increase in CD44s compared to their healthy counterpart cells, respectively. It was also noticed 

in table 1 that all CD44v are expressed more frequently on cancer cells compared to healthy 

cells, which is supporting all the previous studies[54, 58, 60, 61]. In table 1, 20 %, 26 %, and 20 

% of HCT116, U397, and KG1a expressed CD44v3, respectively.  While 12%, 25%, 47%, and 

1.4% of HCT116, U397, THP-1 and KG1a expressed CD44v4/5, respectively. Only 51% and 87% 
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of HCT116 expressed CD44v6 and CD44v9, respectively. Compared to healthy cells, such as 

Naïve T-cells and peripheral blood cells, they did not show any expression of any of the CD44v 

except for peripheral blood cells that showed 4% of CD44v3 expression, which is very low.  

Although table 1 indicates that CD44v6 and v9 are suitable for targeting colon cancer (because 

they are not commonly expressed on healthy cells [58]), CD44s was used in our initial 

viability/target studies. The abundance of the CD44s in our lab, their possibility to be purified 

from our cells, and It is overly expressed in colon cells, motivated us to use it to determine if 

the targeted NWs induce cell death preferentially over non-targeted NWs. Future studies will 

address the use of antibodies to CD44varient isoforms. 

 

LSCs are stem cells and they are also expressing a high level of  CD44s than HPSCs[52, 

53], but we cannot use CD44s for targeting because it is not restricted on the stem cells.  At 

the moment, CD34 is mainly found on HPSCs and LSCs and it is lost upon differentiation in 

human. Therefore, we decided to also functionalize NWs with the antibody that can target 

them to CD34 expressing cells. So, it first can target and eliminate the diseased stem cells along 

with the chemotherapy and then it would be followed by a bone marrow transplant of healthy 

cells as a therapeutic strategy (as explained in Section 1.1.6.4 above).  
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 Table 1. FACS experiment represents the percentage of tested cells that express CD34, CD44s 
and CD44v antigens, where CD44s is CD44 standard and CD44v is CD44 variants. N/A = Not 
applied. 

 

       

Figure 14 shows flow cytometric analysis to determine the levels of CD44s, CD44v and 

CD34 on various leukemic and normal cells. This analysis was used to generate data illustrated 

in Table 1. It showed that 90 % of HCT116 is expressing CD44s (Figure 13A), while the negative 

control cell line (CHO-K1) did not show any expression of CD44s(Figure 13B). In order to target 

CD44 antigens of colon cancer, Fe-NWs were functionalized covalently with anti-CD44 

antibodies (i.e., CD44-NWs). On leukemic cancer, 89.9% of KGa1 (model of leukemic stem cells) 

expressed CD34 antigen (Figure 13C), while no expression of CD34 on the negative control 

HL60 (model of leukemic cells) (Figure 13D). Therefore, Fe-NWs were functionalized covalently 

with anti-CD34 antibodies (i.e., CD34-NWs). 

% of cells 
with CD44 
antigens

Cancer cells Healthy cells

HCT 116
(model of 

colon 
cancer)

HL60
(model of 

AML)

THP-1
(model of 

AML)

U397
(model of 

AML)

KG1a
(model of 
leukemic 
stem cell)

Naive  T-
Cells

Periphera
l blood

CHO-K1
(model of 

healthy cell)

Cell type Adherent Suspension Adherent

CD44s 90 19 23 99.7 99.4 99.1 99.2 0

CD44v3 20 0 0 26 20 0 4 N/A

CD44v4/5 12 0 25 47 1.4 0 0 N/A

CD44v6 51 0 0 0 0 0 0 N/A

CD44v7/8 0 0 0 0 0 0 0 N/A

CD44v9 87 0 0 0 0 0 0 N/A

CD34 0 0 0 0 89.9 N/A N/A N/A
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Figure 6. Flow cytometric analysis of CD44 and CD34 proteins expressed on model cells 
representing (A) colon cancer (HCT116), (B) control cells that do not express these markers 
(CHO-K1), (C) acute myeloid leukemic stem cells (KG1a) and (D) acute myeloid leukemic cells 
(HL60). A and B were incubated with FITC labeled-anti CD44 antibody, while C and D were 
incubated with FITC labeled-anti CD34 antibody. The gray beaks represent the negative 
staining control (cell + FITC labeled isotype), while the white beaks are the cell + FITC labeled-
anti CD44 or CD34 antibodies. FITC, Fluorescein IsoThioCyanate. 

 

2.2.2 Nanowire functionalization and characterization  

Fe-NWs were fabricated by electrochemical deposition in nonporous templates[91, 

130-132]. After releasing the NWs from the alumina disc (Figure 15), ICP-MS results revealed 

that each alumina disc contained around 0.36 μg corresponding to 2.15 E+10 NWs. Later on, 

Fe-NWs were coated with APTES to enhance their biocompatibility, reduce aggregation and 

provide amine groups of the surface on the NWs, which facilitates the covalent attachment 

[75, 140].  
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Figure 7. SEM images of Fe-NW After releasing. A) cluster of Fe-NWs and B) single Fe-NW. 

 

 
APTES coated NWs (APTES-NWs) were functionalized with different antibodies to 

recognize specific or overexpressed antigens on the cell surface. Although there are a variety 

of methods for conjugating antibodies to the surface of NPs, amines or carboxylic acids on the 

nanoparticle surface are commonly used for further functionalization[33]. In order to avoid 

random attachment, the carboxylic group on the antibodies was activated first by using 

EDC/Sulfo-NHS crosslinking, and then the activated antibodies were attached covalently to 

APTES-NWs, which have the amine groups. The chemical reactions to coat and functionalize 

Fe-NWs were summarized in figure 16. 

A B
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Figure 8. Schematic represents the chemical reaction of A) coating Fe NWs with APTES. B) 
activating the antibody by using EDC + Sulfo-NHS, to have at the end C) an antibody 
functionalized NW (CD44-NWs). D) Flow cytometry histogram of the binding of FITC labeled 
antibody to NWs (white beak), compared to the negative control APTES-NWs (gray beak). 

 

The chemical composition, physical and magnetic properties which are shown in figure 

17 for Fe-NWs, APTES-NWs and antibodies functionalized NWs (antibody-NWs) are in 

agreement with previous reports[79, 83]. Since the Fe-NWs are exposed to air, Sodium 

Hydroxide (NaOH), and ethanol, an oxidation layer developed around the Fe-NW core. The 

EELS composition map in figure 17B confirms the iron core (blue) and the iron oxide shell 

(green) of the NWs. The thickness of the oxide shell is around 4 nm, which is in agreement with 

previous studies[79, 91, 134]. This oxide layer makes an important contribution in the 

biocompatibility[79], functionalization[79, 83] and magnetic properties[134] of the NWs. Also, 

the EELS map confirms the presence of APTES coating by showing silicon atoms (a component 

of the APTES molecule[75]) on the NW surface.  

