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ABSTRACT 

Towards The Generation of Functionalized Magnetic Nanowires to Target 

Leukemic Cells 

Nouf Adnan Alsharif 

 

In recent years, magnetic nanowires (NWs) have been widely used for their 

therapeutic potential in biomedical applications. The use of iron (Fe) NWs 

combines two important properties, biocompatibility and remote 

manipulation by magnetic fields. In addition the NWs can be coated and 

functionalized to target cells of interest and, upon exposure to an alternating 

magnetic field, have been shown to induce cell death on several types of 

adherent cells, including several cancer cell types. For suspension cells, 

however, using these NWs has been much less effective primarily due to the 

free-floating nature of the cells minimizing the interaction between them and 

the NWs. 

Leukemic cells express higher levels of the cell surface marker CD44 

(Braumüller, Gansauge, Ramadani, & Gansauge, 2000), compared to normal 

blood cells. The goal of this study was to functionalize Fe NWs with a specific 

monoclonal antibody towards CD44 in order to target leukemic cells (HL-60 

cells). This approach is expected to increase the probability of a specific 

binding to occur between HL-60 cells and Fe NWs.  
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Fe NWs were fabricated with an average diameter of 30-40 nm and a length 

around 3-4 μm. Then, they were coated with both 3-Aminopropyl-

triethoxysilane and bovine serum albumin (BSA) in order to conjugate them 

with an anti-CD44 antibody (i.e. anti-CD44-iron NWs). The antibody 

interacts with the amine group in the BSA via the 1-Ethyl-3-3-

dimethylaminopropyl-carbodiimide and N-Hydroxysuccinimide coupling. The 

NWs functionalization was confirmed using a number of approaches 

including: infrared spectroscopy, Nanodrop to measure the concentration of 

CD44 antibody, as well as fluorescent-labeled secondary antibody staining to 

detect the primary CD44 antibody. To confirm that the anti-CD44-iron NWs 

and bare Fe NWs, in the absence of a magnetic field, were not toxic to HL-60 

cells, cytotoxicity assays using XTT (2,3-Bis-2-Methoxy-4-Nitro-5-

Sulfophenyl-2H-Tetrazolium-5-Carboxanilide) were performed and resulted 

in a high level of biocompatibility. In addition, the internalization of the 

coated NWs have been studied by coating them with a pH dependent dye 

(pHrodoTM Red) that showed a signal once the NWs were internalized by the 

cell. 
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Introduction 

1.1 Magnetic nanostructures in biomedical applications 

Magnetic nanostructures include any magnetic structure with at least one 

dimension in the range of 1 to 100 nm. Most of them have a spherical shape. 

With the advancements in their size, characterization, magnetic properties 

and the availability of surface modifications, magnetic nanostructures 

became attractive for various applications in different fields of science. 

During the last few years, magnetic nanostructures were particularly studied 

for a wide range of biomedical applications (Alfadhel & Kosel, 2015; Felix, 

Perez, Contreras, Ravasi, & Kosel, 2016; Gooneratne, Giouroudi, Liang, & 

Kosel, 2011; Li & Kosel, 2012; Margineanu et al., 2016; Rodriguez, 2013; 

Zaher et al., 2015). 

 

At the nanometer scale, materials show unique chemical, physical and 

biological properties. The small size of the nanostructures allows them to 

penetrate and interact with a single cell and its intracellular components 

such as receptors, biomolecules, proteins and cell membrane. Besides, 

nanostructures support the provision of treatment for certain diseases that 

were difficult to target due to size restrictions. For these reasons, these 

structures were employed as tools to face challenges in biology and medicine 

(Felix et al., 2016; Margineanu et al., 2016; Rodriguez, 2013). 
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Based on particle size, composition, structure and physicochemical 

properties, magnetic nanostructures contributed in the development of 

different biomedical applications. For instant, magnetic resonance imaging, 

hyperthermia therapies, drug delivery, tumor detection, cancer and gene 

therapies, cell guidance, magnetic separation, and biosensing (Felix et al., 

2016; Margineanu et al., 2016). 

 

The high magnetization values allow magnetic nanostructures to be 

controlled and manipulated by an external magnetic field. As a result, they 

can be controlled when they are in-vivo and settled in the target tissue or 

tumor for a particular purpose (Contreras, 2015; Margineanu et al., 2016) 

 

Among the different ferromagnetic materials, iron oxide (Fe2O3) magnetic 

nanostructures captured the attention of researchers due to their ability to be 

functionalized, biocompatibility and low toxicity. These features make the 

Fe2O3 magnetic nanostructures effective candidates for different biomedical 

applications (Contreras, 2015; Margineanu et al., 2016) 

 

Although magnetic nanostructures can have different shapes, spherical 

magnetic nanoparticles (MNPs) are the most widely used ones in the 

biomedical field. They usually consist of a magnetic core and a shell able to be 

functionalized with ligands, such as APTES, BSA or antibodies to contribute 
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in different applications. The advantages of MNPs are their controllable size, 

shape, high stability in water at pH 7 (Contreras, 2015; Felix et al., 2016; 

Margineanu et al., 2016). 

 

1.2 Magnetic nanowires  

Despite all the advantages that MNPs present for biomedical applications, 

there are some limitations due to the rather limited magnetization values as 

well as their regular shape and size. The latter is especially relevant when 

multiple functional groups are required (Sotnikov, Zherdev, & Dzantiev, 

2014).  

 

MNWs are cylindrical, however, they are similar to MNPs in their small size 

(diameter), composition and surface chemistry. Their diameter can be in the 

range of 1.5 nm to 500 nm with lengths reaching up to 100μm (Giouroudi & 

Kosel, 2010; Mhlanga, Sinha Ray, Lemmer, & Wesley-Smith, 2015). In 

biomedical applications, the most used diameter of the MNWs is below 100 

nm, with lengths ranging from 1 to 10μm (Vacic et al., 2011). 

 

The advantages of using NWs instead of nanoparticles are related to the 

geometrical anisotropy shape of the NWs that increased the surface to 

volume ratio and dipolar magnetic properties (Contreras, 2015; Margineanu 

et al., 2016). Also, NWs showed higher magnetic moment per unit of volume 



 14 

compared to MNPs, allowing them to exert large forces and torques (Glennie 

& Johnson, 2000; Sotnikov et al., 2014). Furthermore, it can increase the 

range and effectiveness of the magnetic interactions to respond to weak 

fields. The large and tunable magnetic moments allow the manipulation of 

attached cells and molecules. NWs provide a fast separation speed in a 

continuous flow, applying forces to living cells, controlling the spatial 

organization of cells, transporting cells and inducing hyperthermia in cells 

(Trevigen, 2009). Besides that, some studies have shown that silica NWs are 

potentially a better option for biomolecule delivery when compared to MNPs 

(Charrad et al., 2002). Cell viability was reported to be higher than 95% after 

five days of internalization (Turcheniuk, Tarasevych, Kukhar, Boukherroub, 

& Szunerits, 2013). Other studies also confirm that cells can internalize NWs 

of different lengths and materials (Sotnikov et al., 2014; Thanh & Green, 

2010; Yu, Park, & Jon, 2012). These results have opened the door of using 

NWs for biomedical applications (Felix et al., 2016). 

