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ABSTRACT 

Cytotoxicity and Effects on Cell Viability of Nickel Nanowires 

José Efraín Pérez Rodríguez 

 

Recently, magnetic nanoparticles are finding an increased use in biomedical applications 

and research. Nanobeads are widely used for cell separation, biosensing and cancer 

therapy, among others. Due to their properties, nanowires (NWs) are gaining ground for 

similar applications and, as with all biomaterials, their cytotoxicity is an important factor 

to be considered before conducting biological studies with them. In this work, the 

cytotoxic effects of nickel NWs (Ni NWs) were investigated in terms of cell viability and 

damage to the cellular membrane. 

Ni NWs with an average diameter of 30-34 nm were prepared by electrodeposition 

in nanoporous alumina templates. The templates were obtained by a two-step 

anodization process with oxalic acid on an aluminum substrate. Characterization of NWs 

was done using X-Ray diffraction (XRD) and energy dispersive X-Ray analysis (EDAX), 

whereas their morphology was observed with scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). Cell viability studies were carried out on 

human colorectal carcinoma cells HCT 116 by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide) cell proliferation colorimetric assay, whereas the lactate 

dehydrogenase (LDH) homogenous membrane fluorimetric assay was used to measure 

the degree of cell membrane rupture. The density of cell seeding was calculated to 

http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Thiazole
http://en.wikipedia.org/wiki/Phenyl
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obtain a specific cell number and confluency before treatment with NWs. Optical 

readings of the cell-reduced MTT products were measured at 570 nm, whereas 

fluorescent LDH membrane leakage was recorded with an excitation wavelength of 525 

nm and an emission wavelength of 580 - 640 nm. 

The effects of NW length, cell exposure time, as well as NW:cell ratio, were 

evaluated through both cytotoxic assays. The results show that cell viability due to Ni 

NWs is affected depending on both exposure time and NW number. On the other hand, 

membrane rupture and leakage was only significant at later exposure times. Both 

cytotoxic assessment assays showed an earlier cytotoxic effect in case of shorter NWs, 

with longer ones having a more marked toxicity, albeit with a delay in time. These 

findings demonstrate that different levels of biocompatibility can be obtained with 

specific doses and properties of Ni NWs and can serve as guideline for future 

experiments.     
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Chapter 1 

Introduction 

1.1 Magnetic nanoparticles in biomedical applications 

Magnetic nanostructures have had a substantial impact in biomedical research thanks to 

the broad range of applications they can offer. Over the past few years, due to the 

progress in nanofabrication and imaging, the field of nanomagnetism has seen a steady 

growth, with nanostructures that can perform multiple functions becoming more 

relevant [1]. This, in turn, has led to a marked utilization of nanostructures as tools for 

understanding cellular processes and as the main agents for a wide range of 

applications. 

 Magnetic nanoparticles (MNPs), also referred to as nanobeads, are some of the 

most widely used nanostructures in the biomedical field.  Most of them have a spherical 

shape, consisting of a magnetic core and a shell that allows the functionalization of 

bioactive ligands for the application they are targeted to [1]. Advantages of MNPs given 

by their preparation methods are their controllable size and shape [2], as well as their 

stability in water at pH 7 and in a physiological environment [3], high magnetization 

values and narrow particle size distribution [4], all of which are required for the 

different kinds of biomedical applications they are used in.  
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 As the smallest capillary diameter is 4 µm, MNPs that are larger than that will be 

captured and withheld in the lungs, while those in the range of 100 nm – 4 µm have a 

tendency to be phagocytosed through liver cells or filtered by the venous sinuses of the 

spleen. Therefore, as larger MNPs are metabolized faster and have a shorter plasma 

half-life period, MNPs with narrow size distribution and an average size smaller than 100 

nm are preferred [5]. 

 High magnetization values allow MNPs to be controlled and manipulated by an 

external magnetic field gradient [2]. Thus, they can be controlled when directed inside 

the human body and then be ultimately settled in the target tissue, organ or tumor for 

the desired purpose [3].  

 MNPs should be sufficiently small so that precipitation due to gravitational forces 

can be avoided when in solution, and therefore the colloidal stability is maintained. The 

charge and surface chemistry also affect their stability, giving rise to protein interactions 

in the form of their adsorption on the particle surface [5]. The use of particles in the 

nanoscale size decreases this problem to some degree and it also helps to diminish the 

dipole-dipole interactions between them [3]. 

 Some in vivo applications also require MNPs to have biocompatible surface coatings, 

which allow a targeted delivery and particle localization in a specific area [4]. Methods 

such as precipitation or encapsulation in polymeric/inorganic matrices can provide such 

coatings, preventing structural changes, particle aggregation and biodegradation when 
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in a biological environment [3] and may also enhance the binding of the MNPs to drugs, 

proteins or antibodies for further applications [4]. 

 There are different methods published for MNP preparation that have successfully 

achieved the tuning of the previously mentioned characteristics, with some of the most 

popular ones including coprecipitation, microemulsion, thermal decomposition, 

microwave assisted, chemical vapor deposition and combustion synthesis [6]. 

 Superparamagnetic nanoparticles are the most widely utilized kind in biological 

settings. Frenkel and Durfman [7] first predicted that a particle below a critical size (15 

nm for the most used materials) would consist of a single magnetic domain, and thus be 

in a state of uniform magnetization at any field. Superparamagnetism is an analogy 

between the behavior of the magnetic moment of a single atom and that of the much 

larger magnetic moment of a nanoparticle due to the coupling of many atoms [5]. When 

superparamagnetic, nanoparticles are magnetic in the presence of an external magnetic 

field, but lose the magnetization when the field is removed. In the case of a living 

system, this quality allows the manipulation and guiding of the MNPs when they are in a 

magnetic field gradient without losing the stable colloidal suspension, while at the same 

it prevents particle agglomeration due to magnetic forces when there is no field applied 

[5, 6]. 

 Among the different ferromagnetic crystalline materials are iron, cobalt and nickel. 

Magnetite (Fe3O4) is one of the most magnetic of all minerals in nature. This, when 
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coupled with their low toxicity to humans [8], makes superparamagnetic iron oxide 

nanoparticles (SPION) the most used in biomedical applications [6]. 

 Iron oxide nanoparticles have been heavily utilized as cell labeling and contrast 

agents over the past decades. Simple incubation methods with monocrystalline iron 

oxide particles have proven efficient for cell labeling and in vivo tracking with magnetic 

resonance imaging (MRI) [9, 10]. Efforts at SPION modification with biomolecules to 

assemble target-selective systems and enhance contrast in MRI have also been 

published [11]. Furthermore, advances in human stem cell labeling with MNPs have also 

been made [12]. 

 Thanks to their size compatibility and high magnetization only in the presence of a 

magnetic field, SPIONs are potential candidates for targeted drug delivery [13]. Some 

achievements in this area include the use of different surface coatings for drug 

encapsulation [14] and targeted drug delivery to experimental tumors in vivo [15]. 

 Extensive research has also been done on hyperthermia with MNPs. Hyperthermia is 

a novel experimental cancer treatment with great potential based on the destruction of 

cancer cells with localized heating (>41-42 ᵒC), a quality that MNPs exhibit when placed 

in an alternating magnetic field [2], as it flips the magnetization direction between the 

parallel and antiparallel orientations, resulting in a transfer of magnetic energy to the 

particles in the form of heat [6]. Current clinical magnetic hyperthermia trials focus on 

the optimization of thermal homogeneity at the cell-killing temperatures [3]. For this 

purpose, superparamagnetic silica-iron oxide nanocomposites have been compared to 



17 
 

SPIONs regarding the heat power loss [16], and important studies showing the size-

dependant heating rates of these particles have been demonstrated [17], showcasing 

the need for robust fabrication methods to produce uniform nanoparticles with a 

narrow size distribution. One of the main problems of the hyperthermia approach lies in 

its specificity: while cancerous cells are more sensitive to heat than non-tumorous cells, 

the difficulties associated with their targeting pose a limitation in a complete magnetic 

hyperthermia therapy [16].  

 Additionally, MNPs show some properties adequate for biosensing [18], such as 

when coupled with magneto-mechanical traps which are able to differentiate 

standalone nanobeads from nanobeads tagged with biological targets based on size 

difference [19]. Finally, MNPs also find some applications in cell separation and 

concentration and DNA purification [20-22]. 

 

1.2 Magnetic nanowires 

Magnetic NWs possess distinctive properties that make them stand out compared to 

other nanostructures. NWs, unlike nanobeads, have anisotropic structures with high 

aspect ratios. The optimization of the properties of NWs for the desired biomedical 

applications depends heavily on the controllability of their size, shape, composition and 

surface chemistry. Their diameter can be tuned from sizes ranging from 3 nm up to 

more than 1 µm, with lengths up to a 100 µm [23, 24]. The composition of NWs along 
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their axis can be precisely modulated in the form of single-segment and multi-segment 

NWs, allowing precise control of their properties [1]. By modifying the diameter, 

thickness and composition of the magnetic/non-magnetic segments of multi-segment 

NWs many important magnetic properties can be modulated, such as their coercivity, 

saturation field, remanent magnetization and the orientation of the magnetization axis 

[24]. 

 It has also been shown that the magnetic moment of NWs per unit of volume may 

be larger compared to MNPs [25]. Furthermore, due to their shape and anisotropy, NWs 

can be used to exert not only translational forces but also torques [26]. 

 Magnetic NWs can be biofunctionalized by using ligands such as antibodies that bind 

selectively to the segments of a multicomponent wire [27]. Biofunctionalization allows 

for directed cell specificity, enhancing the spectrum of biological applications, as well as 

biocompatibility and solubility. 