 

CD44-NWs were used to target CD44 antigens on colon cancer, while CD34-NWs were 

used to target CD34 antigens on the LSC model. In order to confirm the functionalization, 

antibody functionalized NWs (antibody-NWs) were incubated with DyLight 488 labeled 

secondary antibodies for 1 h to facilitate their observation under the confocal microscopic 
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(Figure 17B). Quantification of the signal was achieved using a fluorescent microplate reader 

that confirmed a significant increase (91±2% P ≤ 0.01) in the green fluorescent signal from 

antibody-NWs compared to APTES-NWs alone (Figure 17E). This agrees well with our 

previously reported (78±1.4%) but when we used antibody functionalized BSA-coated NWs 

instead of APTES-coated NWs[141]. In addition, the concentration of the antibodies on the 

NWs was determined through protein quantification (BCA kit) to be 0.63 mg antibodies/mg Fe, 

approximately 3E+04 parts of antibody to one part of NW. This value of antibody is similar to 

a previous reports but when they functionalized ∼3um NPs with antibody[142, 143].  This 

calculation has been explained in the appendix A.3. Based on the surface area of one part of Y-

shape IgG antibody (∼23 nm2) and the surface area of one part of NW (∼2E05nm2), around 

9E+03 parts of antibody would be enough to create a monolayer on the NW. In our case, the 

density of antibody was three times more than the expected amount, which ensures that there 

is a good opportunity for the antibody to bind to a cell surface antigen, regardless of the 

orientation of the NWs. However, if the antibody density is too lower than the expected 

number (9E+03 part of antibody), then the binding chance between the cell and the NWs will 

be lower.   

 

   In order to confirm if all the NWs are labeled with antibody or not, FACS experiment 

has been used. 0.1mg of APTES-NWs were functionalized with biotin labeled antibody and then 

they were incubated with FTIC-labeled streptavidin as explained in the method section 2.1.4. 

By using similar conditions, it was noticed that 70% of the NWs were coated antibodies 

compared to the negative control APTES-NWs (Figure 15D).  
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        Usually, the addition of a coating agent increases the diameter of the NWs. TEM was 

used to determine the average diameter and length of several (~70) of each of the various 

NWs (Figure 17C). Figure 17D summarizes the dimensions of Fe-NWs, APTES-NWs, and CD44-

NW with diameters of 41.5±2.9 nm, 44.9±5.2 nm, and 70±4.5 nm, respectively. Interestingly, 

the APTES and the antibody coating increased the diameter of the NWs by 3.5 nm and 24 nm 

respectively, which is in agreement with previous studies[144] and relevant to the length of 

the antibody[145] and APTES molecule[146]. The length of the NWs following their fabrication 

was found to be 2.5±0.6 µm. However, following several sonication steps required for the 

washing, coating, and functionalization processes, this length was reduced to 2.2±0.6 µm and 

1.2±0.6 µm for APTES-NWs and CD44-NWs respectively (Figure 17D). 

 

      Moreover, the electrostatic interaction of NWs can be controlled by their surface 

charges. Therefore, zeta potential measurements of Fe-NWs, APTES-NWs, and CD44-NWs 

were further used to confirm the presence of the antibody on the surface of the NWs. In figure 

17D, Fe-NWs show a zeta potential of – 46.2±1.2mV derived from the negative charge of Fe-O 

on the surface. Meanwhile, the zeta potential of APTES-NWs reduced the negative charge to 

(-26.1±0.92mV) due to the presence of positive charge amine groups at the terminal of 

APTES[75, 147]. After functionalizing the surface of APTES-NWs with the antibody, the zeta 

potential decreased to -11±1.6 mV.  In this coupling reaction, the carboxyl (–COOH) groups 

that were activated on the antibodies during the functionalization process neutralized[80, 147] 

the positive charge of the amino group on the APTES. Based on the above investigation, it is 

clear that APTES and antibodies have been successfully anchored on the surface of the NWs.   
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       A Super Conducting Quantum Interference Device- Magnetic Property Measurement 

System (SQUID-MPMS) was used to characterize the magnetic properties of the NWs. 

Figure17F illustrates the magnetization curve of the released and dried Fe NWs, APTES-NWS, 

and CD44-NWs. The values of the Ms and the Hc are shown in Figure 17G. The Hc was similar 

(51 kA/m), while the Ms values slightly decreased in case of APTES-NWs and CD44-NWs 

compared to Fe-NWs. This decrease is not significant, but suggests that the coating process 

affected the uniformity or magnitude of magnetization, due to quenching of surface 

moments[148] or caused a further growth of the oxide shell thereby reducing the Fe core. 

 

 

Figure 9. Chemical composition, physical properties, and magnetic characterization of the NWs 
(Fe-NW, APTES-NW, and antibody-NW). A) Fe-NW coating and functionalization process. B) 
The atomic composition of Fe-NW and APTES-NW was detected using EELS, while the dylight 
488 labeled antibody -NWs were detected using confocal microscopy. BF, Bright Field; AF488, 
Alexa Fluor 488 laser. TEM images (C), physical properties ± standard deviation (D). (E) antibody 
-NWs and APTES-NWs were incubated with 488-conjugated secondary antibody and a 
quantification of the signal was determined using a fluorescent microplate reader (Promega 
GloMax). The bars represent the mean ± standard error of n=3 independent experiments, *p≤ 
0.01. The magnetization curves represented in (F) and saturation magnetizations (Ms) and 
coercive fields (Hc) values of Fe-NWs, APTES-NWs and antibody -NWs in (G). 
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2.2.3 Antigenicity of functionalized iron nanowires  

      Although immunostaining proved the presence of the antibodies on the NWs, the 

sensitivity of the antibodies’ binding site might have been affected by the functionalization 

process[149]. To ensure the selective activity of the binding site on the antibodies, IP and WB 

were used. IP is based on the affinity purification of antigens using a specific antibody 

that is immobilized to a solid support such as magnetic beads [150] or NWs in our case.  

 

In order to confirm that CD44-NWs can bind specifically to the CD44 antigen from the 

lysate of colon cancer, IP and western blot were used. In figure 18A, there were three negative 

controls: 1) Fe-NWs with the cell lysate, 2) CD44-NWs with the lysate of negative control cells 

(does not express the CD44 antigen), and 3) IgG isotype functionalized NWs (Iso-NWs) with the 

lysate of colon cancer (expresses the CD44 antigen). Also, there was one positive control, which 

was the cell lysate with only the anti-CD44 antibody.  After running the IP assay and incubating 

the Fe-NWs, CD44-NWs, and Iso-NWs with two types of cell lysates for 3 h at room 

temperature, the WB analysis confirmed that CD44-NWs could selectively immunoprecipitate 

the standard form of the CD44 protein at a molecular weight between 100-75 kDa [151]. As 

expected, Fe- and Iso-NW controls did not show a specific pull down of CD44 proteins. These 

results demonstrate that NWs functionalized with anti-CD44 antibodies can recognize CD44 

antigens specifically.  