 

Recently, Fe NWs with a high magnetic moment and Fe2O3 shell were 

fabricated for biomedical applications, which could dramatically enhance the 

contrast for magnetic resonance imaging (MRI). In the literature; different 

methods for inducing cell death with NWs have been reported. One of them 

applying a magnetic field to internalized Ni NWs, which cause 

spinning/agitation of the NWs resulting in cell inflammation and death 
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(Contreras, 2015; Margineanu et al., 2016; Rodriguez, 2013). Another way 

focuses on the hyperthermia effect, remotely heating the NWs with radio 

frequency electromagnetic fields to destroy the cancer cells (Contreras, 2015; 

Margineanu et al., 2016; Rodriguez, 2013). Given the increased surface area 

of NWs, a more efficient cell targeting can be achieved, while magnetic 

characteristics of NWs allow for the induction of hyperthermia at lower field 

strengths, thereby reducing the damage to untargeted cells (Margineanu et 

al., 2016). 

 

A promising application is in early diagnosis of tumors based on NWs that 

can detect cancer-related molecules. NWs coated with a probe such as an 

antibody or oligonucleotide could be laid down across a microfluidic channel 

that allows cells or particles flow through; proteins produced by cancer cells 

would bind to the antibody changing the NW’s electrical conductance 

measured by the device and thus detecting the presence of cancer cells (Felix 

et al., 2016). 

 

1.3 Cancer cell targeting: antibody functionalization 

Cancer therapy is still one of the most challenging issues in pharmaceutical 

sciences. Various technologies have been developed to address this 

problematic disease, but there is still a long way to go. One of the important 

challenges that all scientists are trying to achieve is finding a drug molecule 
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or drug delivery system which only influences the cancer cells (Fernandes et 

al., 2015) 

 

Most of the chemotherapy-based methods that used for cancer treatment are 

toxic in nature and not only have an effect on cancer cells, but also normal 

cells are affected when exposed to them (Fernandes et al., 2015). Therefore, 

targeting the cancer cells specifically to minimize side effects is a critical 

need for new therapy solutions.  

In fact, there are two strategies to target cancer cells in-vivo: passively and 

actively (Contreras, 2015; Fernandes et al., 2015). Passive targeting exploits 

the nano-architecture features of the tumor vasculature: the enhanced 

permeability and retention (EPR). Angiogenesis, which is the new blood 

vessels formation, is a crucial feature in the metastasis. Contrary to normal 

tissue, tumor tissues can have gaps of up to 800 nm between endothelial cells 

[25, 34] where the NPs can easily extravasate. However, when using passive 

targeting, there is not a homogeneous distribution of the NPs in the tumor 

unless the circulation time of the NPs is long enough to enhance their uptake 

by the tumor (Contreras, 2015). 

Active cell targeting is known as antibody-based cancer therapy. Antibody 

binding to tumors has been shown to induce a number of signaling events 

that might play a role in controlling tumor growth (Contreras, 2015). 

Unsurprisingly, some antibodies were found to block important ligand or 
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receptor responsible for promoting tumor growth (Contreras, 2015; Glennie & 

Johnson, 2000). For instance, anti- CD44 monoclonal antibodies inhibit the 

proliferation of KG1a, THP-1, HL 60, and NB4 cell lines (Glennie & Johnson, 

2000), see fig.1. 

For antibody conjugation to any NP there are several methods. All of them 

depend on reactions between the functional reactive groups present on the 

NPs and in the antibodies themselves. Despite antibodies are complex 

structure proteins, only a small number of protein functional groups 

constitute suitable candidates to serve as linkers in a bio-functionalization 

conjugation (Contreras, 2015). Actually, the list of functional groups can be 

narrowed down to four protein functional groups (Fisher, 2016a): 

— Primary amines (-NH2) are found at the N-terminus of each 

polypeptide chain and in the side chain of lysine residues.  

— Carboxyls (-COOH) are found at the C-terminus of each polypeptide 

chain and in the side chains of aspartic acid and glutamic acid.  

— Sulfhydryls (-SH) are found in the side chain of cysteine. Often, as part 

of a protein’s secondary or tertiary structure, cysteines are joined 

together between their side chains via disulfide bonds (-S-S-).  

— Carbonyls (-CHO) are aldehyde groups that can be created by oxidizing 

carbohydrate groups in glycoproteins.  
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Fig.1: Passive and active tumor targeting.  Passive tissue targeting is achieved by passing 

nanoparticles through the increased permeability of the tumor vasculature. Active cellular 

targeting can be reached by functionalizing the shell of nanoparticles with ligands serve cell-

specific binding. The nanoparticles can (i) release their contents in close proximity to the 

target cells. (ii) Bind to the membrane of the cell and act as an extracellular sustained-

release drug depot; or (iii) internalize into the cell. Adapted from (Mizrahy & Peer, 2012) . 

 

For each of these functional groups, there are chemical compounds that are 

normally used as crosslinking and modification reagents. One of the common 

protocols consists of attaching antibodies to magnetic NWs coated with gold 

by introducing a sulfhydryl group (-SH) to the antibody. This -SH group 

spontaneously reacts with the gold forming a S-Au bond (Contreras, Ravasi, 

& Kosel, 2014). 
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In the last few year, the vast majority of work related to functionalizing 

magnetic nanostructures target the -NH2 groups in the antibody and use 

them as attachment points to the nanostructure via the 1-Ethyl-3-(3- 

dimethylaminopropyl) carbodiimide (EDC)/N-Hydroxysuccinimide (NHS) 

reaction (Charrad et al., 2002; Turcheniuk et al., 2013; Vial, Reis, & Oliveira, 

2016; Yu et al., 2012). There are some publications that used the same 

crosslinking (EDC/NHS0 to target the -COOH groups in the antibody to 

attach to (-NH2) surface (Fisher, 2016b; Vacic et al., 2011; Vashist, 2014).  

This last concept of antibody conjugation with amine surface has been proven 

successfully (Fisher, 2016b; Vacic et al., 2011; Vashist, 2014)and was chosen 

for this thesis. 

1.4 Leukemic cancer  

Bone marrow is a spongy tissue found within the hollow spaces of the bones. 