 There are several NW fabrication techniques used nowadays. Top-down fabrication 

methods include electron beam lithography [28], though it is expensive and does not 

perform well for an industrial approach [29]. Self-assembly of molecules is a bottom-up 

fabrication method that is cheaper, though it is difficult to get the NWs nicely arranged 

and patterned [30, 31]. By far the most widely used method for NW fabrication is the 

template-assisted electrodeposition, explained in chapter 2. Its cost-effectiveness, 

versatility and ability to control NW aspect ratios make it the leading manufacture 

technique [23]. 
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 Different kinds of nanomaterials are being investigated for biomedical applications. 

Silica NWs have been the focus of recent studies, as they have been proven to be well 

suited for conjugation of large proteins and other biomolecules, making them feasible 

for targeted drug delivery [32]. Interaction between functionalized silicon NWs and cells 

in the form of internalization has also been studied [33]. Differentiation of human 

mesenchymal stem cells has been regulated by stereotopographical cues when cultured 

on a silicon NW matrix [34]. 

 While there are not many current biomedical applications where iron NWs are 

utilized, they have been characterized and shown to be able to manipulate cells while in 

the presence of a magnetic field [23]. Cytotoxicity and internalization studies have also 

been carried out [35-37], showing the potential this material possesses for biomedical 

applications factoring in cell viability and taking into account the natural properties that 

give NWs an advantage over MNPs. 

 Ni NWs are one of the most widely used nanostructures. Reich and colleagues have 

widely researched cell manipulation and separation using Ni NWs, finding an 

optimization of the separation yield when the length of the NW matches the cell 

diameter, as well as a better performance in purity and yield than MNPs [25, 26, 38]. 

The same group has also managed to successfully manipulate the spatial organization of 

cells through Ni NWs coupled with micromagnet arrays [39]. In addition, cell separation 

techniques that take advantage of antibody functionalization to target specific cells have 

also been explored [40]. Ni NWs have shown to also facilitate cell contact guidance 
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when different cell lines are cultured and grown on cover slips with pre-aligned NWs 

through an external magnetic field [41]. 

 Beside cell manipulation and separation, targeted drug delivery is a potential 

application that is being currently studied: it has been reported that Ni NWs are capable 

of transporting colloidal cargo when under a uniform rotating magnetic field [42]. 

 Further applications include eradication of living cells. Research groups have 

presented different methods to induce cell death, paving the way for potential cancer 

treatment therapies [43-45]. Two of them consist in the application of an alternating 

current magnetic field to internalized Ni NWs, causing a spinning/agitation effect and 

inducing cell inflammation and death. The third one has to do with the very much 

studied hyperthermia effect, remotely heating the NWs in internalized cells with radio 

frequency electromagnetic fields. Thanks to the increased surface area of NWs, a more 

efficient cell targeting can be achieved, while NW magnetic properties allow for the 

induction of hyperthermia at lower field strengths, thereby reducing the damage to 

untargeted cells. 

 

1.3 Relevance of toxicity studies for magnetic nanowires 

Outside the desired interactions for the specific application nanostructures are tailored 

for, cellular-nanostructure interactions are currently not fully understood. Before actual 

in vivo therapy can be carried out, any material intended for biological use needs to be 
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approved by the corresponding healthcare agencies. For this to happen, extensive 

toxicological studies that take into account all the interactions between the material 

with human cellular tissue need to be completed, proving that it can be tolerated for 

long periods of time. This naturally also applies to nanomaterials such as MNPs and 

magnetic NWs. 

 As previously mentioned, in the case of MNPs, iron oxide is the preferred material 

for biomedical applications, as all the different studies with them suggest. The recent 

approval by the Food and Drug Administration in the United States of a SPION based 

drug for clinical use further encourages their use [8]. However, for magnetic NWs, not 

much research has been done regarding the possible alterations and activation of 

degradation routes they can cause in different cellular tissue. 

 Uptake and internalization of NWs is one of the processes with some relevant 

information documented about it over the past years. While soluble cations such as Ni2+ 

can enter the cell via calcium channels, the divalent cation receptor or by diffusion, 

insoluble, bigger compounds such as NWs do so by phagocytosis [46]. More specifically, 

it has been reported that NW internalization takes place through the activation of the 

integrin-mediated phagocytosis pathway [25], a well known process in which several 

integrin membrane receptors link the actin cytoskeleton to extracellular components, 

driving the cell membrane to engulf the foreign particle for internalization and final 

degradation [47]. After 24 hours of incubation, most NWs are located in the cytosol, 

with a small fraction (14 ± 5%) located in late endosomal/lysosomal compartments, 
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where, probably due to the decrease in the internal pH, they are broken up into smaller 

aggregates to fit into said vesicles and be further degraded [37]. 

 It has also been found that mitochondria produce a response in the presence of 

NWs, and that they tend to have a preference to accumulate close to the cell nucleus 

membrane [36], but not inside of it [37]. 

 There have been diverse approaches to assess the cytotoxicity of NWs in terms of 

cell viability. Iron NWs have been found not to affect cell viability of model HeLa cells 

with concentrations up to 1000 NWs per cell and for incubation times as long as 72 

hours [35]. Iron oxide NWs, in a similar study, showed no cytotoxic effects when 

incubated for 24 hours at 250 NWs per fibroblast cell [37].  

 On the other hand, one of the most complete works on Ni NWs’ cytotoxicity is that 

done by Byrne and coworkers through high content analysis, where they showed that Ni 

NWs do not affect the viability of monocytic cells for low incubation times (10 hours) 

and for concentrations lower than 100 NWs per cell [48]. In a similar setting, Ni NWs 

were also found to decrease cell viability to 90% in endothelial cells with a NW:cell ratio 

of 5:1 when incubated for 24 hrs [40]. Depending on the concentration of Ni NWs, they 

can also induce different levels of apoptosis on pancreatic cells [49]. Longer incubation 

times (40 hours) of pancreatic cells treated with bare Ni NWs and Ni NWs coated with 

gold yielded 15% more cell viability when using the latter one [50], probably due to the 

known biocompatibility of gold [51]. 
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 All the mentioned studies outline the importance of biocompatibility and toxicity 

studies of NWs before moving forward into fully utilizing them for their final biological 

applications in vitro or in vivo. Nevertheless, there are many aspects of the material-

tissue interactions that remain unknown and still need to have light shed on them, such 

as the complete profile of intracellular alterations or the long term effects of these 

nanostructures at the cellular level, which can prove to be time consuming and difficult 

to analyze experimentally. 

 

1.4 Motivation 

Given the broad spectrum of applications of Ni NWs in biology, coupled with the 

advancement in studies of cytotoxicity for this ferromagnetic metal in nanostructure 

form, this thesis work seeks to further broaden the understanding of the factors 

influencing the loss of cell viability due to the presence of Ni NWs in a model cell culture 

tissue. 

 Most of the research done on cytotoxicity with pure Ni NWs so far focuses on 

finding their effects on cell viability at incubation times shorter than 24 hours. As 

mentioned before, during this time period the NWs are still located either in the cytosol 

or in vesicle compartments, meaning that they have not been fully degraded and may 

very well still be altering cellular function. At the same time, only a handful of NW 
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concentrations and aspect ratios have been used, thereby gaining limited information 

on the scope of cellular growth when cocultured with Ni NWs. 

 For the reasons stated above, the research presented here seeks to address some of 

the changes in terms of cell viability that cells may experience when grown in the 

presence of Ni NWs with different aspect ratios, at different NW / cell concentrations 

and at incubation times longer than 24 hours to elucidate any changes cells may go 

through at these so far not well known stages. 

 For this purpose, cell viability is assessed in the form of two well known methods. 

The MTT colorimetric assay evaluates cellular function at the mitochondria level, while 

the LDH homogenous membrane assay, a fluorometric technique, looks at the degree of 

LDH leakage from cellular cytoplasm, showing how much damage cellular membrane 

undergoes in the presence of NWs. These two techniques, combined with the different 

parameters tested, yield useful and more complete information regarding the 

assessment of the cytotoxic effects of Ni NWs. 

 

1.5 Thesis outline 

The following chapters present the results obtained through the different experiments 

done within this thesis work timeframe, along with their relevance in the field. All the 

methodologies and techniques that were followed are contained and therefore 

explained in the same chapters. 
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 Chapter 2 covers the process followed for the fabrication of Ni NWs and their 

characterization. The steps of the preparation process are explained, from the 

preparation and cleaning of the sample, to the formation of pores and final deposition 

to obtain the desired lengths. Steps necessary before the application of NWs to the 

cellular microenvironment are also described, such as NW release from the template, 

their cleaning and NW quantification method. NW morphology, aspect ratios, size 

distributions and the effects caused by sonication when dispersed in solution are 

presented through imaging techniques, as well as elemental composition analyses. 

 In chapter 3 the biological aspect of the study is explained, from the basis of the 

MTT and the Homogenous Membrane Assays to the cell culture and counting 

methodologies followed. The experimental setup used to test the toxicity of NWs is 

described, as is the treatment of cells. 

 Chapter 4 presents the results obtained from all the experiments and presents the 

relevant information learned from them about the cytotoxic effects of Ni NWs. Finally, 

further studies to gain new information about the interaction of NWs and cells are 

proposed. 
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Chapter 2 

Nanowire fabrication and characterization 

2.1 Electrodeposition of nanowires on nanoporous alumina 

templates 

The fabrication of NWs was done using the well known electrochemical deposition 

method on nanoporous alumina templates [52-55]. As mentioned before, this method 

has proven to be one of the most widely used by industry and research laboratories 

alike, thanks to the advantages in cost and versatility regarding the modulation of the 

aspect ratio of the NWs [23, 24]. The step by step process followed to obtain the sample 

NWs for this thesis’ studies is summarized here and explained in detail in the following 

sections. 

 An aluminum (Al) substrate was used as the base of the process, in this case, a 

99.999% pure Al disk (GoodFellow) with a thickness of 0.5 mm and a diameter of 2.5 cm. 