 

Furthermore, NWs interacting with LSCs demonstrate the same results (Figure 18B). 

The anti-CD34 antibodies on the NWs also confirms their ability to target CD34 antigens 

specifically when they are incubated with the lysate of KG1a (model of leukemic stem cell and 

expresses CD34 antigens). The negative controls, in this case, were: 1) Fe-NWs with the KG1a 
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cell lysate, 2) CD34-NWs with the lysate of HL60 cells (model of leukemic cells that do not 

express CD34 antigens), and 3) IgG isotype functionalized NWs (Iso-NWs) with the lysate of 

KG1a.  

 

Figure 10. A) The antigenicity of anti-CD44 and B) anti-CD34 antibodies on the NWs was 
confirmed using IP and WB (n = 3). 

 

 

2.2.4 Nanowire biocompatibility 

In order to assess the biocompatibility of NWs with and without a coating, an Alamar 

blue assay was performed, which is a colorimetric change assay in response to cellular 

metabolic reduction. It was previously reported that Fe-NWs are biocompatible even in high 

concentrations and for long incubation times[119]. Indeed, our toxicity study of the different 

ratios of NWs with HL60 cells confirmed the biocompatibility of Fe-NW. In figure 18, HL60 cells 

without any treatment (gray bar) were used as a negative control. The Alamar blue result 

shows that the cell viability is related to the NW/cell ratio. By tracking the blue bars, HL60 cell 

viability gradually decreases with the increase of Fe-NW concentration.  
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Interestingly, no toxicity was observed for the coated APTES-NWs and CD44-NWs when 

a concentration of 0.45 mg/ml was used. The increase of biocompatibility means that the 

coatings reduce the toxicity of the Fe NWs, which is already very low and which support the 

previous finding [83, 119].  

 

 

Figure 11. Cell viability determination of HL60 cells following 24 h incubation with Fe-NWs 
(three different concentrations), Fe-APTES and CD44-NWs using the Alamar blue assay. The 
negative control contains only cells without NW treatment. 
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CHAPTER 3: INTERNALIZATION STUDIES OF FUNCTIONLIZED NANOWIRES  

 

 

The interaction between NPs and tissues is a crucial factor when considering their 

translation into clinical applications. The accumulation and the internalization of NPs inside 

specific tissues is beneficial in several applications, such as hyperthermia, MRIs, and cancer cell 

tracking[152-154]. During cell interaction, there are several forces which dominate this 

interaction, including van der Waals, electrostatic, solvation, solvophobic, and depletion forces 

that control the interfacial interactions between the NPs and cells[137, 155]. In addition, NP 

characteristics influence the interaction (attachment or internalization) between the NPs and 

the cells, such as size, shape, mechanical flexibility, surface ligand, surface pattern  and surface 

charge [137]. 

 

It was always reported that the activity of cellular uptake is a size-dependent[156-158]. 

There is no doubt that small NPs (≤ 1 µm in size) lead to better internalization than larger 

NPs[156-158]. Based on the shape, there is unlimited shape of the NPs. For instance, there are 

spherical NPs[159], rod-like NPs[137], star-like NPs[160], and etc. However, spherical and rod-

like NPs are the most commonly fabricated NPs. It was reported that rod-like NPs showed a 

higher level of delivery and internalization than spherical NPs under certain conditions. This 

action has been explained by the large surface area on the rod-like NPs, which enhanced the 

better interact with the cell surfaces[138, 161]. For instance, Huang X. et al. studied the 

This chapter has been submitted in nature communication as:  

Nouf A. Alsharif, Fajr Aleisa, Guangyu Liu, Boon S. Ooi, Aldo Isaac Martínez-Banderas, 

Timothy Ravasi, Jasmeen S Merzaban, and Jürgen Kosel, Targeting Cancer Cells with 
Antibody-Functionalized Nanowires. 
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internalization of FITC labeled rod-like (RNPs) and spherical-like NPs (SNPs) on A375 cell line 

for 30 min by two methods, confocal microscopy, and FACS. Their confocal images showed 

that few numbers of SNPs particles penetrated the cells than RNPs. Also, FACS experiment 

confirm the confocal images and showed that RNPs significantly increase the internalization 

than SNPs, which indicates that the cellular uptake of RNPs is faster than for SNPs[138].     

        

 Moreover, adding a biological ligand or targeting agent enhances the distribution and 

the uptake efficiency of the NPs  [33, 137, 162, 163]. This concept was discussed in detail in 

Chapter 1. Sometimes, these ligands provide an irregular surface patterns for the NPs, which 

enhance their cellular uptake much faster than smooth NPs [137, 162, 163]. Xue et al., studied 

the speed of cellular uptake of rod-like NPs coated with two surface patterns (smooth and 

helical) on NIH3T3 cell line. Both confocal microscopy and simulation studies exhibited that 

helical surfaces result in a significant increase in the internalization compared to the smooth 

NPs[137]. 

 

Overall, it was noticed that most of the techniques that were used to study NPs and 

cell interactions are based on qualitative and quantitative analysis, such as FACS, ICP and 

fluorescence microscopy. Therefore, in this chapter, we focused on the interaction between 

CD44-NWs with colon cancer, and CD34-NWs with acute myeloid leukemia cancer at different 

time points and temperatures by using both ICP-MS and confocal microscopy as a quantitative 

and a qualitative method, respectively. 
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3.1 Materials and methods  

3.1.1 Cell culture 

 For suspension cells, a model of acute myeloid leukemia cell line HL60 (ATCC® CCL-

240™) and a model of leukemia stem cells KG1a (ATCC® CCL246.1™), were cultured in RPMI 

1640 with a L-glutamine supplement,10% fetal bovine serum (FBS), and 5 ml penicillin 

streptomycin. All of the supplements and the media were bought from GIBCO® Life 

Technologies. The cells were grown in a humidified environment with 5% CO2 at 37°C.  

 

 For adherent cells, cell lines of colon cancer HCT116 and healthy ovary cells CHO-K1 

were purchased from ATCC®. The HCT116 cell line was grown in McCoy's 5A Medium 

supplemented with 10% fetal bovine serum (FBS), 2  mM L-glutamine, 0.25 μg/mL fungizone 

and 100 units/mL of penicillin and 100  μg/ml of streptomycin. CHO-K1 was grown in DEMEM 

medium with the same supplements as previously used. All reagents were purchased from 

GIBCO. The cell lines were maintained in an incubator at 37 °C in a humidified atmosphere 

of 95% air and 5% CO2. For detaching and counting the cells, StemPro Accutase (for HCT116) 

or trypsin (for CHO-K1) and trypan blue, respectively, were used.  