It consists of the blood stem cells (immature cells) that become mature blood 

cells over time. During this process, the cells become either lymphoid stem 

cells, which produces lymphoblast (mature white blood cells that make up 

lymphoid tissue) or myeloid stem cells that produce red blood cells, myoblast 

(mature white blood cells other than lymphoblast), or platelets, see fig.2 (A. 

C. S. ACS, 2014a, 2014b). 

 

Leukemia is a type of cancer characterized by a rapid increase of leucocytes 

(white blood cells lymphoblast or myoblast) in the bone marrow. Unlike 
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normal leucocytes, these abnormal cells are not able to fight infections. It also 

reduces the room for the production of normal blood cells (A. C. S. ACS, 

2014a; Raymaakers, 2015). 

 

There are four types of Leukemia disease: Acute Myeloid Leukemia (AML), 

Acute Lymphoblastic Leukemia (ALL), Chronic Myeloid Leukemia (CML), 

Chronic Lymphoblastic Leukemia (CLL). They are divided based on the type 

of infected leucocytes and the speed of progression of the disease 

(Raymaakers, 2015). “Acute” means that leukemia can progress quickly, 

while “chronic” takes a long time before it shows problems, and most people 

can live for many years (A. C. S. ACS, 2014b; A. S. ACS, 2014). However, 

chronic leukemia is harder to cure than acute leukemia (A. S. ACS, 2014).  

 

Recently, malignant stem cells have been described as the source of several 

types of human cancer. During normal developmental progression from stem 

cell to mature cell, mutations may occur at any point during this evolution 

(Jordan, 2007). The mutation in the leucocytes stem cells is called leukemic 

stem cells (LSCs). These cell types are rare and possess properties that are 

distinct from most other tumor cells. One of the LSCs properties is that most 

of them are in the bone marrow during the G0 phase of the cell cycle (Jordan, 

2007). The G0 phase is a period in the cell cycle in which cells exist in 

a quiescent state. This property protects the cells from apoptosis and the 

https://en.wikipedia.org/wiki/Cell_cycle
https://en.wiktionary.org/wiki/quiescent
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effects of chemotherapeutic drugs, which interact with active cells (Jordan, 

2007; Pollyea, Gutman, Gore, Smith, & Jordan, 2014). In case of normal stem 

cells, the differentiation continues until mature erythrocytes, leukocytes, and 

platelets are produced. On the other hand, the mutated stem cells 

differentiate and carry the problem/s or can remain as immature progenitor 

cells (blast cells) (Jordan, 2007) see fig.2. In order to treat these cells, new 

strategies are developed to specifically target the malignant stem cell 

population. For example, parthenolide and TDZD-8 were used to inhibit NF-

KB activity, which is a protein complex that controls transcription of DNA, 

cytokine production and cell survival, in LSCs (Jordan, 2007). Despite the 

rich understanding of leukemia pathogenesis, chances for cures are still few 

(Pollyea et al., 2014). 

 

https://en.wikipedia.org/wiki/Transcription_(genetics)
https://en.wikipedia.org/wiki/DNA
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Fig.2 : Bone marrow is found in the center of most bones and has many blood vessels. A blood 

stem cell goes through several steps to become a red blood cell, platelet, or white blood cell. 

Adapted from (Center, 2013) 
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1.5 Motivation and objective  

 

Despite the increased understanding of leukemia pathogenesis, leukemia 

remains a disease with poor treatment performance.  As mentioned 

previously, Leukemic stem cells (LSCs) are in the G0 phase of the cell cycle in 

the bone marrow and cannot be killed by chemotherapeutic drugs (Pollyea et 

al., 2014). Therefore, building strategies to target this stem cell are of great 

relevance. This thesis is part of a project, in which the possibilities to kill 

LSCs with magnetic NWs are investigated. 

A study in 1991 targeted leukemic cells (NALM-6) by using Fe NPs that were 

functionalized with anti-CD10 and CD8 (Bieva et al., 1991). There was no 

evidence confirming the functionalization of Fe NPs. TEM was used to prove 

internalization, but it is left unclear whether the entry occurred because of 

the functionalization or from Fe NPs themselves. So far, no work has been 

done with leukemic cells using NWs, and in particular Fe NWs have not been 

functionalized before. 

In this thesis, I investigate ways to target Leukemic cells (HL60), see fig.3. 

These cells are promyeloblast and cause acute promyelocytic leukemia. It was 

used because their high level express of the cell surface marker CD44 

compared to normal blood cells (Quintanilla Jr, Asprer, Vaz, Tanavde, & 

Lakshmipathy, 2014). Accordingly, the aim of this study is to functionalize Fe 
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NWs with a specific monoclonal antibody (anti-CD44) towards CD44 to target 

leukemic cells (HL-60 cells).  

In order to immobilize the anti-CD44 on top of Fe NWs, amine groups should 

cover the NWs. This is has been achieved by coating the NWs with two 

different agent APTES and BSA. The functionalization was implemented by 

using EDC/NHS crosslinking between the (-COOH) groups on the antibodies 

and (-NH2) groups on the coated NWs. The functionalization was confirmed 

by using three different methods: Confocal microscopic, FTIR and Nanodrop.  

The NWs internalization in HL60 cells was studied by using pH sensitive dye 

(pHrodoTM Red) that attached to the amine group on the surface of the 

coated NWs. This dye produces a red color once it entered into the cell. The 

toxicity of the functionalized NWs on HL60 cells was studied by using XTT 

assays, which detect the mitochondrial activity. 

 

Fig.3:   A) Group of HL60 cells under the microscope. B) Sketch image showing a single HL60 

cell with CD44 antigens on the surface. The diameter of the cell is around 12.4 +/-1.2µm 

(Rosenbluth, Lam, & Fletcher, 2006). 
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1.6 Thesis outline 

 

In the first part of the thesis, an introduction covers the topics of magnetic 

nanostructures in biomedical applications, magnetic NWs and cell targeting 

using antibodies. Also, the motivation of this project is described. In the 

second section, the methodology for NWs fabrication, coating, labeling, 

characterization and functionalization as well as the NW toxicity studies are 

presented. Chapter three cover the results that were achieved in this thesis. 