After a thorough cleaning step and electropolishing of its surface to ensure an even 

surface pattern, a first nanoporous alumina (Al2O3) layer was grown on top of the Al 

disk through a first anodization step with oxalic acid. This layer was then removed to 

take advantage of the morphologies at its interface with the Al substrate, used to grow a 

second, highly ordered nanoporous layer through a second anodization step. As alumina 

is non-conductive and current needs to flow through the Al substrate for the deposition 
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of NWs, dendrites were then created as pathways between the bottom of the pores and 

the Al substrate. Finally, electrodeposition of a Ni ion solution yielded Ni NWs with a 

length distribution dependent on the deposition time. 

 

2.2 Substrate preparation and cleaning 

2.2.1 Cleaning 

Before starting the fabrication the Al disk requires cleaning and pretreatment. This 

ensures an even surface of high quality with low contamination and low roughness, 

which makes the formation of pores for the subsequent electrodeposition of NWs more 

ideal. When the templates are not properly cleaned, samples tend to have defects that 

could impede the success of the process at later steps. The initial cleaning procedure 

was as follows: 

1. Al disk template was washed thoroughly with deionized (DI) water. 

2. Acetone (C3H6O) and isopropanol (C3H8O) were used to clean the template 

surface, followed by rinsing with DI water. 

3. Sample was sonicated in a water bath for 10 minutes to further remove 

contaminants from the Al disk surface. 

4. The final cleaning step involved immersion of the sample for 5 seconds in a 

cleaning solution at 60 ᵒC consisting of 69% DI water, 20% hydrochloric acid, 10% 

nitric acid and 1% hydrofluoric acid. 
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2.2.2 Electrochemical polishing 

Electropolishing is an electrochemical process used to dissolve oxidized material from a 

metallic workpiece. It requires a suitable electrolytic solution, and it has been used 

before to create nanopatterns on Al surfaces, as well as for reducing its roughness [56, 

57]. After the Al template is thoroughly cleaned an even surface on which pores may be 

formed is obtained by electropolishing (Fig. 2.1A). In order to do this, the Al disk piece 

was immersed in an electrolytic bath consisting of 75% ethanol (C2H5OH) and 25% 

perchloric acid (HClO4) [58], which was maintained at a temperature of 4 - 10ᵒC and 

under constant magnetic stirring. 

 The Al disk acted as the anode, connected to the positive terminal of a direct current 

(DC) power supply, while a platinum (Pt) wire mesh was connected to the ground 

terminal. A voltage of 25 V was applied between both electrodes, which caused current 

to pass from the anode (Al disk) to the cathode (Pt mesh), oxidizing the Al surface and 

then dissolving it in the electrolyte. The electropolishing time was set to 3 minutes per 

sample, after which the sample was rinsed with DI water several times. The setup 

utilized for electropolishing is shown in Fig. 2.1B. 

 The value of voltage used has been found to be in the optimal range to obtain even 

nanoscale morphologies on the Al disk surface at the end of the process, such as pits 

and stripes. For the electrolyte used, such morphologies are not formed when 

decreasing the electropolishing voltage, whereas increasing it makes the process 
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unstable due to the production of hydrogen gas [59]. These morphologies are important 

for pore nucleation, as their texture guides the nanopore growth, which is the next step 

in the fabrication process [58].  

 

 

2.3 Creation of nanopores by two-step anodization process 

Anodization refers to the increase of thickness of the natural oxide layer present on the 

surface of metals when in an acidic electrolyte, and its two-step process on aluminum to 

create ordered porous nanoarrays was first implemented in 1995 [60]. During a first 

anodization step, pores nucleate in random positions at the anodized surface, yet at the 

 
Figure 2.1. Electropolishing of the Al disk. (A) SEM images of the Al disk before and after cleaning and 
electropolishing. This step assures a high quality Al substrate on top of which nanopores may be grown; (B) Setup 
used for electropolishing. 
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Al / oxide layer interface ordered domains are observed. Complete removal of the 

created oxide layer leaves only the Al with the pre-patterned, ordered domains on its 

surface, on top of which a second anodization step is run to obtain a highly ordered 

nanoporous surface [58]. This nanoporous surface shows pores with a narrow diameter 

distribution arranged parallel to each other, serving as the mold for NW growth. 

2.3.1 First anodization 

The clean and electropolished Al disks were mounted in an anodization cell (Fig. 2.2), 

consisting of a Teflon circular container. The electrolye used was a 0.3 M oxalic acid 

solution, which produces pores with a diameter in the range of 35 - 50 nm. 

 

 The Al disk was placed at the bottom of the anodization cell, sealing it with an O-ring 

to prevent oxalic acid leakage. A copper (Cu) plate sealed the whole system while also 

acting as a cooling plate and as the anode, being in direct contact with the Al disk, which 

 
Figure 2.2.  Anodization cell setup. The same cell is used in the subsequent steps for NW fabrication. 
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in turn was in contact with the electrolyte. A Pt mesh was used as the cathode of the 

process, and mechanical stirring was applied through a rotor operated by a DC motor to 

maintain the homogeneity of the solution. 

 To start the electrochemical process, a sourcemeter (Keithley 2400-C) was used to 

apply a DC voltage of 40 V between the electrodes, lasting for 24 hours. For oxalic acid, 

this voltage value has been found to be optimal for the arrangement and structure of 

the ordered domains, while the long anodization time yields larger regions without 

defects [60]. The temperature was maintained at ~ 4 ᵒC through a refrigeration system. 

After the anodization, a nanoporous film consisting of amorphous alumina was formed, 

creating ordered domains on the Al substrate in the process [61] [Fig. 2.3]. The oxalic 

acid solution was removed and the anodization cell was washed thoroughly with DI 

water to remove traces of the acid. 

 

 

 
Figure 2.3.  First anodization of the Al disk. (A) After 24 hours of anodization on the clean and electropolished Al disk, 
a layer of alumina with randomly oriented nanopores can be observed, as well as the ordered domains at the Al / 
Al2O3  interface; (B) SEM image of the non-ordered nanopores after the first anodization. 
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2.3.2 Etching of the alumina layer 

To take advantage of the ordered domains on the Al surface, the alumina layer must be 

completely removed in order to grow parallel pores with a narrow diameter distribution 

in the subsequent step. Thus, a chrome solution consisting of 0.66% chromium (VI) 

oxide (CrO3), 3.77% phosphoric acid (H3PO4) and 95.55% DI water was added to the 

anodization cell and left for 12 hours on a hot plate at 30 ᵒC and without stirring. 

 At the end, the ordered domains on the surface of the Al disk were revealed, 

marking the spots where the nucleation of ordered nanopores will take place during the 

second anodization step (Fig. 2.4). The chrome solution was then removed and the cell 

was washed with DI water. 

 

 

 

 
Figure 2.4.  Etching of the alumina layer. (A) The formed alumina layer during the first anodization was removed, 
revealing the ordered domains on the Al substrate as setup for the second anodization step; (B) SEM image of the Al 
substrate after etching of the alumina layer. Domains can be observed in an arranged manner. 
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2.3.3 Second anodization and reduction of the barrier layer 

To obtain an ordered nanoporous layer, a second anodization process was run on the Al 

disk with the preformed ordered domains. The same setup with the same conditions 

and electrolyte were used for this step (Fig. 2.2), with the only exception being the time 

of anodization, which determines pore depth. Anodization time was varied between two 

and four hours, proving sufficient for the desired NW lengths (Table 2.1). Fig. 2.5 shows 

the nanoporous layer resulting from the second anodization process. 

 

 In preparation for the electrodeposition step and to be able to take advantage of the 

nanopores as templates for the NW growth process, the non-conductive barrier layer of 

Al2O3 at the bottom of each pore must be reduced to allow the flow of current [58]. To 

achieve this, a step-like, exponentially decreasing voltage starting at 40 V and stopping 

at 4.5 V and at 16 seconds per step was applied to the anodization cell setup with oxalic 

acid, creating dendrites at the bottom of each pore that would serve as a current path 

 
Figure 2.5.  Second anodization.  (A) Highly ordered pores with narrow diameter size distribution were obtained on 
top of the ordered domains revealed by the etching with chrome solution; (B) SEM image of ordered nanopores after 
the second anodization. 
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through the alumina layer (Fig. 2.6). Dendrites are new pores formed at the bottom of 

each original pore when a step-like decreasing potential starting at 40 V (the same one 

for both anodizations) is applied. However, as the pore diameter depends on the 

potential applied, and in this case it is step-like decreasing, the pores get narrower as 

they form, decreasing the thickness of the barrier layer in the process. When the 4.5 V 

step is reached, a thickness of the barrier layer of ~8 - 10 nm is achieved, which is 

sufficient for electrodeposition to take place [58]. 

 At the end of the reduction step, oxalic acid was removed and cell was washed 

gently with DI water, as after this step the formed alumina template is fragile and easy 

to break. 

 

 

 

 

 
Figure 2.6.  Formation of dendrites through reduction of the alumina layer. After the second anodization step, small 
channels were open at the bottom of each pore to allow the flow of current in the subsequent step. 
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2.4 Fabrication of nanowires by electrodeposition 

Electrodeposition or electroplating refers to the process of which reduction of metal 

cations dissolved in an electrolytic solution takes place when electrical current is 

applied, forming a metal coating on an electrode [61]. Pulsed electrodeposition was 

used as the last step of NW fabrication, as it is the most widely used thanks to its 

stability and uniform deposition of NWs [54].  