 

3.1.2 Internalization study using confocal reflection microscopy and ICP-MS. 

To study the specific targeting and NW internalization with the cell, confocal 

microscopic and ICP-MS were used. For adherent cells, HCT116 cells and CHO-K1 cells were 

cultured in an eight-well plate at a density of 4E+04 cells per well in 200 μl of McCoy's media. 

After 24 h, the growth medium was removed and the cells were incubated with new media 

that contained 0.015 mg/ml of CD44-NWs or Iso-NWs. Each sample was incubated at three 

different conditions: 1h at 4 °C, 1 h at 37 °C, and 24 h at 37 °C. Following incubation, the 
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cells were washed carefully with 0.01M PBS at least twice. For confocal imaging, the nucleus 

and the cell membrane were stained with Hoechst 33342 (Cat# 3570) and CellMask Deep 

Red plasma membrane stain (Cat# C10046), respectively. To stain one well, 500 μl of 0.01M 

HBSS buffer was mixed with 1 μl of both Hoechst and CellMask stain and incubated with the 

cells for 10-20 mins at 37 °C. After that, the well was washed carefully with HBSS three times, 

mounted with coverslide and imaged immediately. Using the ZEISS LSM 880-airscan 

confocal microscope, the nucleus and the cell membrane were observed in blue and red, 

respectively, while the NWs were observed using the reflection mode. 

 

In order to quantify the number of NWs that interact (attached or internalized) with 

the incubated cells, ICP-MS was used for iron quantification. After incubating the cells with 

the NWs for a certain time, the cells were washed three times with 0.01M PBS to remove 

all excess NWs. Finally, all cells were detached by adding 200 μl of StemPro Accutase (for 

HCT116) or trypsin (for CHO-K1) and then digesting them by adding 300 μl of 37% of 

Hydrochloric acid, and the volume was increased to 5 ml with 2% nitric acid as explained 

previously in Chapter 3, Section 3.2.2. 

 

For suspension cells, the method was exactly the same as adherent cells, but for 

easier handling, suspension cells were fixed on the plate before starting. To achieve this, 

200 μl of Poly-L-lysine solution (0.1%, molecular weight 30000-70000, Sigma Aldrich) was 

added on the plate for five mins, and then was removed and left to dry for 1 h before seeding 

the HL60 and KG1a cells overtop. This process promoted the adherence of these suspention 

cells to the surface. 
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3.2 Results and Discussion 

In order to assess NW internalization, ICP-MS measurements (Figure 20A) and confocal 

reflection microscopy (Figure 20B and 21) were carried out on both colon cancer cells (HCT116) 

that expressing CD44 and on control cells (CHO-K1) that lack CD44 antigen following their 

incubation with different NW populations (CD44-NWs and Iso-NWs). From the ICP-MS 

measurements, the interaction of Iso-NWs with HCT116 cells and CD44-NWs with CHO-K1 cells 

was similar after 1 h incubation at 4°C with a value 20±2% on average. Although cold 

temperatures slow down biological activity and internalization[164], CD44-NW with colon 

cancer showed a 4% increase in the NW accumulation compared to the control samples (i.e. 

iso-NWs with colon cancer). However, after 1 h incubation at 37°C, CD44-NWs showed a 

significant increase in the interaction with colon cancer cells (40±1%, P-value ≤ 0.05).  Creixell 

M. et al., showed a similar cellular interaction result (50%) when they incubated their MDA-

MB-468 cells with Epidermal Growth Factor (EGF)-functionalized iron oxide NPs for 1 h at 37°C. 

EGF has been used as a targeting agent that targets the epidermal growth factor receptors 

(EGFR), which is highly expressed in MDA-MB-468 cells[165].  

 

Figure 21 also confirms our finding, where the CD44-NW internalization, colored in 

green using ZEN-ZEISS imaging software, increased in the HCT116 after 1 h of incubation at 

37°C. This internalization was remarkably less on the CD44-NWs with CHO-K1 cells and iso-

NWs with HCT116, where the nucleus is blue and the cell membrane is red. After 24 hours, the 

CD44-NWs still maintained a higher internalization (70±2.8%) in the colon cancer cells 

compared to the negative controls, that show an interaction ratio of 47.5±2.4% on average. 

The interaction value on the negative controls most likely is a result of the NWs precipitation, 

which enhances the interaction with cells.  
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To further elucidate the effect of functionalization, confocal reflection microscopy 

images of internalized Fe NWs in colon cancer cells were taken with the same conditions as 

the ICP-MS experiment (same NW concentration and incubation time). This method exploits 

the ability of the NWs to reflect light and has been successfully implemented in our previous 

report to study the internalization of NWs in MDA-MB-231 cells[79]. As can be seen in Figure 

20B, a higher number of CD44-NWs accumulated on colon cancer cells than they did in the 

case of the control NWs, and the number increased with the increase of the incubation time. 

After 24h, the NWs could be seen in close proximity to the nucleus with different sizes of 

aggregates, which is a clear indication of their internalization.  

 

The charge of the material plays an essential factor in their dispersion and 

internalization[166].  Usually, NPs with larger surface charges have a better dispersion, which 

results in better interaction with the cells[166]. However, polar or charged particles cannot 

pass through the hydrophobic plasma membrane so they are often internalized by endocytosis 

where the cell engulfs and encapsulates the particles with the extracellular fluid inside an 

endosome[167]. In this study, we suspect the particles get internalized through phagocytosis, 

as shown previously[168]. Moreover, opsonization is an important process to consider during 

phagocytosis. When the particle coated with a targeting agent, such as an antibody, this agent 

can bind to a cell surface receptor, which will stimulate a series of events that lead to the 

formation of a membrane-bound vesicle called phagosome. At the last stage of this process, 

the phagosome will fuse with the lysosome and start digesting the particle by the acidic 

enzymes[169]. We assume our antibody-functionalized NWs have been internalized through 

the opsonization process, due to the presence of the antibodies on their surface. 
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 On the other hand, KG1a cells (the model of leukemic stem cells) show a remarkable 

internalization in the number of CD34-NWs. Although, KG1a and HCT116 have a similar 

doubling time (around 24-36h) and are similar in size (10-20μm diameter for KG1a [170] and 

17-30μm diameter for HCT[171]), the interaction of KG1a with the CD34-NWs was around 30% 

less compared to HCT116 with CD44-NWs. This might be due to the receptor density level, 

which is correlated to the bound NWs (i.e. when the receptor expression is high, the more 

bonding will occur)[172]. Although around 90% of the KG1a and HCT116 express CD34 and 

CD44, respectively, we cannot assume that they have the same level of the receptors.  

