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ABSTRACT 

Quantification of nanowire uptake by live cells 

Michael Bogdan Margineanu 

 

 

Nanostructures fabricated by different methods have become increasingly important for 

various applications at the cellular level. In order to understand how these nanostructures 

“behave” and for studying their internalization kinetics, several attempts have been made 

at tagging and investigating their interaction with living cells.  In this study, magnetic 

iron nanowires with an iron oxide layer are coated with (3-Aminopropyl)triethoxysilane 

(APTES), and subsequently labeled with a fluorogenic pH-dependent dye pHrodo™ Red, 

covalently bound to the aminosilane surface.  Time-lapse live imaging of human colon 

carcinoma HCT 116 cells interacting with the labeled iron nanowires is performed for 24 

hours. As the pHrodo™ Red conjugated nanowires are non-fluorescent outside the cells 

but fluoresce brightly inside, internalized nanowires are distinguished from non-

internalized ones and their behavior inside the cells can be tracked for the respective time 

length. A machine learning-based computational framework dedicated to automatic 

analysis of live cell imaging data, Cell Cognition, is adapted and used to classify cells 

with internalized and non-internalized nanowires and subsequently determine the uptake 

percentage by cells at different time points. An uptake of 85 % by HCT 116 cells is 

observed after 24 hours incubation at NW-to-cell ratios of 200.  While the approach of 

using pHrodo™ Red for internalization studies is not novel in the literature, this study 

reports for the first time the utilization of a machine-learning based time-resolved 
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automatic analysis pipeline for quantification of nanowire uptake by cells. This pipeline 

has also been used for comparison studies with nickel nanowires coated with APTES and 

labeled with pHrodo™ Red, and another cell line derived from the cervix carcinoma, 

HeLa. It has thus the potential to be used for studying the interaction of different types of 

nanostructures with potentially any live cell types. 
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Chapter 1:  Introduction 

1.1 Nanotechnology and magnetic nanostructures in biomedical applications 

Over the past decade, nanoscience and nanotechnology have captured the imagination of 

scientists, engineers, governments, funding agencies, investors, industry, and the public 

alike [1]. The essence of nanoscience is the ability to work at the molecular level, atom 

by atom to create structures with a fundamentally new molecular organization. 

Nanotechnology is the application of these structures in solving real life problems [2]. 

Nanostructures include any structure with at least one dimension in the range of 1 to 100 

nm. At the nanometer scale, materials are characterized by unique physical, chemical and 

biological properties [3]. With the advancements in their fabrication and characterization, 

and the wide range of available surface modifications with specific functional groups, 

nanostructures have become increasingly popular in different fields of science. 

The extensive development of nanotechnology in the last decades has allowed the release 

of new and efficient strategies for production and functionalization of different 

nanoparticles (NPs), composed of a variety of materials including “noble metals (e.g. 

gold and silver), semiconductors (e.g. CdSe and CdTe), TiO2, InP, magnetic compounds 

(e.g. iron, cobalt, nickel), and their combinations, such as core–shell, and alloy NPs” [4]. 

An area in which nanostructures have a vast range of applications is biomedicine. Over 

the last decade, the field of nanoparticles for biomedical applications has drawn 

increasing attention, especially because of their small size which allows them to penetrate 

and interact with a single cell and its intracellular components. For this reason, such 
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structures could be employed as tools to tackle challenges in biology and medicine. 

Nanostructures have the potential to provide treatment for certain diseases that were 

difficult to target due to size restrictions, to improve our understanding of molecular 

biology and as tools for a wide range of medical applications [3]. 

At the nanoscale, remarkable magnetic properties also come into play. Iron oxide 

nanostructures have captured the attention of researchers due to their magnetic properties, 

their ability to be functionalized and their apparent biocompatibility and non-toxicity, 

making them suitable candidates for in vivo experiments and biomedical applications [3]. 

Magnetic materials are known to play a significant role in biology and medicine. 

Biochemically precipitated magnetite has been found in tissues of various organisms such 

as bacteria, algae, insects, birds, and mammals [1]. Many of these diverse organisms use 

biogenic magnetite to sense the earth’s magnetic field for orientation and navigation [1]. 

The available fabrication strategies offer multiple advantages to magnetic nanoparticles 

such as controllable size and shape, stability in water at pH 7 and in a physiological 

environment, high magnetization values and narrow particle size distribution. These 

properties are advantageous for a wide range of biomedical applications they are used in 

[5]. 

High magnetization values allow magnetic nanoparticles to be controlled and 

manipulated by an external magnetic field gradient. 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 [5]. 
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Extensive research has been done on using magnetic nanoparticles (MNPs) for cancer 

treatment. Hyperthermia is an example of a novel experimental cancer treatment with 

high potential based on the destruction of cancer cells with localized heating (>41-42 

degrees Celsius), a quality that MNPs exhibit when placed in an alternating magnetic 

field.  Current clinical magnetic hyperthermia trials focus on the optimization of thermal 

homogeneity at the cell-killing temperatures. One of the main problems of hyperthermia 

is specificity and thus secondary effects [5]. 

There is also high potential for using nanoparticles in targeted drug delivery, cancer 

diagnosis and gene therapies, cell guidance, magnetic separation and biosensing [3]. 

1.2 Magnetic nanowires 

 

 

Figure 1. Schematic drawing of cellular uptake of magnetic nanowires (NWs). Adapted from 

(Contreras et al., 2015) [24]. 

The advantages of using nanowires instead of nanoparticles are related to their shape, 

examples including favorable geometrical anisotropy, the increased surface to volume 

ratio and dipolar magnetic properties [7]. Furthermore by using magnetic nanowires with 

large permanent magnetic moments it is possible to increase the range and effectiveness 
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of such magnetic interactions to respond to the weak fields at a distance from external 

magnets” [7]. 

Techniques are well developed to produce these wires by electrodeposition into porous 

anodized alumina templates, and it is possible to tailor their length by changing the 

deposition time, and their diameter by choosing a suitable template. The nanowires’ 

shape anisotropy, and the ability to “code information and spatially-varying functionality 

into the nanowires,” provide a potentially greater range of useful applications than with 

nanoparticles [7]. 

Recently, iron/iron oxide core-shell nanoclusters with high magnetic moment were 

fabricated for biomedical applications, which could dramatically enhance the contrast for 

magnetic resonance imaging (MRI), reduce the concentration of magnetic particle needs 

for cell separation, or make drug delivery possible with much lower magnetic field 

gradients. Magnetic NWs have been found to have high magnetic moments per volume 

so they can provide large forces and torques [8]. 

In the literature, different methods for inducing cell death with nanowires have been 

reported. Some of them consist in the application of an alternating magnetic field to 

internalized Ni NWs, causing a spinning/agitation effect and inducing cell inflammation 

and death [5]. Another one focuses on the hyperthermia effect, remotely heating the NWs 

with radio frequency electromagnetic fields [5]. 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 [5] 
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Inspired by the study of Kim et al. (2010) [6], our group aims to use ferromagnetic 

nanowires for cancer cell destruction. Targeted to the cells of interest, the nanowires 

would be stimulated by a low-frequency field and the resulting oscillation will induce a 

mechanical stress on the cells, causing apoptosis. 

1.3 Cellular uptake studies 

Cell membranes are “somewhat permeable” and allow only small molecules to pass 

through [9]. Endocytosis is a form of active transport in which a cell takes in objects by 

enclosing them in vesicles or vacuoles pinched off from its cytoplasmic membrane [9].  

Energy-dependent clathrin-mediated endocytosis is probably the primary characterized 

mechanism for the cellular uptake of nanoparticles [9]. 

For biomedical uses, especially in-vivo applications for disease diagnosis and therapy, it 

is crucial to ensure that the designed nanoparticles can easily enter the cells [9]. High-

aspect ratio nanostructures such as nanowires and nanotubes are a powerful new tool for 

accessing the cell interior for delivery and sensing. “Controlling and optimizing cellular 

access is a critical challenge for this new technology,” yet even the most essential aspect 

of this process, whether these structures directly penetrate the cell membrane, is still 

unknown [10]. In many cases, the biological fate of nanostructures it is unknown. 

Therefore, understanding the cellular uptake and its underlying mechanism is an 

important step towards understanding both its adverse and favorable aspects [9]. 

Magnetic nanostructures fabricated by different methods have become increasingly 

important for various applications at the cellular level. The field of biomedical 

nanomagnetics as such offers broad applications in imaging, diagnostics and therapy [1]. 
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In order to understand how these nanostructures “behave” and for studying their 

internalization kinetics, several attempts have been made at tagging them and 

investigating their interaction with cells.   

The study of Song et al. (2010) provided visual evidence for the first time of cellular 

uptake of Fe NWs. It was found that an individual cell could uptake more than one single 

NW. The study reported individual or bundles of Fe NWs or small Fe NW aggregates, 

which localized in the cytoplasm, around the blue nuclei. Transmission electron 

microscopy (TEM) studies described by Song et al. (2010), used to determine the uptake 

of Fe NWs precisely, have shown that some Fe NWs were trapped in the cytoplasm, and 

other Fe NWs within the vesicle, but all the Fe NWs did not enter the nucleus [8]. It was 

also observed that the Fe NWs within the vesicle were mostly very short, and the long Fe 

NWs were located in the cytoplasm. A sequence of DIC images was used to show the 

uptake process of Fe NWs. In this study, visual observations made by the experimentalist 

were used to evidence the uptake of Fe NWs by the cell body. The data suggested that the 

uptake of NWs was a fast but continuous process [8]. 

In the study of Villanueva et al. (2009), the cells were pre-incubated with nanoparticles 

and visualized by Prussian blue staining for iron detection.  For this microscopic 

technique, the cells were fixed and subsequently stained [11]. 

After endocytosis, NPs should normally be found in membrane-bound vesicles, i.e., 

endosomes that would later evolve into lysosomes or autophagosome [12]. Some studies, 

however, also report the presence of NPs in the cytosol [13], in mitochondria [14], and in 

the nucleus [15]. While the endosomal escape mechanisms in the case of NPs are not 
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properly understood, certain NP characteristics such as the core composition, surface 

composition, charge, and shape, have an important role in the process [12]. 

Adequate microscopy techniques must be complemented by cellular uptake observations. 

Confocal microscopy can image the interface in real time, but has limited resolution and 

may miss small ruptures in the membrane that allow material transfer, while electron 

microscopy techniques have sufficient resolution, but require extensive sample 

processing before imaging and have relatively small sample sizes so that infrequent 

rupture events could be missed [10]. While with mass spectroscopy a very high 

sensitivity can be obtained, the technique is sample-destructive and it lacks spatial 

information [16]. 

In the study of Arppe et al. (2014), the fluorogenic pH-dependent dye pHrodo™ Red was 

used for the cellular uptake studies while in the study of Xu et al. (2014), the 

quantification of hollow nanowires-nanostraws- penetration into living cells is based on 

fluorescence quenching. Xu et al. (2014), showed that essentially every cell (>95%) is 

penetrated by one or more nanostraws and that each penetration event is stochastic and 

independent of its neighbours, while in the study of Arppe et al. (2014), one of the 

supplementary figures exhibits a non-ratiometric image of the upconversion nanoparticle 

UCNP-pHrodo™ -probes in cells, showing over 90% uptake and no or very low 

cytotoxicity. 

1.4 Quantitative image analysis approaches and CellCognition 

The need for automated analysis software and dedicated tools in the field of microscopy 

imaging has been rapidly increasing over the past years. This fact is mirrored by the 
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number of publications and the extensive research dedicated to introducing faster, more 

robust and more sensitive algorithms for image and time-series processing [17]. 

Advances in biological imaging in the past decade have brought the field of bioimage 

informatics to a new scale. Efforts spent on various aspects of informatics such as storing, 

visualizing and analyzing high dimensional and content-rich biological images, have 

yielded programs like ImageJ, Vaa3D, Cell Profiler, FARSIGHT, Icy, OME and 

BISQUE [18]. 

Most image analysis algorithms have been developed for specific biological assays. The 

application of the respective algorithms to other markers or cell types often “requires 

parameter tuning or even re-programming of the software” [19]. “Given the limited 

knowledge about the mathematics behind the image analysis algorithms and the software 

engineering, manual software adaptations are tedious and provide solid obstacles for most 

cell biologists [19]. 

Although the automated analysis is feasible, to our knowledge evaluation of experimental 

results to date is still performed manually. Even if assistance software is used (e.g. 

ImageJ), manual interactions are always subjective and are likely to introduce a 

substantial amount of errors, as recently quantified for cell tracking [17]. 