Finally, part four includes the discussion of all the experimental results with 

a conclusion of the thesis project at the end. 
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Chapter 1: Materials and Method  

1.1 Iron nanowires 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 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 fig.4A and B. Then, a first 

anodization was carried out with 0.3 M oxalic acid at 4°C applying a voltage 

of 40V for 24h (fig.4C). 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, 

as shown in fig.4D. A second anodization is the fourth step, which rebuilt the 

Al2O3 layer and formed ordered pores with parallel orientation, represented 

in fig.4E. The second anodization is carried out for 4h with the same 

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

to connect the bottom of the pores with the Al (fig.1F) are grown. For NW 

fabrication, pulsed electrodeposition was applied for 1h at room temperature 

(fig.4G).  The full explanation of the fabrication process can be found in 

previous studies (Contreras, Sougrat, Zaher, Ravasi, & Kosel, 2015; Masuda 

& Fukuda, 1995; Pirota, Navas, Hernández-Vélez, Nielsch, & Vázquez, 2004; 

Rodriguez, 2013). 
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Fig.4: Schematic drawings and correspondent scanning electron microscopy (SEM) images 

(top view) of the NW fabrication method. A) Al membrane before the polishing process. B) 

Smooth Al membrane after the polishing. C) First anodization produces random pores in alu-

mina, D) The alumina layer is removed with a chrome solution. E) After a 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 

(Contreras, 2015; Margineanu et al., 2016; Rodriguez, 2013)  

 

1.2 Estimation of the number of iron nanowires 

According to the method that was explained in the previous studies, it is a 

reasonable assumption that each pore in the alumina template contains one 

NW after the electrodeposition step (Contreras, 2015; Contreras et al., 2015; 
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Margineanu et al., 2016; Rodriguez, 2013), see fig.5. The number of pores in a 

specific area was quantified from SEM images by using ImageJ software. 

Then, a correlation was made between the number of the NWs and their 

electrodeposited area (Contreras, 2015; Contreras et al., 2015; Margineanu et 

al., 2016; Rodriguez, 2013). The correlation was based on the studies that 

were conducted in our lab which found that there are 225 NWs in each 2.06E-

8 cm2 (Contreras, 2015; Contreras et al., 2015; Margineanu et al., 2016; 

Rodriguez, 2013). Based on this, the estimated number of NWs in one disk 

was calculated by the following equation (Felix et al., 2016; Margineanu et 

al., 2016; Rodriguez, 2013): 

 

𝑁𝑜. 𝑜𝑓 𝑁𝑊𝑠 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑟𝑒𝑠(𝑖𝑚𝑎𝑔𝑒𝑑 𝐴𝑙 𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒) ∗ 𝑇𝑜𝑡𝑎𝑙 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎

𝐴𝑟𝑒𝑎(𝑖𝑚𝑎𝑔𝑒𝑑 𝐴𝑙 𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒)
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Fig.5: A piece alumina template filled with NWs after electrodeposition. NWs correspond to 

the bright dots surrounded by the PAA membrane (darker areas). Adapted from (Contreras, 

2015) 

 

1.3 Release of iron nanowires  

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

kept in solution to be used in the next experiments.  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 1M NaOH for 30 min, 

and then it was renewed every hour for four times with ten-second sonication 

in between. In the end, the NWs were rinsed ten times using ethanol with ten 

seconds of sonication. In those steps, the NWs were collected using a 

magnetic rack(Margineanu et al., 2016; Rodriguez, 2013), see fig.6. 
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Fig.6: An Eppendorf tube with collected Fe NWs in magnetic rack. The blue circle shows the 

position of the collected NWs. 

 

1.4 Characterization of iron nanowires  

Fe NWs morphology and composition were characterized by scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). (SEM: 

Quanta 3D; FEI Company, Hillsboro, OR, USA; and TEM: Tecnai BioTWIN; 

FEI Company) were used to determine the diameter and the length of the 

NWs. While Energy-dispersive X-Ray spectroscopy (EDX) (scanning TEM 

(STEM) Tecnai BioTWIN; FEI Company) was used for the chemical 

composition characterization. The samples for SEM, TEM and EDX, were 

prepared by taking 2 μl of NWs solution in ethanol and placing them on a 

silicon substrate for SEM and on a copper carbon mesh substrate for TEM 

and EDX. Then, the samples were investigated after five mins to allow 

complete drying. 
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1.5 Coating of iron nanowires 

After releasing Fe NWs, a native oxide layer is formed on the surface. 

Coating of NWs is based on the covalent bonds that are built between the 

oxide layer and the coating agent. 

 

1.5.1 APTES coating iron nanowires 

3-Aminopropyl) triethoxysilane (APTES) stock solution (≥98%), Ethanol 

absolute and sodium hydroxide (NaOH) 1M, all of these were purchased from 

Sigma-Aldrich. The NWs were coated with APTES in basic conditions (fig. 

7A). 100μl of APTES stock solution were added per each 100-300 mg of Fe 

NWs after they were suspended in 5 ml of Ethanol. This solution was 

sonicated for one hour. After that, 10μl of 1M NaOH and 200μl MilliQ water 

were added to the NWs, to promote the base catalysis reaction, and then 

sonicated for one hour. In the end, the NWs suspension was rinsed four times 

with 1 ml ethanol and stored at room temperature in an Eppendorf tube for 

further studies (Margineanu et al., 2016).  

 

1.5.2 BSA coating iron nanowires 

For bovine serum albumen (BSA) coating (fig. 7C), the released Fe NWs were 

transferred to a glass tube and washed three times with 10 mM phosphate 

buffer (PB) of pH 7.4. Then 22mg of BSA were added to 1 mg Fe and 

sonicated for one hour and a half. After the coating was done, the NWs were 
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washed four times with (PB) and stored at 4°C for the next use. Pierce® BCA 

Protein Assay Kit (Prod #23225) was used to determine the amount of BSA 

attached to the NWs. The concentration of BSA was measured before and 

after the coating and the two values obtained were subtracted from each 

other. The BCA assay has the same concept as the Bradford assay but it is 

more specific to measure the protein concentration. The chemical formula for 

the reaction is presented in fig.7C. 

 

1.6 Characterization of coated iron nanowires 

The morphology of the coating was characterized for both APTES and BSA by 

TEM (Tecnai BioTWIN; FEI Company). The samples were prepared by 

taking 2μl from each NWs stock solutions and place them onto two different 

copper carbon meshes. Both APTES and BSA samples were investigated after 

five minutes of drying time. 

 

1.7 Internalization of coated nanowires   

1.7.1 Labeling coated nanowires with pHrodo Red 

Coated NWs were labeled with pHrodoTM Red, succinimidyl ester (P36600, 

Thermo Fisher Scientific), based on the interaction between the succinimidyl 

ester group of the pHrodo Red and the amine group on the surface of both 

APTES- / BSA-coated NWs (Margineanu et al., 2016). The chemical reactions 
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are schematized in fig.4. Before starting, 150 μl DMSO were added to 1 mg 

stock solution pHrodo Red ester. Next, the coated NWs were dried at room 

temperature for ten minutes to allow ethanol in Fe-APTES-NWs / PB buffer 

in Fe-BSA-NWs to evaporate after the four washing steps that were 

mentioned in section 2.5.1 for APTES and section 2.5.2 for BSA. Then, coated 

NWs were suspended in 490μL 0.5M NaHCO3 buffer (pH 8.4) and 10μL of 

prepared pHrodo Red dye. The reaction was incubated for 12 hours at room 

temperature while shaking at 900 rpm. After that, pHrodo labeled NWs were 

washed five times with the NaHCO3 buffer and three times with ethanol 

absolute for pHrodo-APTES / PB buffer for pHrodo-BSA NWs. Finally, each 

sample was suspended in 1 mL of each buffer and stored at -20°C 

(Margineanu et al., 2016). This experiment has been done once for both 

APTES and BSA coatings. 
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Fig.7: Scheme of labeling two types of coated NWs with the pHrodo Red ester.  A) Fe NWs 

were coated with APTES (Fe-APTES-NWs) adapted from (Margineanu et al., 2016) and C) 

Fe NWs were coated with BSA (Fe-BSA-NWs). Both coatings represent free amino groups.  