 

The ICP-MS data (Figure 20C) and confocal microscopy (Figure 20D) were carried out 

on leukemic cells incubated with different NWs (CD34-NWs and Iso-NWs).  These studies were 

also done in conditions similar to colon cancer (incubation time and temperature). From the 

ICP measurements, it appeared there was a very low (<1%) interaction recorded with negative 

controls [i.e. Iso-NWs with KG1a (expressing CD34) and CD34-NWs with HL60 (not expressing 

CD34)] following 1 h incubation at 4 °C. On the other hand, CD34-NWs with KG1a showed a 

slight increase in the NWs accumulation around 2.5±1.12% at 4 °C.  The CD34-NWs 

internalization was increased in KG1a to 9±1.3% with the same incubation time at 37°C while 

the negative controls showed an increase to around 5±2.6%. After 24 hours, the CD34-NWs 

showed a significant internalization (34±1.4%) in the KG1a compared to the negative controls 

(iso-NWs with KG1a and CD34-NWs with HL60 showed 16±2.6% and 4.8±1%, respectively). The 

ability of the CD34 antibody to target and deliver iron NPs to the bone marrow stem cell 

specifically after 24h has also been proved previously in Chen, et al. study[71]. In addition, 

confocal reflection microscopy images clarified the effect of the NWs functionalization. As can 
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be seen in Figure 20D, a higher number of CD34-NWs accumulated on KG1a cells compared to 

the negative controls, and it was noticed that the NWs internalization increased with time. 

After 24 h, the internalization in the number of CD34-NWs increased by 25% compared to 

incubation at 1 h. As we can see in Figure 20 A, C and Figure 21, the accumulated number of 

NWs becomes high in both the sample and the negative controls. Therefore, we will use the 

condition 1 h of incubation at 37°C in the following experiments in Section 4.1.2 in Chapter 4.  

 

Figure 12. Specific targeting and internalization of functionalized nanowires into cancer cells. 
A) ICP-MS for CD44-NWs and B) Confocal internalization studies of CD44-NWs at different time 
points. (+) HCT116 colon cancer cells (expressing CD44 antigen) and (-) CHO-K1 negative 
control cells (not expressing CD44 antigen). C) ICP-MS for CD34-NWs and D) Confocal 
internalization studies of CD34-NWs at different time points. (+) KG1a cells (expressing CD34 
antigen) and (-) HL60 cells (not expressing CD34 antigen). The ICP-MS bars represent the mean 
± standard error. (n = 3 for confocal and n=6 for ICP-MS) 
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Figure 13. A confocal internalization study of CD44-NWs after 1 h incubation at 37°C using 20x 
lens. (+) HCT116 colon cancer cells (expressing CD44 antigen) and (-) CHO-K1 cells negative 
control cells (not expressing CD44 antigen). 
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CHAPTER 4: EFFECT OF FUNCTIONALIZATION ON CANCER TREATMENT  

 

 

After confirming the successful and specific interaction between the antibody 

functionalized NWs and the cancer cells, the effect of this functionalization on the cell killing 

efficacy will be studied in this chapter. To this end, the NWs will be used as a  tool for cancer 

cell treatment using both magneto-mechanical and PTT methods. CD44-NWs were used with 

colon cancer, while CD34-NWs were used with leukemic cancer.   

  

In case of magneto-mechanical treatment, the anisotropic shape of the NWs enables 

them to oscillate upon the application of an AMF, which in turn creates mechanical forces on 

the cell membrane[91]. These weak forces negatively affect the protein conformation and 

clustering of the cell membrane which leads to cell death [112]. On the other hand, PTT is 

another promising therapeutic strategy which uses an NIR for the treatment of various medical 

conditions, including cancer [73, 108, 109]. It employs NPs, or in our case NWs, to generate 

heat from optical energy, which leads to the destruction of cancer cells [48, 81]. 

 

4.1 Materials and methods 

4.1.1 Alternating magnetic field and NIR laser generators 

The AMF generator (GMW 5201) was coupled to a power supply (Agilent 

Technologies N5768A), and the process was controlled using an in-house made LabVIEW 

This chapter has been submitted in nature communication as:  

Nouf A. Alsharif, Fajr Aleisa, Guangyu Liu, Boon S. Ooi, Aldo Isaac Martínez-Banderas, 

Timothy Ravasi, Jasmeen S Merzaban, and Jürgen Kosel, Targeting Cancer Cells with 
Antibody-Functionalized Nanowires. 
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(National Instruments) code, which allowed for adjustments of frequency and current 

(magnetic field). In this study, a field of 100 mT (amplitude) with a frequency of 10 Hz was 

applied to the cells. Based on the theory in 2.2.3 and equation 5, the value of F was 400pN. 

The NIR laser (PGL-VI-808 model, infrared laser module at 808 nm, Changchun New 

Industries Optoelectronics Technology Co., Ltd) provided a power density of 0.7 W/cm2. The 

entire experimental setup is presented in Figure 22. 

 

 

Figure 14. An Illustration of the experimental setup for magnetic field and laser applications. 
(A) Relationship between the current applied and the magnetic field strength, as indicated by 
the vendor. (B) Only this setup was only placed inside the incubator. 
 

4.1.2 In vitro cell viability assay in the presence of AMF and NIR laser 

 To assess cell death, cells were cultured on a 96-well plate at a density of 4E+04 cells 

per well in 200 μl of cell culture media. Suspension cells, KG1a (model of leukemic stem cell) 

and HL60 (AML cell and negative control), were fixed on the plate using fibronectin as 

previously described (see section 3.1.2), while the adherent cells, HCT116 (colon cancer 

cells) and CHO-K1 (healthy ovary cell and negative control) didn’t not fixed with fibronectin. 
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After 24 h, the growth medium was removed and the cells were incubated in a new media 

containing 0.015 mg/ml of CD44-NWs (for adherent cells), CD34-NWs (for suspension cells) 

or Iso-NWs (negative control for both adherent and suspension) for 1 h at 37 °C. The NW 

concentration was measured using ICP-MS. As controls, non-treated cells and empty wells 

were used. After incubation, cells were washed at least twice with 0.01M PBS and then 

replaced with 100 μl fresh media. Thereafter, the AMF and/or NIR laser both of them 

were/was applied for 10 mins. The entire set up (Figure 22B) was placed inside the 

incubator. After applying the field and the laser, the samples were incubated for 2 h inside 

the incubator to give them time to initiate the apoptosis killing activity. For viability 

assessment, 11 μl of AlamarBlue™ cell viability reagent (Cat. No. 1025) was added to each 

well. Finally, after 2 h of incubation with AlamarBlue at 37 °C, a microplate reader PHERAstar 

FS, from BMG Lab-Tech, was used to determine the amount of Resazurin by measuring the 

absorbance of the mixture (excitation 540 nm, emission 590 nm). 