In literature, a highly innovative method that integrates high resolution confocal 

microscopy with automatic image analysis was reported. The method is called 

Particle_in_Cell-3D and was applied to precisely quantify the cellular uptake of silica and 

ceria nanoparticles [16]. Particle_in_Cell-3D is “a semi-automatic image analysis routine 

designed to quantify the cellular uptake of nanoparticles by processing image stacks 
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obtained by two-color confocal fluorescence microscopy” [16]. “One emission channel is 

reserved for the plasma membrane and the other one for the nanoparticles” [16]. “The 

results of Particle_in_Cell-3D are consistent, as they substitute the subjective character of 

human-assisted image analysis by its unbiased outcomes” [16]. This method can output 

the position and intensity of all particles, the number of intracellular particles and 

membrane-associated particles, as well as the concentration of particles [16]. The focus 

isn’t however on outputting the number of cells with internalized particles. 

Cell Cognition is a computational framework to annotate complex cellular dynamics. 

Published as open source software, it is a machine-learning method that combines state-

of-the-art classification with hidden Markov modeling to measure morphological 

dynamics in live-cell microscopic movies [21].  It has been initially developed as a tool to 

investigate cell division but it can be used to investigate other complex dynamic 

processes. Cell Cognition is “the only one that can handle arbitrary relationships between 

phenotypic cell classes, providing a powerful and generic solution for time-resolved 

cellular phenotyping” [20]. “The CecogAnalyzer is a stand-alone application built on top 

of the CellCognition framework” with a graphical user interface that provides a 

comfortable setup and parameterization of the analysis workflow [21]. 

Machine learning generally proceeds in two phases, a training phase, in which a 

“collection of data samples is used to build or improve a computer system by learning 

from inherent structure and relationships within this data, and a second phase in which 

the computer system is applied to new data samples to predict certain properties of these 

data samples” [20]. “The overall goal is to generalize from a few training examples to 
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make accurate predictions on large sets of data samples that were not observed during 

training” [20]. This type of learning is termed “supervised” machine learning as it 

requires user-defined morphology classes [20]. For cell biological applications based on 

microscopy data, the typical processing pipeline comprises “image pre-processing, object 

detection and feature extraction” [19]. 

Supervised machine learning has been successfully applied in diverse biological 

disciplines, such as “high-content screening, drug development, DNA sequence analysis 

and proteomics,” as well as in many other fields outside of biology, such as “speech, face 

recognition and prediction of stock market trends” [19]. 

A second type of machine learning extracts information from the data entirely 

independently of user annotations. This is called unsupervised learning, it enables the 

exploration of unknown phenotypes and has been successfully used for phenotypic 

profiling of drug effects [19]. 

Many of the supervised and unsupervised machine learning methods have high potential 

for quantitative and semi-quantitative nanoparticle uptake investigations, however in the 

literature there is very limited number of studies on this topic which take advantage of 

these high-end computational tools [22]. 
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1.5 Motivation 

Most of the internalization studies conducted so far, have limited time resolution, and in 

particular for cellular uptake, the quantitation is most of the time based on visual 

approximations by the experimentalist and thus not suitable for high-throughput analysis 

and large data sets.  

In the study of Xu et al. (2014) it was shown that essentially every cell (>95%) is 

penetrated by one or more nanostraws [10]. It is not clear however how this 

quantification was performed; most probably this has been done by visual observations 

by the experimentalist. 

In the study of Arppe et al. (2014), one of the supplementary figures exhibits a non-

ratiometric image of the UCNP-pHrodo™ -probes in cells, showing over 90% uptake and 

no or very low cytotoxicity. This estimation, to our knowledge, was based on visual 

observations made by the experimentalist, for a relatively small number of cells [23]. 

The study of Song et al. (2010) proved that the Fe NWs entered the cells just by visual 

observations of confocal laser scanning microscopy and DIC images. For confocal 

microscopy, the nanowires were stained with tetramethylrhodamine-5-carbonyl azide 

(T6219), however if the nanowires are just tethered to the cell surface or only partially 

internalized, the respective dye will not allow for such a distinction.  

For the observations made using the sequence of DIC images, a high level of careful 

visual examination was required from the experimentalist, and thus this strategy cannot 

be applied with ease for large number of cells and experiments. 
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In the study of Song et al. (2010), it was concluded that the uptake of Fe NWs was a fast 

but continuous process [8]. It should be noted that these conclusions were drawn from 

TEM images for two conditions with 2 hours (h) and respectively 12h exposure to NWs, 

and 55 min of time lapsed images.  

Long-term time-lapse investigations would be needed for a better understanding of the 

cellular uptake of different nanostructures, and possibly its underlying mechanism; these 

could provide very useful information for nanotoxicology studies and help better design 

therapeutic strategies. There is a definite “need for a fast and accurate method to quantify 

the uptake of nanoparticles by cells” [16]. 

With extensive time lapse acquisition data, the bottleneck resides at quantitative image 

analysis, and this is one of the challenges to which the current project aims to respond.  

To do so, a quantitative image analysis pipeline was developed and applied to two 

different types of magnetic nanostructures and two different cell lines. Magnetic iron 

nanowires with an iron oxide layer,  and magnetic nickel nanowires with a nickel oxide 

layer, have been coated with (3-Aminopropyl) triethoxysilane (APTES), and 

subsequently labeled with a fluorogenic pH-dependent dye pHrodo™ Red, covalently 

bound to the aminosilane surface.  The choice of using pHrodo™ Red dye was due to its 

distinctive fluorescence inside and outside the cell. In the literature several studies have 

been reported with dyes such as Texas Red or tetramethylrhodamine; however neither of 

these dyes allows for a distinction in terms of fluorescence intensity based on the 

internalization state. The method chosen for visualizing the interaction was fluorescence 

microscopy, as it can be performed on live cells with high spatial and temporal 



25 
 

resolution. A computational framework dedicated to automatic analysis of live cell 

imaging data, CellCognition, has been adapted and used to classify the cells with 

internalized and non-internalized nanowires, based on the pHrodo red- characteristic 

fluorescence, and subsequently determine the uptake percentage by cells at different time 

points. 

We have decided to focus on magnetic nanowires, given the research interests of our 

group. Inspired by the study of Kim et al. (2010), our group aims to use ferromagnetic 

nanowires for cancer cell destruction. Targeted to the cells of interest, the nanowires 

would be stimulated by a low-frequency field and the resulting oscillation will induce a 

mechanical stress on the cells, causing apoptosis [24]. 

For biomedical uses, especially in-vivo applications for disease diagnosis and therapy, it 

is crucial to ensure that the designed nanoparticles can easily enter the cells. Nanowires 

can exert their killing effect on cancer cells without being internalized but only in contact 

with the cell membrane, whereby they can induce mechanical stress.  

In any case, in order to improve the therapeutic efficiency of magnetic nanowires in 

cancer treatment, a proper understanding of their uptake by cells and internalization 

kinetics is needed.  

My work aims to complement and enrich previous work done by Maria Fernanda 

Contreras and Efrain Jose Perez. 

Another motivation is that in the literature, there are a limited number of studies on 

magnetic nanowires, and thus limited information about their cellular uptake and 
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internalization kinetics. Considering that nanowires tend to aggregate, it was, in 

particular, interesting to look at how many cells internalize nanowires, so that we can 

have a better understanding of how many cells we target in our experiments. This was the 

main focus of the thesis project, and not a quantification of the number of internalized 

nanostructures. The method developed by Torrano et al. (2014), offers a solution to the 

quantification of internalized nanoparticles; however, it doesn’t quantify the number of 

cells which internalize nanoparticles. The study of dos Santos et al. (2011) targets this 

quantification aspect and multiple cell lines; however it is based on flow cytometry which 

is not compatible with live cell studies. 

Given the great variety in the types of nanowires studied, different cell lines, different 

incubation conditions, surface functionalization, doses used in the experiment, there is 

hope that with this pipeline, comparable cellular uptake studies can be conducted to 

investigate how unique properties of nanowires influence their uptake pathway [9]. The 

impact of different parameters can be studied with high reliability in regards to the 

quantitative analysis. Such a tool could be used with ease for large imaging data sets, thus 

reducing the workload for the experimentalist, and ensuring high-level consistency 

analysis. This will ultimately ensure the design of better nanomaterials for biomedical 

applications [9]. 

This thesis project was not particularly aimed at investigating the underlying 

nanostructures internalization mechanisms or the cellular fate of NPs after they enter the 

cells; however it might contribute to future studies on this topic.  
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In terms of personal motivations, by nature, the thesis project is an interdisciplinary 

project blending physics, chemistry, biology, bioinformatics and this constituted an 

additional motivation to choose this topic. 

In terms of the motivation to use CellCognition, in addition to the technical advantages 

mentioned previously, I was familiar with the software due to my prior participation as an 

intern in the group of Dr. Daniel Gerlich at Institute of Molecular Biotechnology of the 

Austrian Academy of Sciences.  

1.6 Thesis outline 

In the first chapter of the dissertation, an Introduction covering the topics of 

nanotechnology, magnetic nanostructures in biomedical applications, and magnetic 

nanowires in particular was presented.  Also, previous studies on cellular uptake of 

nanostructures were discussed, along with quantitative image analysis approaches for 

annotation of cellular processes. The motivation for conducting the present thesis project 

has also been described. In chapter 2, the methodology for nanowires fabrication, coating, 

labeling, and characterization are presented. The set-up for the imaging experiments 

conducted is also exhibited, as well as aspects pertaining to cell culture and subculture. 

In the third chapter of the dissertation, the pipeline followed for the quantitative cellular 

uptake studies is described, together with the computational process conducted.  

Chapter 4 includes all experimental results with relevant discussion points. In the end, the 

conclusions of the thesis project studies are presented, along with future perspectives in 

the field. 
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Chapter 2: Methodology 

2.1 Nanowires  

2.1.1 Nanowires fabrication 

The fabrication of Fe and Ni NWs was performed using the electrochemical deposition 

method on nanoporous alumina templates [5]. A highly ordered porous aluminum oxide 

(PAO) membrane was prepared by the two-step anodization technique; the pores were 

then filled with Fe or Ni respectively, using electrodeposition, resulting in NWs with a 

perpendicular orientation with respect to the membrane surface and a length distribution 

dependent on the deposition time [3] [5].  The fabrication protocol with the different 

steps followed is described in detail in the thesis of Laura Felix Servin [3].  

A schematic drawing of the fabrication process is shown in Figure 2. 
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Figure 2. Two step anodization method, schematic drawings and correspondent scanning electron 

microscopy (SEM) images for anodizations. (a) Al foil surface as-rolled; (b) Al foil surface after 

standard pre-treatments; (c) Top porous-alumina surface with random pore nucleation; (d) 

Underneath Al foil after removal of the first anodization alumina, with the patterned hole 

structure. (e) Top self-assembled nanoporous alumina template surface after a second anodization 

with ordered pore domains; (f) Self-assembled nanoporous alumina template suspended 

membrane. Adapted from (Pinto, 2010) [25]. 

The resulting nanowires embedded in the nanoporous alumina templates are exhibited in 

Figure 3. 
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Figure 3. SEM images of nanowires embedded in alumina templates: (a) cross-section of 

overflown nanowires with mushroom-like structures at the top and (b) top-view of the self-

assembled nanoporous alumina templates (NpAT) after an ion-milling etching treatment. Adapted 

from (Pinto, 2010) [25]. 

It should be mentioned that the electrochemical deposition method on nanoporous 

alumina templates is one of the most widely used by research laboratories, given the 

advantages of the low cost and versatility in modulating the aspect ratio of the NWs [5]. 

Electrodeposition refers to the process by which reduction of metal cations dissolved in 

an electrolytic solution takes place when electrical current is applied, forming a metal 

coating on an electrode.  

Fe electrodeposition recipe: 

45 g/L Fe sulfate (FeSO4•7H2O), 30 g/L boric acid (H3BO3) and 1 g/L ascorbic acid 

(C6H8O6) under constant N2 bubbling [24] 

Ni electrodeposition recipe:  

300 g/L Ni (II) sulfate hexahydrate (NiSO4
 .
6H2O), 46 g/L Ni (II) chloride hexahydrate 

(NiCl2 
.
6H2O), 40 g/L boric acid (H3BO3), and 80.3% DI water. [5] 
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The nanowires used in this study were fabricated by Efrain Perez (Ni NWs) and Maria 

Contreras (Fe NWs) according to the protocol described above. 

2.1.2 Nanowire release and cleaning 

After completing the fabrication process, the NWs had to be released from the alumina 

template and suspended in solution for their further use in the cellular uptake studies.  