 The solution used for electrodeposition of Ni consisted of 14.5% Ni (II) sulfate 

hexaydrate (NiSO4·6H2O), 2.4% Ni (II) chloride hexahydrate (NiCl2·6H2O), 2.77% boric 

acid (H3BO4) and 80.3% DI water. Once again, the previously mounted cell was used as 

the setup for this process (Fig. 2.2). The cell was filled with the Ni electrolyte solution 

and with the Al disk on top of the Cu plate acting as the cathode and the Pt mesh as the 

anode. Then, a sourcemeter (Keithley 2400-C) was used to apply a pulsed current / 

voltage profile while temperature was maintained at ~40 ᵒC without stirring (Fig. 2.7). 

 
 

Figure 2.7.  Applied current / voltage profile for electrodeposition. 
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 Previous NW deposition methods include those using DC [62] or alternate current 

(AC) [63]. However, it has been proven that DC deposition fills the pores uniformly, 

whereas AC deposition does not allow as good control over the deposition rate and ion 

concentration at the deposition interface compared to pulsed electrodeposition [54]. A 

uniform deposition of nearly every pore with a small change in growth rate can be 

achieved with a current / voltage profile for electrodeposition. 

 During the first pulse of the profile, a constant current density of 30 mA / cm2 flows 

for 2 milliseconds, during which deposition of Ni metal occurs by dissociating the Ni salts 

and reducing the Ni cations in them. On the second pulse, a constant voltage pulse of 

4.5 V is applied for 2 milliseconds. This pulse is used to discharge the barrier layer, while 

also helping to repair cracks produced by the first pulse [58]. The final phase is a resting 

time of approximately one second, in which the ion concentration in the pores is 

replenished before the next deposition pulse in the cycle takes place.  

 The parameters used in the electrodeposition of NWs in this work have been 

experimentally optimized, and both are dependent on the material to be 

electrodeposited. The applied current density during the first pulse is related to the 

number of deposition centers in each pore [54], while the value of the voltage pulse 

should be the same as the final voltage of the step-like profile of the barrier layer 

reduction, otherwise the nanoporous alumina layer may be damaged [58]. 

 Electrodeposition was run for times between 45 minutes – 3:30 hours, depending on 

the desired NW length (Table 2.1). The cell was dismantled and all its parts washed with 
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DI water, as well as the Al disk. At the end of this process, the alumina nanopores were 

filled with metallic Ni, yielding a template with Ni NWs embedded in it (Fig. 2.8). It 

should be noted that NWs present a length distribution due to the growth rate being 

different for each pore, as the barrier layer thickness varies from pore to pore. 

 

 

2.5 Nanowire release and cleaning 

To use NWs for the desired application, they must be released from the Al disk and 

alumina template and be suspended in solution. Depending on the NW quantity 

needed, a piece of the Al disk was cut using a single-edged blade. It is important to know 

the dimensions of the deposition area to estimate the number of NWs (section 2.6.5), so 

an image of the Al piece with a scale bar was necessary before NW release (Fig. 2.9). For 

most of the experiments of this research, one third of the Al disk proved enough in 

terms of electrodeposited area.  

 
Figure 2.8.  Ni NWs formation after electrodeposition. (A) The applied pulsed current / voltage profile allows the 
deposition of Ni in the pores and dendrites created during the second anodization and reduction steps, respectively. 
(B) Al disk showing the deposition area. 
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 Following methods reported in literature [42, 48-50], the Al disk piece was put in an 

Eppendorf tube and 1 mL of 1 M sodium hydroxide (NaOH) was added and left for 

approximately 20 minutes. After dissolution of the alumina layer, the deposited NWs 

were released and the bare Al disk was removed. Using an Eppendorf magnet holder 

(DynamagTM-2), NWs were collected on one side of the tube and the NaOH solution was 

removed and replaced with ethanol, resuspending the NWs in it for them to be washed 

and disinfected. Ethanol was replaced several times in order to remove all traces of 

NaOH. 

 The Eppendorf tube was then placed in an ultrasonic water bath for 5 minutes to 

evenly disperse the NWs in the solution. As a last cleaning step, ethanol was changed 

once more to remove alumina traces that may have been caught in between NW 

aggregations. The clean NWs in suspension stock served as the basis for their 

characterization, as well as the biological experiments. 

 

 
Figure 2.9. Al disk with deposited area. The black surface denotes area of deposition, whereas grey surface 
corresponds to bare Al substrate. Scale bar shown. 
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2.6 Nanowire characterization 

Sample preparation for SEM and TEM imaging of the NWs in solution was done by 

taking 2 µL of the NW stock in ethanol, placing it on top of a silicon substrate / Cu-

carbon mesh, respectively, and letting it dry.  

 SEM imaging of alumina template with deposited NWs was done on a small piece of 

the original Al disk, as was for XRD mounting. EDAX followed the same protocol for SEM 

mounting of NWs in solution. 

2.6.1 Structural and elemental composition of nanowires 

Fig. 2.10A shows the XRD spectrum of an alumina template with Ni NWs deposited into 

it. The diffraction peaks may correspond to (111) and (220) planes of face-centered 

cubic Ni, as well as Al, with smaller peaks for alumina and Ni oxide due to some 

oxidation of NWs while exposed to air. It is possible that some interference is present in 

the highest peak, which may be attributed to the materials of the template. 

 EDAX analysis of a sample or released NWs confirmed their Ni composition (Fig. 

2.10B). The peak of silicon is attributed to the substrate used for NW mounting to 

enhance the contrast in the SEM, whereas that of oxygen possibly is again due to the 

oxidation of Ni. 
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2.6.2 Nanowire morphology 

The morphology of a ~3 µm Ni NW is shown in Figure 2.11A. Following the form of the 

ordered nanopore while being deposited, the NW has a straight structure, with a 

diameter between 40 - 45 nm along its longitudinal axis. The dendrites formed during 

the reduction step can be observed at the bottom. A closer look into the NW reveals the 

possible Ni oxide layer around it (Fig. 2.11B). 

 
Figure 2.10. Structural and elemental composition of fabricated Ni NWs. (A) XRD spectrum of alumina template after 
electrodeposition; (B) EDAX spectrum of released Ni NWs on a silicon substrate. 
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2.6.3 Length and diameter distributions 

Three fabrication batches of Ni NWs were prepared for the experiments performed to 

evaluate the length and diameter distribution of the NWs. Their fabrication parameters 

are shown in Table 2.1. To obtain the NWs length distribution, different SEM images 

were taken of each one of the stocks of NWs in solution and the ImageJ software was 

used to count and measure 150 - 200 individual NWs. A similar procedure was followed 

to obtain their diameter distribution, but using SEM images of the pores of the alumina 

template instead. Fig. 2.12 shows the NW samples (released and alumina template 

pores) as seen under SEM, as well as their length and diameter distributions. 

 
Figure 2.11. TEM imaging showing morphology of Ni NWs. (A) A single Ni NW; (B) Close-up image showing Ni oxide 
layer. 
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Figure 2.12. Characterized Ni NWs samples. (A), (B) and (C) represent the different prepared samples, showing the 
alumina template with deposited pores, released NWs and their length and pore diameter distributions. 



43 
 

 

 The time of second anodization determines the depth of the pores. Experimentally, 

it was found that 2 hours of second anodization were enough to deposit 1 µm long Ni 

NWs (sample A). Similarly, 4 hours of anodization produces pores in which 4 – 6 µm long 

NWs can be deposited. Deposition rate, on the other hand, is not only dependent on 

time. The amount of Ni salts of the electrodeposition solution gradually decreases with 

use, limiting the quantity of available deposition material. Changes in temperature may 

also affect deposition rate, as well as the diameter of the pores during the second 

anodization. All these variables define NW length and diameter, and small changes in 

them could explain the differences in the prepared NWs’ aspect ratios. 

2.6.4 Effects of sonication 

As previously mentioned in the cleaning procedure, NWs were subjected to a sonication 

step to evenly disperse them in solution. However, it should be noted that, for longer 

NWs, sonication has the effect of breaking them into pieces (Fig. 2.13), affecting their 

length distribution and the effective number of NWs in solution.  

Sample 2nd anodization Electrodeposition  Length (µm) Diameter (nm) 

A 2 hours 45 minutes 1 ± 0.2 30 ± 2 

B 4 hours 3:30 hours 5.4 ± 1.3 34 ± 2.25 

C 4 hours 3:20 hours 4.74 ± 1.86 32 ± 4 

 
Table 2.1. Parameters of prepared Ni NWs. 
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 The breaking up was observed for the longer NWs prepared, whereas the 1 ± 0.2 µm 

long ones were only dispersed. To correct this effect, the length distribution of the 

former samples was recalculated after the sonication step.  

 The number of NWs was also recalculated for the affected samples. This was done 

by comparing the new length distribution with the original one before sonication and 

rescaling accordingly (equation 1). The initial No. of NWs estimation is explained in the 

following section. 

𝑁𝑜. 𝑜𝑓 𝑁𝑊𝑠 𝑎𝑓𝑡𝑒𝑟 𝑠𝑜𝑛𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = �
𝐿𝑒𝑛𝑔𝑡ℎ 𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑜𝑛𝑖𝑐𝑎𝑡𝑖𝑜𝑛
𝐿𝑒𝑛𝑔𝑡ℎ 𝑎𝑓𝑡𝑒𝑟 𝑠𝑜𝑛𝑖𝑐𝑎𝑡𝑖𝑜𝑛

� (𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑁𝑜. 𝑜𝑓 𝑁𝑊𝑠) (1) 

 

 

 
Figure 2.13. Effects of sonication. (A) Shorter NWs’ length was unaffected after 5 minutes of sonication. (B) ~10 µm 
long NWs were dispersed and broken into smaller pieces while under the same conditions. 
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2.6.5 Estimation of the number of nanowires 

The number of NWs in solution is important within the scope of this work, as they are to 

be used on human cells to evaluate their cytotoxicity in different NW:cell ratios. 