B) and D) shows the pHrodo Red labeling based on the interaction between the succinimidyl 

ester group of the pHrodo red compound and the amino groups on the surface of both Fe-

APTES and Fe-BSA NWs. 

 

1.7.2 Cell culturing and imaging study 

For the confocal samples, 5E+05 HL60 cells were seeded in a 35 mm glass 

bottom dish one day before adding the NWs. On the next day, pHrodo-APTES 

NWs were washed three times with ethanol, while pHrodo-BSA with PB 

buffer. Then, both of them were washed three times with cell culture RPMI 

media that was prepared in section 2.9. The seeded HL60 were treated with 

the pHrodo labeled NWs, 150 NWs/cell and incubated 24 hours with the same 
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conditions that were mentioned in part 2.9. In this experiment, two negative 

controls were used: (i) HL60 cells without NW treatment and (ii) coated NWs 

with pHrodo red and without cells. For imaging, both pHrodo-APTES NWs 

and pHrodo-BSA NWs were visualized in a Laser scanning inverted confocal 

microscope (MTZ02 - Leica TCS SP5) and the pHrodo red signal was excited 

by a 561 nm laser. 

 

 1.8 Biofunctionalization of coated iron nanowires  

1.8.1 Biofunctionalization protocol 

2-(N-Morpholino)ethanesulfonic acid hydrate (MES) 0.1 M pH 5.5, 3-(3-

dimethyl-aminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS) 

and Phosphate-buffered saline (PBS) pH 7.4 were purchased from Sigma-

Aldrich. The Purified NA/LE Mouse Anti-Human Monoclonal antibody CD44 

clone 515 (1mg/ml) was obtained from BD Biosciences.  

The biofunctionalization process is based on the covalent conjugating 

between the amine group (-NH2) on the coated Fe NWs and the HNS ester 

group on the activated monoclonal CD44 antibody clone 515 (fig.8C). 

Anti-CD44 was diluted to 100 μg/mL in PBS. 990 μl of diluted antibody was 

incubated with ten μl of the fresh and cold crosslinking solutions, i.e., 8mg 

EDC and 22mg NHS dissolved in 1 mL of MES that was incubated at room 

temperature shaking at 300 rpm for 20 minutes. This interaction leads to 

activate the anti-CD44 carboxyl groups.  During that time, BSA-coated NWs 
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were washed three times with PB. Then, the NWs were incubated with the 

1ml activated anti-CD44 solution for two hours at room temperature using a 

shaker with 300 rpm. Finally, functionalized Fe NWs (i.e. anti-CD44-iron 

NWs) were rinsed and blocked with 2%BSA solution and stored at 4°C 

(Bloemen et al., 2015; Invitrogen, 2016; Lee, Luo, Cui, & Yun, 2011; Vashist, 

2012). The biofunctionalization process is summarized in Fig.8. 

 

 

Fig.8: A series of chemical modifications to biofunctionalize Fe NWs.  The anti-CD44 COOH 

group was modified with NHS ester group (A) in order to bind to the amine group on the 

surface of BSA-coated Fe NWs (B) to generate an amide group and have functionalized 

NWs(C). 

 

1.8.2 Immunofluorescence staining of functionalized nanowires 

To detect the primary antibody (anti-CD44) and its successful conjugation to 

the NWs, a green fluorescent-labeled secondary antibody (Goat anti-Mouse 
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IgG (H+L) Secondary Antibody, DyLight 488 conjugate; Thermo Fisher) was 

used. The detection of the secondary antibody was done by two methods, laser 

scanning confocal microscope (MTZ02 - Leica TCS SP5) and microplate 

reader (GloMax®-Multi Detection System). To prepare the samples, 

functionalized NWs were rinsed three times with PB. Then 50mg/ml of 

secondary antibody was added to 0.0005 mg NWs and incubated in the dark 

at room temperature for one hour with 300 rpm shaking.  

For the confocal microscope imaging, 100 ul of sonicated sample was added 

on a glass microscope slide and sandwiched from the top by a cover slip. All 

the time, the sample was protected from light. 63x oil lens and ALEXA 488 

laser were used for the fluorescence images and matched with DIC images 

(Sharma et al., 2015).  The concentration of the secondary antibody was 

measured by a fluorescence microplate reading module (GloMax®-Multi 

Detection System) using a green excitation 525 nm. 100 ul of the sample and 

the controls were added per well. This experiment has been done in 

triplicates. 

 

 

1.8.3 Fourier Transform-Infrared Spectroscopy (FT-IR) 

In order to analyze the characteristics of functionalized Fe NWs, 10 ul of BSA 

solution, Fe NWs, BSA-coated Fe NWs and functionalized Fe NWs were 

added on gold-coated microscope slides from Thermo Fisher Scientific. They 
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were kept to dry for 5 min at room temperature. The samples were detected 

with a Nicolet Continuum FT-IR Microscope. OMIC software was used to 

analyze the data.  

 

 2.8.4 Measure protein concentration using Nanodrop  

This method uses to measure the protein concentration that surrounded the 

Fe NWs. 0.16 mg of both Fe-BSA and Fe-BSA-CD44 NWs were suspended in 

1 ml PB buffer. 1ul was measured from each sample in (Thermo Scientific 

NanoDrop 2000 spectrophotometer). Three replicates were used for each of 

the two measurements. 

 

1.9 Cell culture 

Acute myeloid leukemia cell line HL60 (ATCC® CCL240™) was cultured in 

RPMI 1640 with L-glutamine supplemented with 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.  

 

1.10 Determine the seeding densities 

The required seeding density of HL60 was determined by using cell viability 

test XTT assay with the protocol described in 2.12.2. HL60 cells were seeded 
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with different concentration in triplicates, 5E+03, 20E+03, 70E+03, 100E+03, 

125E+03,150E+03, 200 E+03 and 250E+03 and after waiting for 36 hours the 

XTT assay was performed. All the cell counting before the seeding was done 

by Countess Automated Cell Counter from Life Technologies. 