 

4.1.3 Statistical analysis 

All in vitro cell viability assays were performed in triplicates and the experiments were 

repeated at least two times. Statistical analysis and P values were performed using the 

Microsoft Excel, where *p ≤ 0.01 **p ≤ 0.05, ***p ≤ 0.005. 

 

4.2 Results and discussions 

To assess the effect of functionalized-NWs on magneto-mechanical and 

photothermal cancer cell destruction, cells were cultured in a 96-well plate at a density of 

4E+04 cells per well in 200 μl of cell culture media. After 24 h, the growth medium was 

removed and the cells were incubated with fresh media containing 0.015 mg/ml (which is 
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around 3000 NWs/cell) of CD44-NWs, CD34-NWs or Iso-NWs for 1 h at 37°C. Before applying 

AMF, laser or both, for 10 mins, the cells were washed gently twice, to ensure no NWs were 

suspended in the medium during the application of the treatments. In order to study cell 

viability after applying both treatments, an Alamar blue kit was used. The experiments were 

carried out inside an incubator at 37°C.  

 

Figure 15. Cell viability study of colon cancer cells (HCT116) incubated with different 
formulations of iron nanowires in the presence or absence of AMF and/or NIR laser. The bars 
represent the mean ± standard error. (*p ≤ 0.01 **p ≤ 0.05, ***p ≤ 0.005; n = 3). 

 

To assess the effect of magneto-mechanical and PTT with CD44-NWs on cancer cells 

(Figure 23), cells were cultured in a 96-well plate at a density of 4E+04 cells per well in 200 

μl of cell culture media. After 24 h, the growth medium was removed and the cells were 

incubated with fresh media containing 0.015mg/ml of CD44-NWs or Iso-NWs for 1 h at 37°C. 

Before applying the treatment (10 min of alternating magnetic field (AMF), laser, or both), 

the cells were washed gently twice, to ensure no NWs were suspended in the medium 

during the application of the treatments. In order to study the cell viability after applying 
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both treatments, an Alamar blue kit was used following the application of an AMF 

(amplitude of 100 mT with 10 Hz), an 808 nm laser (power density of 0.7 W/cm2) or both. 

As displayed in Figure 23, cell viability was determined following the application of different 

NWs to cancer cells under the various treatments. In the absence of NWs, the application 

of AMF, laser or both to cells does not affect their cell viability, which is an important aspect 

for avoiding side effects to control tissue (i.e. cells that do not interact with the NWs). 

Similarly, the incubation of the cells with any of the NW types tested, does not affect the 

cell viability, confirming the high biocompatibility of these nanowires. The effect of the AMF 

treatment using non-targeting Iso-NWs reduced the cell viability by 22.5±2.4%, which is 

close to the previous findings[79]. PTT treatment with the laser using Iso-NWs resulted in 

slightly more killing 27.3±6.3% of the cells. It was previously reported that magneto-

mechanical treatment and PTT treatment induced death of cells though apoptosis [91, 173]. 

Combining both treatments with Iso-NWs reduced the cell viability by 38±1.43%, indicating 

some synergistic effects. CD44-NWs, on the other hand, resulted in a major and significant 

reduction in cell viability. CD44-NWs along with AMF, laser, or both treatments showed a 

decrease in the cell viability by 57±2.4% (P-value ≤ 0.01 compared to iso-NWs), 64±1.3% (P-

value ≤ 0.01 compared to iso-NWs), and 76±3.5% (P-value ≤ 0.01 compared to iso-NWs), 

respectively. We attribute this improved ability to induce death to the enhanced binding 

activities observed (Figure 23), leading to improved internalization on the surface of the 

cell[50, 119], which in turn means more nanomaterials are available to respond to the 

magnetic or optic stimuli. Consequently, it can be assumed that the addition of a specific 

targeting agent, is beneficial for a cancer treatment due to both an enhanced specificity, 

hence less side effects, and an enhance efficacy.  
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Figure 16. Cell viability study of leukemic stem cells model (KG1a) incubated with different 
formulations of iron nanowires in the presence or absence of AMF and/or NIR laser. The bars 
represent the mean ± standard error. (*p ≤ 0.01 **p ≤ 0.05, ***p ≤ 0.005; n = 3). 

 

Figure 24 shows cell viability of leukemic cancer after treatment with different NWs. 

It was confirmed for the second time that the application of an AMF, laser, or both together 

does not affect cell viability. However, the effect of the AMF treatment using Iso-NWs 

reduced cell viability by 9.2±0.2%, which is quite low in comparison to colon cancer cells. 

Moreover, PTT treatment with the laser using Iso-NWs was slightly more efficient and killed 

18.5%±3.1(P-value ≤ 0.01) of the cells. Combining both treatments with Iso-NWs reduced 

cell viability by and 32.4±0.3% (P-value ≤ 0.05), which also indicates some synergistic effects. 

Over all, the killing rate was lower in leukemic stem cell models than to the colon cancer, 

which is related to the less internalization of the NWs in the leukemic stem cell models as 

shown in Figure 20 and addressed in Chapter 3. The difference in the NWs internalization is 

due to the cell type. Usually suspension cells show slower phagocytosis compared to 
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adherent cells [174]. In addition, adherent cells have the ability to expand and stretch on 

the surface on which they grow unlike suspension cells, which makes the exposure area to 

the NWs in adherent cells larger than in suspension cells (Figure 25).  On the other hand, 

KG1a cells treated with CD34-NWs with AMF, laser, or both treatments showed a significant 

decrease in the cell viability by 18.5±1% (P-value ≤ 0.01), 34.3±6% (P-value ≤ 0.05), and 

45.5±0.4% (P-value ≤ 0.005), respectively. This reduction was significant compared to the 

LSCs treated with Iso-NWs.  

 

 
Figure 17. Different cell types: A) colon cancer- HCT116 (adherent cell) and B) leukemic stem 
cells model – KG1a (suspension cell).  
 