 To estimate the number of NWs in solution, it was first confirmed that every pore 

had a deposited NW it (Fig. 2.14). Based on this, the number of pores was calculated for 

each sample using a defined area of the alumina template imaged by SEM (Fig. 2.12), as 

well as the total deposition area (Fig. 2.9). Using the ImageJ software, the former area 

was calculated using the scale bar of the SEM image, whereas for the latter one the Al 

piece image was segmented by color, so that the black deposition area could be 

detected by the ImageJ software and thus allow an estimation of its area with the 

provided scale bar. The total number of pores (equal to the number of NWs) was 

obtained by rescaling the number of pores to the total deposition area (equation 2). 

𝑁𝑜. 𝑜𝑓 𝑁𝑊𝑠 = �
𝑁𝑜. 𝑜𝑓 𝑝𝑜𝑟𝑒𝑠 ∗ 𝑇𝑜𝑡𝑎𝑙 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑚𝑎𝑔𝑒𝑑 𝑎𝑙𝑢𝑚𝑖𝑛𝑎 𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒

� (2) 

 

 
Figure 2.14. SEM image of partially released Ni NWs. Al disk with deposited NWs was left in chrome solution for 1:45 
hours in order to remove some of the alumina and thus be able to image single NWs present in each pore. NWs are 
represented by white spots, which are surrounded by the dark colored pore. 
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Chapter 3 

Cytotoxicity studies 

3.1 Basis of cytotoxicity studies 

Despite the growing interest on the cytotoxic effects of nanoparticles for their 

subsequent use in biomedical applications, no standardized procedures have been 

outlined for the proper evaluation of nanoparticle cytotoxicity [64]. This makes 

experimental design an important factor for obtaining valuable data that can reflect the 

systemic effects of the nanoparticles. 

 In vivo experiments are ideal for studying said toxicological effects, yet they are 

harder to execute and interpret [64], while also requiring legal approval before they can 

be carried out. On the other hand, in vitro procedures are much simpler. If the 

experiment characteristics are well defined, in vitro methods for toxicological evaluation 

of nanoparticles can well represent the in vivo response. This explains their wider use 

for this purpose. 

 The first variable to consider is the model cell line to be used. There are two possible 

routes when considering this: cancer cells and normal cells. The type of organ tissue of 

origin is also important, as different cell types show distinct physiology, such as different 

proliferation and phagocytic rates [65]. It has been shown that normal cell lines, due to 
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a reduced metabolic and proliferation activity when compared to cancer ones, are more 

susceptible to the cytotoxic effects of nanoparticles [66].  

 It is common for normal cells to enter a quiescent state after a certain number of 

passages and shortly between seeding due to cell-to-cell contact inhibition, disfavoring 

their use for long term toxicity assays [32]. On the opposite, the high proliferation 

activity in cancer cells eases the assessment of toxicity, as their growth conditions are 

not as strict and their low sensitivity to contact inhibition makes them able to continue 

dividing after longer times of incubation. This makes them the most used cell type in the 

literature for toxicological studies [65]. 

 Other important things to consider regarding the design of the study are the cell 

doubling time and the initial cell seeding density. The first one refers to the time it takes 

cells to double in number, while the second one is the number of cells at time zero in an 

experiment or when culturing cells. Each cell has a specific doubling time due to 

different metabolic activity, and this information has to be considered when evaluating 

the number of cells that will be used as the seeding density. A small cell number takes 

more time to reach a proliferating stage and may not be detectable by some of the most 

common toxicity assays. A high number of cells, on the other side, would reach a 

proliferating stage too fast and thus be out of measuring range for these same assays.  

 The choice of the toxicity assay depends on the particular cellular process of 

interest, as each one tackles different cellular aspects. The most popular assays are the 

colorimetric and fluorimetric kinds, due to their sensitivity and scalability. The MTT and 
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LDH assays fall under this category, with the first one evaluating cell viability and the 

second one the toxicity in the form of cell membrane rupture and cell leakage. Other 

assays include the ones assessing apoptosis through enzymatic activity or measuring the 

degradation of DNA.  

 Experimental controls are necessary for test validation of the toxic compound. 

Positive and negative controls are the simplest ones. In the case of toxicity assessment, 

the former ensures a toxic or active effect in the presence of a known agent, whereas 

the latter guarantees no effect will be observed when there is no agent present. 

 Finally, other variables to consider are those regarding the characteristics and 

properties of the agent to be evaluated, as well as the experimental parameters. In the 

case of NWs, important characteristics include their shape, aspect ratios and element 

composition. Among the experimental parameters to be defined are the incubation 

times and dose of NWs used to incubate the cells. 

 The selected values of all the variables mentioned here for the cytotoxicity 

assessment of Ni NWs are summarized in Table 3.1. The detailed experimental design 

description and reasoning behind the values chosen will be discussed in the following 

sections. 
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3.2 Cell culture and number estimation 

The human colorectal carcinoma cell line HCT 116 (ATCC® CCL247™) was chosen for the 

Ni NWs cytotoxicity study. Other than the previously mentioned advantages of 

cancerous cells in cytotoxicity assays, working with a cancer cell line is also helpful in 

providing useful information when NWs are to be used in cancer treatment oriented 

applications, such as the aforementioned inflammation and hyperthermia therapies 

with Ni NWs. The HCT 116 cell line comes from colon epithelial tissue, making it a good 

cytotoxicity model [64], as epithelium represents a common exposure tissue for 

biomaterials. 

Cell line Assay Controls Aspect 
ratios 

NW:cell 
ratios 

Exposure 
times 

 
HCT 116 

 MTT Negative 
333 

 
158 

10:1 
 

50:1 
 

100:1 
 

200:1 
 

1000:1 

24 hours 

Seeding 
density: 2.7 x 
104 in 100 µL 

48 hours 

LDH 

Positive 

333 
 

148 
Doubling 

time: 17:27 
hours 

 

Negative 
72 hours 

Background 

 
Table 3.1. Experimental variables for cytotoxicity assessment of Ni NWs. 
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 As per vendor indication, HCT 116 cells were cultured in McCoy’s 5A modified 

medium (Gibco®), supplemented with 10% fetal bovine serum (FBS) and L-glutamine. 

Cells were grown in a 37 ᵒC humidified incubator with 5% carbon dioxide (CO2). 

Attached HCT 116 cells to the culture flask can be observed in Fig. 3.1. 

 

 For the cytotoxicity studies, cells were grown in 75 cm2 culture flasks. When cells 

were ~80% confluent (covering ~80% of the total flask area), the McCoy’s medium was 

carefully discarded and cells were washed twice with 5 mL of phosphate buffered saline 

(PBS) to get rid of any detached dead cells and cellular debris, as well as to remove 

traces of serum present in the medium. The serum interferes with the 0.25% trypsin 

added in order to detach the cells from the flask: 3 mL for a 75 cm2 flask or 1 mL for a 25 

cm2 one. After 3 minutes of incubation with trypsin at 37 ᵒC, cells were further detached 

by gently tapping the flask. As trypsin can damage the cell membrane when left for 

 
Figure 3.1. HCT 116 cells culture. 
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longer time periods, 3 mL of McCoy’s medium were added to the flask to inactivate it 

and then the entire 6 mL were collected and placed in a 15 mL Falcon tube. 

 Cells were then centrifuged at 1200 RPM for 7 minutes, after which cells sedimented 

at the bottom of the tube, forming a pellet. The 6 mL of medium / trypsin were 

discarded from the tube and replaced with 6 mL of PBS. The cell pellet was gently 

dissolved with a pipette and the Falcon tube was centrifuged again using the same 

parameters. The 6 mL of PBS were discarded and now replaced with a quantity of 

McCoy’s medium depending on the cell number. For subculturing cells, a dilution was 

made in order to seed 2 x 106 cells in a 75 cm2 culture flask (21 mL), or 1 x 105 cells in a 

25 cm2 flask (7 mL) for the growth curve calculation.  

3.2.1 Cell counting methodology 

 The common trypan blue staining technique coupled with a hemocytometer was 

used to estimate the number of cells in a culture flask. Viable cells do not take in the 

trypan blue dye, whereas dead ones do. This allows the differentiation of viable and 

dead cells using an optical microscope and, therefore, can be used to visually count 

them. The hemocytometer is a device used to count cells, consisting of nine squares 

with an area of 1 mm2 each (Fig. 3.2A) and all of them constituting a volume chamber 

with a depth of 0.1 mm, in which cells are mounted for counting after sealing it with a 

glass cover slip (Fig. 3.2B). 
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 In preparation for the counting, a 100 µL sample was taken from the Falcon tube 

containing 3 mL of trypsin plus 3 mL of medium before the centrifugation step in the 

culture protocol. From this 100 µL sample, 10 µL were taken and thoroughly mixed with 

10 µL of trypan blue dye using a pipette. The mixture was then inserted into the volume 

chamber of the hemocytometer. 

 

 The number of cells was visually counted in each one of the nine squares (Fig. 3.2C). 

Each square of the grid contains a volume of: 

𝑉𝑜𝑙𝑢𝑚𝑒 = 𝐴𝑟𝑒𝑎 ∗ 𝑑𝑒𝑝𝑡ℎ = 1 𝑚𝑚2 ∗ 0.1 𝑚𝑚 = 0.1 𝑚𝑚3 = 0.0001 𝑚𝐿 

 
Figure 3.2. Counting methodology. (A) Hemocytometer grid showing the nine squares used for counting (one of them 
in red), each one with a volume of 0.0001 mL; (B) Hemocytometer with a cover slip showing the two chambers in 
which cells can be mounted; (C) Optical microscope image of mounted HCT 116 cells in the central hemocytometer 
square. The number obtained here was averaged with other squares counted, corresponding to cell number per 
0.0001 mL. This number was then scaled to the original volume the sample was taken from. 