Based on the necessary quantity of NWs, a piece of the Al disk was cut using a single-

edged blade. Before starting the release process, an image of this piece together with a 

scale bar was taken to allow for subsequent estimation of the number of NWs in the 

respective area. The approach used for estimating the number of NWs is presented in 

section 2.4.  The gold layer on the backside of the alumina disk was etched using ion 

beam milling. [3] 

Following methods reported in literature, the Al disk piece was put in an Eppendorf tube 

and 1 mL of 1M sodium hydroxide was added and left for approximately 24 hours to 

selectively dissolve the alumina template. The NaOH solution was replaced with 1 mL of 

chrome solution (composition: 0.66% chromium (VI) oxide (CrO3), 3.77% phosphoric 

acid (H3PO4) and 95.55% DI water) and left for 24 hours in a Thermomixer comfort 

(Eppendorf) at 40  degrees Celsius (°C) and 300 rpm, shaking. [3] 

The Eppendorf tube was put in a magnetic holder (Dynamag-2) for separating the NWs 

from the solution, and then the chromium solution was discarded and replaced with 

ethanol. The NWs were re-suspended and the washing steps with ethanol were repeated 

ten times. [3]  
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The Eppendorf tube was then placed in an ultrasonic water bath for 5 minutes to disperse 

the NWs evenly in the solution. The clean NWs in suspension served as the basis for their 

characterization, for the subsequent coating and labeling procedures, and the cellular 

uptake studies.   

A schematic representation of the release process for Ni NWs, given as an example, is 

shown in Figure 4.   

 

Figure 4. Nanowires release process. A) Sample after electrodeposition with a conductive Au 

layer on the backside of the template. B) Etching of gold (Au) layer. C) Dissolving of Al2O3 by 

NaOH and chromium solution. Adapted from [3] 

2.1.3 Coating of nanowires with APTES  

Ethanol absolute, sodium hydroxide (NaOH), and (3-Aminopropyl) triethoxysilane 

(APTES) (≥98%) were purchased from Sigma-Aldrich. 

0.225 mg Fe NWs were dissolved in ethanol, absolute, (≥99.8%) solution. All subsequent 

washing steps with ethanol were performed with the same ethanol absolute solution. The 

Fe NWs were washed three times with ethanol. The nanowires were transferred to a new 

tube, suspended in 5 mL ethanol, and sonicated on a water bath to ensure uniform 

dispersion. 
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100 µL APTES were added to the nanowires suspension and reaction was let to proceed 

on sonication bath for 1h at 40 °C. After the first sonication step, 10 µL NaOH (1M in 

H2O) and 200 µL MilliQ-water were added to the suspension to promote the base 

catalysis reaction. The suspension was sonicated further for another hour. 

The resulting nanowires were precipitated magnetically (using the DynaMag-2 magnet 

rack), and washed with ethanol absolute. After the first washing step they were 

transferred to a 1.5 mL Eppendorf tube and subsequently washed four more times. 

2.1.4 Labeling of nanowires with pHrodo™ red 

pHrodo™ Red, succinimidyl ester (P 36600) was purchased from molecular probes™ of 

Thermo Fisher Scientific.  

The labeling was based on the reaction between the succinimidyl ester group of the 

pHrodo red complex and the surface amino groups of the APTES-coated nanowires. A 

schematic drawing of the reaction is shown in Figure 5. The nanowires coated with 

APTES were dried at room temperature (RT) (23 °C) for 10 minutes to allow ethanol to 

evaporate after the five washing steps mentioned above. Then they were suspended in 

490 µL NaHCO3 buffer (pH 8.4) and 10 µL pHrodo red NHS ester dye was added. 

Previously, 1 mg pHrodo red N-hydroxysuccinimide esters (NHS) ester was dissolved in 

150 µL DMSO for a stock solution of approximately 10.2 mM. The tube was covered 

with aluminum foil to ensure protection from light and put on a thermocycler. The 

reaction was let to proceed for 12h at RT, while shaking at 900 rpm.  
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The nanowires were subsequently washed five times with the NaHCO3 buffer and three 

times with ethanol absolute. They were then suspended in 1 mL ethanol and stored at -20 

°C. 

 

Figure 5. Fe NWs coating with APTES and labeling with pHrodo red. Fe NWs were coated with 

APTES initially and subsequently labeled with pHrodo red based on the reaction between the 

succinimidyl ester group of the pHrodo red complex and the surface amino groups of the APTES-

coated Fe NWs. 

 

 

 

(3-Aminopropyl)triethoxysilane (APTES)  

pHrodo Red 

NaHCO3 buffer (pH 8.4), RT, 12 h 
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2.1.5 Nanowires characterization 

Transmission electron microscopy (TEM) observations were performed. Samples were 

prepared by diluting a solution of nanowires and depositing a drop of the solution on a 

copper grid coated with a thin film of amorphous carbon and allowing the liquid to air 

dry at RT.  

Images were acquired with a transmission electron microscope operating at the energy-

filtered TEM (EFTEM) mode to acquire the elemental maps of the elements. This was 

accomplished by carrying out the experiments with a Titan G2 80-300 CT microscope 

from FEI Company which was also equipped with a post-column energy filter of model 

Tridiem GIF 863 from Gatan, Inc. It is worth noting that microscope was set to generate 

300 keV energy electron beam during the entire TEM investigations. 

The point-resolution of the TEM used in the experiments was the resolution of 0.234 nm 

and while the energy-resolution of Tridiem GIF 863 was in the range of 1.1 eV.  

Point energy-dispersive X-ray spectroscopy (EDX) spectra of a Ni NW core and its 

surrounding layer were also acquired using a scanning TEM Tecnai BioTWIN (FEI 

Company) [24]. 

Fe and Ni NWs were also analyzed by scanning electron microscopy (SEM) (Quanta 

200FEG) using a secondary electron detector [24].  

Infrared spectroscopy by attenuated total reflectance (ATR) was used to characterize 

the coating of Fe NWs with APTES. Measurements were taken with the Thermo 

Scientific™ Nicolet™ 6700/8700 FT-IR.  
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The zeta potentials of the APTES-coated Fe NWs and the non-coated Fe NWs for 

comparison were measured in deionized (DI) water using a Zetasizer Nano ZS, He–Ne 

laser 633 nm (Malvern Instruments, Malvern, UK). 

Three replicates were used for each of the two measurements. 

2.1.6 Estimation of the number of nanowires 

Estimating the number of nanowires was important for the subsequent approximation of 

the NW-to-cell ratio prior to the cellular uptake studies. 

The estimation was done using the following equation: 

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

𝐴𝑟𝑒𝑎 (𝑖𝑚𝑎𝑔𝑒𝑑 𝐴𝑙 𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒)
  [5] 

Based on previous studies in literature in which the same fabrication method was used for 

the nanowires, and in which it was confirmed that every pore had one NW deposited 

inside, it was thus assumed in the respective calculation that the number of nanowires 

equaled the number of pores for the defined area of the Al template. 

The number of pores corresponding to each sample was calculated for a defined area of 

the alumina template from SEM images using ImageJ as described in the thesis of [3]. A 

picture of the sample was taken before release of the NWs and was used to calculate the 

area of deposited NWs [3].  
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2.2 Imaging studies 

2.2.1 Experimental setup for time-resolved cellular uptake studies 

The time-resolved cellular uptake studies were performed with the Nikon Biostation IM-

Q CELL-S2-P model. The BioStation IM-Q “incorporates a motorized inverted 

microscope, an incubation chamber, and a high-sensitivity cooled charge-coupled device 

(CCD) camera into a single package” [26]. A schematic representation of the BioStation 

is shown in Figure 6.  

 

Figure 6. Schematic representation of the Nikon BioStation IM-Q with the constitutive parts.  

Adapted from [26]. 

One of the great advantages of the BioStation, being a compact all-in-one system, is its 

stability and user friendliness. Appropriate incubation is absolutely critical for 

reproducible long-term live imaging experiments. Several aspects have to be considered, 
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including a stable temperature, optimal pH, and minimized evaporation of the imaging 

media [27].  The major advantage of incubator boxes is that large parts of the 

microscope-including the stage and the objective revolver-are equilibrated to the same 

temperature as the specimen. This assures unperturbed cell proliferation and at the same 

time minimizes focus drifts [27]. The BioStation IM-Q offers all these advantages, and in 

particular a great focus stability.  

The system is equipped with a Nikon Intensilight C-HGFIE pre-centered fiber 

illumination system. This DC source ensures constant non-fluctuating light intensity, 

which is very important for time lapse experiments.  

A 35 mm plastic bottom dish was used as described in section 2.2.2.  The monolayer of 

cells was grown on the bottom of the culture dish and nanowires were added to this 

culture to interact with the cells. 

 

Figure 7. Schematic representation of the experimental set-up. A) FluoroBrite DMEM medium is 

added to a plastic bottom dish in which the cells were previously seeded with normal culture 

medium. B) The nanowires suspension is added to the dish and then C) the dish is placed inside 

the Nikon BioStation. 

A 

B 
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It should be mentioned that there was a time period of approximately 10 minutes between 

the addition of nanowires and the start of the experiment. This was taken into account in 

the later quantitative time-resolved analysis. 

Different positions within the dish were defined for the time lapse analysis, as shown in 

Figure 8.  

 

Figure 8. Marked positions for time lapse imaging. Different positions defined within the dish 

(35 mm, 962 mm
2
) for imaging and marked with numbers. 

2.2.2 Cell culture and subculture 

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

cytotoxicity studies by members of our group. The cell line comes from colon epithelial 

tissue, making it a good cytotoxicity model, as epithelium represents a common exposure 

tissue for biomaterials [5]. In the common interest of our group, this cell line has been 

used for the cellular uptake studies. 

Another cell line that was used in this project is HeLa (ATCC
®
 CCL-2

™
). The HeLa cell 

line has several features that are particularly useful for live cell imaging: it is used as a 

standardized background in several systematic studies, including genome-wide screening, 

proteomics and green fluorescent protein (GFP)-localization; grows adherently on most 
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glass and plastic surfaces and has low cell motility; it is relatively insensitive to light 

exposure and thus compatible with long-term fluorescent imaging for up to several days 

[27]. 

 

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

Glutamax-I (100x) was purchased from gibco and added to the imaging medium. 

Glutamax facilitates long-term cultures, as it contains a stabilized form of L-glutamine, 

L-alanyl-L-glutamine, preventing degradation and ammonia build-up [28]. 

McCoy’s 5A 1x medium with L-glutamine was purchased from Mediatech, Inc. 

DMEM 1x high glucose, GlutaMax, pyruvate, was purchased from gibco of Thermo 

Fisher Scientific (10569-077). 

Trypsin-EDTA (0.25% Trypsin/0.53 mM EDTA in HBSS) was purchased from ATCC 

(30-2101). 

HCT 116 cells were grown in 25 cm
2
 culture flasks in McCoy’s medium. When cells 

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

carefully discarded and cells were washed three times with 2 mL of phosphate buffered 

saline (PBS) to remove detached dead cells and cellular debris, as well as to remove 

traces of serum present in the medium. 1 mL of 0.25% Trypsin/EDTA was added to the 

25 cm
2
 flask in order to detach the cells.. After 3 minutes incubation with trypsin at 37 

°C, cells were further detached by gently tapping the flask. As trypsin can damage the 

cell membrane when left for longer time periods in contact with the cells, 9 mL of 
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McCoy’s medium were added to the flask to inactivate it and then the entire 10 mL were 

collected and placed in a 50 mL Falcon tube [5]. 

Cells were then centrifuged at 1000 rpm for 4 minutes, after which cells sedimented at 

the bottom of the tube, forming a pellet. The supernatant was removed and replaced with 

fresh medium depending on the cell number.  The cell pellet was gently re-dissolved with 

a pipette. 

HeLa cells were grown in 75 cm
2
 culture flasks in Dulbecco’s Modified Eagle’s medium 

(DMEM) (Life Technologies) with 10% fetal bovine serum (FBS), and 100 IU mL
-1 

penicillin/0.1 mg/mL streptomycin solution. The same culturing procedure was followed 

in their case with the following modifications: 3 mL of PBS were used for each washing 

step, and 3 mL 0.25% trypsin/EDTA was used for their detachment from the flask. 

For sub-culturing cells, a dilution was made in order to seed 1 x 10
6
 HeLa cells in a 75 

cm
2
 culture flask (total volume of 21 mL), and 0.5 x 10

6
 HCT 116 cells in a 25 cm

2
 

culture flask (total volume of 7 mL). 

2.2.1 Cell counting 

The Countess® Automated Cell Counter was used for counting the cells. A sample 

aliquot of 10 μL was mixed with 10 μL trypan blue and added to the chamber slide. The 

cell counting was performed automatically and the result was expressed in number of 

cells per mL solution. 
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2.2.2 Cell seeding density 

The seeding density for both HeLa and HCT 116 cells was determined based on the 

surface of the dish used for imaging and the time of the experiment relative to the seeding 

time. 

As 35 mm plastic bottom dishes were used for the imaging experiments with a total 

surface area of 9 cm
2
, the seeding density for both HeLa and HCT 116 cells was 1.5 x 10

5 

cells, 48 h in advance of the time lapse experiments.  