 

1.11 Cytotoxicity of nanowires to the cells 

1.11.1 Principle of the Assay 

XTT Cell Proliferation Assay Kit was purchased from Trevigen (catalog 

number 4891-025-K). It was used to assess the cell growth and effect of NWs 

on cell viability. The XTT Cell Proliferation Assay is a sensitive measurement 

of cell proliferation based upon the reduction of the tetrazolium salt 2,3-Bis(2-

methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carbanilide. The cleavage of 

the salt to formazan occurs through the succinate-tetrazolium reductase 

system in the mitochondria of metabolically active cells. The reaction is 

attributed mainly to mitochondrial enzymes and electron carriers. However 

XTT and MTT has the same concept, XTT was selected because it does not 

need a dissolving reagent that is required in the MTT. This feature is useful 

for the suspension cells to avoid losing cells during removing the MTT 

working solution and adding the dissolving reagent (Rodriguez, 2013). 

1.11.2 Test Protocol 

In 96 well plate, 100 ul of suspended 10x103 HL60 were seeded per well one 
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day prior the experiment. Before treating the cells, NWs were washed three 

times with PB buffer followed by four washing step with warmed RPMI 

media. 50 ul of suspended NWs were added per well and incubated with the 

cells for 24 hours. All the experiments were done in triplicates.  Next day, 

XTT assay was applied on the cells by following the kit protocol (TACS® 

XTT Cell Proliferation Assay Cat# 4891-025-K, 2500 Tests). XTT reagent and 

the activator were warmed up to 37°C before using them. Then, 100 ul of the 

XTT activator were added to 5 mL of XTT reagent and mixed well. 50 ul of 

the prepared XTT working solution were added to each well. After two hours 

of incubation in the incubator at 37°C, the absorbance was read at 490 nm 

with a reference wavelength of 630 nm.  
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Chapter 2: Results  

2.1 Iron nanowires characterization 

As explained in Chapter 2, Fe NWs were prepared by electrodeposition into 

alumina disk and released into Eppendorf tubes to be used in the following 

experiments, see fig. 9A. The NWs morphology study, using SEM (fig. 9B) 

and TEM (fig. 9C), revealed an average length of 3.6 µm and a diameter from 

30 to 40 nm. In the EDX spectrum (fig.9E), Fe peaks are clearly identifiable. 

The oxidation peak indicated Fe core and Fe2O3 interphase surrounding the 

Fe NWs core surface while a carbon peak is attributed to the carbon 

substrate. 

 

2.2 Coating of iron nanowires 

Fe NWs coated with both APTES and BSA via a covalent bond by the 

interaction with the Fe2O3 layer. Fig.7A and fig.7C show the chemical 

reactions for both coating Fe-APTES NWs and Fe-BSA NWs, respectively. 

These two covalent interactions produced NWs with free primary amino 

groups. Using a BCA Protein assay the BSA coupling has been measured as 

explained in section 2.5.2. It indicated an immobilization of 1.5 mg BSA/mg 

Fe. Besides, TEM images were used to further elucidate the coating. In fact, 

APTES coating in fig.10A showed a thin layer, which is hard to be recognized 

by using TEM. On the other hand, BSA coating in fig.10B showed a thick 

semi-homogenous layer. 
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Fig.9: Fe NWs characterization. A) Fe NWs before and after releasing from the alumina 

template with a thickness of 0.5 mm and a diameter of 2.5cm. The red circle shows the 

released NWs.  B) SEM image of Fe NWs, C) TEM image of one Fe NW. D) STEM image of a 

Fe NW indicating a Fe2O3 layer (1) and core Fe (2). E) Point EDX spectra show the chemical 

composition analysis of Fe NWs at the oxide layer (1) and the core (2). Both D) and E) are 

adapted from (Banderas, 2016) 
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Fig.10: TEM images of APTES and BSA-coated NWs. A) Fe-APTES NWs and B) Fe-BSA 

NWs. 

 

2.3 Internalization of coated iron nanowires 

pHrodo Red is a pH-dependent dye that is used in the cellular uptake studies 

(Margineanu et al., 2016; Ru ̈ck-Braun et al., 2013).The fluorescence pHrodo 

dye density increases by the decreases in the pH from neutral (outside the 

cell) to acidic (inside the cell). In fig.11 and fig.12, NWs appearance of pHrodo 

Red dye during the internalization experiments are shown. The red signals 

are less in case of in pHrodo-BSA NWs (fig.12) than pHrodo-APTES NWs 

(fig.11). However, the agglomeration of the pHrodo-APTES NWs is higher 

than in case of pHrodo-BSA NWs. 
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Fig.11: Internalization study of pHrodo-APTES NWs into HL60. The cells were incubated 

overnight then they were treated with pHrodo-APTES NWs (150NWs/cell). After 24 hours 

they were visualized by confocal microscopic. A) The cells without pHrodo-APTES NWs and 

B) shows pHrodo-APTES NWs without cells. All of A) and B) are negative controls. The 

confocal figures from C) to E) represent the cells treated pHrodo-APTES NWs. The small 

circles are HL60 cells and the black and red clusters are pHrodo-APTES NWs.  
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Fig.12: Internalization study of pHrodo-BSA NWs into HL60 was observed by Laser 

Scanning Confocal Microscope. The cells were incubated overnight then they were treated 

with pHrodo-APTES NWs (150NWs/cell). After 24 hours they were visualized by confocal 

microscopic. A) HL60 with pHrodo-BSA NWs and the scale bar = 500µm. The small circles 

are HL60 cells, and the black clusters are pHrodo-BSA NWs. B) HL60 cells without NWs 

(negative control). C) and D) are close images from A) that show cells with pHrodo-BSA NWs. 

The scale bars from B) to D) = 50µm. The cells were incubated overnight then they were 

treated with pHrodo-BSA NWs. After 24 hours they were visualized.   
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2.4 Biofunctionalization of coated iron nanowires  

Based on the observation that BSA-NWs agglomerate less, they were selected 

for the functionalization with the anti-CD44 antibody.  

2.4.1 Immunofluorescence staining of functionalized nanowires 

To determine the successful immobilization of CD44 antibodies onto the Fe 

NWs, Alex 488-conjugated secondary antibodies were used to detect the 

binding between the nanowire and anti-CD44 antibodies. As shown in fig.13, 

a uniform green fluorescence was observed in each CD44-BSA NWs cluster 

while no green signal rose from non-functionalized Fe-BSA NWs. 