53 
 

 The more squares counted the better the approximation of the cell number, as cells 

do not tend to perfectly spread in the chamber. An average value of all squares was 

obtained, representing the number of cells per 0.0001 mL of the medium, trypsin and 

trypan blue mixture. This value was multiplied by the mixture dilution number, which is 

usually two, as the mixture was 50% trypsin / medium with cells and 50% trypan blue 

dye. Finally, to obtain the total cell number grown, the number was multiplied by the 

total volume of cell suspension from which the 100 µL sample came, 6 mL for a 75 cm2 

flask or 2 mL for a 25 cm2 one (equation 3): 

𝑁𝑜.𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 = �
𝐶𝑒𝑙𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑

𝑆𝑞𝑢𝑎𝑟𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑�

0.0001 𝑚𝐿
� (𝑀𝑖𝑥𝑡𝑢𝑟𝑒 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛)(𝑆𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒) (3) 

 

3.2.2 HCT 116 cell line growth curve 

As previously discussed, the cell doubling time is an important factor for biological 

experimental design, as it allows estimation of the number of cells at a given time after 

the initial seeding. In the case of the studies performed here, it is important to know the 

number of cells before the NWs are added to the cell cultures for toxicity assessment. 

 To obtain the HCT 116 cell line’s doubling time, the cell growth curve was first 

calculated. This was done by counting the cell number from a culture flask and then 

diluting in McCoy’s medium to obtain 1 x 105  cells/mL. This initial concentration of cells 

was seeded in five 25 cm2 culture flasks and left growing in the incubator. Every 24 
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hours, cells in one of these flasks were detached and counted using the method 

previously described. The number of cells obtained was used as a point in the cell 

growth curve (Fig. 3.3).  

 

 Using the cell growth curve data points, the doubling time was calculated with the 

Doubling Time software [67]. Cell growth curves usually have an initial lag phase, which 

depends on the area and the number of cells in contact with each other. This can be 

observed in the first three data points of Fig. 3.3. The remaining three data points 

correspond to an exponential growth, where cells are in a proliferating state and the 

rate of increase of cells is proportional to the number of cells present at that time, and is 

defined by a constant of proportionality or growth rate constant. The Doubling Time 

 
Figure 3.3. HCT 116 cell line growth curve. The first half of the curve corresponds to a cell lag phase, characterized by 
a slow growing. Exponential growth of the cells can be observed in the second half of the curve. 
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software does an exponential regression of the growth phase of the cell growth curve, 

fitting the data points into an exponential equation: 

𝑁 = 𝑁0𝑒𝑎𝑡, 𝑤ℎ𝑒𝑟𝑒 𝑎 = 0.9523 (4) 

 N is the number of cells at any given time, N0 is the initial cell seeding density, a is 

the growth rate constant of the cells, which is defined on the basis of doubling time, and 

t is the time in days. To find the doubling time, the equation above must be solved for 

N/N0 = 2: 

𝑁
𝑁0

= 𝑒𝑎𝑡 →  ln �
𝑁
𝑁0
� = ln(𝑒0.9523𝑡) → ln 2 = 0.9523𝑡, 𝒕 = 𝟏𝟕:𝟐𝟕 𝒉𝒐𝒖𝒓𝒔 

 Equation 4, which already considers the doubling time of HCT 116 cells, was used in 

the experimental design, described at the end of this chapter. 

 

3.3 MTT cell proliferation assay 

The MTT cell proliferation assay (Vybrant®) was chosen as the first method for 

evaluating the cytotoxicity of Ni NWs. This method is widely used for assessing the 

effects of nanoparticles and NWs on cell viability [35, 49, 66], thanks to its ease of use, 

scalability and sensitivity. 

 MTT is a pale yellow tetrazolium dye that gets reduced only by living, metabolically 

active cells, turning it into an insoluble, purple formazan dye [68]. MTT reduction is 
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specifically carried out by oxidoreductase enzymes in the mitochondria, as well as by 

endosome and lysosome compartments [69]. As the quantity of reduction of yellow 

tetrazolium dye is dependent on the number of viable cells, it enables the estimation of 

cell viability by measuring the optical density (OD) of the purple formazan product 

produced by the cells. Therefore, if cell viability is affected by the presence of an 

external agent such as NWs, less dye would be reduced and the optical density 

measured would in turn be lower. 

3.3.1 MTT assay protocol 

The general protocol followed for the MTT assay is as follows (Fig. 3.4): 

1. Cultured cells were counted and the desired seeding density was diluted to be 

suspended in 100 µL of McCoy’s medium. 

2. For each condition to be tested, cells were seeded in triplicates in clear flat 

bottom 96-well plates (Fisher Scientific), 100 µL per well. Triplicates of negative 

control cells were also setup (cells where no NWs would be added). 100 µL of 

PBS were added to the wells surrounding the working wells to prevent medium 

evaporation. 

3. Cells were left in the incubator for 24 hours to properly attach to the bottom and 

grow. After this time, cells were usually treated with the NWs suspended in 20 

µL of medium and put back in the incubator. 
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4. After the desired time of incubation with the NWs, the 120 µL of medium were 

carefully discarded from each well and replaced with a 100 µL of 10% MTT 

solution (5 mg/mL in PBS) in medium. 

5. After 2 hours of incubation, the medium-insoluble purple formazan crystals were 

observed at the bottom of each well. Some of the crystals are taken outside the 

cells through exocytosis, yet some remain inside the cells. The 100 µL of medium 

were discarded again from each well, and now replaced with 100 µL of 80% 

dimethyl sulfoxide / 20% sodium dodecyl sulfate solution, which acted at the 

same time as a solubilizer of the purple crystals and as a cell lysis buffer, 

breaking down the cells and freeing the purple crystals. 

6. 96-wells were gently tapped until a complete solubilization of the crystals was 

achieved, usually when a homogeneous color was observed. 

7. The concentration of crystals was measured by OD evaluation in a microplate 

absorbance spectrophotometer (BIO-RAD xMarkTM) using a wavelength of 570 

nm, while subtracting the OD readings of a reference wavelength of 630 nm to 

eliminate background.  

8. Cell viability of a given condition was calculated as the percentage of the relation 

of OD of treated experimental cells to that of untreated, negative control cells. 

An average of the triplicate wells was obtained for each condition. Cell viability 

was calculated using equation 5: 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝑂𝐷570−630[𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙]

𝑂𝐷570−630[𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙]
∗ 100% (5) 
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3.3.2 HCT 116 cell line response calibration curve 

 Before designing an MTT assay full scale experiment, a cell control response curve 

was first obtained, as the cellular response to the MTT dye is not lineal and varies with 

each cell line (Fig. 3.5). This was obtained by seeding different amounts of cells in 

triplicates, waiting 24 hours for cellular stabilization and then performing the MTT assay 

with the protocol described above. NWs were not added to the cells for this step. 

 As can be observed in the first portion of the curve in Fig. 3.5, if the number of cells 

present in the culture with the MTT dye is too low, the production of purple formazan is 

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

number of cells translates in a saturation of the produced dye, making the changes in 

viability also undetectable. The ideal seeding densities should lie in the linear portion of 

the curve, where changes in cell viability are easily distinguished by the OD readings. 

 
Figure 3.4. MTT protocol for one condition tested in triplicates. Cells were seeded in 100 µL of medium and incubated 
for 24 hours, time after which 20 µL of the same medium containing NWs were added. After the desired incubation 
time, the medium was discarded and 100 µL of 10% MTT solution in fresh medium were added and incubated for 2 
hours. The medium was again discarded and formazan crystals were solubilized in a lysis buffer solution. OD was 
measured in a microplate reader at 570 nm, with a reference wavelength of 630 nm. 
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The initial seeding density used in the actual cytotoxicity experiments will be discussed 

further in this chapter.  

 

 

3.4 LDH homogenous membrane integrity assay 

The CytoTox-ONETM Homogenous Membrane Integrity Asay (Promega) for evaluation of 

cell viability through LDH release through damaged cell membrane was the second 

method utilized in the experiments of this thesis. LDH is an enzyme that concurrently 

catalyses the interconversion of the metabolic compounds pyruvate and lactate and 

that of the enzyme cofactors NADH and NAD+. In animal tissue, this reaction takes place 

 
Figure 3.5. HCT 116 cell line response to MTT 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 24 hours after 
cells were seeded. 
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in the cellular cytoplasm, and is involved in a metabolic pathway that ultimately 

provides energy under low oxygen conditions, such as exercise [70]. 

 The LDH assay measures the release of the LDH enzyme from the cytoplasm of cells 

into the cell medium, and its evaluation of cytotoxicity is based on the decrease of 

membrane integrity to retain the LDH in the cytoplasm when cells are exposed to 

membrane-damaging toxic agents [71, 72]. The more damaged a cell membrane is, the 

more leakage of LDH that occurs. Thus, by obtaining a quantification of the volume of 

cells with a damaged membrane with LDH leakage, this method allows to measure 

cellular toxicity from a different perspective than that of the MTT assay. 

 The quantification of the amount of LDH in the cell medium is done by supplying the 

cells with a substrate that contains both of the compounds of the original reaction the 

LDH enzyme is involved in: lactate and the enzyme cofactor NAD+. Additionally, the 

substrate also contains the blue dye resazurin and the diaphorase enzyme. As 

mentioned before, while the LDH present in the cell medium catalyses the conversion of 

lactate into pyruvate, the concomitant reduction of NAD+ into NADH also takes place. 

The blue dye resazurin, in turn, gets reduced to the pink fluorescent dye resorufin in a 

reaction that is catalysed by the supplied diaphorase enzyme, while concurrently 

oxidizing the NADH enzyme cofactor into NAD+, the former being supplied by the LDH 

reaction (Promega) [Fig. 3.6]. 
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 The quantity of the fluorescent compound resorufin is proportional to the amount of 

LDH present in the medium. Fluorescence is recorded to estimate the amount of LDH 

leakage, and therefore the percentage of cells with a damaged membrane.  