The aim was to reach a confluence of 1.2 x 10
6 

cells (90%) at the end of the 24h time 

lapse experiments for the given surface area. It should be mentioned that Nunclon® cell 

culture dishes (Sigma-Aldrich) were used for the imaging experiments. 

 

Prior to the time lapse experiment, the FluoroBrite DMEM imaging media was 

prewarmed to 37 °C before replacing the standard medium in the plastic bottom dish, to 

avoid mitotic entry delays, as previously reported in literature [27]. 

2.3 Imaging parameters for internalization studies 

Hoechst 33342 (Life technologies) was purchased from life technologies of Thermo 

Fisher Scientific. 

LysoSensor yellow/blue DND-160 (1 mL in DMSO) was purchased from molecular 

probes of Invitrogen.  
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2.3.1 Imaging with Nikon Biostation IM-Q 

All time lapse experiments were recorded at a resolution of 800x600 binning with a 10X 

magnification. The model has a 20x 0.5 numerical aperture (NA) Plan Fluor objective 

which can yield magnifications of 10x, 20x, and 40x. 

Shortly prior to the start of the time lapse experiment, cells were washed three times with 

PBS (phosphate buffered saline), stained with 10 µM Hoechst 33342 solution (Life 

technologies) for 15 min and subsequently rinsed with PBS three additional times. 

Images were obtained from the fluorescence emitted by pHrodo and Hoechst 33342. 

The B-2A and G-2A filters were used for imaging, with the following excitation filter 

(EX)/dichroic mirror (DM)/barrier filters (BA) characteristics: 350/400/460 for the 

Hoechst 33342 channel and 535/575/590 for the pHrodo red channel.  For the B-2A filter, 

an exposure time of 1/40 s was used (Epifluorescence lamp intensity 3%), while for the 

G-2A filter, an exposure time of 1/4 s (Epifluorescence lamp intensity 12%). For the 

transmission channel, a DIA lamp with exposure time of 1/40 s was used. 

In order to avoid high background fluorescence we used FluoroBrite DMEM medium 

without phenol red and riboflavin. The FluoroBrite medium was purchased from gibco of 

Thermo Fisher Scientific. 

2.3.2 Imaging with Zeiss LSM 710, Axio Imager, upright confocal microscope 

As previously described for the time lapse imaging experiments with the Nikon 

BioStation, the cells were incubated with a 10 µM Hoechst 33342 solution for 15 min. 

After three washing steps with PBS, the cells were further incubated with a 1:1000 
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dilution of LysoSensor yellow/blue DND-160 (2 µL in 2 mL medium) for 3-4 minutes. 

The short incubation time was chosen as recommended by the supplier. The lysosomal 

probes were reported to have an “alkalyzing” effect on the lysosomes, such that longer 

incubation with these probes can induce an increase in lysosomal pH [36]. The cells were 

again washed three times with PBS and then maintained in extracellular buffer (ECB). 

The buffer solution contained (in mM): 125 NaCl, 26 NaHCO3, 20 glucose, 3 KCl, 1 

NaH2PO4, 2 CaCl2 and 1 MgCl2, pH 7.4 when bubbled with a gas mixture containing 

95% O2, 5% CO2. 

The emission of the pHrodo red was detected with the TRITC filter set with a confocal 

gain of 700 V of the photomultiplier tube (PMT). The water-immersion W Plan-

Apochromat 63x/1.0 Ph3 M27 objective was used. 405 nm laser excitation for Hoechst 

33342 signal and LysoSensor signal. 561 nm laser excitation for pHrodo red signal 

2.3.3 Imaging with Olympus 

The cells were treated in the same way as for the imaging experiment with the Zeiss LSM 

710 upright confocal microscope.  The microscope system used was Olympus FV1200 

confocal laser scanning microscope based on IX83 inverted microscope with a 60x oil 

immersion objective with numerical aperture NA=1.4 (objective type 

"PLAPON60XOSC2"). The XYZ image settings were the following: 1024x1024 pixels, 

XY pixel size 69nm, Z step size 300nm. 405 nm laser excitation was used for the Hoechst 

33342 signal, 559 nm laser excitation was used for the pHrodo red signal with the 

detection window 575-675 nm, and 488nm laser excitation for the LysoSensor signal 

respectively with detection between 505 and 540 nm.  
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Chapter 3: Quantitative cellular uptake studies 

3.1 The NWs-to-cell ratio  

The number of cells at treatment time was estimated using the doubling time of HCT 116 

cells mentioned in Perez’s thesis: 17:27 hours [5].  

For HeLa, the number of cells was estimated using the doubling time available in the 

literature of about 23 to 24 hours [29]. 

At the time of the incubation with nanowires, the expected confluency of both HCT 116 

and HeLa cells, for one 35 mm plastic bottom dish, was approximately 6 x 10
5 

cells.  

Nanowires were added to the cells at ratios of approximately 200 NWs per cell, based on 

the cytotoxicity studies conducted by Perez Rodriguez (2013). From all investigated 

ratios, the 200:1 was the largest suitable for killing cancer cells, while not inducing 

severe cytotoxicity in normal somatic cells [5].  

The calculation for determining the suitable amount of nanowires (and the volume of 

suspension to pipet respectively) was the following: 

V = 
(𝑁𝑜.𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝑛𝑎𝑛𝑜𝑤𝑖𝑟𝑒𝑠) 𝑥 (𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝑁𝑊𝑠 𝑡𝑜 𝑐𝑒𝑙𝑙)

(𝑇𝑜𝑡𝑎𝑙 𝑛𝑜.𝑜𝑓 𝑛𝑎𝑛𝑜𝑤𝑖𝑟𝑒𝑠 𝑖𝑛 1 𝑚𝐿 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛)
 x 1 mL 

3.2 Adaptation for cellular uptake studies with pHrodo™ Red-labeled nanowires 

For this project, CecogAnalyzer has been adapted to distinguish two classes of cells: cells 

with internalized nanowires and cells with no internalized nanowires. 
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The changes made in CeCogAnalyzer 1.5.2 to allow for the analysis of our cellular uptake 

studies, and the steps to be followed are detailed below: 

* get CecogAnalyzer 1.5.2 

* go to the installation folder (e.g. C:\Program Files\CecogAnalyzer1.5.2). Then go to the 

subfolder "resources" 

* open the file "naming-schemas.ini" (with e.g. Notepad++) 

* scroll a bit down 

* Add the following section to the file (without >>>> and <<<<) 

>>>> 

[SaudiArabia] 

file_extensions = .tiff .tif 

regex_subdirectories = ^[^_].* 

regex_filename_substr = (.+?)\. 

regex_dimensions = (?P<channel>[A-Za-

z\d]+)_P(?P<well>\d+)_Z(?P<zslice>\d+)_S(?P<subwell>\d+)_T(?P<time>\d+) 

timestamps_from_file = mtime 

<<<< 

These changes ensured that the files will be correctly scanned using the naming schema 

"SaudiArabia." 

The output files from BioStation are in ics/ids format. 

The Fiji software was used for converting and exporting the files to .tiff format, suitable 

for the analysis with CecogAnalyzer. The Fiji software was downloaded from: 

http://fiji.sc/Fiji 

http://fiji.sc/Fiji
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Fiji is an image processing package [30]. It can be described as a "batteries-included" 

distribution of ImageJ (and ImageJ2), bundling Java, Java3D and a lot of plugins 

organized into a coherent menu structure [30]. 

The opener for .ics and .ids files to be used in Fiji was downloaded from: 

http://valelab.ucsf.edu/~nstuurman/ijplugins/Ics_Opener.html 

Upon importing in Fiji the corresponding .ics and .ids files for a particular time lapse 

experiment to be analyzed, each of the three channels (transmission, B-2A filter channel 

for Hoechst 33342, G-2A filter channel for pHrodo red) was separately saved as image 

sequence (.tiff format) with the following naming scheme:  

[Channel name]_[Position]_[Z-stack]_[Slice]_[Time] 

Example: Hoechst_P001_Z1_S1_T 

It should be noted that for Z-stack images, there should be a separate image sequence for 

each Z-slice. 

For the gray-value normalization of the pHrodo red channel, the range 100-800 was 

chosen (Min: 100; Max: 800) to avoid background noise which could affect the initial 

supervised annotation. The lower range value (arbitrary units) is the value in the 16 bit 

image which corresponds to 0 in the 8 bit image, and the higher range value, the value 

which corresponds to 255 in the 8 bit image respectively.  As the software requires input 

from the user for initial annotation, such background noise can affect this process and the 

overall accuracy of the analysis. 
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By using the respective minimum value of 100, it was ensured that specific signal 

originating from well-defined spots in the pHrodo red channel was not lost. However, 

there was a significant decrease in the background noise. A series of screenshots for the 

0-800 and 100-800 ranges can be found in Figures 37 and 38.  

 

Figure 9.  Cutoff value of 0. Gray-value normalization with cutoff value of 0 for pHrodo™Red 

fluorescence (pseudo-colored green). 
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Figure 10. Cutoff value of 100. Gray-value normalization with cutoff value of 100 for 

pHrodo™Red fluorescence (pseudo-colored green). 

 

The maximum value of 800 was used, following fluorescence intensity measurements of 

the brightest spots in the pHrodo red channel for a few randomly chosen time lapse 

images. 

It should also be noted that object detection is based on the gray-value normalization, but 

also on several other features which are extracted for the pHrodo red channel and will be 

later used by the machine learning algorithm. These are basic intensity features, haralick 

features, statistical geometric features, granulometry features, distance map features and 

moments.  

These features are described in detail in Table 1 of Appendix. 
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3.3 The Cecog Analyzer computational pipeline 

Classification is central to machine learning. A training data set is generated by 

annotating representative examples according to predefined classes. The machine-

learning algorithm automatically infers the rules to discriminate the classes, which can 

then be applied to the full data set [19]. 

In summary, the processing pipeline yields “a set of objects (typically representing cells), 

each of which is associated with an ordered list of feature values called the feature 

vector” [19]. “Objects are thus represented in a multi-dimensional feature space, where 

the number of features defines the dimensionality” [19].   

A schematic drawing of the machine learning pipeline, as retrieved from [19] is shown in 

Figure 11. 

 

 

Figure 11. The machine learning pipeline for analysis of microscopy data. The canonical 

processing steps include image preprocessing, object detection, feature extraction, classifier 

training and classification. Classifier training yields a classifier by learning from a representative 

set of annotated training examples. Afterwards, new objects are automatically predicted in the 

classification phase. Adapted from [19]. 
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The first step of the machine-learning pipeline, image pre-processing, “aims to remove 

artifacts produced by the microscope or camera” [19]. 

Next, the objects of interest, which form the basis for classification, need to be defined. 

Most machine-learning frameworks separate objects of interest (cells) from image 

background, however classification can also be performed at the level of image pixels 

[19]. Object detection is either based on contours or region properties (e.g. “bright 

regions can be segmented from background by intensity thresholding”) [19]. To ease the 

image segmentation task, fluorescent chromatin or DNA stains are used as reference 

markers [19]. In our case, the Hoechst 33342 nuclear stain was used as a reference 

marker.  A screenshot of the primary object detection step and the corresponding example 

is exhibited in Figure 12. 

Secondary object regions can be derived, on the basis of the primary segmentation 

marker, in order to probe diverse secondary markers without “the need to adapt the 

program code for segmentation of the secondary image channel” [19]. The secondary 

object region was defined by a ring around the primary region with the specific expansion 

and separation size, and an expanded region from primary region with expansion size 3 

(“pixel increase of the primary region”) [19]. It should be noted that for HeLa cells, 

which are larger than HCT 116 cells, the expansion size for the ring around the primary 

region was increased to 7, and the expansion size for the expanded region from primary 

region was increased to 5. A screenshot of the object detection for the secondary pHrodo 

red channel and the corresponding example is exhibited in Figure 13. A detailed 

description of the parameters used for object detection is found in Table 2.  
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Figure 12. Object detection – primary channel. Object detection processing step for primary 

channel corresponding to Hoechst 33342 fluorescence. 
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Figure 13. Object detection –secondary channel. Object detection processing step for secondary 

channel corresponding to pHrodo™Red fluorescence. 
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Following segmentation, “each object needs to be described by quantitative features that 

form the basis to distinguish them by a classifier algorithm” [19]. 

There are two types of features which are widely used to describe cell objects in 

microscopic images: “texture features which quantify the distribution of pixel intensities 

within each object,” and a second class of features that describe the contour on the basis 

of the segmentation mask, for example, “the contour roughness or circularity” [19]. 

Even though comprehensive feature sets are required based on the applicability of the 

machine-learning pipeline, gathering more features does not necessarily improve 

performance [19]. This is because the dimensionality increase, as a result of adding each 

feature, makes the classification task exponentially more complex [19].  