The GloMax®-Multi Detection System supports the previous finding by 

detecting a high absorbance of ALEX 488 secondary labeled antibody. The 

data in fig.14 showed a significant increase (P = 0.001) in the ALEX 488 

absorbance of the functionalized CD44-BSA NWs compared to non-

functionalized Fe-BSA NWs. 
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Fig.13: Detection of the functionalization of Fe-BSA NWs by using a laser microscope. Row A 

shows Fe-BSA NWs without anti-CD44 (control). Rows B) and C) are two different positions 

on the slide showing the functionalized CD44-BSA NWs conjugated to labeled secondary 

antibodies (ALEX 488).  In the DIC camera column, the black clusters are NWs. In dark field 

column, the green fluorescence clusters are the NWs and the last column is overlapped 

images. The scale bars are 100 µm. 
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Fig.14: Detection of the functionalization of Fe-BSA NWs by using the GloMax®-Multi 

Detection System. The blue bar represents CD44-BSA NWs conjugated to labeled secondary 

antibodies (ALEX 488), while the gray is Fe-BSA NWs mixed with the secondary antibodies 

ALEX 488 (negative control). All the pink bars are negative controls CD44-BSA NWs and Fe-

BSA NWs without secondary antibody and phosphate buffer (PB). P-value = 0.001.  

 

2.4.2 Fourier Transform-Infrared Spectroscopy  

Functionalized Fe-BSA NWs with CD44 formed an amide group (R-CO-NH) 

and this group was confirmed by Fourier Transform Infrared Spectroscopy 

(FTIR) analysis. In Fig.15, the FTIR spectra shows a clear dip at 1542 cm-1 

due to the appearance of amide II (C-N-H) groups. The band at 1650 cm-1 was 

observed in both Fe-BSA and DC44-BSA and is attributed to the presence of 

amide I (C=O) groups. The bands found at 3018 cm−1 and 3020 cm−1 in Fe-

BSA and DC44-BSA, respectively, are attributed to the stretching of 

Hydroxide (O–H) groups (Ru ̈ck-Braun et al., 2013; Sharifi et al., 2013; Stover, 

Plummer, Miller, Cassady, & Dixon, 2015). 
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Fig.15: FTIR spectra of coated and functionalized NWs in the 1000–3500 cm−1 region. A) 

Coated Fe-BSA NWs, which present a spectra with absorption at 3018 cm-1 and 1651 cm-1 for 

Hydroxide (O–H) and amide I (C=O) groups, respectively. B) Functionalized CD44-BSA NWs 

show absorptions in the spectra at 3020 cm-1, 1650 cm-1, and 1542 cm-1 for (O–H) Hydroxide, 

(C=O) amide I and (C-N-H) amide II groups, respectively. 

 

2.4.3 Evaluation of protein concentration  

Functionalizing Fe-BSA NWs are expected to increase the protein 

concentration. The data in fig.16 obtained using Nanodrop observed a slight 

raise in the proteins concentration of CD44-BSA compared to Fe-BSA. CD44-

BSA = 0.018 mg/ml and Fe-BSA = 0.023 mg/ml. By calculating the difference 

between the two samples, it was found that the antibody concentration on the 

functionalized NWs (CD44-BSA NWs) equal to 0.005 mg/ml. These results 

indicate the presence of anti-CD44. 
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Fig.16: Protein concentration for both coated (Fe-BSA) and functionalized (CD44-BSA) NWs. 

The difference between the two concentration = 0.005 mg/ml. 

 

2.5 Cell culture and seeding densities 

Before designing an XTT assay experiment, a cell control curve was obtained, 

as the cellular response to the XTT dye, fig.17. This was performed by 

seeding different amounts of cells in triplicates, incubate for 36 hours for 

cellular stabilization and then apply the XTT assay with the protocol 

described in section 2.10. NWs were not added to the cells in this case. 

As can be seen from the first part of the curve in fig.16, if the number of cells 

in the well with the XTT dye is too low, the production of the orange dye is 

not enough to be detected by the absorbance microplate reader, whereas a 

higher number of cells produced dye. Therefore, the ideal seeding densities 

should lie in the middle of the curve, where changes in cell viability are easily 
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distinguished by the OD readings. As a result, 9E+04 or 1E+05 seems the 

best seeding number (Rodriguez, 2013; Trevigen, 2009). 

 

Fig.17: HL60 cell line response to XTT as a calibration for the assay. The ideal seeding 

density used should lie in the middle lineal portion of the curve. Note that the actual OD 

(absorbance) readings were done after 36 hours of cells seeding. 

 

2.6 Cytotoxicity of nanowires to the cells 

The XTT assay was used to study the toxicity of the NWs in HL60 cells. The 

cells seeding, treating and XTT procedures were explained in the previous 

sections. All of the cell toxicity results that are shown in fig.18, were done 

without applying a magnetic field. HL60 cells without any treatment (rose 

bar) were used as a positive control, while the NWs without cells (0% bars) 

were used as a negative control. The XTT results in fig.18 show that the cell 
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viability is related to the nanowire/cell ratio. By tracking the blue bars, the 

HL60 cells viabilities gradually decrease with the increase of the Fe-NWs 

concentrations. Interestingly, no toxicity was observed for the coated Fe-

APTES NWs and Fe-BSA NWs or the functionalized CD44-BSA NWs, when 

150NWs/cell concentrations were used. This means that the coating reduces 

the toxicity of the Fe NWs., which is already very low.  

 

Fig.18: Cell viability test after treatment of HL60 cells with three different concentrations of 

Fe NWs and one concentration of Fe-APTES, Fe-BSA and CD44-BSA NWs using XTT assay. 

The negative controls were the different types of NWs without cells (0% bars), and the 

positive control is the HL60 cells without the NWs (Rose bar). 

  



 53 

Chapter 3: Discussion and Conclusions 

3.1 Discussion 

The aim of the present work was to study the internalizing of the NWs into 

suspension leukemic cells (HL-60 cells) and in the same time functionalize Fe 

NWs with a specific monoclonal antibody towards CD44 in order to 

specifically target HL-60 cells. 

In the first section of this study (fabricating and coating NWs), the results 

confirm the successful fabricating of Fe NWs with a Fe core and surrounded 

by an Fe2O3 interphase that is shown in fig.9 C and D. it was formed after 

releasing the NWs from the template by the interaction between Fe and the 

oxygen from the air. This layer significantly contributed in Fe NWs coating 

with both APTES and BSA by building covalent bonds.  