 

Overall, the cytotoxicity studies (in both colon and leukemia cancer) proved that the 

addition of a specific targeting agent improved the cancer treatment due to the 

enhancement of both specificity and efficacy, which will expect to reduce the side effects in 

the future. Also, the combined treatment (AML and laser together) proved that combined 

treatment better killing, which enhances the benefit of using combined treatment instead 

of the individual treatment. Moreover, by normalizing the therapeutic effect relative to the 

amount of nanomaterial internalized, it can be assumed that 6ug (which is around 1200 
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NWs/cell) of targeted-NWs was a biocompatible amount (without the additional treatment) 

and enough to kill 76±3.5% of the cancer cells in the presence of the combined treatment 

(AMF and NIR). 
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4. CONCLUSION AND FUTURE PRESPECTIVE 

In this dissertation, a brief introduction about cancer (especially colon and AML), the 

benefits of magnetic NWs over NPs, and the magneto-mechanical and photothermal 

treatment strategies have been covered in Chapter1. Then, in Chapter 2 the fabrication 

process of Fe-NWs by electrochemical deposition into alumina templates was explained. In 

order to achieve targeting specificity of the NWs, they were functionalized with a surface 

marker, CD44, that is most abundant on cancer cell surfaces and CD34, which is most 

expressed on stem cell surfaces.  It was the 1st time that such iron/iron oxide NWs were coated 

with APTES and functionalized with different types of antibodies. The functionalization was 

confirmed by immunostaining and EELS, while the antigenicity and the selectivity of antibodies 

after attaching them to the NWs was confirmed by IP and WB. After each step of the coating 

and functionalization process, the NW diameter and length were analyzed by TEM, while the 

NW charge was studied by the zeta potential. Moreover, antibody-functionalized NWs are 

biocompatible even at a high concentration. In addition, the abilities of NWs to operate as 

magneto-mechanical actuators and to convert NIR laser light it into heat, have been confirmed, 

which collectively make iron NWs a promising material for many biomedical applications 

 

An important aspect in the development of any treatment is the avoidance or 

minimization of side effects on healthy tissues. Therefore, Chapter 3 focused on the in vitro 

interaction between the targeted cells and the functionalized-NWs (CD44- and CD34-NWs). 

The CD44- and CD34- functionalized nanowires enhanced both targeting and internalization of 

the NWs by more than 40 % and 20 %, respectively, compared to controls. ICP-MS and confocal 

microscopy were used as quantitative and qualitative interaction methods, respectively. In 

general, the CD44- and CD34-NWs showed a significant interaction with their targeted cells 
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compared to the negative controls after 1h of incubation at 37°C in both cell types. This 

interaction is time-dependent and increases with the time of incubation. Therefore, the 

condition 1 h of incubation at 37°C was be used in subsequent experiments discussed in 

Chapter4.  

 

In Chapter 4, the ability of functionalized-NWs to act as multi-functional material for 

biomedical applications has been investigated. The combined treatment, i.e., applying both a 

magnetic field and a NIR laser light for 10 mins, resulted in more than 70% of colon cancer cell 

death compared to Iso-NWs, which showed less than 38% cell destruction. KG1a cells (LSC-like 

cells) showed 45 % cell death with CD34-NWs compared to Iso-NWs that showed 32% cell 

death.  Also, it was approved that the combined treatment has a better killing effect than the 

induvial treatment. A one-hour incubation time seems to be an optimal value for reduction in 

cell viability utilizing a combinatory treatment. All these results demonstrate that the 

functionalized NWs can serve as a source for multimodal cancer cell destruction, increasing 

both the cell destruction efficacy as well as specificity. They also show the potential for a 

strongly improved ability to destroy cancer cells when targeted by NWs, using individual or 

combined treatments, compared to non-targeted NWs.  

 

In the future, it would be of great interest to improve the functionality of the NWs and 

attach not only antibodies but also other factors such as a stable dye (for long time and in vivo 

imaging). Furthermore, cell viability reduction along with some membrane integrity loss after 

the treatment could indicate induction of apoptosis on the cells. However, to corroborate this, 

an appropriate apoptotic marker should be used. Although attaching the antibody affects the 

charge of the NWs as well as reduces their aggregation, the stability of the NWs in solution or 
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in the blood stream should be addressed at different time points. Overall, functionalized-NWs 

will not only enhance the targeted treatment, but they also can be used in the future as a 

diagnostic device or as a protein isolation tool. It was reported previously the ability of 

functionalized-iron NPs to be used in hyperthermia treatment and as a diagnostic method in-

vivo[98, 100-103, 175-177]. Different studies demonstrated the ability of functionalized NPs 

to heat the tumor specifically (in-vivo) without affecting healthy tissue using a high frequency 

of a magnetic field or/and the NIR laser[76, 98, 100-103]. Also, it was proved the ability of the 

functionalized NPs to enhance the speed of the localization in-vivo, which also increases the 

MRI signal as a diagnostic method[175-179]. Therefore, these methods can be applied in-vivo 

with the NWs that have advanced features compared to NPs.   
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APPENDIX 

A. Complementary experimental methods 

A.1.Calaucating the magnetic torque and force 

Table A 1. The magnetic torque and force on the NW after applying AMF. 

 
Given value Conversion factor Converted unite 

Magnetization (M) 150.6 Am2/Kg 7.874 g/cm³ (density of iron) 1.19E+06 A/m 

Radus (r) 35 nm 10-9 3.50E-08 m 

Length (𝑙) 4 µm 10-6 4.00E-06 m 

Magnetic field (H) 100 mT 10-3 0.1 T 

Angle ( L) 90 - 90 

 3.14 - 3.14 

Magnetic Torque (Tm)* 1.63E-15 A.m - - 

magnetic force (F)* 4.07E-10 N 10-9 4.07E+02 pN 

*The Tm and F was calculated based on equation 4 and 5, respectively.  

 

A.2. Calculating the antibody parts per nanowire 

Table A 2. Calculating the Fe NW mass 

Parameter Value unit 

Length of Fe NW (h) ∼ 2 µm 

Radius (diameter/2) (r) 0.01679231 µm 

Fe density (D) 7.87 g/ cm3 

1 Fe NW volume (V)=  r2h 1.77E-15 cm3 

1 Fe NW mass = V x D 1.40E-08 µg 
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Table A 3. Calculating the antibody parts on the nanowires 

 Y-shape IgG antibody NW 

Mass for one part 2.3E-13 µg [180] 1.4E-08 µg* 

Surface area for one part 23 nm2 [143] 2E+05 nm2 

Based on BCA sassy result in section 4.3.2 we had               0.6mg                  per               1mg 

The number of the antibody and NW parts in 

0.6mg of antibody per mg of NW 
        ∼ 2E+15 parts          per       ∼7E+10 parts 

Number of antibody parts per NW               3E+04 parts           per              1 part 

*Calculated from table A2 

 

A.3. Photothermal calibration and heating of iron nanowires 

In order to use NIR laser for the biological experiment, calibrating the power density is 

a requirement. The power density (W/cm2) of the laser was based on the laser power and the 

area of the cell culture plate. Table A2 represents the distance between the laser housing and 

the sample. The laser power on the sample surface was measured by using a power meter for 

808nm laser. It was clear that the power density increased by increasing the laser power and 

decreasing the distance between the sample and the laser housing.  