 It should be mentioned that the medium prepared for the LDH assay must be 

supplemented with 5% fetal bovine serum instead of the previously used 10%. This is 

due to the presence of LDH in the serum that can lead to background fluorescence, 

which could mask experimental fluorescence values. 

 

3.4.1 LDH assay protocol 

The general LDH assay protocol followed is described next (Fig.3.7): 

 
Figure 3.6. Basis of LDH-mediated production of resorufin. The production of resorufin is mediated by two 
concomitant reactions: the LDH-catalyzed conversion of lactate into pyruvate and NAD+ into NADH, and that of 
resazurin into the pink fluorescent dye resorufin and NADH into NAD+, catalyzed by the diaphorase enzyme 
(Promega). 
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1. Using 96-well plates, triplicate wells were used for a single condition, seeding the 

cells in 100 µL of medium. Three controls must be taken into consideration for 

the LDH assay.  

- As in the MTT, a negative control where cells were not treated was also 

seeded in triplicates to show leakage without NWs. 

- Additionally, a positive control where untreated cells were fully broken down 

(lysed) was seeded. This leaded to a maximum LDH release for the given 

volume of cells and acted as the control each condition is compared to.  

- Finally, a no-cell control with only cell medium was used to provide 

background fluorescence signal. This was subtracted from each fluorescence 

reading. 

2. Cells were incubated for 24 hours before treatment with the Ni NWs. 20 µL of 

medium were again used as the NWs’ suspension solution. 

3. After the desired time of incubation, plates were equilibrated to room 

temperature for 30 minutes. 2 µL of Lysis Solution (Promega) were added to the 

positive control wells, after which 120 µL of the substrate containing lactate, 

NAD+, resazurin and diaphorase were added to each well to initiate the reaction 

that would lead to the production of resorufin. The wells were left with the 

substrate for 10 minutes at room temperature. 

4. As there was some delay in the addition of the substrate in the wells, 50 µL of 

Stop Solution (Promega) were added to each well to stop fluorescence 
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generation and thus make up for the small changes in time, allowing the results 

to be more comparable. 

5. Fluorescence was recorded with the green fluorescence module of the GloMax®-

Multi Detection System (Promega), using an excitation wavelength of 525 nm 

and an emission wavelength of 580 - 640 nm. 

6. The percentage of LDH leakage was calculated using the average fluorescence 

values of the experimental conditions tested and that of the positive control 

used, subtracting the average fluorescence value of the background control wells 

from all other fluorescence values, as shown in equation 6: 

𝐿𝐷𝐻 𝑙𝑒𝑎𝑘𝑎𝑔𝑒(%) =
(𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

(𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
∗ 100% (6) 

 

 

 

 
Figure 3.7. LDH protocol for one condition tested in triplicates. After 24 hours of incubation of the cells seeded in 
triplicates in 100 µL of medium, the NWs were added in 20 µL of medium. After the desired incubation time, 120 µL 
of the LDH assay substrate were added to the wells of the room temperature equilibrated plates. 10 minutes later, 50 
µL of Stop Solution were added to all wells. Fluorescence was recorded at an excitation wavelength of 525 nm and an 
emission wavelength of 580-640 nm. 
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3.4.2 Fluorescence of Ni NWs as a control parameter 

Before conducting the LDH leakage experiments with the Ni NWs, a single control study 

was done with the longer Ni NWs (4.74 ± 1.86 µm) at the highest concentration that was 

used in the actual cytotoxicity assays. This was to ensure that the NWs would not 

interfere with the fluorescence reaction. 

 A simple setup in a 96-well plate was used to test for fluorescence interference. ~70 

x 106 NWs were seeded in triplicates in 100 µL of 5% FBS medium without cells (Fig. 

3.8A), including a triplicate background control with only cell medium. Two incubation 

time periods were tested: 24 hours and 72 hours. Fluorescence was recorded according 

to the described LDH protocol (Fig. 3.8B). There was no significant change in 

fluorescence found due to the presence of NWs in the culture medium. 

 

 

 
Figure 3.8. Control fluorescence test of Ni NWs in medium. (A) Optical microscopy image of ~70 x 106 Ni NWs with a 
length of 4.74 ± 1.86 µm in 100 µL of medium; (B) Relative fluorescence of the negative control compared to the 
experimental condition tested. Both incubation times are shown. 
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3.5 Experimental setup for cytotoxicity assessment of Ni NWs 

With all the methodologies followed so far already explained, the remaining experiment 

variables are given here, along with some final considerations. The description here 

considers both the MTT and LDH assays.  

1. Cell seeding density 

The initial seeding number used for all experiments was 2.7 x 104 cells in 100 µL 

of medium. This is sufficient for the cells to be in a proliferating state 24 hours 

after seeding in a well of a 96-well plate (60% confluency), as can be seen in Fig. 

3.5. The number of cells at treatment time was estimated using equation 4 in 

section 3.2.2. 

2. Treatment with Ni NWs 

The number of cells estimated at 24 hours time after seeding was important due 

to the treatment with NWs being done in a numerous form (NW:cell ratio), 

rather than a concentration in volume. This allowed for quantitative estimation 

of NW-cell interactions and may improve the comparability between cytotoxicity 

assays [64]. 

 The Ni NW:cell ratios chosen correspond to those commonly reported in the 

literature, adding a higher ratio of 1000:1 to investigate if the cytotoxic effects 
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are further accentuated. The NW:cell ratios tested were 10:1, 50:1, 100:1, 200:1 

and 1000:1.  

 The number of NWs was estimated using the methodology described in 

section 2.6.5. NWs were washed with McCoy’s medium several times to get rid 

of the original ethanol solution, and then dilutions were done to obtain the 

desired NW number in 20 µL of medium. 

3. NW aspect ratios 

To see if a difference in NW aspect ratio had an effect in cytotoxicity, three 

batches of Ni NWs with different lengths and diameter were fabricated to be 

tested with both the MTT and LDH Assay (Table 3.2), with values still comparable 

between both assays. 

 

 

 

 NW length NW diameter Aspect ratio 

MTT 1 ± 0.2 30 ± 2 333 

5.4 ± 1.3 34 ± 2.25 158 

LDH 1 ± 0.2 30 ± 2 333 

4.74 ± 1.86 32 ± 4 148 

 
Table 3.2. Aspect ratios of Ni NWs tested with the MTT and LDH assays. 
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4. Incubation times with NWs 

As was mentioned before, cytotoxicity of Ni NWs has previously not been 

evaluated for more than 24 hours of incubation time. Therefore, in this work, 

incubation times were extended to 48 hours and 72 hours to investigate long 

term cytotoxic effects. 

 The experiment setup for both MTT and LDH assay can be seen in Fig. 3.9. Each 

experiment was carried out three independent times in order to obtain more precise 

estimates of the cytotoxicity values and narrow down error.  

 In accordance to all the points explained above, 2.7 x 104 cells in 100 µL of medium 

were seeded in triplicate wells of a 96-well plate. More precisely, eighteen wells were 

seeded, accounting for the five NW:cell ratios and the negative control with no 

treatment. In the case of the LDH assay, six additional wells were seeded for the positive 

control and background control triplicates. One 96-well plate served as the mean for 

one incubation period of time. Three plates then made a single experiment to take into 

account the three time points analyzed with one assay and for one NW aspect ratio. 

Nine plates in turn completed a full experiment considering the three independent 

biological replicas. This was repeated depending on the assay and the remaining NW 

aspect ratios. 
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Figure 3.9. Experimental setup for the MTT and LDH assays. Triplicate wells for each of the conditions tested are 
shown. BC = background control with no cells seeded; PC = positive control cells for maximum LDH release; NC = 
negative control cells with no NWs added. One representative plate for one incubation time and one NW aspect ratio 
is shown per assay. 
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Chapter 4 

Results and Discussion 

4.1 Cell viability at the mitochondria level 

The influence of exposure time, Ni NW concentration and NW length in terms of cell 

viability using the MTT assay are shown in Fig. 4.1. The data shown was obtained from 

three independent biological replicas, presented as mean values relative to the 

untreated, negative control cells. 

 Cell viability at the mitochondria level depends on both NW concentration and 

exposure time. The findings are supported by the respective optical microscope images 

of the HCT 116 cells, which for both NW lengths tested show an increase in detached 

(unhealthy) cells from the well surface related to NW concentration and exposure time.  

 While some overconfluency is expected at the later time points of the experiment 

due to proliferation of cells in the cultures, and therefore the presence of unhealthy 

cells with low metabolic activity once said time points are reached, the optical density 

readings results show that this effect is negligible. The control wells resulted in very 

similar readings for every time point of incubation, with the difference not being 

relevant when compared to the effects of the increased NW cytotoxicity as time 

progresses. 
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Figure 4.1. MTT Assay for Ni NWs cytotoxicity on HCT 116 cells. (A) and (B) Cell viability of HCT 116 cells for 1 ± 0.2 µm 
and 5.4 ± 1.3 µm Ni NWs, respectively (n = 3 for both groups, range bars shown). NC = negative control. Optical 
microscope images show HCT 116 cells incubated with the NWs at 72 hours time point. Arrows mark detached, 
unhealthy cells (scale bars: 100 µm). 
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For the 1 µm long NWs (Fig. 4.1A), cells remained more than 80% viable up to the 

100:1 concentration and 48 hours of exposure. Increasing the exposure time to 72 hours 

for that concentration or just increasing the concentration for any time point decreased 

cell viability below the 80% viability mark. 

On the other hand, for 5.4 µm long NWs (Fig. 4.1B), the same viability was observed 

for up to 200 NWs per cell and 24 hours of exposure, but 48 hours proved enough to 

lower viability below 80% for concentrations of 50:1 and higher.  