 

In fig.10, the immobilization of both coatings, APTES and BSA, onto Fe NWs 

was characterized by TEM. NWs coated with BSA showed an amorphous and 

non-uniform layer. When comparing APTES with BSA it clearly appears that 

BSA coating is much thicker than APTES one due to protein chains and 

molecule size (Bordbar et al., 2014; Shirazi, Daneshpour, Kashanian, & 

Omidfar, 2015; Sotnikov et al., 2014). However, both coatings provided Fe 

NWs with free amino groups, which is necessary for the functionalization 

process. 
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Studying the internalization of coated NWs was the second part of this 

research. The question addressed was whether the NWs could attach or get 

inside the suspension leukemic cells HL60, which is affected by their free-

floating nature. Therefore, coated NWs were labeled with pHrodo red dye, a 

fluorogenic pH-dependent dye, which produces a red color when it moves 

from the cell culture media (natural pH) into the cells (low pH) (Margineanu 

et al., 2016; Rück-Braun et al., 2013). We found that NWs get inside the 

suspension cells by visualizing the dye using confocal and fluorescent 

microscopes. When comparing APTES and BSA coated NWs, differences in 

the internalized number of NWs were found. In fig.11 Fe-APTES NWs show a 

larger number of internalized NWs than Fe-BSA NWs in fig.12. This may be 

caused by the smaller number of free anime groups on BSA compared to 

APTES. Since pHrodo attachment to the NWs depends on the amine groups, 

the smaller number of amine groups reduced the possibilities to create a link 

between pHrodo and the NWs (Margineanu et al., 2016; Ru ̈ck-Braun et al., 

2013). 

 

APTES and BSA are used to facilitate further functionalization of the NWs, 

since they cannot target a specific cancer cells type. Therefore, part three of 

this thesis focused on biofunctionalization of Fe NWs with monoclonal anti-

CD44 antibodies in order to target CD44 on the surface of suspension HL60 
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cells. It is worth mentioning that this research is the first one in which Fe 

NWs are functionalized with monoclonal anti-CD44 antibodies.  

 

In several studies nanoparticles were functionalized by utilizing the 

conjugation of (NH2) groups on the antibody to (COOH) groups on the 

nanoparticles (Bloemen et al., 2015; Contreras et al., 2014). Our approach 

was based on the interaction between (COOH) groups on the antibodies and 

(-NH2) groups on the Fe-BSA NWs [15]. Briefly, Fe-BSA was functionalized 

by using EDC/NHS (prepared in 0.1 M MES, pH 4.7) and mixed with anti-

CD44 antibody (prepared in 0.1 M PBS, pH 7.4). So the final pH of the 

crosslinking solution was close to the standard pH of 7.4, which is the most 

acceptable pH for immunoassays. The crosslinking was incubated, which led 

to the binding of EDC to the carboxyl groups of anti-CD44 antibodies followed 

by the subsequent binding of EDC-activated anti-CD44 antibodies to NHS to 

form NHS activated anti-CD44 antibodies (Vashist, 2012). Fig.8 summarizes 

the functionalization process.  

 

Functionalization of NWs with CD44 was confirmed by three methods.   

Immunofluorescence staining using ALEX 488 secondary labeled antibody 

reveals a uniform green fluorescence covering the NWs under the confocal 

microscope in fig.13. Moreover, fig.14 shows a significant increasing, p = 

0.001, in the absorbance of the green signal from ALEX 488 in CD44-BSA 
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compared to Fe-BSA using GloMax®-Multi Detection System. Comparing the 

FT-IR spectra of Fe-BSA and CD44-BSA NWs in Fig.15, a peak at 1542 cm-1 

appeared after the functionalization. It has been reported in the literature 

before that this refers to the (C-N-H) amide II (Rück-Braun et al., 2013; 

Sharifi et al., 2013; Stover et al., 2015; Thanh & Green, 2010). The amide 

group was formed after the interaction between (COOH) in the antibody and 

(NH2) in the Fe-BSA. Nanodrope was the third way to confirm the CD44 

immobilization to Fe-BSA NWs. Based on the data in fig.16, the protein 

concentration on the functionalized NWs is higher than on the Fe-BSA NWs. 

In fact, the amount of anti-CD44 antibody immobilized onto the NWs is 0.005 

mg/ml. 

 

The last chapter concerned the cytotoxicity study of pure Fe, Fe-APTES, Fe-

BSA and CD44-BSA NWs. To evaluate the cytotoxicity of these different 

types of NWs on the cells, an XTT assay was performed on the cells incubated 

with the NWs for 24 h. Cells without any treatment and the NWs without 

any cells were used as the controls. The XTT results showed that the cell 

viabilities with Fe NWs gradually decreased when the ratio of NWs/cell, 

increasing. However, the viability values remained above 90% (see fig.18). 

These results are consistent with previous studies conducted in our group 

that were using colon cancer cells and nickel NWs (Contreras, 2015). When 

the ratio was 150 Fe NWs/cell 97% cells viability was obtained, while no 
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toxicity was noticed in all of Fe-APTES, Fe-BSA or functionalized NWs. 

Detecting results above of 100% in case of both coatings and CD44-BSA 

suggests the possibility that the treated cells may show an increase in the 

mitochondria’s enzymatic activity without actually having an effect on the 

cell number or cell viability (Jaszczyszyn & Gasiorowski, 2008).  
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3.2 Conclusions 

 

This work demonstrated four achievements: Fe NWs were coated with (1) 

APTES and (2) BSA and for both (3) of them internalization into suspension 

leukemic cells (HL 60) has been shown through using pHrodo red dye. In 

addition (4), the coated Fe NWs were successfully functionalized with 

monoclonal CD44 antibody by using EDC/NHS cross-linking and they showed 

a high level of biocompatibility. 

TEM images proved the successful coating of Fe NWs with BSA to produce 

Fe-BSA NWs with free amine groups on the surface. These groups 

contributed to the functionalization process and the association of the pHrodo 

red dye to study the NWs internalization. 

Both coated Fe NWs with APTES and BSA showed cells internalization, 

whereby the Fe-APTES NWs seemed to internalize more efficiently than Fe-

BSA NWs. However, this could be due to the higher amount of pHrodo red 

dye attached to APTES than BSA, because of the larger number of free amine 

groups on APTES. 

In order to increase the number of internalized NWs, Fe-BSA NWs were 

functionalized with anti-CD44 using EDC/NHS coupling. Functionalization 

was confirmed by the appearance of amid groups in the FT_IR, which are 

produced by the interaction between the ester group on the anti-CD44 and 

the amine group on the NWs.  Also, nanodrop showed a high level of proteins 
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for the functionalized NWs compared to the non-functionalized ones. Further 

confirmation was obtained via fluorescent-labeled secondary antibodies, 

which detected the primary CD44 antibody on the functionalized NWs by 

confocal microscopy and GloMax®-Multi Detection System. 

An XTT assay demonstrated the high level of biocompatibility for all of the 

coated and functionalized Fe NWs. For a ratio of 150 NWs per cell more than 

100% cell viability was found compared to the pure Fe NWs that showed 97%, 

which is also a very high value. 

In future studies, focus will be put on analysis of the specificity of these 

newly generated Fe NWs. Further, the effect of functionalizing NWs on 

internalization will be studied. Then, the possibility of killing the cells by 

applying a magnetic field will be evaluated for the final goal of using this 

method as an anti-cancer therapy to specifically target and kill leukemic 

stem cells while allowing healthy differentiating blood cells to thrive.  
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