For this reason, the basic shape features and convex hull features were not used for the 

secondary pHrodo red channel, as shown in Figure 14, in which a screenshot of the 

feature extraction step is presented. 

A detailed description of all features can be found in Table 1 of Appendix. 
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Figure 14. Feature extraction for the primary and secondary channels.  

The key-step of the entire processing pipeline is the Classification step.  

A folder structure stores all data of a classifier, including sample annotations, picked 

sample images and corresponding features, and trained models for support vector 

machines. Classifiers can be trained for primary and secondary channel independently. A 

confusion matrix visualizes the match between human annotation and machine prediction 

(as it can be observed in Figure 15). Contour images color-coded by predicted class 

labels visualize classification performance on raw image data. [19].  

For this project, we trained the support vector machine classifier for the discrimination of 

two different object classes – “nanopositive” (cells with internalized nanowires) and 

“nanonegative” (cells with no internalized nanowires).  

We defined these classes by manual annotation of approximately 20-50 example objects 

for each class as shown in Figure 15. The “nanonegative” class was exhibited in green, 

and the “nanopositive” class in yellow respectively.  
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Figure 15. Screenshot of the classification tab.  

 

A special annotation browser is dedicated to the manual annotation step. One can further 

adjust the brightness and contrast of the respective channels (as shown in Figure 16). 

Now, the objects defined in the previous object detection steps can be displayed 

accordingly. Before proceeding with the actual annotation, one should click the Detect 

objects box and choose the Secondary-expanded option. The contours will be shown by 

color.  
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Figure 16. Display in the annotation browser. Display in the annotation browser with image 

enhancement toolbar and the defined contours. 

 

The manual annotation was simply performed by picking examples corresponding to the 

two defined classes: “nanonegative” and “nanopositive.” All annotations were recorded 

in the structure folder previously mentioned. 

As exhibited in Figure 17, the examples were picked by visual observation of the object 

characteristics. The “nanopositive” class is defined by the green fluorescence signal 

associated with the red nuclear reference marker and found in the respective expanded 

region, while the “nanonegative” class is defined by the absence of such signal. 
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Figure 17. Manual annotation in the annotation browser. Examples picked for the two classes 

“nanonegative” and “nanopositive.” 
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Chapter 4: Results and Discussion 

4.1 Structural and morphological characterization of nanowires 

The Fe and Ni NWs were characterized by SEM as shown in Figure 18.  

    

Figure 18. SEM characterization of NWs. SEM characterization of ~ 3.5 μm long Fe NWs and ~ 

4.5 μm long Ni NWs. A) Fe NWs. Scale bar=3 μm. B) Ni NWs. Scale bar=5 μm. 

 

EDX was used to analyze the chemical composition of the nanowires. The point EDX 

spectra of Ni NWs are exhibited in Figure 19. As shown in Figure 19 C), the Ni NWs are 

made of pure Ni.  The nanowires are coated with an oxide layer as confirmed by the 

spectra in Figure 19 D). The presence of C might be due to the ethanol in which the 

nanowires were suspended. 

A B
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Figure 19. Morphology and composition analysis of magnetic nanowires. (A)SEM image of Ni 

NWs on top of a silicon wafer substrate. (B) TEM image of a single Ni NW. The inset shows the 

outer oxide layer that is 6–8 nm thick. (C) Point EDX spectra of a Ni NW core and (D) its 

surrounding layer. The insets show the corresponding scanning transmission electron microscopy 

(STEM) images. Red asterisks indicate the point from which the spectrum was measured. Scale 

bars: 40 nm. Adapted from Contreras (2015) [24] 

 

Energy-filtered TEM (EFTEM) was used to acquire the elemental maps of the APTES-

coated and non-coated Fe NWS. As shown in Figure 20 A) and B) no distinction can be 

made by visual observation of the outer layer of the NWs. The elemental map of APTES-

coated Fe NWs reveals more prominent presence of oxygen in the outer layer.  This could 

serve as a weak indirect confirmation of APTES presence, given its molecular formula 
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C9H23NO3Si with three atoms of oxygen. Si is not exhibited in the elemental map, as it 

was detected in very low amount and no direct conclusions could be drawn given also the 

Si elemental constitution of the electron detector in TEM. 

 

 

Figure 20. Energy-filtered TEM (EFTEM) characterization. Energy-filtered TEM (EFTEM) 

characterization of APTES-coated and non-coated Fe NWs.  A) Non-coated Fe NWs. B) APTES-

coated Fe NWs. C) Elemental map of non-coated Fe NWs. D) Elemental map of APTES-coated 

Fe NWs. Fe – red,  C – blue, O – green. Scale bar =10 nm 

 

The zeta potentials of the non-coated and APTES-coated nanowires were measured as 

described in Methodology.  

For the non-coated Fe NWs, as shown in Figure 21, the zeta potentials of the three 

replicas were 3.21, 3.3, and 2.03. For the coated Fe NWs, as observed in Figure 22, the 

A B

C D
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zeta potentials of the three replicas were -17.1, -17.3, and -17.8 mV. The negative values 

obtained for the APTES-coated NWs are confirmed by the study of Arppe et al. (2014), 

in which the the zeta potential of the amino-silane coated UCNPs before conjugation was 

measured as -22 mV at pH 7.2 [23]. This could be explained by the “higher abundance of 

acidic silanols than basic amines on the surface, which is a typical implication following 

co-condensation reactions” [23]. 

 

Figure 21. Zeta potential measurements of non-coated Fe NWs. 

 

Figure 22. Zeta potential measurements of APTES-coated NWs. 
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The FTIR characterization of non-coated and APTES-coated Fe NWs is exhibited in 

Figure 23. A prominent peak can be observed for the APTES-coated Fe NWs at a 

wavenumber of approximately 1000 cm
-1

. The peak corresponding to Si-O is of 

approximately 1054 cm
-1

 according to experimental data found in the literature [31]. 

These results along with the previously described characterization of APTES-coated 

NWs and the direct visual observations shown in Figures 30 and 32 confirm that the 

coating step with APTES was successful. 

 

Figure 23. FTIR spectrum of Fe NWs. FTIR spectrum of non-coated Fe NWs and APTES-coated 

Fe NWs 

The pHrodo™Red  dye attached to the APTES-coated Fe NWs was stable for more than 

6 months, as confirmed by the confocal laser scanning microscopy images shown in 

Figures 30 and 32, which were acquired after the respective time interval. It should be 

noted that the sample was stored in ethanol at -20 °C. 
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The study of Vemula et al. (2014), reported that “pHrodo-SAFs are stable, and the dye 

remains within the self-assembled fibers over a wide range of pH” [32]. “In the presence 

of degradative enzymes over 3 days, >85% of the dye remained stable within the self-

assembled fibers, and no further loss was observed beyond this time-point” [32].  

“Negligible release of the dye was observed at pH 4” [32].  

4.2 Cellular uptake studies  

4.2.1 Iron nanowires 

Cellular uptake studies were conducted with the pHrodo™ Red-tagged Fe NWs and the 

two cell lines, HCT 116 and HeLa. 

Screenshots of the processing image analysis pipeline for HCT 116 cells incubated with 

Fe NWs are exhibited in Figure 24. The “nanopositive” cell class is shown in yellow, and 

the “nanonegative” cell class in green. 

 

A 
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Figure 24. Screenshots of the processing CecogAnalyzer pipeline. Screenshots of the 

processing CecogAnalyzer pipeline for HCT 116 cells incubated with pHrodo™ Red-

tagged Fe NWs. A) Frame 3, ~0.3 h post-incubation. B) Frame 37, ~6 h post-incubation. 

C) Frame 111, ~18.33 h post-incubation. 

 

For the secondary channel, the object counts for each of the two classes defined in the 

Classifier of CecogAnalyzer were output by the software.  The number of “nanopositive” 

cells was further divided by the total number of cells, and the percentage of 

“nanopositive” cells was accordingly plotted at each time point of the image acquisition 

series. For HCT 116 cells incubated with Fe NWs, results from three independent 

positions located in the same cell culture dish used for the time lapse imaging were 

B 

C 
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plotted in Figure 25. The mean percentage of “nanopositive” cells is approximately 85% 

and over the 24h time interval, the cellular uptake shows a linear increase, when fit to a 

linear trendline (R
2
= 0.9817).  A small “dip” in the percentage of “nanopositive” cells can 

be observed after approximately 16 hours post-incubation with nanowires; this could be 

explained by the fluctuating epi-fluorescence illumination of the Nikon Biostation IM-Q, 

as shown in Figure 46 of Appendix. 

 

Figure 25. Cellular uptake of Fe NWs by HCT 116 cells.  Results from three independent 

positions with a linear fit trendline for one of the respective positions. 

 

For HeLa cells incubated with Fe NWs, results from three independent positions located 

in the same cell culture dish used for the time lapse imaging were plotted in Figure 26. 

The mean percentage of “nanopositive” cells is approximately 20% and over the 24h time 

interval, the cellular uptake shows a logarithmic-style increase, with good fit to a 

logarithmic trendline (R
2
= 0.8303).  The relatively high proliferation of HeLa cells in this 

experiment (increase of approximately 60% in the number of total cells after 24h), could 
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explain this logarithmic “behavior.” The logarithmic-style increase gives the impression 

that there will be no additional cells internalizing nanowires between 8 and 24 h post-

incubation; however that is not the case. With the new cells resulting from proliferation, 

which would be initially classified as “nanonegative”, it would be expected to see a drop 

in the percentage of “nanopositive” cells. That phenomenon cannot be observed, thus 

providing an indirect indication, that at the same time with doubling, there will be 

additional cells internalizing nanowires, and thus maintaining the percentage of 

“nanopositive” cells relatively constant. 

 

Figure 26. Cellular uptake of Fe NWs by HeLa cells.  Results from three independent positions 

with a linear fit trendline for one of the respective positions. 

4.2.2 Nickel nanowires 

For HCT cells incubated with Ni NWs, the CecogAnalyzer results were plotted in Figure 

27. The mean percentage of “nanopositive” cells is approximately 90% and over the 24h 

time interval, the cellular uptake also shows a logarithmic-style increase, with very good 
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fit to a logarithmic trendline (R
2
= 0.9598). The logarithmic-style increase could be 

explained in this case by the fact that the percentage of “nanopositive” cells almost 

reaches saturation of 100%.  

 

Figure 27. Cellular uptake of Ni NWs by HCT 116 cells. Results from three independent 

positions with a linear fit trendline for one of the respective positions. 

 

In the case of HeLa cells, the mean percentage of “nanopositive” cells is approximately 

45% and over the 24h time interval, the cellular uptake shows a linear increase, with very 

good fit to a linear trendline (R
2
= 0.9865), as shown in Figure 28. It should be noted that 

there is variability among the three positions investigated within the same dish used for 

the experiment.  The distribution of both Fe NW and Ni NW structures is random, with 

multiple aggregates of different sizes. Therefore there is no homogenous consistent and 

comparable distribution even for independent positions within the same dish. For cells 

found at position 5, as exhibited in Figure 28, the highest percentage of “nanopositive” 

cells is obtained after 24h post-incubation. When looking at the actual time lapse images, 
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exhibited in Figure 47, one can note that for this position there are no noticeably large 

aggregates, and thus the nanowires are more homogenously distributed and more cells 

will be targeted, as compared to positions 3 and 4 in which large aggregates can be 

observed. The observed difference between positions 3 and 4 can be explained by the 

difference in the proliferation of cells captured at the respective locations within the cell 

culture dish (15% for cells at position 3, and 9.5% for cells at position 4, as determined 

from the plots shown in Figure 45).  It was noted that for position 4, the aggregate was 

larger than the one observed at position 3, and more apoptotic cells could be observed 

around it. This might have hindered the division of cells in the region with the aggregate, 

within the total area observed for the respective position. 

 

Figure 28. Cellular uptake of Ni NWs by HeLa cells. Results from three independent positions 

with a linear fit trendline for one of the respective positions. 

 

By comparing Figures 23 and 25, one can note that there is a more pronounced increase 

in the percentage of “nanopositive” cells in the first 4 h post-incubation for the 
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experimental condition with HCT 116 cells and Ni NWs. Ni NWs thus seem to get 

internalized faster by a larger number of HCT 116 cells, as compared to Fe NWs. The 

nanowires have been fabricated from two different types of materials (Fe and Ni), so no 

size-based inference can be made even though the length of the nanowires differs (~ 3.5 

μm long Fe NWs and ~ 4.5 μm long Ni NWs). 