 

The NIR photothermal effect is directly related to the absorbance of the NPs to the NIR 

optical. Therefore, different concentrations of Fe- NWs suspended in water were separated in 

96-well plates (200ul/well). After that, the NWs were exposed to range of spectra from 400-

1000 nm and the absorbance was read using a plate reader PHERAstar FS, from BMG Lab-Tech. 

Although iron is not a plasmonic material, it showed an extended optical absorbance that 

slowly decreased from the near-UV to the NIR region (absorption spectra are shown in Figure 



 

 

94 

A1. A), which can still compete with plasmonic NPs, such as gold. This phenomenon was 

explained by the charge transfer and ligand transitions of the iron material.  

 

     To demonstrate the relationship between the NW concentration and the absorbance 

ability, it was shown that the absorbance of Fe-NWs at 808 nm is still effective and increases 

linearly with the iron concentration below 0.2mg/ml (Figure A1. B), before saturating at a 

higher concentration, ≥1mg/ml. 

 

     The ability of iron NWs to absorb light at 808 nm was evaluated indirectly by measuring 

the photothermal heating of the NWs. To this end, different concentrations of Fe-NWs in water 

were exposed to an 808 nm laser beam in 96-well plate. The power density and distance 

between the laser and the sample was 0.7W/cm2 and 40mm, respectively, and water was used 

as a negative control. The setup was connected to a temperature detector (Figure A2. A) to 

measure changes in temperature. A significant difference in the temperature can be observed 

(Figure A3) between Fe-NW suspensions 0.02, 0.04 and 0.2 mg Fe/ml during laser irradiation. 

The temperature increased by the time and the Fe concentration. After 10 mins, 0, 0.02, 0.04 

and 0.2 mg Fe/ml showed a temperature increase of 1.5°C, 4.1°C, 5.1°C, and 12.2°C, 

respectively, which was significantly higher than the negative control (water, 0 mg/ml).  
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Table A4. 808nm laser power density calibration 

 

     

Distance between the laser 
housing and the sample  (mm)

Laser power (mW) Power density (W/cm2)

15

9.6 0.1

143 1.6

190 2.1

285 3.2

381 4.3

25

7 0.1

51 0.7

105 1.5

157 2.24

210 3

35

12 0.1

43 0.4

87 0.7

132 1.1

176 1.4

40

15 0.09

41 0.2

83 0.5

125 0.7

167 0.95

50

21 0.1

33 0.14

67 0.29

100 0.4

134 0.58
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Figure A1 Optical characterization of Fe NWs (A) The optical absorption spectrum of different 
concentrations of Fe NWs in water B) The relationship between the absorbance of 808nm laser 
and the Fe NW concentration 
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Figure A2 The NW heating study A) An illustration representing the photothermal heating 
setup in which increase in the temperature was detected through the thermometer detector 
that was recorded by the computer.  B) The 808 nm laser parts 
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Figure A3 Temperature increase of NW solutions due to photothermal heating when irradiated 
with an NIR laser (808 nm) at concentrations of 0, 0.02, 0.04, and 0.2 mg Fe/ml water 

 

B. Experimental technique concepts   

B.1 Superconducting Quantum Interference Device (SQUID)  

      SQUID, type Magnetic Property Measurement System (MPMS®3), is a very sensitive 

magnetometer used to measure extremely weak magnetic fields (i.e., 50E-18 T), based on 

superconducting loops containing Josephson junctions. Due to their sensitivity, SQUIDs are 

widely used in research, biological studies and other ultrasensitive electronic and magnetic 

measurements where faint signals cannot be sensed using conventional measurement 

instruments[181]. 
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     The sample of interest is placed in the middle of the rink, where it is physically vibrated 

(FigureB.1 A). Because of this vibration, an induced voltage is generated (Faraday’s law). This 

induced voltage is proportional to the magnetic moment of the sample. By sweeping over a 

positive and negative range of applied magnetic field values, a magnetization curve will be 

obtained (FigureB.1 B). The data coming from the SQUID machine is the magnetic moment, 

which is represented on the y axis of the magnetization loop in Figure B.1B after dividing them 

on the mass values, which were obtained from ICP-MS. The X- axis represents the magnetic 

field.  

 
Figure B1 Superconducting Quantum Interference Device concept. A) machine parts and B) 
magnetization loop. 

 

B.2 Zeta potential  

 The surface charge of magnetic NWs was measured by dynamic light scattering using 

a Zetasizer Nano ZS (Malvern Instruments). This instrument uses micro-electrophoresis and 

electrophoretic light scattering technologies [182, 183] 

    In order to measure the surface charge of the NWs, an electric field is applied to a solution 

containing the NWs (0.02 mg of NWs/ml of water). The NWs move with a velocity related to 
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their zeta potential. This velocity is measured using a laser which enables the calculation of 

electrophoretic mobility, and from this, the charge and charge distribution was distinguished. 

Usually, the zeta potential shows the opposite charge of the particle surface charge[184]. 

      Figure B2 shows the disposable capillary cell. Figure A.3A is a scheme of the cell 

depicting the electrodes and the movement of the charged particles once the electric field is 

applied. The benefit of the capillary is providing a path, which charged particles can travel at a 

speed that is proportional to their electric charge. Depending on their particle charge, they will 

be attracted to the positive electrode (if negatively charged) or to the negative electrode (if 

positively charged). Figure A.3B is an actual image of the capillary cell (Malvern).  

 

 
Figure B2 Zeta potential measurement concept (A) Schematic of a capillary cell [185] (B) An 
actual image of the capillary cell [186]  
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B.3 Inductively coupled plasma - mass spectrometry  

 

   ICP-MS was used to quantify the amount of magnetic material in a sample of released NWs. 

It was also used to quantify the dissolution of NWs inside the cells and in the surrounding 

medium.  

    The concentration of a given magnetic material was established by measuring its most 

abundant isotope. In addition, the external calibration was necessary and done before running 

the experiment. A series of standard solutions (PerkinElmer, VWR) with concentrations in the 

range of 0.1 to100 μg/l were used for the calibration. The Quality control standards within the 

same concentration range were run in-between samples and at the end of each analysis to 

ensure the reliability of the readings. For calculating the actual mass of iron in a sample, an 

example is shown below: 

- The initial volume (cell with NWs): 200 μl 

- 37% hydrochloric acid: 300 μl 

- Final volume after dilution in 2% nitric acid: 5000 μl 

- Dilution factor: 5000 μl / 200 μl = 25 

The concentration value provided by the ICP-MS machine was 20 parts per million (ppm). It 

was then multiplied by the dilution factor to obtain the concentration of the original stock 

solution, 500 ppm = 500 μg/ml = 0.5 mg/ml. Since the original volume of the sample was 200 

μl, then the total amount of magnetic mass present was 0.1 mg. Knowing the average length 

of the NWs in the sample, the number of NWs could be estimated.  
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