Regarding NW concentration and incubation time, these results are in agreement 

with those observed by the high content analysis method by Volkov and coworkers [48]. 

However, it has been reported that, in the case of carbon nanomaterials, smaller 

particles have higher cytotoxicity [73]. In this case, the results suggest that smaller NWs 

have a higher toxicity early after exposure (24 hours time point), whereas the longer 

ones are initially more tolerated, but for which toxicity becomes comparably higher for 

the longer exposure times analyzed and at lower concentrations. Such behavior could 

be due to the easier internalization of smaller particles, which would in turn translate 

into their quicker cytotoxicity effects and a delay in those of longer NWs. 

Though the specific cellular pathways, processes or specific organelles that are 

affected by the presence of Ni NWs inside the cell are unknown, cell death resulting 

from these alterations can be either through apoptosis or necrosis. Apoptosis is the 

pathway for programmed cell death, activated thorough an intracellular program, 

whereas necrosis is an accidental death resulting from a structural or chemical trauma, 
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killing cells outright [74]. Necrosis culminates in the spilling of the cytoplasmic contents 

into the surroundings due to a decrease of membrane permeability, leading to 

undesired responses such as inflammation. This loss of membrane integrity is not 

usually present in apoptosis. 

The MTT assay provides no useful information regarding the cell death pathway 

activated by Ni NWs. However, when coupled with LDH leakage by loss of membrane 

integrity, the MTT assay may provide some hints to elucidate the possible death route 

cells undergo. 

4.2 LDH leakage 

LDH leakage of HCT 116 cells with regard to NW length, concentration and exposure 

time to cells is shown in Fig. 4.2. As with the MTT assay, data was obtained from three 

independent biological replicas and is presented as mean values relative to the 

maximum LDH release positive control cells (100% LDH leakage) after subtracting the 

background control values obtained from the medium without cells. 

For each NW length tested, no membrane rupture and LDH leakage were present 

after 24 hours of incubation when compared to the non-treated negative control cells. 

After 48 hours of incubation, LDH leakage was not significant even for the highest NW 

concentrations, always being below the 20% mark compared to negative control cells. 

However, a slight increase in leakage was observed for every concentration of the 

shorter NWs at this exposure time.  
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Figure 4.2. LDH Assay for Ni NWs cytotoxicity on HCT 116 cells. (A) and (B) LDH leakage of HCT 116 cells for 1 ± 0.2 µm 
and 4.74 ± 1.86 µm Ni NWs, respectively (n = 3 for both groups, range bars shown). NC = negative control. Optical 
microscope images show HCT 116 cells incubated with the NWs at 72 hours time point. Arrows mark detached, 
unhealthy cells (scale bars: 50 µm). 
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At the longest exposure time (72 hours), LDH leakage increased abruptly for both 

NW lengths, yet the longer NWs were significantly more cytotoxic, with an average of 

20% more cell membrane rupture for the higher concentrations. 

This unique LDH leakage behavior correlates with the findings of the MTT assay. 

There, smaller NWs affected cell viability at the mitochondria level at the 24 hours time 

point, while the longer ones had a more pronounced effect at the other two later 

exposure time points. Here, cell membrane was slightly more compromised for the 

smaller NWs at 48 hours of incubation, after which a drastic change in leakage took 

place at 72 hours, with cells treated with the longer NWs being more affected.  

It has been previously shown that LDH leakage can be an indicator of either the 

necrosis or apoptosis cell death pathways [75]. This possible loss of membrane 

permeability in the apoptotic process is explained by the secondary necrosis pathway, in 

which apoptotic cell bodies incur extracellular membrane rupture in the late stages of 

apoptosis [76]. In normal conditions, apoptotic cell bodies are degraded by phagocytes. 

Secondary necrosis occurs when no phagocytes intervene in the degradation step of 

apoptosis, proceeding to a necrotic phase in which cell bodies disintegrate and release 

the intracellular components into their surroundings [77].  

Secondary necrosis is the usual outcome for apoptosis in in vitro experiments, as 

phagocytes are usually absent. This can lead to a possible underestimation of apoptosis 

unless  specific parameters are used [78].  LDH leakage is a reliable measure of cell 

death and apoptosis if used in conjunction with other markers [79]. 
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As mentioned before, the results obtained in the LDH leakage experiments indicate 

no significant LDH leakage present until the 72 hours time point, in which an abrupt 

increase in membrane integrity loss when compared to the 48 hours time was detected. 

This effect could be triggered by the secondary necrosis pathway in the late stages of 

apoptosis. Leakage due to secondary necrosis is detected much later than leakage due 

to (primary) necrosis [75], which could explain the long time before LDH leakage took 

place in the experiments performed here. The MTT results further support this 

hypothesis, as at the 48 hours time point cell viability was significantly reduced for some 

of the higher Ni NW concentrations, yet no LDH leakage was detected.  

An explanation for this behavior could also possibly lie in the internalization of NWs: 

being internalized faster, smaller particles initially compromise cell viability and induce 

apoptosis, which some time later would translate into cell membrane instability and 

LDH leakage in secondary necrosis. For bigger particles, a slower internalization delays 

these effects, now taking place at later time points.  

It should be mentioned that death through apoptosis is the desired route in 

applications that aim to kill cells with Ni NWs, as the effects of primary necrosis can be 

detrimental to the specific therapy or application NWs are targeted to. Further 

apoptosis / necrosis detection methods are necessary to corroborate the death pathway 

of cells in the presence of Ni NWs, as it is also possible that LDH leakage due to Ni NWs 

can be due to a combination of primary necrosis and secondary necrosis at late 

apoptosis. 
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4.3 Conclusions 

The cytotoxicity of Ni NWs of different lengths was evaluated at multiple incubation 

times and NW:cell ratios on a model cancerous cell line. The main achievements of this 

work are summarized in the following points: 

1. Cell viability due to effects of Ni NWs strongly depends on concentration and 

exposure times. In agreement with previous findings [48, 49], an increase in NW 

concentration and exposure time translates into an increase in cytotoxicity.  

2. Exposure times longer than 24 hours have not been looked at in previous 

research. The results of this work show that cytotoxic effects indeed are more 

pronounced as time advances even beyond 24 hours. All the tested NW 

concentrations showed the same trend, albeit at different viability levels. 

3. While cell membrane leakage also depends on NW concentration and exposure 

time, no significant leakage was found for up to 48 hours of exposure to Ni NWs. 

However, a drastic change in percentage of LDH leakage was detected at the 72 

hours time point, especially for the higher NW concentrations and with a larger 

leakage for the longer NWs. 

4. Shorter NWs may cause cytotoxic effects on cells in terms of cell viability and 

LDH leakage earlier than longer ones, possibly due to an easier internalization. 

Longer NWs, on the other hand, are slightly more cytotoxic at longer incubation 

times (> 48 hours). 
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 It should be mentioned that there are some limitations in terms of the information 

obtained that are inherent to the experimental design followed for this work. The most 

important one is that the cell line used, while appropriate as a model for cytotoxicity 

studies in vitro, may not entirely represent the response observed in other cellular 

tissues with different function and metabolic activity. Moreover, there may be a 

subestimation of cytotoxicity due to cancerous cells being more resilient than normal 

ones. However, it should be noted that, based on the results here, a similar cytotoxic 

response may still be expected in other cell lines. Another limitation lies in the 

numerical form the NW concentrations were tested, which narrows the possibility to 

compare the results with similar studies.  

 The cytotoxic response of the cancerous cell line used here is meant to be a 

reference of the outcome of coculturing these cells with Ni NWs shall they be used for a 

biomedical application in which a NW:cell ratio is required or preferred. As different 

levels of biocompatibility can be reached depending on the number of NWs per cell and 

exposure time, the results presented here could be used as a base of the experimental 

design for said applications. 
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4.4 Future perspective 

While this study sheds light on certain aspects of the cytotoxicity of magnetic Ni NWs, 

there is still a lot of research necessary to get a better picture of the biological effects 

such NWs have as biomaterials. 

 Testing the toxicity of the NWs on different model cell lines, such as those with 

longer doubling times, would help to see if they are more or less vulnerable to 

disturbances in their environment. While the effects of two different NW lengths have 

been evaluated, there exist studies in which NWs with bigger aspect ratios are used for 

biomedical applications, and assessing their toxicity would be beneficial. 

 The NW diameter has remained constant in the work presented here. Evaluating 

NWs with larger diameters would provide an insight into the size dependence of NW 

internalization by cells. Further, confocal microscopy studies could help tracking the 

nanostructures inside the cell by fluorescence and identify their localization and possible 

final degradation site.  

 Ongoing interactions between the NWs and cells and the alterations caused in the 

latter are also important to investigate. The medium treated cells are growing in could 

be analyzed using mass spectrometry to look for traces of dissolved NW material, which 

could be contributing to its cytotoxicity in its ion form and possibly altering different 

cellular processes. The surface and charge of the material are other two aspects that 

contribute to how cells interact with a nanostructure. TEM imaging could be useful to 
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identify the resulting oxide layer of the NWs when exposed to air and therefore 

corroborate the composition of that which is in direct initial contact with the cellular 

tissue. Surface charge of NWs, on the other hand, could be affecting the internalization 

rate by cells.  

 Testing different surface coating materials in order to improve the 

biofunctionalization of NWs with antibodies could also lead to an improved cytotoxicity 

effect of Ni NWs, especially when coupled with NW dimensions and concentrations with 

low toxicity. 

 Differences in gene expression analyzed at different incubation time points with 

NWs would help to understand the cellular state and which processes or pathways may 

be affected by the presence of NWs and if these correlate with an increase in NW 

concentration and exposure time. 

 Finally, apoptosis / necrosis assays coupled with fluorescence-activated cell sorting 

should be carried out to confirm which death pathway the cells follow when in the 

presence of Ni NWs.  
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