For all four experimental conditions, over 24 h, the initial number of cells did not double, 

as expected given the generation time for both cell lines. In the case of HCT 116,   as 

determined from the plot shown in Figure 42 of Appendix, there was an 8.23% increase 

in the number of cells during the time lapse imaging experiment in which they were 

incubated with Fe NWs and 27% in the case of Ni NWs. For HeLa, the number of cells 

increased by 15% during the experiment in which they were incubated with Ni NWs and 

60% in the case of Fe NWs.  No conclusions related to cell viability or cytotoxicity can 

be drawn from these observations, as even for the control condition with HeLa cells and 

no nanowires, the increase in number of cells was around 11%, as shown in Figure 43 of 

Appendix. The cells could have experienced a delay into mitotic entry during transfer to 

the Nikon Biostation IM-Q. It should be also noted that the cell cycle was not 

synchronized. UV excitation could have also exerted some stress on the cells and thus 

cause a mitotic entry delay. For future experiments, the DNA stain Texas Red should be 

used, due to its long wavelength excitation which is not harmful to the cells. 

Literature reports no significant compromises in the viability of three types of cells 

experiencing internalization of nickel nanowires [7]. The study of Shen et al. (2009) 
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reports that “Fe3O4 MNPs exerted no significant effects on the proliferation of HeLa cells 

and did not induce apoptosis of HeLa cells” [33]. 

Some differences can be noted between the two cell lines. For both Fe and Ni NWs the 

cellular uptake recorded with HCT 116 cells was at least two-fold higher than the cellular 

uptake of HeLa cells.  The percentages of “nanopositive” HCT 116 cells upon incubation 

with Fe and Ni NWs were similar, 85% and 90% respectively. The lower percentages 

obtained for HeLa cells could be explained by different reasons. One main reason could 

be differences between the two cell lines in terms of uptake behavior. In the literature, the 

study of Torrano et al. (2014) has reported a “cell-type dependent uptake of silica 

nanoparticles” [16]. It was shown that human vascular endothelial cells (HUVEC) are 

more efficient in incorporating particles within the first 4 h of incubation, with the 

number of intracellular particles, up to 10 times higher than for HeLa cells derived from 

the cervix carcinoma. However, that changed after 10 or 24h when the “amount of 

particles taken up by HeLa cells strikingly exceeded the amount of silica particles taken 

up by HUVEC cells” [16].  A similar situation is observed in our study with HCT 116 

cells, which appear more efficient in internalizing nanowires as compared to HeLa.  

HeLa are reported by dos Santos et al. (2011) to show the highest proportion of cells with 

no particles, indicating their inability to internalize 1 μm-sized particles. With the 1 μm-

diameter particles, the probability of having cells with no particles internalized after the 

given exposure time was 74% for HeLa. This corresponds to our observations with HeLa 

cells. The study of dos Santos et al. (2011) also reports that the uptake rate for large NPs 

(1 and 2 μm) is much slower compared to that of the smaller particle sizes. Even after 

24h of exposure, cells with no internalized NPs were found [34]. 
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The study of Li et al. (2012), reports that “the effects of the magnetic iron oxide 

nanoparticles (MIONPs) on cell morphology and the nanoparticles uptake showed 

different features between human cervical cancer cell line (HeLa) and immortalized 

normal human retinal pigment epithelial cell line (RPE)” [35]. Additionally, “it was 

noticed that the cell morphological changes and the uptake of nanoparticles can take 

place even though no toxic effect of these MIONPs at low concentrations was reflected in 

the traditional cell viability assay” [35]. 

The study of Villanueva et al. (2009) showed that “internalization of nanoparticles inside 

HeLa cells depended on the nanoparticle coating charge and nature, concentration, and 

incubation time” [11]. 

4.2.3 Correlation of cellular uptake of Ni NWs and their size distribution 

When choosing the lower threshold for detection of pHrodo™ Red fluorescence with the 

CecogAnalyzer pipeline, different fluorescence intensity cutoff values have been used for 

comparison. When choosing to detect only the fluorescence above 700 (arbitrary units), 

an interesting correlation was noted with the size distribution analysis performed by 

Efrain Perez for Ni NWs. The screenshot for gray-value normalization with cutoff value 

of 700 is exhibited in Figure 39 of Appendix.  
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Figure 29.  Cellular uptake of very bright Ni NWs structures by HCT cells. A cutoff value of 700 

was used for the analysis with CecogAnalyzer. 

For the size distribution analysis, the agglomerate size was plotted on the X-axis and the 

percentage of agglomerates of certain size, relative to the total number of Ni NWs 

structures analyzed, was plotted on the Y-axis, as shown in Figure 30. The percentage of 

structures with a size in the range of 50-100 μm was approximately 3.40%, while the 

structures with a size larger than 100 μm made approximately 2.55% out of the entire 

number of structures analyzed.  

 

Figure 30. Ni NW agglomerates size distribution in cell medium. 
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These percentage values match the percentage of “nanopositive” cells determined for the 

analysis with the high fluorescence intensity cutoff value. It should be also taken into 

account that the mean percentage of “nanopositive” HCT 116 cells incubated with Ni 

NWs was approximately 90% after 24 h, so it is not assumed that all cells internalized 

nanowires.  

For an adequate quantification of large NW fragments and appropriate correlation study, 

the Particle_in_cell-3D macro mentioned in Introduction should be used.  

4.3 Internalization studies 

 

Figure 31. Schematic of the known pathways for intracellular uptake of nanoparticles. Adapted 

from [9].  
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A schematic of the known pathways for intracellular uptake of nanoparticles is shown in 

Figure 31. As mentioned in the Introduction, clathrin-mediated endocytosis is considered 

the primary characterized mechanism for cellular uptake of nanoparticles.  

This study doesn’t focus on investigating the underlying mechanisms of nanowires 

uptake by cells, however several experiments have been performed to gain a better 

understanding of the nanowires fate upon internalization by cells.  

A direct proof that the attachment of pHrodo™Red dye to the Fe NWs was successful is 

exhibited in Figure 32 B).  The bright red fluorescent signal, characteristic for 

internalized pHrodo™Red, is also a proof that the observed nanowires have been 

internalized by the cells.                                                                    

  

Figure 32. CLSM images of HeLa cells taken with Zeiss LSM 710 upright confocal. A) Cells 

with no nanowires. B) Cells incubated for 18 h with pHrodo™Red-tagged Fe NWs. Scale bar = 

10 μm. 

In a different experiment, HeLa cells have been stained with the Hoechst 33342 nuclear 

stain and LysoSensor yellow/blue DND-160 to investigate intracellular localization of the 

internalized nanowires. The internalized nanowires are located around the nucleus and 

the respective fragments vary in size and brightness. 

A B
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Figure 33. HeLa cells stained with Hoechst 33342 and LysoSensor yellow/blue DND-160. A) 

Control cells with no nanowires added. B) Cells incubated with pHrodo™Red-tagged Fe NWs 

(200:1 ratio) for 18 h. Scale bar = 10 μm. 63x Magnification. 

In Figure 34, two snapshots of HeLa cells with internalized nanowires are shown at 

higher scan zoom. One bright large Fe NW agglomerate is shown near the nucleus of the 

HeLa cell, along with smaller fainter Fe NW fragments, as exhibited in Figure 34 A). In 

Figure 34 B), which depicts a separate experiment, lysosomal staining around the nucleus 

is shown, and partial co-localization of the green lysosomal signal with the bright red 

signal characteristic for the pHrodo™Red-labeled Fe NWs can be observed.  

A B
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Figure 34. Zoomed-in snapshots of HeLa cells . Zoomed-in snapshots of HeLa cells incubated 

for 18 h with pHrodo™Red-tagged Fe NWs (200:1 ratio). A) One HeLa cell with internalized Fe 

NW agglomerates near the nucleus. B) Two distinct bright red Fe NW fragments can be observed 

in the cytosol, and partial co-localization of the red signal with the green lysosomal staining. 

Scale bar = 10 μm. 63x Magnification. 

 

A separate experiment was conducted with HCT 116 cells and pHrodo™Red-tagged Fe 

NWs. The cells were incubated with NWs for 6 h prior to imaging. The nuclei appear in 

blue, the acidic endo-lysosomal compartments in yellow, and the Fe NW fragments in 

red, as exhibited in Figure 35. The bright orange signal indicates a co-localization of the 

red and yellow fluorescence, and thus implies that the respective Fe NWs fragments are 

found in endo-lysosomal compartments.  The LysoSensor exhibits a pH-dependent 

increase in fluorescence intensity upon acidification, like pHrodo™Red, and in contrast 

to the LysoTracker probes, which exhibit fluorescence that is largely independent of pH. 

In acidic organelles, LysoSensor Yellow/Blue DND-160 (PDMPO) has predominantly 

yellow fluorescence and in less acidic organelles it has blue fluorescence [36]. 

A B
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Figure 35. HCT 116 cells incubated for 6 h with Fe NWs (500:1 ratio). Nuclei appear in blue, 

acidic endo-lysosomal compartments in yellow, and Fe NW fragments in red. Two different Z-

stacks are depicted. 60x Magnification. 

A 3D reconstruction with the Imaris software, of the Z-stack images taken with the 

Olympus confocal microscope is shown in Figure 36.  

         
Figure 36. 3D Reconstruction of Z-stack. A 3D reconstruction of the Z-stack images of HCT 116 

cells incubated for 6 h with Fe NWs (500:1 ratio). Nuclei appear in blue, acidic endo-lysosomal 

compartments in yellow, and Fe NW fragments in red. The reconstruction was done with the aid 

of Imaris software. Scale bar = 10 μm. 
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The co-localization of the pHrodo™Red and LysoSensor fluorescence is an indication 

that the respective nanowires fragments are found within very acidic organelles, endo-

lysosomal compartments in this case. It should be noted that the bright red pHrodo™Red 

signal is stronger than the yellow lysosomal signal in Figures 33 and 34, or the green 

lysosomal signal in Figures 31 and 32. These co-localization observations are based on 

visual approximation; however for an appropriate co-localization study, the fluorescence 

intensity of each of the two dyes at each pixel should be measured and compared.   

Our results offer an indication that internalization of Fe and Ni nanowires follows an 

endolysosomal pathway in HCT 116 and HeLa cell lines. 

As reported in the study of Song et al. (2010), and in our case, the NWs used for uptake 

studies were not uniform in the length scale, ranging from several hundreds of 

nanometers to several micrometers due to liberation from AAO template and ultrasonic 

treatment to prevent aggregation.  The respective study reports that internalized short Fe 

NWs were located in the vesicle and internalized long Fe NWs were located in the 

cytoplasm, which suggests that uptake of Fe NWs with different lengths may follow 

different processes.  In our case, it would be thus useful to assess whether the 

internalization mechanism differs for short and long nanowires in the two cell lines 

studied.  

When introduced into the cell culture medium, the NWs would sediment due to 

gravitation and migrate to the cell surface.  Song et al. (2010) inferred that the cellular 

uptake process of the short Fe NWs was a non-specific pinocytosis process, which is 
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similar to the most nanoparticles, given the small volume. The pinocytosis occurred from 

the highly ruffled membrane invagination and then the NWs near the cell surface were 

likely to be engulfed. The pocket formed by the invagination of the cell membrane then 

pinches off into the cell to form a vesicle filled with Fe NWs within it. Once the vesicle 

formed, it would travel to the cytoplasm [8].  

For long NWs, Song et al. (2010) considers that the respective structures could not be 

engulfed by the pocket formed by the membrane invagination for their large volume.  A 

differentiation based on orientation is made for the NWs perpendicular to the plasma 

membrane which could easily enter the cell [8]. This might help explain in our case why 

some large nanowires aggregates are not internalized. It is not only the size but also the 

orientation that matters in terms of cellular uptake.  Song et al. (2010) speculated that the 

long NWs were similar to nanoneedles, which could perforate and diffuse through the 

lipid bilayer of cell membrane without inducing cell death. This process has been 

observed for cellular uptake of carbon nanotubes [8].  

It was found by Ma and Gu (2007) that aminosilane-coated Fe3O4 nanoparticles could be 

greatly taken up by SPC-A1 human lung cancer cells but not by WI-38 human lung cells 

[37]. The particles could be retained in SPC-A1 cells over a number of generations in 

vitro-which is also confirmed by our time lapse experiments for both HCT 116 and HeLa 

cell lines.   

Several attempts have been made by different research groups aimed at studying the 

internalization mechanisms of nanoparticles. The endocytosis pathway was inhibited 

using low temperature in the study of Ma and Gu (2007), and it was noted that no 
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nanoparticles were taken up by SPC-A1 cells [37]. Restoring the endocytosis activity at 

37 °C, the process of nanoparticles from coated pit to endosomes and lysosomes was 

observed by TEM.  Phagocytosis was speculated to be involved in the internalization 

process of aminosilane-coated Fe3O4 nanoparticles [37].  

When considering the intracellular localization of nanowires, a remarkable observation 

made by Prina-Mello et al. (2006) is found in literature. They speculate that the internal 

organelles inside the cytoplasm respond to the nanowire, upon observations of 

mitochondrial and lysosomal staining. They note “a preferential accumulation of the 

nanowires close to the cell nucleus membrane and localized activation of lysosomes and 

mitochondria around the cell nucleus” [7]. Lamellipodia extensions due to cell tethering 

and re-alignment were associated with a nanowire-induced cell stiffening response [7]. 

Multiple internalization mechanisms are also described by Vemula et al. (2014) [32]. In 

addition to discrete punctate signals, “suggesting that pHrodo-SAFs are localized in 

phagosomes,” fluorescence was also observed throughout the cytoplasm, and was 

modulated by changing cytoplasmic pH, suggesting that “pHrodo-SAFs also deliver 

pHrodo into the cytoplasm” [32]. Unlike phagosomal uptake, this effect was noted at 

both 4 °C and 37 °C, suggesting that cytoplasmic delivery occurs by a process which is 

not dependent on energy [32]. 

Co-localization in the acidic organelles is also reported by the study of Villanueva et al. 

(2009) showing that “the intracellular punctual distribution of aminodextran-coated 

magnetite nanoparticles overlapped predominantly with that of the LysoTracker Red 

DND-99 dye” [11]. The localization of nanoparticles outside the nucleus is also 
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confirmed by their study.  The cytoplasm is found to be full of particle aggregates near 

the nucleus, at a concentration of 0.5 mg Fe ml
-1

; however the particles are never found 

inside the nucleus [11]. An interesting claim however is made by the study of Xu et al. 

(2014), reporting that some of the nanostraws appeared to penetrate the Hoechst-labeled 

nuclei directly [10]. These observations suggest that of nanostraws that are able to 

penetrate into cells, a small minority have access to internal subcellular compartments 

such as the nucleus. 

The field of endocytic pathways has evolved from a singular focus on clathrin-mediated 

endocytosis to 10 different mechanisms, illustrating the complexity of cellular membrane 

transport [38]. As stated by Wierzbicki et al. (2013), “the case of uptaken nanowires will 

likely have numerous pathways.” The cases presented in this study should not be 

interpreted as an exhaustive list, “the vast complexity of endocytic pathways illustrates 

that much research is warranted into this field” [38]. 

 

 

What was particularly interesting and should be noted is that very large Ni NW 

aggregates seemed to be teared down in pieces by the cells, as shown in Figure 37 and 

Supplementary Video 1. This phenomenon, to our knowledge, has only been reported in 

literature by Wierzbicki et al. (2013) which notes that nanowires were broken off from 

the silicon substrate and subsequently engulfed by the cells and ordered in tight clusters 

[38]. Wierzbicki et al. (2013) speculate focal adhesion sites and cell movement do have 

the necessary strength to cause some of the observed effects [38]. 
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Figure 37. Time lapse images depicting Ni NWs uptake by HeLa cells. A) Large aggregate 

indicated by the red arrow, 15 min post-incubation. B) Aggregate fragments, 9h 45 min post-

incubation. C) Aggregate fragments, 24 h 15 min post-incubation. Large Nuclei were stained with 

Hoechst 33342. Scale bar = 20 μm.  

A few other interesting observations were made on the images collected from the time 

lapse experiments. The cells could divide properly even with one or more nanowire 

fragments inside (as shown in Supplementary Video 2), and the nanowire aggregates 

seemed to be passed along to only one of the daughter cells, as shown in Figure 38 C and 

F. Apoptotic cell  stopped fluorescing, as exhibited in Figure 38 D. 

A B
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Figure 38. Time lapse images of HeLa cells incubated with Fe NWs. A) A nanowire aggregate 

characterized by faint fluorescence can be observed inside the cell indicated by the red arrow. 

B)The cell indicated by the arrow is ready to divide and the nanowire aggregate fluoresces more 

brightly. C) The nanowire aggregate is found in one of the daughter cells, and no visible 

fragments can be observed in the other. One of the cells with internalized nanowire fragment is 

marked with a green arrow. D) The cell marked by the green arrow became apoptotic and 

detached from the monolayer. E) Another mitotic cell with internalized nanowire is marked by 

the red arrow. F) Two daughter cells emerge, encircled in red. Nuclei stained with Hoechst 

33342. Scale bar = 20 μm. 
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Chapter 5: Conclusions and Future Perspectives 

5.1 Limitations and Future Perspectives 

There was a 15 minutes delay between the addition of nanowires to the medium in the 

cell culture dish and the start of the time lapse imaging. This is also reflected in the 

corresponding Figures in which the percentage of “nanopositive” cells was plotted 

against time (starting with Figure 25).  

The 10 x magnification was used for all time lapse imaging experiments, as one of the 

aims of this project was to apply the analysis pipeline to high throughput data, which in 

this case was acquired with the lowest magnification available implicitly yielding the 

highest number of cells to be analyzed. 

For future improvements in regard to annotation and fine-tuning of other parameters 

(object detection, feature extraction), the 20x magnification can be used and thus allow 

for facile visual observations by the experimentalist. 

In our pipeline, the nuclear stain Hoechst 33342 is used as the reference marker for the 

analysis. As in the case of Particle_in_Cell-3D, having an emission channel reserved for 

the plasma membrane, might provide a better reference for internalized and non-

internalized nanowires. 

When using the gray-value normalization with cutoff value of 0, the supervised machine 

learning analysis yielded a percentage of about 5% “nanopositive” cells after 24h, as 

shown in Figure 41 of Appendix. For this particular case, an independent experimentalist 

was only given information about the two classes of cells and how they were previously 
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defined. This is thus an indication of human experimentalist-induced error in conditions 

of high background noise, as exhibited in Figure 40 of Appendix.  To test the reliability 

of the software and implicitly the pipeline, several users should perform the respective 

analysis conducted for one of the four experimental conditions.  They should not be given 

information about the experimental conditions, only basic information about the two 

classes and how they were defined in a previous experiment. 

A slight over-exposure was noted for the pHrodo™Red channel when analyzing the time 

lapse experiments with the Nikon Biostation. As it is crucial to ensure constant 

illumination intensity and it is in our interest to reduce background noise, adequate 

adjustments should be made in this regard.  

Reproducibility of the image-recording procedure is of utmost importance for the 

successful application of machine learning and this should be a key aspect to keep in 

mind when later performing other time lapse imaging studies [19]. The illumination 

intensity should be kept absolutely constant.  “Variable cell densities or differences in 

low-level image features owing to the experimental setup (such as microscope settings or 

different imaging media or incubation temperatures) that are not related to a biological 

phenotype can severely compromise the reliability of machine-learning methods” [19]. 

One should also look into unsupervised machine learning to perform similar quantitative 

analysis studies. Machine learning offers great potential and several alternatives for 

microscopic image processing should be investigated. Quantification of cell-

nanostructure interactions will require careful statistics by methods with higher 

throughput, so these aspects should be kept in mind when testing alternatives. 
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As previously stated, this study doesn’t provide by far an exhaustive list of internalization 

mechanisms. The cellular uptake behavior can differ so much across different cell lines, 

and different nanostructures sizes and orientations to the cell plane. What should be noted 

is that there is a rich variation of fluorescence intensities for both Fe NW and Ni NW 

agglomerates and fragments. A separate study linking these fluorescence intensities to 

different internalization paths and intracellular localization would be possible.  

As mentioned in the study of Xu et al. (2014), there are certain resolution limitations 

which in our case would not allow distinguishing whether some pHrodo™Red-

characteristic oblong or ellipsoidal spots, arise from two or more nanowires in close 

proximity and if they are the result of multiple penetrations. Independent stimulated 

emission depletion (STED) microscopy, a super-resolution technique, should be used to 

resolve these structures, as described in the study of Torrano et al. (2014) [16]. 

If interested to gain a better understanding of the uptake behaviors of several cell lines, 

48 h time lapse experiments could be conducted. As mentioned by the study of Torrano et 

al. (2014) differences in the uptake behavior of different cell lines can be observed with 

time, some being more efficient in incorporating particles a few hours post-incubation 

and others after 24 h.  

In several images acquired during our internalization studies with the Zeiss and Olympus 

microscopes, several punctate red spots (pHrodo™Red-characteristic) were observed 

inside the cells. It could be speculated that these are very small fragments of nanowires 

internalized as such by the cell or broken down upon internalization and interaction with 

the lysosomes.  As they could also be free dye molecules, in order to make a clear 
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distinction, a powerful magnet could be added in proximity to the cells. If there would be 

coordinated oscillations of these spots, it could be easily confirmed that they are 

nanowires fragments. In order to test whether they are the result of degradation or 

internalization as such, several exposure conditions should be used and allow for 

comparison. If the fragments result from a previously internalized larger aggregate, there 

should be a time-dependent correlation with the appearance of the spots. Otherwise, it 

will be related to smaller independently-internalized fragments [39]. 

The potential presence of residual dye from the labeling process being released from 

nanowires into the biological medium, and, in particular, within the cell, could lead to 

misinterpretation of particle uptake and localization results. Given the many wash steps, 

we will not expect free dye molecules in the media but this cannot be totally excluded. In 

the study of Vemula et al. (2014), “pHrodo-SAFs were lyophilized and stored at room 

temperature. After regular intervals (1, 4, 8 and 10 weeks), re-dispersion of pHrodo-SAFs 

in PBS did not release the dye” [32].  The potential presence of free dye molecules 

should also be investigated with gel electrophoresis, as described in the study of dos 

Santos et al. (2011). Studies on the intracellular fate of pHrodo™Red, once internalized 

with the nanowires, should also be conducted. 

Fluorescein isothiocyanate (FITC) could be used along with pHrodo™Red to 

discriminate non-internalized nanowires and allow for a simple and rapid quantification 

of the amount of non-internalized and internalized nanowires. In the study of Leclerc et 

al. (2012),  double fluorescent 500 nm FITC/pHrodo particles were detectable by the red 

and green fluorescence spectra, and  the merge allowed to discriminate external particles 
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(FITC green fluorescence) from particles internalized in acidic vesicles (yellow due to the 

green FITC and red pHrodo probe fluorescence co-localization. “A ratio was then 

established between red and green pixels, leading to a percentage of internalized 

particles” [40].  

For the internalization studies, the approach described in the study of Vemula et al. 

(2014), with incubation at 4 °C and 37 °C to investigate whether the uptake mechanism is 

energy-dependent or not could also be applied in the case of nanowires. To further 

characterize the mechanism of uptake of pHrodo-tagged nanostructures, endocytosis and 

actin function could be inhibited with latrunculin A and cytochalasin D respectively, at 

both 37 °C and 25 °C [32].  The intracellular pHrodo™Red pH calibration kit should be 

used to observe the response of internalized dye to intracellular pH modulation and to 

potentially associate the brightness intensity with the specific pH around the respective 

nanostructure. 

Transmission electron microscopy should be performed to visualize the exact location of 

the nanowires. However, there are several challenges with the sample preparation which 

will not allow for the observation of the same position within the dish.  However, 

alternative methods have been proposed such as the cryosectioning technique reported by 

Marotta et al. (2013), which enhances the visibility of membrane-bounded organelles 

inside the cell cytoplasm [39]. A STEM energy dispersive X-ray spectroscopy (EDXS) 

protocol was described, which allows for identification of the chemical elements inside 

cells or tissues even if present in low atomic percentage (about 3-4%). When combined 
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with STEM mode, it allows to measure elemental composition down to sub-micrometer 

scale in organic and biological thin sections [39]. 

The study of Villanueva et al. (2009), reports for the first time a metaphase arrest induced 

by anionic, heparin-covered nanoparticles at a concentration of 0.5 mg Fe ml-1. They 

conclude that cancer cell response to magnetic nanoparticle exposure depends on the 

charge and the nature of the surface-functionalizing molecules. This pipeline, as it was 

designed for cell division studies, could be adapted to test the effect of different types of 

particles on the cell cycle and particular phases of cell division, which would be easily 

distinguishable with the developed machine learning algorithm and processing 

framework. 

Looking into the future, the power of machine learning can be further leveraged by a 

seamless integration into the image-acquisition process, alongside state-of-the-art 

microscopes. This would enable a fast translation of high throughput imaging data into 

conclusive results [19]. 

5.2 Conclusions 

This study reports for the first time the utilization of a machine learning-based method, 

compatible with live cell imaging experiments, suitable for quantifying the cellular 

uptake of nanostructures, specifically the number of cells with internalized 

nanostructures. The successful attachment of the fluorogenic pH-sensitive probe 

pHrodo™ red to iron and nickel nanowires has also been reported for the first time in 

literature, to our knowledge. This study doesn’t “reinvent the wheel,” but it takes 

advantage of already available tools and brings them together. 
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The research strategy developed in this study has been successfully applied for studying 

the nanowires uptake “behavior” of two different cell lines, HCT 116 and HeLa.  

The application of the CecogAnalyzer software, developed by Christopher Sommer, for 

serving the above-mentioned purpose of investigation nanostructures-cell interactions has 

several advantages: it is user-friendly, it can be applied to high throughput imaging data 

requiring limited input from the experimentalist, it is stable and fast (1h analysis for three 

independent positions within a culture dish). Nevertheless, it allows for a consistent and 

comparable quantitative analysis of multiple experimental conditions. 

The dye labeling approach and the computational pipeline together can be used for 

comparison studies with different types of nanostructures (varying size, shape, and 

surface properties) across multiple cell lines. 

Ultimately these comparison studies will provide useful information for nanomaterials 

safety studies, and allow tailoring nanoscale devices at the single-cell level for effective 

applications in diagnostics, therapeutics, and imaging.  

The results of the comparative study of dos Santos et al.  (2011) provide an indirect 

indication that there could be potential cell lines which could be better targeted by 

magnetic nanowires and thus allows us to speculate that there are certain types of cancer 

which could be better targeted with nanowires, while others could be better targeted with 

different types of nanoparticles.  

With specifically-targeted improvements, the present study can set the basis for a new 

“universal” approach targeted at investigating cell-nanostructures interactions with the 
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aid of machine learning, which would ideally be more cost-effective than currently 

available methods. 
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APPENDIX 

 

Figure 39. Cutoff value of 700. Gray-value normalization with cutoff value of 700 for 

pHrodo™Red fluorescence (pseudo-colored green). 

 

Figure 40. Cecog Analyzer processing screenshot for 0 cutoff control. Control analysis with no 

NWs and gray-value normalization with cutoff value of 0. In yellow, the “pseudo- nanopositive” 

class and in green the “nanonegative” class. 
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Figure 41. Control with cutoff value of 0. Control analysis with no NWs and gray-value 

normalization with cutoff value of 0. Percentage of “pseudo-nanopositive” cells plotted against 

time. 

 

Figure 42. Cell number over 24 h. Total number of cells over 24 h time lapse for 4 experimental 

conditions and one arbitrary position per experiment. 

 

0

20

40

60

80

100

15 215 415 615 815 1015 1215 1415 1615

P
e

rc
e

n
ta

ge
 o

f 
   

   
   

   
   

   
   

   
   

 
"n

an
o

p
o

si
ti

ve
" 

ce
lls

 

Time [min] 

Control analysis 

0

100

200

300

400

500

600

700

800

15 515 1015 1515

To
ta

l n
u

m
b

e
r 

o
f 

ce
lls

 

Time [min] 

Total number of cells  

HeLa_Fe NWs

HeLa_Ni NWs

HCT_Ni NWs

HCT_Fe NWs



95 
 

 

Figure 43. No nanowires control experiment. Total number of HeLa cells over 24 h time lapse 

for control condition with HeLa cells and no nanowires. 

 

 

 

            

     

Figure 44. Images used for size distribution analysis of Ni NWs. Image courtesy of Efrain Perez.  
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Figure 45. Total number of HeLa cells over 24 h. The total object counts for two positions 

analyzed in the experiment with Ni NWs.  

 

  

Figure 46. Fluctuating epi-fluorescence illumination. Fluctuating fluorescence intensity can be 

observed for the two channels (pseudo-colored in red and green) between frames 92 (A) and 93 

(B) of the time lapse imaging experiment with HCT 116 cells and Fe NWs.  
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Figure 47.  Time lapse images of HeLa cells incubated with Fe NWs. A) Position 3. A large 

aggregate can be observed in the upper right corner of the image. B) Position 4. A large aggregate 

can be observed in the upper left corner of the image. C) Position 5. A relatively homogenous 

distribution of nanowires can be observed with no noticeably large aggreegates. Scale bar = 20 

μm. 
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Table 1. Feature types available in CecogAnalyzer 

Basic shape 

Basic features are characterizing the shape of an object such as the circularity and the 

geometry.  

Basic intensity features 

Basic intensity features are simple statistics on the original gray value distribution of an 

object. In contrast to texture features basic intensity features cannot describe 

substructures and repeated subpatterns of the object.  

Haralick features 

Haralick features characterize the texture of objects by means of the joint distribution of 

pixel value combinations. In histograms, one tries to analyze the frequency of certain 

gray level values in an image. The inconvenience of this representation is that the spatial 

distribution of these values is completely lost. One method to address this is to record 

combinations of pixel values at a certain distance. This can be done by the co-occurrence 

matrix depending on a distance d and an angle t. Haralick features consist of several 

statistic based on the pixel co-occurrences.  

Statistical geometric features 

Statistical geometric features (or Level set features) are shape features for different level 

sets (i.e. results of different thresholds) and, as such, texture features. For each of the 

following features, a distribution of values is calculated according to the set of thresholds. 

For each of these distributions, the maximal feature value, the average feature value, the 

sample mean and the sample standard deviation are calculated as statistics (max_value, 

avg_value, sample_mean, sample_sd). Furthermore, all features are calculated on the 

foreground and on the background after thresholding.  

Convex hull features 

The convex hull of an object X is the smallest convex set containing X. Important 

features can be derived from the convex hull. These feature help to find binuclear cell 

nuclei for instance. A perfect binuclear cell should have two concavities of more or less 

the same area. A trinuclear cell will have three concavities of similar size, if the three 

nuclei are positioned on the corners of a triangle.  

Distance map features 

Let D be the distance map of set X (binary image), i.e. D(x) is the distance of pixel x to 

the nearest pixel y in X. If the object corresponds to an ellipse, one can expect one 

prominent maximum in the distance function. If it could be decomposed into two 

overlapping ellipses, where each of these ellipses are well recognizable, on would expect 

two prominent maxima. Actually, if the basic shapes are sufficiently prominent, the 
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number of prominent maxima should be the same as the number of the basic shapes.  

Granulometry features 

Granulometry allows one to study the size distribution of objects in an image. For this, 

the image is successively simplified by operators which remove all (bright or dark) 

structures up to a certain size. A record is kept of how much is removed from the image 

with each filtering step, leading to a distribution of measurements, which can be seen as 

size dependent texture or shape descriptors.  

Moments 

Moments and derived features have been initially defined to characterize distributions of 

values (like histograms), but they can also be used as shape or texture descriptors. 

 

Table 2. Object detection parameters  

Primary channel ID 

 

The identifier of the channel as specified in the meta-data. For now this information is 

extracted from the filename and depends on how the naming-schema interprets the 

filename, e.g. a filename with the token __Crfp__ corresponds to the channel ID rfp in 

our demo data  

Gray-value normalization  

Microscope CCD cameras acquire images in 8, 12 or 16 bit corresponding to 256, 4096, 

or 65536 gray values. 12 bit images are in fact also saved as 16 bit images. Our image 

processing requires 8 bit (256 gray values) input images, which was sufficient for the 

methods presented here. 16 bit (and 12 bit) images will be converted to 8 bit by linear 

range mapping with the values below (in that case values must be specified). 16 bit 

(values 0-65535) are mapped to 8 bit (values 0-255). 8 bit input images are not affected.  

Min. 

Lower range value. (The value in the 16 bit image which corresponds to 0 in the 8 bit 

image).  

Max. 

Higher range value (The value in the 16 bit image which corresponds to 255 in the 8 bit 

image).  

Z-stacks 

In case z-stacks have been acquired the 3D data has to be converted to 2D before object 

detection. Either a z-slice can be selected or a projection is computed on the z-stack.  
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Z-slice selection 

One slice of the z-stack will be selected.  

Slice 

The selected z-stack slice.  

Z-slice projection 

Compute a projection of the z-stack.  

Method 

Computation method, either average intensity or maximum intensity projection. The 

projection can be computed from a subset of the z-stack, which is specified below:  

Begin 

Lowest slice to be included (smallest number).  

End 

Highest slice to be included (highest number).  

Step 

Step-size.  

Examples for z-stack with 10 slices:  

 Begin=3, End=10, Step=1 -> z-slices 3-10 are projected 

 Begin=1, End=10, Step=2 -> z-slices 1,3,5,7,9 are projected 

 Begin=2, End=8, Step=3 -> z-slices 2,5,8 are projected  

Z-slice flat-field correction 

Select a directory to search for the correction images. Specify the full path to the 

correction images as  

<directory-path>/<plate-id>.tif.  

Note that only tif images are supported.  

Median radius 

Intensity of the image smoothing before object detection by a median filter (radius size in 

pixel). Note: Filtered image is used for object detection only (no influence on feature 

extraction, but shape features might be affected).  

(parameter scales directly with lens magnification)  
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Local adaptive threshold 

Performs object detection based on local adaptive thresholding. A background map of the 

input image is computed based on the Window size (moving average window). Image 

pixels higher above the background map than Min. contrast are considered foreground, 

all other pixels background.  

Window size 

Width of the moving average window in pixel (window is squared).  

(parameter scales directly with lens magnification)  

Min. contrast 

Pixel intensity above the background. Note: Small values might increase artifacts (small 

objects from high noise levels) and slow down computation; high values might lead to 

incorrect contours.  

Local adaptive threshold 2 

Optional second local adaptive threshold to overcome the problem of incorrect object 

contours when very bright and very dark objects are in close spatial proximity.  

Window size 

Recommended are 4-11x higher values then above.  

Min. contrast 

Recommended are 3-4x higher values than above.  

Split & merge by shape 

Optional correction of under-segmentation by a split and merge approach. Objects in 

close spatial proximity might not be separated (under-segmentation). Based on the shape 

information (distance transform) objects are split by the watershed algorithm, which 

often yields over-segmentation. Object candidates are probed for merging by their size 

and circularity (rounder objects above a size threshold are preferred).   

Gauss radius 

Size of the Gauss filter for smoothing the distance transformed image.  

(parameter scales directly with lens magnification)  

Min. seed distance 

Minimal allowed distance in pixel between objects (seed distance for watershed).  

(parameter scales directly with lens magnification)  

Object size threshold 

Minimal size (pixel) of a split object.  
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(parameter scales square with lens magnification)  

Object filter 

Optional object filtering based on size and intensity. To specify a lower of upper bound 

only enter the value -1.  

Min. object size 

All objects below that size (pixel) are removed.  

(parameter scales square with lens magnification)  

Max. object size 

All objects above that size (pixel) are removed.  

(parameter scales square with lens magnification)  

Min. average intensity 

All objects below that average intensity (8bit gray values) are removed.  

Max. average intensity 

All objects above that average intensity (8bit gray values) are removed.  

Secondary Channel 

Parameters for an additional (secondary) channel are defined here. Based on object 

detection results of the primary channel regions can be defined and modified. Every 

secondary object can have multiple regions from which features are extracted and 

classification is performed. Each secondary object is associated to exactly one object in 

the primary channel.  

Parameters  

Secondary channel ID 

The secondary channel Id. See primary channel ID.  

16 to 8 bit conversion 

See 16 to 8 bit conversion of the primary channel.  

Channel registration 

Registration problems can be corrected by shifting the secondary relative to the primary 

channel. The image size is reduced to the overlapping region (absolute values of Shift X 

in width and Shift Y in height). The shift might vary dependent of filters and lenses used 

at the microscope.  

Shift X 

file://myFiles.kaust.edu.sa/MARGINMB/Spring%202015/Thesis/primary_channel_conversion
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Pixel shift in x-direction.  

Shift Y 

Pixel shift in y-direction.  

Z-stacks 

In case z-stacks have been acquired the 3D data has to be converted to 2D before object 

detection. Either a z-slice can be selected or a projection is computed on the z-stack.  

Z-slice selection 

See z-slice selection of the primary channel.  

Z-slice projection 

See z-slice projection of the primary channel.  

Flat-field correction 

See Flat-field correction of the primary channel.  

Region definition 

Multiple secondary regions per object can be defined from which features are extracted 

independently. All parameters scale directly with lens magnification. 

Expanded 

Enlarged version of primary regions.  

Expansion size 

Pixel increase of the primary region (unchanged for the values ≡ 0).  

Inside 

Shrinked version of primary regions.  

Shrinking size 

Pixel decrease of the primary region (unchanged for the values ≡ 0).  

Ouside 

Area outside of the primary regions.  

Expansion size 

Pixel increase of the primary region (areas are only computed for the values > 0).  
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Separation size 

Pixel distance between primary and outside region (areas are only computed if separation 

size < expansion size).  

Rim 

Area around the contour of the primary regions.  

Expansion size 

Pixel increase of the primary region (areas are only computed if expansion or shrinking 

size > 0).  

Shrinking size 

Pixel decrease of the primary region (areas are only computed if expansion or shrinking 

size > 0).  
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